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ABSTRACT

ELECTRON PARAMAGNETIC RESONANCE STUDIES OF ARTIFICIAL SUPRAMOLECULAR

STRUCTURES AND BioLoGICAL SYSTEMS

A thesis submitted for the degree of Doctor of Philosophy at the University of Oxford by

CLAUDIAE. TAaIT

The research described in this thesis employs a variety of Electron Paramagnetic Resonance (EPR)
techniques for the study of the electronic and structural properties of artificial supramolecular por-

phyrin systems and of protein complexes of biological relevance.

The electron delocalisation in the cationic radical and photoexcited triplet states of linear and cyclic
7i-conjugated multiporphyrin arrays was investigated. In the radical cations, information on the extent
of delocalisation can be inferred from the measurement of hyperfine couplings, either indirectly from
the continuous wave EPR spectrum or directly using pulsed hyperfine EPR techniques. The results of
room temperature EPR experiments showed complete delocalisation of the electron on the timescale
of the EPR experiments, but frozen solution EPR measurements revealed localisation onto mainly two

to three porphyrin units in the larger porphyrin systems.

Information on the delocalisation of the triplet state in the same porphyrin systems is contained both
in the hyperfine couplings and in the zero-field splitting (ZFS) interaction. The results outlined in this
thesis show that the hyperfine couplings provide a much more accurate estimate of the extent of
delocalisation. The trends in proton and nitrogen hyperfine couplings with the size of the porphyrin
systems indicate uneven spin density distributions over the linear arrays, but complete delocalisation
in the cyclic systems. Time-resolved EPR and magnetophotoselection experiments have shown a re-
orientation of the zero-field splitting tensor between a single porphyrin unit and longer linear arrays,

resulting in alignment of the main optical transition moment and the Z axis of the ZFS tensor.

Continuous wave and pulsed dipolar EPR techniques were employed for the determination of the
structure of two different protein complexes, the homomultimeric twin-arginine translocase A (TatA)
protein channel and the ferredoxin-P450 complex of the electron transport chain in Novosphingobium
aromaticivorans. The interaction between nitroxide spin labels introduced at different positions of
the TatA monomer was investigated in the complex reconstituted in detergent micelles by analysing
the dipolar broadening of the EPR spectra and the results of three- and four-pulse Double Electron-
Electron Resonance (DEER) measurements. In combination with results from NMR and molecular dy-

namics calculations, a structure for the channel complex was proposed.

The structure of the ferredoxin-cytochrome P450 complex was investigated by orientation-selective
DEER between nitroxide labels introduced on the cytochrome P450 protein and the iron-sulfur cluster
of the ferredoxin. The distance and orientation information contained in the experimental DEER data
was interpreted in terms of a structural model of the protein complex by orientation-selective DEER

simulations combined with a modelling approach based on protein-protein docking.
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1 INTRODUCTION TO EPR

Electron Paramagnetic Resonance (EPR) or Electron Spin Resonance (ESR) spectroscopy studies the
interactions of electron spins with an external magnetic field, the interactions between electron spins
and the interactions between electron and nuclear spins. This is achieved with a wide range of differ-
ent continuous wave and pulsed techniques. EPR can be applied to any paramagnetic system, for ex-
ample organic radicals, triplet states, transition metal ions, defects in solids etc. Typical applications
include the characterisation of electronic structure, the study of spin dynamics, the determination of
the spatial distribution of paramagnetic species and the characterisation of conformational dynamics

of macromolecules.

In this thesis, EPR spectroscopy is used for the investigation of a series of artificial and natural macro-
molecular systems. Supramolecular porphyrin structures were characterised in terms of electron de-
localisation in their radical cation and photoexcited triplet states. Information on the distribution of
the unpaired electrons in linear and cyclic multiporphyrin arrays was obtained from measurements
of the electron-electron interactions, i.e. the zero-field splitting interaction, in the case of the triplet
states, and from measurements of electron-nuclear interactions for both radical cations and triplet
states. The measurement of electron-electron interactions was also used for the structure resolu-
tion of two biologically relevant protein complexes: the twin-arginine translocase A (TatA) protein
channel and the P450-ferredoxin complex of the electron transport chain in Novosphingobium aro-
maticivorans. In the case of the homomultimeric TatA protein complex, nitroxide spin labels were
inserted at different positions and the distances between them were measured. In the case of the
P450-ferredoxin complex, the interactions between nitroxide labels on the P450 and the iron-sulfur
cluster of the ferredoxin were determined. The orientation selection introduced by the use of the iron-
sulfur cluster as an intrinsic spin label was taken into account in the analysis to provide orientation

as well as distance constraints for the structure determination.

The theory of EPR relevant to the projects described above is summarised in Chapter 1, more detailed
information can be found for example in references [1-3]. The EPR techniques used for the analysis of
hyperfine couplings between electron and nuclear spins are introduced in Chapter 2 and their use in
the determination of the extent of electron delocalisation in radical cations and triplet states of linear
and cyclic porphyrin arrays is discussed in Chapters 3 and 4, respectively. The EPR techniques used

for structure determination by distance measurements based on electron-electron dipolar couplings

1



CHAPTER 1 - Introduction to EPR

are described in Chapter 5 and their application to the multimeric TatA complex and a ferredoxin-

cytochrome P450 complex are discussed in Chapters 6 and 7, respectively.

1.1 ELECTRON SPIN

EPR spectroscopy is centred on the concept of electron spin, a quantum mechanical property, evi-
dence of which was first discovered in the early 1920s by O. Stern and W. Gerlach. The electron spin
has an intrinsic angular momentum characterised by a quantum number s = % Due to space quan-
tisation it exists in two states: an a or spin-up state with mg = +% and a 5 or spin-down state with
mg = —%. A magnetic moment is associated with the spin angular momentum of the electron due to

its charge and is defined as
eh

2mg

p=-g=——S=-gp.S (1.1)

where B, is the Bohr magneton, S is the spin angular momentum and the factor g accounts for
the deviations from a classical behaviour and can be obtained based on Dirac’s relativistic quantum
mechanics. The free electron g value is g.,=2.00231930436153(53). The significance of the g-factor

for electrons in different atomic and molecular frameworks will be discussed below.

An analogous description can also be applied to nuclear spins. The associated magnetic moments
are significantly smaller than the magnetic moment of the electron due to the increased mass of

nuclei with respect to electrons.

1.2 SpPIN HAMILTONIAN

A system of unpaired electrons and nuclei in a magnetic field is characterised by the interactions
of the magnetic moments with the external magnetic field and by their mutual interactions. These
interactions can be expressed just in terms of the electron and nuclear spin angular momentum oper-
ators and of phenomenological parameters; hence the Hamiltonian describing the system is referred
to as a spin Hamiltonian. The contributions of the orbital angular momenta, which are important for
electrons, are approximated and absorbed into the magnetic parameters, expressed as tensors. The
advantage of a Hamiltonian containing only spin operators and no spatial operators is that the EPR
experiments can be described by considering just the spin part of the electronic wavefunction, greatly

simplifying the theoretical treatment.

The spin Hamiltonian for the general case of an effective electron spin S interacting with N nuclei

with spins | consists of the following terms:

’:’o = I:’eZ + ’:IZFS + ’:InZ + I:Ihf + ’:Inq
N N
c ene ok i s b (1.2)
:ﬁ—;BogS+SDS—ﬁn : Bolk+ZSAka+ZIkPklk
k=1 k=1 Ik>%
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where the symbol ~ denotes an operator and vectors and matrices are written in bold.

The different types of interactions will be described in the following sections. In general, each type of
interaction can be described by a second-rank tensor (denoted as g, D, A, and Py in equation 1.2),
which is diagonal in an appropriate coordinate system. In this principal axis system the interaction is
completely characterised by the three principal components. In general, the principal axis systems of

tensors relative to different types of interactions do not coincide.

In this thesis, the spin Hamiltonian will be expressed in angular frequency units.

1.2.1 ELECTRON ZEEMAN INTERACTION

The electron Zeeman interaction describes the interaction between the electron spin magnetic mo-

ment, 3, and the externally applied magnetic field, By, and the corresponding spin Hamiltonian is

~ B "
Hez = fBogS (1.3)
The g-tensor can be diagonalised in an appropriate principal axis system and the electron Zeeman
interaction can then be described by three principal g-values, g, g, and g, and three Euler angles

defining the orientation of the tensor in the molecular frame.

In liquid solutions of low viscosity the electron Zeeman interaction is typically averaged to a single
isotropic value, gjso, = %(gx+gy+gz). In frozen solutions or powders the principal components of
the g-tensor can be determined from the turning points in the EPR spectrum. The lineshape of an
EPR spectrum dominated by the electron Zeeman interaction (e.g. of a transition metal ion or of
certain organic radicals at high fields) depends on the symmetry of the g-tensor. The absorption
and derivative EPR lineshapes for electron spins described by cubic symmetry (g, = g, = g), axial
symmetry (gx = g, = g,, 8 = &) and orthorhombic symmetry (gx # gy * g,), in the absence of any

other resolved interactions, are shown in figure 1.1.

The electron Zeeman interaction is described by a g-tensor rather than the free electron g-value due
to the spin-orbit interaction, which causes an admixture of the orbital angular momentum of excited

states into the ground state. The Hamiltonian thus becomes
N 5 Be " . .
Hz+Hjs = EBO(L+ges)+ALs (1.4)

where an orbital angular momentum electron Zeeman term as well as a spin-orbit interaction term
with the spin-orbit constant A have been added to equation 1.3. In order to remain within the for-
malism of the spin Hamiltonian, the spin-orbit term is treated as a second-order perturbation to the
g-value, yielding the g-tensor

g=g.1+2AN (1.5)

3
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isotropic axial orthorhombic
8x= 8y= 8z= 8 8x= 8y=81.82= 8i Ex* 8y* 8z
g & g1 Ex 8y gz

/ , L
\\/ an

B— B— B—
Ficure 1.1: Simulated derivative (top) and absorption (bottom) EPR spectra for isotropic, axial and orthorhom-
bic g-tensors. A convolutional spectral broadening was also considered in the simulations.

where the elements of the symmetric tensor A are defined as

(WolLil¥n) (n|L;| o)
Ny=)_

" (1.6)

n=0

and 1g and 1, are the ground state and n'" excited state wavefunctions with the associated energies
Eo and E,,, respectively. Equations 1.5 and 1.6 show that the deviation from the free electron g-value
will be larger in the presence of significant spin-orbit coupling and in systems with excited states close
to the ground state. The g-anisotropy is thus generally small for organic radicals with high energy
excited states and can only be easily resolved in their EPR spectra at high fields. The g-anisotropy of
transition metal ions on the other hand is generally large and usually dominates the corresponding

EPR spectra.

1.2.2 NUCLEAR ZEEMAN INTERACTION

The nuclear Zeeman interaction of a spin | in an external magnetic field By can similarly be described
by the spin Hamiltonian
Sntn i (1.7)

where the spin quantum number | and the nuclear g, factor depend on the type of nucleus. IH and
13C nuclei have nuclear spins with | = 5 and nuclear g, factors of 5.59 and 1.40, YNisal=1
nucleus with g, = 0.40. The term gnﬁnBoh is often referred to as the nuclear Larmor frequency,
describing the precession frequency of the nuclear spin around the applied magnetic field. Due to
its dependence on the inverse of the mass, the nuclear Bohr magneton is three orders of magnitude
smaller than the Bohr magneton of the electron. The nuclear Zeeman interaction thus generally
does not contribute to the EPR spectrum; it becomes however important in the hyperfine techniques

discussed in Chapter 2.

4
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1.2.3 HYPERFINE INTERACTION

The Hamiltonian describing the hyperfine interaction, the interaction between the electron spin and

coupled nuclei of arbitrary spin I, is given by
B = SAT = 2,.,51+ §TI (1.8)

The hyperfine tensor A is determined by two different contributions: the isotropic Fermi contact inter-
action described by the constant a;s, and the anisotropic electron-nuclear dipole-dipole interaction
described by the dipolar coupling tensor T. The anisotropic hyperfine interaction is averaged out by
molecular motions in liquid solution, where only the isotropic hyperfine coupling constant a;s, can be

determined.

The isotropic hyperfine coupling constant a;s, is defined as

djso = gﬂ_}ggeﬁegnﬁn}7~P0(0)|2 (19)

The isotropic contribution to the hyperfine coupling arises from finite electron spin density at the
2

nucleus (‘1.,00(0)| ). The spin population of the s-orbital of the nucleus clearly contributes to this inter-

action, but the spin populations in p-, d- and f-orbitals can also contribute through spin polarisation

mechanisms [1].

The anisotropic hyperfine interaction can be described in terms of the classical dipole-dipole interac-
tion and the elements of the traceless and symmetric tensor T can be written as

Ho

31’,17—5,~jr2
T = 4o geBognbon{o| = 5——

¢o> (1.10)

r

where 1 is the ground-state electronic wavefunction and r is the distance vector between the nu-

clear and the electron spin.

The dipolar hyperfine coupling can be directly related to the spin distribution in a paramagnetic sys-
tem by using the distributed point-dipole approximation. In this case, the anisotropic hyperfine tensor

T for the nucleus N can be calculated as

o (3ngA-1)
T 2 Dk -) 1.11
4nhgeﬁegnﬁn Pk Rf ( )

k=N
where the sum is over all nuclei k, bearing a spin density p, and located at a distance Ry from the
nucleus N. ny is the unit vector defining the orientation of Ry in the molecular frame. This approxima-
tion can be used to determine the positions of specific nuclei from measurements of their hyperfine

couplings or to test spin density distributions predicted by computational methods.

In systems with large g-anisotropies, a correction due to the electron orbital angular momentum

contribution has to be considered [3].
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I== isotropic limit :% rigid limit =1 isotropic limit =1 rigid limit

N=1 H ,\j ‘ N=1 N=1
ISO
N=2 M q % N=2 Aiso N=2 J\Nl
N=4 ‘ J ‘ A N=4 J 1 N=4 N=4
v

T T T T T T T T T T
338.5 339.0 339.5 338 5 339 0 339 5 338.5 339.0 339.5 338.5 339.0 339.5
B [mT] B [mT] B [mT] B [mT]

il

FiGure 1.2: Isotropic (liquid solution) and rigid limit (frozen solution) X-band EPR simulations at 9.5 GHz for an
electron spin with g=2.0023 coupled to N equivalent nuclei with nuclear spin | = % or | =1 with an isotropic
hyperfine coupling of 3 MHz and an axial anisotropic hyperfine coupling with T| = -1 MHz and T, = 2 MHz. An
intrinsic linewidth of 0.015 mT was used in the simulations.

The hyperfine interactions cause splitting of the EPR line. In solution EPR spectra the isotropic hyper-
fine coupling can be determined from the distance between peaks of the hyperfine structure, if the
couplings are large enough compared to the intrinsic EPR linewidth. The splitting pattern of an EPR
spectrum depends on the number and type (I = %, I =1, etc.) of coupled nuclei and can be used for
the characterisation of molecules. The interaction of an electron spin with N nuclei of nuclear spin /
causes a splitting into 2N/+1 lines with separations determined by the corresponding isotropic hyper-
fine coupling and relative intensities that can be predicted using Pascal’s triangles. Simulated spectra
obtained for different numbers of equivalent nuclei with nuclear spins | = % and | =1 are shown in

figure 1.2.

In frozen solutions and powders, the anisotropic hyperfine couplings also contribute to the EPR spec-
trum (see figure 1.2), often complicating the analysis significantly. In this case it is often necessary to
study the hyperfine interaction using pulse techniques such as Electron Nuclear DOuble Resonance

(ENDOR) or Electron Spin Echo Envelope Modulation (ESEEM).

1.2.4 NUCLEAR QUADRUPOLE INTERACTION

The non-spherical charge distribution in nuclei with a spin [ > 5 5 gives rise to a nuclear electrical
quadrupole moment @, which interacts with the electric field gradlent according to the following

Hamiltonian

Hng =1P1 (1.12)

where P is the traceless nuclear quadrupole tensor. In the eigenframe of the nuclear quadrupole ten-

sor, the Hamiltonian can be written as a function of just two terms: the nuclear quadrupole coupling

6
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constant equh‘l (eq is the electric field gradient) and an asymmetry parameter 7 = (PX - Py) Pz‘l.

- e’qQ

anzm[(3i§—/(/+1))+q(i§—i§)] (1.13)

The magnitude of the nuclear quadrupole coupling depends on the size and charge of the nucleus,
determining its nuclear quadrupole moment Q (e.g. Q=0.0028 b for °H, Q=0.0204 b for *N [4]),
and on the electron distribution in its surroundings, determining the electric field gradient eq. The
nuclear quadrupole interaction generally only has a negligible effect on frozen solution EPR spectra,

but becomes important for ENDOR and ESEEM of [ > % nuclei.

1.2.5 ZERO-FIELD SPLITTING INTERACTION

The zero-field splitting (ZFS) interaction is the dipolar interaction between electron spins in systems
with S > %, which removes the degeneracy of the different mg levels in the absence of an external

magnetic field. This interaction is described by the Hamiltonian
Hyrs = SDS (1.14)

where D is the symmetric, traceless zero-field splitting interaction tensor. In the principal axis system,
the Hamiltonian is usually written in terms of just two zero-field splitting parameters, D and E, in

analogy to equation 1.13 for the nuclear quadrupole interaction.
~ A 1 A A
Fyrs = D s§—§5(5+1)]+5(s§—s§) (1.15)

where the zero-field splitting parameters D and E are defined in terms of the principal values of the

D tensor as: D = %DZ and E = %(DX— D).

The zero-field splitting interaction generally consists of different contributions: a first-order contri-
bution arising from the spin-spin dipolar interaction and second-order contributions arising from the
spin-orbit interaction [5]. The spin-spin contribution usually dominates for organic molecules, while
the second-order contributions become important for transition metal ions and other systems with
large spin-orbit coupling constants. The zero-field splitting interaction can range from the order of

MHz to THz and usually dominates the EPR spectrum in systems with S > %

In triplet states of organic molecules, the spin-orbit contribution can usually be safely neglected and
the spin-spin contribution to the Hamiltonian can be expressed in analogy to the classical dipole-

dipole interaction as

. 0 5.8 3(§1r) Sor
Hspin—spin = 4V_7mglg2lg§ I1’3 2 I’S( ) (116)

where g1 and g» are the g-values for the two unpaired electrons and r is the vector connecting the
electron spins. Equation 1.16 can be rewritten in terms of the total spin angular momentum S to give

an expression of the form of equation 1.14; diagonalisation of the corresponding ZFS tensor D yields

7
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Ficure 1.3: Energy level ordering for zero-field triplet state sublevels for oblate (D > 0) and prolate (D < 0) spin
density distributions with or without axial symmetry.

the following expressions for the ZFS parameters D and E:

2 2_252

167h r> (117)
F- 3 pog1g2pe [x2—y? '
167h rd

The expressions in equation 1.17 illustrate the physical interpretation of the zero-field splitting pa-
rameters D and E. The D-value is related to the average distance between the two electron spins,
while E is a measure of the rhombicity of the D tensor. The sign of the D-value depends on the shape
of the spin density distribution; it is positive for an oblate spin distribution and negative for a prolate
spin distribution. The ZFS Z axis corresponds to the axis of maximum dipolar coupling and is directed
along the out-of-plane axis of oblate spin distributions and along the principal symmetry axis of pro-
late spin distributions (see figure 1.3). The sign of the E-value depends on the assignment of the X

and Y axes of the ZFS tensor and has no physical meaning.

The principal axes of the ZFS tensor are generally chosen in order to satisfy the condition |D| > |3E]|
and accordingly |D,| > |D,|,|D,|. The energies of the triplet state sublevels at zero-field can be ex-

pressed as functions of D and E:

1

X=-D=3D-E
1

Y=-D,=3D+E (1.18)
2

Z=-D,=-3D

The relative ordering of the triplet state sublevels at zero-field depends on the sign of D and E;

schematic energy level plots for S =1 are shown in figure 1.3.

8
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FiGUre 1.4: Energy levels of an S = 1 spin system with positive D and E as a function of applied magnetic
field for orientations of the molecule with the field parallel to one of the ZFS tensor axes. The allowed EPR
transitions are highlighted and labelled.

The spin Hamiltonian of a triplet state in an EPR experiment is determined by the electron Zeeman
term in addition to the ZFS term. The preceding discussion considered the ZFS interaction in the zero-
field basis |X), |Y) and |Z), but in the presence of the electron Zeeman interaction, which generally
exceeds the ZFS interaction, the Hamiltonian is most conveniently expressed in the basis |+1), |0) and
|-1). The energies of the triplet state sublevels in a magnetic field directed along the three principal
axes of the ZFS tensor are depicted in figure 1.4. There are two allowed transitions with Amg = +1
for each orientation of the magnetic field with respect to the ZFS tensor axes: a low-field transition

|-1) —|0) (B7) and a high-field transition |0) — |+1) (B).

In the absence of significant g-anisotropy, the powder triplet state EPR spectrum is characterised by
four or six turning points, depending on symmetry, at field positions corresponding to orientations
where the magnetic field is aligned with the ZFS tensor axes. The zero-field splitting parameters D

and E can be determined from the distances between the turning points as illustrated in figure 1.5.

The intensity of the EPR signal at each field position is determined by the population difference be-
tween the electron spin energy levels connected by the corresponding transition. The populations of
the triplet state sublevels in the presence of an external magnetic field can be expressed as linear

combinations of the zero-field sublevel populations as follows

P,~:Z|c,-k|2Pk with i=+1,0,-1 and k=X,Y,Z (1.19)
k

where c;, are the coefficients of the high-field basis, expressed as linear combinations of the zero-
field basis functions. In the high-field approximation, the sublevel populations for BJ||Z can be written
as:

PO = PZ Pil = (PX + Py) (120)

N =

with analogous expressions for magnetic fields directed along the other principal axes of the ZFS

tensor. The intensity of a transition is then proportional to

1
IO—>+1°CPZ_§(PX+PY) (1.21)
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Ficure 1.5: Simulation of a triplet state EPR spectrum for D > 0 and E > O and relative sublevel populations
Px :Py:Pz=0:0:1. The relationship between the sublevel populations and the spin polarisation observed
in the spectrum is explained on the left, where the spheres represent the relative sublevel populations in
the presence of a magnetic field, calculated from the zero-field populations according to equation 1.20, and
the arrows indicate whether the transition connecting two sublevels is absorptive (A) or emissive (E). The
spectrum was simulated for g=2.0023, D=890 MHz and E=170 MHz at a frequency of 9.75 GHz.

As a consequence of this, the line corresponding to the |0) — |+1) transition will be absorptive if
Py > %(PX+ Py) and emissive otherwise. At thermal equilibrium, the populations of the triplet state
sublevels are given by the Boltzmann distribution and all the triplet transitions are absorptive. In
a photoexcited triplet state, each triplet sublevel is populated at a different rate by the anisotropic
Intersystem Crossing (ISC) mechanism, hence the triplet state is formed in a spin polarised state
and the triplet EPR spectrum is partly in absorption and partly in emission. The spin polarisation of
the EPR spectrum can be related to the relative sublevel populations of the triplet state, providing
information on the mechanism of triplet state formation. An example for a polarised triplet state
spectrum, arising from a triplet state mainly populated in the Z sublevel, is shown in figure 1.5 and
has an AAAEEE polarisation (A = absorptive, E = emissive). After the formation of a spin polarised
triplet state, spin-lattice relaxation processes tend to restore the equilibrium Boltzmann populations
of the sublevels and a thermal equilibrium spectrum is observed at long times after the laser pulse

generating the triplet state, if the triplet state lifetime is sufficiently long.

1.2.6 ELECTRON-ELECTRON DIPOLE INTERACTION

In some cases the interaction between several electron spins in a specific spin system is weak and a
description in terms of a total spin S > % with a ZFS interaction as discussed in the previous section

is not convenient. In the case of a two-spin system, the Hamiltonian consists of the Hamiltonians for

10
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the single spins, potentially including all the contributions mentioned in sections 1.2.1 to 1.2.4, as

well as a dipolar coupling and an exchange coupling Hamiltonian:
H(Sl’SZ): H(Sl)+H(SZ)+’:’dd+Hexchange (1'22)

The dipolar coupling Hamiltonian Fldd is equivalent to the Hamiltonian in equation 1.16, however, in
this case it is not convenient to rewrite it in terms of the total spin operator S, and expansion of the

scalar products leads to the following Hamiltonian, written in terms of the dipolar alphabet:

2
N Mo B182Be (3 AL AL DA Fal
Haa =5~ = (A+B+C+D+E+F) (1.23)

where

A=§12§22(1—360529)

N 1,. 4 PPN

B:_Z( 1+S_+51.S5 )(1 3cos 6)

A 3,4 4 A a i

C:_—( 1+SZZ+51252+)sm6c056e_'qb
2

N (1.24)

D:——( 5, +51,5,5 )S|n9cosee+'¢
2

E:_%gl S, +Sin 26 cosBfe ¢

. 3. 4 i

F=— ZS _S,_sin’BOcosfet??

In the high-field approximation, i.e. when the electron Zeeman interaction is much larger than the
dipolar interaction, the non-secular terms C-F can be neglected, the pseudo-secular term B can also
be neglected if the difference in resonance frequency of the two spins is larger than the dipolar cou-

pling constant wy4. In that case the Hamiltonian of equation 1.23 simplifies to:

- Mo 8182P2 & & & &
Fga = o=+ (1-3c0s0) $1,S;, = wga (1 -3cos 6) 51,52, (1.25)
4rth r132

The exchange coupling Hamiltonian is given by
’:Iexchange = S1‘132 (126)

where J is the Heisenberg exchange coupling tensor consisting of an isotropic exchange coupling
constant Jp, related to through-bond coupling and expressed as an exchange integral over the or-
bitals occupied by the two electrons, and an anisotropic part, determined by spin-orbit coupling. The
Heisenberg exchange coupling requires an overlap of the orbitals populated by the two electron spins.
The sign of the isotropic exchange coupling constant depends on whether the coupling describes a
weak bonding (antiferromagnetic coupling, J;> > 0) or anti-bonding situation (ferromagnetic coupling,

J1> <0). A detailed discussion of exchange coupling can be found in reference [6].

11
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The dipolar and exchange couplings lead to splitting of the EPR signal or more commonly to broad-
ening of the EPR spectra, depending on their size compared to the other interactions present in the
spin system and to the intrinsic EPR linewidth. The dipolar coupling discussed here is at the basis of

Double Electron Electron Resonance (DEER) and other dipolar EPR techniques discussed in Chapter 5.

1.3 CoNTINUOUS WAVE AND PULSE EPR

Spin systems characterised by the spin Hamiltonians described in the previous section can be studied
using continuous wave and pulse EPR techniques. In most cases the fundamental interaction for EPR
is the electron Zeeman interaction: the presence of a static external magnetic field causes a splitting
of the electron spin energy levels with different values of mg and microwave radiation can typically

be used to induce transitions between these energy levels.

Continuous wave EPR (cw-EPR) is based on the measurement of the resonance frequencies of a spin
system; the EPR sample is continuously irradiated by microwaves at a fixed frequency during a sweep
of the external magnetic field and the absorption of microwaves at magnetic field positions in reso-

nance with the energy level splitting is detected.

Pulse EPR has later been developed to overcome the limitations in spectral and time resolution of cw-
EPR. In pulse EPR, the continuous wave irradiation is replaced by high intensity microwave pulses with
lengths of the order of nanoseconds. A wide range of pulse sequences has been developed to probe
specific properties of the spin system [3], such as for example hyperfine couplings, dipolar couplings

or relaxation times.

EPR can be performed at different microwave frequencies, corresponding also to different strengths
of the applied magnetic fields. The most commonly used EPR frequencies today are X-band (ca.
9.5 GHz), Q-band (ca. 34 GHz) and W-band (ca. 95 GHz), but spectrometers operating at both lower
and higher frequencies/fields are used in many laboratories. At high frequencies the spectral resolu-
tion for field-dependent interactions as well as the sensitivity, determined by the population difference
of the energy levels connected by an EPR transition, increase. The advantage of a multi-frequency
approach is that the sensitivity for specific types of magnetic interactions, introduced in the previous
section, can be modulated, considerably aiding the identification and interpretation of the different

contributions to the spin Hamiltonian.

1.3.1 ConTiNnuous WAVE EPR (cw-EPR)

The principal components of a continuous wave (cw) EPR spectrometer are a microwave source, a
magnet generating the external field By, a resonator cavity used for amplification of the input and
the output EPR signal and a detection system. During operation, the external field causes a splitting

of the electron spin energy levels in the sample placed at the centre of the resonator.

12
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For most of the typically used frequency bands, e.g. X-band and Q-band, the microwave radiation
is transmitted to the resonator through a waveguide. The coupling of the microwave source to the
resonator occurs through an isolator, preventing back-reflections into the microwave source, an at-
tenuator for adjustment of the incident microwave power and a circulator that directs the microwaves

from the source to the resonator and the microwaves reflected from the cavity to the detector.

The microwave radiation generates a standing wave inside the resonator. The resonators for EPR
are typically designed such that the magnetic field component of the electromagnetic radiation is
maximised at its centre, the sample position, while the electric field component is minimised at the
same position, so as to reduce interference. Further, the magnetic field component of the microwave
radiation, B, is generally perpendicular to the static magnetic field Bg. Typically a tuning procedure
is required to critically couple the resonator, which occurs through fine-adjustment of the frequency
and of the coupling of the microwaves into the cavity through a coupling element, called an iris (small
hole with adjustable screw). The optimal operating conditions are reached when the reflection of
microwaves from the resonator is minimal, i.e. when the impedance of the resonator corresponds to
the impedance of the line. The efficiency of the resonator under operating conditions is measured by

the quality factor Q, indicating how efficiently the resonator stores microwave energy [7].

When the resonance condition AE = hv is met, By induces a transition between the electron spin
energy levels, the absorption of the microwave radiation causes a change in impedance, which is
detected and constitutes the EPR signal. The detector is typically a diode, and in order to reduce the
effect of random frequency noise and increase sensitivity, phase-sensitive detection is employed. The
magnetic field By is modulated by generating a small additional field modulated at a frequency of
typically 100 kHz using Helmholtz coils outside the resonator. Only the component of the absorption
signal at this modulation frequency is detected. As a consequence of this field modulation, the first
derivative of the absorption line is detected. The modulation amplitude has to be adjusted based on

the linewidth of the EPR signal in order to obtain the intrinsic lineshape [7].

The detector diode exhibits optimal performance at a constant incident microwave power and to
achieve this, a reference arm is often present, which branches off part of the microwave radiation
from the source and is used, after power and phase adjustments, for biasing of the power level at the

detector.

Further explanations, technical details and procedures for cw-EPR tuning and measurements can be

found for example in references [2, 7, 8].

1.3.2 EPR LINESHAPES AND LINEWIDTHS

EPR spectra can exhibit lines characterised by different linewidths and lineshapes, depending on the
mechanism of line broadening. The minimum linewidth is determined by lifetime broadening, i.e. the

excited state has a finite lifetime T and according to Heisenberg’s uncertainty principle (tAE > /) the
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FiGure 1.6: Absorption and first derivative Lorentzian (A) and Gaussian (B) lineshapes with the corresponding
absorption equations and with indicated full width at half maximum (FWHM) 2I" and peak-to-peak linewidth
Axpp. (C) Inhomogeneously broadened line obtained as the superposition of a series of homogeneously
broadened lines with a distribution of resonance positions. The single homogeneously broadened lines are
Lorentzians and the envelope is approximately Gaussian.

transition has a certain spectral width. Additional broadening mechanisms also come into play and

EPR lines are usually classified as homogeneously or inhomogeneously broadened.

A homogeneously broadened EPR line is obtained if all the spins are characterised by the same spin
Hamiltonian and experience the same time-averaged field. An ensemble of spins fulfilling these condi-
tions is defined as a spin packet. Homogeneously broadened lines are characterised by a Lorentzian
lineshape with a width of 27! (see section 1.4.2 for a definition of T,). The homogeneous broad-
ening can occur in the presence of fluctuating fields due, for example, to electron and nuclear spin

flips.

Inhomogeneously broadened lines arise from spin ensembles with resonance frequencies distributed
over an unresolved lineshape. The inhomogeneously broadened line is formed from the superposition
of a series of homogeneous lines with slightly different resonance positions, as shown in figure 1.6.
As a result of this, the lineshape is typically Gaussian. This type of broadening can occur in the
presence of an inhomogeneous external field By, of unresolved hyperfine structure or generally of
contributions from anisotropic interactions. Inhomogeneous broadening due to the presence of a
dipolar interaction between two electron spins will be discussed in detail in Chapter 5. Even in the
presence of such mechanisms, a homogeneous line can be obtained, if their effects are averaged out

by e.g. molecular motion on an appropriate timescale.

1.3.3 PuLse EPR

The basic components of pulse EPR spectrometers are similar to the cw-EPR spectrometers described
in section 1.3.1, however some modifications and additional elements are required. The fundamental
difference between the two types of spectrometers concerns the microwave excitation. For pulse EPR
applications, the microwave radiation from the source passes through a pulse forming unit with sev-

eral channels with individual attenuators and phase shifters, allowing independent amplitude, pulse

14



CHAPTER 1 - Introduction to EPR

length and phase adjustments, the latter being crucial whenever phase cycling is required to elimi-
nate unwanted echoes. The pulse forming unit also contains fast microwave switches generating the

microwave pulses with lengths of the order of several nanoseconds.

Many pulse EPR experiments are based on the simultaneous excitation of several electron spin transi-
tions or of spins with a distribution of resonance frequencies and often require short pulse durations
and high microwave powers. Consequently, the pulses from the pulse forming unit are amplified in a
TWT (travelling wave tube) amplifier. For X-band applications, TWT amplifiers with an output power
of 1 kW are typically used, for Q-band measurements, an output power of about 100 W is usually

recommended [3], however solid state amplifiers with lower output powers are often also used.

The microwave pulses are transmitted to the resonator after passing through an additional variable
attenuator and a circulator. The resonator design for pulse EPR applications somewhat differs from
that used for cw-EPR and several types of resonators, often developed for specialised applications,
are available (see [3] and references therein). The resonators used for the work described in this
thesis were a dielectric resonator (Bruker EN 4118X-MD4) for ENDOR measurements and a split-ring
resonator (Bruker ER 4118X-MS3) for the DEER measurements. For the Q- and W-band measure-
ments, the Bruker pulsed ENDOR resonators, EN 5107D2 and EN 600-1021H, respectively, were used.
A fundamental problem of pulse EPR is the dead-time, the time after the microwave pulses during
which no signal can be detected due to the ringing of the high power microwave pulses in the res-
onator, preventing measurement of the much smaller sample signals. This problem is reduced by
over-coupling of the resonator, which decreases the quality factor of the cavity, decreasing the sen-

sitivity. Additionally, this also increases the excitation bandwidth of the resonator.

The output signal is directed to the pulse detection unit, equipped with a gated limiter, protecting
the detector from the reflected high-power microwave pulses. The signal is usually acquired using
quadrature detection, which separates the signal into a real and an imaginary part. For pulse experi-

ments a boxcar integrator is often used to obtain the experimental spectrum.

Additional equipment is required for more specialised applications. For example, Electron Nuclear
DOuble Resonance (ENDOR) measurements require an additional radiofrequency (rf) sequence gen-
erator and an rf amplifier, as well as a probehead with rf coils. Double Electron Electron Resonance
(DEER) measurements require an additional microwave source and channel (ELDOR channel) for exci-

tation at a second microwave frequency.

1.3.4 SEMI-CLASSICAL DESCRIPTION OF PULSE EPR

The effect of a sequence of microwave pulses on the magnetisation of an ensemble of spins can
most easily be understood using the semi-classical vector model. This very approximate intuitive
approach generally describes single spin packets and simple pulse sequences quite well, but is often
not sufficient for the description of more sophisticated experiments and in the presence of multiple

spins.
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In the presence of an external magnetic field, the electron spin magnetic moment experiences a
torque, which leads to precession of the magnetic moment around the magnetic field axis at an angu-
lar frequency called the Larmor frequency. An EPR sample usually contains an ensemble of spins and
hence a net magnetisation vector, the vector sum of all the spin magnetic moments of the sample,
can be defined. At thermal equilibrium there is an excess of § spins and no phase correlation of the
magnetic moments in the plane perpendicular to the field axis, usually assighed as the z-axis of the
laboratory reference frame, and hence the magnetisation is aligned with the z-axis and is stationary

in the laboratory reference frame.

The linearly polarised microwaves of the time-dependent field B; can be described as the sum of two
counter-rotating circularly polarised components. The effect of By during a microwave pulse is most
conveniently described in a frame rotating around the laboratory z-axis at the frequency of this time-
dependent field. The transformation into the rotating frame allows to consider one of the components

as stationary and to neglect the other component, rotating at twice the rotating frame frequency.

Application of a microwave pulse causes the magnetisation to precess around the axis of the B; field.
At the end of a microwave pulse of duration t,, the magnetisation is rotated by an angle 8 = w1t,,
where f is called the flip angle of the pulse and w; is the amplitude of the B; field in angular fre-
quency units. A single g pulse applied along the x-axis of the rotating frame coordinate system ro-
tates the magnetisation from the z-axis to the -y-axis as illustrated in figure 1.7. After the microwave
pulse, the components of the magnetisation rotated into the plane perpendicular to the static mag-

netic field By start to precess around the z-axis of the laboratory frame.

For spins satisfying the resonance condition, the angular frequency of the rotating frame corresponds
to the Larmor frequency and hence components of the magnetisation precessing at the Larmor fre-
quency will appear stationary. In this case the external field By disappears in the rotating frame. Off-
resonance spins precess at frequencies smaller or larger than the rotating frame frequency and the
transformation to the rotating frame leads to the corresponding magnetisation rotating in a clock-
wise or counter-clockwise fashion, respectively. Due to the precession of the magnetisation in the
rotating frame, the external field By does not disappear for off-resonance spins and during the mi-

crowave pulse the magnetisation is rotated around the effective field, determined by the vector sum

FiGURE 1.7: Schematic representation of the generation of an FID (free induction decay) using the vector model:
the equilibrium magnetisation is rotated into the xy-plane by a % pulse along the x-axis of the rotating frame
and then decays back to equilibrium. The time evolution of the magnetisation along the x- and y-axes is shown
on the right.
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of By and Bj in the rotating frame. After a % pulse applied along the x-axis the magnetisation vec-

tors of off-resonance spins are not exactly aligned with the -y-axis and usually have residual out-of-
plane components. The exact amount of transverse magnetisation after the pulse depends on the
offset of the resonance frequency of the spins and can be described by a sinc function (sinxx‘1 with
X = ﬁa)effa)zl and the effective rotation frequency wefr = ,/w% + Aw?, determined by the frequency
offset Aw).

The precession of the magnetisation vector around Bj after the microwave pulse is accompanied by
a decay of the magnetisation through the relaxation mechanisms described in section 1.4. Measure-
ment of the components of the magnetisation vector rotating in the xy-plane as a function of time
after the microwave pulse yields the free induction decay (FID); the x and y components correspond to
the real and imaginary part of the signal. The quadrature detection typically employed corresponds

to detection of the transverse magnetisation in the rotating frame.

In most EPR experiments the spin system is investigated by detecting a spin echo rather than the FID.
This is mainly due to the fact that the FID generally decays so quickly that most of the information
is lost in the dead-time. Refocusing of the magnetisation to an echo solves this problem. The basic
sequence for the generation of a spin echo is the two-pulse or Hahn echo sequence consisting of a %
pulse followed by a 7t pulse after a delay 7 (see figure 1.8). The % pulse flips the magnetisation vec-
tor into the xy-plane as described above. During the free evolution time 7, the different spin packets
constituting the sample precess around the z-axis at different frequencies and this causes a defocus-
ing of the magnetisation. The effect of the © microwave pulse is to rotate all magnetisation vectors
around the x-axis by 180°. After the pulse, the spin packets continue to precess at their characteristic
frequencies, refocusing after a time 7 in the absence of spin relaxation and forming the electron spin
echo. In the presence of spin relaxation, only a fraction of spin packets will contribute to the echo

signal.

The length of a microwave pulse, at constant flip angle, determines the frequency range simulta-
neously excited by the pulse. The excitation profile of the pulse is approximately described by the
Fourier transform of the pulse shape; the excitation profile for an ideal rectangular pulse is a sinc
function (sinxx7!) with a linewidth of 1.207 t;l and first zero-crossings at it;l [3]. A 16 ns pulse

can be assumed to uniformly excite a region of 62.5 MHz (v + %tp), corresponding to about 2.2 mT.

k sk o o ok ok

- <\

Ficure 1.8: Two-pulse or Hahn echo sequence and magnetisation vector representation explaining the forma-
tion of an electron spin echo.
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The selectivity of the microwave pulse can be changed by varying the pulse length. However, in most
cases, excitation of the whole spectrum is not possible. Selection of only specific resonance positions,
corresponding to different orientations of the molecule with respect to the magnetic field in powder
samples, can be achieved in many cases and this orientation selection can often provide additional

or more detailed information on the spin system (see section 1.3.6).

In pulse EPR, the spectra can be recorded using either FID or spin-echo detected field sweep exper-
iments. The obtained EPR spectrum is in absorption mode and should roughly correspond to the
cw-EPR spectrum. In some cases spin-echo detected field sweeps are affected by modulation due to
hyperfine couplings, leading to distorted EPR spectra. In such cases FID detection, if possible on the

grounds of sensitivity, is more convenient.

1.3.5 DENSITY MATRIX DESCRIPTION OF PULSE EPR

The vector model approach is adequate for the description of simple experiments, generally consid-
ering just a single or, at most, two coupled spins, but a more rigorous quantum mechanical approach
is needed to explain more sophisticated pulse experiments. This is provided by the density matrix

formalism [3, 9].

An ensemble of spin states can be described by a density matrix g, a matrix of nx n elements, where
n=(2S+1)(2/+1) and S is the electron spin quantum number and | the quantum number of a nu-
clear or a second electron spin. The diagonal elements of the density matrix correspond to the pop-
ulations (P;;) of the different states of the spin system and differences between diagonal elements
are generally referred to as polarisations, while the off-diagonal elements represent phase coherent
superpositions of states and are referred to as coherences. The polarisations are related to the clas-
sical concept of longitudinal magnetisation and the coherences are related to the transverse mag-
netisation. The density matrix elements for a system of two coupled spins, for example an electron
spin S = % and a nuclear spin [ = %, and the possible transitions are depicted in figure 1.9. The co-
herences can be divided into allowed single-quantum (SQ) coherences and forbidden zero- (ZQ) and

double-quantum (DQ) coherences.

The evolution of the density matrix during pulse EPR experiments is described by the Liouville-von
Neumann equation

dp i~

—=——|H,p 1.27

=7 1Ae] (1.27)
where the term in square brackets indicates the commutator between the density matrix and the

Hamiltonian acting on the spin system. The Liouville-von Neumann equation can easily be solved for

a time-independent Hamiltonian and the solution is
p(tﬁnal) = Rtﬁ(tinitial) ét_l with 'Qt = exp[—i (thinal — tinitiat) I:I] (1.28)

The pulse EPR experiments are typically divided into periods of nutation during the pulses and periods

of free evolution during the inter-pulse delays governed by different time-independent Hamiltonians.
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Ficure 1.9: Density matrix elements and the corresponding transitions for an S = %, I = % spin system. The

allowed electron (S) and nuclear (I) transitions are shown in solid lines, the forbidden electron transitions are
shown as dashed lines.

The evolution of the density matrix during the pulse sequence is then calculated by consecutively
applying the corresponding propagators ﬁt. The state of the spin system at the end of a pulse se-
quence is determined by calculating the trace of the product of gx/y, or of (§X + igy) for quadrature

detection, and the density matrix at the time of the echo.

At equilibrium only the diagonal elements of the density matrix are non-zero. The microwave pulses
in pulse EPR experiments then excite different transitions, generating coherences. Depending on the
type of experiment, transfer between coherences and polarisations or between different coherences
occurs, and at the end of the experiment the in-phase electron coherence is observed. Pulse EPR
experiments can be divided into polarisation-transfer experiments, such as the ENDOR experiments,
electron coherence-transfer experiments, such as two-pulse ESEEM, and nuclear coherence-transfer

experiments such as three-pulse ESEEM and HYSCORE.

Polarisation-transfer experiments are based on the generation of non-equilibrium polarisation and
its detection. Non-equilibrium polarisation can be generated by a single 7@ pulse or by the sequence
%— T— %, for detection the polarisation has to be transferred to electron coherence. The Davies and

Mims ENDOR experiments fall into this category and are explained in detail in the next chapter.

Electron coherence-transfer experiments are based on the generation of electron coherence and its
transfer between different transitions of the spin system. An example of this type of experiment is

two-pulse ESEEM, described in the next chapter.

Nuclear coherence-transfer experiments are based on the generation of nuclear coherence and its
evolution on nuclear transitions or its transfer between them. Nuclear coherences can be generated
by sequences of microwave pulses, if both allowed and forbidden transitions can be excited. At the
end of the experiment the nuclear coherence is transferred back to electron coherence for detection.
The nuclear coherence-transfer experiments three-pulse ESEEM and HYSCORE are described in the

next chapter.

The microwave pulses usually excite not only the desired coherences but also additional unwanted

ones, which can interfere with the detection of the wanted signal. These additional coherences can be
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suppressed by phase cycling, i.e. repeating the experiment with different phases of specific microwave
pulses in the sequence and adding or subtracting the resulting signals. Phase cycling allows the se-
lection of the specific coherence transfer pathways leading to the signal of interest. The phase cycles

required for the different types of pulse EPR experiments can generally be found in the literature.

1.3.6 ORIENTATION SELECTION

The microwave pulses typically used in pulse EPR do not have sufficient excitation bandwidth (see
section 1.3.4) to excite the whole EPR spectrum in the presence of large anisotropic contributions to
the electron spin Hamiltonian, such as g-anisotropy, zero-field splitting or large anisotropic hyperfine
couplings. This leads to selection of a subset of orientations of the molecules with respect to the
magnetic field. The orientations selected by pulses acting at different positions of the EPR spectrum
in the case of an axial g-tensor and for a triplet state with an orthorhombic zero-field splitting tensor

are depicted in figure 1.10.

Orientation selection is often an advantage for both hyperfine techniques and dipolar techniques
such as DEER, as more information on the spin system can be obtained. On the other hand, orien-
tation selection means that only a subset of the spins in the sample is excited, leading to decreased
signal intensities. Orientation selection in hyperfine experiments leads to the detection of hyperfine
and nuclear quadrupole couplings in different directions of the molecular frame, providing informa-
tion on the relative orientation of the hyperfine and nuclear quadrupole tensor with respect to the
tensor determining the orientation selection (g- or ZFS tensor). In DEER experiments, orientation se-
lection allows extraction of information on the relative orientation of the two paramagnetic systems

in addition to information on the distance between them, as will be explained in Chapter 5.
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Ficure 1.10: Calculated powder spectra for an axial g-tensor (A) and for a triplet state with a zero-field splitting
with D, E > 0 (B). The weights of the orientations excited by pulses with an excitation bandwidth of 60 MHz at
the magnetic field positions indicated by arrows are plotted on a unit sphere, darker shades correspond to
higher weights, the white areas indicate the orientations not contributing at that field position.
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1.3.7 TiMe-rResoLVED EPR

The EPR spectra of photoexcited species, such as for example radical pairs or triplet states, and their

time evolution after laser excitation can be recorded using time-resolved or transient EPR.

In photoexcited time-resolved EPR, irradiation of the sample with a laser pulse prior to the actual EPR
experiment produces the paramagnetic species. The time evolution of the EPR signal after the laser
pulse is measured at a fixed magnetic field and under continuous microwave irradiation. Collection
of transients at different external magnetic fields yields a two-dimensional spectrum with EPR signal
intensity as a function of both the external magnetic field By and the time after the laser pulse. The

signal is acquired using a transient recorder and is detected in absorption mode.

Pulse EPR measurements of photoexcited species are performed by preceding the EPR pulse sequence
with a laser pulse. The signal of unwanted stable radicals can be suppressed by saturation with a

strong microwave pulse before the laser pulse.

1.4 RELAXATION

Relaxation plays an important role in both continuous wave and pulse EPR. In continuous wave EPR,
relaxation determines the linewidth of the spectra and has to be considered in order to record spec-
tra not affected by power saturation effects. In pulse EPR, relaxation times determine the maximum
length of any pulse sequence and the repetition time of a pulse experiment. Measurement and anal-
ysis of relaxation times, while often not straightforward, have the potential of providing useful infor-

mation on the spin system, its interaction with the surroundings and its dynamic behaviour.

During an EPR experiment, the spin system is perturbed by a continuously oscillating microwave field
or nanosecond microwave pulses and then returns to equilibrium by a series of different processes,
with different relative contributions depending on the spin system under investigation. Typically two
main relaxation mechanisms are distinguished: the longitudinal or spin-lattice relaxation, charac-
terised by the relaxation time T; and the transverse or spin-spin relaxation, characterised by the
relaxation time T,. Both relaxation mechanisms are induced by local fluctuations in the magnetic
field experienced by the spins. If these occur at frequencies matching the resonance condition for
the spin system, they induce transitions between the energy levels, returning the system to equilib-
rium. In general, processes leading to a change of the net populations of the electron spin states are
classified as spin-lattice relaxation processes and processes leading to a loss of phase coherence or
taking spins off-resonance are classified as spin-spin relaxation processes. The two main relaxation
mechanisms are briefly discussed in the following sections; much more detailed information can be

found, for example, in references [3, 10].
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1.4.1 SPIN-LATTICE RELAXATION

The longitudinal or spin-lattice relaxation returns the magnetisation vector to the equilibrium position
along the z-axis (z||Bg) through electron spin flips induced by dynamic interactions with the surround-
ing matrix (the solution, powder or crystal lattice). These relaxation processes are characterised by
an exchange of energy of the spin system with the surroundings and cause a decrease in enthalpy of

the spin system.

Spin-lattice relaxation processes are induced by different mechanisms in solids and liquids. In liquids,
the main cause is molecular motion, which modulates the anisotropic interactions of the spin system,
such as for example the electron Zeeman, the hyperfine, the exchange or the electron dipole-dipole
interaction, and thus generates fluctuating local fields inducing electron spin flip transitions. Another
relaxation mechanism in liquid solution is caused by collisions with other paramagnetic species, such
as for example oxygen or transition metal ions. In solids, spin-lattice relaxation is induced by thermal
motion, i.e. molecular vibrations. The spin system exchanges energy with the lattice by absorption or
stimulated emission of phonons, causing a modulation of the spin-orbit coupling or other interactions
present in the spin system. Three main processes for this type of relaxation in solids can be distin-
guished and are characterised by different temperature and magnetic field dependences. The direct
process involves phonon absorption or emission, the Raman process involves a virtual excitation and
de-excitation to high energy phonon states and the Orbach process is a resonant two-phonon process
[3]. The modulation of spin-orbit coupling is often the principal contribution to spin-lattice relaxation
in solid samples and hence the relaxation time T; decreases significantly from organic molecules to
systems containing transition metal ions. Further, relaxation increases for larger deviations of the

principal g-values from g, and for systems with reduced symmetry.

1.4.2 SPIN-SPIN RELAXATION

The transverse or spin-spin relaxation causes loss of phase coherence in the xy-plane through spin
flip-flops without exchange of energy with the surroundings. In addition to spin flip-flops, phase co-
herence is also lost as a consequence of spin flips occurring due to the mechanisms described in the

previous section. Hence the overall relaxation time T, is determined by two contributions:

1 1 1

=y 1.29

Ip TZ' 2Ty ( )
where T2' is the relaxation time associated with a flip-flop process and T; is the spin-lattice relaxation

time associated with spin flip processes.

In most cases in EPR, the empirical parameter phase memory time T, is introduced, which is the
relaxation time related to any process causing loss of electron spin phase coherence and includes
T>, as defined above. Typical processes determining T, can be summarised as follows [3]: The local

magnetic field experienced by the A spins, the spins excited in a specific experiment, is influenced by
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dipolar coupling to other spins not excited in the experiment, called B spins. These B spins can either
be other electron spins or nuclear spins. Spin-lattice or spin-spin relaxation of the B spins causes
fluctuations of the local magnetic field experienced by the A spins. This leads to a contribution to the
phase memory time of the A spins that is inversely proportional to the concentration of B spins. When
the coupled B spin is a nuclear spin, this process is called nuclear spin diffusion. In the presence of
protons, either on the molecule itself or on the solvent (matrix protons), nuclear spin diffusion usually
constitutes the main contribution to T,,. An increase of T, can usually be achieved by exchange of
protons with deuterons, which reduce the importance of this contribution due to the smaller magnetic

moment and the smaller dipolar hyperfine couplings to the electron spin.

Additional contributions to T, arise from processes that change the resonance frequency of the elec-
tron spin and thus move spin magnetisation between different regions of the EPR spectrum. In pulse
EPR, this movement of the excited spin resonance frequency out of the detection window constitutes
an apparent spin relaxation process. Spectral diffusion is one of these processes and occurs if only
part of the EPR spectrum is excited due to limited excitation bandwidth. In analogy to the processes
described above, the relaxation of B spins, not excited by the microwave pulses, changes the local
magnetic field at the position of the excited A spins. The resonance frequency of the A spins thus
changes, leading to a transfer of their spin magnetisation to other parts of the spectrum, outside the
detection window. Similarly the B spins also change resonance frequency and thus transfer equilib-
rium spin magnetisation to the region of the spectrum within the detection window. This substitution
of A spin magnetisation by B spin equilibrium magnetisation has the effect of an apparent relaxation

process. Molecular motion also has a similar effect and causes spectral diffusion.

Instantaneous diffusion can occur when the electron spins interact; in this case, after the microwave
pulse the local magnetic field around each spin changes depending on the relative position and ori-
entation of the other spins and causes a shift in resonance frequency. A similar process can also
occur between spins excited at different microwave frequencies. Instantaneous diffusion depends on

the pulse flip angle and the pulse excitation bandwidth.
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2 HYPERFINE SPECTROSCOPY

The hyperfine interaction, discussed in section 1.2.3, provides important information on the electron
distribution in a spin system. The isotropic and anisotropic hyperfine couplings can be used to de-
termine the spin density distribution in the paramagnetic system and in addition to that, the dipolar
hyperfine tensor can provide information on the position of the coupled nuclei with respect to the
spin density distribution, due to the dependence of the dipolar hyperfine interaction on the electron-
nuclear separation. Orientation-selective measurements also allow determination of the orientation
of the hyperfine tensor with respect to the principal tensor of the system, which can be the g- or the
ZFS tensor. In summary, hyperfine spectroscopy has the potential of providing access to an accurate

picture of the paramagnetic system and its surroundings.

Several EPR techniques have been developed that allow direct measurement of the hyperfine cou-
plings, which are not well resolved in the EPR spectrum in most cases. The available methods can be
divided into two principal categories: Electron Nuclear DOuble Resonance (ENDOR) and Electron Spin
Echo Envelope Modulation (ESEEM) techniques. The ENDOR techniques are based on the excitation
of both electron and nuclear transitions, while ESEEM techniques only directly excite electron tran-
sitions. While ESEEM techniques are restricted to pulse EPR, a continuous wave ENDOR technique is
also available, but will not be discussed here. Pulse ENDOR and ESEEM are complementary experi-
ments: ESEEM is often the technique of choice for hyperfine spectroscopy at low nuclear frequencies,
for example for 14N and 2H nuclei, while ENDOR generally performs better at higher radiofrequencies,

for example for IH nuclei.

Magnetic nuclei typically studied using hyperfine spectroscopy include 'H, 2H, 13C, 14N and !°N as
well as different isotopes of transition metals. Each type of nucleus is characterised by its Larmor
frequency (gnﬁnBoh’l, see section 1.2.2), which allows assignment of signals observed by ENDOR
or ESEEM to different types of nuclei present in the system. The Larmor frequencies of different
isotopes may lie close together at X-band frequencies, which can complicate the analysis of spectra
for systems containing more than one type of magnetic nucleus. Higher fields allow better separation
of different nuclear Larmor frequencies, as shown in figure 2.1. Therefore hyperfine spectroscopy is
often also performed at Q- or W-band. As will be discussed below, in ESEEM experiments the choice

of microwave frequency is also of fundamental importance for other reasons.
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Ficure 2.1: Larmor frequencies of a series of magnetic nuclei for different static magnetic fields. The Larmor
frequencies at X-band and W-band frequencies are highlighted and the region of proton nuclear frequen-
cies up to a hyperfine coupling of 12 MHz is indicated by grey shading. Since in the case of strong cou-
pling, often occurring for nuclei with low gyromagnetic ratios such as 14N, the signals are centred at %A (see
section 2.1.3), overlap of their signals with the signals arising from proton hyperfine couplings can occur at
X-band.

The ENDOR and ESEEM techniques used for the work presented in this thesis are described below.
Information on different, more sophisticated extensions of these techniques can be found in reference

[3] and in the literature, but they are based on the same principles explained below.

2.1 ENDOR - ELEcTRON NUcCLEAR DOUBLE RESONANCE

Electron Nuclear DOuble Resonance (ENDOR) techniques are based on the transfer of polarisation
between electron and nuclear transitions and the nuclear frequencies are detected through changes
of the intensity of electronic transitions. ENDOR thus exploits the greater sensitivity of the electron
as compared to the nuclear spin. ENDOR is a double frequency technique and requires excitation of
both electron transitions with microwaves, as well as nuclear transitions with radiofrequencies. For
this reason, it is technically more demanding than ESEEM, as it requires a radiofrequency source and

amplifier, as well as a probehead designed for delivery of both frequencies to the sample.

Two different types of pulse ENDOR experiments have been developed: Mims [11] and Davies [12]
ENDOR. The corresponding pulse sequences are shown in figures 2.2 and 2.5. Both experiments have
advantages and disadvantages, but typically Davies ENDOR is used for systems with large hyperfine

couplings, while Mims ENDOR is preferred for systems with small hyperfine couplings.

2.1.1 Davies ENDOR

The principle behind Davies ENDOR can be explained by considering a simple four-level system of an
electron spin coupled to a single nuclear spin with | = %, such as for example a proton. There are two
electron or EPR transitions connecting levels with different electron spin quantum numbers and two

nuclear or NMR transitions connecting levels with different nuclear spin quantum numbers, as shown
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Davies ENDOR
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FIGURE 2.2: Pulse sequences for Davies ENDOR. The radiofrequency is swept and the echo intensity is recorded

as a function of radiofrequency.

in figure 2.3. At thermal equilibrium, the electronic § states are characterised by a larger population.

The first microwave 7 pulse in the Davies ENDOR sequence is selective for one of the two electron

transitions and inverts the corresponding populations. The microwave 7t pulse is followed by a selec-

tive radiofrequency 7t pulse at varying radiofrequencies. If the radiofrequency is resonant with one of

the nuclear transitions, the polarisation of the corresponding transition is inverted and the population

difference for the EPR transition is reduced. If the radiofrequency pulse is off resonance, the sublevel

populations and EPR intensity do not change. The radiofrequency pulse is followed by a non-selective

detection sequence, a two-pulse sequence for echo-detection or a single pulse for FID-detection. The

signal amplitude depends on the population difference between the energy levels connected by elec-

tron transitions and is thus determined by whether or not the radiofrequency pulse was on resonance

with a nuclear transition. Integration over the inverted echo as a function of radiofrequency yields

the nuclear frequency spectrum.
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Ficure 2.3: Effect of the microwave inversion and radiofrequency pulses in a Davies ENDOR experiment on
the sublevel populations of a simple four-level system of an electron coupled to a single nuclear spin with
I = % The different states in the energy level diagrams are denoted by the electron spin state followed by the

nuclear spin state, for example |/3a) corresponds to the |ﬁe(xn) state.
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The radiofrequency pulse is required to invert the nuclear populations and thus has to be tuned as a

7t pulse. The pulse length t, is given by

TC
P ynB2 (21)

where Yy = gN/SNh’l is the nuclear gyromagnetic ratio and B, is the apparent strength of the ra-
diofrequency magnetic field. The radiofrequency pulse can be optimised in a nutation experiment by
monitoring the echo for increasing pulse lengths at a fixed radiofrequency (on resonance, for example
on the matrix line) and choosing the pulse length corresponding to the first minimum observed in the
oscillating nutation curve. Typically for protons the radiofrequency pulse has a length of about 15 us
at X-band, with generally longer pulses for nuclei with smaller gyromagnetic ratios in the absence of
the ENDOR enhancement effect.

The linewidth of ENDOR lines is determined by the nuclear phase memory time as T,Sjn)fl. If the ra-
diofrequency pulse length is shorter than Tn(jn), a power broadening of the ENDOR line occurs as the
overall linewidth is determined by the convolution of the intrinsic linewidth with the excitation pro-
file of the radiofrequency pulse [13]. The power broadening of ENDOR lines can typically be avoided
by carefully choosing the radiofrequency pulse length and the temperature for recording the exper-
iment. Experimentally, the presence of power broadening can be verified by repeating the ENDOR

measurement with a longer radiofrequency pulse and by comparing the results.

In Davies ENDOR, the observation of an ENDOR effect depends on the selectivity of the first microwave
pulse. If the 7t pulse inverts the populations for both EPR transitions, the radiofrequency pulse has
no effect on the populations and hence no ENDOR effect is observed. In order to avoid this, the pulse
length has to be carefully chosen so as to have an excitation bandwidth that does not exceed the
hyperfine splitting. If the hyperfine coupling A" of nucleus n is approximately known, the optimum

inversion pulse length can be calculated as [14]

_n ~0.7

T an T an

(2.2)

where 7, is called the selectivity parameter. The absolute ENDOR intensity was found to depend on

the selectivity parameter as [14]
1.47y

I(n) = /om (2.3)

where Iy is the maximum ENDOR intensity obtained at 77, = 0.7. The ENDOR intensity function for
different lengths of the inversion pulse is depicted in figure 2.4 A. These results predict the absence
of an ENDOR signal at the Larmor frequency. However, experimentally a strong matrix line is usually
observed for protons. This has been attributed to the fact that the radiofrequency pulse in the matrix
region close to the Larmor frequency simultaneously inverts a large number of nuclei and that the

induced change of the local magnetic fields affects the echo intensity [15].

ENDOR signals corresponding to weak hyperfine couplings are suppressed by hard inversion pulses

and require softer inversion pulses to be observed. This suppression can in some cases be exploited
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Ficure 2.4: (A) ENDOR intensity as a function of the length of the microwave inversion pulse in Davies ENDOR
calculated based on equation 2.3. (B) ENDOR intensity as a function of the interpulse delay 7 in Mims ENDOR
calculated based on equation 2.4 (v=v, + %A).

for the interpretation of heteronuclear ENDOR spectra with significant overlap of the signals of pro-
tons and other nuclei. Hard inversion pulses suppress the ENDOR signals of nuclei with small hy-
perfine couplings, such as protons, and allow measurement of nearly unperturbed ENDOR spectra of

nuclei with stronger hyperfine couplings, such as for example nitrogen nuclei [16].

2.1.2 Mims ENDOR

In the Mims ENDOR experiment, the ENDOR effect is determined by interference effects in the stim-
ulated echo generated by three microwave % pulses. In contrast to the Davies ENDOR experiment,

non-selective microwave pulses are used for Mims ENDOR.

The first two non-selective % microwave pulses generate a polarisation grating across the EPR line,

i.e. the amount of longitudinal magnetisation M, varies along the EPR line [11] (see figure 2.6). In
terms of the vector model, the first % pulse creates transverse magnetisation which evolves during
the interpulse delay as discussed in section 1.3.4; the second % pulse transfers the magnetisation
back to longitudinal magnetisation. The amount of longitudinal magnetisation at each position of the
EPR line depends on the interpulse delay 7, the hyperfine coupling and the resonance offset, which

determine the position of the magnetisation vector corresponding to a spin packet at the time of

Mims ENDOR
s s I
2 2 2
T T
mw
TC
rf

FIGURE 2.5: Pulse sequences for Mims ENDOR. The radiofrequency is swept and the echo intensity is recorded
as a function of radiofrequency.
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FiGure 2.6: (A) Stimulated echo sequence. (B) Polarisation pattern across the EPR line after the first two %
microwave pulses for complete excitation. (C) Vector model diagrams showing the evolution of the magneti-
sation vector in the Mims ENDOR sequence in the absence of relaxation, as explained in the text.

the second % pulse. For spin packets with a frequency corresponding to that of the rotating frame,
the first two microwave pulses have the same effect as a single 7 pulse and their magnetisation
becomes aligned with the -z axis. For spin packets that during the interpulse delay T have rotated by
odd multiples of 7t, the magnetisation is rotated back to the original position by the second % pulse.
Considering all spin packets, the longitudinal magnetisation varies sinusoidally with a periodicity of
27 . . . . .

£ after the two preparation pulses and this pattern slowly decays through spin-lattice relaxation. In
Mims ENDOR the pulses need to be non-selective to ideally generate the polarisation grating over the

whole EPR line and the optimum sensitivity is typically obtained for the shortest possible 5 pulses [8].

In the absence of the radiofrequency pulse, the last g microwave pulse transforms the longitudinal
magnetisation back into the xy-plane, where it focuses and defocuses, creating a stimulated echo.
If the radiofrequency pulse is applied on resonance with a nuclear transition, it causes a frequency
shift determined by the hyperfine coupling, which prevents the corresponding spin packet from being
focused at the time of the stimulated echo, thereby reducing the echo intensity. Again the radiofre-
quency pulse is required to invert the nuclear polarisation and the same considerations as in Davies
ENDOR apply. Integration over the stimulated echo as a function of radiofrequency yields the nuclear

frequency spectrum.

Due to the periodic nature of the polarisation grating, the radiofrequency pulse has little effect on
the echo amplitude for certain hyperfine couplings. Hence the ENDOR intensity varies periodically as

a function of the hyperfine coupling and the interpulse delay t:

[ oc[1—cos(AT)] (2.4)

The ENDOR effect thus reaches a maximum for T = (n+%)A‘1 and is zero for T = nA™! with n =

0,1,2,.... The Mims ENDOR intensity as a function of frequency is shown in figure 2.4 B for different
T values. The blind-spots thus occurring in the Mims ENDOR spectrum can lead to misinterpretation
and it is generally recommended to use a 7 value sufficiently short to avoid distortions (A,.x & (2’5)71)

or, if this is not possible, to record spectra for a series of different T values.
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Similarly to Davies ENDOR, the absence of an ENDOR effect is expected for very small hyperfine cou-
plings, but a strong matrix line is typically observed. The origin of this effect is the same as explained
above for Davies ENDOR; additionally it has been shown that for Mims ENDOR the intensity of the

matrix line decreases for increasing 7 values [15].

The blind-spot behaviour described above was determined based on the analysis of an S = %, I = %
system. ENDOR intensities and 7 suppression effects for other spin systems can be determined us-
ing the product operator or density matrix formalism [13, 17]. Neglecting the nuclear quadrupole
coupling interaction, for a nuclear spin | = 1, the ENDOR intensity is found to be proportional to
[1-cos(2AT)]. Fora S=1, 1= % system, an analogous behaviour to the simpler S = % case is ob-

tained.

The different ENDOR intensity functions for Davies and Mims ENDOR (see figure 2.4) typically lead to
a different appearance of the ENDOR spectra recorded with the two techniques and should be taken

into account in simulations.

Mims ENDOR is intrinsically more sensitive than Davies ENDOR, as the non-selective pulses in Mims
ENDOR excite a larger fraction of spins than the selective inversion pulse of the Davies ENDOR exper-
iment. However, the T suppression effects in Mims ENDOR reduce the sensitivity for larger hyperfine
couplings and in this case the Davies ENDOR experiment is more convenient. The relative sensitivity
of Mims and Davies ENDOR for different hyperfine couplings and measurement conditions is discussed
in detail in reference [8]. The main conclusion is that Mims ENDOR with a fixed 7 value is the best
experiment for hyperfine couplings smaller than about 2 MHz, Mims ENDOR averaged over different ©
values becomes better for hyperfine couplings between 2 and about 6 MHz and Davies ENDOR is the

best choice for couplings greater than 6 MHz.

Since the ENDOR experiments are based on the polarisation inversion and transfer, the ENDOR effi-
ciency increases significantly at very low temperatures, as the thermal equilibrium population differ-

ence is larger and the relaxation times are longer.

2.1.3 ANALYsIs oF ENDOR sPECTRA

ENDOR spectra contain peaks at the frequencies of the allowed nuclear transitions of the investigated
spin system. ENDOR spectra of S = % systems are typically symmetric and centred at the nuclear
Larmor frequency in the weak coupling regime (A < 2v,, see figure 2.7 A) and centred at half the

hyperfine coupling in the strong coupling regime (A > 2v,, see figure 2.7 D).

The proton hyperfine couplings are generally small compared to the Larmor frequency and the corre-
sponding ENDOR spectra are thus centred at the proton Larmor frequency. In the case of an isotropic
hyperfine interaction an ENDOR spectrum with two peaks separated by a;s, is obtained (figure 2.7 A).
In general, ENDOR is recorded in frozen solution, where powder patterns are obtained, as shown in
figure 2.7 B and C for an axial and an orthorhombic hyperfine tensor, respectively. The ENDOR powder

lineshapes are characterised by turning points at the canonical orientations of the hyperfine tensor,

31



CHAPTER 2 - Hyperfine Spectroscopy

djso

Vi Vi Vi
D E 21// F 2v;
—>
2v, 30
> 7
3P I*‘é
A Ay A
2 2 2 2

FIGURE 2.7: Simulated ENDOR spectra for a single | = % nucleus in the weak coupling regime (A-C, isotropic, ax-
ial and orthorhombic hyperfine tensors, respectively) and an | = 1 nucleus in the strong coupling regime (D-F,
isotropic hyperfine coupling, isotropic hyperfine coupling and a nuclear quadrupole interaction, orthorhombic
hyperfine tensor and nuclear quadrupole interaction, respectively).

sometimes allowing the direct determination of the principal values from the spectrum. The analysis
of ENDOR spectra is complicated in the presence of multiple nuclei with similar hyperfine interaction
and in most cases simulations of the spectra are required for determination of the hyperfine cou-
plings. In the presence of orientation selection, the analysis of ENDOR spectra recorded at different

field positions can allow determination of the relative orientations of the g- and hyperfine tensors.

In addition to the peaks corresponding to the hyperfine couplings of the protons in the spin system,
weak hyperfine interactions with distant protons or solvent protons (matrix protons) give rise to a

central peak at the nuclear Larmor frequency, typically called the matrix peak.

Nitrogen ENDOR spectra at X- and Q-band frequencies can be in the strong coupling regime and the
peaks are thus centred at %A and separated by 2v, as shown in figure 2.7 D for an isotropic hy-
perfine coupling. Since N is an | = 1 nucleus, in frozen solution the nuclear quadrupole coupling
causes additional splitting depending on the nuclear quadrupole coupling constant Q and the asym-
metry parameter 7. In the presence of axial or orthorhombic hyperfine couplings as well as nuclear
quadrupole interaction the nitrogen ENDOR spectra can become quite complicated to interpret with-

out simulations.

In high-spin electronic systems, ENDOR spectra can become asymmetric with respect to ¥, (or A in
case of strong coupling) due to transition selection and yield information on the sign of the hyperfine
coupling as well as its magnitude. The sign of the hyperfine coupling for S = % systems can only be

determined using variants of the ENDOR technique, such as variable mixing time ENDOR [18-20].
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FIGURE 2.8: Energy leveldiagramforan S=1, /= % spin system with collinear ZFS and hyperfine tensors, D > 0,

A > 0 and with the magnetic field parallel to the Z orientation of the zero-field splitting tensor. Schematic
representations of the ENDOR spectra for each of the transitions of the Z canonical orientation illustrate the
possibility of determining the sign of the hyperfine coupling for a known sign of D.

In a triplet state, the mg =0 — mg = +1 and mg = -1 — mg = 0 transitions for each of the canoni-
cal orientations can be excited individually. The corresponding ENDOR spectra are characterised by
a strong and narrow peak at the nuclear Larmor frequency, arising from the nuclear transition fre-
quencies of the mg = 0 manifold. In the case of a single coupled | = % nucleus, an additional peak
on one side of the Larmor frequency would appear, as illustrated in figure 2.8. If the sign of the D-
value is known, and if thus the canonical field positions in the EPR spectrum can be assigned to the
ms =0 — mg =+1 or mg = -1 —» mg = 0 transitions, the sign of the hyperfine coupling can be de-
termined from the position of the hyperfine peak with respect to the nuclear Larmor frequency. For a
positive D-value, the hyperfine peak in the spectrum recorded for a mg =0 — mg = +1 transition will
occur at a frequency lower than the nuclear Larmor frequency for a positive hyperfine coupling and
higher for a negative hyperfine coupling [21, 22]. The ENDOR spectrum corresponding to the other

triplet transition will correspond to the mirror image with respect to the Larmor frequency peak.

In addition to transition selection, triplet state systems are also characterised by orientation selec-
tion, hence the hyperfine couplings along the three axes of the zero-field splitting tensor could theo-
retically be determined by ENDOR measurements at the different canonical field positions. In case of
an axial zero-field splitting tensor (E = 0), pure orientation selection is only obtained for the Z canon-
ical transition, while the orientations on the whole plane perpendicular to Z are excited for the other
canonical transition. If the hyperfine and ZFS tensors are collinear, this analysis would yield the prin-
cipal values of the hyperfine tensor directly. In practice, such an analysis can often be complicated
by overlap of different canonical transitions, the presence of several coupled nuclei and the unknown

relative orientation of the different interaction tensors.

The interpretation of ENDOR spectra strongly relies on the simulation of the experimental data to ex-
tract the hyperfine and nuclear quadrupole parameters as well as information on relative tensor ori-

entations. In this thesis, the Davies and Mims ENDOR simulations were performed using the EasySpin
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[23, 24] routines salt and saffron, respectively. The salt routine for solid state ENDOR simulations is
based on the computation of the line positions by diagonalisation of the spin Hamiltonian for each
orientation of the magnetic field with respect to the molecular frame and on the determination of the
corresponding intensities based on the ENDOR transition rates [23]. The calculation of Mims ENDOR
spectra in saffron is based on a density matrix approach (see section 1.3.5) as first proposed by Mims

[24, 25].

2.2 ESEEM - ELecTRON SPIN ECHO ENVELOPE MODULATION

The Electron Spin Echo Envelope Modulation (ESEEM) experiments are based on the modulation of the
electron spin echo by nuclear frequencies of coupled nuclear spins. A nuclear frequency spectrum,
similar to the ENDOR spectra discussed above, is obtained by Fourier transform of the modulated spin

echo envelope.

The origin of the nuclear modulation of the spin echo envelope can be explained qualitatively by
considering an electron and a nuclear spin separated by a distance r in an external magnetic field By
[26-28]. Both the electron and the nuclear spin generate a dipolar magnetic field in the position of
the other spin, with a magnitude depending on their distance and on the electron and nuclear Bohr
magneton, respectively (Bg/, ﬁe/,,r’3, Be/n = eh(Zme/n)_l). The field produced by the nuclear spin at
the position of the electron spin is typically so small with respect to By that it can be neglected and
the electron spin can be considered aligned with the external magnetic field. The field B} generated
by the electron spin at the position of the nuclear spin, on the other hand, is of comparable magnitude
to By, so that the nuclear spin experiences an effective magnetic field given by their vector sum. At
equilibrium, the nuclear spin is aligned with this effective magnetic field as shown schematically in
figure 2.9. If the electron spin is reoriented by a microwave pulse that is short compared to the
Larmor period of the nuclear spin, the effective magnetic field at the nucleus changes too fast for the
nuclear spin to follow it and it thus begins to precess around the new effective field (Bg + Bp¢). This

nuclear precession induces time-dependent local fields at the position of the electron spin (figure 2.9)

Berr(Be)

Bhf(ﬁe

~—
X,

electron
spin flip

FIGURE 2.9: Schematic diagram showing the origin of the spin echo modulation. The local magnetic fields
acting on the nuclear spin are shown as well as the effect of an inversion of the quantisation direction of the
electron spin by a microwave pulse (based on reference [26]).
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and as a result the electron precession frequency becomes modulated at the precession frequency

of the coupled nucleus.

The fundamental requirement for the observation of nuclear modulation effects is that the electron
and nuclear spins have different quantisation axes in the external magnetic field. This condition is
fulfilled in the intermediate coupling regime, where the nuclear Zeeman interaction and the hyperfine
interaction are of comparable magnitude. In this regime, the selection rule mg = £1, m; = O breaks
down and similar transition probabilities for the "allowed" and "forbidden" transitions, depicted in fig-
ure 2.10 A, are obtained. The angle between the quantisation axes for the nuclear spin corresponding
to the two opposite orientations of the electron spin is often indicated as 27 and determines the rel-

ative intensities of the allowed and forbidden transitions as
I, = cos? il Ir= sinzq (2.5)

The value of 77 depends on the relative magnitude of the hyperfine and nuclear Zeeman interactions:
for a spin S = % in the limits of weak coupling (|A| < 2|w|) and of strong coupling (|Al > 2|w|), %
approaches 0, in the case of intermediate coupling (|A| = 2|w)|), the value of nis 45°. If =0, I =0
and no ESEEM effect is observed. In addition to the limits of weak and strong coupling, this also
occurs if only isotropic hyperfine couplings are present or if the external field By is aligned with a

principal axis of the hyperfine tensor [3]. ESEEM techniques are thus limited to solid samples.

A C‘)lz
jaa) = 2 |6
3 |
| =
\4
! = |44)
|ﬁa) s Y
B weak intermediate strong
coupling coupling coupling
Berr(Be)
eff 66
Befrlae) Bo
2 Berr(@e)  Bogr(pe)
1
N
Y 77
B (Be) Bhr (fe Bhr(fe) e Beff(ae)
By (e)
By (ae) B (ae)

Ficure 2.10: (A) Energy level diagram for a S = %, | = % spin system indicating the allowed and forbidden
electron transitions. (B) Quantisation axes for the nuclear spin in the weak, intermediate and strong coupling
regimes. The angle 27 determines the intensities of the allowed and forbidden transitions (see equation 2.5)
and the modulation depth in an ESEEM experiment according to equation 2.6.
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The depth of the modulations observed in ESEEM experiments is determined by the modulation depth

parameter k, which is defined as the product of allowed and forbidden transition probabilities:
k=4l lf = sin® 27 (2.6)

Therefore the maximum modulation depth is obtained in the intermediate coupling regime for the ex-
act cancellation condition (|A| = 2|w|). Interpretation of ESEEM spectra recorded close to the exact
cancellation regime is much simplified, especially for | = 1 nuclei such as 14N, where this leads to
the observation of the pure nuclear quadrupole frequencies in one electron spin manifold. When-
ever possible, it is therefore advantageous to perform ESEEM experiments at microwave frequencies

approaching this regime.

Nuclear modulation effects can be observed using a number of different pulse sequences; the most
important experiments are the one-dimensional two- and three-pulse ESEEM and the two-dimensional
HYSCORE (HYperfine Sublevel CORrElation) experiments. The corresponding pulse sequences are
shown in figure 2.11.

2.2.1 Two-puLse ESEEM

Two-pulse ESEEM is performed by varying the inter-pulse delay T of the standard two-pulse echo se-

quence, as depicted in figure 2.11 A, and by recording the echo intensity.

A Two-pulse ESEEM

v

5 T

T T

B Three-pulse ESEEM

s Vs I

2 2 2

T T T
C HYSCORE
4

yid
2

s
2
|_|’c|_| t, t, T

NI

FiGure 2.11: Pulse sequences for two-pulse (A) and three-pulse (B) ESEEM and HYSCORE (C). The inter-pulse
delays 7, T or t1 and t> are incremented for two-pulse ESEEM, three-pulse ESEEM and HYSCORE, respectively,
and the echo intensity is recorded in one or two dimensions.
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The non-selective % pulse generates electron coherence on both the allowed and the forbidden elec-
tron transitions (see figure 2.12). The evolution of the electron coherence on one of the transitions
can again be visualised as magnetisation vector in the xy-plane, precessing during the delay T with a
frequency determined by the frequency offset and the hyperfine couplings. The 7 pulse flips the mag-
netisation vectors around the x-axis as explained in section 1.3.4, but also redistributes the coher-
ences among the allowed and forbidden electron spin transitions. The magnetisation vectors corre-
sponding to the four electron transitions are aligned after the second pulse and then start to precess
at different frequencies. The transverse magnetisation along the y axis is detected at a time 7 after
the 7t pulse. Due to the coherence transfer between different transitions, the precession frequency
of a specific magnetisation vector before and after the 7 pulse may differ and hence the magneti-
sation vectors are refocused at different positions in the xy-plane. The refocusing of the coherence
originally excited by the g pulse gives rise to the primary echo, while the refocusing of coherence
on a different transition to that on which it has defocused leads to coherence transfer echoes [29].
The frequency differences between evolution before and after the 7 pulse correspond to the nuclear
frequencies w, and wg and to their sum and difference. Incrementing the inter-pulse delay 7 leads to
a modulation of the electron spin echo at these frequencies, due to oscillating contributions of the

coherence transfer echoes.

The echo amplitude modulation formula for the two-pulse ESEEM experiment can be derived using

the density matrix formalism [25, 26, 30]. For an S = %, | = % spin system, the modulation formula is:
Emoa(t)=1- g [2 —2cosw,T—2CoswpT+ cos(a)a - a)ﬁ) T+ cos(a)a + a)ﬁ)’r] (2.7)

where w, and wg are the nuclear frequencies of the a and f manifolds (in angular frequency units)

and the modulation depth parameter k is defined as:

k= ( Bo ) (2.8)

wawlg

FiIGURE 2.12: Schematic representation of the two-pulse ESEEM experiment in terms of evolution of density
matrix elements and showing the evolution of the coherence on one of the allowed transitions. The evolution
of the coherences corresponding to the other transitions are analogous. The effects of the microwave pulses
on the elements of the density matrix are depicted by arrows.
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Equation 2.7 shows that the echo amplitude is modulated by the nuclear frequencies and by their
sum and difference. The different signs and coefficients lead to a nuclear frequency spectrum with
two positive peaks at frequencies corresponding to w, and wg and two negative peaks with half the

intensity at the combination frequencies.

Relaxation during the inter-pulse delay leads to a decay of the signal amplitude with time, and the

observed echo intensity in the two-pulse experiment can be written as:

lecho(T) = Emod(T) exp(—?) (2.9)

m

where T, is the electron phase memory time defined in section 1.4.2. The length of the two-pulse
ESEEM trace that can be recorded thus depends on the electron phase memory time. For data analy-
sis, the decay is subtracted before performing the Fourier transform. The phase memory time of the

electron also determines the linewidths in two-pulse ESEEM spectra.

The expression in equation 2.7 refers to the coupling of the electron spin to a single nucleus. In the
presence of multiple nuclei coupled to the electron, the modulation formula describing the two-pulse

ESEEM trace is given by the product of the traces for the individual nuclei:

Emod(T I_I Emodl(T (2.10)

In the limit of small modulation depths k for all nuclei, the overall ESEEM signal can also be approxi-

mated by the sum of the signals of individual nuclei.

For spin systems with S > %, such as for example a triplet state, similar expressions for the ESEEM
signal can be obtained by assuming selective excitation of a single transition and thus treating the

spin system as a fictitious S = % system [31, 32].

The expressions given above were derived for a spin system in a single defined orientation with re-
spect to the external magnetic field, as would be the case for single crystals. Typically ESEEM is how-
ever performed on disordered systems, such as powders or frozen solutions, where the spin system
can assume an arbitrary orientation with respect to the external field. The echo envelope modulation
pattern for disordered samples is obtained by averaging over all orientations of the spin system with

respect to the external field:

2n

7T

1

<Emod>6,¢ = E‘J-‘J-Emod 6 ¢ S|n9d9 d¢ (211)
0 0

where the angles 6 and ¢ define the orientation of the hyperfine tensor with respect to the external
magnetic field. The powder average leads to an attenuation of the modulation frequencies with time.
The damping of the modulations depends on the size of the anisotropy of the hyperfine and nuclear

quadrupole interactions [27].
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2.2.2 THREE-PULSE ESEEM

In a three-pulse ESEEM experiment, the delay T between the second and third pulse of a stimulated
echo sequence is varied in order to record the modulation of the electron spin echo as shown in

figure 2.11 B.

The first % pulse generates electron coherence on the allowed and forbidden transitions as in the two-
pulse ESEEM experiment. The second 5 pulse converts the electron coherence to nuclear coherence.
This can be achieved since a pulse acting on an allowed transition generates electron coherence and
a pulse acting on a forbidden transition generates both electron and nuclear coherence, hence the
combination of two pulses can lead to the creation of just nuclear coherence. The nuclear coherence
evolves during the inter-pulse delay T and is transformed back to electron coherence by the third %
pulse. The electron spin echo is formed after a time 7, equal to the delay between the first two pulses,

and its intensity is recorded as a function of T.

The modulation formula for the three-pulse ESEEM experiment can also be derived with the density

matrix formalism and is given by:

mod

Emod(TT) = 5 [Efsoult, T) + b, T)
z . (2.12)
:1—Z[(l—cosa)ar)(l—cosa)ﬁ(’c+T))+(1—cosa)ﬁ'r)(l—cosa)a(’c+ T))]

The modulation formula for the three-pulse ESEEM experiment only contains the nuclear frequencies
w, and wg, the combination frequencies are absent. This reduction of the number of peaks with re-
spect to the two-pulse ESEEM experiment is often an advantage, as it simplifies the spectrum obtained

after Fourier transform.

As can be seen from equation 2.12, the three-pulse echo modulation depends on both inter-pulse
delays, T and T. The (1 —cosw;t) terms in equation 2.12 describe the dependence of the amplitude
of the modulation at the nuclear frequency of one electron spin manifold on the inter-pulse delay
7 and on the nuclear frequency of the other manifold. The modulation at the nuclear frequency
wgyp thus vanishes if wg/, = 2nnt ! with n = 0,1,.... The resulting blind-spots in the three-pulse
ESEEM spectrum can lead to misinterpretation and it is thus common practice to record ESEEM traces
for different T values. In some cases, the blind-spot behaviour of this experiment can be exploited
to suppress strong matrix lines, e.g. for IH nuclei, that often prevent the measurement of small

hyperfine couplings.

The electron coherences decay with the electron phase memory time T, during the 7 intervals and
the nuclear coherences decay with the nuclear phase memory time T,51n) during the time T. The final

expression for the echo intensity including relaxation effects under the assumption of T;, > T, is thus:

2T T
lecho(T, T) = EqoalT, T) exp(—_,_—) exp[— (n)] (2.13)
m Tm
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Since three-pulse ESEEM is based on the evolution of nuclear coherences, the linewidth is determined
by the nuclear phase memory time, which is generally longer than the electron phase memory time,
leading to smaller linewidths and increased resolution in three-pulse ESEEM as compared to two-pulse
ESEEM.

In the case of more than one nucleus coupled to the electron spin, the overall modulation formula can
again be obtained using the product rule. However, since the electron coherences are in a defined
state during the evolution time T, only combinations of nuclear frequencies within the same electron

spin manifold are possible. This leads to the following expression:

N N
1 K
Emod T =5 || [ Eneate D+] | Enoate. ) (2.14)

Similarly to the two-pulse experiment, the combination peaks are weak for small modulation depth
parameters and the ESEEM spectra can then be interpreted as sums of the spectra corresponding to

the different nuclei.

2.2.3 HYSCORE

HYSCORE (HYperfine Sublevel CORrElation) is a two-dimensional variant of the ESEEM experiment
[33] and is performed by incrementing the inter-pulse delays t; and t> shown in figure 2.11 C in
two dimensions. A mixing pulse leads to correlation of the nuclear frequencies of different electron

manifolds, improving the resolution and providing additional information on the spin system [33, 34].

The first part of the HYSCORE pulse sequence is analogous to the three-pulse ESEEM sequence; two
% pulses separated by T generate nuclear coherence, which then evolves during the time t;. The
mixing 7t pulse then interchanges nuclear coherence between the two electron spin manifolds. The
transfer of nuclear coherence between the two electron spin manifolds occurs as the 7t pulse inverts
the electron spin and thus inverts the hyperfine field Byr experienced by the nuclei. The nuclear co-
herence then continues to evolve at a different frequency during the time t, and is then transformed
back to electron coherence by the last % pulse and refocuses to give an echo after a time 7. Nuclear
coherence evolving with the frequency of one electron spin manifold during t;, evolves with the fre-
quency of the other electron spin manifold during t, and gives rise to cross-peaks in the HYSCORE
spectrum. A non-ideal mixing pulse leads to incomplete transfer of nuclear coherence between the
two manifolds and therefore gives rise to diagonal peaks. The transfer of coherences in the HYSCORE

experiments is shown pictorially in figure 2.13.

The modulation formula for the HYSCORE experiment on a S = %, I = % system is given in equa-

tion 2.15 [35]. The expression is usually divided into two contributions to emphasise the different

Ba

evolution pathways of the nuclear spins: E:ﬁod/Emod

describe the nuclear spins precessing with the
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FiIGURE 2.13: Schematic representation for the generation and transfer of coherences in a HYSCORE experi-
ment appliedtoa S = %, I = % system. The effects of the microwave pulses on the elements of the density
matrix are depicted and the arrows indicate transfers between polarisation and coherences and between dif-
ferent types of coherences.

frequencies of the a/f manifold during t; and of the /a manifold during t.

1
Emod(Tf t1, tZ) = E [E:ﬁid(’r’ ty, tZ) + Ef‘)id(’r’ ty, tZ)]

G, G W, Cp wpt
T+7cos((uat1+ > )+?cos(wﬁt2+7)

£ (tt,t)=1-k

Cc 2 W4T 2 w_T
+5 (% cos (waty +pta + 957 ) - cos(watr ~pta+ %57

C C C wRT
Eff;d('r,tl,tz):l—k TO+7“cos(a)at2+w57)+7ﬁcos(wﬁtl+%)
CC 2 LT 2 w_T
+7{c cos(a)at2+a)/gt1+7)—s cos(watz—a)ﬂt1+7)}]
(2.15)
Co=3-cosw,T—coswgT - s?cos WeT— c?cosw_T
2 w,T 2 W,T W,T
C,=c cos(a)ﬁT—T)Jrs cos(a)ﬁr+7)—cos( > )
wWgT wgT wgT
C/g:C2COS(a)aT—%)-FSZCOS(CUQT-F%)—COS(%)
WgT
CC:—Zsin(ng)sin(%)
1 1
2 _ 2 _ N 2 _ 2, _
c” =cos 17—5(1+ 1—k) s® =sin 17_5(1— 1—k)

where w, and wg are the nuclear frequencies of the a and f manifolds and the modulation depth

parameter k is defined in equation 2.8.
The different terms in equation 2.15 give rise to different types of peaks in the HYSCORE spectrum
obtained after 2D Fourier transform along the time dimensions t; and t> (see also figure 2.14):

- Cp is an unmodulated term as it does not depend on t; or t;

- the terms cos(w,t1/2+%w,~'c) depend on either t; or t, and give rise to axial peaks (w;,0) or

(0, w{), which are, however, usually eliminated by the baseline correction;
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FIGURE 2.14: Schematic drawing of the upper quadrants of a HYSCORE spectrum showing the possible types
of peaks and the corresponding expressions in the modulation formula given in equation 2.15: cross-peaks in
different quadrants for weak and strong coupling (blue and red, respectively), diagonal peaks (light blue) and
axial peaks(grey).

- the terms cos(a)itl/z Twity+ %(w,- + cuj)T) depend on both t; and t; and thus give rise to cross-

peaks at (iw,-, a)j).

The weighting factors c? and s® determine whether the cross-peaks appear in the (+,+) or (—,+) quad-
rant of the HYSCORE spectrum and depend on the strength of the hyperfine coupling compared to the
nuclear Zeeman interaction. In the limit of weak coupling c2~1and s2~0, leading to cross-peaks
in the (+,+) quadrant, while in the limit of strong coupling c?2~0and s? ~ 1 and the cross-peaks ap-
pear in the (-, +) quadrant. A first indication of the strength of the hyperfine coupling is thus provided
by the position of the cross-peaks in the weak or strong coupling quadrant. In addition to this, the

distribution of peaks over both quadrants reduces peak overlap and facilitates interpretation.

Equation 2.15 also shows that a similar blind-spot behaviour to the three-pulse ESEEM experiment is
also expected for HYSCORE. It is thus advantageous to perform HYSCORE experiments for different

values of the inter-pulse delay 7.

In the presence of several nuclei, a product rule analogous to the one reported for the three-pulse

ESEEM experiment also applies for HYSCORE.

In the presence of a single nucleus of spin [ = %, as can be seen from equation 2.15, only two cross-
peaks are expected in each quadrant. A similar expression can also be derived for an electron coupled
to a nuclear spin with [ =1 [36] and shows that 16 cross-peaks arising from Am; = £1 nuclear tran-
sitions and 20 cross-peaks also involving Am; = 2 nuclear transitions are predicted. However, the

intensity of most of these cross-peaks is too low to be detected experimentally.

2.2.4 MATcHED ESEEM AND HYSCORE

The signal intensity in ESEEM and HYSCORE experiments can be greatly increased with the use of
matched microwave pulses [37]. Matched pulses are high turning angle (HTA) pulses with a mi-

crowave strength optimised for the generation and transfer of coherences.
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Ficure 2.15: Pulse sequences for matched three-pulse ESEEM (A) and matched HYSCORE (B).

The three-pulse ESEEM and HYSCORE experiments are based on the generation of nuclear coher-
ence, which then evolves during the mixing time, eventually leading to the desired signals. Nuclear
coherence can be generated from electron polarisation with semi-selective microwave pulses, which
simultaneously excite two transitions with a common level, for example an allowed and a forbidden
electron transition involving the |ﬁa> level in the two-level system in figure 2.10. In an experiment
using matched pulses, the microwave strength and the pulse length are optimised for the creation of
a specific nuclear coherence. These optimum parameters depend on the spin system and hence have

to be determined experimentally, as the hyperfine couplings are usually not known in advance.

In general, the microwave field strength is matched to the nuclear Zeeman frequency for weakly
coupled nuclei, while the maximum available microwave strength is used for strongly coupled nu-
clei [37, 38]. In three-pulse ESEEM and HYSCORE typically the second and last microwave pulses
are replaced by matched pulses (see figure 2.15). The pulse lengths are optimised by performing
the three-pulse ESEEM experiment and gradually incrementing the pulse lengths of the last two mi-
crowave pules. The optimum pulse length gives rise to the largest modulation depth and strongest

ESEEM signal intensity.

The use of matched pulses can lead to enhancements in signal intensity often exceeding one or-
der of magnitude [37]. In the matched HYSCORE experiment, the enhancement factor is particularly
large for multiple quantum peaks, hence the use of matched pulses is particularly useful for nitro-
gen HYSCORE, where it can often lead to the appearance of double and multiple quantum peaks that

could not be detected in a standard HYSCORE experiment [37].

2.2.5 ANALYsIs oF ESEEM sPECTRA

ESEEM and ENDOR both indirectly measure the nuclear transition frequencies, therefore the peak
positions in ESEEM spectra obtained after Fourier transform of the time domain data are the same

as in the corresponding ENDOR spectrum for | = % nuclei. In the presence of | =1 nuclei, the ENDOR
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techniques only give peaks at the single-quantum (sq, Am; = £1) frequencies, while double-quantum
(dg, Am; = £2) peaks are also observed and often dominate the ESEEM spectrum. In addition to
this, sum and difference frequencies are also observed in two-pulse ESEEM spectra, as discussed in

section 2.2.1.

ESEEM spectra are characterised by considerably different powder lineshapes as compared to the
corresponding ENDOR spectra. The powder lineshapes in ENDOR spectra are determined by the sta-
tistical weights of the different orientations, leading to turning points at the nuclear frequencies cor-
responding to the hyperfine couplings along a principal direction of the hyperfine tensor. In ESEEM,
the powder lineshapes are determined by the angular dependence of the modulation depth param-
eter k and by the absence of modulations for orientations along the principal axes of the hyperfine
tensor, often leading to structureless peaks [39, 40]. The lineshapes of ENDOR and ESEEM spectra for
an | = % nucleus in different coupling regimes are compared in figure 2.16. In three-pulse ESEEM the
intensities of peaks at the nuclear frequency of one manifold also depend on the nuclear frequency
of the other manifold through the terms %k(l - cosa)a/lg’c) in equation 2.12, leading to different inten-
sities of the low and high frequency peaks as opposed to ENDOR, where they usually have approxi-
mately equal intensities (see figure 2.16). Matching of the nuclear Zeeman and hyperfine interactions
(A= 2v)), often also referred to as exact cancellation, leads to line narrowing and an increase in line
intensity; for | = %, a strong narrow line is then observed at low frequencies and a broader weak line

at approximately 2v, [41].

The analysis of | =1 ESEEM spectra is greatly simplified under exact cancellation conditions, i.e. when

the nuclear Zeeman and hyperfine interactions cancel in one of the manifolds (see figure 2.18 A). The
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FiGUre 2.16: Simulations of ENDOR spectra (A) and three-pulse ESEEM spectra with T = 120 ns (B) for a single
IH nucleus with fixed anisotropic hyperfine coupling and varying isotropic hyperfine coupling. The spectra
change from the weak coupling regime (a;jso < 2v;) on the bottom through the matching regime (a;so, =~ 2v))
to the strong coupling regime (ajso > 2v;) on top. The intensities are normalised for better comparison of the
lineshapes.
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nuclear frequencies in that manifold are then determined solely by the nuclear quadrupole interac-
tion, yielding peaks at the pure nuclear quadrupole frequencies:

Q Q

vo =51 v_:z(3—17) vy =—(3+n) (2.16)

INVe

The corresponding ESEEM spectra are characterised by three narrow lines at low frequencies (vg, v_
and v, with vg+v_ = v,) and a weaker double-quantum (dq) peak corresponding to the other manifold

at the frequency:

AV Q2
vdqzz\/(v,+5) +?—6(3+r72) (2.17)

The single-quantum peaks of this manifold are typically too broad to be observed [42]. The intensities
of the lines at the pure nuclear quadrupole frequencies are determined by the relative orientations
of the nuclear quadrupole and hyperfine tensors and by 7 [42]. The ESEEM time trace and spectrum
in the exact cancellation regime are compared to the corresponding data in the weak and strong

coupling regimes in figure 2.17.

For ESEEM spectra of high-spin systems, similar considerations as already described for ENDOR in
section 2.1.3 apply. In the case of a triplet state coupled to an | = 1 nucleus in the cancellation
regime, which for a triplet state corresponds to A = v,, the nuclear frequencies in two of the manifolds
do not depend on the hyperfine coupling. The nuclear frequencies of the mg = 0 manifold always
depend only on the nuclear Zeeman and the nuclear quadrupole interaction (see figure 2.18 B). In
the cancellation regime, the nuclear frequencies of another manifold also depend on only the nuclear
quadrupole interaction, which means that for one of the two triplet transitions no information on the
hyperfine interaction is contained in the corresponding ESEEM spectrum. The information on the
hyperfine coupling is contained in the double quantum peak of the ESEEM spectrum corresponding
to the other triplet transition. In general, triplet state ESEEM powder spectra of | = 1 nuclei are

dominated by the nuclear frequencies of the mg = 0 manifold, as the hyperfine couplings show a more
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Ajso ~ 21’I

ajso > 2V

0 2 4 6 8 0 2 4 6 8 10
T+ T [ps] v [MHz]

Ficure 2.17: Simulations showing the main characteristics of the time (A) and the frequency (B) domain of
three-pulse ESEEM (7 = 120 ns) data for a 14N nucleus in the weak coupling (ajso < 2v)), matching (ajso =~ 2v))
and strong coupling regimes (ajso > 2v)).

45



CHAPTER 2 - Hyperfine Spectroscopy

NX<

FIGURE 2.18: Energy level diagram for an S = %, I=1(A)and S =1, 1 =1 (B) spin system close to the can-
cellation regime for a positive hyperfine coupling. For the S =1 system D is positive and the magnetic field is
aligned with the Z orientation of the zero-field splitting tensor.

significant orientation dependence than the nuclear quadrupole interaction and hence the nuclear
frequencies of the manifolds with significant contributions of the hyperfine coupling are often too

broad to be clearly identified.

In addition to the frequency domain, the time domain of ESEEM experiments can also provide infor-
mation on the hyperfine interactions. The modulation depth and the modulation damping depend on
the number of coupled nuclei and on the strength and anisotropy of their hyperfine coupling [27]. A
simultaneous fitting of the time and frequency domain of ESEEM data, ideally recorded at different
microwave frequencies, generally leads to the most accurate determination of the hyperfine coupling

parameters.

ESEEM simulations are generally performed using a density matrix approach introduced by Mims
[25, 30], implemented, for example, in EasySpin’s saffron routine [24]. The computation is based
on the determination of the ESEEM frequencies and amplitudes, which are then used to construct the
frequency domain spectrum [24]. The time domain data are obtained by inverse Fourier transform,

achieving increased computational efficiency with respect to direct computation of the ESEEM trace.

2.2.6 ANALYsIs oF HYSCORE spPECTRA

HYSCORE spectra of disordered samples are characterised by so-called correlation ridges, arising
from a series of cross-peaks between the nuclear frequencies of different manifolds for contributing
relative orientations of the magnetic field with respect to the spin system. The typical HYSCORE
powder patterns for an S = %, | = % system with an axial hyperfine coupling tensor in the weak and

strong coupling case are shown in figure 2.19 [3, 38].
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FiIGURE 2.19: HYSCORE cross-peak positions for an S = %, I = % spin system with an axial hyperfine tensor

(A= Adip+ajso, Adip = [~ T,—T,2T]) in the weak (A) and strong (B) coupling regime [38]. The weak coupling
simulations (A) are for 1H at X-band with T = 7 MHz and ajso = 2.5 MHz; the strong coupling simulations (B)
for 13C at X-band with T = 6 MHz and ajso = 18 MHz (dark blue) or T = 14 MHz and a;s, = 2 MHz (light blue).

In the case of weak coupling (A < 2v,), the strongest correlation ridges occur in the (+,+) quadrant
of the HYSCORE spectrum and lie along the antidiagonal. Information on the isotropic and dipolar
part of the hyperfine tensor can be inferred from the extrapolated distances between the end points
of the ridges [38, 43]. The curvature of the ridges perpendicular to the diagonal is also related to the
dipolar hyperfine coupling as shown in figure 2.19.

In the case of strong coupling (A > 2v)), correlation ridges parallel to the diagonal or crossing the
diagonal are observed in the (-, +) quadrant of the HYSCORE spectrum as shown in figure 2.19 B.
The edges of the ridges again correspond to the principal values of the hyperfine tensor and are
thus separated by 2v,. The isotropic and dipolar hyperfine coupling constants for an axial hyperfine
interaction can de determined from the position of the crossing point of a line connecting the two
extrapolated endpoints of the ridges and the diagonal. The shape of the correlation ridges depends
on the relative sign and magnitude of the isotropic and dipolar hyperfine coupling, determining the
signs of the three eigenvalues of the hyperfine tensor. If the hyperfine coupling changes sign, the

ridges cross, otherwise they remain approximately parallel to the diagonal [38, 43].

As discussed in section 2.2.3, the number of cross-peaks increases significantly for coupling to an
I =1 nucleus, however not all of them are generally observed in the HYSCORE spectrum. In the pres-
ence of small nuclear quadrupole couplings, such as for example for 2H, the HYSCORE spectrum is
dominated by the single-quantum features, while in the presence of strong nuclear quadrupole in-
teractions, such as for 14N, the double-quantum features are typically characterised by the highest
intensity [38]. The double-quantum transition frequencies do not depend on the nuclear quadrupole
coupling to first order (see equation 2.17) and thus the double-quantum features of [ = 1 nuclei re-

semble the correlation ridges in HYSCORE spectra of | = % nuclei, but with a splitting of 2v,. The
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single-quantum features, however, depend on the nuclear quadrupole coupling and are thus broad-
ened, which makes them more difficult to identify. As discussed above, the hyperfine interaction leads
to splittings along the antidiagonal of the HYSCORE spectrum, whilst the nuclear quadrupole interac-

tion leads to splittings along the diagonal.

Examples for powder patterns of HYSCORE spectra of | = 1 nuclei are shown in figure 2.20. Initial
information on the hyperfine and nuclear quadrupole interaction can often be obtained directly from
the distances between specific types of peaks as shown in the figure. This analysis is based on the
assumption of collinear g-, hyperfine and nuclear quadrupole tensors and can in most cases only be
used for the determination of initial parameters for simulation or fitting. The assignment of different
peaks in the HYSCORE spectrum can often be complicated, however in 14N HYSCORE spectra the
features with the highest intensity can be identified as double-quantum peaks and used to estimate
the hyperfine coupling, either from the distance between the peaks (weak coupling regime) or from the

crossing point of the diagonal and the line connecting the double-quantum peaks (strong coupling).
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Ficure 2.20: Calculated HYSCORE cross-peak positions for S = %, I = 1 spin systems with an axial hyperfine
tensor (A = Agjp + ajso, Adip = [-T,-T,2T]). (A) 2H HYSCORE spectrum for T = 0.5 MHz, ajco = 1 MHz,
Q = 0.5MHz and 7= 0.5. (B) 14N HYSCORE spectrum for T = 1.5 MHz, ajso = 1.5 MHz, Q = 2 MHz and 77 = 0.5.
(C) 14N HYSCORE spectrum for T = 3 MHz, ajso = 3MHz, Q = 2 MHz and 7 = 0.5. The features corresponding
to different types of cross-peaks are indicated in different colours and the features with higher intensities in
experimental HYSCORE spectra are highlighted.
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In the presence of orientation selection, only parts of the correlation ridges are excited at each field
position and simulations are typically required to determine the hyperfine couplings, especially if sig-
nals of different coupled nuclei overlap. An alternative approach is based on the analysis of slopes
and intercepts in a plot of vi against VE [44]. HYSCORE spectra recorded at field positions with strong
orientation selection, for example at a g;, field position, resemble single-crystal spectra with narrow
peaks instead of ridges. The hyperfine values determined from those spectra correspond to the hy-

perfine coupling along the corresponding axis of the g-tensor.

In high-spin systems, both orientation and transition selection influence the appearance of HYSCORE
spectra. For a triplet state this means that HYSCORE spectra only contain nuclear frequencies of
two of the three manifolds (ms = +1 and mg = 0, or mg = -1 and mg = 0). Both contain the nu-
clear frequencies of the mg = 0 manifold, determined exclusively by the nuclear Zeeman and nuclear
quadrupole interaction (for | = 1) (see figure 2.18). As in triplet state ENDOR, the sign of the hyperfine
coupling can be determined from the HYSCORE spectra if the sign of the ZFS parameter D is known.

The correlation ridges for triplet state HYSCORE powder spectra are expected to be parallel to the
frequency axes, since the orientation-dependence of the hyperfine couplings would lead to a distri-
bution of nuclear frequencies in the mg = +1 and mg = —1 manifolds, but not in the mg = 0 manifold.
The sign of the hyperfine coupling can be determined based on the position of the cross-peaks with
respect to the nuclear Larmor frequency for each of the two triplet transitions in the weak coupling
regime. The correlation ridges for | = 1 nuclei are also approximately parallel to the axes, since
the orientation-dependent changes in hyperfine coupling are usually more significant with respect to
those of the nuclear quadrupole interaction. As already discussed for ESEEM, for | = 1 nuclei in the
cancellation regime, in addition to the nuclear frequencies of the mg = O manifold, the nuclear fre-
quencies of one of the other manifolds also do not depend on the hyperfine coupling and reduce to
the pure nuclear quadrupole frequencies of equation 2.16 (mg = -1 for A<0 and mg = +1 for A> 0).
The nuclear frequencies of the two manifolds will be very similar in most cases, one depending only
on the nuclear quadrupole interaction and the other on the nuclear quadrupole and nuclear Zeeman
interaction, and peaks on or close to the diagonal will be observed in the HYSCORE spectrum for that
transition. All the information on the hyperfine coupling is in this case contained in the HYSCORE
spectrum of the triplet state transition involving the other mg manifold. The sign of the hyperfine
coupling can be determined from the relative positions of the double-quantum cross-peaks in the two
triplet state transitions corresponding to each orientation. If the hyperfine coupling is positive, the
larger nuclear frequencies are observed for the mg = -1 — mg = 0 transition (see figure 2.18 B),
if it is negative, the larger nuclear frequencies are observed for the mg = 0 - mg = +1 transition.

Examples of triplet state HYSCORE spectra are shown and discussed in section 4.3.4 of Chapter 4.

The rich information contained in HYSCORE spectra can only be completely extracted through simu-
lation of the experimental results. The efficient and accurate simulation of HYSCORE is thus of fun-
damental importance, but due to its being a two-dimensional technique, computation of the spectra
can easily become computationally very intensive. Numerical simulations of HYSCORE spectra have

been implemented in GAMMA [45, 46] and also in Matlab with the saffron function in EasySpin [24],
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already previously mentioned for ESEEM simulations. Since simulations including both peak positions
and intensities are very time consuming and an accurate simulation of the intensities requires the
consideration of not only the spin Hamiltonian parameters, but also of the relaxation times, the prop-
erties of the pulses used in the experiment and cross-suppression effects [34, 47], the initial analysis
of the experimental data often involves just the simulation of the cross-peak positions. In this the-
sis, the cross-peak positions were computed with a Matlab routine written by Dr. Jeffrey Harmer and
based on the exact diagonalisation of the spin Hamiltonian. In some cases, the full HYSCORE spectra,

including the cross-peak intensities, were also simulated using EasySpin [24].
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3 ELECTRON DELOCALISATION IN RADICAL CATIONS

OF PORPHYRIN ARRAYS

The electron delocalisation in radical cations and triplet states of linear and cyclic supramolecular
porphyrin structures was studied using a variety of EPR techniques. All of the investigated structures
were designed and synthesised in the group of Prof. Harry L. Anderson, who is the main collaborator

on this project.

The electron delocalisation in the radical cations generated by chemical oxidation was investigated
both at room temperature and at low temperatures using continuous wave EPR as well as different
hyperfine techniques. The extent of delocalisation in the corresponding photoexcited triplet states

was determined by time-resolved EPR experiments and will be the topic of Chapter 4.

3.1 SUPRAMOLECULAR PORPHYRIN STRUCTURES

Supramolecular assemblies of porphyrins gained considerable interest due to their role in natural
photosynthetic processes, where they are responsible for efficient energy and electron transfer [48].
In natural photosynthetic antenna complexes and reaction centres, assemblies of chlorophyll or bac-
teriochlorophyll molecules are responsible for the absorption of light as well as energy and electron
transfer. The geometries of these chromophore arrays are determined by the surrounding protein ma-
trix and were found to be crucial for efficient electronic communication between the single monomeric
units. Examples of such assemblies include large cyclic bacteriochlorophyll arrays found in the light
harvesting complexes of purple photosynthetic bacteria [49], self-assembled stacks of chlorophylls in
chlorosomes [50] and face-to-face dimers of chlorophylls or bacteriochlorophylls (typically referred to
as the special pair) responsible for charge separation in plant and bacterial photosynthetic reaction

centres.

A lot of effort has been focused on the design of artificial linear chromophore arrays and more sophis-
ticated branched and cyclic structures with porphyrins as building blocks. Due to the versatile opto-
electronic properties of porphyrins, these supramolecular assemblies represent potential candidates
for a wide range of applications, including artificial photosynthesis [51-55], novel optical materials

[56, 57] and molecular-scale electronics [58-60]. One of the fundamental properties required for the
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FiGure 3.1: Molecular structures of the linear porphyrin oligomers [-PN (N = 1-6) and porphyrin nanorings c-P6
(black) and c-P6-T6 (T6 template shown in grey). The meso and f8 positions on the porphyrin are indicated.

use of porphyrin arrays in molecular engineering is an efficient electronic communication between
the single porphyrin units. A profound understanding of the factors determining electronic commu-
nication between the single units constituting the supramolecular architecture is of paramount im-
portance for the rational design of optoelectronic devices based on this type of material. With this in
mind, conjugated porphyrin oligomers with a wide variety of linkers and linking geometries have been

designed and investigated using a series of different techniques [56, 61-70].

The linear and cyclic porphyrin arrays investigated here were designed and synthesised in the re-
search group of Prof. Harry L. Anderson, for the projects described in this thesis specifically by Dr. Pa-
trik Neuhaus and Dr. Georg Fischer. The molecular structures of the investigated porphyrin systems
are shown in figure 3.1. The porphyrins are linked at the meso positions by butadiyne bonds, which
promote conjugation between the different units and allow a wide range of conformations due to the
free rotation around this type of linker. The end groups and side groups on the phenyl rings are tri-
hexylsilyl (THS) groups, expected to reduce aggregation by steric hindrance. The synthesis of the
linear oligomers is described in reference [60]. The six-membered ring is synthesised using Vernier
templating [69, 71] and was investigated both with and without the rigid template used for its syn-
thesis. In addition to this, a double porphyrin ring or nanotube (t-P12-T65) [72], with butadiyne units
linking both the porphyrins within each six-membered ring as well as the porphyrins on the two rings

at the meso positions, was also investigated.

3.2 EPR OF RADICAL CATIONS OF PORPHYRIN SYSTEMS

EPR spectroscopy is a well established technique for probing the ground state electronic communi-
cation between porphyrins and has been applied to radical cations of several natural [73-78] and
artificial [64, 66, 68, 79-84] multiporphyrin arrays. Most of these studies have focused on the EPR
linewidth as a measure of the extent of electron delocalisation, as first proposed by Norris et al. for

the identification of the primary donor in photosynthetic organisms [73].
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A narrowing of the EPR line with respect to the single unit is observed in systems with hole/elec-
tron hopping on a timescale faster than the hyperfine interactions of the systems under investigation
(usually of the order of 107 s71 for porphyrins). This is based on the decrease of the hyperfine in-
teraction between the electron spin and magnetic nuclei of the system, as the number of units over
which the electron is hopping/delocalised increases. At room temperature, delocalisation over up
to seven units in linear meso-to-meso ethyne-bridged zinc porphyrin arrays, corresponding to a de-
localisation length of ca. 75 A [66], and over 8-12 porphyrins in a dodecameric ring system with
meta-phenylene linkers [68], have been demonstrated using continuous wave EPR. While the use of
the EPR linewidth as an indicator of electron delocalisation is quite straightforward at room tempera-
ture, low temperature EPR linewidths are determined by factors other than just the isotropic hyperfine
interactions. These factors need to be taken into account as well in order to reliably determine the

electron delocalisation length at low temperatures and especially in frozen solutions.

ENDOR, which allows a direct measurement of the hyperfine couplings of the electron spin to the nu-
clei of the molecule, can also be used to obtain information on the distribution of the unpaired elec-
tron spin. The first application of ENDOR for the determination of electron delocalisation lengths was
in the identification of a bacteriochlorophyll dimer as primary donor in the photosynthetic apparatus
of purple bacteria by comparison of ENDOR spectra recorded of the pigment in vitro and in vivo [85].
Similar further studies on both natural photosynthetic systems [76] and porphyrin dimer and trimer
model compounds [68, 79, 82, 86] were performed, again mainly at or close to room temperature

using continuous wave ENDOR.

3.3 EXPERIMENTAL METHODS

3.3.1 SAMPLE PREPARATION

The EPR measurements were performed on 200 uM solutions of linear and cyclic porphyrin oligomers
in toluene-dg:THF-dg:CD,Cl5 1:1:1. The specific solvent mixture was chosen for its glass-forming prop-
erties and for the relative stability of the radical cations in this mixture compared to, for example, pure
THF or toluene. Pyridine, which is usually added in order to reduce aggregation, could not be used
in this study as it preferentially reacts with the oxidant and also with the porphyrin radical cations.
The investigated porphyrins do, however, have large side groups, which should limit aggregation. No
effects of concentration on the experimental spectra could be identified in the range from 100 to

600 uM at room temperature.

The radical cations were generated by addition of 0.75 equivalents of the oxidant thianthrenium hex-
achloroantimonate (ThSb) to a deaerated solution kept in the EPR tube under argon. The oxidant was
added immediately before the room temperature measurements and for the low temperature mea-
surements the samples were shock-frozen in liquid nitrogen after addition of the oxidant. Measure-
ments using a different type of oxidant, tris(4-bromophenyl)aminium hexachloroantimonate (BAHA),

were also performed and yielded similar results.
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3.3.2 Cw-EPR MEASUREMENTS

Continuous wave (cw) X-band EPR measurements were performed at room temperature and 100 K
on a Bruker Biospin EMX spectrometer equipped with a high sensitivity Bruker probe head and an
Oxford Instruments helium-flow cryostat. EPR spectra were recorded at a microwave frequency of
ca. 9.40 GHz with modulation amplitudes and frequencies of 0.01 mT and 100 kHz, respectively. The
microwave power was adjusted in order to avoid spectral distortions. EPR experiments on samples
with different radical cation concentrations were performed and no concentration-dependence of the

linewidth or lineshape was detected.

3.3.3 PuLseEPR

The pulse EPR measurements were performed on a W-/X-band Bruker Elexsys 680 spectrometer
equipped with helium gas-flow cryostats from Oxford instruments. The echo-detected field sweep W-
T _

band EPR spectra were recorded by integrating the echo of a two-pulse sequence, 5 —7-n-17-echo,

with pulse lengths t;/; =32 ns, t; =64 ns and 7 = 180 ns and using a two-step phase cycle.

IH Mims ENDOR spectra were recorded with the pulse sequence Z—1-5-T-S—1—echo with mw pulse

lengths of t;,» = 44 ns, T = 200 ns and a radiofrequency pulse with a length of 18 us applied during
the time T; the rf power was adjusted in order to obtain a 7 pulse. The ENDOR spectra were recorded
at the magnetic field corresponding to the echo maximum and ca. +1 mT from the echo maximum for
the linear oligomers, —1 mT for c-P6 and —0.8 mT for c-P6-T6 to investigate orientational selectivity.
Mims ENDOR spectra recorded with a 100 pus radiofrequency m pulse only showed negligible differ-
ences in the central region of the ENDOR spectrum. Mims ENDOR spectra recorded with different t
values and ENDOR spectra recorded with the Davies ENDOR pulse sequence, 71— T—Z% -7t—-m—7—echo,
with mw pulse lengths of t,;/, = 100 ns, t; = 200 ns and T = 200 ps, T = 200 ns and a radiofrequency
pulse with a length of 18 us applied during the delay T, were compared in order to rule out the pres-
ence of any distortions due to blind-spots in the recorded spectra. No temperature dependence of

the appearance of the ENDOR spectra was detected in the range from 6 to 100 K.

X-band HYSCORE experiments were performed at 100 K and/or 80 K with the pulse sequence Z-7-5-

t;—m—ty—5—1—echo with mw pulses of lengths of t;/, = 16 ns, t; = 16 ns and 7 = 120 ns, and starting
times t; = t> = 64 ns with increments dt = 16 or 24 ns (data matrix 256 x 256 or 170 x 170). A four-
step phase cycle was used to remove unwanted echoes. The experimental data were processed in
Matlab; the time traces were baseline corrected by a 3™ order polynomial, apodised with a Hamming
window and zero-filled to 1024 points in each dimension. A 2D Fourier transform was applied and the

absolute-value spectrum was calculated.

X-band three-pulse ESEEM experiments were performed at 80 K with the pulse sequence %—T—%— T—

%—T—echo with mw pulses of length t,;/» = 16 ns and an initial T value of 64 ns with increments dt =
8 ns (1024 data points were collected). A four-step phase cycle was used to remove unwanted echoes.

The ESEEM traces were recorded for three different T values (100, 140 and 200 ns) and the FT spectra
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were summed to avoid distortions due to blind-spots. The experimental data were processed with a
home-written Matlab routine, the time traces were baseline corrected with a stretched exponential,
apodised with a Hamming window and zero-filled to 2048 data points. The frequency spectrum was

calculated using the cross-term averaging procedure [87] as implemented in EasySpin [23].

W-band N Mims ENDOR spectra were recorded at 60 K with the pulse sequence given above, with

mw pulse lengths of t,;;» =44 ns, T =120-160 ns and a radiofrequency pulse with a length of 55 pus.

3.3.4 COMPUTATIONAL METHODS

DFT geometry optimizations were performed using Turbomole [88] with the B3LYP functional and the
SV(P) (split-valence, polarised) basis set [89] using the RI-J (resolution of identity for the Coulomb
energy) approximation [90]. The trihexylsilyl groups were replaced by hydrogen atoms and the result-
ing structures were optimized without symmetry constraints. The hyperfine and nuclear quadrupole
interaction parameters were calculated on the optimised structures of [-P1-6 with ORCA [91] using
the same hybrid functional, B3LYP, and the EPRII basis set, purposely built for the calculation of EPR
hyperfine interaction values, for the C, N and H nuclei [92-94] and the 6-31G(d) basis set for Zn.
The spin densities were obtained from a Mulliken population analysis. The principal values and ori-
entations of the g-tensors of [-P1-5 were also calculated; calculations on the larger systems were

unfortunately not successful.

3.3.5 SIMULATION METHODS

The room temperature cw-EPR spectra were simulated with the EasySpin function garlic and simula-
tions for the low temperature (frozen solution) cw-EPR and W-band spectra were performed with the

pepper function [23, 95].

The dipolar hyperfine coupling tensors for the larger systems and for different distributions of spin
density were calculated with a Matlab routine based on the distributed dipole approximation of equa-
tion 1.11. The spin density distribution was modelled by rescaling either the [-P1* or the [-P2"" DFT
spin density distribution and projecting it onto the optimised geometries for the longer oligomers.
Calculations were performed both for spin densities evenly distributed across the whole porphyrin
chain and for different ratios of spin densities on the porphyrin units. The spin density distributions
thus obtained were used for the calculation of the dipolar hyperfine couplings. The validity of this
method was tested by comparing the dipolar hyperfine couplings obtained for the smaller systems
(I-P1* to [-P3'*) to the corresponding values predicted by DFT. In order to obtain a good agreement it
was found to be necessary to model the spin density as localised in p-type orbitals above and below
the molecular plane for the porphin unit. The distance to the porphin plane was optimised for best

agreement with the DFT results obtained for [-P1™ to [-P3™* and was found to correspond to £52 pm.
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The proton isotropic hyperfine coupling constants were estimated by extrapolation from the values
available from DFT by using the relationship

aiso(N = 1)

aiso(N): N

(3.1)

where a;;, (N = 1) is the isotropic hyperfine coupling constant of [-P1™" for each type of proton. In
case of uneven spin density distributions, the values were scaled depending on the amount of spin

density on each of the porphyrin units.

The nitrogen isotropic hyperfine coupling constants could be estimated relatively accurately by using
the McConnell relationship

al! = cplh (3.2)

iso —

with a coefficient C determined as an average from the available DFT a;,, values (C=36.2 MHz) and

the spin density p(i) on the considered nitrogen nucleus.

The nuclear quadrupole interaction parameters Q and 7 did not vary considerably with oligomer size

in the DFT calculations and hence an average was used in the simulations (Q=2.23 MHz, #=0.70).

ENDOR and ESEEM simulations were performed using the EasySpin routine saffron for Mims ENDOR
and three-pulse ESEEM [23, 24]. The ENDOR spectra were computed for each nucleus separately and
then summed with intensities adjusted based on the number of equivalent nuclei. The ESEEM spectra
were simulated for groups of four nitrogen nuclei at a time and summed together, the simulations
were performed for the three experimental T values and the frequency domain data were obtained
from the simulated time domain data using the same procedure applied to the experimental data.
HYSCORE simulations of just the cross-peak positions were obtained with a Matlab program written
by Dr. Jeffrey Harmer, based on the exact diagonalisation of the spin Hamiltonian to determine the

nuclear frequencies.

3.4 REsuLTs AND DiscussioN

3.4.1 RoOM TEMPERATURE cw-EPR

The room temperature X-band cw-EPR spectra of the radical cations of the one to six-membered
linear oligomers ([-P1 to [-P6), of the six-membered ring without (c-P6) and with the six-membered
template (c-P6-T6) and of the double ring (t-P12-T6,), obtained through chemical oxidation with thi-
anthrenium hexachloroantimonate (ThSb), in deuterated toluene:THF:CD,Cl, 1:1:1 are shown in fig-

ure 3.2 A and B.

The spectrum of [-P1t shows nine hyperfine lines due to coupling to the four nitrogen nuclei and a
superimposed partially resolved hyperfine structure due to protons. The spectrum can be simulated

by assuming four equivalent nitrogen nuclei with an isotropic hyperfine coupling constant of 4.05 MHz
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Ficure 3.2: (A) Experimental room temperature X-band cw-EPR spectra (solid lines) of the radical cations
of [-P1 to [-P6 obtained through oxidation with ThSb. The experimental data are compared to simulations
(dashed lines) performed using EasySpin [23] as explained in the text. (B) Experimental room temperature X-
band cw-EPR spectra of the radical cations of [-P6, c-P6, c-P6-T6 and t-P12-T6,. (C) Derivative peak-to-peak
linewidths of the room temperature X-band EPR spectra of the radical cations of [-P1 to [-P6, c-P6 and c-
P6-T6 determined through least-square fitting and plotted as a function of the number of porphyrin units. The
grey solid line is the theoretical curve from equation 3.7 calculated for the experimental [-P1t peak-to-peak
linewidth, the two dashed lines indicate the region within the standard deviation of the [-P1't peak-to-peak
linewidth.

and four equivalent protons with a hyperfine coupling of 0.90 MHz. The simulation is shown as a
dashed line in figure 3.2 A. In previous deuteration studies on Zn tetraphenylporphyrin, similar proton

couplings have been assigned to protons on the phenyl rings [96, 97].

The spectrum of [-P2't also shows partially resolved hyperfine structure and can be simulated satis-
factorily by assuming eight equivalent nitrogen nuclei with an isotropic hyperfine coupling constant
corresponding to half that of [-P1"; the proton hyperfine coupling was halved and included as well,
but is not resolved. For the longer oligomers, the hyperfine couplings become too small to be resolved
and lead to inhomogeneous broadening of the EPR line. The spectra can be simulated satisfactorily
by increasing the number of coupled nuclei and reducing the isotropic hyperfine coupling constants

accordingly (see equation 3.1), while keeping the same linewidth used for the simulation of the [-P2*
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spectrum. This indicates complete delocalisation or fast hopping over the whole porphyrin array for

all of the linear porphyrin oligomers.

The EPR spectrum of c-P6™ is almost identical to the spectrum of [-P67, but the EPR spectrum of
c-P6-T6™ is slightly broader (see figure 3.2 B). The increased linewidth observed for c-P6-T6™" is most
likely due to the presence of additional nitrogen hyperfine couplings on the template and not to dif-
ferent extents of delocalisation, since the 'H ENDOR results indicate an increased delocalisation for
c-P6-T6™ with respect to c-P6™* (see section 3.4.4). A clear narrowing of the linewidth is observed in

the spectrum of t-P12-T63.

The EPR linewidth of radical cation spectra of porphyrin-like systems has been related to the delocal-
isation length of the unpaired electron [73], and has been used as a measure of electron delocalisa-

tion length in several instances [66, 68, 78, 80].

The second moment of an EPR spectrum can be used as a measure of the line broadening of the

spectrum and is defined as:
J (x=x0) y dx
My=—— (3.3)
Jy dx
If the line broadening can be attributed to the hyperfine interactions, the second moment can be
expressed in terms of the hyperfine coupling constants. The second moment for a monomeric unit

(N=1) can be defined as:

Mx(N=1)= Z/,x,? (3.4)

with

@_1 @ 2 _1 @
=3P =

iso — Eaiso

0 X 0 X
Stick spectrum for 4 “N nuclei Stick spectrum for 8 N nuclei
with a;., with % as,

FiGure 3.3: Schematic representation exemplifying the relationship between the second moment and the num-
ber of equal monomeric units carrying spin density. Only the nitrogen isotropic hyperfine couplings are con-
sidered, giving 9 lines for the monomeric unit and 17 lines for the dimer.
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where x; represent the field positions of the lines in a stick spectrum and [; are the corresponding

intensities (see figure 3.3).

If the spin density is delocalised over two identical units, based on the McConnell relationship, the
hyperfine couplings will be reduced by a factor of two. Since there are now twice as many nuclei, the
number of lines will increase and their positions will be given by %(x,- + xj). The second moment in this
case is defined as shown in equation 3.6 and can be expressed in terms of the hyperfine couplings in

the monomer.

n 2 n
_2)= XL S iy e s Ly =
/\/rz(N_z)_;/,/,(2 + ) _ZIZ/,X, = SMy(N=1) (3.6)
The cross terms in the first expression vanish because of symmetry.

Since for a Gaussian line the second moment M, is proportional to the square of the peak-to-peak
linewidth, a general theoretical relationship relating the peak-to-peak linewidth ABpp to the number

of equivalent units N over which the electron spin is delocalised or hopping can be defined:

1

VN

AB,, = ——=AB,,(N=1) (3.7)

The experimental room-temperature spectra all exhibit Gaussian lineshapes (see figure 3.6 A), indicat-
ing that the main contribution to line broadening is due to the unresolved hyperfine couplings. There-
fore the peak-to-peak linewidth can be related to the extent of delocalisation according to the theory
proposed by Norris et al. [73]. The derivative peak-to-peak linewidth, determined through derivative
Gaussian fitting of the experimental spectra using a least-square fitting routine, decreases with in-
creasing oligomer size; the values and their standard deviations are reported in table 3.1 and the
experimental linewidth is compared to the theoretical relationship of equation 3.7 in figure 3.2 C. The
number of porphyrin units N the electron is delocalised over in each oligomer was calculated accord-
ing to equation 3.7 and is reported in the table as well. The experimental linewidths approximately
follow the theoretical prediction for all of the linear oligomers under investigation. The linewidth of

the ring without template is slightly smaller than that of the linear hexamer, while that of the ring with

TABLE 3.1: Peak-to-peak linewidth determined through derivative Gaussian fitting of the experimental room
temperature EPR spectra and number N of molecular sites the electron spin is delocalised over as calculated
using equation 3.7.

ABpp, [T N
[-P1+ 0.5697 +0.0161 1.0+0.1
[-p2+ 0.3917 +0.0006 21401
[-P3+ 0.3424+0.0002 2.8+0.2
[-P4+ 0.2992+0.0001 3.6+0.2
[-P5+ 0.2604 +0.0001 4.8+0.3
I-P6* 0.2370+0.0001 5.8+0.3
c-P6* 0.2294+0.0001 6.2+0.3
c-P6.TE™ 0.2742+0.0001 43+0.2
t-P12-T65 0.1795+0.0003 10.1+0.6
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template is larger, most probably due to the additional nitrogen hyperfine couplings to the template.
In the presence of the template, the [-P1" linewidth is not an accurate reference for estimating N,
leading to an underestimate of the number of porphyrin units the electron is delocalised over in the
six-membered ring and the double ring with template. If the linewidth of c-P6-T6™" is taken as a ref-
erence and delocalisation over six units is assumed, a delocalisation over twelve units is determined
for t—P12-T6;. The good agreement suggests that, at room temperature, the electron is either delo-
calised over the whole m-system or hopping between the porphyrin units on a faster timescale than
that associated with the 1N hyperfine interactions (>107 s_l) in all of the investigated systems. In
the present case, continuous wave EPR alone cannot distinguish a fast hopping mechanism from a
delocalisation of the electron spin in a molecular orbital extended over the whole multiporphyrin 7
system. In the presence of resolved hyperfine couplings for the larger oligomers, the hopping rates
could be extracted by simulation and a temperature dependence could potentially help distinguish
the two mechanisms. An analysis of this type is described in reference [98] for thallium-substituted
porphyrin dimers. Thallium-substitution into the porphyrin systems investigated here was attempted

by Dr. Patrik Neuhaus, but was unfortunately not successful.

Small deviations from the curve predicted by Norris, i.e. to smaller linewidths for [-P2" and to larger
linewidths for the longer oligomers, can be rationalised in terms of the partial breakdown of the as-
sumptions behind its derivation. These are, firstly, that the unpaired electron is evenly distributed over
the whole system and, secondly, that the spin density distribution in each single porphyrin is identical
to that in [-P1*. The results of DFT calculations suggest that in the case of coherent delocalisation
of the unpaired electron, the spin density would be slightly larger on the central porphyrin units of the
oligomers with respect to the external ones (see figure 3.4). Uneven spin density distributions would
lead to larger linewidths than expected based on equation 3.7, as observed for oligomers with three
to six units. The DFT results also predict a distortion of the spin density along the porphyrin-linking

butadiyne bond in [-P2" and in the longer oligomers, which leads to additional spin density on the

0.50 0.50 0.14 0.23 0.26 0.23 0.14

0.29

FIGURE 3.4: Mulliken spin densities calculated in ORCA using B3LYP/EPRII for [-P1t to [-P6'" after geometry
optimisations performed in Turbomole. The ratios of spin densities on the single porphyrin units are reported.
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Ficure 3.5: (A) EPR spectra constructed by computing the stick spectrum according to reference [99], based
on both proton and nitrogen hyperfine couplings predicted by DFT, and by using a Gaussian broadening with
a FWHM of 0.5 MHz. (B) Second moments of the experimental EPR spectra for [-P1't to [-P4't and second
moments calculated for EPR stick spectra shown in A.

internal B carbon atoms, on which only negligible spin density was found for [-P1*. This would be
in keeping with a decrease in the nitrogen hyperfine coupling, hence the linewidth is expected to be
smaller than predicted by equation 3.7. Model calculations of the EPR spectra taking this into consid-
eration were performed for [-P1'* to [-P4™" and qualitatively reproduce the experimentally observed

deviations from the theoretical curve (see figure 3.5).

The lineshapes of EPR spectra in systems characterised by electron/hole hopping can also be anal-
ysed based on one-dimensional random walk processes as described by Tang et al. [100] for open
chains and closed loops. Their theoretical study predicts a Gaussian lineshape in case of fast or slow
hole/electron hopping with respect to the timescale of the hyperfine interaction, while intermediate
hopping rates give rise to deviations from Gaussian lineshapes. In previous studies on artificial multi-
porphyrin systems, Lorentzian contributions to the EPR lineshape were observed for larger oligomers
(6 to 12 porphyrin units arranged linearly or in rings) [66, 68, 83], which were attributed to slower
hopping rates. In the systems investigated here, Gaussian lineshapes are observed for all the linear
oligomers with up to six porphyrin units and for the six-membered ring with and without template,
seemingly indicating a faster hopping rate with respect to systems previously investigated. Devia-
tions from the Gaussian lineshape are observed for the double ring, potentially indicating a slower
hopping rate in this system containing twelve porphyrin units. The calculations of Tang et al. [100]
also suggest that for a given hopping rate, open chain systems would have a larger EPR linewidth
compared to the corresponding closed-loop systems. Hence the fact that the same linewidth is ob-
served for [-P6 and c-P6™" could be interpreted as a slightly larger hopping rate in the ring system.

The differences are however very small in the fast-hopping regime [100].

The expressions for the calculation of the response function for hopping along a linear chain or a
closed loop are given in reference [100]. The EPR line is related to the response function by Fourier
transform. This analysis is also based on a variation of the second moment as one over N. A fitting
of the hopping rate constant to the experimental room temperature spectra was performed. The

results of this analysis were that a reduction of the second moment by a factor N occurs for all
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FIGURE 3.6: Experimental room temperature (A) and 100 K (B) X-band cw-EPR spectra (black) of the radical
cations of [-P1 to [-P6, c-P6, c-P6-T6 and t—P12~T65r and fitted derivative Gaussian (A) and Lorentzian (B)
functions (red).

-P6*
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Ficure 3.7: Experimental X-band cw-EPR spectra of the radical cations of [-P1 to [-P6, c-P6, c-P6-T6 and
t—P12-T6£r recorded at 100 K compared to the corresponding room temperature EPR spectra shown in the
background.
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systems except for c-P6-T6* and that the fitted hopping rates have a magnitude of 108-10° s1,

indicating hopping on a timescale more rapid than that associated with the hyperfine interaction (106—
107 s_l). The uncertainty on the hopping rates was too large to identify any trends along the series

of oligomers with different lengths.

3.4.2 Low TEMPERATURE cw-EPR

The frozen solution X-band cw-EPR spectra were recorded at 100 K and are shown in figure 3.7. No
hyperfine structure is resolved even for [-P1™" and [-P2™, and the spectra of the linear oligomers
are all characterised by approximately Lorentzian lineshapes with some small asymmetry, as shown
in figure 3.6 B. The low temperature EPR spectra of ¢c-P6" and c-P6-T6™" are characterised by more

significant asymmetries and the lineshape is a convolution of a Gaussian and a Lorentzian line.

Direct comparison of the room and low temperature cw-EPR spectra shows only small differences in
the peak-to-peak linewidth for the longer oligomers (see figure 3.7). Similar results have previously
been interpreted in terms of complete delocalisation even at low temperatures while not explicitly
considering the clearly different lineshape [66]. The theory for the interpretation of the EPR linewidth
in terms of delocalisation length, first derived by Norris [73] and later extended as described in refer-
ences [78, 100], is only valid when the lineshape is determined by the hyperfine couplings of the nuclei
and only for spectra with approximately Gaussian lineshapes. The low temperature lineshapes of the
linear oligomers cannot be explained by the theory described by Tang et al. [100], which, even for
intermediate and slow hopping rates, predicts a lineshape that doesn’t approach a Lorentzian. Hence
any interpretation of the linewidth based on that theory is not possible. The peak-to-peak linewidths
determined from the low temperature cw-EPR spectra show a high sample-to-sample variability and a

dependence on the method of freezing. The experimental linewidths of the low temperature spectra

0.7
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FIGURE 3.8: Experimental derivative peak-to-peak linewidths of the 100 K X-band EPR spectra of [-P1t to [-P6'T,
c-P6't, c-P6.T6" and t-P1 2-T6§, determined through least-square Lorentzian fitting, plotted as a function of
oligomer size. The grey solid line is the theoretical curve from equation 3.7 calculated for the experimental
[-P1'* peak-to-peak linewidth, the two dashed lines indicate the region within the standard deviation of the
[-P1"" peak-to-peak linewidth.
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with standard deviations estimated based on this variability are plotted as a function of the number

of porphyrin units in figure 3.8 and show that the linewidths do not follow any clear trend.

An interpretation of the low temperature cw-EPR spectra was attempted by simulation of the spectra
including the anisotropic hyperfine interaction. The 100 K EPR spectrum of [-P1* is characterised by
an approximately Lorentzian lineshape and by significant asymmetry. A simulation of this spectrum
was only possible by taking a distribution of hyperfine couplings and g-values in the out-of-plane ori-
entation into account. The individual spectra and the final simulation are shown in figure 3.9 A and B.
The assumption of a distribution of hyperfine couplings and g-values can be explained by a variation
of the degree of distortion in the porphyrin plane due to specific porphyrin-solvent interactions. The
14N hyperfine interactions in [-P1't are characterised by a large anisotropy in the out-of-plane orien-
tation (see section 3.4.5), thus the hyperfine coupling in that direction is very sensitive to changes
in the porphyrin plane. Distortions in the porphyrin plane can occur in the presence of coordinating
solvents, such as for example the THF used in our case, as the change from four- to five-coordination
of the Zn ion influences the degree of saddle distortion of the porphin plane [101], which could cause
the observed effect. A similar effect has been previously observed in a Co(ll) corrin molecule by 14N

HYSCORE [102] and is also present in the triplet state of [-P1 as described in section 4.3.4.

Cc
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FiGure 3.9: (A) Individual simulations of the [-P1't cw-EPR spectrum at 100 K compared to the experimental
result (black). The simulations were performed using a distribution of A, from 8.5 to 13 MHz and of g, from
2.0024 to 2.0015 (red to blue) with the same aj;s, value used for the room temperature simulations and an
axial hyperfine tensor with A| = % (3ajso —Az), A, = A, for the four N nuclei. (B) Simulation calculated as a
sum over the distributions in g, and A, shown in A with a Gaussian weighting, compared to the experimental
spectrum. (C) Comparison of the experimental 100 K cw-EPR spectra of [-P2 " to [-P6 (black) to simulations
(red). The simulations were performed using the EasySpin function pepper for solid state EPR spectra with
eight 14N nuclei with an axial hyperfine coupling (A; =0.4 MHz, A, =5.2 MHz) and a line broadening account-
ing for the proton hyperfine couplings. The parameters were optimised for [-P2't and in order to fit the spectra
of the longer oligomers deviations of +15% from these values were needed (-5% for [-P3", +15% for [-P4't,
-15% for [-P5*, -15% for [-P6'*).
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The optimised geometry of [-P2*" showed much reduced distortions in the porphyrin plane (the maxi-
mum out-of-plane deviation is reduced from 0.22 to 0.10 A) and the experimental spectrum could be
simulated without resorting to a distribution of hyperfine couplings (see figure 3.9 C). Simulations of
the spectrum for different degrees of anisotropy in the nitrogen hyperfine coupling and using only a
Gaussian broadening to account for the unresolved proton hyperfine couplings have shown that the
Lorentzian lineshape can be accounted for by a large anisotropy of the 14N hyperfine couplings. The
low temperature EPR spectra of [-P2" and of the longer oligomers up to [-P6™ can all be simulated
by eight 4N nuclei with hyperfine couplings close to those used for simulation of the [-P2'" spectrum.
The hyperfine couplings and linewidths of [-P2" were scaled by factors of 0.95, 1.15, 0.85 and 0.85
for [-P3%, [-P4t, [-P5" and [-P6'F, respectively, in order to simulate the experimental spectra (see fig-
ure 3.9 C). These results seem to suggest that delocalisation is limited to about two porphyrin units

in the longer oligomers.

The low temperature EPR spectra of c-P6t and c-P6-T6" are characterised by a different lineshape
and by a significant asymmetry which, based on the W-band results described in the next section, can-
not be explained by g-anisotropy. Temperature-dependent EPR measurements show that the asym-
metry, as well as the deviation from the Gaussian lineshape, occur gradually at first with more pro-
nounced changes close to the freezing point of the solvent mixture, between 120 K and 100K (see fig-
ure 3.10). Due to the appearance of asymmetry, the EPR spectra cannot be simulated by the approach
of reference [100]. The behaviour of the porphyrin ring systems in solution is too poorly understood
to interpret the low temperature EPR spectra, particularly since aggregation cannot be excluded even
in the presence of the THS side groups and its effects on the EPR spectrum are not known. Therefore
the frozen solution cw-EPR spectra of the ring systems could not be conclusively interpreted in terms

of the extent of delocalisation.

In contrast to the majority of linear systems investigated so far, where frozen solution EPR measure-
ments yielded broader spectra with a linewidth similar to that of the corresponding monomeric unit
at temperatures below the freezing point of the solvent [68, 83, 84], the frozen solution spectra ob-
tained here for the linear oligomers revert to the dimeric rather than monomeric linewidth, indicating

more extended conjugation in these butadiyne-linked arrays.

—298 K
220 K
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FiGURE 3.10: Experimental X-band cw-EPR spectra for c-P6't and c-P6-T6'" from room temperature to frozen
solution. Measurements at lower temperatures were not possible due to power saturation.
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3.4.3 W-BaND EPR

The g-anisotropy of the radical cation spectra was investigated by W-band EPR. Echo-detected field
sweeps were recorded in the temperature range from 120 K to 6 K and are shown in figure 3.11. The
temperature-dependent data show a significant change from an approximately isotropic to a rhombic
or axial EPR spectrum between 120 K and 100 K, due to freezing of the solvent mixture. In most of
the cases no pronounced further changes are observed upon lowering the temperature below 100 K
down to 20 K. A significant temperature dependence is, however, observed for the six-membered ring
without template in the whole of the investigated temperature range. The W-band EPR spectrum
of c-P6* changes from an almost isotropic spectrum at 120 K to a spectrum with a shoulder of

increasing intensity with respect to the maximum at lower magnetic fields.
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Ficure 3.11: Experimental W-band echo-detected field sweeps of the radical cations of [-P1 to [-P6, c-P6 and
c-P6-T6 in toluene:THF:CH>Cl> 1:1:1 recorded at different temperatures in the range from 120 to 6 K. Experi-

mental details are described in section 3.3.3. No temperature-dependent measurements were performed for
[-P5T,
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Ficure 3.12: Experimental W-band echo-detected EPR spectra of the radical cations of [-P1 to [-P6, c-P6,
c-P6-T6 and t—P12-T65r recorded at 100 K.

The W-band echo-detected EPR spectra of the different porphyrin oligomers at 100 K are compared
in figure 3.12. In order to compare both spectral shape and g-values for the different oligomers,
the magnetic field axis of the W-band data was calibrated based on simultaneous simulation of the
X- and W-band EPR spectra, determining the relative g-values from the W-band spectra and the ab-
solute position from the X-band spectra. The W-band EPR spectrum of [-P1™" is characteristic of a
rhombic g-tensor, while the spectra of the longer oligomers have the typical shape of systems with
approximately axial g-tensors. The g-anisotropy is nevertheless small in all cases. While there is a
distinct difference in lineshape between the spectra of [-P1 ™" and [-P2'*, only very small differences
are observed for the longer linear oligomers. A comparison of the spectra for [-P6™, c-P6* and c-
P6-T6™" indicates the presence of an inversion of the relative magnitude of the g,- and g, -values from
the linear to the cyclic geometry. The W-band EPR spectrum of c-P6™ further exhibits a much greater
g-anisotropy with respect to the more rigid and therefore likely more symmetric c-P6-T6", potentially
due to the increased flexibility of the template-free ring. The W-band EPR spectrum of t—P12~T6'2+ is
similar to the spectrum obtained for c-P6-T6'", except for an increase of the g-value in the out-of-
plane direction of the porphyrin ring (g;,). This increase in g-anisotropy reflects the increase in the

dimension of the ring system in the out-of-plane direction.

TaBLE 3.2: g-values determined from simulation of the W-band EPR spectra of [-P1t to [-P6", c-P6' and c-
P6.-T6'* at 100 K with an axial g-tensor. The simulations are compared to the experimental data in figure 3.13.
The error on the g-values given in the table is approximately 0.00030.

g1 8l 8iso
[-P1* 2.00325 2.00295 2.00315
[-P2t 2.00360 2.00290 2.00337
[-P3t 2.00359 2.00285 2.00334
[-P4+ 2.00364 2.00275 2.00334
[-P5* 2.00359 2.00270 2.00329
[-P6&T 2.00359 2.00270 2.00329
c-P6t 2.00355 2.00450 2.00387
c-P6.T6'* 2.00325 2.00375 2.00342
1,“—|312-'|'6§r 2.00317 2.00317 2.00404
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The high-field EPR measurements reveal a g-anisotropy that is not detectable at X-band and which
might provide additional information on the characteristics of the electron distribution in these por-
phyrin arrays. Similar measurements on photosynthetic reaction centres have prompted a detailed
g-tensor analysis for model systems of stacked aromatic molecules to aid interpretation of the exper-
imental data obtained for natural photosynthetic systems [103]. It was found that qualitative trends
in g-values could be predicted based on DFT calculations on model systems; a quantitative discus-
sion was however prevented by the fact that the systems soon become too large for accurate DFT

predictions in reasonable computation times.

The g-tensors predicted by DFT for [-P1't to [-P5* qualitatively reproduce the change in g-anisotropy
and relative magnitude of the g-values (see figure 3.13 B and C): there is an increase in gjs, from
[-P1* to the longer oligomers as well as an increase in g-anisotropy. The differences predicted for
the linear oligomers with more than two porphyrin units are slightly larger than those observed ex-
perimentally. Calculation of the g-tensor for the linear and cyclic systems with six porphyrin units

were unfortunately not computationally feasible.

The changes in g-values observed experimentally and predicted by DFT can be rationalised by simple
considerations based on Stone’s theory of g-values [104-106]. The analysis of g-values for aromatic
molecules led Stone to the conclusion that the deviations from the free electron g-value are an addi-
tive property of the different groups constituting the aromatic molecule [104]. The overall deviation
from the free electron g-value can then be estimated from the sum of the deviations arising from
different groups of orbitals [104]. A similar approach has been applied to the porphyrin systems in-
vestigated here, by considering the deviations from g, determined experimentally for [-P1* and by
calculating the overall g-values of the larger systems as linear combinations based on the different
geometries. For the linear oligomers such an approach predicts an increase in g;s, and an increase
in g-anisotropy, as also observed experimentally. The magnitude of the changes is, however, signifi-

cantly overestimated by this simple approach.

The same approach has also been applied to the calculation of the g-values of the six-membered
ring system and it was found that the lineshape of the simulated spectra is very sensitive to the g-
values for the single porphyrin unit and to the number of porphyrin units over which the spin density
is considered to be delocalised. The theory predicts small g-anisotropies for extensive delocalisation
of the unpaired electron over the porphyrin ring system, and spectra with larger g-anisotropies for
localisation of the unpaired electron on only part of the ring system. For some of the considered spin
density distributions, an inversion of the g, and g, values with respect to the linear systems was also
predicted. This apparent strong dependence of the g-values on electron delocalisation would allow
the changes observed between c-P6™" and c-P6-T6* to be assigned to increased delocalisation for
the templated ring. A more quantitative analysis was precluded by the limitations of this approach
and by the absence of reliable estimates of the deviation from the g, value for the single porphyrin

unit in a bent geometry.
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Ficure 3.13: (A) Experimental W-band echo-detected EPR spectra of the radical cations of [-P1 to [-P6, c-
P6, c-P6-T6 and 1.*—P12-T65r recorded at 100 K and simulations for an axial g-tensor with the values given in
table 3.2. (B) Top: g, - and g;-values for the linear and cyclic oligomers determined from the simulations
shown in A. Bottom: g-values obtained from DFT calculations performed with B3LYP/EPRII. The principal axes
of the g-tensor are aligned with the out-of-plane axis, the axis pointing along the phenyl substituents and the
long axis of the molecules (along the acetylene bonds). (C) Experimental W-band EPR spectra for [-P1't to
[-P5'* (top) and simulations using the g-values from DFT calculations (bottom).

The sensitivity of the W-band EPR spectrum of the porphyrin ring systems to the extent of delocali-
sation might explain the observed temperature dependence. In order to determine whether the tem-
perature dependence of the W-band spectrum observed for c-P6* could be explained by changes in
delocalisation, further measurements were performed. The first derivatives of the echo-detected field
sweeps recorded at different temperatures are compared to the cw-EPR spectrum recorded at 100 K

in figure 3.14. The cw-EPR spectrum recorded at 100 K is characterised by a pronounced shoulder
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FIGURE 3.14: Comparison of the W-band cw-EPR spectrum of c-P6't at 100 K with the first derivatives of the
echo-detected field sweeps recorded at different temperatures in the range from 6 to 120 K. The cw-EPR spec-

tra were recorded with a microwave power of 2.530 yW, a modulation amplitude of 5 G and a time constant of
5.12 ms.

at lower magnetic fields and resembles the echo-detected spectrum recorded at 6 K rather than the
echo-detected spectrum recorded at the same temperature of 100 K. Continuous wave EPR measure-
ments at temperatures lower than 100 K were not possible due to saturation. Based on the good
agreement between the 100 K cw-EPR and the 6 K echo-detected EPR spectra it seems likely that the
observed temperature dependence of the spectral shape is limited to the pulse EPR measurements,

which would exclude changes in the extent of delocalisation as a possible cause.

The origin of the temperature dependence in the echo-detected EPR spectra has been investigated
further by measurements of the relaxation time T, using a two-pulse echo sequence with variable
delay t. The measurements were performed at different temperatures and at different field positions
for c-P6* and as a comparison also for [-P2* and c-P6-T6* (see figure 3.15 B). The phase memory
time T,, was determined by fitting the time traces with a stretched exponential (stretching parameter
varying between 0.7 and 1.7) and the results are depicted in figure 3.15 C. The porphyrin dimer and
the six-membered ring show a clear field dependence of T,,, while almost no field-dependent changes
are observed for the six-membered ring with template. In all systems the phase memory times in-
crease for decreasing temperatures and the average T, at each temperature is similar for the two
ring systems, but slightly longer for [-P2". The two ring systems are also characterised by a slightly

larger temperature dependence of T, with respect to [-P2"*.

For both [-P2" and c-P6*, T, at a fixed temperature is longest at the field position corresponding
to the echo maximum and decreases on both sides. The ratios of T, values at the echo maximum
(g,) and on the shoulder (g;) decrease at lower temperatures, providing an explanation for the dif-
ferences observed in the echo-detected spectra recorded at different temperatures. The relaxation
time at magnetic field positions corresponding to g;, is smaller, leading to a faster decay of the cor-
responding echo signal as compared to the magnetic field positions corresponding to g,. Since the

ratio in relaxation times at the two types of field positions depends on the temperature, changes in
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Ficure 3.15: (A) Molecular structures of the porphyrin dimer, six-membered ring and six-membered ring with
template. (B) T, relaxation measurements performed at different field positions for [-P2"" (top), c-P6'" (mid-
dle) and c-P6.T6't (bottom) at a temperature of 100 K. The T,,; measurements were performed with a two-pulse
sequence with a % pulse of 32 ns. (C) Echo-detected field sweeps with =180 ns recorded at three different
temperatures and the corresponding field-dependent T, values determined by fitting of the traces shown in
B at three different temperatures.

relative intensity of the two parts of the spectrum are observed. The ratios of T, values at g, and g
are significantly larger for c-P6* as compared to [-P2'* (3.7, 2.8 and 1.4 for c-P6* and 1.7, 1.3, 1.2
for [-P2'* at 100, 60 and 20 K, respectively). This explains why such a pronounced temperature de-
pendence is observed for the six-membered ring, while only minor temperature-dependent changes
are observed in the echo-detected spectra of [-P2". Anisotropic relaxation times with the longest
values along the canonical orientations of the g-tensor have previously been observed for quinone
radicals [107-109] and have been interpreted in terms of relaxation induced by modulation of the
effective g-value through molecular motion. Since oscillations along a particular axis lead to small
modulations of the g-value for the orientation with the magnetic field aligned with this axis and to
larger modulations of the g-values for all other orientations, the T, relaxation time will be longest

along the axis of oscillation [107].
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In the case of [-P2'F, the longest T,, is observed at the highest g-value. Based on the DFT calculations,
the corresponding principal axis is predicted to be parallel to the long axis of the molecule, which
would thus correspond to the preferential axis of libration of the molecule. The absence of anisotropic
relaxation for the six-membered ring with the rigid internal template and the presence of a strong
anisotropy of the relaxation time for the six-membered ring without template suggest that in this
case the anisotropic relaxation might be caused by some type of breathing motions or distortions of

c-P6 that are prevented by the template in c-P6-T6.

3.4.4 CHARACTERISATION OF THE PROTON HYPERFINE INTERACTION

The electron delocalisation in the radical cations at low temperatures was investigated by measuring
the proton hyperfine couplings using W-band Mims ENDOR. 'H Mims ENDOR was measured at differ-
ent temperatures from 6 K to 100 K in a deuterated solvent mixture and no temperature dependence

was observed in this range for any of the systems.

The ENDOR spectrum of the radical cation of the porphyrin monomer does not show any features
that can be easily assigned to the hyperfine couplings of different types of protons, since the dif-
ferent types of protons are all coupled to the electron spin with similar weak hyperfine couplings.
DFT calculations were performed on the radical cation of [-P1 to compare the experimental results
with the theoretical predictions and to attempt a characterisation of the radical state. The optimised
geometry of [-P1'" is characterised by slight saddle-type distortions of the porphyrin plane and the
phenyl substituents form an angle of about 61° with the porphyrin plane, in good agreement with
literature data on crystal structures of meso-aryl Zn porphyrins from the Cambridge Crystallographic
Database (CCD) [58] (see figure 3.16 A and B). The structure has approximate D, symmetry. In the
ground state, the HOMO and HOMO-1 are very close in energy and two different radicals can poten-
tially be formed: the radical arising from the removal of one electron from the HOMO (281 radical) or
that arising from removal of one electron from the HOMO-1 (%A radical) (see figure 3.16 C and D). Por-
phyrins are generally characterised by significant configuration interaction and hence it is quite likely
that the real radical state is a linear combination of these states. As can be seen from the spin den-
sities of the two states (shown in figure 3.16 C), the hyperfine couplings of the nitrogen nuclei and of
the B-protons will differ significantly for the two states. The proton hyperfine couplings for both types
of radicals were calculated and are compared to the experimental results in figure 3.17. Even though
the agreement between simulation and experiment is not perfect, this comparison clearly identifies
the observed radical as belonging the 281 radical state. The largest hyperfine coupling is observed
for the protons in the ortho positions of the phenyl substituents, as also previously determined for
Zn tetraphenylporphyrin [96, 97]. The value for this hyperfine coupling is in good agreement with the
isotropic hyperfine coupling needed to reproduce the partially resolved proton hyperfine structure in

the room temperature cw-EPR spectrum (figure 3.2).

The ENDOR spectrum of [-P2* is characterised by a significant reduction in overall width with respect

to [-P1*. ENDOR measurements performed at field positions corresponding to g, and g, show the
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Ficure 3.16: (A) Distribution of dihedral angles in meso-aryl Zn porphyrins from the Cambridge Crystallo-
graphic database (CCD), excluding structures with R factors greater than 10% or with disorder [58]. (B)
Optimised geometry for [-P1't at B3LYP/6-31G(d) level, the side view shows the presence of slight saddle
distortions. (C) Radical cation spin density for the two possible radical states generated by removing an elec-
tron from either the HOMO or the HOMO-1. (D) Ground state molecular orbital energy level plot and depiction
of the frontier orbitals calculated at B3LYP/6-31G(d) level.
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FiGURE 3.17: Proton hyperfine tensors predicted by DFT (B3LYP/EPRII) for the 2A (A) and the 2B; (B) radical
states of [-P1 and a comparison of the corresponding calculated ENDOR spectra with the experimental Mims
ENDOR spectrum recorded for [-P1't in deuterated solvent at 80 K. The ENDOR spectra were calculated using
EasySpin [23] for each type of proton individually and then summed with coefficients taking the number of
equivalent protons into account.
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presence of some degree of orientation selection. The experimental results were again compared to
the results of DFT calculations, which predict delocalisation of the unpaired electron over both por-
phyrin units (see figure 3.18). The presence of the second porphyrin unit causes changes in the spin
density distribution with respect to the porphyrin monomer in the central region of the molecule. The
presence of additional spin density on the internal 8 carbon atoms (indicated by arrows in figure 3.18)
leads to increased hyperfine couplings for the protons attached to them (labelled H'1 and H’2 in fig-
ure 3.18 B), exceeding the hyperfine coupling of the ortho protons. The overall agreement between
the experimental spectra and the spectra calculated based on DFT hyperfine interaction parame-
ters is good, with the exception of the hyperfine coupling of the internal H’1 protons which give rise
to shoulders with larger hyperfine couplings than observed experimentally in the ENDOR spectrum

recorded for the g, orientation.

The ENDOR spectra of [-P1" and [-P2't are compared to the ENDOR spectra of the longer oligomers,
recorded at the g, and g, field positions at 80 K, in figure 3.19. The comparison shows a distinct
change in hyperfine couplings between [-P1™" and [-P2", but the changes observed for the larger
oligomers are only very small. Slightly more pronounced changes are observed for the two six-
membered ring systems. In order to exclude effects of power broadening on the appearance of the
ENDOR spectra, the experiment was repeated with a longer radiofrequency pulse for c-P6™ (100 ps

instead of 18 us). No changes in the linewidth of the ENDOR spectrum were observed.

B

— Experiment
— DFT
_— H1
E— H'1
— H2

H,
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- Hpara

Ficure 3.18: (A) Spin density distribution in the radical cation of [-P2 predicted by DFT calculations at
B3LYP/EPRII level. The nuclei in the central region with significantly increased spin density compared to [-
P1t are indicated by arrows. (B) Proton hyperfine tensors predicted by DFT (B3LYP/EPRII) for the spin density
distribution shown in A. (C) ENDOR spectra calculated based on the hyperfine couplings predicted by DFT
compared to the experimental Mims ENDOR spectrum recorded for [-P2'" in deuterated solvent at two field
positions corresponding to g, and g, at 80 K. The ENDOR spectra were calculated using EasySpin [23] for
each type of proton individually and then summed with coefficients taking the number of equivalent protons
into account.
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The determination of individual hyperfine couplings from the ENDOR spectra was not possible due to
the absence of features in the ENDOR spectra that could be used to identify couplings of different
protons. However, the approximate width of the spectrum can still be related to the largest proton
hyperfine coupling. The hyperfine couplings are proportional to the spin density and if that decreases
as N~1 with increasing oligomer size, as assumed by Norris et al. [73], the width of the ENDOR spec-
trum should change accordingly. The prediction by DFT that different types of protons give rise to the
largest hyperfine couplings in [-P1t and [-P2't and thus determine the overall width of the ENDOR
spectrum however complicates this type of analysis. Therefore a different approach for estimating

the extent of delocalisation in these radical cation systems was employed.

The proton hyperfine couplings for different geometries and different distributions of spin density over
the investigated porphyrin systems were calculated using a distributed point-dipole model. The spin
density distributions were constructed by projecting the DFT spin density distribution for the porphyrin
monomer onto the optimised geometries of each of the larger porphyrin systems; the spin densities
were localised above and below the plane of the molecule to model the 7t system. The DFT spin den-
sity distribution of the porphyrin dimer was also used in some cases to investigate the effect of the
distortion of the spin density in the presence of an adjacent porphyrin unit. The hyperfine couplings
were then calculated based on these model spin density distributions and used for the ENDOR simula-
tions. A schematic representation of this approach is shown in figure 3.20 and a detailed description

can be found in section 3.3.5.

Simulations performed for complete delocalisation of the unpaired electron over the linear porphyrin
oligomers are compared to the experimental results in figure 3.21. Apart from some small differ-
ences in shape and relative intensities, the spectra calculated for [-P1™" and [-P2'* agree quite well
with the experimental data, showing coupling of the electron spin with protons on both porphyrin
units in [-P2'*. However, from [-P3* onwards, the calculated spectra are narrower than the experi-

mental ENDOR data; the differences become more pronounced as the length of the porphyrin arrays
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FiGURE 3.19: W-band 1H Mims ENDOR spectra of [-P1* to [-P6F, c-P6F, c-P6-T6F and t—PlZ-TG; in deuter-
ated toluene:THF:CD,Cl> 1:1:1 generated by oxidation with ThSb recorded at 80 K at the field positions corre-
sponding to g, (A)andto g, (B). For [-P1"* the measurement was only performed on the maximum of the EPR
signal and is shown in A.
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increases. These results show that the electron is completely delocalised in the porphyrin dimer, but

delocalisation seems to be limited in the longer oligomers.

Continuous wave ENDOR measurements of the smaller porphyrin systems in liquid solution were at-
tempted in collaboration with Prof. Damien Murphy at the University of Cardiff, to verify the validity of
this type of analysis in a regime where it is known from continuous wave EPR data that the unpaired

electron is completely delocalised. The measurements were unfortunately not successful.

A potential explanation for the absence of significant changes in the ENDOR spectra for the por-
phyrin oligomers with more than two porphyrin units would be an uneven spin density distribution.
In order to verify this hypothesis, the simulations were performed considering different ratios of spin
density on the different porphyrin units for the oligomers. The agreement between experiment and
calculation for each of the considered spin density distributions was evaluated by calculating the
root-mean-square deviations (RMSD) between the experimental and calculated ENDOR spectra, ne-

glecting the central region of the spectrum (+ 0.2 MHz). The average RMSD values for the ENDOR

1 Calculation of the spin density distributions in the radical cations by DFT
at the B3LYP/EPRII level.

2 The spin densities are renormalised and evenly or unevenly distributed over = systems on the
optimised geometries of the linear and cyclic porphyrin systems to give an array of positions
and spin densities py.

3 The dipolar hyperfine tensors T are calculated based on a distributed point-dipole model
according to:

T= %geﬁegnﬁn l;]pk (

4 The isotropic hyperfine couplings a;so, are determined by extrapolation from the available
DFT values according to the relationship:
ajso(N=1)
ajs0(N) = 'SOT
in case of complete delocalisation or scaled according to the spin density on each porphyrin
unit for uneven spin density distributions.

5 The hyperfine coupling tensors are used to calculate the ENDOR spectra in Easyspin.

Ficure 3.20: Outline of the method used for the calculation of ENDOR spectra for different geometries and
different distributions of spin density.
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FiGURE 3.21: W-band 'H Mims ENDOR spectra of the radical cations of the linear oligomers [-P1" to [-P6'T,
generated by oxidation with ThSb, in deuterated toluene:THF:CD>Cl, 1:1:1 recorded at 80 K at the field posi-
tions corresponding to g, (A) and to g, (B). The corresponding simulations based on the method described
in the text and assuming complete delocalisation of the spin density over all the porphyrin units of the linear
oligomers are shown in (C) and (D).

spectra recorded at the g, and g, field positions are plotted as a function of the largest spin density
on a single porphyrin unit in figure 3.22. The spin density distributions correspond to complete sym-
metric delocalisation on the left of each graph and localisation on a single unit or on two units for
systems with an uneven and even number of porphyrin units, respectively, on the right. For all of the
linear oligomers this analysis confirms that, in contrast to the results obtained at room temperature,
in frozen solution the unpaired electron is not equally distributed over the whole porphyrin system.
The spin density distribution giving the best agreement with experiment is depicted for [-P3" to [-P6*

in figure 3.22 and corresponds to spin density mainly localised on two to three porphyrin units.

The ENDOR results for the linear oligomers indicate that the unpaired electron is not completely
delocalised over the whole porphyrin system in frozen solution. The results can be interpreted in
terms of localisation of the spin density on two to three porphyrin units, based on the observation of
only minor changes in the ENDOR spectra of the longer oligomers, or in terms of uneven distributions
of spin density. The insufficient resolution of the ENDOR data, due to the presence of many different
protons with small hyperfine couplings, does not allow a distinction between the two situations. The
two different cases could potentially be distinguished by selective deuteration of specific types of
protons in the porphyrin molecule, to isolate the contributions of different types of protons to the

ENDOR spectrum and observe their changes as a function of the number of porphyrin units.
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FIGURE 3.22: Root-mean-square deviations (RMSD) between the experimental ENDOR data and the calculated
spectra with different spin density distributions, p,5x refers to the largest relative spin density on a single
porphyrin unit which determines the width of the ENDOR spectrum. The average RMSD for the two magnetic
field positions was computed; the central region of the ENDOR spectrum (+ 0.2 MHz) was not considered in
this analysis. The error on the spin density was estimated based on the deviation of the real spectrum from
the calculated spectrum for [-P2'" with a spin density distribution of 0.5:0.5. The spin density distribution with
the lowest RMSD is depicted above the corresponding graphs.

A further narrowing and a change in the shape of the ENDOR spectra is observed for c-P6" and
c-P6-T6". ENDOR simulations with hyperfine couplings calculated for spin density distributed over
one to six porphyrin units in the optimised six-membered ring geometry are compared to the exper-
imental spectra of the two ring systems in figure 3.23. In this case, the spin density distribution
calculated for c-P6* was used instead of the [-P1* spin density for the calculation of the hyperfine
tensors with the method described above. The best agreement between simulation and experiment is
obtained for spin density localised on about three porphyrin units, suggesting that the extent of delo-
calisation in the cyclic systems might be slightly larger than in the linear arrays. It can nevertheless
not be excluded that the differences observed in the ENDOR spectra of the linear and cyclic systems

are due to changes in spin density distribution related to the difference in geometry, rather than to
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Ficure 3.23: (A,B) Comparison of the experimental Mims ENDOR spectra recorded at the g, (A) and at the g,
(B) field positions at 80 K for c-P6'" and c-P6-T6'* with simulations assuming spin density delocalised over N
porphyrin units. (C) Proton hyperfine tensors calculated using the distributed point-dipole approximation for
spin density distributed over three (N=3) and over all six (N=6) porphyrin units of c-P6. (D) Root-mean-square
deviations (RMSD) between the experimental ENDOR data and the calculated spectra with N from 1 to 6. The
average RMSD for the two magnetic field positions was computed; the central region of the ENDOR spectrum
was not considered in this analysis.

different extents of electron delocalisation. The differences between the ENDOR spectra of c-P6™" and
c-P6-T6™" are more difficult to rationalise; they could be due again to changes in spin density distri-
bution arising from small differences in geometry of the two types of ring systems. While c-P6-T6 is
held in a rigid circular ring shape by the template and is characterised by a high degree of symme-
try due to the constraints imposed by the template, the ring without template has been shown to be
more flexible by NMR, even though small-angle X-ray scattering data have shown that both rings are
shape-persistent in solution [69]. Another possible interpretation of the experimental data could be
slightly different extents of spin delocalisation due to the differences in shape and more importantly
flexibility. ENDOR simulations for different distributions of spin density over the twelve porphyrin units
in 1:—P12'T6'2+ were performed to determine the extent of delocalisation. The best agreement was

obtained for spin density localised mainly on four porphyrin units, two on each of the porphyrin rings.

A quantification of the extent of delocalisation based on the ENDOR simulations for different spin
density distributions over the multiporphyrin systems was attempted. A parameter & 40,0 Was defined

as follows:
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N N . 1
Edeloc = ZésD,zl/N + E ZésD,.zl/zm where 55Di21/nN = 5 (38)
i-1 -1 0 ifSD;< -k

This parameter was computed for each of the spin density distributions corresponding to a simulation
with an RMSD value falling below a cutoff defined as the minimum RMSD value +20% of the range
of RMSD values. The parameter & 4010 should approximately reflect the extent of delocalisation and
is plotted as a function of the number of porphyrin units in figure 3.24. In all cases the parameter
is smaller than expected in case of complete delocalisation, indicating localisation of the unpaired

electron on part of the multiporphyrin system.

Localisation of the radical cation in frozen solution has previously been reported for other multipor-
phyrin systems [68, 80, 81, 83], although in those cases the electron spin was localised on a single
rather than two porphyrin units. Several reasons for charge localisation at low temperatures have
been proposed, chiefly amongst them counter ion and solvent effects [68, 80, 110, 111]. In this
investigation a weakly coordinating counter ion, SbClg, was used to minimise counter ion effects.
Additionally, measurements on solutions with a large excess of electrolyte (tetrabutylammonium hex-
afluorophosphate) showed no significant changes in the ENDOR and W-band EPR spectra recorded at
80 K, excluding the counter ion as cause for the electron spin localisation observed at low tempera-
tures. Localisation of the electron spin on a limited number of porphyrin units could also be driven
by conformational dynamics of the linker. If conformations with the porphyrin units at right angles
to each other are frozen in, this could cause localisation of the electron spin in only part of the por-

phyrin array. Since the barrier of rotation is much higher for the radical cation with respect to the
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FIGURE 3.24: Plot of the parameter 4ejoc determined based on equation 3.8 for each of the investigated
multiporphyrin systems as a function of the number of porphyrin units N. The error bars were estimated from
the distribution of solutions with RMSD values below a cutoff value defined in the text. In case of complete
delocalisation the & gejoc Values should be equal to N and therefore lie on the diagonal.
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ground state of the neutral molecule (1.87 eV and 0.03 eV, respectively, based on DFT calculations)
[67], this does, however, seem quite unlikely. Solvent reorganisation effects or aggregation have also

been suggested as possible causes for the apparent hole localisation in frozen solution.

3.4.5 CHARACTERISATION OF THE NITROGEN HYPERFINE INTERACTION

The nitrogen hyperfine interactions in the radical cations were investigated using 1N ESEEM and
HYSCORE at X-band and N ENDOR at W-band. The results of HYSCORE experiments performed on
[-P1*, [-P2*, [-P3* and c-P6™" are shown in figure 3.25. The results of ESEEM and ENDOR experi-

ments are shown in figure 3.27 A and C.

The HYSCORE data show that the nitrogen hyperfine couplings are reduced significantly from [-P1* to
[-P2*, as shown by the shift of the main signals from the (-,+) to the (+,+) quadrant of the HYSCORE

spectrum. No significant further changes are observed for [-P3™" and c-P6".

In the HYSCORE spectrum of [-P1™* (see figure 3.25), the double-quantum peak positions at about
(-9.0, 12.5) MHz and (-12.5, 9.0) MHz indicate an out-of-plane nitrogen hyperfine coupling of about
10.5 MHz. The isotropic hyperfine coupling was found to be 4.05 MHz from the simulations of the
room temperature cw-EPR spectrum. The hyperfine and nuclear quadrupole interaction parameters
predicted by DFT for the B, radical state agree quite well with the experimental results, while the
calculations for the 2A radical state predict much smaller nitrogen hyperfine couplings, confirming

the assignment of the EPR data to the B; state (see figure 3.26 A and B).
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FIGURE 3.25: Experimental X-band 14N HYSCORE spectra recorded at 80 K for [-P1*, [-P2F, [-P3+ and c-P6.
The double-quantum cross-peak positions calculated as described in the text are superimposed in black.
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Ficure 3.26: (A,B) HYSCORE simulations using the nitrogen hyperfine and nuclear quadrupole interaction
parameters predicted by DFT for the 2A and 281 radical states of [-P1". The simulation parameters are A
= [-1.49, -1.51, -6.25] MHz, Q = 2.39 MHz and # = 0.47 for the 2A state and A = [-0.17, -0.44, 10.02] MHz,
Q = 2.13 MHz and 5 = 0.83 for the ZBl state. (C) HYSCORE simulations using the nitrogen hyperfine and
nuclear quadrupole interaction parameters predicted by DFT for [-P2"t. The simulation parameters are A =
[-0.09, -0.22, 4.77] MHz, Q = 2.22 MHz and 7 = 0.69 for the external nitrogen nuclei and A = [-0.16, -0.30,
-4.39] MHz, Q = 2.22 MHz and 7 = 0.72 for the internal nitrogen nuclei of the dimer molecule. The simulations
were performed using EasySpin [23].

In the [-P2" HYSCORE spectrum, the main signals are shifted to the (+,+) quadrant, indicating a
change from the strong to the weak coupling regime. The out-of-plane hyperfine coupling can again
be estimated from the ends of the double-quantum ridges and amounts to about 4.5 MHz. The sig-
nificant reduction in nitrogen hyperfine coupling suggests complete delocalisation of the unpaired
electron over the two porphyrin units in the porphyrin dimer. The simulation performed based on
the interaction parameters predicted by DFT for complete delocalisation in [-P2" are shown in fig-

ure 3.26 C and agree well with the experimental results.

The HYSCORE spectra of [-P3™* and c-P6* are almost identical to that of [-P2*, following the trend
already observed for the 1H ENDOR data. This is confirmed by comparison to simulations performed
analogously to those described in the previous section. As the hyperfine couplings can be determined
most easily from the double-quantum cross-peaks of the HYSCORE spectra, the experimental results
are compared to the calculated double-quantum cross-peak positions in figure 3.25. There is a good
agreement between the experimental and calculated peak positions for [-P1* and [-P2", however,
for [-P3" and c-P6" lower transition frequencies are predicted, corresponding to smaller hyperfine

couplings than those observed experimentally.
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FiGURE 3.27: (A) FT spectra of experimental X-band 14N three pulse ESEEM recorded at 80 K for [-P3'F, [-P6'T,
c-P6t and t-P1 2-T6'2+. (B) Simulations of the ESEEM frequency domain spectra for the linear porphyrin arrays
in case of complete delocalisation performed with the procedure described in the text. All ESEEM spectra are
normalised to one. (C) W-band 1*N ENDOR spectra recorded at 60 K for [-P2'F, [-P4+, [-P6'F, c-P6'F and c-
P6.-T6'*. (D) Simulations of the ENDOR spectra for the linear porphyrin arrays with two to six porphyrin units
assuming complete delocalisation performed according to the procedure described in the text.

Three-pulse ESEEM was also recorded for [-P3', [-P6, c-P6-T6" and t-P12-T6, and the correspond-
ing FT spectra are shown in figure 3.27 A. The ESEEM spectra are characterised by two well-defined
peaks at around 2-3 MHz in all cases, with some broader low intensity peaks at lower frequencies.
The additional low intensity peaks at higher frequencies (4-6 MHz) are likely combination peaks. The
appearance of the spectra is characteristic of the weak-coupling regime (see section 2.2.5), where
information on the hyperfine couplings is difficult to extract without simulations. Nevertheless, the
fact that the position of the main peaks remains unchanged for [-P3'*, [-P6t and c-P6-T6", with only
small changes in relative intensity and in the low frequency region (figure 3.27 A), suggests that no
significant change in hyperfine couplings occurs for oligomers with more than two porphyrin units.
Slightly more pronounced changes are observed for t—P12‘T65r and would be in agreement with in-
creased delocalisation, as also indicated by the 1H ENDOR results. A more detailed analysis and
interpretation is complicated by the additional presence of signals due to the nitrogen nuclei on the

template.
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Since the experimental data for the longer oligomers is not sufficiently well resolved to attempt fitting
of the hyperfine and nuclear quadrupole couplings of multiple, potentially different, nitrogen nuclei,
the experimental results were compared to simulations performed with the same procedure described
in section 3.3.5 and used in the previous section for the simulation of 1H ENDOR spectra. Three-pulse
ESEEM simulations for the linear oligomers were performed assuming complete delocalisation of the
unpaired electron over the whole porphyrin system (see figure 3.27 B). The simulations predict the
occurrence of more significant changes in both peak positions and relative intensities with respect
to those observed experimentally. The experimental spectra recorded for [-P3*, [-P6" and c-P6.T6*
most resemble the simulations for delocalisation over two or three porphyrin units, in agreement with

the results from the 'H ENDOR experiments.

The *N Mims ENDOR measurements performed at W-band for [-P2*, [-P4*, [-P6™, c-P6F and c-
P6-T6" are shown in figure 3.27 C. The low signal-to-noise ratio for the linear oligomers unfortunately
makes an accurate analysis impossible, but it is still clear that no significant change, in particular of
the width of the N ENDOR spectrum, occurs as a function of oligomer size and geometry. Simula-
tions were again performed for the linear oligomers assuming complete delocalisation and using a
broadening leading to a reasonable agreement with the experimental data (see figure 3.27 D). The
simulations show a slight narrowing as a function of oligomer size, but the differences lie within the
noise of the experimental data and therefore the results of the W-band N ENDOR measurements

were inconclusive.

The analysis of the N HYSCORE and ESEEM data of the linear oligomers suggests localisation of
the spin density on mainly two to three porphyrin units, in agreement with the results of the previous
section. Similar conclusions can be drawn regarding the cyclic porphyrin systems; the small changes
in the experimental data between the linear oligomers and c-P6™ or ¢-P6-T6'* are most likely due to

slightly different spin density distributions in the planar and bent systems.

The effect of uneven spin density distributions was investigated using the same approach as de-
scribed for the 'H ENDOR results in the previous section. The results approximately mirror those
obtained for the 'H ENDOR data, however the differences in RMSDs between different spin density
distributions are much smaller, making it harder to clearly identify a minimum. The reduced sensitiv-
ity of the experimental 14N hyperfine data towards the spin density distribution is partly due to the
presence of the nuclear quadrupole interaction, which determines the appearance of the spectra in
the presence of only small hyperfine couplings. The analysis would be much simplified on 15N isotope
substituted porphyrin systems, as the changes in the spectra would then only depend on the hyper-
fine interaction. Selective isotope substitution for certain types of nitrogen nuclei could provide the
possibility of investigating end-group effects in the linear porphyrin oligomers and could potentially
allow determination of the spin density on each of the porphyrin units in larger systems, thus allow-
ing the distinction between coherent delocalisation with an uneven spin density distribution and hole

hopping in the investigated porphyrin arrays.
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3.5 CONCLUSIONS

The extent of electron spin delocalisation in linear and cyclic meso-to-meso butadiyne linked por-
phyrin arrays was investigated at room temperature and in frozen solution by a combination of con-
tinuous wave and pulse EPR techniques. At room temperature, the electron delocalisation length was
determined through the EPR linewidth, while at low temperatures ENDOR and ESEEM data provided a

direct measure of the 1H and 1N hyperfine coupling parameters.

At room temperature, the electron is completely delocalised or hopping faster than the EPR timescale
(ca. 107 s’l) for all of the investigated systems containing up to six porphyrin units in a linear or
cyclic arrangement. The low temperature data on the other hand, were interpreted in terms of limited
delocalisation, either by localisation of the unpaired electron on two to three porphyrin units or by

uneven spin density distributions with the largest contributions on only part of the porphyrin system.

The results of frozen solution W-band EPR, W-band ENDOR and X-band ESEEM measurements show
only minor changes for the linear porphyrin systems containing more than two porphyrin units, indi-
cating a similar extent of delocalisation as in the porphyrin dimer. Simulations based on hyperfine
parameters determined from model spin density distributions derived from DFT results confirm that
the observed hyperfine couplings correspond to spin densities localised mainly on two to three por-
phyrin units in all of the linear porphyrin arrays. Larger deviations are observed for the cyclic arrays
of porphyrins, particularly in the W-band EPR spectra, where an inversion of the g, and g, values oc-
curs, and suggest changes occurring in the electron distribution as a result of the different geometry
and absence of end-group effects. Simulations explicitly considering the differences in geometry lead
to a similar conclusion as for the linear systems, i.e. localisation of the electron on about three of

the six porphyrin units.

Further investigations would be required to determine the exact nature of the charge localisation. EPR
measurements performed after selective isotope substitution could potentially provide more precise
information on the mechanism of delocalisation. However, localisation on two rather than a single
porphyrin unit would imply faster hole hopping and improved conjugation between the porphyrin units

compared to previously investigated systems [68, 80, 81, 83].

This is the first extensive EPR study, including direct measurements of the hyperfine couplings through
pulse ENDOR and ESEEM techniques, of a series of radical cations of porphyrin arrays with up to six
units from room temperature down to cryogenic temperatures. The extent of electron delocalisation
is reflected not only in the hyperfine values of proton and nitrogen nuclei, but also in the g-anisotropy
that can be detected at high fields. The results suggest that, in order to obtain an accurate estimate
of the electron delocalisation length in frozen solution, direct measurements of the hyperfine cou-
plings using either ENDOR or ESEEM are desirable, as anisotropies and dynamical effects influence
the low temperature EPR lineshape preventing an unequivocal correlation between the peak-to-peak

linewidth and the extent of electron delocalisation.

85



CHAPTER 3 - Electron Delocalisation in Radical Cations of Porphyrin Arrays

The results have further shown that the available EPR techniques for the study of electron delocal-
isation lengths in materials proposed as molecular wires or in artificial supramolecular structures
mimicking natural photosynthetic pigment arrays can be extended to pulse ENDOR and both one-
and two-dimensional ESEEM techniques. These techniques can provide additional information that
remains unresolved in the EPR spectra and are particularly useful for investigations of the low tem-

perature behaviour of these types of systems.
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4 TRIPLET STATE DELOCALISATION IN PORPHYRIN

SYSTEMS

The investigation on the electron delocalisation in the radical cations of linear and cyclic porphyrin
systems described in the previous chapter indicated complete delocalisation at room temperature, but
localisation onto no more than two to three porphyrin units in frozen solution for all of the systems
studied. Since significant differences in the extent of electron delocalisation in radical cations and
in triplet states, with localisation of the triplet state on a single porphyrin unit, have previously been
observed [112, 113], the investigation has been extended to the photoexcited triplet states of the

same porphyrin systems already described in section 3.1.

4.1 EPR ON TRIPLET STATES OF PORPHYRIN SYSTEMS

In the past EPR has been used extensively to study triplet state delocalisation and energy transfer
in photosynthetic reaction centres and their model systems [21, 114-123], as well as in linear ar-
rays of m-conjugated organic molecules designed as molecular wires [113, 124-128]. The extent of
triplet state delocalisation can be estimated either from the zero-field splitting (ZFS) interaction or
the hyperfine interaction parameters. The zero-field splitting interaction is often approximated using
a point-dipole model and can therefore be used to provide an estimate of the average inter-electron
distance due to the r—3 dependence. The hyperfine couplings probe the spin density at specific points
in the molecular system and should thus scale with respect to the monomer hyperfine couplings with
the number of monomeric units the triplet state is delocalised over. The zero-field splitting interaction
parameters can be obtained from the EPR spectrum, whereas the hyperfine couplings are generally
not resolved in the EPR spectrum and need to be measured using pulse EPR techniques such as EN-

DOR and ESEEM.

Triplet state ENDOR investigations have demonstrated triplet state delocalisation over the special
pair in the bacterial reaction centre of Rhodobacter sphaeroides based on a comparison of the EN-
DOR spectrum recorded on bacteriochlorophyll a in vitro with the spectrum recorded on the photo-
synthetic reaction centre. A decrease of the proton hyperfine couplings to about half in the special
pair of bacteriochlorophyll molecules was observed [121]. Analogous investigations on plant reaction

centres have shown no change in hyperfine couplings and it has been concluded that in that case the
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triplet state is localised on a single chlorophyll unit of the special pair [123]. These results led to the
conclusion that triplet state delocalisation is very sensitive to the relative position, in terms of both
distance and relative orientation, of the single units, as has also been shown by further investigations

on model systems consisting mainly of face-to-face dimers of porphyrin-type molecules [119, 122].

The triplet state delocalisation in linear mt-conjugated porphyrins proposed to act as molecular wires
has been investigated by studying the zero-field splitting interaction as a function of oligomer chain
length [113, 126, 127]. The interpretation of the results was based on the point-dipole approxima-
tion and yielded average inter-electron distances that did not exceed the dimensions of a single
monomeric unit. This led to the conclusion that the triplet state is localised on a single porphyrin
in most of these systems; in contrast to the corresponding radical cations, which typically show more
extensive delocalisation. Small changes in the zero-field splitting parameters D and E in porphyrin
dimers with different linkers have prompted the proposal of an oblate-to-prolate spin transition, with
a reorientation of the ZFS tensor, from monomers to polymer chains [113, 124]. The limitations of
the point-dipole approximation for the determination of inter-electron distances were discussed in a
recent paper by Riplinger et al. [129], where it was concluded that in systems with extensive delo-
calisation of the two unpaired electrons, the use of this model can lead to underestimation of the
inter-electron distance. This observation suggests that triplet delocalisation in highly conjugated por-
phyrin systems can be more accurately determined through the measurement of hyperfine couplings

rather than the zero-field splitting interaction.

4.2 EXPERIMENTAL METHODS

4.2.1 SAMPLE PREPARATION

The synthesised compounds were characterised and checked for purity by NMR, UV-Vis and analytical
GPC (gel permeation chromatography) in Prof. H. Anderson’s lab. The EPR measurements were per-
formed on 50-200 uM solutions of the linear and cyclic porphyrin oligomers in MeTHF:pyridine 10:1.
High concentrations (ca. 200 uM) were used for the short oligomers, while the concentration was
lowered for the longer oligomers to prevent optical saturation. Measurements of porphyrin systems
in the presence of templates were typically performed in toluene, as MeTHF is a coordinating solvent
and prevents binding of the ligand to the Zn ion. In some cases, the measurements were performed
in o-terphenyl, which allows the study of a wider range of conformations due to its higher glass tran-
sition temperature (246 K compared to 91 K for MeTHF and 117 K for toluene). The solutions were

degassed by several freeze-pump-thaw cycles and shock-frozen in liquid N».

4.2.2 TiME-RESOLVED EPR

The time-resolved EPR experiments were performed at X-band on a Bruker Elexsys 680 spectrome-

ter equipped with a helium gas-flow cryostat from Oxford instruments. Laser excitation at 532 nm
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was provided by the second harmonic of a Nd:YAG laser (Surelite Continuum) with a repetition rate of
10 Hz. Light depolarised with an achromatic depolariser was used unless otherwise stated. TR-EPR
experiments were performed by direct detection with the transient recorder without lock-in amplifica-
tion; the microwave power was 0.2 mW. The laser background signal was removed by 2D baseline-
correction determined based on the off-resonance transients. The spectra were integrated over the
first 2 us after the laser flash. Experiments were typically performed at 20 K, but no changes in the

spectra were observed at temperatures between about 100 and 5 K.

Magnetophotoselection experiments were performed with polarised light from an Opotek Opolette
Opto-parametric Oscillator (OPO) tuneable laser (20 Hz repetition rate) at wavelengths corresponding

to the region of the Q bands in the UV-Vis spectra.

4.2.3 PuLse EPR

X-band pulse EPR measurements were performed on a Bruker Elexsys 680 spectrometer with a Bruker
EN 4118X-MD4 resonator. The Q-band measurements were performed on a Bruker Elexsys 580 spec-
trometer in the National EPR facility at the University of Manchester. The measurements were per-
formed at 20 K and with laser excitation as previously described. The repetition rate of the pulse
experiments was determined by the laser repetition rate of 10 Hz (20 Hz for measurements with the

OPO).

n_._T
27 T—3

mw pulse lengths of t;,, = 24 ns, T = 120, 160, 200 ns and a radiofrequency pulse with a length

'H Mims ENDOR spectra were recorded with the pulse sequence -T- % — T — echo with
of 15 us applied during the delay T; the rf power was adjusted based on a nutation experiment.
The ENDOR spectra were recorded at the canonical field positions of the triplet state EPR spectrum;
spectra were recorded for three different T values (typically 120, 160 and 200 ns) and summed to

prevent distortions by blind spots.

X-band three-pulse ESEEM experiments were performed with the pulse sequence 5 -7—-5-T -2 -
T — echo with mw pulses of length t;,» = 16 ns and an initial T value of 64 ns with increments dt =
8 ns (1024 data points were collected). In the Q-band three-pulse ESEEM experiments, the pulse
lengths were t;/» = 20 ns and 512 data points were collected. A four-step phase cycle was used to
remove unwanted echoes. The ESEEM traces were recorded for three different 7 values (100, 160 and
200 ns) and the FT spectra were summed to avoid distortions due to blind spots. The experimental
data were processed with a home-written Matlab routine, the time traces were baseline corrected
with a stretched exponential, apodised with a Hamming window and zero-filled to 2048 data points.
The frequency spectrum was calculated using the cross-term averaging procedure implemented in

EasySpin [23, 87].

X-band HYSCORE experiments were performed using the pulse sequence 5—7-5—t;-n—t,-Z-7—echo

with mw pulses of lengths of t;,, = 16 ns, t; = 16 ns, T = 120, 160 and 200 ns and starting times
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t; = to = 64 ns with increments dt = 16 ns (data matrix 256 x 256). *N matched HYSCORE ex-
periments were performed with matched pulses instead of the second and last pulse of the standard
HYSCORE sequence. The matched pulses were applied at high microwave power and the pulse lengths
were optimised for maximum modulation depth in three-pulse ESEEM experiments with varying pulse
lengths (optimum length = 24 ns). Q-band HYSCORE was performed with pulse lengths of t;,> = 30 ns,
t, =30 ns, T = 100 and 212 ns, and starting times t; = t, = 64 ns with increments dt = 16 ns (data
matrix 256 x 256). 1N matched HYSCORE was performed at the Z~ field position with 74 ns matched
pulses and 8 ns increments; T values of 100 and 160 ns were used. A four-step phase cycle was used
to remove unwanted echoes. The experimental data were processed in Matlab; the time traces were
baseline corrected with a 3" order polynomial, apodised with a Hamming window and zero-filled to
1024 points in each dimension. A 2D Fourier transform was applied and the absolute-value spectrum

was calculated.

Q-band ENDOR was performed using the Davies sequence for the porphyrin monomer and the Mims
sequence for the porphyrin dimer at the field positions corresponding to the out-of-plane orientation
(1233.2 mT and 1235.0 mT, respectively). Davies ENDOR was performed with the w— T — % —-T-—
71 — T — echo sequence with an 88 ns inversion pulse, a 16 ns - 32 ns detection sequence and a
radiofrequency pulse of 40 us applied during time T. Mims ENDOR was performed with the pulse
sequence % -T— % -T- g — 17— echo with 20 ns microwave pulses and a 40 us radiofrequency pulse

applied during the delay T. Spectra were recorded with T values of 100, 176, 252 and 328 ns and

summed to avoid distortions due to blind spots.

ESE-detected kinetics were recorded using a two-pulse detection sequence after a variable delay after

flash (DAF): flash— DAF — 5 —t—m —7—echo with a § pulse of 16 ns and a 7 value of 120 ns.

4.2.4 SPECTRAL ANALYSIS

The spin-polarised triplet state spectra were simulated using EasySpin’s pepper routine [23]. The
zero-field splitting parameters D and E as well as the relative population probabilities at zero-field
were determined by least-square fitting of the experimental time-resolved EPR data. The analysis

was performed for an ordering of the triplet sublevels as |Z| > |Y| > |X]| (see section 1.2.5).

The relative orientations of the zero-field splitting tensors and the optical transition dipole moments
were determined based on the polarisation index calculated from the magnetophotoselection data.
Magnetophotoselection is based on photoselection with polarised light and on selection of different
orientations of the molecule in the magnetic field in different regions of the EPR spectrum (a detailed

discussion can be found in section 4.3.2). The polarisation ratio is defined as [130, 131]:

e

(i=X,Y,2) (4.1)
I+ 1t

where I:-'/l are the intensities of the derivative EPR signal for excitation with light polarised parallel

or perpendicular to the magnetic field at the field positions corresponding to the X, Y or Z orientation
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Derivative EPR spectra

Experimental EPR spectra
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FIGURE 4.1: Schematic representation of the method used for the calculation of the polarisation ratio Py for
the canonical Y transition (see equation 4.1). The derivative of the experimental EPR spectrum is calculated

and integrated over the regions corresponding to the Y canonical orientations to give I"'( and I¢.

of the ZFS tensor. The polarisation index was calculated for different wavelengths by integration of
the low- and high-field canonical regions of the derivative spectra (see figure 4.1); standard deviations
were estimated by considering different regions for the integration (derivative signal maximum +0.05-

0.40 mT).

The values of the proton hyperfine couplings along the principal axes of the ZFS tensor were de-
termined by Gaussian deconvolution of the ENDOR spectra. The deconvolutions were performed si-
multaneously for the low- and high-field canonical positions with the same hyperfine couplings and

FWHMSs.

The nitrogen hyperfine and nuclear quadrupole parameters were determined through simultaneous
least-square fitting of the X- and Q-band three-pulse ESEEM (both time and frequency domain data),
Q-band ENDOR and X- and Q-band HYSCORE data with a home-written Matlab routine. The ESEEM
simulations were performed using EasySpin’s saffron function [23, 24] to calculate the time-domain
data, which were then treated in the same way as the experimental data to obtain the frequency
domain ESEEM spectra. In analogy to the experiments, simulations were performed for three T val-
ues and the corresponding FT spectra were summed. The 1*N ENDOR spectra were also simulated
with EasySpin [23], using the salt function for Davies and the saffron function for Mims ENDOR. The
relative intensities of the Davies ENDOR peaks were only correctly reproduced if hyperfine enhance-
ment was also considered in the simulations. Since complete calculations of the HYSCORE spectra
including intensities are very time consuming, just the cross-peak positions were calculated using a
modified version of a Matlab routine written by Dr. Jeffrey Harmer, based on the exact diagonalisa-
tion of the complete Hamiltonian to determine the nuclear frequencies for every orientation of the
magnetic field. | extended the program to triplet states by including the zero-field splitting interaction

and by implementing the transition selection required for these systems.
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The optimisation of the 14N hyperfine and nuclear quadrupole parameters was performed through
Marquardt-Newton-Gauss least-square fitting. The fitting routine simultaneously optimised the agree-
ment with the X- and Q-band time and frequency domain three-pulse ESEEM data, the Q-band ENDOR
spectrum and the X- and Q-band HYSCORE spectra. The residuals for the HYSCORE data were calcu-
lated using a method proposed by Dr. Jeffrey Harmer. The HYSCORE data were defined by an array of
pairs of cross-peak frequencies determined by overlaying a grid on the experimental HYSCORE spec-
trum and selecting grid points corresponding to HYSCORE intensities above a certain cutoff value
determined by inspection. The grid points assigned to double-quantum features were also saved sep-
arately to provide stronger constraints for these features, containing the most precise information on
the hyperfine couplings. The unique pairs of cross-peak frequencies calculated for a certain set of
hyperfine and nuclear quadrupole parameters were also saved in an array. The program then loops
through the set of calculated frequency pairs for each of the experimental pairs of frequencies to find

the closest match, which is then used to compute the residual.

The weighting of the different types of datasets used for the fitting was adjusted by normalisation
of the root-mean-square deviations with respect to the initial simulation parameter set. A larger
weighting was used for the ENDOR data and HYSCORE double-quantum cross-peak data (six and five
times larger, respectively), as they contain the most precise information on the hyperfine and nuclear

quadrupole parameters.

A distribution of hyperfine and nuclear quadrupole parameters was used in the simulations to repro-
duce the features observed in the experimental ENDOR and HYSCORE data (see discussion in section
4.3.4). A Gaussian weighting function centred on the mean value of each of the parameters and with
a full width at half maximum of 2.5 MHz was used. Skewed weighting functions did not correctly re-
produce the features observed in the experimental data, i.e. a broad peak in the ENDOR spectrum
and ridges in the HYSCORE spectra. The centres and widths of the distributions of the three principal
values of the hyperfine tensor and of the nuclear quadrupole parameters Q and 7 were optimised in
the fitting routine. The orientations of the hyperfine and nuclear quadrupole tensors with respect to
the zero-field splitting tensor were kept fixed at the values obtained from DFT calculations, which are
in agreement with previous findings on similar porphyrin systems [132]. The error on the simulation
parameters was evaluated by performing a grid search in the proximity of the optimised values and
considering the root-mean-square deviation values as well as assessing the goodness of fit by visual

inspection for the simulations with the lowest RMSD values.

4.2.5 COMPUTATIONAL METHODS

The ground-state optimised geometries described in the previous chapter were used as a starting
point for triplet state geometry optimisations performed in ORCA [91] with the BP86 functional and

the SV(P) basis set, using the Rl (resolution of identity) approximation with the auxiliary SV/J basis set.

92



CHAPTER 4 - Triplet State Delocalisation in Porphyrin Systems

The THS groups were replaced by hydrogen atoms and the resulting structures were optimised with-
out symmetry constraints. Calculations of the zero-field splitting interaction were performed accord-
ing to the procedure published by Sinnecker et al. [5], using the B3LYP functional and the EPRIl basis
set [92] and calculating the spin-spin contribution to the ZFS using computed UNO (spin-unrestricted
natural orbital) determinants. The results were compared to calculations with the BP86 and BHLYP
functional to evaluate the extent of the self-interaction error and no significant difference was found.
The spin-orbit part of the zero-field splitting interaction was initially also calculated, but the resulting
contribution to the D-value was overestimated by orders of magnitude due the difficulty in obtaining

accurate results in spin-orbit calculations, hence only the spin-spin contributions were considered.

Time-dependent DFT calculations were performed on [-P1 to determine the nature of the first excited
triplet state. The calculations were again performed with the B3LYP, BP86 and BHLYP functionals
and the def2-TZVP and def2-TZVP/C basis sets [89] with the Rl approximation. The calculations were
performed with the Tamm-Dancoff approximation (TDA) [133]. In all cases the first excited triplet state

was predicted to arise mainly from the HOMO — LUMO electronic transition (85 to 100%).

The hyperfine and nuclear quadrupole interaction parameters were calculated with the B3LYP func-
tional and the EPRIl basis set, purposely developed for the calculation of EPR hyperfine interaction

values, for the C, N and H nuclei [92-94], and the 6-31G(d) basis set for Zn.

The effect of a coordinating pyridine molecule on the geometry of the porphyrin ring in P1 was investi-
gated by performing a relaxed surface scan with fixed distances between the zinc ion of the porphyrin
and the nitrogen atom of the pyridine molecule ranging from 2 to 4.4 nm with 0.2 nm increments. The

hyperfine and nuclear quadrupole interaction parameters were calculated for each of the structures.

4.3 REsuLTs AND DiscussioN

4.3.1 TiMe-REsOLVED EPR

The time-resolved EPR spectra of the porphyrin monomer ([-P1) and dimer (I-P2) obtained as an av-
erage of the transients up to 2 us after the laser flash are shown in figure 4.2. The spectra were
recorded at 20 K, where the triplet state has a lifetime of the order of milliseconds. The zero-field
splitting parameters and the relative sublevel populations, giving rise to the strongly spin polarised

spectral shapes, were obtained by simulation and the results are summarised in table 4.1.

The zero-field splitting parameters determined for the porphyrin monomer are in agreement with the
results of previous studies on similar molecules [126, 134]. The D-value of molecules with oblate
symmetry such as porphyrins is typically positive and the Z-axis of the ZFS tensor corresponds to
the out-of-plane orientation [135]. This has been confirmed for porphyrin monomer investigated here
by magnetophotoselection experiments, which will be discussed below. The EPR spectrum is char-

acterised by an AAAEEE spin polarisation, indicating preferential population of the out-of-plane (Z)
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FIGURE 4.2: Experimental X-band time-resolved EPR spectra of the porphyrin monomer [-P1 and dimer [-P2 in
MeTHF:pyridine 10:1 recorded as an average up to 2 us after the laser pulse at 20 K. Simulations with the
parameters reported in table 4.1 are compared to the experimental data. The ordering of the triplet sublevels
was chosen as |Z| > |Y| > | X| and the six canonical positions are indicated (A = absorption, E = emission).

triplet state sublevel. It is known from the literature that in free base porphyrin intersystem crossing
(ISC) leads to preferential population of the in-plane triplet sublevels, while in the presence of zinc,
the ISC mechanism changes and leads to an almost exclusive population of the out-of-plane sublevel
[136-138]. The rates of triplet state sublevel population, as well as decay, are determined by two
contributions, a Franck-Condon overlap integral, which is the same for all triplet state sublevels, and
an electronic matrix element of the spin-orbit coupling Hamiltonian, which is characteristic for each
sublevel and determines the selective populations of the triplet state sublevels [137, 139]. In free
base porphyrins, as in aromatic hydrocarbons, the ISC mechanism is governed by Herzberg-Teller vi-
bronic coupling and is selective for the in-plane sublevels, for which on* and o™ states are admixed
to the mm* states due to out-of-plane vibrations [137, 139]. In the presence of zinc, an additional
direct coupling matrix element arises from the mixing of the Zn d-orbitals with the 7t system of the

porphyrin [136] and determines the selective population of the out-of-plane sublevel.

The D-value of the porphyrin dimer is significantly larger than the value determined for the porphyrin
monomer, in contrast to what would be expected in case of more extensive delocalisation due to the
r3 dependence (see section 1.2.5). The E/D ratio has also increased, indicating increased in-plane

asymmetry. The spin polarisation of the porphyrin dimer spectrum is AAEAEE and is characteristic of

TaBLE 4.1: Zero-field splitting parameters and relative zero-field sublevel populations for [-P1 and linear
oligomers [-P2 to [-P6 determined through simulation of the time-resolved EPR spectra recorded after ex-
citation at 532 nm and shown in figures 4.2 and 4.3.

|D| [MHz] |E] [MHZ] E/D Pc:Py:Ps
[-P1 898+5 161+2 0.18 0.00:0.05:0.95
[-P2 1117 +9 284+ 2 0.25 0.00:0.90:0.10
[-P3 1169+7 269+ 2 0.23 0.00:0.53:0.47
[-P4 1195+8 27342 0.23 0.00:0.47:0.53
[-P5 1201 +8 254+ 2 0.21 0.00:0.24:0.76
[-P6 1199+9 260+ 3 0.21 0.00:0.26:0.74
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a preferential population of the Y triplet sublevel. A potential explanation for the observed changes is
a transition from an oblate to a prolate spin distribution, occurring due to delocalisation of the triplet
state over both porphyrin units in the dimer. The occurrence of such a transition has been proposed
before for molecular wire-type systems based on a variation of the E/D ratio as a function of the
size of the system [113, 125, 128]. This would lead to a change of the sign of the D-value and a
reorientation of the ZFS tensor with the axis of maximum dipolar coupling Z now lying in-plane along
the long axis of the molecule. Since the magnitude of the D-value of a triplet state with a prolate spin
distribution is twice as large as that of an oblate spin distribution for the same average inter-electron
separation, this would explain the observed increase in D. The change of the out-of-plane sublevel
from Z in the monomer to Y in the dimer would also explain the observed spin polarisation, assuming

the ISC is still promoted by the zinc spin-orbit coupling.

The time-resolved EPR spectra of the porphyrin trimer (([-P3), tetramer ((-P4), pentamer ((-P5) and
hexamer ([-P6) obtained as an average of the transients up to 2 us after the laser flash are shown
in figure 4.3. The zero-field splitting parameters and the relative sublevel populations are also sum-
marised in table 4.1. The triplet yields of [-P1 and [-P2 are high and thus strong EPR signals are

observed, but the triplet yields of the larger linear and cyclic systems decrease significantly [140],
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FiGure 4.3: Experimental X-band time-resolved EPR spectra of the porphyrin trimer ((-P3), tetramer ((-P4),
pentamer ([-P5) and hexamer (I-P6) in MeTHF:pyridine 10:1 recorded as average up to 2 ys after the laser
pulse at 20 K. Simulations with the parameters reported in table 4.1 are compared to the experimental data.
The ordering of the triplet sublevels was chosen as |Z| > |Y| > | X| and the six canonical positions are indicated
(A = absorption, E = emission).
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complicating the EPR measurements considerably. The lower triplet yields have been attributed to

faster radiative and non-radiative decay of the first excited singlet states in the longer oligomers.

The D-values of the longer oligomers are similar to those of the porphyrin dimer with only slight
increases of 5-7%. The E-values are also very similar, indicating a similar degree of asymmetry in
the plane perpendicular to the Z axis of the ZFS tensor. The spin polarisations do, however, change
significantly; in [-P3 the spin polarisation is characteristic of almost equal sublevel populations for
the Y (out-of-plane) and Z (long axis) sublevels and for the longer oligomers the relative population of

the out-of-plane sublevel decreases further, while it increases accordingly for the long axis Z sublevel.

The zero-field splitting parameter D has often been used to estimate the extent of triplet state delo-
calisation by exploiting a description of the ZFS interaction based on the point-dipole approximation
[113, 124-128]. The calculation of the average inter-electron distance from the experimental D-
values yields estimates of about 3.5 A for [-P1 and about 4.1 A for [-P2 to I-P6 (the meso-to-meso
distance of the porphyrin amounts to about 6.9 A). This would lead to the conclusion that the triplet
state is localised on a single porphyrin unit. A study on nitroxide biradicals by Riplinger et al. [129]
investigated the limitations of the point-dipole approximation in the description of electron-electron
dipole couplings and came to the conclusion that it is not applicable in case of extensive delocali-
sation and unsaturated linkers. Distributed point-dipole approximation approaches or quantum me-
chanical calculations were suggested as better methods for the interpretation of zero-field splitting

parameters in such systems.

The calculation of ZFS parameters for the triplet states of aromatic molecules with a distributed point-
dipole approximation, as proposed by Visser and Groenen [141], is based on the assumption that
the triplet wavefunction can be described as a linear combination of the atomic p-orbitals, modelled
by two half-point spins separated by 61 pm from the nucleus on both sides of the porphyrin plane.
The ZFS D-value can then be calculated as a sum of two-centre terms with weights given by the
coefficients of the molecular orbitals occupied by the two unpaired triplet spins. This method has been
further refined and modified to include spin polarisation effects for the study of fullerene triplet states
by van Gastel [142, 143]. The D-values calculated using this method for the porphyrin monomer and
dimer with the Mulliken spin populations of the HOMO and LUMO of the corresponding ground states,
obtained by DFT calculations performed in ORCA [91], correctly reproduce the change in sign and the
increase in magnitude from [-P1 to [-P2, but the predicted values deviate quite significantly from the

experimental results.

The ZFS interaction parameters of [-P1 and [-P2 were also calculated by DFT, as described in sec-
tion 4.2.5. Based on the results of time-dependent DFT calculations performed for [-P1, which as-
signed the first excited triplet state mainly to the HOMO — LUMO transition, the ZFS interaction was
calculated for this electron configuration. The D- and E-values calculated for [-P1 at the B3LYP/EPRII
level are 492 MHz and 120 MHz, for [-P2 they are equal to -609 MHz and -72 MHz. DFT correctly pre-
dicts the change in sign and orientation of the ZFS tensor and the calculated E/D ratio is relatively
close to the experimental one. The absolute values, however, differ quite significantly, by almost a fac-

tor of two. The reasonable agreement between the calculated and experimental hyperfine couplings
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(discussed below) provides a validation of the DFT wavefunction; hence the observed disagreement
seems to be related to the calculation of the ZFS interaction. A similar discrepancy between experi-
mental and calculated D-values was observed for a series of polyacenes [5, 144] and was attributed
to the limitation of DFT to predict ZFS interaction parameters for large aromatic systems accurately.
Better agreement was in that case obtained using CASSCF (Complete Active Space Self-Consistent
Field) calculations with the inclusion of static 7-electron correlation. Given the multi-configurational
nature of porphyrins, a description at CASSCF level would certainly be more accurate, however, cur-
rently the computational cost for performing this type of calculation for the systems investigated
here is significant and seems unwarranted given that DFT still correctly predicts the relative changes
in ZFS parameters: experimentally an increase of the magnitude of D by 26% from [-P1 to [-P2 is

observed and DFT predicts an increase of 24 %.

For the longer oligomers, DFT predicts uneven spin density distributions with increased spin density
on the central porphyrin units (see figure 4.4) and the D-values decrease slightly with respect to [-P2,
e.g. for [-P3 and [-P4 the D-values predicted with different functionals correspond to 75-86% of the
[-P2 D-value.

The changes of the relative sublevel populations from [-P2 to [-P6 indicate a difference in the mecha-
nism of triplet state formation, leading to increased population of the Z in-plane sublevel correspond-
ing to the tensor axis collinear with the long axis of the porphyrin arrays. Possible explanations for
the change in selectivity of triplet state sublevel populations would be a change in the ISC mecha-
nism or triplet state formation through either intra- or intermolecular triplet-triplet energy transfer.
The spin polarisation of a triplet state arising from triplet-triplet energy transfer can be predicted
based on the sublevel populations of the donor triplet state, P,-D (i = X,Y,Z), and the relative orien-

tation of donor and acceptor due to the conservation of spin angular momentum [145-147]. The

FiIGURE 4.4: Spin density distributions in the first excited triplet state calculated with B3LYP/EPRII for the opti-
mised geometries of [-P1 to [-P6.

97



CHAPTER 4 - Triplet State Delocalisation in Porphyrin Systems

sublevel populations of the acceptor, P,A (i=X,Y,Z), can be calculated as [145, 146]:

P,-A = Zcos2 6,~J~Fj-D
J

(4.2)

where 6;; is the angle between the principal axis j of the zero-field splitting tensor of the donor and
the zero-field splitting axis i of the acceptor. The observed spin polarisations in [-P3 to [-P6 could
not be reproduced by considering intramolecular energy transfer between adjacent porphyrin units
at varying angles with respect to each other or intermolecular energy transfer between stacked por-

phyrin oligomers.

In terms of ISC, an alternative mechanism driving population mainly into the sublevel correspond-
ing to the long axis of the molecule and becoming more dominant as the oligomer length increases,
would explain the observed spin polarisations. In order to verify the likeliness of this hypothesis, time-
resolved EPR measurements were performed on the free base oligomers, where ISC is not affected
by the direct spin-orbit coupling contribution of the zinc ion. Magnetophotoselection and ENDOR ex-

periments were performed on the free base porphyrins to determine whether the same changes as

TABLE 4.2: Zero-field splitting parameters and relative sublevel populations of the zinc and free base por-
phyrins determined through simulation of the time-resolved EPR spectra recorded at wavelengths correspond-
ing to the planar conformations (645, 750, 800 and 830 nm for the zinc porphyrins and 680, 740, 780 and
810 nm for the free base porphyrins).

Zinc porphyrin Free base porphyrin

D [MHz] E [MHz] Px:Py: Py D [MHz] E [MHz] Px:Py:P;
[-P1 898+5 161+2 0.00:0.05:0.95 1024+3 144+ 2 0.53:0.47:0.00
[-P2 1117+9 284+2 0.00:0.88:0.12 1053+3 311+4 0.29:0.00:0.71
[-P3 1169+7 269+2 0.00:0.46:0.54 1087 +3 321+2 0.08:0.00:0.92
[-P4 1195+8 273+2 0.00:0.28:0.72 1116+6 308+5 0.04:0.00:0.96
A B
LP1 LP1
LP2 LP2
(H13Ce):
LP3 LP3
LP4 P4
Zn Free base
3(I)0 I 32IO I 3)10 I 360 I 35;0 I 400 3(;0 I 32IO I 34I10 I 360 I 38I0 I 400
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FiGure 4.5: Experimental X-band time-resolved EPR spectra of the zinc (A) and free base (B) porphyrins with
one to four units in MeTHF:pyridine 10:1 recorded as average up to 2 us after the laser pulse at 20 K. The
spectra were recorded after excitation at wavelengths corresponding to the planar conformations (645, 750,
800 and 830 nm for the zinc porphyrins and 680, 740, 780 and 810 nm for the free base porphyrins).
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observed for the zinc porphyrins occur as a function of the number of porphyrin units and are sum-
marised in appendix A. As will be discussed in section 4.3.5, different conformations contribute to the
EPR spectrum for excitation at 532 nm, therefore the spectra recorded after excitation at wavelengths
selecting the planar conformations are considered here. The time-resolved EPR spectra recorded for
the zinc and free base porphyrin oligomers with one to four units are compared in figure 4.5 and the

relative sublevel populations determined through simulation are reported in table 4.2.

The spin polarisation of the free base monomer corresponds to almost equal population of the two
in-plane sublevels, as reported in the literature for other free base porphyrins, and is characteristic
of ISC mediated by vibronic coupling [137, 148]. Magnetophotoselection and ENDOR measurements
reported in appendix A confirm that an analogous change from an oblate to a prolate spin distribution
from the free base monomer to the longer oligomers, as proposed for the zinc porphyrin systems, oc-
curs. The progressive increase of the long axis sublevel population from the free base monomer to the
oligomers reflects the analogous increase observed for the zinc porphyrins and supports the hypoth-
esis of a competing ISC mechanism (see figure 4.6). The sublevel populations of the zinc porphyrins
can be calculated as linear combinations of the free base populations, arising from the vibronic con-
tribution of the porphin ring to ISC, and the theoretical populations obtained assuming the direct zinc
spin-orbit coupling to be the only populating mechanism and leading to population of only the out-of-
plane sublevel (P; = 1, Py, P, =0 for [-P1 and Py = 1, Py, P> = O for the longer oligomers). The relative

contribution of the two mechanisms determined by least-square fitting is reported in figure 4.6 C.
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FIGURE 4.6: Relative triplet state sublevel populations for the free base (B) and zinc porphyrins (C) determined
from the experimental EPR data as a function of the number N of porphyrin units. The populations correspond
to the three principal axes of the zero-field splitting tensor: out-of-plane, along the phenyl rings and along the
long axis of the molecule as shown in (A). The shaded area in the graph for the zinc porphyrins represents the
populations calculated as linear combinations of the free base populations, originating from the vibronic spin-
orbit coupling mechanism, and the populations predicted for the direct zinc spin-orbit coupling mechanism.
The contribution of the vibronic mechanism to the ISC would correspond to 0.05, 0.13, 0.56 and 0.73 for [-P1,
[-P2, [-P3 and [-P4, respectively.
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The contribution of the porphin ring to the ISC populating mechanism is promoted by admixture of
ni* and o7 character to the 7r* triplet state induced by out-of-plane vibrations [137, 149]. The
increasing vibrational freedom of longer porphyrin oligomers could thus explain the increasing impor-
tance of this vibronic spin-orbit coupling contribution to the ISC mechanism and why it seems to be

favoured over the direct zinc spin-orbit coupling contribution in the zinc porphyrins.

The spin polarisation of the triplet state EPR spectra of the porphyrin oligomers was found to also
depend on the solvent system as shown in figure 4.7. These results show that the population of the
out-of-plane sublevel with respect to the long axis sublevel is very sensitive to the porphyrin envi-
ronment. Excitation wavelength-dependent measurements in MeTHF and o-terphenyl on [-P3 have
shown that the difference persists at wavelengths corresponding to the planar conformations (see
section 4.3.5), ruling out the contribution of different conformations as the principal cause for the
observed changes. If the spin polarisation of the longer oligomers is determined by vibronic spin-orbit
coupling, changes in solvation and zinc coordination could influence the relative importance of the
two ISC mechanisms and explain the sensitivity of the relative sublevel populations to changes in ex-
perimental conditions. However other factors cannot be excluded and most likely a combination of
solvent interactions, solvent-dependent spectral shifts, potential aggregation or long-range order, in

addition to changes in the ISC mechanism, contribute to the observed solvent dependence.
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FiIGURE 4.7: Time-resolved EPR spectra recorded at 20 K after excitation at 532 nm for [-P3 (A), [-P4 (B) and
[-P6 (C) in different solvent mixtures. The corresponding relative sublevel populations determined through
simulation are shown in (D).
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4.3.2 MAGNETOPHOTOSELECTION EXPERIMENTS

In the discussion of the time-resolved EPR spectra so far it has been assumed that the D-value is
positive for the porphyrin monomer and it has been proposed that the sign changes in the longer
oligomers due to delocalisation. In order to verify this assumption and to provide clear experimental
proof for the proposed reorientation of the zero-field splitting tensor, magnetophotoselection experi-

ments were performed.

Magnetophotoselection combines magnetoselection provided by the orientational selectivity in EPR
and photoselection using linearly polarised light in order to determine the relative orientation of the
principal axes of the ZFS tensor and the optical transition moments [130, 131, 150, 151]. Light po-
larised parallel or perpendicular to the magnetic field excites a distribution of molecular orientations
with a probability of cos? 6, where 8 is the angle between the axis of the optical transition moment
and the light polarisation vector. The triplet state EPR spectrum then shows intensity enhancement
at magnetic field values corresponding to the excited orientations of the molecule with respect to
the magnetic field vector as illustrated in figure 4.8. For example, assuming that for the porphyrin
monomer the optical transition moment Q, is aligned with the Y axis of the ZFS tensor, excitation
with light polarised parallel to the magnetic field will select orientations of the molecule with the
triplet Y axis aligned with the magnetic field (see figure 4.8, left). This leads to enhancement of the

Y transitions compared to the EPR spectrum recorded with depolarised light. Excitation with light

Parallel Perpendicular

X
optical transition
=

moment =

X+

FIGURE 4.8: Schematic illustration of the principle of magnetophotoselection for the porphyrin monomer ex-
cited at a wavelength corresponding to the Q,, optical transition for the relative orientation of the ZFS tensor
(X, Y, Z) and the optical transition moment indicated in the inset. Linearly polarised light only excites a subset
of orientations as indicated by the arrows for light polarised parallel or perpendicular to the magnetic field.
This leads to a relative enhancement of the corresponding lines in the EPR spectrum and attenuation of the
lines belonging to the other orientations with respect to the depolarised spectrum (shown in grey).
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polarised perpendicular to the magnetic field selects different orientations of the molecule (see fig-
ure 4.8, right), with the triplet X or Z axes aligned with the field. Hence the corresponding transi-
tions in the EPR spectrum will be enhanced, while the Y transition, corresponding to orientations not
selected with the perpendicularly polarised light, will be attenuated. A comparison of the two EPR
spectra shows that in case of alignment of the optical transition moment with a triplet axis, the cor-
responding transitions are expected to be enhanced for excitation with light polarised parallel to the

field and attenuated for excitation with light polarised perpendicular to it.

In order to determine the relative orientation of the ZFS tensor and the optical transition moments, a
polarisation index P, is defined for each canonical orientation i (i = X, Y, Z) as described in equation 4.3
[130].
P =l 3n-1
Mt 1+3k+n

(4.3)

where I,‘-'/J‘ are the intensities of the derivative EPR signal for excitation with light polarised parallel or
perpendicular to the magnetic field, r; is the component of the polarisation of the optical transition
moment along the ith axis of the ZFS tensor and k is a constant introduced to include the percentage
of depolarised light present or other depolarising effects [130]. In principle the exact angle between
each ZFS tensor axis and the optical transition moment could be determined based on equation 4.3,
however uncertainty in the value of the constant k and difficulties in exciting a single optical transi-
tion often prevent this. Nevertheless, some simple rules based on this equation have been devised
for aromatic molecules, which typically have optical transition moments lying in the plane of the

molecule (XY plane) [130, 150]. In that case, three situations can be distinguished [150]:

- B>0and P.; <0: The ZFS axis j lies within 0 —35° of the optical transition moment.

- P >0, P >0and P; <0: The ZFS axis j lies within 35-55° of the optical transition moment (and
the axis i within 125 —145°).

- P <0, >0 and P; <0: The ZFS axis j lies within 55-90° of the optical transition moment.

The UV-Vis spectra of the porphyrin monomer and oligomers are shown in figure 4.9. The UV-Vis
spectra of porphyrins are characterised by two groups of absorption bands, the B or Soret bands
around 450 nm and the Q bands at higher wavelengths. The appearance of porphyrin UV-Vis spectra
was first explained by a four-orbital model by Gouterman [152, 153]. The HOMO and HOMO-1 (a;,
and ay,, for Dy, symmetry) as well as the LUMO and LUMO+1 (e, for Dyj, symmetry) levels are usu-
ally degenerate, or close to degenerate, depending on the symmetry of the system. Due to the near
degeneracy of the configurations arising from the transitions between these orbitals, strong config-
uration interaction occurs. This causes constructive and destructive combinations of the transition

dipoles giving rise to the strong allowed B bands and the weak forbidden Q bands, respectively.

The UV-Vis spectra of the longer oligomers show a red-shift, broadening and intensification of the
Q band absorption and a broadening of the B band absorption. The broadening has been attributed

to the contribution of different conformations based on Kasha's model for exciton coupling [62]. The
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FiIGURE 4.9: Room temperature UV-Vis spectra of [-P1, [-P2, [-P3, [-P4, [-P5 and [-P6 in MeTHF:pyridine 10:1.

red-shift and the intensification of the Q band has been attributed to the increased conjugation length
in the oligomer systems [154, 155]. In addition to this, due to changes in energy and symmetry of the

frontier orbitals, the Q band transitions are not forbidden or quasi-forbidden anymore [155].

The time-resolved EPR spectra recorded after excitation with linearly polarised light at wavelengths
corresponding to both the Q, and Q, transitions for [-P1 and [-P2 and only to the Q, transition for
[-P3 and [-P4 are shown in figure 4.10. As previously discussed, for optical transition moments lying
within 0-35° of a triplet axis, the EPR intensity of the corresponding triplet transition will be enhanced
for excitation with light polarised parallel to the field and attenuated for light polarised perpendicular

to it.

This qualitative rule indicates that in [-P1 the triplet Y axis is approximately aligned with the optical
Q, transition (A = 645 nm) and the triplet X axis is approximately aligned with the optical Q, transi-
tion (A = 600 nm). This identifies the X and Y axes of the ZFS tensor as the in-plane axes and hence
confirms the assumption of a positive D-value with the out-of-plane axis as the axis of maximum dipo-
lar coupling, Z. The results of a more quantitative analysis are reported in figure 4.11 A, where the
polarisation indices obtained from equation 4.3 for the three canonical orientations of the ZFS tensor
are plotted as a function of excitation wavelength. In the wavelength region corresponding to the Q,,

transition, the polarisation indices P,

), are positive, while the other two are negative, indicating that the

triplet Y axis lies within 0-35° of the Q, transition moment. The assignment is less clear in the wave-
length region corresponding to the Q, transition. However, the presence of a vibronic progression for
the Qy transition causes an overlap of the absorption bands of the two Q transitions, which probably
explains the positive values of B,. The polarisation indices P, are negative in the whole wavelength

region, indicating that no optical transition moment is aligned with the triplet Z axis.

For the longer oligomers, excitation at a wavelength corresponding to the maximum of the Q, transi-
tion (long wavelength Q transition) always leads to enhanced intensity of only the Z EPR transitions
for excitation with light polarised parallel to the magnetic field, indicating that the corresponding
optical transition moment is approximately aligned with the triplet Z axis. Since even in the larger

systems the optical transition moments are confined to the plane of the porphyrin molecule, this

103



CHAPTER 4 - Triplet State Delocalisation in Porphyrin Systems

parallel
perpendicular

—— perpendicular

z X!
x* Y \a +
A =645 nm (Q,) A =750 nm (Q,) X'V A =800nm (Q,)
320 340 360 380 300 320 340 360 380 400 300 320 340 360 380 400
B [mT] B [mT] B [mT]
—— perpendicular perpendicular X N\ |=— perpendicular
X" Y, Z

ARV,

Y ”
z % z
Y z vy
.

3
1

+
A =600 nm (Q,) X A =590 nm (Q,) X L =830 nm (Q,)
320 340 360 380 300 320 340 360 380 400 300 320 340 360 380 400
B [mT] B [mT] B [mT]

FiGure 4.10: Time-resolved EPR spectra of [-P1, [-P2, [-P3 and [-P4 recorded with light polarised parallel and
perpendicular to the magnetic field. The excitation wavelengths are indicated and assigned to the Q, or Qy
optical transitions.
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FiGure 4.11: Polarisation indices for the three canonical orientations calculated for [-P1 (A) and [-P2 (B) as
a function of excitation wavelength in the Q band region of the porphyrin absorption spectrum. The corre-
sponding regions of the room temperature UV-Vis spectra are shown above the graphs and the orientations
of the optical transition moments in the molecular frame are depicted in the insets. The polarisation indices
were calculated as described in section 4.2.4.
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demonstrates that the Z axis now lies in the plane of the porphyrin. Optical studies on the porphyrin
oligomers investigated here have shown the Q, transition to be long-axis polarised [155]. The results
of the magnetophotoselection studies therefore provide the first experimental evidence for a reorien-

tation of the ZFS tensor and a sign change of D from the porphyrin monomer to longer oligomers.

The porphyrin dimer [-P2 has also been investigated in more detail across the whole region of the Q
bands and the results are shown in figure 4.11 B. The polarisation index P> is positive over the whole
investigated wavelength region, clearly identifying the triplet Z axis as the long axis of the dimer
molecule. The polarisation index Py becomes positive at wavelengths around 600 nm, the position
of the Q, absorption band, indicating alignment of the triplet X axis and the Q, transition moment.
In analogy to the results for [-P1, overlap of different absorption bands leads to a residual positive
value for P at this wavelength. The polarisation indices Py are negative over the whole Q band region,
identifying Y as the new out-of-plane axis of the ZFS tensor, in agreement with the assignment made

in the previous section based on the spin polarisation of the EPR spectrum.

4.3.3 CHARACTERISATION OF THE PROTON HYPERFINE INTERACTION

The zero-field splitting parameters determined from the time-resolved EPR spectra do not provide a
sufficiently accurate estimate of the extent of triplet state delocalisation. Information on the delocal-
isation of the spin density in the photoexcited triplet state can also be obtained from the hyperfine
couplings, therefore the proton hyperfine couplings were investigated using ENDOR spectroscopy. In
addition to this, the nitrogen hyperfine and nuclear quadrupole couplings were also determined us-
ing a combination of X- and Q-band ENDOR, ESEEM and HYSCORE and will be discussed in the next

section.
1H HYPERFINE COUPLINGS IN [-P1

The 'H Mims ENDOR spectra recorded for [-P1 at the six canonical field positions are shown in fig-
ure 4.12 C. As the D-value for [-P1 is known to be positive from magnetophotoselection, the sign
of the proton hyperfine couplings can be assigned and is indicated above the corresponding peaks
in figure 4.12 C. The values of the hyperfine couplings along the different axes of the ZFS tensor
were determined through deconvolution as described in section 4.2.4 and the results are shown in
the frequency-field plot in figure 4.12 D. A negative hyperfine coupling, of about -3 MHz, is observed
at the field positions corresponding to the X and Z orientations, while only smaller couplings are ob-
served for the Y orientation. The peak at —3 MHz in the ENDOR spectrum recorded at the high-field Y
position arises from the Z transition, which still contributes significantly at this field position, as can

be seen in figure 4.12 A.

A comparison with the results of a DFT calculation on the excited triplet state of [-P1 allowed assign-
ment of the hyperfine couplings to specific protons and determination of the orientation of the ZFS
tensor in the molecular frame. DFT calculations predict a large negative hyperfine coupling for the

protons (Hq) close to the acetylene bonds in the out-of-plane direction and in the in-plane direction
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FiGUrRe 4.12: (A) Experimental time-resolved [-P1 EPR spectrum (black) and simulations for the mg=0 —
ms=+1 (red) and the mg=-1 — mg=0 (blue) transitions. (B) Proton hyperfine tensor ellipsoids calculated for
the porphyrin monomer using B3LYP/EPRII and orientation of the ZFS tensor in the molecular frame. (C) Exper-
imental Mims ENDOR spectra of the porphyrin monomer recorded at the canonical field positions. The signs
of the hyperfine coupling constants of the mg=0 — mg=+1 (red) and the mg=-1 — mg=0 (blue) transitions
are shown above the corresponding ENDOR peaks. (D) Field-frequency plots for the peak positions obtained
by deconvolution of the experimental ENDOR spectra as described in section 4.2.4. The hyperfine couplings
were tentatively assigned to different types of protons based on comparison with DFT calculations. (E) Plot of
the hyperfine couplings along the ZFS tensor axes as predicted by B3LYP/EPRII calculations on [-P1.

aligned with the phenyl substituents and a smaller coupling in the direction perpendicular to it (see
figure 4.12 B). The excellent agreement of the trends in the changes of proton hyperfine couplings
predicted by DFT and determined experimentally, which can be seen by comparison of the frequency-
field plots in figure 4.12 D and E, confirms assignment of the Z axis as the out-of-plane axis and allows
assignment of the X axis as the in-plane axis directed along the phenyl substituents and of the Y axis
as the second in-plane axis perpendicular to it, directed along the acetylene bonds. Further compari-
son of the experimental and calculated results allows assignment of the positive hyperfine couplings
to the second type of  proton of the porphyrin ring (H,). The small hyperfine couplings close to the
strong nuclear Larmor peak are not sufficiently well resolved for an assignment to the different types

of phenyl protons.

While DFT predicts a single hyperfine coupling for the two types of protons on the porphyrin ring,
experimentally the peaks are found to be split into two, as can be seen most clearly in the ENDOR
spectra corresponding to the Z transitions. A similar behaviour has been observed before in free
base porphyrin, where it has been attributed to specific solvent-solute interactions which render these

protons inequivalent [156].
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'H HYPERFINE COUPLINGS IN [-P2

Analogous ENDOR measurements were performed for [-P2 and the results of the experiments and

the analysis are shown in figure 4.13. In figure 4.13 C the ENDOR spectra of [-P2 are compared to

those of [-P1 recorded at similar magnetic fields. A comparison of the two sets of spectra leads to

the following observations:

- The largest hyperfine coupling for [-P2 amounts to about 1.5 MHz, while it was about 3 MHz for

[-P1.

- The peaks corresponding to the largest hyperfine coupling are observed for the Y and X transi-

tion in [-P2, while they correspond to the Z and X orientations in [-P1.

- The peaks observed at comparable field positions (e.g. the high-field X position) are on opposite

sides of the nuclear Larmor frequency.

The reduction of the hyperfine couplings by a factor of about two from [-P1 to [-P2 indicates delocal-

isation of the triplet state over both porphyrin units in [-P2. The observation of a shift of the peaks
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Ficure 4.13: (A) Experimental time-resolved [-P2 EPR spectrum (black) and simulations for the mg=0 —
ms=+1 (red) and the mg=-1 — mg=0 (blue) transitions. (B) Proton hyperfine tensor ellipsoids calculated
for the porphyrin dimer using B3LYP/EPRIl and orientation of the ZFS tensor in the molecular frame. (C) Ex-
perimental Mims ENDOR spectra of the porphyrin dimer recorded at the canonical field positions. The signs
of the hyperfine coupling constants of the mg=0 — mg=+1 (red) and the mg=-1 — mg=0 (blue) transitions
are shown above the corresponding ENDOR peaks. The ENDOR spectra of the porphyrin monomer from fig-
ure 4.12 are shown in the background for comparison. (D) Field-frequency plots for the peak positions ob-
tained by deconvolution of the experimental ENDOR spectra as described in section 4.2.4. The hyperfine
couplings were tentatively assigned to different types of protons based on comparison with DFT calculations.
Exact assignments in the low-field part are unclear. (E) Plot of the hyperfine couplings along the ZFS tensor
axes as predicted by B3LYP/EPRII calculations on [-P2.

107



CHAPTER 4 - Triplet State Delocalisation in Porphyrin Systems

corresponding to the largest proton couplings from Z and X to Y and X is in agreement with a reorien-
tation of the ZFS tensor in [-P2 already predicted based on the results of the magnetophotoselection
experiments. The ENDOR data allow the assignment of the Y triplet axis as the new out-of-plane axis,
while Z becomes the axis aligned with the central butadiyne bond in [-P2. The change in the position
of the ENDOR peaks with respect to the Larmor frequency demonstrates that the reorientation of the
ZFS tensor occurs with a change of the sign of the D-value, which must thus be negative for [-P2.
Comparison of the hyperfine couplings along the ZFS axes determined by deconvolution of the ex-
perimental spectra with the results of DFT calculations again show a good agreement in the relative
changes of hyperfine couplings as a function of field (figure 4.13 D and E). The widths of the ENDOR
peaks suggest the presence of multiple similar hyperfine couplings, which is a sign of a reduction of

symmetry for the molecule in solution, analogous to the results for [-P1.
'H HYPERFINE COUPLINGS IN [-P3

The ENDOR spectra recorded at three field positions corresponding to the three principal directions
of the ZFS tensor for [-P1, [-P2 and [-P3 are compared in figure 4.14. The spin polarisation of the
spectrum and the decreasing triplet yield for [-P3 prevented measurements with sufficient signal-to-
noise for all six canonical field positions. The ENDOR spectra of the porphyrin trimer are similar to
those of the dimer, as they both have the largest hyperfine couplings in the X and Y orientations
and as the peaks appear at the same side of the Larmor peak. These similarities indicate that the
orientation of the ZFS tensor is the same in [-P2 and [-P3, with the Z axis parallel to the vector
connecting the porphyrin units and a negative D-value. The positions of the major ENDOR peaks are
however shifted towards larger hyperfine couplings in the porphyrin trimer with respect to the dimer.
The hyperfine couplings along the ZFS tensor axes were determined by deconvolution and are shown
in the frequency-field plot in figure 4.14 C. The results are in good agreement with the hyperfine

couplings predicted by DFT (see figure 4.14 B and D).

The DFT calculations for the porphyrin trimer predict an uneven spin density distribution with in-
creased spin density on the central porphyrin unit. The predicted ratio of spin densities on the three
porphyrin units depends on the amount of exact Hartree-Fock exchange included in the DFT func-
tional. A calculation with the GGA (generalised gradient approximation) functional BP86 predicts a
spin density distribution of 0.26 : 0.48 : 0.26 over the three porphyrin units, while the hybrid func-
tional B3LYP, containing 20% of exact exchange and 80% of DFT exchange, predicts a distribution
of 0.19 : 0.62 : 0.19. Variation of the contribution of exact exchange in the B3LYP functional in the
range from 10% to 40% leads to variations of the relative spin density on the central porphyrin unit
from 0.54 to 0.74. The best agreement of calculated and experimental hyperfine couplings is ob-
tained for 20% exact exchange, corresponding to the standard B3LYP functional. This amount of
exact exchange almost corresponds to the optimal mixing ratio of exact and DFT exchange believed

to yield results close to chemical accuracy (25%) [157].

The uneven spin density distribution explains the increase in hyperfine couplings with respect to the

porphyrin dimer, where the spin density is equally distributed over both porphyrin units. The ratio of
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Ficure 4.14: (A) Experimental Mims ENDOR spectra of [-P1, [-P2 and [-P3 recorded at field positions corre-
sponding to the three canonical orientations of the ZFS tensor (Y*, X* and Z* for [-P1 and Y~, X~ and Z~ for
[-P2 and [-P3). (B) Proton hyperfine tensor ellipsoids calculated for the porphyrin trimer using B3LYP/EPRII
and orientation of the ZFS tensor in the molecular frame. (C) Field-frequency plots for the peak positions ob-
tained by deconvolution of the experimental ENDOR spectra as described in section 4.2.4. The data points at
the low-field Y and high-field Z positions were added by symmetry as the corresponding experimental spectra
could not be recorded with sufficient signal-to-noise to be used for the deconvolution analysis. (D) Plot of the
hyperfine couplings along the ZFS tensor axes as predicted by B3LYP/EPRII calculations on [-P3.

spin densities on the three porphyrin units can also be estimated by comparison of the largest hyper-
fine coupling in [-P3, corresponding to the H; protons on the central porphyrin unit, with the hyperfine
coupling of the same protons in the porphyrin monomer. A comparison of the spin density distribution
for [-P1 and on the central porphyrin unit in [-P3 (see figure 4.4) shows that the differences are small
and thus a comparison of the hyperfine couplings is possible. The ratio of the [-P3 and [-P1 hyperfine
couplings is approximately 0.60, predicting a spin density distribution of 0.20 : 0.60 : 0.20, close to
the results of the DFT calculation. The H; protons on the external rings would then give a hyperfine
coupling of about -0.63 MHz in the X orientation and there is a broad peak at that position in the
experimental spectrum. Overlap with other small hyperfine couplings prevents a definite assignment

and experimental confirmation of the proposed uneven spin density distribution.
'H HYPERFINE COUPLINGS IN THE LONGER OLIGOMERS

The analysis of the proton hyperfine couplings in the longer oligomers has been limited to the ENDOR
spectra recorded at the high-field X position, the position of the highest echo intensity; the corre-
sponding experimental data are shown in figure 4.15 A. The hyperfine couplings determined from the
position of the main hyperfine peak in the ENDOR spectra are plotted as a function of oligomer size
in figure 4.15 B and compared to the theoretically predicted hyperfine couplings for complete delo-

calisation.

The hyperfine coupling determined experimentally for [-P2 corresponds exactly to the predicted value,
since the spin density is equally distributed over both porphyrin units in the system. Deviations from

the theoretical prediction do, however, occur for the longer oligomers: as previously discussed, the
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FiIGURE 4.15: (A) Experimental Mims ENDOR spectra of [-P1 to [-P6 recorded at the high-field X position at 20 K.
(B) Hyperfine couplings of the Hi protons along the X axis of the ZFS tensor (Ax) determined by Gaussian
fitting of the principal hyperfine peak in the experimental ENDOR spectra as a function of oligomer size; the
error bars indicate the full width at half maximum (FWHM). The grey line corresponds to the theoretical N1
relationship for the hyperfine couplings in case of complete delocalisation.

hyperfine coupling of [-P3 is 1.25 times larger than for [-P2, the hyperfine couplings of [-P4, [-P5 and
[-P6 correspond to 0.90, 0.79 and 0.67 times the [-P2 hyperfine coupling, respectively. The results
for [-P3 were interpreted in terms of an uneven spin density distribution and the same argument
also explains the changes observed for [-P4, [-P5 and [-P6. DFT also predicts uneven spin density
distributions for [-P4, [-P5 and [-P6, with the spin density mainly localised on the two central porphyrin
units for even N and on the central porphyrin unit for odd N. The ratios of spin densities resulting
from B3LYP/EPRII calculations (20% exact exchange) correspond to 0.10 : 0.40 : 0.40 : 0.10 for [-P4,
0.04:0.19: 0.54: 0.19: 0.04 for [-P5 and 0.02: 0.10: 0.38 : 0.38 : 0.10 : 0.02 for [-P6. The BP86
functional again predicts different spin density distributions, which are slightly more spread out over
the porphyrin array due to the self-interaction error affecting DFT calculations with functionals only

containing DFT exchange [158].

A similar procedure as already described for [-P3, based on the comparison of hyperfine couplings,
has been used to predict the amount of spin density on the central porphyrin units in [-P4, [-P5 and
[-P6. For [-P5, a relative spin density contribution of 0.39 on the central porphyrin unit is predicted.
For [-P4 and [-P6 the spin density distributions on the two central porphyrin units resemble the dimer
spin density more than the monomer spin density, hence the dimer hyperfine couplings have been
used for comparison, yielding a relative spin density contribution of 0.45 on the two central porphyrin
units in [-P4 and of 0.34 in [-P6 (the values obtained based on the monomer hyperfine couplings only
deviate by 0.02 from the reported values). The hyperfine couplings on the external porphyrin rings

are too small to be clearly identified.

The changes in hyperfine couplings in the porphyrin oligomers with three to six units were so far in-
terpreted in terms of uneven spin density distributions. While predictions based on this hypothesis

agree reasonably well with the experimental results, other causes cannot be excluded. The possibility
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of distributions of different conformations with different extents of triplet state delocalisation giving
rise to the observed experimental results were investigated by wavelength-dependent EPR and EN-
DOR measurements that will be discussed in section 4.3.5. Overall, the results show an increase in
delocalisation with the number of porphyrin units, even though it is slower than the increase expected

for complete delocalisation.

4.3.4 CHARACTERISATION OF THE NITROGEN HYPERFINE INTERACTION

The conclusions on the delocalisation of the triplet state wavefunction based on the analysis of the
proton hyperfine couplings were verified by measurements of the 14N hyperfine couplings using X- and
Q-band ESEEM and HYSCORE as well as Q-band ENDOR. The analysis of the experimental data was

complicated by the additional presence of the nuclear quadrupole interaction for this | = 1 nucleus.
14N HYPERFINE COUPLINGS IN [-P1

The three-pulse ESEEM spectra recorded at the six canonical field positions for [-P1 are shown in
figure 4.16. The echo is strongly modulated by the nitrogen interaction and significant differences
are observed between ESEEM traces recorded at different field positions. The differences in the ESEEM
traces for the low- and high-field positions corresponding to the same orientation of the ZFS tensor
are due to the contributions of nuclear frequencies from different manifolds. The ESEEM spectra
obtained by Fourier transform all show a strong peak between 3 and 4 MHz, which only shifts slightly
as a function of field position. A small peak at twice this frequency is also visible in all of the spectra
and has been assigned to a combination peak. The weak orientation-dependence of the main peak
in the ESEEM spectra identifies it as the double-quantum peak arising from the mg = 0 manifold.
For some of the orientations, peaks at smaller frequencies, the sum of which corresponds to the

frequency of the double-quantum peak, can be identified and assigned as the single-quantum nuclear
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Ficure 4.16: (A) Experimental X-band three-pulse ESEEM time-domain traces recorded at the six canonical
field positions for [-P1 in MeTHF:pyridine 10:1 (traces recorded with a 7 value of 160 ns are shown). (B)
Corresponding ESEEM spectra for the six canonical field positions (sum of FT spectra with T = 120, 160 and
200 ns). The spectra shown in red were recorded in pure MeTHF.
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frequencies of the mg = O manifold. The proton matrix peak is also present in all of the recorded

spectra.

The spectra corresponding to the X and Y orientations in some cases show two peaks with similar
intensities. Most of the pulse experiments on these porphyrin systems were performed in MeTHF with
pyridine, as the pyridine binds to the zinc and reduces aggregation. The pyridine nitrogen can give
rise to additional peaks and hence the measurements were repeated in a MeTHF solution without
pyridine (red spectra in figure 4.16 B). The complete removal of pyridine proved to be difficult as it
binds tightly to the porphyrin, but no evidence of remaining pyridine was detected by NMR on the
sample used for the final EPR measurements. The changes in the ESEEM spectra without pyridine

identify some of the peaks as arising mainly from pyridine nuclear frequencies.

The main signals in the ESEEM spectra seem to arise from the mg = O manifold and only contain
information on the nuclear quadrupole interaction. Bowman and Norris [159] investigated the 14N
nuclear quadrupole interaction in phenazine triplet states by ESEEM and based their analysis on ana-
lytical expressions for the nuclear frequencies in the mg = 0 manifold determined using the methods
described by Muha [160, 161]. The parameters of the nuclear quadrupole interaction for the por-
phyrin nitrogen nuclei were estimated by fitting of the analytical expressions to the peak positions
of the maxima, resulting in Q = 2.4 MHz and 1 = 0.9. The tensor orientations were kept fixed at the
values obtained by DFT and shown in figure 4.21. No clear double-quantum peaks from the other two
manifolds, which would provide information on the nitrogen hyperfine couplings, could be identified,
as they are probably too broad. The cross-suppression effect [47], leading to suppression of shallow
modulations in the presence of deep modulations at a different frequency, might also play a role in

the difficulty of detecting the double-quantum peaks.

Double-quantum peaks of 14N systems are typically characterised by high intensities in HYSCORE ex-
periments. Further, the lineshapes in three-pulse ESEEM are affected by inhomogeneous hyperfine
broadening, which often prevents the detection of broad peaks arising from distributions of hyperfine
couplings. The inhomogeneous broadening is refocused by the mixing pulse in the HYSCORE experi-
ment [3], facilitating the detection of broad peaks. The results of HYSCORE experiments on [-P1 are

shown in figure 4.17.

The strongest cross-peaks observed in the HYSCORE spectra have been attributed to double-quantum
cross-peaks. As previously discussed, information on the nitrogen hyperfine couplings can be most
easily obtained from the positions of the double-quantum cross-peaks in the HYSCORE spectrum,
since they do not depend on the nuclear quadrupole interaction to first order [38]. In almost all of the
spectra, strong peaks on the diagonal are observed, which are mostly due to non-ideal mixing pulses.
The HYSCORE spectra recorded at field positions corresponding to the two triplet state transitions for
the X direction of the ZFS tensor (X* and X™) exhibit strong cross-peaks at about (6.1, 3.2) MHz and
(3.2, 6.1) MHz for X~ and cross-peaks very close to the diagonal for X*. This agrees with predictions
for the appearance of triplet state HYSCORE spectra for | = 1 nuclei close to the cancellation regime.
The double-quantum cross-peaks for one of the triplet transitions would lie close to the diagonal, as

the nuclear frequencies of both manifolds connected by it will be similar, one being only determined
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Ficure 4.17: Experimental X-band HYSCORE spectra recorded at 20 K for five canonical field positions for [-
P1 in MeTHF:pyridine 10:1. The Z~ spectrum was recorded using 14N matched HYSCORE. The experimental
details are described in section 4.2.3. The assignment of some of the cross-peaks to nuclear frequencies of
the three triplet state manifolds is also shown.

by the nuclear quadrupole interaction and one by both the nuclear quadrupole and the nuclear Zee-
man interaction. In this regime, the difference between the positions of the two double-quantum
peaks in the HYSCORE spectrum arising from the other triplet transition corresponds approximately
to two times the hyperfine coupling for that orientation. Based on calculations, the error of neglect-
ing the contribution of the nuclear quadrupole coupling amounts to an underestimate of the hyperfine
coupling by about 20%. The nitrogen hyperfine coupling in the X direction of the ZFS tensor can thus
be estimated to about 1.7 MHz. The sign of the hyperfine coupling is positive, since the larger nuclear
frequencies are observed for the X~ transition and the D-value of the porphyrin monomer is positive
(see section 2.2.6). The HYSCORE spectrum recorded at the Y~ field position is very similar to the
HYSCORE spectrum of the X~ field position, with double-quantum peaks at approximately the same
frequencies. Hence the hyperfine coupling in the second in-plane orientation of the ZFS tensor also

amounts to approximately 1.7 MHz.

The HYSCORE spectra recorded for the out-of-plane orientation are more difficult to interpret (fig-

ure 4.17, bottom). First of all, the double-quantum cross-peaks for the Z~ transition could only be
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clearly resolved using **N matched HYSCORE (standard HYSCORE data not shown), which leads to
an increase in the intensities of multiple quantum features [37]. Secondly, the broad ridges parallel
to the frequency axes observed in the HYSCORE spectrum for the Z~ transition are unexpected for
a triplet state, where single-crystal like spectra are anticipated due to orientation selection, which is
particularly strong for the Z orientation. The hyperfine coupling estimated from the centre of these
ridges is about 6.5 MHz, which at X-band is far from the cancellation regime, where HYSCORE spectra
are easier to interpret. The estimated hyperfine couplings indicate an approximately axial hyperfine
interaction tensor with a large hyperfine coupling in the out-of-plane orientation, as also previously
observed for a free base porphyrin [132] and as predicted by the DFT calculations. In order to con-
firm the assignment of the broad ridges as double-quantum features and to shed more light on their
origin, the HYSCORE measurements for the out-of-plane orientation of the ZFS tensor were repeated

at Q-band, closer to the cancellation regime, and the resulting spectra are shown in figure 4.18.

At Q-band the broad ridges for the Z~ transition were again only visible using 1*N matched HYSCORE,
but are more clearly defined with respect to the X-band data. For the Z* transition, some ridges
closer to the diagonal are present, in agreement with the features expected closer to the cancel-
lation regime. The Q-band HYSCORE spectra are in agreement with a positive average hyperfine
coupling of about 6.5 MHz. This result is also confirmed by Q-band ENDOR (figure 4.22, bottom left),
where the single-quantum transitions of the mg = 0 manifold give rise to two sharp lines, while the
single quantum transitions of the mg = —1 manifold give rise to a considerably broadened peak cen-
tred at about 11 MHz. X-band 14N ENDOR measurements were also attempted, but did not yield
sufficiently well-resolved peaks to allow determination of additional information on the hyperfine or

nuclear quadrupole couplings.

The ridges in the HYSCORE spectra and the broad peak in the ENDOR spectrum can be explained by
a distribution of hyperfine couplings. Similar observations were reported for the out-of-plane nitrogen
hyperfine couplings of cobalt corrins and also explained by a distribution of hyperfine couplings in this
direction attributed to either inequivalence of the **N nuclei or A-strain [102, 162]. A principal hyper-
fine tensor axis shifted with respect to the ZFS out-of-plane axis and the conformational flexibility of
the porphyrin plane have been investigated as possible origins for the observed distributions. If the

out-of-plane hyperfine axis would be rotated away from the Z axis of the ZFS tensor, this would lead
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FIGURE 4.18: Experimental Q-band HYSCORE spectra for the Zt and Z~ field positions for [-P1. The Z~ spectrum
was recorded using 14N matched HYSCORE. The experimental details are described in section 4.2.3.
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to significant changes in hyperfine couplings over a small range of orientations, especially given the
pronounced axiality of the nitrogen hyperfine tensors. The angle between the out-of-plane hyperfine
and ZFS axes is predicted to be 9° by DFT. However much larger deviations, of about 25° would be
required to produce ridges similar to those observed experimentally and give a worse agreement of
the simulations for the X and Y orientations with the experimental data. Another possible origin for
the observed distribution of out-of-plane hyperfine couplings could be the influence of pyridine, coor-
dinated to the Zn ion of the porphyrin, on the geometry of the porphyrin plane. A potential energy
surface scan performed by DFT for different Zn-pyridine distances shows increasing saddle-like distor-
tions of the porphyrin plane of [-P1 as the pyridine molecule approaches the zinc ion (see figure 4.19).
The nitrogen hyperfine tensors were calculated for each of the structures and the out-of-plane com-
ponent was found to vary from about 6 to 8 MHz, leading to a distribution in close agreement with
experimental observations. HYSCORE spectra recorded at the Z~ field position for [-P1 in MeTHF with-
out pyridine and in pure toluene are almost identical to those recorded in the presence of pyridine.
This would mean that both coordinating solvents such as MeTHF as well as non-coordinating sol-
vents have similar effects on the conformation of the porphyrin plane. In coordinating solvents, the
origin of the conformational distribution can be similar as for pyridine, as confirmed by a DFT cal-
culation of [-P1 with a coordinated MeTHF molecule yielding analogous distortions of the porphyrin
plane. Non-coordinating solvents such as toluene have been previously shown to give rise to specific
solvent-solute interactions with porphyrins affecting the proton hyperfine couplings [156], potentially

by inducing distortions of the porphyrin plane.

The ESEEM spectra recorded for the X and Y orientations of the ZFS tensor changed slightly in the
absence of pyridine, therefore the HYSCORE spectra were also recorded under these conditions and
compared to the previous results (data shown in figure 4.20). The intensities of the double-quantum
peaks are reduced with respect to the spectra recorded in the presence of pyridine, but they are

still present. This would seem to suggest that both the porphyrin and the pyridine nitrogen nuclei
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Ficure 4.19: (A) DFT geometries and nitrogen hyperfine tensors calculated for different Zn-pyridine distances.
The arrows indicate changes in geometry and hyperfine tensors for increasing distances between the Zn ion
and pyridine. (B) Principal values of the hyperfine coupling tensor as a function of the distance between the
Zn ion and the nitrogen of the coordinated pyridine molecule obtained from B3LYP/EPRII calculations.
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FiGUure 4.20: Experimental X-band HYSCORE spectra for the X~, Y~ and Z~ field positions for [-P1 in MeTHF
without pyridine recorded at 20 K. The Z~ spectrum was recorded using 14N matched HYSCORE.

have similar in-plane hyperfine couplings. It can, however, not be excluded that small amounts of
pyridine are still present, especially since measurements performed after two and after three purifi-
cation cycles show differences in the intensities of these peaks. Any remaining amounts of pyridine
could not be detected by UV-Vis or NMR spectroscopy, which would make it seem unlikely that they
would contribute so much to the HYSCORE and ESEEM spectra, especially considering that MeTHF, as

a coordinating solvent, competes with pyridine for binding at the zinc ion [163].

In order to determine the best *N hyperfine and nuclear quadrupole parameters, a simultaneous fit-
ting of the available data, i.e. X- and Q-band ESEEM, X- and Q-band HYSCORE and Q-band ENDOR,
was performed as described in section 4.2.4. The parameter optimisation was performed assuming
that the double-quantum features in the HYSCORE spectra were determined by both the porphyrin
and the pyridine nitrogen and also assuming that the double-quantum peaks are solely determined
by pyridine hyperfine couplings. The pyridine nitrogen hyperfine couplings were kept fixed at the val-
ues predicted by DFT for different zinc-pyridine distances to reduce the fitting variables. This was
considered to be acceptable since the predicted hyperfine couplings were in good agreement with the
peaks in ESEEM, ENDOR and HYSCORE spectra that could be clearly identified as belonging to pyri-
dine. The simulations were performed assuming four equivalent nitrogen nuclei, since no clear evi-
dence for the contribution of more than one set of nuclei could be determined from the experimental
data. The differences, if present, would be small due to the symmetry of the molecule and are taken
into account by using distributions of hyperfine couplings. The tensor orientations were fixed at the
values obtained by the DFT calculations (figure 4.21). The fitting results obtained in both cases were

reasonable, particularly considering the significant amount of different data, and thus constraints,
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FiIGURe 4.21: Diagram of the porphyrin monomer indicating the orientations of the ZFS tensor and the hyper-
fine and nuclear quadrupole interaction tensors predicted for the nitrogen nuclei by DFT calculations with
B3LYP/EPRII. The nitrogen hyperfine tensor ellipsoids are also depicted on the right. The Euler angles defining
the orientation of the hyperfine tensors with respect to the ZFS tensor are @ = -145°, $ =9° and y = -161°,
while the orientation of the nuclear quadrupole tensors are defined by a = 9°, = 90° and y = 45° (angles for
one 1N nucleus, the other ones are related by symmetry).

used in the fitting. For the ESEEM data, the peak positions agree quite well with the experimental
data, while the intensities in some cases do not match, but correctly reproducing experimental ES-
EEM and HYSCORE intensities is notoriously difficult [34, 46]. The optimised parameters are reported

in table 4.3 and the simulations are shown in figure 4.22 and in figure B.2 of appendix B.

The uncertainty on the in-plane hyperfine couplings is considerable, mainly due to the difficulty of
reliably assigning the peaks in the HYSCORE spectra to different nuclei. The nuclear quadrupole
interaction parameters and the centre and width of the distribution of hyperfine couplings in the out-
of-plane orientation are, however, well defined by the ENDOR and HYSCORE data. This means that
the out-of-plane 14N hyperfine coupling can provide information on the extent of triplet state delo-
calisation. The experimental methods best suited for the determination of this hyperfine coupling are

Q-band ENDOR and X- or Q-band HYSCORE. The ESEEM spectra on the other hand are dominated by

TabLE 4.3: 14N hyperfine and nuclear quadrupole couplings for [-P1 and [-P2 determined by fitting of the
experimental data as described in the text. The two sets of values for [-P1 correspond to an optimisation
assuming that the double-quantum features in the HYSCORE spectra of the X and Y orientations are due
to both porphyrin and pyridine nitrogen nuclei (01) and assuming that they are only determined by pyridine
nitrogen nuclei (02). The standard deviations indicate the distribution of values used in the simulations shown
in figures 4.22/B.2 and 4.25/B.5. Ngyt and Njy¢ for [-P2 refer to the external and internal nitrogen nuclei of
each porphyrin unit (figure 4.26). There is an additional error on the centre of the distribution of about 0.3 MHz
for Ay and Ay, of 0.1 MHz for A, of 0.05 MHz for Q and of 0.1 for 7. The tensor orientations used in the
simulations are derived from DFT calculations (see figure 4.21).

Ay [MHz] Ay [MHz] A, [MHz] Q [MHz] 7
[-P1 01 N 1.8+0.2 2.1+0.25 6.8+2.8 2.30+0.01 0.79+0.18
[-P1 02 N 0.4+0.3 0.6+0.3 6.8+2.8 2.30+0.01 0.79+0.18
[-P2 01 Next 0.8+0.2 1.1+0.2 3.5+1.2 2.25+0.01 0.75+0.20
[-P2 01 Nint 0.5+0.2 0.6+0.2 19+1.2 2.35+0.01 0.80+0.20
[-P2 02 Next -0.6+0.2 -0.2+0.2 34+1.4 2.30+0.01 0.70+0.20
[-P2 02 Nint -0.6+£0.2 0.4+0.2 1.8+1.4 2.20+0.01 0.80+0.20
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FIGURE 4.22: Experimental and simulated [-P1 14N ESEEM and ENDOR data and calculated HYSCORE cross-
peak positions for the first set of optimised parameters of table 4.3 (01, optimisation assuming that both
porphyrin and pyridine nitrogens contribute to the strongest cross-peaks in the HYSCORE spectra of the X and
Y positions). All simulations except the time-domain ESEEM simulations include the contribution of pyridine
nitrogens based on DFT calculations for a distribution of different pyridine-zinc distances. The full set of
HYSCORE spectra is shown in appendix B. The calculated HYSCORE cross-peaks are colour-coded based on
the type of transitions: (v4q, vVdq) - black, (v4qg, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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the nuclear frequencies of the mg = 0 manifold and do not allow the determination of the nitrogen

hyperfine couplings on their own.

Analysis of the nitrogen hyperfine couplings would be much simplified by isotope substitution with
15N, an I = % nucleus. The absence of nuclear quadrupole interaction would considerably simplify the
analysis of the experimental data and would most probably allow a more accurate determination of

both the out-of-plane and in-plane hyperfine couplings.
14N HYPERFINE COUPLINGS IN [-P2

Analogous measurements were performed on [-P2 to determine whether the nitrogen hyperfine cou-
plings show the same trend observed for the 'H ENDOR data, thus confirming the conclusion of com-
plete delocalisation of the triplet state over both porphyrin units. The results of three-pulse ESEEM
measurements are shown in figure 4.23. A comparison with the ESEEM spectra recorded for [-P1
shows that the positions of the main peaks are very similar, indicating a similar nuclear quadrupole
interaction. On the other hand, the spectra do show significant differences in the low frequency re-
gion. Again no double-quantum peaks could be reliably identified, complicating the analysis of the

spectra in terms of hyperfine couplings.

X-band HYSCORE measurements were performed at three field positions of the X™, Y~ and Z~ tran-
sitions and the results are compared to the corresponding spectra of [-P1 in figure 4.24. Since the
hyperfine couplings were shown to be positive for the porphyrin monomer, these transitions are ex-
pected to provide the most information on the nitrogen hyperfine couplings. Measurements at the Y*

and Z* field positions confirmed this assumption, but are not shown here.

The largest nitrogen hyperfine couplings, assigned to the out-of-plane orientation, again shift from
the Z orientation in [-P1 to the Y orientation in [-P2. The sign of the out-of-plane hyperfine couplings
is positive, as expected, since the double-quantum features are observed for the mg=-1 - mg =0
transition. The magnitude of the nitrogen hyperfine couplings, estimated based on the distance be-
tween the positions of the double-quantum peaks, is reduced by a factor of about two from [-P1 to
[-P2, as indicated by the shift of the double-quantum peaks to lower frequencies for the two in-plane
orientations (X and Y for [-P1 and X and Z for [-P2). This conclusion is independent on whether the
corresponding peaks are assigned to porphyrin or pyridine nitrogen nuclei, as the same decrease in
hyperfine couplings is expected for both in case of delocalisation of the triplet state over the two por-
phyrin units in [-P2. For the out-of-plane orientation (Z~ in [-P1 and Y~ in [-P2), in addition to a reduc-
tion in hyperfine couplings, a splitting of the double-quantum features in the HYSCORE spectra and
of the single-quantum peak in the Q-band ENDOR spectrum into two is observed (see figure 4.26),
which is indicative of a different spin density distribution around the external and internal nitrogen
nuclei in [-P2. This is found to be in agreement with DFT calculations, predicting smaller couplings
for the internal nitrogen nuclei and larger couplings for the external nitrogen nuclei, which are more
similar in terms of hyperfine anisotropy and nuclear quadrupole interaction to those of [-P1l. In this

case, Q-band HYSCORE measurements did lead to improved spectra for the out-of-plane orientation.
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FiGure 4.23: (A) Experimental X-band three-pulse ESEEM time-domain traces recorded at the six canonical
field positions for [-P2 (traces recorded with a 7 value of 160 ns are shown). (B) Experimental ESEEM spectra
for the six canonical field positions (sum of FT spectra with T = 120, 160 and 200 ns). The ESEEM spectra of
[-P1 are shown in the background for comparison.
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FiIGURE 4.24: X-band HYSCORE spectra recorded at the X™, Y~ and Z~ field positions for [-P1 and [-P2 at 20 K.

The Z~ spectrum for [-P1 was recorded using 14N matched HYSCORE. The experimental details are described
in section 4.2.3.
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FIGURE 4.25: Experimental and simulated [-P2 14N ESEEM and ENDOR data and calculated HYSCORE cross-
peak positions for the first set of optimised parameters of table 4.3 (01, optimisation assuming both porphyrin
and pyridine nitrogens contribute to the strongest cross-peaks in the HYSCORE spectra of the X and Z posi-
tions). All simulations except the time-domain ESEEM simulations include the contribution of pyridine nitro-
gens based on DFT calculations for a distribution of different pyridine-zinc distances. The full set of HYSCORE
spectra is shown in appendix B. The calculated HYSCORE cross-peaks are colour-coded based on the type of
transitions: (vqq, Vdq) - black, (vdqg, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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FiIGURE 4.26: Comparison of the experimental Q-band Mims ENDOR spectra recorded at 20 K at the Z~ field
position (1233.2 mT) for [-P1 and at the Y~ field position (1235.0 mT) for [-P2. The two peaks in the [-P2 ENDOR
spectrum have been assigned to the external and internal nitrogen nuclei in the porphyrin dimer, indicated on
the right.

The porphyrin nitrogen hyperfine couplings determined by simultaneous fitting of the available exper-
imental data are reported in table 4.3 and the simulations for the two sets of optimised parameters

are shown in figure 4.25 and figure B.5 in appendix B.

14N HYPERFINE COUPLINGS IN THE LONGER OLIGOMERS

The change in nitrogen hyperfine couplings between [-P1 and [-P2 indicates delocalisation over the
two porphyrin units and the splitting into two peaks for [-P2 indicates different environments for the
internal and external nitrogen nuclei. The largest hyperfine coupling in the out-of-plane orientation
in [-P2 amounts to almost exactly one half of the corresponding hyperfine coupling in [-P1, hence it

could be used to estimate the extent of delocalisation in the longer oligomer systems.

The three-pulse ESEEM and HYSCORE spectra recorded for the porphyrin trimer are compared to the
corresponding results for monomer and dimer in figure 4.27. Both the time and frequency domain ES-
EEM data are almost identical between [-P2 and [-P3, even in the low-frequency region, indicating that
both hyperfine and nuclear quadrupole interaction parameters are probably similar. More detailed in-
formation could potentially be obtained from the HYSCORE spectrum, but the decreasing triplet yield
complicates the data acquisition. The double-quantum features are visible in the HYSCORE spectrum
at similar positions as for [-P2, but are not very well defined. If the centre of the visible ridges is
used to estimate the hyperfine coupling, a slightly smaller value with respect to the porphyrin dimer
is obtained. While this would be in agreement with the hyperfine couplings calculated by DFT us-
ing B3LYP/EPRII (standard B3LYP with 20% exact exchange, found to give the best agreement with
the proton hyperfine data), the experimental signal-to-noise ratio is not sufficient to absolutely con-
firm this. Similar measurements on the longer oligomers were unfortunately prevented by the further

decrease in triplet yield, excessively increasing the measurement time needed to obtain reasonable
HYSCORE data.
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FiGure 4.27: (A) Experimental three-pulse ESEEM time and frequency domain data for [-P1, [-P2 and [-P3 at
the canonical field positions X~, Y~ and Z~. (B) 14N matched HYSCORE spectra recorded at the field position
corresponding to the mg = 0 — mg = —1 transition of the out-of-plane orientation for [-P1 (Z7), [-P2 (Y™) and [-
P3 (Y7). The out-of-plane hyperfine coupling can be estimated from the distance between the double-quantum
features as indicated in the graphs.

4.3.5 EXCITATION WAVELENGTH DEPENDENCE

The triplet delocalisation in porphyrin oligomers could be limited by the conformational flexibility,
leading to conformations with porphyrin units at right angles to each other, thus disrupting conjuga-
tion. Previous optical studies on the porphyrin dimer have shown that the planar and twisted con-
formations can be selectively excited in different wavelength regions [67, 164]. The conformational
flexibility and its influence on triplet state delocalisation was investigated by variable temperature op-
tical studies performed by Dr. Patrik Neuhaus and Mr. Martin Peeks and is studied here by excitation

wavelength-dependent EPR measurements.
EXCITATION WAVELENGTH DEPENDENCE IN [-P2

The UV-Vis absorption spectrum of the porphyrin dimer is characterised by two types of absorption
bands, the Q bands in the wavelength region from about 550 nm to 800 nm and the B or Soret bands
centred at about 450 nm. Optical studies have shown that different conformations of the porphyrin
dimer, with a different torsional angle around the connecting bond, contribute to the absorption spec-
trum in different wavelength regions, as indicated in figure 4.28 A [67, 164]. The barrier of rotation
around the central butadiyne bond was determined by DFT potential energy surface scans to amount
to about 0.03 eV for the ground state (kg T at 25°C is 0.0257 eV). This means that at room tempera-

ture almost all conformations will be significantly populated, explaining the appearance of the room
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FiGURE 4.28: (A) Room temperature UV-Vis spectrum of [-P2 in MeTHF:pyridine 10:1 and spectrum recorded
at 238 K in o-terphenyl. The absorption bands in the spectra have been assigned to the planar and twisted
conformations of the porphyrin dimer according to reference [67]. (B) Variable temperature UV-Vis spectra of
[-P2 in MeTHF:pyridine 10:1. (The data shown in this figure were recorded by Dr. Patrik Neuhaus and Mr. Martin
Peeks).

temperature absorption spectrum. Upon cooling, the UV-Vis absorption spectrum changes as shown
in figure 4.28 B. In particular, the part of the Q-band at about 740 nm increases in intensity, while
the band at 670 nm decreases in intensity. A similar behaviour is also shown in the Soret bands. The
changes were interpreted in terms of planarisation of the porphyrin dimer at lower temperatures. In
a preliminary analysis performed by Dr. Patrik Neuhaus and Mr. Martin Peeks, the rotational barrier
was estimated based on this data and was found to be in agreement with the theoretical predictions.
The UV-Vis spectrum at 80 K was attributed to the planar porphyrin dimer by comparison with spectra
recorded using ligands forcing the dimer into a coplanar arrangement of the two porphyrin units [67].
The peak at 680 nm is still present at 80 K and has been assigned to the vibrational structure of the
principal peak of the planar conformation based on the measurement of the emission spectrum and
on time-dependent DFT (TDDFT) calculations performed by Mr. Martin Peeks. The planar conformation

of the porphyrin dimer will thus contribute in the whole wavelength region of the Q bands.

Since the EPR measurements described above were performed in frozen solutions of MeTHF (freezing
temperature around 130 K), the EPR signals will be almost exclusively due to the planar conformation
of the porphyrin dimer. In order to study the twisted conformation, measurements were performed
in o-terphenyl (freezing point at 333 K, glass transition temperature of 246 K). The UV-Vis spectrum
recorded in o-terphenyl at 238 K is compared to the room temperature spectrum recorded in the
MeTHF:pyridine mixture in figure 4.28. The UV-Vis spectrum in o-terphenyl remains unchanged in the

region from 173 to 238 K (data not shown), indicating the presence of a wide range of conformations.

Time-resolved EPR spectra were recorded after excitation at different wavelengths in the Q band re-
gion in both MeTHF and o-terphenyl and the resulting spectra are shown in figure 4.29. The spectra
recorded in MeTHF only show small changes as a function of excitation wavelength, but in o-terphenyl
more significant changes are observed. In particular, the intensity of the X transitions decreases from
530 nm to about 660 nm and then increases again and reaches a maximum at 760 nm, and the Y

transitions broaden towards the centre of the spectrum with the largest broadening observed around
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Ficure 4.29: Time-resolved EPR spectra recorded at 20 K for [-P2 in MeTHF:pyridine 10:1 (A) and in o-terphenyl
(B) using different excitation wavelengths. The spectra were recorded using light polarised parallel or perpen-
dicular to the magnetic field and the depolarised spectra shown here were reconstructed as % (h+21).

640-660 nm. The most significant changes in the EPR spectrum occur at the wavelengths attributed
to the absorption of the twisted dimer conformation. Due to the overlap of the absorption band of the
twisted conformation with the vibrational structure of the absorption band attributed to the planar
conformation, the two spectra will be superimposed and based on the small changes observed in the
experimental time-resolved EPR spectra it would seem that the spectrum of the planar conformation
prevails. In order to exclude other possible causes for the observed changes, the same measurements

were also performed on [-P1 and no wavelength-dependent changes were observed.

Excitation wavelength-dependent ENDOR measurements were also performed at 379 mT, correspond-
ing to the high-field Y transition for the porphyrin dimer and the high-field Z transition for the por-
phyrin monomer (see figures 4.12 and 4.13 for the corresponding ENDOR spectra recorded after ex-
citation at 532 nm). As expected, no wavelength-dependent changes are observed in the ENDOR
spectra of [-P2 recorded in MeTHF:pyridine and the peak observed at about -1.6 MHz corresponds
to the out-of-plane hyperfine coupling of the H; protons for a triplet state delocalised over both por-

phyrin units. In o-terphenyl, an identical spectrum is obtained for excitation at 750 nm, however

A B II— 532 nm 379 mT
- g?g il o-terphenyl
4 2 0 2 4 4 2 0 2 4
v-v(*H) [MHZ] v-v(*H) [MHz]

Ficure 4.30: Mims ENDOR spectra recorded at 20 K at a magnetic field of 379 mT (high field Y transition) for
[-P2 in MeTHF:pyridine 10:1 (A) and in o-terphenyl (B) using different excitation wavelengths.
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excitation at lower wavelengths leads to significant broadening of the same peak and to the appear-
ance of an additional peak at around -3 MHz for excitation in the region from 630-670 nm. The posi-
tion of this peak corresponds almost exactly to the ENDOR peak observed at the same field position
in the porphyrin monomer (see figure 4.12), except for a small shift towards the Larmor frequency.
The appearance of this monomer-like peak at wavelengths corresponding to the absorption of the
twisted conformation of the porphyrin dimer indicates localisation of the triplet state on a single por-
phyrin unit with the porphyrin planes at approximately right angles to each other. The broadening of
the peaks towards larger hyperfine couplings at lower and higher wavelengths can be interpreted in

terms of contributions of different intermediate conformations with varying hyperfine couplings.

The ENDOR results are a clear indication of the localisation of the triplet state on a single porphyrin
unit for a perpendicular arrangement of the two porphyrin units in [-P2, although the changes ob-
served in the time-resolved EPR spectra at the same wavelengths are not straightforward to interpret.
The expectation would be that a monomer-like EPR spectrum will be superimposed on the dimer EPR
spectrum, but no clear additional peaks are present. In order to interpret the changes in the time-
resolved EPR spectra as well as the ENDOR spectra, model calculations were performed to reproduce

and explain the observed changes.

The simulation of the contribution of different conformations of the porphyrin dimer at different wave-
lengths requires the knowledge of the "pure" EPR and ENDOR spectra corresponding to each confor-
mation. Due to the extensive overlap of their absorption bands, the experimental determination of
these spectra was prevented and they were instead estimated based on DFT calculations and the
experimental results obtained for the planar conformation of [-P2 and for [-P1, as a model of the

twisted conformation with localisation of the triplet state on a single unit, as outlined in figure 4.31.

A potential energy surface scan was performed by DFT by changing the dihedral angle between the
two porphyrin units in 10° increments and by optimising the geometries at B3LYP/6-31G(d) level.
Single-point calculations with the EPRII basis set were performed for each conformation to determine
the zero-field splitting and hyperfine parameters. The DFT calculations predict equal spin densities
on the two porphyrin units for a dihedral angle of 0° and a gradual shift of the spin density onto
one of the porphyrin units as the dihedral angle increases. The D-value decreases gradually for
increasing dihedral angles, but the sign of the D-value and the orientation of the zero-field splitting
tensor are predicted to change suddenly in the interval of dihedral angles from 50° to 60° (spin
density distributions over the two porphyrin units of 0.87 : 0.13 and 0.90 : 0.10, respectively). The
D- and E-values predicted for the conformation with the two porphyrin units at right angles to each

other correspond approximately to the values calculated by DFT for the porphyrin monomer.

In order to calculate the time-resolved EPR spectra corresponding to the different conformations, the
calculated zero-field splitting parameter D was scaled based on the experimentally determined val-
ues for the planar conformation. This was based on the assumption that DFT predicts the relative
changes in ZFS as a function of inter-porphyrin angle correctly, while it severely underestimates the
magnitudes. The E-values were calculated from the D-values using the E/D ratios obtained by lin-

ear interpolation of the experimental E/D ratios of the porphyrin monomer (E/D=0.18) and dimer
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1 Calculation of the zero-field splitting parameter D and the spin density
distributions for a series of porphyrin dimer structures with inter-porphyrin
angles ranging from 0° to 90°.

2 Generation of a set of time-resolved EPR spectra corresponding to
each conformation based on estimated D and E values and relative
sublevel populations.

Generation of a corresponding set of ENDOR spectra based on the spin density distributions from
DFT and hyperfine couplings determined from deconvolution of the experimental planar P2
ENDOR spectrum.
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3 Reconstruction of the UV-Vis spectrum as a sum of absorption bands with positions determined by
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4 Calculation of EPR and ENDOR spectra for different excitation wavelengths as a sum of
contributions from different conformations determined from the reconstructed UV-Vis spectrum.

FiGure 4.31: Outline of the procedure used for the simulation of wavelength-dependent EPR and ENDOR spec-
tra for [-P2.

(E/D=0.25). This led to a better agreement with experiment with respect to a scaling of the D- as
well as the E-values determined by DFT. The relative sublevel populations were predicted by assuming
population to occur exclusively for the out-of-plane orientation of each porphyrin unit, as the direct
zinc spin-orbit coupling contribution determines ISC, and by projecting the corresponding axes onto
the zero-field splitting tensor axis system. The projections were weighted by the relative amount of
spin density on each porphyrin unit. In order to predict the ENDOR spectra for the different conforma-
tions, the hyperfine couplings in the out-of-plane orientation for the porphyrin dimer were determined
by deconvolution of the experimental spectrum corresponding to the planar conformation and scaled

based on the ratio of spin densities on the two porphyrin units predicted by DFT.

The contribution of the spectra corresponding to the different conformations of the porphyrin dimer
at different wavelengths was predicted based on a combination of the results from TDDFT calculations
reported in reference [67] and experimental results of UV-Vis measurements (figure 4.32 A). The posi-

tions of the absorption bands for different dihedral angles were predicted by TDDFT calculations [67].
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FiIGURE 4.32: (A) Q band of the [-P2 absorption spectrum recorded at room temperature (grey) and stick spec-
trum indicating the positions of the absorption bands for different conformations of the porphyrin dimer.
The relative positions of these absorption bands have been derived from the TDDFT calculations reported
in reference [67] and the width and absolute positions have been scaled to match the experimental room-
temperature UV-Vis spectrum for further analysis. The relative intensities reflect the oscillator strengths
predicted by DFT. (B) Calculated EPR spectra of [-P2 for excitation at different wavelengths using the model
described in the text for Boltzmann distributions at 100 K (top) and 77 K (bottom). (C) Calculated ENDOR spec-
tra of [-P2 for excitation at different wavelengths using the model described in the text (Boltzmann distribution
at 100 K).

It is well known that TDDFT often does not predict absolute energies correctly [165] and hence for
the purpose of this analysis the width of the predicted distribution and the absolute positions were
scaled to match the experimental room temperature UV-Vis spectrum as shown in figure 4.32 A. The
UV-Vis spectrum could be reconstructed as a sum of Gaussians centred at the predicted positions,
but this would not explain the presence of the spectrum corresponding to the planar dimer confor-
mation at wavelengths from about 600 to 700 nm. As discussed above, the low temperature UV-Vis
spectrum was attributed to the vibronic absorption band of the pure planar conformation, therefore
instead of a Gaussian, the corresponding absorption band with its vibrational structure was used to
model the contributions of different conformations at different wavelengths. The intensities for the
absorption bands corresponding to the different conformations were determined based on the oscil-
lator strengths predicted by DFT and on a weighting factor calculated from a Boltzmann population

distribution at different temperatures.

The model UV-Vis spectrum thus constructed was used to predict the EPR and ENDOR spectra for ex-
citation at different wavelengths. The calculated spectra for each conformation were summed based
on the relative weights determined from the reconstructed UV-Vis spectrum at different wavelengths

and the results are shown in figure 4.32 B and C. The time-resolved EPR spectra in figure 4.32 B were
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calculated for two different Boltzmann distributions, at 100 and at 77 K. The calculations qualitatively
reproduce the changes observed experimentally in the two different solvent systems (see figure 4.29).
At the wavelengths with the largest contribution of the twisted conformation, the intensity of the cen-
tral X transitions decreases and the Y transitions are shifted towards the centre. The analysis de-
scribed above indicates that the observed changes are caused by the contribution of a distribution
of EPR spectra that tend towards the EPR spectrum observed for the porphyrin monomer. The calcu-
lated ENDOR spectra in figure 4.32 C also predict a broadening and the appearance of an additional
peak at larger hyperfine couplings, as observed experimentally (figure 4.30). The poor quantitative
agreement of calculation and experiment can be attributed to the large number of approximations
required to perform this analysis. Nevertheless the experimentally observed wavelength dependence
could be qualitatively explained and the contribution of a distribution of different orientations to both

EPR and ENDOR spectra could be confirmed.
EXCITATION WAVELENGTH DEPENDENCE IN [-P3 AND [-P4

The porphyrin trimer can assume an even larger range of conformations as the torsional angles
around two butadiyne bonds can now vary independently. The room temperature UV-Vis spectrum
of [-P3 is shown in figure 4.33 A. The Q band is shifted further to the red compared to [-P2 due to
the increased conjugation and is also broadened. In analogy to [-P2, different conformations are as-
sumed to contribute at different wavelengths, with planar conformations absorbing in the red and
more twisted conformations in the blue part of the broad Q band absorption. The nature of the
changes occurring upon cooling are similar to those observed for [-P2. The intensity of the high
wavelength part of the Soret and Q band increases and the intensity at lower wavelengths decreases
as shown in figure 4.33 B. An initial slow increase of the intensity at wavelengths higher than 800 nm,
paralleling the behaviour observed for [-P2, is followed by a more pronounced and sudden increase
at temperatures lower than about 138 K. The intensity of this peak relative to the broad absorption
band at lower wavelengths was also found to be concentration-dependent; for lower porphyrin con-
centrations the well-defined peak at about 805 nm only appears at lower temperatures. A similar

behaviour has been previously observed for longer porphyrin oligomers with different side-groups in
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Ficure 4.33: (A) Room temperature UV-Vis spectra of [-P3 in MeTHF:pyridine 10:1 compared to the spectrum

recorded at 238 K in o-terphenyl. (B) Variable temperature UV-Vis spectra of [-P3 in MeTHF:pyridine 10:1.
(The data shown in this figure have been recorded by Dr. Patrik Neuhaus and Mr. Martin Peeks).
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the presence of aggregation and the red-shifted peak with increasing intensity at lower temperatures
has been assigned to well-defined planar aggregates [166]. Aggregation is somewhat reduced if the
sample is shock-frozen, but at the EPR concentrations of 100-200 uM the presence of aggregates

cannot be ruled out.

The time-resolved EPR spectra recorded for [-P3 in MeTHF:pyridine and in o-terphenyl after excitation
at different wavelengths in the Q band region are shown in figure 4.34. The wavelength-dependent
changes are much more pronounced with respect to [-P2 and occur to a similar degree in both solvent
systems, suggesting that a wider range of conformations is present in MeTHF as well. The changes
in the EPR spectra are mainly restricted to the region of the Y transitions; in MeTHF:pyridine the
intensity increases from 530 nm to higher wavelengths, reaches a maximum at about 620 nm and
then decreases again, reaching a minimum at 800 nm. In o-terphenyl, the general behaviour is the
same, but some differences are observed in the intensities at the same wavelengths. The results
of analogous measurements performed for [-P4 in MeTHF:pyridine are shown in figure 4.35. The
wavelength-dependent changes in the spectrum are again confined mainly to the Y transitions and
follow similar trends to those observed for [-P3. The maximum intensity is reached for a wavelength
of 680 nm or slightly lower and then decreases for longer wavelengths, reaching the minimum at
830 nm. At wavelengths higher than 800 nm for [-P3 and higher than 830 nm for [-P4 the intensity
of the Y transitions was found to increase again, as shown in figure 4.37, no further changes are

observed at even higher wavelengths before the signal intensity is reduced below the detection limit.

The changes in the time-resolved EPR spectra at wavelengths lower than 800 nm for [-P3 and 830 nm
for [-P4 can be interpreted in terms of contributions of EPR spectra corresponding to twisted confor-
mations. A conformation with two coplanar porphyrin units would give a spectrum similar to that of
the porphyrin dimer, which has similar D- and E-values to the trimer and tetramer and a spin polari-
sation characterised by a high intensity of the Y transitions and much lower intensities of the X and
Z transitions. The contribution of such a spectrum to the [-P3 or [-P4 spectrum would lead to the

observed wavelength-dependent changes, i.e. increased intensity of the Y transitions in the region of
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FiGURE 4.34: Time-resolved EPR spectra recorded at 20 K for [-P3 in MeTHF:pyridine 10:1 (A) and in o-terphenyl
(B) using different excitation wavelengths. The spectra were recorded using light polarised parallel or per-
pendicular to the magnetic field and the depolarised spectra shown here were reconstructed according to
1
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FiGure 4.35: Time-resolved EPR spectra recorded at 20 K for [-P4 in MeTHF:pyridine 10:1 using different exci-
tation wavelengths. The spectra were recorded using light polarised parallel or perpendicular to the magnetic
field and the depolarised spectra shown here were reconstructed according to % (h+21).

the dimer absorption (approximately from 620 to 760 nm) and observation of the pure planar [-P3 or
[-P4 EPR spectrum towards the red edge of the corresponding absorption spectrum. The EPR spectra
recorded at 800 nm for [-P3 and at 830 nm for [-P4 were therefore assigned to the approximately
planar conformation of the oligomer. The presence of a contribution of a conformation with all por-
phyrin units at right angles is likely, but could not be distinguished from the dimer-like contributions,
since the changes would be very small, as determined from the analysis of the wavelength-dependent
[-P2 data. Similarly, the presence of a contribution from a conformation with three coplanar porphyrin
units and one unit at right angles to them in [-P4 cannot be determined due to the similarity of the
[-P3 and [-P4 EPR spectra. All non-planar conformations will thus be referred to as twisted in the

following analysis.

The hypothesis of the contribution of a dimer-like spectrum for the twisted conformations is confirmed
by subtraction of the EPR spectrum obtained close to the red edge of the absorption, assigned to the
planar conformation, from the spectra recorded at lower wavelengths. The subtraction spectra cor-
respond to the EPR spectra of the twisted conformations and closely resemble the [-P2 EPR spectrum
(figure 4.36 A and B). In order to determine the wavelength regions with the largest contribution of
the twisted conformations, the spectra were reconstructed as linear combinations of the experimental
spectra corresponding to the planar oligomer and the experimental dimer spectrum (see figure 4.36 C
and D for [-P3 and [-P4, respectively). The contributions of the two types of conformations to the over-
all EPR intensity, normalised by laser power, are plotted as a function of wavelength in figure 4.36 E
and F. The twisted conformations contribute mainly at wavelengths lower than 750 nm, in the region
of the Q band absorption of the porphyrin dimer. The planar conformation contributes to the spec-
trum at all wavelengths, but reaches the highest intensity just below 800 nm for [-P3 and somewhere
in the region from 800 to 850 nm for [-P4. The mismatch of the total EPR intensities as a function
of wavelength with the UV-Vis absorption spectrum could be attributed to saturation effects and to
differences in triplet yield between different conformations (i.e. higher triplet yields for the twisted
conformations would be expected based on the observed decrease in triplet yield with the number of

porphyrin units).
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FiGURre 4.36: (A/B) EPR spectra obtained by subtraction of the normalised [-P3/[-P4 spectrum recorded at
800/830 nm from the EPR spectra recorded for excitation at lower wavelengths. The resulting subtraction
spectra are compared to the [-P2 spectrum recorded after excitation at 710 nm. (C/D) Reconstruction of
the time-resolved EPR spectra recorded for [-P3/[-P4 at different wavelengths as a linear combination of the
[-P3/1-P4 spectrum recorded at 800/830 nm and the [-P2 spectrum. (E/F) Contributions of the [-P2 and planar
[-P3/[-P4 conformations, resulting from the linear combinations shown in C and D, to the EPR signal intensity

(divided by the laser power) as a function of wavelength.
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The excitation wavelength-dependent changes in the EPR spectra of [-P3 and [-P4 can be explained
in terms of the contribution of different conformations for most of the Q band absorption region. This
theory does however not explain the changes occurring at higher wavelengths (figure 4.37). In the
region above 800 nm for [-P3 and above 830 nm for [-P4, the intensity of the Y transitions increases
again and this change could also be explained by the contribution of a dimer-like spectrum. Neverthe-
less, in this case, the contribution could not be due to a twisted conformation, as such a conformation
would not absorb at such high wavelengths due to the decreased conjugation length. In addition to
the contribution of a dimer-like spectrum, a range of different spectral shapes and widths could also
lead to the observed changes. The exact nature of the contribution at high wavelengths could not be

identified based on the available EPR data.

One possible explanation for the behaviour at high wavelengths would be the presence of an aggre-
gate that absorbs at these wavelengths, a proposal in agreement with the UV-Vis data showing con-
centration dependent changes in this region of the absorption spectrum [166]. This hypothesis would
be supported by the fact that the differences between spectra recorded by exciting at 800 nm and at
810 nm are smaller in o-terphenyl with respect to MeTHF, since no indications of aggregation could be
detected in the UV-Vis spectra recorded in o-terphenyl. This would additionally explain the differences
in the EPR spectra recorded at 800 nm in these two solvent systems. If aggregation is more likely in
MeTHF, the aggregate could give rise to the increased Y transition intensity in the 800 nm spectrum
recorded in MeTHF, while the contribution to the spectrum in o-terphenyl would be less pronounced.
The tendency to aggregation increases with oligomer size, so that the differences are expected to be
even larger for the tetramer, as is indeed observed experimentally (see figure 4.37). In order to prove
this experimentally, the EPR measurements were repeated at lower concentrations, but no changes
were observed in the range from 10 to 100 uM. Nevertheless, a concentration of 10uM is still 5-10
times higher than the concentrations used for UV-Vis measurements for which signs of aggregation
have already been detected. EPR measurements on samples with even lower concentrations were
unfortunately not possible due to the reduced signal intensity. Similarly, increasing the concentration

would lead to more significant optical saturation, also decreasing the EPR signal intensity.
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FiGURe 4.37: Time-resolved EPR spectra recorded at 20 K for [-P3 in MeTHF:pyridine 10:1 and in o-terphenyl
and for [-P4 in MeTHF:pyridine 10:1 using different excitation wavelengths at the red edge of the absorption
spectrum.
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Wavelength-dependent ENDOR measurements were also attempted for [-P3. The magnetic field po-
sition potentially providing the most information on the presence of monomer-, dimer- and trimer-
like hyperfine couplings was identified as the high field Y position (380 mT) and the ENDOR spectra
recorded for [-P1, [-P2 and [-P3 at this field position are shown in figure 4.38 A.

The ENDOR spectra were recorded in both MeTHF:pyridine and in o-terphenyl with excitation at dif-
ferent wavelengths and are shown in 4.38 B. The worse signal-to-noise ratio for [-P3 is due to its
decreased triplet yield. ENDOR measurements at 800 nm, where the completely planar conformation
of [-P3 absorbs, could not be recorded with a sufficient signal-to-noise ratio in a reasonable time due
to the nature of the spin polarisation in the corresponding spectrum, which leads to a signal intensity
close to zero for this field position. The hyperfine peak at about -2 MHz is present in all ENDOR spec-
tra and was assigned to the hyperfine coupling in the out-of-plane orientation of the H; protons, the
B protons close to the triple bonds, on the central porphyrin unit (see section 4.3.3). An additional
peak at -1.3 MHz appears for excitation at 760 nm for both solvent systems. The ENDOR spectrum
recorded in o-terphenyl is characterised by broader peaks at similar positions and this broadening

could be due to the wider range of conformations frozen in due to the higher freezing point. The
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FiGure 4.38: (A/C) Mims ENDOR spectra recorded at 380/352 mT with excitation at 532 nm for [-P1, [-P2 and
[-P3 in MeTHF:pyridine 10:1. (B/D) ENDOR spectra recorded at 380/352 mT for [-P3 in MeTHF:pyridine 10:1
and in o-terphenyl using different excitation wavelengths. The ENDOR spectra shown in B were recorded with
longer 7 (200-280 ns) values compared to the ones shown in A, as this lead to higher ENDOR intensities for
small hyperfine couplings; the decreased intensity of the Larmor peak with respect to the spectra in A'is also
due to this.
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hyperfine coupling of -1.3 MHz determined from this additional peak is smaller than that correspond-
ing to the peak in the [-P2 ENDOR spectrum (-1.7 MHz), but could still correspond to the hyperfine
coupling for a conformation with only two coplanar porphyrin units. In that case it is somewhat sur-
prising that this peak would not be present for excitation at lower wavelengths, corresponding to
the maximum of the dimer-like contribution to the time-resolved EPR spectrum. Alternatively, since
the wavelength is quite high, this signal could correspond to the planar conformation with a differ-
ent spin density distribution approaching symmetrical delocalisation over the three porphyrin units.
However, then the intensity and hyperfine coupling of the peak at about -2 MHz would be difficult to
explain, since the intensity is too strong and the hyperfine coupling probably too large to correspond
to a dimer-like triplet state. Further, the same peak at -1.3 MHz should then still be present and
stronger at 810 nm, which is not observed within the signal-to-noise achievable for that field position

and wavelength (data not shown).

The best signal intensities would be obtained for the X transitions and thus ENDOR measurements at
the high-field X position (352 mT) were also performed and the results are shown in figure 4.38 D. No
significant changes are apparent in the whole investigated wavelength range for this field position.
This is not surprising if the peak at -2 MHz is assigned to the completely planar trimer, as the corre-
sponding spectrum will always give the largest contribution to the EPR signal at this field position (see
figure 4.36 C). This result renders the assignment of the peak at -1.3 MHz at the Y field position to a
planar conformation very unlikely. Accordingly, assignment of this peak to a dimer-like conformation

seems probable, but cannot easily be unequivocally confirmed by experiments.

In conclusion, this excitation wavelength-dependent EPR study has provided further information on
the conformational distribution of the porphyrin dimer and oligomers. The contributions of different
porphyrin dimer conformations at different wavelengths are well known from optical studies and time-
dependent DFT calculations and the EPR results are in agreement with these results. The changes
observed in both EPR and ENDOR spectra can be rationalised in terms of a very approximate model
for the distributions of different conformations at different excitation wavelengths. The interpreta-
tion of the results for the porphyrin trimer and tetramer is complicated by the increased number of
possible conformations and the lack of information on their contribution in different regions of the
absorption spectrum. The analysis is further complicated by the possible presence of aggregates.
The changes in the time-resolved EPR spectra can nevertheless be interpreted assuming two contri-
butions: the contribution of a planar conformation with a spin polarisation determined from the EPR
spectrum recorded at the maximum of the Q band absorption peak and the contribution of twisted

conformations with the same spin polarisation as the porphyrin dimer.

4.3.6 PORPHYRIN OLIGOMERS BOUND TO TEMPLATES

In addition to the linear oligomers, oligomers bound to the template used for the synthesis of the

six-membered ring were also investigated (see figure 4.39). The binding to a template places the
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FiIGURE 4.39: Molecular structure of the linear oligomer [-P3 and of [-P3 bound to the T6 template.

porphyrin units at angles of approximately 120° to each other and therefore allows the determination

of the effect of the geometry on the zero-field splitting parameters and on triplet state delocalisation.

The time-resolved EPR spectra recorded for the porphyrin dimer, trimer, tetramer and hexamer in a
toluene solution with an excess of T6 template are shown in figure 4.40. The binding of the por-
phyrin to the template was verified by UV-Vis measurements at room temperature. For the porphyrin
dimer, only relatively small changes are observed upon addition of the template, while significant
changes are observed for the longer oligomers. The D-values decrease considerably, as indicated by
the reduced width of the triplet state EPR spectrum. The EPR spectrum of P3-T6 and to a certain de-
gree also that of P4-T6 show a clearly resolved structure and spin polarisation. The spectrum is less
well-defined for P6-T6, which might be due to a distribution of conformations and thus EPR spectra,
causing broadening of parts of the spectrum. In all cases, a weak signal resembling the spectrum of
the free oligomer is also present. Typically an excess of T6 template was used and UV-Vis data show
complete binding at room temperature, but dissociation of the porphyrin oligomer from the template

at low temperatures cannot be excluded.

The significant decrease in D would suggest increased delocalisation, according to modelling within
the framework of the point-dipole approximation. It was however concluded from the analysis of the
linear oligomers that much more accurate information on the triplet state delocalisation can be ob-
tained from the hyperfine couplings. Therefore ENDOR measurements were also performed on the
templated porphyrin oligomers at the high-field X position. The results for the templated porphyrin
dimer and trimer are shown in figure 4.41 and are compared to the corresponding measurements on
the free oligomers. The ENDOR spectra recorded for the free and bound porphyrin dimer and trimer

are almost identical; similar results are obtained for the tetramer and hexamer.

The ENDOR data shown in figure 4.41 indicate that no changes in the extent of the triplet state wave-
function occur upon binding of the T6 template, hence a change in triplet state delocalisation cannot
be the cause for the observed decrease of the zero-field splitting parameter D upon binding to the
template. In order to understand the observed reduction of D, DFT geometry optimisations and cal-

culations of the ZFS and hyperfine parameters were performed on the porphyrin oligomers bound to
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the template. The ZFS parameters calculated at B3LYP/EPRII level are compared to the experimental

results in table 4.4.

The decrease in D is well reproduced by the DFT results; experimentally the ratio of D-values for the
porphyrin trimer with the bent structure on the template and for the linear structure is 0.53 and DFT
predicts a ratio of 0.59. Similarly for the porphyrin tetramer the experimental ratio is 0.41 and DFT
predicts a ratio of 0.52. For the porphyrin dimer the interpretation is more difficult, as only small
changes are observed in the spectrum (figure 4.40). However, some discontinuities between the Y
and X transition (at about 320 mT and about 375 mT, see arrows in figure 4.40) might indicate the

presence of a second contribution and the spectrum can be simulated as a linear combination of the
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FiIGUurRe 4.40: Time-resolved EPR spectra recorded at 20 K up to 2 us after the laser pulse at 532 nm for the
linear oligomers [-P2 to [-P6 in toluene:pyridine 10:1 and of the oligomers bound to the T6 template in toluene.
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FiIGURE 4.41: ENDOR spectra recorded at the high-field X position for the linear porphyrin dimer and trimer in
toluene solution (blue) and bound to the T6 template (red). Excitation at 532 nm was used in both cases.
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TaBLE 4.4: Experimental and calculated zero-field splitting parameters for the free and bound porphyrin
oligomers with two to four porphyrin units. The DFT calculations were performed at the B3LYP/EPRII level
as described in section 4.2.5.

Experiment B3LYP/EPRII
D [MHZz] E [MHZz] D [MHZz] E [MHZz]
[-P2 -1117+9 -284+2 -609 -72
P2-T6 —-890+ 25 -51+15 -468 -51
[-P3 -1169+7 -269+2 -456 -84
P3-T6 -621+6 -102+2 -270 -36
[-P4 -1195+8 —273+2 -465 -60
P4.T6 -486+12 -48+3 -243 -6

spectrum in toluene and an additional spectrum with a decreased D-value, assigned to P2-T6, with a
ratio of 0.85 : 0.15 (the corresponding ZFS values are given in table 4.4). The binding constant of the
porphyrin oligomer to the template increases with the number of porphyrin units, it is thus possible
that even in the presence of an excess of template, the binding is not complete for the porphyrin

dimer in frozen solution.

In a recent study on the interpretation of zero-field splitting parameters in terms of electron-electron
distances by Riplinger et al. [129], the dependence of the D-value on the torsion angle between two
fragments of a molecule containing the unpaired electrons was investigated by studying the over-
lap of the localised singly occupied molecular orbitals (SOMOs). The quasi-restricted molecular or-
bitals from single-point calculations performed at B3LYP/EPRII level for the porphyrin monomer, dimer,
trimer and tetramer are shown in figure 4.42. The corresponding orbitals of the templated oligomers
are shown in figure 4.43. The SOMOs localised using the Pipek-Mezey scheme [167] are also shown
and were used to separate the Coulomb and exchange contribution to the D-value. The localised
orbitals are linear combinations of the delocalised orbitals and are limited to a smaller region of the

molecule.

The overlap between the two SOMOs determines the magnitude of the D-value, increased overlap
leads to an increase of both the Coulomb and the exchange contributions to the electron spin-spin
interaction. The exchange contribution depends directly on the overlap integral and the Coulomb
contribution depends on the distance between spin-carrying orbitals. A larger overlap of the SOMOs
leads to more Coulomb contributions with small inter-spin distance, which correspond to larger con-
tributions to the D-value due to the r—3 dependence. Comparison of the populations of the SOMOs on
the different porphyrin units for the linear oligomers and the oligomers bound to a template shows
that there is a larger overlap for the linear systems with respect to the bent ones, leading to larger

D-values, as observed experimentally.

These results show that caution must be exerted in the interpretation of zero-field splitting D-values
in terms of triplet state delocalisation in molecular-wire-type systems with extensive conjugation be-
tween the monomeric units, as changes in geometry can cause significant changes in the magnitude
of D, which could be wrongly interpreted in terms of increased or decreased triplet state delocalisa-

tion.
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FIGURE 4.42: Plots of the frontier quasi-restricted molecular orbitals and of the localised SOMOs calculated
with B3LYP/EPRII for [-P1, [-P2, [-P3 and [-P4. The populations of the SOMOs on the different porphyrin units

are indicated as percentages. The arrows indicate the electrons occupying each orbital.
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FiIGURE 4.43: Plots of the frontier quasi-restricted molecular orbitals and of the localised SOMOs calculated
with B3LYP/EPRII for P2-T6, P3-T6 and P4-T6. The populations of the SOMOs on the different porphyrin units

are indicated as percentages. The arrows indicate the electrons occupying each orbital.
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4.3.7 PORPHYRIN RINGS

In addition to the linear porphyrin oligomers, the six-membered ring has also been investigated, since
the symmetry and the lack of end-group effects could influence the delocalisation of the excited
triplet state. The structures of the six-membered porphyrin ring without and with rigid internal tem-

plate are shown in figure 4.44.

The time-resolved EPR spectra recorded for the six-membered porphyrin ring without template (c-P6),
the porphyrin ring with template (c-P6-T6) and the free base porphyrin ring are shown in figure 4.45 A.
The zero-field splitting parameters and relative sublevel populations determined by simulation are
reported in table 4.5. The spectra are considerably broadened and the canonical positions cannot be

clearly identified based on just the time-resolved EPR data.

(H13Cg)3Si Si(CeHia)s
Ar=

A B [cP6-To6

L

PR oy TV O
cP6
c-P6T6 T —— TR-EPR
free-base c-P6 pulse EPR
330 340 350 360 330 340 350 360
B [mT] B [mT]

FIGURE 4.45: (A) Time-resolved EPR spectra recorded at 20 K for c-P6, c-P6-T6 and free base c-P6. The spectra
are compared to the EPR spectrum of [-P1 in the inset. (B) Comparison of the time-resolved and echo-detected
EPR spectra of c-P6-T6. The central part of the field sweep was removed due to the presence of a residual
radical signal not completely removed by the pre-saturation pulse. The canonical field positions identified
from the field sweep are indicated by arrows.
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TaBLE 4.5: Zero-field splitting parameters and relative sublevel populations determined by simulation of the
time-resolved EPR data of c-P6, c-P6-T6 and free base c-P6 shown in figure 4.45 A. The relative sublevel
population values are affected by errors of 0.07, 0.02 and 0.03, respectively, for the three porphyrin rings.

|D| [MHz] |E| [MHZ] E/D Px:Py: Py
c-P6 244+ 16 61+11 0.25 0.49:0.51:0.00
c-P6-T6 230+3 52+1 0.23 0.43:0.57:0.00
free base c-P6 209+11 29+5 0.14 0.39:0.61:0.00

Triplet state EPR spectra recorded using pulse EPR typically show increased intensities at the canoni-
cal field positions and reduced signal intensities for non-canonical orientations compared to the cor-
responding time-resolved cw-EPR spectra [123, 168]. These differences have been explained by the
influence of modulations of the orientations of the ZFS tensor axes on the spin-spin relaxation time T.
T> is shortened for non-canonical orientations with respect to canonical orientations, as the angular
dependence of the ZFS interaction is strongest and hence the modulations have the most significant
effect for these off-axis orientations [123, 168]. The echo-detected field sweep of c-P6-T6 is compared
to the time-resolved EPR spectrum in figure 4.45 B. The Z canonical field position can be clearly iden-
tified from the sharp increase in signal intensity. The X and Y field positions are more difficult to
identify, although a discontinuity in the spectrum around 341 mT could indicate the presence of the Y
canonical field position. The identification of two canonical field positions, in addition to the centre of
the spectrum is sufficient to assign both D- and E-values and these values have been used to guide
the simulations of the time-resolved data for c-P6-T6. Similar results, with only a small increase in
D were obtained for the porphyrin ring without template. The EPR spectrum of the free base ring is
characterised by an even smaller D-value and by slightly different spin polarisation. In this case no
canonical field positions in addition to Z could be clearly identified from the pulse EPR data, leading

to a larger uncertainty on the E-value and the relative sublevel populations.

The comparison with the spectrum of [-P1 shows that the D-value is significantly smaller in the rings,
suggesting increased delocalisation. The results of the previous section have, however, shown that
a decrease in D does not necessarily imply changes in the extent of triplet state delocalisation and

hence ENDOR measurements were also performed to determine the proton hyperfine couplings.

The ENDOR spectra recorded at the high-field Z position for c-P6 and c-P6-T6 are shown in fig-
ure 4.46 A; the spectra are compared to the [-P1 ENDOR spectrum in the inset. The ENDOR spectra
of both c-P6 and c-P6-T6 are characterised by a hyperfine peak at lower frequencies with respect
to the nuclear Larmor peak and corresponding to a hyperfine coupling of about 0.6 MHz. Since the
largest hyperfine couplings in the porphyrin systems investigated here are negative, the high-field
Z position can be assigned to the mg = -1 — mg = O transition and therefore the D-value can be
concluded to be positive. Further, since the largest hyperfine couplings are observed in the direction
of the phenyl substituents, the Z axis can be assigned to the out-of-plane axis of the porphyrin ring
(see figure 4.47). The sign of D and the direction of the Z axis indicate an oblate spin distribution, as
expected for complete delocalisation around the porphyrin ring. The hyperfine coupling for the por-

phyrin rings correspond to approximately one sixth of the corresponding hyperfine coupling in [-P1
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FIGURE 4.46: (A) Mims ENDOR spectra recorded at 354.1 mT for the porphyrin ring without and with template.
(B) Hyperfine couplings of the Hq protons along the ZFS axis in the porphyrin plane perpendicular to the
butadiyne bonds determined by Gaussian fitting of the principal hyperfine peak in the experimental ENDOR
spectra as a function of the number of porphyrin units, the error bars indicate the full width at half maximum.
The grey line corresponds to the theoretical N1 relationship for the hyperfine couplings in case of complete
delocalisation.

(see figure 4.46 B), confirming that the triplet state is delocalised over all six porphyrin units in the
porphyrin ring. The peak is shifted to slightly higher hyperfine couplings in c-P6 compared to c-P6-T6,
indicating a slightly decreased extent of delocalisation in the template-free ring. The hyperfine val-
ues and ZFS tensor orientation are also in good agreement with DFT predictions for a completely

delocalised triplet state.

The assignment of the orientation of the ZFS tensor with the X and Y axes in the plane of the por-
phyrin ring and with Z as the out-of-plane axis allows an attempt at explaining the observed spin
polarisations. In all three cases, the EEEAAA spin polarisation indicates that the triplet sublevels
corresponding to the orientations in the ring plane are mainly populated. An analysis similar to that
used to explain the spin polarisations in the linear oligomers can also be applied here. A theoret-
ical calculation based on the assumption of population of the triplet state promoted solely by zinc
spin-orbit coupling yields Px : Py : P> = 0.46 : 0.54 : 0.00, with increasing population Py for increasing
deviations from circular symmetry (flattening of the porphyrin ring in one direction). The relative pop-
ulation ratios of the zinc porphyrin rings can again be calculated as linear combinations of the free
base populations and the populations for a perfectly symmetric ring for c-P6-T6, while the popula-
tions for a ring with elliptical geometry, characterised by two internal inter-porphyrin angles of 50°
and four angles of 155°, have to be used to obtain a good agreement with the experimental results
for c-P6. In both cases the two ISC mechanisms, direct spin-orbit coupling promoted by mixing of the
zinc d-orbitals with the porphyrin 7 system and vibronic spin-orbit coupling, seem to contribute to a
similar extent, with ratios of 0.57 : 0.43 for c-P6-T6 and of 0.48 : 0.52 for c-P6. This interpretation
certainly seems plausible, since the vibrations are restricted in the ring systems and therefore the
contribution of the direct zinc spin-orbit coupling could be more important in these systems with re-

spect to the more flexible linear oligomers, where the vibronic contribution was shown to carry more
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weight as the size of the systems increased. The changes between the ring with and without template

also seem to be in agreement with increased rigidity in the porphyrin ring bound to the template.

4.4 CONCLUSIONS

The triplet state delocalisation in linear, bent and cyclic porphyrin arrays was investigated using time-
resolved EPR to characterise the ZFS interaction and ENDOR, ESEEM and HYSCORE to study the pro-

ton and nitrogen hyperfine interactions.

The results of ENDOR, ESEEM and HYSCORE measurements of proton and nitrogen hyperfine cou-
plings indicate complete delocalisation of the triplet state over both porphyrin units in the planar
dimer molecule. The orientation selectivity inherent to pulse EPR measurements on photoexcited
triplet states, in combination with the results of DFT calculations, also allowed the determination of
the orientation of the ZFS tensor in the molecular frame. Both these results and the corresponding
results of magnetophotoselection studies have provided evidence for the reorientation of the zero-
field splitting tensor from the porphyrin monomer to the dimer and for a sign change of the D-value.
The transition from an oblate spin distribution in the monomer to a prolate spin distribution in the
dimer leads to the shift of the axis of maximum dipolar coupling, Z, from the out-of-plane axis in the
monomer to the long axis of the molecule in the dimer (figure 4.47). The occurrence of such a reori-
entation has previously been proposed for similar systems based on the changes in ZFS parameters
[113, 124, 128], but the results shown here provide the first irrefutable experimental proof for its
occurrence. The reorientation of the ZFS tensor also explains the changes in D and E as well as in
spin polarisation observed in the time-resolved EPR spectra of [-P1 and [-P2. The mechanism driving
the ISC in zinc porphyrins is determined by direct spin-orbit coupling due to mixing of the d-orbitals
of zinc with the porphyrin @ system and leads to dominant population of the out-of-plane sublevel
[136, 137]. This mechanism and the reorientation of the ZFS tensor explain the spin polarisation of
the [-P1 and [-P2 EPR spectra. The results of this comprehensive characterisation of the changes
in triplet state properties between the porphyrin monomer and dimer have provided the necessary

foundation for understanding the triplet state delocalisation in longer polymer chains.

FIGURE 4.47: Orientation of the zero-field splitting tensors in the molecular frame of [-P1, [-PN and c-P6.
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The results of proton ENDOR measurements on longer linear oligomers with up to six porphyrin units
have been interpreted in terms of triplet states with uneven spin density distributions characterised
by increased spin density on the central porphyrin units of the oligomer systems. The changes in
spin polarisation of the EPR spectra of the longer porphyrin oligomers were explained by assuming
the increasing importance of a competing ISC mechanism induced by molecular vibrations as the

length of the oligomer increases.

Excitation wavelength-dependent time-resolved EPR and ENDOR measurements have shown that dif-
ferent conformations of the porphyrin oligomers contribute at different wavelengths and are charac-
terised by different extents of the triplet state wavefunction, depending on the relative orientation of

adjacent porphyrin units.

The triplet state was found to be completely delocalised in symmetric cyclic porphyrin rings with and
without the rigid internal template. Evidence for increased delocalisation was obtained from the ZFS
parameters and was confirmed and quantified by proton ENDOR measurements. Comparison of the
experimental results with the results of DFT calculations allowed assignment of the ZFS tensor also in
this system (see figure 4.47) and showed that the D-value is positive, as characteristic for an oblate

spin density distribution.

Analysis of the hyperfine couplings was required to determine the extent of triplet state delocalisa-
tion. Determination of the extent of delocalisation from the ZFS D-value alone using the popular
point-dipole approximation would have led to an underestimation of the true delocalisation length in
the linear oligomer systems. The results of EPR and ENDOR measurements on oligomers forced into
a bent conformation by binding to a template have shown that the D-value is very sensitive to the
geometry of the system and does not accurately reflect the extent of triplet state delocalisation. DFT
was shown to provide a useful tool for the interpretation of trends in the change of ZFS parameters

with regard to triplet state delocalisation.

In contrast to previous findings [112, 113], the extent of electron delocalisation in the radical cations
(at low temperatures) and in the triplet states of the multiporphyrin arrays investigated here were
found to be very similar. In particular, the triplet state as well as the radical cation state was found
to be delocalised over more than a single porphyrin unit. Due to the orientation selection for the
triplet state and the larger proton hyperfine couplings, the delocalisation of the triplet state could be
determined more accurately than the delocalisation in the radical cations, as the experimental data

provided more detailed and better resolved information.
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5 DIPOLAR SPECTROSCOPY

The interactions between electron and nuclear spins and the techniques used for their measurement
were discussed in chapter 2. This chapter is dedicated to the measurement of weak interactions be-
tween two or more electron spins. Measurement of the dipolar interaction between electron spins can
provide information on the distance between them and can thus be exploited for the determination
of macromolecular structures through measurement of long-distance constraints between different
paramagnetic centres at specific points of the structure. Different techniques can be applied for these
measurements: short distances between 1 and 1.7 nm are typically best determined from the dipolar
broadening of continuous wave EPR spectra and distances above 1.7 nm up to about 8-12 nm can be
determined by the different variants of the pulse EPR technique Double Electron Electron Resonance

(DEER) or synonymously Pulsed ELectron DOuble Resonance (PELDOR) [169, 170].

Dipolar spectroscopy is used for the characterisation of the structure and dynamics of biological
systems such as proteins, protein complexes and DNA or RNA [171, 172]. The advantages of EPR
techniques over the more established X-ray crystallography and solution-state NMR techniques are
the ability to study protein complexes or membrane proteins, which often do not form single crystals
required for X-ray analysis and are too large to be studied efficiently by NMR. In addition to this, EPR
can provide information on long-distance constraints, while NOE constraints in NMR are generally

limited to short distances up to around 0.5 nm.

The paramagnetic centres used for dipolar spectroscopy are often nitroxide spin labels introduced at
selected points of the protein sequence by site-directed mutagenesis. The most commonly used ni-
troxide spin label for proteins is (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate
(MTSL) (figure 5.1 A), which is attached to cysteine residues by a disulfide bond. Many other types
of nitroxide spin labels have been developed for attachment to different sites in different biopolymers
and to modulate the mobility of the spin label [173]. Trityl radicals are now also sometimes used
instead of or in addition to nitroxide labels [174]. In some cases, the paramagnetic centres can be
paramagnetic cofactors already present in the investigated protein structure, for example metal ions,
such as copper, manganese or iron (figure 5.1 B and C), or organic radicals, such as for example
tyrosyl radicals (see [175, 176] and references therein). The use of gadolinium spin labels is also

becoming increasingly more common [175, 177, 178].

The EPR techniques used for distance measurements and the data analysis method required to ex-

tract the distance and in some case orientation information are described in the following sections.
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Ficure 5.1: Paramagnetic centres intrinsically present or artificially introduced in the protein systems inves-
tigated in this thesis and their X-band EPR spectra: MTSL nitroxide spin label (A), iron-sulfur cluster (B) and
low-spin ferric heme group (C).

5.1 THE DIPOLAR INTERACTION AND THE PAKE PATTERN

The electron-electron dipole and exchange interactions were described in detail in section 1.2.6.
The isotropic exchange interaction requires orbital overlap and can generally be neglected if the
paramagnetic centres used for structural studies have localised spins and are separated by more
than 1.5 nm. The spin Hamiltonian describing a system of two weakly coupled electron spins with

Sp=Sg = % can be written as:
s Bep o Ben o o :
H(Sa, Sg) = EBOgASA'*EBOgBSB"'SADABSB (5.1)

where, neglecting the non-secular and pseudo-secular terms, D,g is given by

2
AB = _FO —gAgE‘Bﬁe (1 —3C0326)§AZ§BZ
arh i (5.2)

= a)dd(l —3cos? 9) S5,

with 6 the angle between the magnetic field Bg and the distance vector r g, as shown in figure 5.2 B.
The point-dipole approximation is usually valid for nitroxide labels, since the two spins are sufficiently
far apart to neglect the distributions of the spin densities in most cases, however, when the spin den-
sity of the paramagnetic centres is delocalised over several atoms, a distributed point-dipole model
is more appropriate [129]. In the weak-coupling regime (Aw > wyy, Wwhere Aw is the difference in
resonance frequency of the two spins), the splitting between the most prominent peaks in the Pake

pattern corresponds to wgg4, as shown in figure 5.2 A. In the strong-coupling regime (Aw < wyq) the
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pseudo-secular terms of the dipolar interaction spin Hamiltonian cannot be neglected, leading to dif-
ferent eigenstates and eigenvalues with respect to the weak coupling regime. In that case the splitting

between the peaks in the Pake pattern increases to %a)dd.

The dipolar frequency wpg = a)dd(l —3c0526) depends on the orientation of the two-spin systems
with respect to the magnetic field and can assume a range of values from wg4, corresponding to
6=90°, to 2wqy, corresponding to 6=0°. In isotropic frozen solutions, all orientations of the spin
system with respect to the external field contribute, giving rise to the so-called Pake pattern shown in

figure 5.2.

In most cases the g- and A-anisotropies are much larger than the dipolar interaction and thus de-
termine the appearance of the EPR spectrum. However, for short inter-spin distances, the dipolar
interaction is sufficiently large to cause observable broadening of the EPR spectrum, corresponding
to a convolution of the EPR spectrum of the isolated spins with the Pake pattern due to the dipolar

interaction between them (shown in figure 5.2 A for two unlike spins).

Longer distances can be determined using DEER or one of its variants, where the echo intensity is
modulated by the dipolar frequency wygq (see section 5.3). A Fourier transform of the modulated

DEER trace yields a Pake pattern similar to that shown in figure 5.2 C.
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Ficure 5.2: (A) EPR transition frequencies for a two-spin system described by the Hamiltonian given in equa-
tions 5.1 and 5.2 in the weak coupling regime (Aw > wyy) for different relative orientations of the magnetic
field and the distance vector rag depicted in B (rag = 1.6 nm, g4 = 2.005, gg = 1.995, By = 350 mT). The
weighted sum over all contributions gives the Pake patterns shown on top of the graph. (B) Schematic di-
agram of a two electron spin system and definition of the angle 6 between the magnetic field By and the
distance vector rag connecting the two spins. (C) Dipolar spectrum for two spins at a distance rag = 1.6 nm
obtained by a weighted sum of the differences between the two pairs of EPR transition frequencies shown in
A over all values of 8 (weak-coupling regime Pake pattern). The turning points correspond to w,; and w;, and
are equal to wqg and 2wqq in the absence of exchange interaction.
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In the presence of a single fixed distance, the positions of the turning points in the dipolar spectrum
can be directly related to the inter-spin distance ryg due to the rA_g dependence of wyg. In the pres-
ence of distance distributions or multiple distances, a different type of analysis is required as will
be described in the following sections. In some cases, not all the orientations of a spin system are
excited in pulse dipolar spectroscopy, so that only incomplete Pake patterns can be detected and
an analysis explicitly considering orientation selection is required for the extraction of the average

distance and distance distribution.

5.2 CoNTINuOous WAVE EPR

Continuous wave EPR can provide information on the distance between paramagnetic centres if the
dipolar interaction is sufficiently large to cause a broadening of the cw-EPR powder lineshape. In the
case of nitroxide spin labels the upper limit for the inter-spin distance that can be reliably determined
by cw-EPR corresponds to 1.5-1.7 nm [169]. The typical width of a nitroxide EPR spectrum is around
200 MHz and a distance of 1.5-1.7 nm would correspond to a dipolar coupling of 10-15 MHz, causing
a visible broadening. Frozen solution cw-EPR can provide qualitative information on the presence of
distances shorter than about 2.0 nm (2—1na)dd = 6.5 MHz) by comparison of the spectrum recorded in
the presence of multiple spin labels with the spectrum recorded for the corresponding singly-labelled

system.

The extraction of accurate quantitative distance information is more difficult and a range of differ-
ent methods have been proposed [169, 171]. Second moment analysis and convolution methods are
described below. Another method frequently used is Fourier deconvolution [179] based on the deter-
mination of the dipolar broadening function by deconvolution in Fourier space. Other, less commonly
used methods also exist and are described, for example, in reference [171]. All of these methods are
however affected by significant errors, since extremely high-quality data are required for accurate
analysis, as the effects on the EPR spectrum are typically very small. Incomplete spin labelling can
also lead to significant errors in the analysis, since the spectrum is then a combination of the broad-
ened and unbroadened spectrum. In addition to this, the contributions of dipolar and exchange inter-
action cannot be distinguished, leading to errors in the determined distances if the spectra are also

affected by exchange interaction (normally only important at distances below about 1.5 nm [129]).

5.2.1 SECOND MOMENT ANALYSIS

The difference between the second moments, M,, of the EPR spectra of a doubly labelled (d) and the

corresponding singly-labelled (s) system can be shown to be proportional to r;g [180, 181]:

222
1
o[ 77)= 25 s (s 1) -
5 (4n) "AB (5.3)
d s
po = My — Y
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where the second moments of the singly- and doubly-labelled spectra are calculated according to

equation 3.3. The average inter-spin distance ryg can thus be calculated as:

2.2..2

fml=( 25158541 4

Ql=

(5.4)

The derivation of these expressions is based on the assumption of strong coupling between the two
_1
electron spins (Aw < wyy), in the presence of weak coupling a correction factor of % 3 has to be

considered for the distance.

The second moment of an EPR spectrum is very sensitive to changes in the outer wings of the spec-
trum. Consequently, errors in the baseline correction can lead to significant errors in the extracted
inter-spin distance. The extent of the error on the extracted distance can be evaluated based on the
standard deviations of the two second moments, evaluated from a series of baseline corrections with

different polynomial functions and different baseline fitting limits, as:

[e)N]

1
1 3g2F2 2 [ 2 2
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5.2.2 CONVOLUTION

The broadening of the cw-EPR spectrum due to the dipolar interaction arises from the convolution
of the spectrum corresponding to the isolated spins with a dipolar broadening function, consisting of
the superposition of the Pake patterns for all of the distances included in the distance distribution
for the coupled spins. The distance distribution can for example be modelled by a Gaussian or a
sum of Gaussians with positions and widths determined through least-square fitting [169, 182]. The
experimental doubly-labelled spectrum is compared to the spectrum calculated as the convolution of
the singly-labelled spectrum with the dipolar broadening function corresponding to a given distance

distribution.

The dipolar broadening function can be constructed based on weak- or strong-coupling regime Pake
patterns, depending on the type of system. In the case of nitroxides, the strong-coupling regime
usually has to be considered for distances below 0.8 nm, while the weak-coupling regime should be
used for distances above about 1.5 nm [183]. Hence in most cases an intermediate-coupling regime
would give the most accurate description of the two-spin system. Consideration of the wrong coupling
regime leads to a maximum error of

(ca. 15%).

1
%3, corresponding to about 0.2 nm for a distance of 1.5 nm
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5.3 PuLse DIPOLAR SPECTROSCOPY

The distance between two coupled electron spins can be determined by pulse EPR experiments de-
signed to measure the dipolar frequencies wg4. These experiments include three-pulse DEER, four-
pulse DEER, the single frequency experiment ‘2+1’, SIFTER (SIngle Frequency Techniques for Refo-
cusing electron-electron couplings) and DQC (Double Quantum Coherence) [3, 184, 185]. The pulse
sequences for the three- and four-pulse DEER experiments used in this thesis are shown in figure 5.3

and these techniques will be described in detail in section 5.3.1.

Three- and four-pulse DEER are based on the use of two different microwave frequencies to selec-
tively excite different coupled spins. The spins excited by the observer or detection pulse sequence,
generating the electron spin echo, are referred to as A spins and the spins excited only by the pump
pulse are called B spins. The pump pulse causes an inversion of the B spins, resulting in a change
in the local field at the position of the A spins, which influences the echo intensity at the end of the
detection sequence. As the position of the pump pulse is varied, the echo intensity is modulated by

the frequency of dipolar coupling between the A and B spins.

The analysis and interpretation of the time-domain DEER data, involving the extraction of a distribu-
tion of distances between the coupled spins and its interpretation in terms of macromolecular struc-

ture, is not trivial and has been developed and continuously improved over the last decade. The most
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FiGure 5.3: Pulse sequences for three-pulse (A) and four-pulse (B) DEER. The position of the inversion pulse at
the pump frequency is incremented and the change in echo intensity is recorded. The dashed line indicates
the zero-time of the experiment.
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widely used analysis software is the freely available DeerAnalysis [186]. The principles behind the

analysis of DEER data will be described in section 5.3.2.

5.3.1 THREE-PULSE AND FOUR-PULSE DEER

The three-pulse DEER or PELDOR experiment was first developed by Milov et al. [187, 188] and con-
sists of a two-pulse echo sequence at the detection frequency and a pump 7 pulse at the pump
frequency (figure 5.3 A and figure 5.4). The initial § pulse selectively creates electron coherence of
the A (detection) spins. The pump pulse applied at time t flips the B (pump) spins and hence transfers
coherence between the two single-quantum transitions of the A spins. In terms of the vector model,
the change in local field at the A spins causes a change in their precession frequency, resulting in re-
focusing of the magnetisation off the y axis and hence a reduction in echo intensity (see figure 5.4).

The position of the pump pulse is varied within the interval T between the two detection pulses and
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Ficure 5.4: Three-pulse DEER sequence explained in terms of coherence transfer and vector model. The four-
level system of two coupled electron spins with S = % with the coherences connecting different states are
shown on the top right. The transition frequencies for the A spins are determined by the spin Hamiltonian
FI(SA) and the dipolar interaction wgg. The three-pulse DEER sequence is shown in the centre and the effect
of the pulses on the coherences in terms of density matrix elements is shown on top. Vector model diagrams
representing the evolution of the magnetisation of A spins during the three-pulse DEER sequence are shown
on the bottom, in the absence of B spins in the top part of the graph and initially coupled to B spins in the

state on the bottom. The vector diagrams are shown in the rotating frame with a frequency of wa — %wdd-
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the echo intensity is recorded as a function of pump pulse position resulting in a modulation with a
frequency equal to wyy. The length of the pulse sequence is fixed and the maximum length is lim-
ited by the phase memory time. Typically a phase cycle is applied to the initial % pulse to adjust for

receiver offset.

The change in echo amplitude as a function of time in the three-pulse DEER experiment can be derived
using the product operator or the density matrix formalism. Assuming ideal pulses and selective

excitation, the modulation formula for the echo amplitude can be determined as:
f3p(t) = cos(wyqt) (5.6)

This modulated contribution arises from only a fraction of the coupled spins in the sample; the A spins
coupled to B spins that are not excited by the pump pulse give rise to an additional unmodulated
contribution. This is taken into account with the parameter A, the inversion efficiency of the pump

pulse, and the overall echo amplitude thus varies with time as:

Fp(t)=1-A[1~-cos(wyqt)] (5.7)

The three-pulse DEER sequence has the disadvantage that the first part of the DEER trace is often
distorted due to the overlap of the first detection and the pump pulse at short times. This dead-time
prevents an accurate determination of the zero-time and leads to suppression of broader features
of the dipolar spectrum obtained by Fourier transform of the time-domain data [189]. This problem
is solved in the four-pulse DEER experiment (figure 5.3 B) proposed by Pannier et al. [190]. This
experiment uses a two-pulse sequence followed by a refocusing 7t pulse at the detection frequency.
The pump pulse position varies within the interval (71 + 75) between the two 7 pulses of the detection
sequence. The zero-time in this case corresponds to the position of the primary echo generated
by the first two detection pulses. The generation of a DEER signal in the four-pulse experiment can
be explained in the same way as shown for the three-pulse experiment in figure 5.4. If the pump
pulse coincides with the position of the primary echo, the precession frequency is the same during
dephasing and refocusing, leading to complete refocusing of the magnetisation at 7, after the last &
pulse. Variation of the pump pulse position at times t after the primary echo leads to modulation of

the magnetisation and thus the echo intensity at the frequency wg4q4-

The modulation of the echo amplitude in the four-pulse DEER experiment, again taking both the mod-

ulated and unmodulated contributions into account, is given by:
Fap(t)=1—-A[1-cos(wyqt)] (5.8)
where t = 0 at the time of the primary echo.

The expressions given in equations 5.7 and 5.8 only account for the dipolar interaction between two

spins in the same nano-object and not for the dipolar interactions between distant electron spins on
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different nano-objects. The overall DEER trace is given by the product of these two contributions as:
V(t) = F(t)B(t) (5.9)

where F(t) is called form factor and B(t) is the background factor, described by an exponentially

decaying function of the form
B(t) = exp(—kt%) (5.10)

where k is a factor proportional to the spin concentration and d is the dimensionality of the back-
ground [191]. The dimensionality of the background is usually close to three for nano-objects homo-
geneously distributed in three dimensions, such as proteins or organic biradicals in solution. In case
of preferential ordering in one dimension, such as for membrane-bound systems, the dimensional-
ity d becomes close to two. In addition to the dimensionality of the distribution, d is also affected
by the under-representation of short distances due to excluded volume and hence can deviate from
the predicted values of two and three. In general, the inter-nano-object distances exceed the intra-
nano-object distances significantly and the form and background factor can be separated. The form
factor is then used after background correction for further analysis (see next section). In order to
avoid distance artefacts due to incorrect background corrections, the best approach is to record an

experimental background on a singly-labelled equivalent of the investigated system.

The DEER experiments are based on the selective excitation of the A spins and B spins by the mi-
crowave pulses at the detection (wqe¢) and pump (wp,mp) frequencies, respectively. Selective exci-
tation is possible even if A spins and B spins have the same EPR spectrum, as long as the spectral
width exceeds the excitation bandwidth of the microwave pulses. In the case of nitroxides, the A and B
spins correspond to nitroxides in different hyperfine states, typically m; = +1 and m; = 0, respectively.
The spectral width of the nitroxide spectrum is compared to the excitation profiles of detection and

pump pulses in figure 5.5. The excitation profile of the detection pulse sequence in four-pulse DEER is

A Pdet (Awder) B C m= 0
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Ficure 5.5: (A) Excitation profile of a four-pulse DEER detection sequence with 32 ns pulses calculated using
equation 5.11. (B) Excitation profile of a t; = 16 ns pump pulse calculated usign equation 5.12. (C) Excitation
profiles of the detection and pump pulses compared to an X-band nitroxide spectrum in the frequency domain.
The pump frequency is typically centred on the m; = O transition, while the detection frequency is set on the
m; = +1 transition, shifted by Av = 65 MHz. The nitroxide spectrum was simulated with g-values of 2.0090,
2.0060 and 2.0024 and an axial 1*N hyperfine tensor with eigenvalues A = [18, 18, 96] MHz.
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defined as [190]

5
@1 sin® Werftn 5.11)
2

Paet (Awdet) = (a) o
e

With Awger = Wyet — W, Werf = ,/Aa)(zjet+cu% and w; as the detection pulse B; field strength. The
excitation profile of the pump pulse is defined as [190]

2
it ) sinz(a)efft%) (5.12)

Ppump(Awpump) B (weff

where Awp,mp, Werr and w; are defined as above, but with respect to the pump pulse frequency and
strength. The excitation profiles of detection and pump pulses are shown in figure 5.5 A and B and are
compared to a nitroxide EPR spectrum at X-band in figure 5.5 C. In DEER experiments on nitroxides at
X-band, the pump pulse is generally placed at the centre of the EPR spectrum (m;=0), where a short
enough pump pulse (12-16 ns) can excite essentially all orientations with respect to the magnetic
field. The detection pulses are usually placed on the m; = +1 transition, exploiting the slightly larger
signal intensity of this transition with respect to m; = —1, which is determined by the anisotropy of the

g- and A-tensors.

A frequency overlap of the detection and pump pulses should be avoided as excitation of A spins by
the pump pulse can lead to the occurrence of ESEEM modulations in the DEER trace, which could be
falsely interpreted as inter-spin distances. The presence of proton ESEEM modulations can lead to
artefacts in the distance distribution at 1.5 nm, while deuterium ESEEM modulations produce arte-
facts at a distance of about 2.8 nm [191]. The effects of ESEEM modulations on the recorded DEER
traces can be reduced by averaging over different t; values in the four-pulse DEER experiment. The
initial 71 value is optimised for maximum signal intensity and the increment dt is chosen to cover
a full period of the nuclear modulation. This commonly leads to summation over eight traces with

values of 71 = 176 ns and dt = 8 ns for 'H and of 7; = 400 ns and dt = 56 ns for °H [192].

The determination of a particular distance and distance distribution is only reliable if the recorded
DEER trace is sufficiently long to characterise this distance. The determination of different proper-
ties of the distance distribution require different lengths of the experimental DEER trace; normally a
length corresponding to half an oscillation is sufficient for the determination of the mean distance,
a length corresponding to at least one and a half oscillations is required to determine the width of
the distribution and more than three oscillations are required to accurately determine the shape of a
distance distribution [191]. A DEER trace with a length of 2 us can thus be used to reliably determine
mean distances up to {r)max,mean = 2 NM, widths of distance distributions up to (r)maxwidth = 4 NM
and shapes of distance distributions up to (r)max shape = 3 NM [191]. The maximum length required
for the determination of the characteristics of distance distributions centred at a value rgy, can be

determined based on the following equation:

3
tmaX:2ys(ﬂ) (5.13)

rmax,i
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where i stands for mean, width or shape. The length of the DEER trace that can be recorded is
determined by the phase memory time. Since the DEER experiment is a constant-time experiment,
the chosen length also determines the signal-to-noise ratio of the experimental data. The phase
memory time can often be prolonged by decreasing the temperature down to the rigid-lattice limit, but
the accompanying increase in spin-lattice relaxation time requires a lower shot repetition time. The
optimum temperature determined by balancing the effect of these two relaxation times on the signal-
to-noise ratio was found to correspond to ca. 50 K for nitroxides [192]. As discussed in section 1.4.2,
the phase memory time in protonated solvents is typically determined by nuclear spin diffusion and
can thus be significantly extended by the use of deuterated instead of protonated solvents. Even
more significant improvements in data quality can be achieved by deuteration of both the spin labels

and the protein as well as the solvent [170].

The four-pulse DEER experiment is more severely affected by the limitation of the phase memory time
with respect to the three-pulse DEER experiment due to additional relaxation during the initial part
of the pulse sequence with length 27;. The advantages of four-pulse DEER in determining the initial
part of the DEER trace more reliably and of three-pulse DEER in providing higher sensitivity for the
acquisition of long DEER traces can be combined using the DEER-Stitch method proposed by Lovett et
al. [193]. This method is based on recording a short four-pulse DEER trace and a longer three-pulse

DEER trace and combining the two to reconstruct an overall DEER trace.

Distances from about 1.7 nm to an upper limit determined by the length of the DEER trace can be reli-
ably detected using the DEER experiments. Short distances corresponding to a dipolar coupling of the
same magnitude as the excitation bandwidth are suppressed [192, 194]. If the excitation bandwidth is
comparable to the dipole-dipole interaction, the static spin Hamiltonian has to be taken into account
during the pulses, leading to a dependence of the modulation depth on the dipolar frequency w4
[169, 186]. The variation of the modulation depth under these conditions was found to approximately

follow a Gaussian function [169]:

2

Uexc

2
/\:/\Oexp(— wdd) (5.14)

where 0., is the effective excitation bandwidth of the DEER pulse sequence. Short distances can be

extracted by taking the suppression into account in the analysis of the experimental data [169, 186].

5.3.2 ANALysis oF DEER pAaTa

The interpretation of experimental DEER data in terms of distance constraints and macromolecular

structure can be achieved using different approaches:

- extraction of distance distributions from the experimental DEER traces and deduction of the 3D

structure of the nano-object based on a series of inter-spin distance distributions;

- calculation of DEER traces based on a proposed model structure and refinement of the model

structure based on the comparison of calculation and experiment.
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The first approach is inherently model-free and thus widely applicable, while the second approach
requires the availability of a single or multiple model structures of the macromolecular system. As will
be explained below, extraction of a distance distribution from the DEER trace requires solution of an
ill-posed problem. The uncertainty related to this procedure can be avoided by following the second
approach. The second approach does also allow for more flexibility in terms of explicitly including

multi-spin or orientational effects in the simulation of the DEER traces.

A general DEER data analysis procedure based on the first approach is implemented in the freely
available software DeerAnalysis [186]. The different steps in the data analysis procedure are shown
in figure 5.6 [186, 191]. The first step consists of the determination of the background factor B(t) by
fitting of equation 5.10 to the final part of the DEER trace, where the modulations are damped and
the decay is governed by the background factor (figure 5.6). Both the factor k and the dimensionality
d can be fitted to the experimental data. If an experimental background recorded on a singly labelled
sample is available, this can be used for the background correction. The division of the experimental
data by the background function B(t) yields the form factor F(t) shown in figure 5.6. The modulation
depth, A, is determined from the difference between the intensity at zero-time and the intensity at
long times of the form factor, after the modulations have decayed. For further analysis, the reduced

form factor f(t), containing just the modulated contribution to the DEER trace, is calculated as:

flt)y= 2= (5.15)

An approximate estimate of the average inter-spin distance can already be obtained from the reduced
form factor f(t), by considering the time t% at which the signal has decayed to 0.5. In the case of two

nitroxide spin labels, the average distance (r) can be calculated as [191]:

t

;[#S])é
(5.16)

(rY[nm]~ 5[ 0.43

This approximation is strictly only valid for unimodal distributions and is related to the fact that the
initial part of the reduced form factor is determined almost exclusively by the position of the distance

peak and not by its width and shape [191].

The DEER spectrum shown in figure 5.6 is obtained by Fourier transform of the reduced form fac-
tor. In the presence of a well-defined pair distance, the dipolar frequency can be determined from
the position of the peaks of the Pake pattern as described in section 5.1. In the presence of broader
distance distributions or multimodal distance distributions, the dipolar spectrum corresponds to the
weighted average of the Pake patterns corresponding to the different distances present, leading to
poorly resolved features. The determination of the inter-spin distance distribution in that case re-

quires a different method.

A series of different approaches have been proposed for the model-free extraction of a distance dis-

tribution from the experimental DEER data [195-198]. The distance distribution P(r) and the reduced
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Ficure 5.6: DEER data analysis. (A) Experimental DEER trace V(t)/Vy recorded for a Bruker standard biradical
sample at 50 K and fitted background B(t). (B) Experimental and simulated form factor F(t)/Fy obtained after
background correction. Differences between experiment and simulation are most likely due to orientation
selection effects (C) Experimental and simulated DEER spectrum obtained by Fourier transform of the reduced
form factor. (D) Distance distribution extracted by Tikhonov regularisation applied to the data shown in B and
C with a regularisation parameter a of 0.1. The analysis was performed with the program DeerAnalysis [186].

form factor f(t) are related by the following function:

f(t) = J K(r, t)P(r)dr (5.17)

Imin

where K(r, t) is the kernel function defined as:

1
K(r, t):Jcos[(1—3c0529)a)ddt] dcos@ (5.18)
0

and corresponds to the modulation due to the dipolar interaction averaged over all orientations of
the inter-spin vector with respect to the magnetic field. If the suppression of short distances by lim-
ited excitation bandwidth needs to be taken into account as well, the kernel function is modified to
also contain the exponential term from equation 5.14. The inversion of this equation to determine the
distance distribution from the reduced form factor is an ill-posed problem, i.e. the solution is highly
sensitive to changes in the initial data, such as for example experimental noise and differences in

background correction. The mathematical approach that was chosen for the solution of this problem
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in the context of the analysis of DEER data is called Tikhonov regularisation [196, 198]. The con-
cept behind Tikhonov regularisation is stabilisation of the solution of the inverse of equation 5.17
by imposition of two types of constraints: the distance distribution P(r) is constrained by imposing
a smoothness criterion, since conformational flexibility in most of the investigated systems leads to
smooth distance distributions, and is also constrained to positive values (P(r) > 0), since negative
probabilities have no physical meaning. An error function G,(P) is defined and minimised:

d2P(r) 2

G4(P) = |IKP(r) = f(1)||> + = ‘:p+a17 (5.19)

The first term in equation 5.19 represents the square norm of the deviation between the calculated
reduced form factor given by KP(r) and the experimental reduced form factor f(t) and its minimi-
sation improves the agreement between simulated and experimental data. The second term is the
square norm of the second derivative of the distance distribution (representing the roughness) and
imposes the smoothness constraint on the solution P(r). The factor « is called regularisation param-
eter and controls the solution by balancing resolution and smoothness of the distance distribution.
A small value of the regularisation parameter a leads to a distance distribution with many narrow
peaks due to fitting of the noise in the experimental form factor as distances. A large value of a
leads to broadening of the distance distribution and excessive damping of the modulations in the
time domain. The optimal value for the regularisation parameter is usually determined based on the
L-curve criterion [186, 196, 198]. The L-curve is a plot of log#n against logp for different values of a
and generally forms an approximate L-shape. The first vertical part corresponds to under-smoothing
of the distance distribution, while the second horizontal part corresponds to over-smoothing. The
best solution is obtained by minimisation of both 7, representing the smoothness, and p, determining
the quality of the fit, and can be identified from the left corner of the L-curve. Tikhonov regularisation
gives good results in most cases, but can cause problems if a distance distribution is characterised

by a combination of narrow and broader peaks [186, 196].

Since in this approach the errors on the distance distribution are not a linear function of the noise in
the input data, the error evaluation of the results obtained by Tikhonov regularisation is not trivial.
So far the best approach for error estimation consists of repeating the extraction of the distance dis-
tribution for different noise levels and different background corrections and to determine the distance
distribution giving the best fit to the experimental results and the standard deviation. This approach
is currently implemented in DeerAnalysis [186, 191] and can be used for example to identify artefact

peaks arising from errors in background correction or noise level.

Another possibility for the solution of the ill-posed problem in DEER is the maximum entropy method
proposed by Freed et al. [199]. This approach combines Tikhonov regularisation with the maximisa-
tion of the entropy function associated with the distance distribution P(r), implicitly excluding neg-
ative values and increasing the resistance to noise artefacts. The problem of the solution of an ill-
posed problem can be circumvented altogether, if a model distance distribution is available; then a
least-square fitting of K(r, t)Pyo4ei(r) to f(t) can be performed. Model distance distributions can for

example be generated based on a series of model macromolecular structures, for example different
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crystal structures, structures generated by molecular dynamics (MD) or structures of protein-protein

or protein-cofactor complexes generated using docking procedures.

5.3.3 CONFORMATIONAL DISTRIBUTIONS AND FLEXIBILITY OF SPIN LABELS

In order to be able to relate distances determined based on experimental DEER measurements to a
macromolecular structure, it is important to take the size and spatial distribution of the paramag-
netic centre used for the DEER measurement into account. Metals or metal clusters used as intrinsic
spin labels are often in a well-defined and known position in the macromolecular structure and their
spatial distribution is related to the flexibility of the surrounding structure, providing only information
on the investigated system. Spin labels artificially attached to a nano-object at specific positions on
the other hand can assume a wide range of conformations, leading to a distribution of inter-spin dis-
tances that need to be taken into account for the correct interpretation of the distance distribution
in terms of protein structure [191, 200]. In dynamical studies, the flexibility of the spin label and of
the nano-object itself are difficult to separate unless the flexibility of the spin label can be modelled

allowing the extraction of information on just the flexibility of the nano-object.
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Ficure 5.7: (A) g- and A-tensor orientations for a nitroxide. (B) Molecular structure of MTSL with highlighted
torsional angles determining the possible conformations of the MTSL side chain. (C) X-band nitroxide EPR
spectra in the isotropic limit, in the fast and slow motion regime with different correlation times 7., and in
the rigid limit. The spectra were simulated using EasySpin’s garlic, chili and pepper functions [23, 95] for a
g-tensor with the principal values 2.0090, 2.0060 and 2.0024 and a hyperfine tensor with eigenvalues A =
[18, 18, 96] MHz. (D) Topological regions in a plot of (M) against ABE& determining the mobility of spin
labels in different regions of an a-helical protein [201].
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The continuous wave EPR spectra recorded at room temperature can provide information on the mo-
bility of the protein backbone and the spin label, since the spectral lineshape is sensitive to motions
occurring on the EPR timescale determined by the spectral anisotropy. In the description of nitroxide
spin labels attached to proteins, three different correlation times can be defined [201, 202]: the cor-
relation time related to the overall tumbling of the protein, the correlation time related to the protein
backbone motion and the correlation time related to the internal motion of the spin label (transi-
tions between different rotameric states). A distinction of these three contributions is quite difficult
and requires a multi-frequency approach allowing isolation of different timescales [203, 204]. At X-
band frequencies, the overall tumbling of the protein can often be neglected, as the correlation time
exceeds the EPR sensitivity for large protein systems (>200 kDa) [201]. The sensitivity of the EPR
lineshape to backbone and spin label motions is due to the anisotropies characterising the nitrox-
ide g- and A-tensors. The orientations of the two tensors with respect to the molecular frame are
shown in figure 5.7 A. The g-tensor is orthorhombic with principal values of about 2.0090, 2.0060
and 2.0024 and the A-tensor is axial with principal values of about 18, 18 and 96 MHz. The motion
of a free spin label in solution at room temperature averages out all the anisotropies, leading to an
isotropic limit spectrum as shown in figure 5.7 C. In frozen solution, the spectrum is the average over
all possible orientations of the molecule with respect to the magnetic field and hence contains all of
the anisotropic contributions; the corresponding rigid limit spectrum is also shown in figure 5.7 C. If
the spin label is attached to a protein, its motion is restricted with respect to the free label in solution
and hence the anisotropies are not averaged out completely. The spectral changes occurring in the
X-band nitroxide EPR spectrum as a function of correlation time are depicted in figure 5.7 C. A quanti-
tative interpretation of nitroxide spectra recorded for a specific protein system and labelling position
requires simulations based on dynamic models specifically developed for the description of nitroxide
spin labels attached to proteins such as for example the Microscopic Order with Macroscopic Disorder
model (MOMD) or the Slowly Relaxing Local Structure model (SRLS) first proposed for this application
by Freed et al. [205-208].

The relative mobility of a spin label can also be qualitatively evaluated by considering two simple

spectral parameters [201, 202, 209]:

- the peak-to-peak linewidth of the central m; = O peak of the nitroxide spectrum AB;

- the overall width of the nitroxide spectrum, defined by the second moment (M,).

Both parameters are a measure of the extent of averaging of the anisotropic interactions. In the
presence of multiple superimposed components, the central linewidth is dominated by the most mo-
bile contribution, while the second moment is dominated by the most immobile component, as can
be appreciated from figure 5.7 C. The spectral lineshapes of spin labels attached at several positions
in model protein systems with known structures were analysed and it was shown that the pairs of
AB;; and (MZ)’l values are related to spin labels in similar topological regions of the protein cluster
within certain regions of a plot of (M>)™! against AB;; [201, 202, 210, 211] (see figure 5.7 D). The

regions were found to be applicable for a series of mainly a-helical protein systems (T4L lysozyme
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[202, 210], annexin [211], bacteriorhodopsin [201]). Spin labels attached in buried sites are charac-
terised by restricted motion and fall into the bottom left corner of the plot, spin labels close to the
surface and in regions without defined secondary structure are characterised by high mobility and
fall into the top right corner of the plot. Different regions with intermediate spin label mobilities can

also be distinguished.

The conformational distribution of macromolecular systems in frozen solutions is assumed to reflect
the dynamics at the glass transition temperature of the solvent matrix. The information on relative
spin label mobility obtained by room temperature continuous wave EPR measurements can thus be
useful in the interpretation of the widths of distance distributions relating to different pairs of spin
labels. More precise information is however required for the accurate interpretation of DEER results,
in particular if the motion of the spin label and of the protein backbone need to be distinguished.
The distribution of conformational states of a nitroxide spin label can be taken into account for DEER
data interpretation using a series of different methods. The glass transition temperature of the sol-
vation shell of proteins in aqueous solution was estimated to occur at about 170 K [212], hence this
temperature can be used to identify thermally accessible conformations if the relative energies are

known.

A simple approach for considering the conformational distribution of a spin label is the tether-in-a-
cone model, which assumes the electron spin to be localised on a cone centred at the backbone C,
atom [213]. Other more sophisticated methods involve the explicit consideration of the conforma-
tional space of the spin label by computation of rotamer distributions. One approach is based on the
calculation of a rotamer library for selected spin labels and weighting based on the potential energy
of the different rotamers in a specific protein environment and is implemented in the Matlab program
MMM [214]. A second approach is based on a conformational search based on random rotations
around the torsional angles without weighting and is implemented in the Pymol plug-in MtsslWizard
[215]. The two approaches generally lead to similar results, however the second approach can some-
times provide a better agreement with experimental data in cases of tight binding, when the spin label
is forced into unfavourable conformations [215]. In this thesis, the rotamer library approach of MMM
has been used for the analysis of protein DEER results and hence only this approach will be described

in more detail below.

The MTSL spin label previously introduced is connected to the protein backbone by five rotatable
single bonds (figure 5.7 B), hence a large number of conformations, characterised by different values
of the five torsional angles y;, is theoretically possible. The electron spin is assumed to be localised at
the midpoint of the N-O bond, and can thus be situated at a range of different positions with respect

to the protein backbone.

The rotamer library approach implemented in MMM is based on a pre-computed library of rotameric
states of a specific nitroxide spin label with relative energies defined for a standard protein environ-
ment. Additional energy terms are included based on the experimentally investigated protein and
the chosen labelling position. The distributions of dihedral angles for the free MTSL spin label were

investigated by molecular dynamics simulations performed at a temperature of 175 K. The potential
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energy profiles for rotation around the five angles in MTSL were found to be characterised by two or
three minima [214]. The complete conformational space of the MTSL spin label could be reasonably

well defined by about 200 generated rotamers, based on combinations of these torsional angles.

The populations of different rotameric states are defined using Boltzmann statistics based on the
sum of an internal energy pre-computed for the free spin label and an external energy depending
on the specific spin label environment [214]. The evaluation of the internal energy was based on
assignment of conformations sampled in MD trajectories of the free spin label to specific rotameric
states and calculation of the energy from the frequency of occurrence of these states using the
equation of a Boltzmann distribution [214]. The external energy is calculated for each pre-computed
rotameric state attached at a specific site of the investigated protein by modelling a rigid protein
environment and evaluating the energy through the Lennard-Jones interaction potential for each pair
of non-hydrogen atoms on the spin label and on the protein (within a defined cutoff radius). The
flexibility of the protein environment is accounted for by a reduction of the van der Waals radii [214].
The uncertainty related to this approach has been quantified based on studies of protein systems
with a known structure. The error on the mean position of a single MTSL spin label was estimated to
about 0.22 nm and the uncertainty on the mean distance determined using such an approach was

estimated to about 0.3 nm [200].

5.3.4 MuLTiI-sPIN EFFECTS

The standard DEER experiments and the data analysis procedures described in sections 5.3.1 and
5.3.2 were designed for an isolated pair of coupled spins in each nano-object. Complications arise in
the presence of more than two coupled spins within a nano-object and multi-spin correlations have

to be considered for a reliable structure determination.

The signal of a multi-spin system of a detection spin A coupled to multiple pump spins (B, C, etc.)
can be expressed as a product of two-spin contributions if the experiment is such that the couplings
between the different pump spins can be neglected [216]. In a multi-spin system, the detection spin
A is coupled to multiple pump spins within the same nano-object and the pump pulse of the DEER
experiment, causing a spin-flip for the pump spins, probes the coupling to the pump spins. Since the
pump pulse is usually sufficiently short to be able to neglect the coupling between B spins for its
duration and since only the single-quantum coherences of the A spin evolve and are observed in the
DEER experiment, it is possible to express the form factor of the DEER experiment in an N spin system

as [216-218]:

) 1o (&
T :NZ I_I [1—AB(1—COSQ)ABI')] (520)
0 A=1 B=A

The summation accounts for the fact that each of the N spins can act as the detection spin. If the

inversion efficiency Ag is assumed to be the same for all of the pump spins, equation 5.20 can be
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written out as [218]:

N T
%ot) =(1-A)NL +% Z (1—/\)N72 A ZcoswABt
A=1 | B=A
1 1
+N Z (1-A)N-3 A2 —Z Z coswppt coswyct
A=1 A=B C=AB (5.21)
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In addition to the unmodulated contribution and the two-spin contribution modulated at a single dipo-
lar frequency, which is also present for a two-spin system, N-spin contributions depending on N -1
dipolar frequencies appear. The multi-spin contributions contain products of cosine functions, which
can be rewritten in terms of sums of cosines of linear combinations of the dipolar frequencies. For

example the product of cosines in the three-spin contribution can be rewritten as:
1
coswppt coswpct = > [cos[(wap +wac)t]+cos[(wag —wac) t]] (5.22)

This shows that the DEER time trace of a N-spin system is modulated not only by the dipolar frequen-
cies corresponding to the %N(N— 1) inter-spin distances, but also by their sums and differences in the
three-spin case and by other linear combinations of the dipolar frequencies for more than three spins.
The additional modulations at higher and lower frequencies with respect to the dipolar frequencies
lead to artefacts in the distance distributions at shorter and at longer distances, if the multi-spin

effects are not taken into account in the analysis.

Different methods for evaluating the number of coupled spins within a nano-object and for analysing

multi-spin effects were proposed. The dependence of the modulation depth on N as [188, 217-219]:
A=1-(1-)N1 (5.23)

can be used for the determination of the number of coupled spins by inversion of equation 5.23:

—) +1 (5.24)

The overall modulation depth A can be determined from the DEER time trace at long times after
background correction. Knowledge of the inversion efficiency A is also required for the determination
of N. The inversion efficiency is specific to a spectrometer setting and depends on the measurement
conditions and therefore requires calibration using model compounds with a known number of spins
(N = 2-4) [217, 219]. This method of spin counting can be affected by many different types of errors.
One limitation is the error on the modulation depth A, which depends on the background correction
and the signal-to-noise ratio. In the case of a high signal-to-noise ratio, the error on A has been

estimated as 0.02, leading to an error on N of about 5% for up to four spins [217]. A second source

163



CHAPTER 5 - Dipolar Spectroscopy

of error is the A value determined through calibration; the calibration will lead to determination of a
A value and its standard deviation. Further errors in the calibration can occur if the properties of the
model systems and the actual investigated system, such as the A,, value for the two nitroxides and
the relaxation times, differ significantly [191, 219]. Since the change in modulation depth decreases
for an increasing number of spins N, the precision of this method decreases significantly for systems
with more than four spins and hence for large multi-spin systems only lower limits can be determined

reliably [191, 217].

Inspection of equation 5.21 shows that the different N-spin contributions to the overall form factor
are weighted by terms depending on the inversion efficiency A. As N increases, the weighting factor
depends on increasingly higher powers of A and the corresponding contributions to the DEER trace
become less significant. The dependence of the different contributions on A can be exploited to ex-
tract the two-spin contribution by measuring the dependence of the modulation depth A on the flip
angle of the pump pulse [218]. The dependence of the inversion efficiency on the pump pulse flip

angle 8 is given by
(1-cosp)

A= Amax >

(5.25)

where A5, corresponds to the inversion efficiency achieved with a pulse with flip angle g = 7. In
order to distinguish the effects of the variation of the flip angle from effects due to changes in excita-
tion bandwidth and hence orientation selection, the flip angle of the pump pulse should be varied by
changing the microwave power at constant pulse length [218]. The variation of the modulation depth
A as a function of the inversion efficiency calculated according to equation 5.25 follows a polyno-
mial with an order depending on the number of coupled spins N and can thus be used to distinguish
systems with a different number of coupled spins. In three-spin systems the two- and three-spin con-
tributions can be reconstructed from the experimental data and the coefficients of the polynomial fit
[218]. This analysis method requires knowledge of the spin labelling efficiency and only provides reli-
able results for systems with a limited number of coupled spins. The method has proven to be efficient
in distinguishing two- and three-spin systems in model compounds [218], but no reliable quantitative

results could be obtained when applied to a biological multi-spin system [220].

The effect of neglecting multi-spin effects in the analysis of DEER data recorded for systems with
more than two coupled spins on each nano-object was investigated by calculations based on equa-
tion 5.21. Multi-spin systems were modelled as regular polygons and spin distributions were defined
based on the tether-on-a-cone model as shown in figure 5.8. The calculations were performed by ran-
domly selecting points on the spherical caps for each vertex and using the corresponding distance
to calculate the DEER time trace for each orientation of the magnetic field with respect to the spin
system based on equation 5.21 with N set to 3, 4 or 5. The different contributions were calculated
separately and combined for different values of the inversion efficiency A. The final DEER trace was
obtained after 1000 Monte Carlo iterations. The calculated DEER traces are shown in figure 5.8 and
show clear differences in both modulation depth and frequencies for different inversion efficiencies.
The effect of neglecting the multi-spin nature of the spin system was evaluated by extracting the

distance distributions from the calculated traces using DeerAnalysis and by comparing the results
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with the distance distributions used in the calculations. In the three-spin system, increasing inversion
efficiencies lead to the appearance of an additional well-resolved peak at shorter distances and of
artefacts at longer distances. In addition to this, a broadening of the distance distribution is also
observed. In the four- and five-spin systems, the peak at shorter distances increases with respect to
the peak at longer distances and again additional peaks or broadening appear at shorter distances
and artefacts start to appear at longer distances. The results of the calculations in figure 5.8 show
that neglect of multi-spin effects can lead to misinterpretation of the experimental results. Typical
inversion efficiencies at X-band for a 12 ns pump pulse correspond to approximately 0.2 < A < 0.6
[221] and this inversion efficiency leads to clearly visible deviations of the extracted from the real
distance distribution. Similar results are also obtained by artificially adding noise to the calculated

traces and repeating the data analysis.
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Ficure 5.8: Illustration of the multi-spin effects in DEER on model systems with N=3, N=4 and N=5 with spins
arranged in regular polygons. Spin distributions were modelled with a tether-on-a-cone model as illustrated
on the left using a Monte Carlo approach. The DEER traces calculated from equation 5.21 for different values
of A are shown in the centre and the distance distribution extracted using DeerAnalysis (from 8 ys DEER
traces) are compared to the real distance distribution (black) on the right. The distance distributions are
normalised at the position of the maximum for the real distance distribution and the arrows indicate the
direction of changes due to multi-spin effects for increasing inversion efficiencies. Severely distorted distance
distributions for high values of A are not shown.
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A method for the suppression of multi-spin artefacts was proposed by von Hagens et al. [222] and is
based on power scaling of the experimental form factor before extraction of the distance distribution.
The authors found that scaling of the logarithm of the experimental form factor for an N-spin system

with the factor Cp leads to the logarithm of the form factor of the two-spin contribution:
Cnn[fy(t)] = In[F(t)] (5.26)

with optimum Cp equal to

1
n= g (5.27)

This method was evaluated theoretically for multi-spin systems with up to five spins and experimen-
tally for model systems with three spins and was found to work well for symmetric and relatively rigid
systems. The power scaling is implemented in DeerAnalysis. Another approach to data analysis for
multi-spin systems consists of fitting a model to the experimental DEER data using simulation routines

including the higher-order contribution of the DEER form factor [223].

5.3.5 ORIENTATION SELECTION

The spectra of spin systems characterised by large anisotropies, such as metal ions like copper or
iron, triplet states or spin systems investigated at high magnetic fields, cannot be completely excited
by the microwave pulses of the DEER pulse sequence [176]. The pulses only excite a limited range of
orientations of the molecule with respect to the magnetic field, determined by the magnetic field and
by the pulse lengths. Orientation selection in DEER experiments can lead to incomplete Pake patterns
in the frequency domain, i.e. parts of the dipolar spectrum are underrepresented or completely ab-
sent. Orientation selection effects can also occur for nitroxides at X-band if the orientation and the
inter-spin vector are correlated, as is the case for example in rigid biradicals [224] or for rigid spin
labels attached to DNA or RNA [225]. In these cases the distance distribution cannot be accurately

determined without explicitly considering the effects of orientation selection.

The first theoretical description of orientation-selective DEER was presented by Larsen and Singel
[189] and later different simulation routines for orientation-selective DEER were developed [224-229].
In the derivation of equations 5.7 and 5.8 complete excitation of the detection spin was assumed. In
order to account for the effects of orientation selection, the excitation fractions of both detection and
pump spins need to be considered. The general form factor can thus be written as [176]:

Y fAf [1 - /\iB (1 - cos(a);\Bt))] + fé [1 - /\L\(l - cos(wi\Bt))]

F(t) = <09 (5.28)

y (f;‘\+f,;)

i€6,¢

where the summation corresponds to the average over all selected orientations of the magnetic field
with respect to the molecular frame. f/"\ and fé are the echo intensities from the spins A and B at the

detection frequency wge; and the sum of two terms accounts for the fact that either one can be the
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detection or the pump spin. /\% and /\iB are the efficiencies for spin flips of the A and B spins at the

pump frequency wpump-

A program for the calculation of orientation-selective DEER (OriDEERSim) was previously developed
in the group [227] and is outlined in figure 5.9. The coordinate system used by the program is also
shown on top in figure 5.9. The reference frame is defined by the g-tensor frame of the detection
spin A; the position and orientation of the pump spin B is defined with respect to this reference frame
by the distance ryg, the vector ng(¢,1) and three Euler angles @, f and ¥ describing the relative
orientations of the two g-tensor frames. The detection and pump spins can either be defined as
point spins or with distributions of spin densities over several points. In the latter case, multiple
distance vectors are defined and the sum over all ij pairs of spin densities is considered with weights

determined by the spin densities ij and p'é.

The first step in the computation is the generation of a grid of i orientations of the magnetic field
36 6,¢) on a unit sphere in the reference frame defined above. The resonance frequencies and in-

tensities Ié . and I of the detection and pump spin EPR spectra are calculated for each of these

pump
orientations based on a spin Hamiltonian containing the main interactions for the two paramagnetic
centres. For each position of the magnetic field vector in the reference frame the excitation fraction
of the detection spin is computed. The contribution of each orientation to the detection spin echo is

calculated as

fhet = JI det(@)Paet (Wder — w) dw (5.29)
0

where P,q; is the excitation profile of the detection sequence defined in equation 5.11. The orienta-
tions of the magnetic field vector that do not excite a significant fraction of the detection spins are
neglected in the subsequent analysis. The excitation fraction of the pump spin is then computed for

the remaining orientations of By as

Pump flu pump(a)pump a)) dw (5.30)
0

where PB,,mp is the excitation profile of the pump pulse defined in equation 5.12. The overall DEER

signal for a single orientation 86(9,(13) is given by

FI(£) = e [1 = Mpump (1~ cos (@hgt))] (5.31)
with a dipolar frequency cuqu defined as
1-3cos?6;

2
i _ MoBe i i j Aj,Bk
“aB= 4om gAgBJZ;pApB 31 , (5.32)

The OriDEERSIm program computes the frequency spectrum instead of the time trace. This is done

by binning of the dipolar frequencies calculated through equation 5.32 and computation of the final
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N
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Construct vectors n, and distances r, between detection and pump spin densities in the
molecular frame.

2 Generate a grid of n vectors Bo (8,¢) over half the unit sphere defined by polar (8) and
azimuthal (¢) angles and calculate the solid angle weights w'.

3 Calculate the set of orientations 36(9, ¢) excited by the detection pulses at the frequency w get

[ee]

f(ijet = fléjet( )Paet (Wger — w) dw
0

where Pye; is the pulse excitation profile and Iéet is the detection spin spectrum at the
orientation B(,(6, ¢).

4 Remove all non-resonant Bi0(6,4)) vectors.

5 Generate the pump pulse profile P, as a function of Awpymp = wpymp —w and store

2
Ppump(Awpump) = (ﬁ) Sinz(a)efft,,/z)

6 Calculate the pump spin spectrumlpump which is centred around wp,mp for the orientation
BL(6,¢).
O

7 Calculate the modulation depth, i.e. the fraction of pump spin signal at 86(9,4)) that is
flipped by the pump 7 pulse, as:
(o]
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g_ 9 Calculate the intensity at the frequency w for the orientation B,(6, ¢) as

8

-

Fi(a)):

\__ 1 0 Calculate the final intensity at the frequency w as:
Fw) = Flw) + (W e ) F(w)

FiGcure 5.9: Definition of the coordinate system used for the definition of a two-spin system for orientation-
selective DEER calculations and outline describing the calculation of an orientation-selective DEER trace using
the OriDEERSIm program [227].
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FiGure 5.10: X-band orientation-selective DEER between an iron-sulfur cluster (pump) and a nitroxide spin
label (detect). (A) X-band EPR spectrum with arrows indicating the pump and detection positions. (B) Relative
orientation of the iron-sulfur cluster and the nitroxide label. (C) Orientations selected by detection (t,; = 20 ns)
and pump (t; = 20 ns) pulses for the nitroxide and iron-sulfur cluster, respectively. The intensity of excitation
of different orientations is colour-coded with intensely excited orientations in red and not excited orientations
in blue. (D) DEER time traces for the different pump positions indicated in A simulated for a distance of 3 nm
between the centre of the iron-sulfur cluster and the midpoint of the N-O bond and an angle of £ = 90° between
g, and the inter-spin vector. (E) Orientation-selective dipolar spectra corresponding to the DEER time traces
shown in D. The maximum intensity has been normalised to 1 for better comparison of the Pake patterns.
The calculations were performed for the following spin Hamiltonian parameters: nitroxide principal g-values
of 2.0090, 2.0060 and 2.0024 and principal hyperfine values of 18, 18 and 96 MHz, iron-sulfur cluster with
an axial g-tensor with g, = 1.933 and g, = 2.023. The spin density of the nitroxide was considered to be
localised on the midpoint of the N-O bond, while a distribution of spin density over the two Fe and six S atoms
was considered for the iron-sulfur cluster (spin density distribution and g-tensor orientation from reference
[230]).
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intensity at each frequency according to:

FM'(w) = /\;;mp (5(0}2\5 + w) + 6(—wiAB + a))) + (1 - f;ump)é(w) (5.33)

and

Flw) = Flw) + (W fio, ) F(@) (5.34)
The DEER time trace is then determined by inverse Fourier transform.

The results of an example calculation for orientation-selective DEER between a nitroxide spin label
and an iron-sulfur cluster are shown in figure 5.10. The nitroxide spin label is chosen as the de-
tection spin, while the iron-sulfur cluster is the pump spin. Detection is always performed on the
maximum of the nitroxide spectrum, while the pump position changes across the EPR spectrum of
the iron-sulfur cluster, varying the selected orientations. The orientation selection spheres show the
orientations excited at the detection and the different pump positions and the overall contribution of
each orientation of the magnetic field vector with respect to the g-tensor frame of the detection spin.
The DEER traces calculated for the different pump positions show clear differences in both modula-
tion depth and modulation frequencies. In the corresponding dipolar spectra the external peaks of
the Pake pattern corresponding to w,, are attenuated or missing for all of the pump positions except
the one selecting the g, region of the iron-sulfur spectrum (pump position 5 in figure 5.10). The rea-
son for this can be clearly seen from the orientation of the dipolar coupling tensor with respect to the
g-tensor frame of the iron-sulfur cluster shown in figure 5.10 B. The frequency w,, can only be de-
tected if the orientations lying in the direction of the inter-spin vector are selected, corresponding to
g, for the iron-sulfur cluster. The strongest peaks of the dipolar spectra, corresponding to w, in the
complete Pake pattern, are also shifted with respect to each other for different pump pulse positions.
This illustrates that an analysis of the orientation-selective DEER results without explicit considera-
tion of the effects of orientation selection could lead to significant errors in the determination of an

inter-spin distance.

Orientation-selective DEER traces contain not only information on the inter-spin distance, but also
on the relative orientation of the two paramagnetic centres. The possibility of extracting this addi-
tional information can reduce the number of distance constraints needed for the determination of a

macromolecular structure.
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6 STRUCTURE DETERMINATION OF THE MULTIMERIC

TATA CHANNEL

The work described in this chapter was part of a collaboration with the research groups of Prof. Ben C.
Berks and Prof. Jason R. Schnell. Their groups investigated the structure of the twin-arginine translo-
case A channel complex in micelles using electron microscopy and solution state NMR. Since only
short-distance constraints were determined by NMR, two different model structures in agreement with
the detected intermolecular NOEs could be proposed. The ability of EPR to measure longer distances

was exploited to differentiate between the two model structures.

The studied protein complex is in a homo-oligomeric state with a number of monomers depending
on the experimental conditions. An approximate estimate of the number of protein molecules in a
complex is crucial for the biological relevance of the proposed structure, since complexes with four
monomeric units are believed to represent the inactive state, while larger complexes assemble as a

response to a signalling protein and are involved in biological function.

Continuous wave EPR and three- and four-pulse DEER were combined to distinguish the two possible
multimeric assemblies and to validate the structure proposed based on the NMR constraints for this
type of assembly. A quantification of the number of units in the oligomer was also attempted using

several different approaches.

6.1 TWIN-ARGININE TRANSLOCATION PATHWAY

The twin arginine translocation (Tat) system mediates the transport of folded proteins across the
bacterial membrane or the chloroplast thylakoid membrane [231]. The transport of fully folded pro-
teins poses different requirements to the translocase involved with respect to the more common Sec
translocation pathway for unstructured proteins. The transmembrane channel of the Tat pathway
has to be able to accommodate different types of substrates, while still preventing diffusion of small
molecules or ions between cell compartments. The transport mechanism has been proposed to be
based on the formation of channels of variable diameter determined by the size of the substrate to

be transported [232].
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FIGURE 6.1: Structure of a single TatA subunit (A), model structure of a seven-membered TatA protein complex
proposed based on the NOE constraints (B) and the aminoacid sequence of the truncated TatA subunit of E.
coli (C). The nitroxide spin label rotamer with the highest population predicted by MMM [214] is shown for each
labelling position in B. The aminoacids in C are colour coded based on their properties: hydrophobic (black),
polar (green), negatively charged (red) and positively charged (blue). The positions selected for mutation and
spin labelling are highlighted.

In general the Tat system consists of three membrane proteins: TatA, TatB and TatC. TatA is the com-
ponent forming the protein-translocating channels of variable size, which are thought to conduct the
proteins through the membrane. TatB and TatC form a multimeric protein complex involved in pro-
tein recognition, substrate binding and regulation of the substrate transport. The particular features
required for this transport pathway have been proposed to be related to a significant conformational

change of the TatA component [233].

The single TatA unit consists of two a-helices arranged in an approximate L-shape: a short hydropho-
bic transmembrane helix (TMH) and a longer amphipathic helix (APH) [234] (figure 6.1 A). The length
of the transmembrane helix is not sufficient to fully span the membrane bilayer, possibly causing a
distortion of the bilayer. The amphipathic helix is characterised by a kink at residues Leu32-Gly33,
dividing it into a proximal and a distal segment. Several selective mutation studies have shown that

the amphipathic helix is crucial for the function of the TatA protein complex [233, 235].

Since knowledge of the structure of the TatA protein complex is the basis for an understanding of
the translocation mechanism, several studies aimed at characterising the structure both in natural
and in artificial environments have been conducted [232, 233, 236, 237]. In vivo, the assembly of
the TatA protein complex requires activation by the TatBC complex, but TatA in the oligomeric state
has also been observed after solubilisation in detergents, for example nona-polyoxyethylene dodecyl
ether (Cq>Eq) or dodecylphosphocholine (DPC). The type and concentration of the solvent was found
to modulate the size of the TatA oligomers. High DPC detergent concentrations (detergent-to-protein

ratio (DPR) of about 250) allow isolation of the TatA monomer, while lower concentrations (DPR of
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about 30) lead to the formation of complexes. The complexes formed in DPC detergent are smaller
with respect to the complexes formed in C;5Eqg. Electron microscopy studies on TatA complexes in
Ci>Eq led to the proposal of a ring-shaped architecture partly closed on one end of the central chan-
nel (see figure 6.2 A and reference [232]). The channel wall was found to have a diameter of 2.5-3 nm,
approximately one to two helices wide, independent of the size of the oligomer. The inner diameter
was found to be highly variable, supporting the proposal of a dynamic translocation mechanism in-
volving changes in the oligomeric state of the channel complex to allow close packing around the
substrate. Several model topologies of the TatA subunit in the oligomeric state have been proposed
based on these results and can be separated into models where the amphipathic helix lies along the
membrane and models where the amphipathic helix is part of the channel spanning the membrane

bilayer [233, 238, 239].

The work presented in this thesis is part of a more extensive investigation of the structure of the
TatA complex in DPC micelles by solution state NMR, analytical ultracentrifugation, water accessibil-
ity measurements and molecular dynamics simulations. Analytical ultracentrifugation suggested the

presence of an average of nine TatA units in the oligomeric TatA state at a DPC detergent-to-protein

A Class 1  Class 4 Class 8 Class 10 B

66®®-
6@ ®-

Periplasm

Cytoplasm

Leul9, llel5, llell

FiIGURE 6.2: (A) The 3D architecture of TatA complexes determined by random conical tilt electron microscopy
[232]. Four classes of complexes with variable sizes are shown as viewed from the cytoplasmic (C-face),
periplasmic (P-face) side of the membrane and as a section through the membrane. [Adapted from [232],
copyright 2005 National Academy of Sciences, USA]. (B) Structure of the oligomeric TatA complex as pro-
posed based on rigid-body docking guided by intermolecular NOEs [233]. Surface plots as viewed from the
cytoplasmic and periplasmic side of the membrane are shown on the top; the transmembrane helix packing
interface and a surface plot of the pore interior are shown on the bottom. [Adapted from [233], copyright 2013
National Academy of Sciences, USA]. (C) Coarse-grained molecular dynamics simulations of monomeric (1-
mer), tetrameric (4-mer) and nonameric (9-mer) TatA structures in an E. coli lipid membrane [233]. The pro-
tein is displayed as a cartoon and the phosphate particles of the lipid headgroups are shown as red spheres.
[Adapted from [233], copyright 2013 National Academy of Sciences, USA].
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ratio of about 30. The water accessibility measurements have shown that in the complex the trans-
membrane helix is isolated from the aqueous solution and that the amphipathic helix is also partly
protected from solvent exposure, except for the region of the kink between the proximal and distal
segments. The solution NMR results of the oligomeric TatA complex showed small changes in chem-
ical shifts with respect to the monomer for the amphipathic helix and larger changes for the trans-
membrane helix, attributed to the effect of intermolecular packing. In particular, the chemical shift of
Gln8 changed significantly between monomeric and oligomeric TatA and this change was attributed
to exposure of this residue to a more polar environment in the oligomeric state, suggesting that it is
located on the inside of the protein channel. Intermolecular NOEs were determined between residues
on the transmembrane helices up to Phe20, an additional NOE between residues Vall7 (TMH) and
Leu25 (APH) suggested a similar relative orientation of the transmembrane and amphipathic helix
in the monomeric and multimeric states. The intermolecular NOEs were combined with rigid-body
docking to determine a model structure of the protein complex, which is depicted in figure 6.1 B and
figure 6.2 B and C. Since no intermolecular NOEs could be detected between residues on the amphi-
pathic helices, two models could potentially be proposed, one with the amphipathic helices pointing
outwards and one with the amphipathic helices pointing inwards. The EPR results of this chapter in
combination with the results from the other techniques, led to the proposed structure with the am-

phipathic helices pointing outwards with respect to the centre of the complex [233].

Molecular dynamics studies have shown that this model forms stable channel complexes with up to
25 TatA units, and hence could be a relevant model for the oligomeric TatA state in its native environ-
ment. The results of molecular dynamics simulations in a lipid bilayer have shown that a single TatA
unit assumes a conformation that allows both the transmembrane helix and the proximal segment of
the amphipathic helix to be inside the bilayer without causing distortions. This conformational state is
characterised by a transmembrane helix tilted with respect to the membrane normal and by a more
pronounced kink between the proximal and distal part of the amphipathic helix (figure 6.2 C). The
conformation assumed by the TatA subunits in larger complexes is close to the solution state NMR
structure shown in figure 6.1 A. In the complexes, only the transmembrane helix is inside the mem-
brane, leading to more significant distortions and thinning of the bilayer for increasing oligomer size
(figure 6.2 C).

The previously proposed mechanism for Tat translocation [231] has been refined in light of these
results and is illustrated in figure 6.3 [233]. The translocation is initiated by the binding of the sub-
strate to the TatBC complex. The recognition and binding occurs through a signal peptide, which in
the case of the Tat pathway is characterised by a conserved twin-arginine motif interacting with TatC
[231]. Prior to activation, the TatA component exists in a monomeric state (with a conformation sug-
gested by the molecular dynamics simulations) or as a protomer with an average of four units. After
formation of the TatBC-substrate complex, the association of TatA with TatBC is triggered and poly-
merisation of TatA is induced. The polymerisation is proposed to occur with a conformational change
similar to that predicted by the molecular dynamics simulations and thus induces a thinning of the
membrane in preparation of translocation. The oligomeric state of the channel complex changes

dynamically until the diameter is sufficiently large to allow translocation of the substrate through
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FIGURE 6.3: Model representation of the Tat translocation pathway as a section through the membrane [233].
(A) The inactive monomeric form of TatA is proposed to be in a conformation with the transmembrane and
a significant part of the amphipathic helices within the membrane. (B) Substrate binding to the TatBC pro-
tein complex and to TatA induces oligomerisation and a conformational change that forces a thinning of the
membrane in preparation for translocation. The substrate is bound to TatBC through a signal peptide charac-
terised by two arginines (R) close to the end of the sequence. (C) The TatA complex opens and ruptures the
membrane as the substrate begins to move through the membrane.

the disrupted membrane. After translocation the TatA complex is disassembled into monomers or

protomers.

The TatA complex in (C1>Eq) has previously been investigated using continuous wave EPR by White
et al. [237]. The study focused on characterising the mobility of spin labels attached at different
positions on the transmembrane helix and on determining the distances between them by dipolar
convolution. Their results showed increased mobilities of spin labels attached at the upper and lower
end of the transmembrane helix with respect to spin labels attached in the central part and identified
a close contact between residues lle12 and Vall4. The frozen solution cw-EPR measurements showed
similar inter-spin distances in the range of 1.40 to 1.55 nm for all of the residues from Leu9 to Leul8

(on the transmembrane helix).

In this investigation, spin labelling at different amino acid positions along the transmembrane and
amphipathic helices, combined with X-band cw-EPR and DEER measurements, was used to discrimi-
nate between the two structures of the proposed NMR model complexes, in particular concerning the
orientation of the amphipathic helices, for which no intermolecular NOEs could be detected by NMR.

Quantification of the number of subunits in the oligomeric state of TatA in DPC was also attempted.

6.2 EXPERIMENTAL METHODS

6.2.1 SAMPLE PREPARATION

The TatA protein of E. coli truncated at residue 49 was expressed and purified according to the proce-

dure described in reference [233]. TatA protein was labelled with MTSL at positions 17, 27, 34 and 42
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by Dr. Fernanda Rodriguez in Prof. Ben C. Berks’ group as described in reference [237]. The mutated
residue V17C is located on the transmembrane helix, while the other three residues, S27C, A34C and
A42C, are located at different points along the amphipathic helix (see figure 6.1 B). EPR measure-
ments were performed on samples in a 1:1 mixture of deuterated and protonated water containing
0.15% of DPC (dodecylphosphocholine) detergent (corresponding to a detergent to protein ratio of
approximately 30, promoting complex formation). Prior to freezing, 20% of deuterated glycerol were
added as glass-forming agent. NMR test measurements on solutions containing glycerol confirmed

that the presence of glycerol does not cause any conformational changes.

All measurements were performed on samples with a detergent-to-protein ratio of 30, at which the
TatA protein exists as an oligomeric complex. Samples with different relative concentrations of wild
type (WT) to spin labelled (SL) variant were prepared by mixing solutions of the two proteins. Samples
with wild-type to spin labelled (WT:SL) ratios of 0:1, 4:1, 8:1 and 16:1 were prepared. Previous stud-
ies have shown that subunit exchange is fast and that equilibration is complete after approximately
1 minute [237]. The protein concentration in the spin labelled sample (0:1 WT:SL) was 100 yM and
for all other samples the overall protein concentration was 500 uM, with varying ratios of wild-type

and spin labelled protein.

6.2.2 CoNTINUous WAVE EPR

Continuous wave X-band EPR measurements were performed on a Bruker Biospin EMX spectrometer
equipped with a high sensitivity Bruker probehead and an Oxford Instruments helium-flow cryostat.
Room temperature measurements were performed on 8 ulL solutions in capillary tubes at a microwave
frequency of 9.87 GHz and with a modulation amplitude of 0.1 mT. Spin counting was performed using
the Bruker Xepr software; a test measurement with a TEMPO sample at a concentration of 100 uM
under the same conditions estimated the error to about 10%. The background was recorded for an
empty tube and scaled to fit the external regions of the experimental spectra before subtraction. The
m; = -1 part of the nitroxide spectrum in some cases might still be affected by background artefacts.
Low temperature EPR spectra were recorded at 170 K at a microwave frequency of 9.40 GHz and with

a modulation amplitude of 0.1 mT.

6.2.3 PuLse EPR MEASUREMENTS

DEER measurements were performed at 50 K on an X-band Bruker E680 spectrometer with a Bruker
3 mm split-ring resonator (ER 4118X_MS3) equipped with a liquid helium cryostat and a variable tem-

perature unit from Oxford Instruments.

Three-pulse DEER was performed with the sequence g—f—n—’c—’c—echo at v4 and a pump pulse at vg

moved during T of the observer sequence; about 400 data points were collected with 8 ns increments.
Four-pulse DEER experiments were performed with the sequence §—7; -m—71-7,-n—1,-echo at the

observer frequency wp, and a single 7 pulse at the pump frequency wg is moved within the section
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T1 — T, of the observer sequence in 8 ns steps. A two-step phase cycle was employed for the first
observer pulse in both cases. Deuterium nuclear modulations were averaged by increasing 7; from
400 to 792 ns by 56 ns steps in the four-pulse sequence and by increasing T in eight 56 ns steps in the
three-pulse sequence. The pulse lengths were 32 ns for the observer and 16 ns for the pump pulses.
The pump frequency was set to the maximum of the nitroxide spectrum and the observer frequency

was set 65 MHz higher. Data were accumulated for 24-48 h depending on spin concentration.

The four- and three-pulse DEER data were combined using the DEER-Stitch procedure described by
Lovett et al. [193]. For the final analysis, an average trace was calculated from ten DEER-Stitch

traces obtained with different overlap regions.

6.3 REsuLTs AND DiscussioN

6.3.1 SPIN LABEL MOBILITY

TatA complexes labelled at four different positions, one on the transmembrane helix (V17C) and three
at different points of the amphipathic helix (S27C, A34C and A42C), were investigated in aqueous so-
lution with a concentration of detergent inducing formation of small oligomeric complexes (DPR of
30). The room temperature continuous wave EPR spectra are shown in figure 6.4 A. The EPR spec-
tra are characteristic of the slow motion regime and confirm binding of the MTSL spin labels to the
protein. The sharper signals superimposed on the m; = —1 feature (see arrow in figure 6.4) could be
indicative of the presence of free MTSL. However, according to simulations, the free spin label only

amounts to about 2% of the total EPR signal.
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FiIGURE 6.4: (A) Room temperature continuous wave EPR spectra of TatA spin labelled at different positions
in water with a DPC-to-protein ratio of 30 and 20% glycerol. The 0:1 wild-type:spin labelled protein samples
were used for this measurement. Experimental details can be found in section 6.2.2. The arrow indicates a
potential contribution of free MTSL to the EPR spectrum. (B) Correlation of the mobility parameters (MZ)_1
and ABE& determined from the spectra shown in A. The different topological regions in the correlation plot
are highlighted (see section 5.3.3) [201].
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The mobility of spin labels attached to different regions of a protein can be estimated based on the
peak-to-peak linewidth of the central line of the nitroxide spectrum, ABPP, or on the second moment
of the nitroxide spectrum, (M), as discussed in section 5.3.3. The experimental values of these two
parameters for the four spin label positions in the TatA complex are compared to the topological
regions characteristic of different spin label environments in a-helical proteins in figure 6.4 B [201].
The spin label at position V17C is characterised by low mobility, as expected for this spin label on
the upper end of the transmembrane helix, close to the hinge region between the transmembrane
and amphipathic helices and to the direct contact region between different TatA subunits. The spin
label at position S27C is characterised by the highest mobility. Its position on the first part of the
amphipathic helix would indicate high solvent exposure in the proposed model structure (figure 6.1 B),
in agreement with the assignment to a helix surface region. The second part of the amphipathic helix
with spin labels at positions A34C and A42C is proposed to be partially inserted into the detergent
micelle and this would be in agreement with the decreased mobility as compared to the spin label at

position S27C.

Simulations of the nitroxide EPR spectra resulted in predicted correlation times ranging from three
to four nanoseconds, with higher values for V17C and A42C as compared to S27C and A34C, in

agreement with the semi-quantitative analysis reported above.

Spin counting experiments provided information on the spin labelling efficiency, which was found to
be generally low and to correspond to about 47% for V17C, 34% for S27C, 49% for A34C and 23%
for A42C.

6.3.2 Low TEMPERATURE EPR

The TatA complex was previously investigated by frozen solution continuous wave EPR in a different
detergent forming larger oligomeric complexes. In that case, dipolar broadening could be detected
for spin labels introduced at different positions in the transmembrane helix. The proposed model
structure of the TatA complex in DPC detergent predicts inter-spin distances of only about 1.7 nm,

too short to be reliably detected by DEER, but within the range of cw-EPR.

X-band continuous wave EPR spectra were recorded on oligomeric TatA samples with different ratios
of spin labelled subunits at 170 K. The spectra recorded for spin labelled TatA samples and for sam-
ples with a ratio of 16:1 wild-type (WT) to spin labelled (SL) TatA are shown in figure 6.6. Short inter-
spin distances lead to dipolar broadening of the cw-EPR spectrum, consequently a difference between
the spectra recorded on the spin labelled sample and on the sample containing only a small humber
of spin labelled proteins within a TatA complex should be detected if the distance between the spin la-
bels is smaller than about 1.7 nm [169]. The V17C variant, with the spin label on the transmembrane
helix, shows a broadening of the nitroxide spectrum at a higher spin labelling stoichiometry, while the
spectra for the S27C, A34C and A42C variants, with spin labels on the amphipathic helix, are almost
independent of spin label stoichiometry (see figure 6.6). This first qualitative result implies a closer

average proximity of the transmembrane helices with respect to the amphipathic helices, supporting
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FiIGURE 6.5: Model structure of the seven-membered oligomeric TatA complex with highlighted NO midpoint
positions corresponding to the rotamer distributions at each spin label position calculated using MMM [214].
The average distances between the different pairs of spin labels in the complex are indicated for each of the
variants.
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FIGURE 6.6: Cw-EPR spectra recorded at 170 K on oligomeric TatA samples for different relative concentrations
of wild-type (WT) and spin labelled (SL) protein for TatA labelled in positions 17, 27, 34 and 42. The convolution
of the 16:1 wild-type to spin labelled EPR spectrum with the distance distribution obtained from the model of
the seven-membered oligomer is shown in grey, the results obtained using the model of the nine-membered
oligomer are shown in light grey in the background. Experimental details can be found in section 6.2.2.

a model structure with the amphipathic helices pointing outwards with respect to the centre of the

complex (figure 6.5).

A guantitative analysis of the results using second moment analysis (see section 5.2.1) predicts a

shorter nearest-neighbour distance for the V17C variant as compared to the other variants, but
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the extracted distances are affected by a large error (0.3-1.0 nm). Convolution analysis (see sec-
tion 5.2.2) predicts a broad distance distribution covering the whole range from 0.5 to 4 nm for the

V17C variant and was not successful for the others.

In order to verify the agreement of the low temperature EPR data with the model structure proposed
based on the NOE constraints, distance distributions were predicted based on rotamer distributions
computed using the MMM program [214], as explained further on in section 6.3.5 (see also figure 6.5).
These distance distributions were then used to calculate the dipolar broadened spectrum by convo-
lution of the 16:1 WT:SL spectrum with Pake patterns calculated based on the predicted distance dis-
tributions. The resulting spectra calculated for a seven-membered oligomeric complex are shown in
grey in figure 6.6 and are in good agreement with the experimental results, predicting a clearly visible
broadening for V17C and only smaller changes for the other variants. Spectra resulting from the con-
volution based on the nine-membered oligomeric model complex give identical results for V17C and
A42C, but show a slightly larger broadening for S27C and A34C (see light grey spectra in figure 6.6),

as the amphipathic helices move closer together.

The continuous wave EPR data thus are in agreement with the proposed model and clearly confirms
a complex structure with the amphipathic helices pointing outwards and with the transmembrane

helices forming the inside of the protein translocation channel.

6.3.3 DEER MEASUREMENTS

The continuous wave EPR measurements provided information on short distances between spin la-
bels. Information on distances longer than about 1.7 nm can be determined using the DEER experi-
ment. The largest distances that can be reliably determined using DEER depend on the length of the
DEER trace that can be recorded (see section 5.3.1). The distance distributions predicted for the four
spin label positions in the TatA complexes range from relatively short nearest-neighbour distances to
distances longer than 6 nm across the channel complex, hence long DEER traces would be desirable.
The maximum length of a DEER trace is, however, determined by the phase memory time of the sam-
ple. The phase memory time of the TatA complex in DPC micelles was increased from about 0.4 us to
1.8 us by using deuterated water and adding 20% deuterated glycerol to the sample, but could not
be easily extended further. Three- and four-pulse DEER measurements were performed for TatA at
50 K and the experimental DEER traces were combined using the DEER-Stitch method [193] and are
shown in figure 6.7 for a wild type to spin labelled protein ratio of 4:1. The combination of three- and
four-pulse DEER allows measurements of longer DEER traces than standard four-pulse DEER, which in

turn enables the determination of longer inter-spin distances.

The DEER traces are characterised by an initial drop in intensity, but no pronounced dipolar modula-
tions are observed beyond this. A similar behaviour has often been observed for systems in detergent
micelles [240]. The flexibility of the spin label and protein backbone in this protein systems probably

leads to a distribution of distances that causes damping of the dipolar modulations.
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FIGURE 6.7: Three- and four-pulse DEER traces recorded at 50 K for the TatA complex spin labelled at positions
V17C, S27C, A34C and A42C. The ratio of wild-type to spin labelled TatA is 4:1 for the data shown here. The
overall trace obtained by combining three- and four-pulse data is also shown in black. The DEER traces are
offset for better visualisation. Experimental details on the DEER experiments and on the DEER-Stitch procedure
can be found in section 6.2.3.

The initial drop of the signal can be used to obtain a first qualitative estimate of the distances present.
The average distance can be estimated from the half-time, i.e. the time it takes for the reduced form
factor to decrease to half its initial value (see equation 5.16). The average inter-spin distances thus
estimated for the different spin labelled TatA variants are 2.7 nm for V17C, 3.7 nm for S27C, 3.8 nm
for A34C and 3.9 nm for A42C, where the distances estimated for A34C and A42C are affected by
larger errors due to the likely presence of longer distances, which render an accurate background

correction difficult.

The background factor of the DEER time traces is determined by the distribution of the spin labelled
nano-objects in the sample. As discussed in Chapter 5, for a homogeneous distribution of nano-
objects in solution, the background factor is an exponential function (dimensionality d=3 in equa-
tion 5.10) or a stretched exponential in case of preferential distribution in specific directions, such as
for example in lipid bilayers. A study by Bode et al. [240] has shown that this is generally not the
case for samples in detergent micelles, where spatial restriction leads to largely inhomogeneous dis-
tributions of the nano-objects. The background decay arising from intermolecular interactions was
found to be determined by the aggregation number of the detergent, i.e. the number of detergent

molecules per micelle. The changes observed in the DEER traces recorded for spin labels at different
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positions of the TatA complex provide evidence for the detection of actual inter-spin distances in TatA

complexes rather than of size-restriction effects.

The knowledge of the background factor is nevertheless important for further interpretation of the
DEER data and hence measurements were performed at a dilution of 16:1 wild-type to spin labelled
protein. For this ratio of wild-type to spin labelled protein, calculations of statistical distributions pre-
dict that, assuming a seven-membered complex, for a spin labelling efficiency of 100%, only about
4% of the complexes contain two spin labelled subunits, with even lower percentages for the actual
labelling efficiencies determined for the TatA variants investigated here. Hence a DEER measure-
ment performed for this degree of dilution should provide a good estimate of the background decay.
Background fits with a two-dimensional background factor, different fractal background factors (non-
integer d in equation 5.10) and 39 order polynomials gave similarly good agreement with the exper-
imental trace and led to considerable improvement with respect to the standard three-dimensional
background. Analysis of the DEER traces recorded with reduced dilution factors with these different
experimental background corrections did not considerably affect the distance distributions resulting
from Tikhonov regularisation in DeerAnalysis [186]. Two-dimensional background corrections were

used for the following analysis, unless otherwise specified.

6.3.4 MULTI-SPIN EFFECTS

The presence of more than two spin labels in each TatA complex can lead to multi-spin effects which
affect both modulation depth and modulation frequencies [217, 218, 222] (see section 5.3.4). Mea-
surements were performed for different ratios of wild-type (WT) and spin labelled (SL) protein to anal-
yse these multi-spin effects and to avoid misinterpretation of the experimental results. Based on
the spin concentration measured by cw-EPR at room temperature, it was estimated that, assuming a
seven-membered complex, about 72-75% of the complexes should contain three or more spin labels
for the V17C and A34C variants in the 0:1 WT:SL sample, but only 2-3% of the complexes in the 4:1
WT:SL sample and only about 0.5% of the complexes in the 8:1 WT:SL sample. This is reflected in the
different modulation depths A obtained for the samples with different WT:SL protein ratios as shown

in figure 6.8.

The size of the TatA oligomers in DPC micelles has been estimated by analytical ultra-centrifugation
and cross-linking studies to lie between about seven and ten TatA subunits per channel complex
[233]. Analysis of the modulation depths of the DEER traces could potentially provide additional in-
formation on the size of the complexes, since the modulation depth of a DEER trace depends on the
number of coupled spins as shown in section 5.3.4 (see equation 5.23). Jeschke et al. [218] and
Bode et al. [217] showed that in rigid, well-defined model systems of three and four coupled spins
this number can be extracted from the experimental data. In the presence of more than four coupled
spins, typically only a lower limit can be determined, as the differences in modulation depth decrease

with an increasing number of spins.
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FiGURE 6.8: Four-pulse DEER traces recorded at 50 K for the TatA complex spin labelled at positions V17C and
A34C for different ratios of wild-type (WT) to spin labelled (SL) TatA protein.

The accurate evaluation of the modulation depth of a DEER trace requires high signal-to-noise ratios,
the precise knowledge of the spin labelling efficiency and the correct background factor. The experi-
mental data recorded for the TatA complex do not satisfy these conditions, but an approximate quan-
titative analysis was nevertheless attempted, also exploiting the information on modulation depths
for different ratios of wild-type to spin labelled protein. The evaluation of relative modulation depths

should be less affected by the errors in background correction.

The number of spins in a TatA complex is not only determined by the size of the oligomer, but also by
the statistical distribution of labelled and unlabelled TatA subunits. The probability distributions for

n-membered complexes with k spin labels can be determined as:

n _ . spin labelled protein
P=— k 1- n-k th = 61
K k(n- k)p (1-p) W P total protein (6.1)

where p is the degree of labelling and the concentration of spin labelled protein was determined by
taking the protein concentration and spin labelling efficiency into account. The resulting probability
distributions for the spin labelling efficiencies of the V17C and A34C variants of TatA are depicted
in figures 6.9 A and 6.10 A, respectively. The statistical distributions for three different sizes of the
oligomeric complex are shown: the four-membered complex, proposed as the inactive protomer, and
the seven- and nine-membered complexes, lying within the range of oligomer sizes predicted to be

present under the experimental conditions.

The modulation depth, A, predicted for a complex with k spin labels is [218]:
Ag=1-(1-2)k1 (6.2)

where A is the inversion efficiency of the pump pulse, dependent on the specific spectrometer con-
figuration. For the experimental setup used for the measurements on the TatA complexes, A was

estimated to 0.20+0.05. The overall modulation depth expected for statistically labelled complexes
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FiIGURE 6.9: (A) Statistical distributions of n-membered TatA complexes with k spin labelled subunits for dif-
ferent wild-type to spin labelled protein stoichiometries calculated based on equation 6.1 for a spin labelling
efficiency of 0.47. (B) Experimental, background-corrected four-pulse DEER form factors for different ratios of
wild-type to spin labelled TatA A17C compared to modulation depths predicted based on the statistical dis-
tributions in A and a pump pulse inversion efficiency of 0.20+0.05 for different oligomeric sizes of the TatA

complex.

can be calculated as the weighted sum of n-membered complexes with 1 to n spin labels [240]:

The modulation depths calculated for the statistical distributions discussed above are compared to
the experimental form factors of the V17C and A34C DEER traces in figures 6.9 B and 6.10 B, re-

spectively. The error on the calculated modulation depth is indicated by the shaded regions and was
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Ficure 6.10: (A) Statistical distributions of n-membered TatA complexes with k spin labelled subunits for dif-
ferent wild-type to spin labelled protein stoichiometries calculated based on equation 6.1 for a spin labelling
efficiency of 0.49. (B) Experimental, background-corrected four-pulse DEER form factors for different ratios of
wild-type to spin labelled TatA A34C compared to modulation depths predicted based on the statistical dis-
tributions in A and a pump pulse inversion efficiency of 0.20+0.05 for different oligomeric sizes of the TatA
complex.

estimated through error propagation based on the errors on the inversion efficiency A and the spin
labelling efficiency. The error on the experimental modulation depth was estimated as the standard

deviation of the results for different background corrections and amounts to about +0.05.

The modulation depths predicted for the four-membered complex are much smaller than those de-
termined experimentally for both TatA variants. The experimental modulation depths for both TatA

variants fall within the error regions calculated for seven- and nine-membered complexes, a slightly
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better agreement is obtained for the nine-membered complex. Considering the errors on the calcu-
lation and on the determination of the experimental modulation depth, the only conclusion that can
be drawn is that the oligomeric size lies somewhere between seven and probably ten TatA subunits.
The presence of a distribution of complexes with different sizes can also not be excluded. The results
of this analysis thus only confirm previous conclusions based on other methods [233], but do not
provide any further information on the size of the TatA complexes due to the low signal-to-noise, the
uncertainty in background correction and the intrinsic difficulty in determining the number of spins in

large systems [217, 220].

In addition to causing changes in the modulation depth, the presence of more than two coupled
spins leads to the contribution of sum and difference frequencies as well as the dipolar frequen-
cies, which lead to artefacts in the distance distributions determined by Tikhonov regularisation, as
was discussed in section 5.3.4. The presence of such multi-spin artefacts was verified by comparing
the distance distributions obtained by Tikhonov regularisation in DeerAnalysis for different ratios of
wild-type and spin labelled TatA. The distance distributions obtained for the four-pulse DEER traces
depicted in figure 6.8 are shown in figure 6.11. The error on the distance distributions was esti-
mated with the validation tool implemented in DeerAnalysis [186] by changing the noise level and
the start time for the background correction and is shown as shading in the graphs. The length of
the DEER traces limits the accurate determination of the mean distance to about 4.2 nm (based on

equation 5.13).

The experimental distance distributions are affected by a considerable error, but nevertheless the
same trends can be identified for both TatA variants. The shortest distance determined from Tikhonov
regularisation increases as the dilution of spin labelled TatA with wild-type protein increases. This is in
agreement with the conclusions from model calculations in section 5.3.4, which predicted artefacts

and generally higher weighting of short distances in the presence of more than two coupled spins.

— 0:1 WT:SL — 0:1 WT:SL
— 4:1 WT:SL — 4:1 WT:SL
8:1 WT:SL 8:1 WT:SL

8 o
SN —TatA VI7C TatA A34C
5 6

2 3 4 5 7 2 3 4 5 6 7
r [nm] r [nm]

Ficure 6.11: Distance distributions obtained by Tikhonov regularisation based on the four-pulse DEER traces
recorded for the TatA complex spin labelled at positions V17C and A34C for different ratios of wild-type (WT)
to spin labelled (SL) TatA protein. The DEER traces are shown in figure 6.8. The experimental DEER traces were
background-corrected with a two-dimensional background and the distance distributions were extracted by
Tikhonov regularisation with a regularisation parameter of a=1000. The error on the distance distributions
was estimated by evaluating the effects of noise and different background start times with the validation tool
in DeerAnalysis [186].
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Evaluation of the presence and reduction of multi-spin artefacts in the distance distribution are pos-
sible using power scaling of the experimental form factor as proposed in reference [222]. This method
is implemented in DeerAnalysis as ‘ghost suppression” and was applied for the extraction of the dis-
tance distribution from the 0:1 WT:SL traces. The power scaling with a factor based on 3-4 spins,
corresponding to the most probable complexes based on the statistical distributions, led to some-
what decreased intensities at short distances, confirming the presence of artefacts. In the further
analysis only the 4:1 WT:SL traces were considered, where the multi-spin effects should be negligible
(only 2-6% of the complexes should contain more than two spins) and the modulation depth is still

reasonable, providing an acceptable signal-to-noise ratio of the DEER data.

Theoretically it should be possible to estimate the number of spins in a complex with rotational sym-
metry from the number of different distances and their positions relative to the shortest, nearest-
neighbour distance. The different inter-spin distances between spin labels in n-sided polygons are
shown in figure 6.12. In the presence of significant distributions of rotamers, the broadening of the
different peaks renders absolute assignments impossible. The distance distributions for seven to ten
spins are very similar and only differ at very long distances, hence long DEER traces would be re-
quired to accurately extract the shape of the distance distribution up to the longest distance present.
In the present study, the error on the distance distributions extracted by Tikhonov regularisation is

too large to allow interpretation of the shapes of the distance distributions.

SRR
S

‘ n=9
| n=10
1 2 3 4 5 6
r [nm]

FiGure 6.12: Distance distributions for spin label arrangements in regular polygons with n corners. The
nearest-neighbour distances are taken as 1.6 nm and Gaussians with a FWHM of 0.8 nm were modelled to
take distributions of NO positions into account. Models of TatA complexes with four, seven and nine subunits
and the different possible inter-spin distances are also shown.
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6.3.5 MODELLING AND INTERPRETATION OF THE RESULTS

The results of the data analysis described in the previous section suggest that a model-based simu-
lation approach might be preferable for the interpretation of the DEER results on the TatA complex.
Since a structural model proposed based on the NMR data already exists, this has been used as the

basis for the modelling and interpretation of the experimental results.

The rotamer distributions were calculated for each spin label using the MMM program [214] on the
model structure for the complex [214] and the resulting NO midpoint positions are depicted in fig-
ure 6.13. The distance distributions predicted by MMM at a simulation temperature of 175 K [214]
were compared to predictions of the MtsslWizard software [215]. The distance distributions predicted
by Mtssl-Wizard were generally broader, while the distributions predicted by MMM showed a series of
narrow peaks. The overall extent of the predicted distance distributions was however almost identi-
cal. If a simulation temperature of 298 K was chosen in MMM, the predicted distance distribution was
much closer to the results of MtsslWizard [215]. The distance distributions for the TatA complex were
computed with a Monte Carlo approach based on the NO midpoint positions predicted by MMM and
by randomly adding a deviation of up to +£1.0 nm to each predicted inter-spin distance. This approach
is believed to best reflect the flexibility of both the nitroxide spin labels and of the protein backbone.

The resulting distance distributions for each spin label position are shown in figure 6.13.

The DEER reduced form factors were calculated based on equation 5.8 with the same Monte Carlo
approach used for determination of the distance distributions. The dipolar frequency was calculated

for each of the predicted distances and the reduced form factor was constructed as an average of 10°

TatA V17C TatA S27C TatA A34C TatA A42C
01234567289 01234567289 01234567289 01234567289
r [nm] r [nm] r [nm] r [nm]

FiIGURE 6.13: Model structure of the seven-membered oligomeric TatA complex with highlighted NO midpoint
positions corresponding to the rotamer distributions at each spin label position calculated using MMM [214].
The distance distributions predicted based on these NO positions as described in the text are shown below
the corresponding model. The distance distributions were calculated considering all of the possible pairs of
spin labels in the complex.
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Monte Carlo iterations. Similar computations were repeated with multi-spin effects taken explicitly
into account by adding the higher-order contributions to the form factor according to equation 5.21.
In the simulations for the spin label on the transmembrane helix (V17C), the excitation bandwidth of
the pulses was taken into account to model the drop in sensitivity of DEER for short distances, less
than about 1.5 nm, according to the procedure described in reference [169]. The simulation programs

were based on MMM subroutines [214].

The final DEER traces were calculated by fitting each experimental DEER trace with a function com-

prising the calculated reduced form factors and a background function according to

%t) =[1-A(1- f(t))]exp*kf% (6.4)
where A, k and d were optimized using a least mean square fitting algorithm. The DEER traces com-
puted for the four spin labelling positions based on the four-, seven- and nine-membered model TatA
structures constructed based on the NOE constraints are shown in figure 6.14. The simulations were
compared to the 4:1 WT:SL DEER traces and multi-spin effects were not taken into account in the sim-
ulations shown, as the multi-spin contributions at this degree of dilution are expected to be negligible.

The difference between the simulations with and without inclusion of higher-order contributions falls

within the signal-to-noise of the experimental data.

1.01 —— Experiment 1.01 —— Experiment
n=4 n=24
—_—n=7 —n=17
0.9 —n=9 0.9 —n=9
by by
D D 03
Ny Ny Y
0.74
TatA V17C TatA S27C
0.6 T T T T T 0.6 T T T T T
0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5
t[us] t[us]
1.0 —— Experiment 1.0 —— Experiment
n=4 n=4
—n=7 —n=7
0.94 —n=9 0.94 —n=9
N N
= 087 ; = 081
> \"\w‘ >
0.74 0.74
TatA A34C TatA A42C
0.6 T T T T T 0.6 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5
tlus] tlus]

FIGURE 6.14: Comparison of the experimental 4:1 WT:SL DEER traces for the TatAV17C, S27C, A34C and A42C
variants with traces simulated based on four-, seven- and nine-membered model complex structures with the
method described in the text.
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A good overall agreement between simulation and experiment is obtained for the TatA complexes la-
belled at positions V17C and S27C, on the transmembrane helix and on the proximal segment of the
amphipathic helix, while larger deviations are observed for the spin label positions A34C and A42C,
on the distal segment of the amphipathic helix. In all cases, larger deviations are observed for the
simulations based on the structure of the four-membered TatA complex. In particular, the agreement
with the initial drop, determined by the shortest distance present, is significantly worse. The observed
DEER traces are thus not due to a tetrameric protomer and should reflect the structure of the active
channel complex. The differences between simulations based on a seven- or nine-membered com-
plex are generally quite small due to the similar mean inter-spin distances in both oligomers and
their broad distance distributions. However, marginally better agreement is obtained for the seven-
membered complex. In reality, a distribution of different sized complexes is probably present and

contributes to the DEER signal.

The V17C and S27C labelling positions are close to the region of the TatA complex where NOE con-
straints could be determined and used to guide the generation of a model structure. The good agree-
ment between the calculated and experimental DEER data confirms the NMR model structure with the
amphipathic helices pointing outwards with respect to the centre of the TatA complex. The larger
deviations between calculation and experiment for the A34C and A42C labelling positions, located
at the beginning and towards the end of the distal segment of the amphipathic helix, could be at-
tributed to a deviation from the proposed structure. In the NMR model structure, the structure of

the amphipathic helix was considered to be the same as in the NMR structure of the monomeric unit
[233].

Further modelling was attempted to identify the nature of the deviations from the proposed model
structure. Since the TatA complex is rotationally symmetric, the distance distributions are only deter-
mined by the radius of the circle defining the average NO midpoint position. Calculations of the DEER

traces as described above were repeated for different symmetric displacements of the MMM rotamer

VITC 3 S27C 75 A34C 7 A2C 3

r [nm] r [nm] r [nm] r [nm]

FiGure 6.15: Contour plots of the root-mean-square deviations for DEER traces simulated for a range of dis-
placements of the rotamer distributions from the centre of the TatA complex. The structure of the seven-
membered TatA complex is shown in grey with NO midpoint positions highlighted in black with sizes depending
on the rotamer populations predicted by MMM [214]. The root-mean square deviations between experimental
and calculated DEER traces as a function of radius are shown in the background. The red regions correspond
to the lowest and the blue regions to the highest RMSD values.

190



CHAPTER 6 - Structure Determination of the Multimeric TatA Channel

distributions from the centre of the complex and the root-mean-square deviations between calcula-
tion and experiment were computed. The results of this analysis are shown in the contour plots of
figure 6.15. The rotamer distributions for the seven-membered complex are superimposed for com-
parison. The rotamer distributions for spin labelling positions V17C and S27C fall into the region of
displacements with the lowest RMSD values, but the rotamer distributions of the NMR model for the
A34C and A42C labelling positions fall at larger displacements with respect to the position giving the

lowest RMSD values.

The root-mean-square deviations of the DEER traces are plotted as a function of the average NO po-
sitions with respect to the centre of the complex, determined from the rotamer distribution of each
TatA subunit, in figure 6.16 A. The average NO positions with the lowest RMSD values were used to
construct a model of the TatA complex in better agreement with the experimental DEER results. The
TatA subunits were divided into three helices modelled as rigid cylinders, the transmembrane helix
and the proximal and distal segments of the amphipathic helix. The rotamer distributions were de-
fined with respect to this simple model of the protein. The angles between the helices were optimised
in a least mean square fitting routine to give the best agreement with the average NO positions de-

termined from the RMSD analysis. The resulting model structure is compared to the NMR structure in

A
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FIGURE 6.16: (A) RMSDs between experimental DEER traces and traces calculated for different displacements
of the average NO position from the centre of the complex for the four different spin labelling positions. The
average NO positions predicted for the model structures shown in B are indicated on the bottom. (B) Com-
parison of the NMR model structure (model 1, green) and the structure obtained by fitting to the average NO
positions with the lowest RMSD values (model 2, blue) with overlaid transmembrane helices viewed from the
top (left) and from the side (right).
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figure 6.16 B and the DEER traces calculated for the two models are compared to the experimental

data in figure 6.17.

The DEER results predict a shorter inter-spin distance between neighbouring nitroxide spin labels at
positions A34C and A42C with respect to the inter-spin distances in the NMR model structure. The
average inter-spin distances for labelling positions S27C, A34C and A42C determined from the DEER
data are quite similar. If these observations are a true reflection of the inter-spin distances in the
TatA complex rather than size restriction effects in micelles, this would suggest a structure with the
distal segment of the amphipathic helix approximately parallel to the transmembrane helix, as only
in this case the same inter-spin distances would be expected for spin labels on the proximal and on
the distal segment of the amphipathic helix. These inter-spin distances are larger than the inter-spin
distance for the V17C labelling position, hence the amphipathic helices would be required to form
a ring with a larger radius compared to the transmembrane helix. The least mean square fitting
predicts a double channel structure with an inner channel formed by the transmembrane helices and
an outer channel mainly formed by the distal segment of the amphipathic helix. The angle between
the proximal and distal segments of the amphipathic helix predicted in this model is about 30°, which
is within the range of angles determined in the molecular dynamics simulations described in reference
[233] (ca. 20-100°) and therefore feasible. A series of double channel structures have previously

already been proposed for the TatA complex [238, 239, 241] and would also be consistent with the
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Ficure 6.17: Comparison of the experimental 4:1 WT:SL DEER traces for the TatA V17C, S27C, A34C and A42C
variants with traces simulated for seven-membered complexes with the structures shown in figure 6.16 B.
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electron microscopy results [232], although typically the amphipathic helix was proposed to form the
inner lining of the TatA channel, which would give smaller inter-spin distances for variants S27C, A34C
and A42C compared to V17C. Complete insertion of the amphipathic helix into the membrane does
however seem unlikely due to the presence of some polar and charged residues in the distal part of
the amphipathic helix. Still, the structure of the complex in micelles might deviate from the structure

expected in lipid bilayers, as the size of the micelle could potentially influence the complex structure.

The uncertainties related to the experimental DEER results do not allow any definite conclusions on
the exact structure of the TatA complex in DPC micelles beyond the fact that the amphipathic helices
are located on the outer part of the channel complex, while the transmembrane helices form the
inner lining. The model proposed based on the EPR results could be verified by intramolecular dis-
tance measurements on TatA subunits labelled on both the transmembrane helix and the distal part
of the amphipathic helix. The biological relevance of the structure of the complex determined in DPC
micelles would have to be verified by comparison of these measurements with measurements per-
formed in other detergents and potentially in liposomes. The use of the rigid spin label RX attached
at two positions on adjacent helical turns [242] could also provide an improvement in the quality of

the DEER results in terms of observed dipolar modulations.

6.4 CONCLUSIONS

The structure of the channel complex of the Tat translocation system was studied by cw-EPR and
a combination of three- and four-pulse DEER as part of a larger investigation also including NMR,
electron microscopy and molecular dynamics. Some of the results of this study have been published

in conjunction with the corresponding NMR data in reference [233].

The observation of dipolar broadening in the cw-EPR spectrum of the TatA variant labelled on the
transmembrane helix, but not in the spectra of the TatA variants labelled at different positions along
the amphipathic helix and the observation of shorter inter-spin distances for the transmembrane la-
belling position confirmed a model structure with the amphipathic helix pointing outwards with re-

spect to the transmembrane helix.

A quantification of the number of TatA subunits in each channel complex under the experimental con-
ditions of this investigation was attempted based on considerations on the modulation depth and a
series of simulations based on model structures with different numbers of TatA protein units per com-
plex. The results of this analysis suggest the presence of about seven- to nine-membered oligomeric

TatA complexes in DPC micelles.

While good agreement between the model structure proposed by NMR was obtained for the labelling
positions on or close to the transmembrane helix, larger deviations were observed for the labelling
positions on the distal part of the amphipathic helix. Molecular dynamics simulations described in
reference [233] have shown that different conformations of the amphipathic helix (straight or kinked)

are possible and might also influence the relative positions of the spin labels and their flexibility.
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A simple modelling approach was used to determine a structure of the TatA complex that would be
in agreement with the experimental results for all spin labelling positions. The proposed structure
corresponds to a double-helical channel with an internal channel lined by the transmembrane helices
and with the distal part of the amphipathic helices approximately parallel to the complex normal.
This proposed structure would be in agreement both with the experimental continuous wave EPR and
DEER results, as well as with the determined spin label mobilities based on room temperature cw-EPR
measurements, which indicate higher mobilities for the spin label position on the proximal part of the

amphipathic helix with respect to the labelling positions on the distal part.

The quality of the experimental data that could be achieved and the uncertainties due to the na-
ture of the investigated system do not allow any further definite conclusions on the channel complex
structure. Further investigations based on doubly-labelled TatA units and performed at higher mag-
netic fields could potentially provide further insight. The sensitivity of the function of the TatA protein
with respect to mutations of residues on the amphipathic helix of the TatA subunits indicate its im-
portance in the TatA translocation mechanism. Information on the static structure as well as on the
conformational space explored by the TatA protein under different conditions could be important in
determining the mechanism of translocation of folded proteins, which could so far not be determined

at molecular resolution.
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7 ORIENTATION-SELECTIVE DEER ON A FERREDOXIN-

CytocHROME P450 CoMPLEX

The work presented in this chapter is part of an ongoing collaboration between Prof. Christiane R.
Timmel's and Prof. Luet L. Wong’s research groups, aimed at determining the structure of protein
complexes involved in the P450 electron transport chain. Previous members of the group have inves-
tigated the structure of ferredoxin reductase-ferredoxin and ferredoxin-cytochrome P450 complexes
of Rhodopseudomonas palustris by orientation-selective DEER [230, 243-245]. The investigation has
been extended here to one of the ferredoxin-cytochrome P450 complexes of Novosphingobium aro-

maticivorans, in order to compare the features of related protein complexes in different organisms.

The structural characterisation was based on the results of orientation-selective DEER measurements
between a nitroxide spin label on the cytochrome P450 and the iron-sulfur cluster of the ferredoxin.
The data analysis was performed using the OriDEERSim program previously developed in the group
and described in section 5.3.5. The experimental results were compared to simulations performed
for model structures obtained by protein-protein docking and the structures were further refined us-
ing a pattern search algorithm, in analogy to the procedure used by Dr. Jeffrey Harmer and Dr. Al-
ice M. Bowen for the resolution of the ferredoxin-cytochrome P450 complex structure of Rhodopseu-

domonas palustris [244, 245].

7.1 CYTOCHROMES AND THE ELECTRON TRANSPORT CHAIN

Cytochrome or P450 enzymes are heme-based mono-oxygenases present in most organisms and in-
volved in a wide range of biological processes including carbon source assimilation, biosynthesis of
steroids, degradation of exogenous compounds and metabolism of medicines [246-249]. The main
function of cytochromes is the activation of molecular oxygen for regio- and stereospecific oxidation
of organic compounds. The enzymatic activity of cytochromes requires two electrons, which originate
from oxidation of NADH (reduced nicotinamide adenine dinucleotide) and are transferred to the cy-
tochrome by electron transport proteins. Several different classes of P450 electron transport chains
exist; the principal ones are class | and class Il transport chains. Class | transport chains are mainly
present in prokaryotes and are based on an oxygenase-coupled NAD(P)H-dependent ferredoxin re-

ductase with an FAD (flavin adenine dinucleotide) cofactor and an iron-sulfur cluster based ferredoxin
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FiGure 7.1: Schematic representation of the electron transport chain for the hydroxylation of organic sub-
strates including a ferredoxin reductase (ArR, 3LXD.pdb), a ferredoxin (Arx, 3LXF.pdb) and a P450 cytochrome
(CYP101D1, 3LXH.pdb). The catalytic cycle involving the Fe ion in the heme group of the cytochrome is also
shown.

(see figure 7.1). Class Il transport chains are characteristic of eukaryotes and are based on a single
cytochrome P450 reductase containing both an FAD and an FMN (flavin mononucleotide) cofactor

[247].

The ferredoxin-cytochrome P450 system investigated here is part of a class | electron transport chain
in the gram-negative bacterium Novosphingobium aromaticivorans. The class | P450 electron trans-
port systems are typically characterised by redox partner specificity, which suggests the presence of

specific interactions between the proteins involved in the electron transfer process.

The crystal structures of a series of isolated cytochromes and ferredoxins are available, including
the proteins investigated here [249], but the complexes are difficult to crystallise and hence only
limited information on the structure of the active protein complexes is available. The structures of
three different ferredoxin-cytochrome P450 pairs were determined by crystallisation of the proteins
connected by a covalent linker [250-252], the structure of one of these complexes was determined
in a study combining X-ray and paramagnetic NMR as well [253] and the structure of a fifth complex
was resolved using spin labelling and DEER in this group [244, 245]. The advantage of structural
characterisations using DEER over X-ray analysis of cross-linked complexes is that perturbation of

the complex structure by the linker is avoided.

196



CHAPTER 7 - Orientation-Selective DEER on a Ferredoxin-Cytochrome P450 Complex

The cytochrome P450 of Pseudomonas putida (CYP101A1l) and its complex with the corresponding
ferredoxin (putidaredoxin, Pdx) is one of the most investigated and it is known that Pdx acts as an ef-
fector of cytochrome enzymatic activity [252, 254-260]. Recently a cross-linked crystal structure of
the complex has been solved, which not only identified a series of residues directly involved in protein
recognition and binding, but also showed that the binding of Pdx leads to a conformational change
that allows establishment of a water-mediated H-bonded network promoting the electron transfer
from the ferredoxin to the heme [252]. A combined X-ray and NMR study published at the same time
led to an almost identical complex structure, and also showed that there were only negligible differ-
ences between the solution and crystal structure [253]. Further studies have shown that in solution

the conformation of CYP101A1 depends on the oxidation state of the ferredoxin [260].

The ferredoxin-cytochrome P450 pair (CYP199A2-HaPux) previously investigated in the group is part
of the electron transport chain in Rhodopseudomonas palustris. The structure of this protein complex
was determined using X-band orientation-selective DEER measurements, protein-protein docking and

molecular dynamics simulations [244, 245].

The structural features of the electron transport chain proteins of Novosphingobium aromaticivorans
are similar to those of Pseudomonas putida and Rhodopseudomonas palustris, however significant

differences in the proposed protein-protein interactions exist [249, 261].

The cytochrome CYP101D1 protein of Novosphingobium aromaticivorans shares 44% sequence iden-
tity with CYP101A1l and 24% sequence identity with CYP199A2. The root-mean-square deviations
for the C, atoms amount to about 0.5 and 0.3 nm, respectively. While for most cytochromes X-ray
structures revealed the presence of an open or closed conformation, respectively, in the absence and
presence of substrate, no difference was observed between the substrate-free and camphor-bound
CYP101D1 structures [249]. In both cases the CYP101D1 protein structure resembles the closed
conformation of related proteins. CYP101A1l and CYP101D1 further differ significantly in terms of
electrostatic potentials, with a more positively charged interaction face for CYP101D1, due to the
presence of a series of basic arginine residues (see figure 7.2). The electrostatic surface potential for

CYP199A2 is similarly positively charged.

The main ferredoxin protein of Novosphingobium aromaticivorans, Arx (aromaticivoransredoxin), is
related to Pdx of Pseudomonas putida and Pux of Rhodopseudomonas putida by 39% and 36% se-
quence identity, respectively. The secondary structure motifs are highly conserved in all three ferre-
doxins, and the iron-sulfur cluster binding loop is almost identical. In contrast to many other ferredox-
ins, Arx is characterised by a predominately negative electrostatic potential surface on the proposed
binding interface [249] (see figure 7.2). The protein region in the immediate proximity of the iron-
sulfur cluster is dominated by neutral hydrophobic residues. Compared to Pdx and Pux, Arx also has
a significantly different C-terminal region, which is known to be involved in protein recognition and

electron transfer [249].
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Novosphingobium aromaticivorans Pseudomonas putida Rhodopseudomonas palustris

FiGUrRe 7.2: Electrostatic surface potential maps for the interaction faces of the ferredoxin-cytochrome
P450 pairs of Novosphingobium aromaticivorans investigated in this work (3LXH.pdb and 3LXF.pdb [249]),
of Pseudomonas putida (cross-linked complex structure 4JX1.pdb [252]) and of Rhodopseudomonas palus-
tris (4DNJ.pdb and 3HUL.pdb [262]). Negatively and positively charged regions are coloured in red and blue,
respectively. The charged residues on the interaction face are highlighted for the CYP101D1-Arx pair (R = argi-
nine, D = aspartate, E = glutamate). The electrostatic surface potentials were generated using the Adaptive
Poisson-Boltzmann Solver (APBS) plugin in PyMol [263].

The significant and approximately complementary surface charge potentials in the CYP101D1-Arx
pair of Novosphingobium aromaticivorans, as well as an ion-strength-dependent activity of the com-
plex, suggest the importance of electrostatic interactions in binding for this ferredoxin-cytochrome
P450 system [249, 261]. The differences in the C-terminal region of the ferredoxin further suggest
that the mechanism of protein recognition and electron transfer, as well as the structure of the com-

plex, might differ from that of the CYP101A1-Pdx and CYP199A2-Pux systems.

The understanding of the structural features promoting complex formation and electron transfer is
one of the first steps towards design of protein structures with improved activity for potential appli-
cation in the synthesis of pharmaceuticals and fine chemicals under mild conditions and with high
specificity. Since Arx was shown to efficiently transfer electrons not only to CYP101D1, but also to
at least four other cytochrome proteins [261], structural information on the CYP101D1-Arx complex

would further the understanding of the factors determining redox-partner specificity.

Both the cytochrome P450 and the ferredoxin contain paramagnetic species, the heme iron in the
cytochrome P450 and the iron-sulfur cluster in the ferredoxin, so in theory no external modification
of the system would be required for distance measurements using EPR. However, it has been shown
that due to the fast relaxation of the two spin centres and the orientation selection characterising

these spin systems, distance measurements are not feasible between the heme and the iron-sulfur
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cluster directly [243]. Therefore the P450 protein is modified by site-directed mutagenesis and spin
labelled at several positions distributed over the whole protein. The distances between those spin

labels and the iron-sulfur cluster in the ferredoxin are measured.

The iron-sulfur cluster in ferredoxins is a [Fe>S,] centre ligated by four cysteine residues and is pre-
pared in an S = % state by reduction with NADH. The paramagnetic S = % state arises from anti-
ferromagnetic coupling between a high-spin Fe3* (S = %) and a high-spin Fe?* (S = 2) ion [264]. These
types of iron-sulfur clusters can be characterised by rhombic or axial g-tensors, depending on the
surrounding protein structure [265]. The g-tensor orientation in the ferredoxin Pux of Rhodopseu-
domonas putida has been determined previously in the group based on 'H ENDOR and HYSCORE
measurements [230]. Due to the broad signal of the iron-sulfur cluster, orientation-selective DEER
measurements [176] are possible and provide additional orientational constraints for the structure

determination.

7.2 EXPERIMENTAL METHODS

7.2.1 SAMPLE PREPARATION

The cloning, mutation, expression and purification of the CYP101D1, the ArR and the Arx proteins of
Novosphingobium aromaticivorans DSM12444 were carried out by Dr. Eachan Johnson and Mr. Yang

Cao in Prof. Luet L. Wong's research group.

The sites for mutation and spin labelling were chosen on secondary structure elements with relatively
limited mobility and based on considerations of solvent accessibility and distances between the ni-
troxide label and the iron-sulfur cluster in the proposed complex structure that fall within the range
of high sensitivity by DEER [266]. The spin labelling sites were evenly distributed around the proposed
binding site to facilitate characterisation of the protein complex structure. The selected labelling sites
are highlighted in figure 7.3. The activity of each of the mutants was assessed and found to be simi-
lar to the activity of the wild type protein in most cases, except for lower activity of the T71C mutant

and very low activity of the T135C mutant.

The CYP101D1 protein with a single cysteine mutation was exchanged into Tris-HCl buffer (pH = 7.4)
using centrifugal ultrafiltration through filter membranes. A quantification of the protein concentra-
tion was performed by UV-Vis (based on the peak at 450 nm in the subtraction spectrum of CYP101D1
reduced with sodium hydrosulfite and the same solution after capping of the heme with CO, ¢ = 91000
M~! cm™!). The spin labelling was performed with a 50-100-fold excess of MTSL dissolved in DMSO
in a 10 uM solution of CYP101D1 containing 1 mM of camphor and 1% DMSO. The solution was kept
at 4°C in the dark for 5-12 h. The solutions were then concentrated and washed two to three times
with Tris-HCL buffer in D>,O with 1 mM of camphor (pD = 7.8) to remove excess spin label. The so-
lution was then concentrated to a volume of 100-200 ul. The Arx and ArR protein solutions were

similarly washed with the Tris-HCl buffer in D>O, concentrated and the concentration quantified by
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%, 5200C
Q

FiIGURE 7.3: Top and side view of the structure of the CYP101D1-Arx complex proposed based on the struc-
ture determined for the CYP199A2-Pux complex [244] with highlighted spin labelling positions. The nitroxide
rotamer with the highest population from calculations with MMM [214] is shown for each position.

UV-Vis (based on the absorbance at 415 and 455 nm, respectively, ¢ = 10000 ML ecm™! for both). A
NADH solution was prepared in D>O and the concentration was also quantified by UV-Vis based on
the absorbance at 340 nm (e = 6290 M~ cm™!). Then CO was bubbled through the solution and it
was transferred to the glove box. Equimolar amounts of concentrated CYP101D1 and Arx were mixed
to a final volume of 200-300 ul and 0.01 equivalents of ArR were added. The solution was well mixed
and left to incubate for about ten minutes before bubbling CO through the solution and transferring
it to the glove box. In the glove box, 20-30% of glycerol-dg were mixed into the protein solution.
Then 0.8-1.6 equivalents of NADH were added to reduce the heme and the iron-sulfur cluster and a
colour change of the solution was observed after mixing. The amount of NADH added differs as it
was adjusted based on the relative signal intensities of the nitroxide and iron-sulfur cluster signals in
the EPR spectrum in samples prepared consecutively. The solution was then transferred to 3 mm OD

X-band and 1.6 mm OD Q-band tubes and frozen in liquid nitrogen outside the glove box.

Doubly nitroxide-labelled CYP101D1 samples were prepared for the detection of potential conforma-
tional changes upon ferredoxin binding (see section 7.3.1). Twice the amount of MTSL was used for
spin labelling of these samples. One sample was prepared following the same procedure as above,
but adding only 0.5 equivalents of NADH to reduce the heme, but not the iron-sulfur cluster. A second
sample was prepared by adding catalytic amounts (0.01 equivalents) of Arx and ArR to the CYP101D1
solution and by again using only 0.5 equivalents of NADH.

The final samples contained an EPR-silent CO-capped heme Fe(ll) and a reduced S = % iron-sulfur

cluster. The silencing of the heme iron helped to avoid the increased relaxation rates and interference

signals in the distance measurements [243].
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7.2.2 PuLse EPR

X-band DEER measurements were performed at 25 K on a Bruker E680 spectrometer with a Bruker
3 mm split-ring resonator (ER 4118X_MS3) equipped with a liquid helium cryostat and a variable tem-
perature unit from Oxford Instruments. Four-pulse DEER experiments were performed with the se-
quence % —T1—TU—T1—Typ— T —Ty—echo at the observer frequency v,4, and a single 7 pulse at the
pump frequency vg is moved within the section 71 — 7> of the observer sequence in 8 ns steps. A
two-step phase cycle was employed for the first observer pulse in both cases. Deuterium nuclear
modulations were averaged by increasing 71 from 400 to 792 ns in 56 ns steps. The pulse lengths
were 40 ns for the detection and 20 ns for the pump pulses. The shot repetition time was set to
10 us. Orientation-selective measurements were performed by pumping at different positions in the
EPR spectrum of the iron-sulfur cluster and by detecting at the maximum of the nitroxide signal. The
frequency offsets Av used in the measurements were +330 MHz, +250 MHz, +165 MHz, +85 MHz and

-65 MHz. Data were accumulated for 12-48 h at each pump position depending on spin concentration.

Q-band pulsed DEER measurements were performed on a Bruker E580 spectrometer with a Bruker EN
5107D2 resonator. The nitroxide-nitroxide four-pulse DEER measurements were performed at 50 K by
pumping on the maximum of the nitroxide signal and detecting at a 150 MHz lower frequency. The
pulse lengths were 24 ns for the detection and 12 ns for the pump pulse. The orientation-selective
nitroxide-iron-sulfur cluster DEER measurements were performed at 25 K by pumping on the maxi-
mum of the nitroxide signal and detecting at two positions of the iron-sulfur cluster EPR spectrum.
The detection frequencies were offset by +250 MHz and -180 MHz. Pulse lengths of 16 ns and 32 ns
were used for the pump and detection pulses, respectively. For both types of measurements deuterium
nuclear modulations were averaged out by increasing 71 from 180 to 292 ns in 16 ns steps. The sig-
nals from unwanted echoes were removed by an eight-step phase cycle. The shot repetition time was

set to 5 us for the nitroxide-nitroxide and to 8 us for the nitroxide-iron-sulfur cluster measurements.

7.2.3 PROTEIN-PROTEIN DOCKING

The structure of the ferredoxin-cytochrome P450 complex was determined by comparing the experi-
mental DEER results with simulations based on a series of model structures using a procedure analo-
gous to that described in Dr. Alice Bowen'’s thesis [244] and discussed in more detail in section 7.3.3.
The model structures for the protein complex were generated using the docking software PatchDock

and FireDock [267-269].

The PatchDock software performs geometry-based rigid-body docking of two proteins. The surface
of each of the proteins is described in terms of convex, concave or flat patches and the docking
program generates a series of structures based on complementarity of these patches on the two
proteins [267]. In the present case, the surface regions of the P450 and ferredoxin proteins involved
in binding are known based on previous studies [249] and hence the docking was guided by defining a

series of residues on the binding interface (CYP101D1: R78, R114, R127, R291, R351, R364 and R372;
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Arx: L39, D67, D70, D73, D76, E104 and D105, see figure 7.2). The FireDock software allows further
refinement of the docked protein complex structures by side-chain optimisation followed by further
rigid-body minimisation [268, 269]. A total of about 15000 model structures was generated using
these two programs and then evaluated in terms of agreement with the experimental DEER data as

described in detail in section 7.3.3.

7.3 REsuLTs AND DiscussIiON

7.3.1 CoONFORMATION OF THE P450 PROTEIN

Most of the cytochrome P450 proteins can exist in two different conformations: an open or substrate-
free and a closed or substrate-bound conformation. The conformational change from the closed to
the open state involves a shift of the helices F and G on the distal site of the heme and increased
disorder for the B’ helix, revealing the substrate access channel [252] (see figure 7.4). Additional
movements of smaller magnitude also occur on the | helix, close to the O, binding site, and the

C helix on the ferredoxin binding site [252].

Crystal structures of both open and closed conformations of CYP101A1l and CYP199A2 are available,
however crystallisation of CYP101D1, investigated here, led to structures with closed conformations
in the absence and presence of substrate, suggesting that no such conformational change occurs for

this cytochrome P450 protein [249, 270].

substrate entry
channel

FIGURE 7.4: Superposition of the closed (green) and open (blue) conformations of the cytochrome of Pseu-
domonas putida (CYP101A1) viewed from the side with the bound ferredoxin (A) and from the substrate entry
channel (B) (3L63.pdb (closed) and 4JX1.pdb (open, ferredoxin bound)). The helices involved in the confor-
mational change, B, F, G and |, are highlighted and the directions of the helix movements from a closed to an
open conformation are indicated by arrows.
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A recent study by Tripathi et al. on a cross-linked CYP101A1-Pdx complex revealed that, in contrast to
previous theories, the cytochrome is present in its open conformation in complex with the ferredoxin
[252]. Based on this result it was suggested that the effector role of Pdx consists in shifting CYP101A1
towards the open conformation, where a water-mediated H-bonded network promotes the proton-
coupled electron transfer and oxygen activation [252]. A further study using nitroxide-nitroxide DEER
suggested that in solution the conformation of CYO101A1 depends on the oxidation state of both the

heme iron and the iron-sulfur cluster of the ferredoxin [260].

Based on these results from the literature, it would be possible that, even though X-ray structure res-
olution indicates the presence of only the closed conformation of CYP101D1 of Novosphingobium aro-
maticivorans, an open conformation may be visited in the presence of Arx. This prompted additional
intra-protein distance measurements on CYP101D1, as previously used to monitor the conformational

change of CYP101A1 in solution upon substrate binding by X-band DEER [271].

The nitroxide spin labels for the intramolecular measurement were introduced at a position on the
G helix (S200C), which is involved in the conformational change observed for other cytochrome P450s,
and at a position on the opposite side of the protein (T71C) not involved in the conformational change
(see figure 7.5 A). Q-band four-pulse DEER measurements were performed on a sample prepared with
only catalytic amounts of Arx (CYP T71C/S200C) to determine the conformation of free CYP101D1
and to confirm the validity of the X-ray structure. The same measurements were repeated on a sam-
ple prepared with the same procedure used for the DEER measurements on the protein complex (CYP
T71C/S200C + Arx), in order to detect potential conformational changes occurring upon binding of
the ferredoxin Arx. The results of the measurements on the two samples are shown in figure 7.5 C
and the pump and detection positions used are indicated by arrows on the spectrum in figure 7.5 B.
Test measurements for different frequency offsets (Av = 80-200 MHz) revealed only minor orientation
selection effects (data not shown). The DEER traces recorded for the two samples are characterised
by the same modulation frequency, indicating that CYP101D1 assumes the same conformation under

both conditions.

The agreement of the experimental results with the crystal structure was verified by simulations. The
rotamer distributions at both spin labelling positions were calculated using the MMM program [214]
and the corresponding NO midpoint positions are shown in figure 7.5 A. The calculation of rotamer
distributions for a temperature of 298 K yielded a marginally better agreement with the experimental
results compared to the distributions obtained for 175 K and thus MMM rotamer distributions com-
puted for 298 K were used in the rest of the analysis. DEER traces for each pair of rotamers with
a probability exceeding 0.005 were computed using the OriDEERSIim program and the weighted sum
was calculated. The simulations were compared to the experimental data after adjusting the mod-
ulation depth and adding a background decay function for each of the two traces individually (see
figure 7.5 C). The corresponding distance distribution is shown in figure 7.5 D. The calculations were
repeated based on a structure of CYP101D1 in the open conformation obtained by homology mod-
elling (data not shown). A shift of the maximum of the distance distribution from 4.25 to 4.65 nm

would be expected in case of a change from the closed to the open conformation. The agreement
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FiGure 7.5: (A) Structure of CYP101D1 (3LXH.pdb) with NO midpoint positions predicted for the labelling sites
T71C and S200C by MMM [214]. (B) Experimental Q-band nitroxide spectrum recorded at 50 K for the CYP
T71C/S200C sample at a microwave frequency of about 33.7 GHz. The pump and detection positions and the
corresponding orientations excited by a 12 and 24 ns pulse, respectively, are also shown. (C) Experimental
Q-band four-pulse DEER traces recorded at 50 K for CYP T71C/S200C and CYP T71C/S200C-Arx. The exper-
imental details are described in section 7.2.2. Simulations performed using the OriDEERSIm program [227]
based on MMM rotamer distributions are compared to the experimental results. The simulated form factors
were multiplied by an exponential decay to compare them to the experimental data. The background and
modulation depth were fitted individually to each of the two DEER traces. (D) Distance distribution resulting
from the MMM rotamer distributions (computed for the X-ray structure of CYP101D1 (3LXH.pdb) at 298 K) at
the labelling positions T71C and S200C and used for the calculation of the DEER simulations shown in C.

between simulations for the closed conformation and experiment is quite good for both samples,
confirming that the solution structure is in agreement with the crystal structure and thus justifying

rigid-body docking for the determination of the structure of the ferredoxin-cytochrome P450 complex.

The same two labelling positions used for the intramolecular nitroxide-nitroxide distance measure-
ments were also used individually for the intermolecular nitroxide-iron-sulfur cluster measurements
described in the next section. DEER measurements for the T71C mutant unfortunately did not yield
any modulations, while, based on the EPR spectrum, nitroxide spin label and reduced iron-sulfur clus-
ter were both present in the sample at approximately equal concentrations. These results indicate
that either the distance is too short (<1.7 nm) to be observed by DEER or that the presence of the
spin label prevents binding of Arx to CYP101D1. This casts doubts on the results of this conforma-
tional analysis and a potential change to an open conformation upon ferredoxin binding cannot be

excluded with absolute certainty. Additional mutations should be introduced at positions located at a
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greater distance from the binding interface and the measurements should be repeated to be able to

conclusively prove the absence of a conformational change in CYP101D1.

7.3.2 DEER MEASUREMENTS ON THE CYP101D1-ARX COMPLEX

The determination of the structure of the CYP101D1-Arx complex was based on orientation-selective
four-pulse DEER measurements performed at X-band and partly at Q-band frequencies. Orientation
selection is provided by the broad iron-sulfur cluster signal characterised by an axial g-tensor with
the principal values g, = 1.933 and g;, = 2.023. The X-band DEER measurements were performed by
pumping at different positions of the iron-sulfur cluster spectrum and by detecting at the maximum
of the nitroxide signal, corresponding to a g-value of about 2.005. The pump positions are distributed
over the whole iron-sulfur cluster spectrum and excite different orientations ranging from the g,
plane to the g, axis as shown in figure 7.6. The detection on the maximum of the nitroxide signal
leads to an almost isotropic excitation of this spin and typically no orientational effects are observed
at X-band for flexible spin labels leading to a distribution of rotamers in frozen solution [176]. The
Q-band DEER measurements were performed by pumping on the maximum of the nitroxide signal, in
order to achieve an almost isotropic excitation of this spin centre, and by detecting on the iron-sulfur
cluster. At Q-band the spectrum of the iron-sulfur cluster extends over a wider field range and due
to the limited bandwidth of the resonator only two detection positions on either side of the nitroxide

signal could be used. The orientations selected at these positions are shown in figure 7.6.

X-band pump Q—band

— O
—
—
—
—
—

330 335 340 345 350 1100 1200 1210 1220 1230 1240 1250 1260
B [mT] B [mT]

5 4 3 2 1 7
FiIGURE 7.6: Detection and pump pulse positions with respect to simulated nitroxide and iron-sulfur cluster EPR
spectra at X- and Q-band. Orientations of the iron-sulfur cluster excited at each position (t; = 20 ns at X-band
and t; = 32 ns at Q-band) are indicated on a unit sphere (red - intensely excited, blue - not excited). At X-band

the detection frequencies were offset by 330, 250, 165, 80 and -65 MHz from the pump frequency, at Q-band
the frequency offsets correspond to 250 and -180 MHz.
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Ficure 7.7: Experimental echo-detected X- and Q-band EPR spectra of the mutants considered for the struc-
ture determination recorded at 25 K (v, = 9.45 and 33.8 GHz). The spectra are normalised to the maximum

of the nitroxide signal.
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FiIGURE 7.8: Experimental orientation-selective X- and Q-band four-pulse DEER data recorded at 25 K for the
CYP101D1-Arx complex with nitroxide spin labels introduced at positions E96C, G170C, L181C, S200C and
L287C on CYP101D1. Experimental details can be found in section 7.2.2. The traces are offset for better

visualisation.
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The echo-detected EPR spectra recorded at X- and Q-band for the samples used for the DEER mea-
surements are shown in figure 7.7 and the corresponding experimental DEER traces are shown in
figure 7.8. The different relative intensities of the nitroxide and iron-sulfur cluster signals can be
attributed to the difficulty in reliably reducing the iron-sulfur cluster while avoiding reduction of the
nitroxide spin label. The differences in the spectra are reflected in the sample-to-sample variability of
the DEER modulation depths and signal-to-noise ratios. The spectra of the T71C and T135C mutants
are not shown as they did not give any modulations in the DEER measurements, although the signals

of both spin centres were present in the echo-detected EPR spectra.

The different DEER traces recorded for each mutant are characterised by significantly different modu-
lation depths, depending both on the intensity of the iron-sulfur cluster signal at the pump frequency
as well as on the experimental measurement conditions. Close inspection of the experimental traces
reveals orientation selection effects of varying magnitude in the initial decay of the DEER signal for all
mutants. More pronounced effects, such as a clearly visible shift in modulation frequency for G170C,

are observable for the Q-band DEER data.

7.3.3 DETERMINATION OF THE CYP101D1-ARX COMPLEX STRUCTURE

The orientational selectivity of the DEER measurements performed on the ferredoxin-cytochrome
P450 complex provides orientational information in addition to distance information and allows deter-
mination of the structure of the complex with a reduced number of spin labelling positions. In order
to exploit this additional information, orientation selection needs to be taken into account in the sim-
ulation of the experimental data. The procedure for the extraction of structural information on the
CYP101D1-Arx complex from the orientation-selective DEER data is based on a similar study on the
CYP199A2-Pux complex [244] and is summarised in figure 7.9.

The orientation-selective DEER traces were calculated using the OriDEERSIim program previously de-
veloped in the group [227, 244] (see section 5.3.5 for a description of the program). Repeating the
calculation of DEER traces for every rotamer of each mutant in each of the model structures would
be very time-consuming. For this reason, a library of DEER traces for distances from 1.5 to 6.3 nm
with a 0.1 nm spacing and for orientations of the nitroxide NO midpoint distributed on a spherical
grid with 30 knots in the g-tensor frame of the iron-sulfur cluster was generated. For the calcula-
tion of the DEER traces for each model structure, the position and orientation of the NO midpoint
in the [Fe>S5] g-tensor frame for each nitroxide-[Fe,S,] pair was then determined and the simulated
traces for the closest point on the positional and orientational grid were loaded from the library. The
simulations were based on the spin system parameters determined for the nitroxide and iron-sulfur
cluster and the experimental frequency offsets between detection and pump frequencies. In all of the

simulations, both for X- and Q-band, the nitroxide was assumed to be isotropically excited.

The simulation of orientation-selective DEER between a nitroxide spin label and the iron-sulfur cluster
of Arx requires the knowledge of the orientation of the [Fe,S,] g-tensor with respect to its structure

and the distribution of spin density over the iron-sulfur cluster and adjacent binding cysteines. The
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1 Calculation of a library of orientation-selective DEER traces for the experimental frequency
offsets and magnetic fields, for distances ranging between 1.5 and 6.3 nm and angles, 6 and ¢,
evenly distributed on a sphere.

N~

2 Generation of a set of model structures by protein-protein docking, guided by information on
the interaction interface region, using the PatchDock and FireDock programs.

3 Calculation of the DEER traces for the model structures using the library of orientation-

selective DEER traces calculated with OriDEERSim. Rating of each of the model structures

based on the weighted root-mean-square deviation between the simulations and the
experimental data for each mutant and frequency offset.
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4 Optimisation of the top-ranking model structures by translation in three directions and rotation
around three axes of Arx with respect to CYP101D1 using a pattern search algorithm.
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5 Analysis of the optimised structures in terms of known requirements for biological function and
determination of the structural properties of the CYP101D1-Arx complex.

FiGure 7.9: Outline of the procedure used for the determination of the CYP101D1-Arx structure based on the
experimental orientation-selective DEER data.

iron-sulfur cluster of the ferredoxin Pux of Rhodopseudomonas palustris was characterised in detail
using ENDOR and HYSCORE by previous members of the group [230]. The ferredoxins Pux and Arx
have highly conserved secondary structure motifs (figure 7.10 A), leading to a root mean square
deviation of only 0.033 nm over the [Fe,S;] cluster and the adjacent residues shown in figure 7.10 B.

This pronounced similarity justifies the assumption of the validity of the g-tensor orientation and spin
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FiGure 7.10: (A) X-ray structures of the ferredoxins Arx (green) and Pux (blue) of Novosphingobium aromati-
civorans and Rhodopseudomonas palustris, respectively (3LXF.pdb and 3HUI.pdb, aligned on the [Fe»S;] clus-
ter). (B) Comparison of the active sites of the two ferredoxins and orientation of g;, as determined for Pux by
ENDOR and HYSCORE in reference [230].

density distribution determined for Pux also for the ferredoxin Arx used in this study. The orientation
of the g-tensor in the molecular frame of Arx is depicted in figure 7.10 B. The g;, axis was determined
to lie at an angle of approximately 26° with respect to the axis perpendicular to the plane of the
[Fe5S5] cluster. The spin density was considered to be distributed over the iron-sulfur cluster as well
as the sulfur atoms of the four ligating cysteines according to pg3+=+1.555, pp2+=-0.841, ps=+0.083,
ps, =+0.089 and ps _,=-0.030 [230].

Protein-protein docking was used as described in section 7.2.3 to generate a large amount of poten-
tial structures of the complex. Simulations of the DEER traces were performed for each of the model
structures by adding rotamer distributions computed using MMM for each of the spin labelling posi-
tions (see figure 7.11) to the coordinates of CYP101D1. The structures were then transformed into

the g-tensor frame of the iron-sulfur cluster and the library of DEER traces was used to calculate

FiGure 7.11: Top and side view of the structure of CYP101D1 with positions of the NO midpoints for the ro-
tamers with a weighting > 0.005, as calculated using the program MMM [214].

209



CHAPTER 7 - Orientation-Selective DEER on a Ferredoxin-Cytochrome P450 Complex

the overall DEER trace averaged over the rotamer distribution. A background function determined
by exponential fitting of the experimental DEER data was added to the simulated form factor and the
modulation depth was fitted to obtain the best agreement with the experimental data. The root-mean-
square deviation between simulation and experiment was calculated for the initial part of each of the
DEER traces up to a cutoff value of 2 us for the E96C, G170C and S200C mutants, of 1.5 us for the
L181C mutant and of 0.8 us for the L287C mutant. The overall RMSD value was calculated as:
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where the indices m, n and i run over the M different mutants, the N(Av) different frequency offsets
and the N number of points of the DEER trace V, ,, and w, is the weight for the experimental data
of the mutant m. A five times larger weight was used for the G170C and L287C mutants, due to the
better quality of the experimental data and since the corresponding labelling positions are located on
parts of the protein close to the interface and thus not involved in significant conformational changes
in any of the known cytochrome P450s. In the mutants E96C, L181C and S200C the nitroxide spin
labels are located on the B, F and G helices, respectively, which are involved in the conformational
change leading to opening of the substrate access channel in other P450 proteins. Even though no
indication of a change in conformation for CYP101D1 was apparent either in X-ray studies [249, 270]
or in the DEER measurements described in section 7.3.1, problems with the labelling positions used
for the DEER measurement prevented a definite conclusion. The decreased degree of confidence in
the DEER measurements corresponding to the E96C, L181C and S200C mutants is reflected by the

lower weighting.

The model structures from protein-protein docking were ranked based on the calculated RMSD val-
ues. The curve representing the RMSD values in order of increasing magnitude is characterised by a
relatively steep initial rise, followed by a shallow central region and a second steep rise for the largest
RMSD values. This means that a small set of docked structures is in relatively good agreement with
the experimental data, while most of the considered structures are in only moderate agreement and
another small set of structures does not agree with the experimental data at all. The cutoff for the
structures considered in the further analysis was chosen in the region of the curve where the slope
had dropped to 20% of its initial value. The structures with RMSD values below this cutoff value were
analysed in terms of the structure of the complex and the orientation of g;, of the iron-sulfur cluster

(see figure 7.12).

The solutions with the lowest RMSD values cluster into three different groups with similar positions
of the iron-sulfur cluster with respect to CYP101D1 and with similar orientations of g, as shown in
figure 7.12 A. The largest set of solutions (41%, group 1 in figure 7.12 A) is characterised by an
average distance of 1.86 nm between the centre of the iron-sulfur cluster and the heme iron, while
the other two sets have the iron-sulfur cluster at a significantly larger distance from the heme iron

(2.61 nm on average). The second largest set (30%, group 2 in figure 7.12 A) contains solutions with
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FiGure 7.12: (A) Positions of the Fe3* atoms of the [FexSy] cluster and orientations of g, with respect to
CYP101D1 for the solutions with the lowest RMSD values. The g;, orientations are also shown as vectors in a
half-sphere (in the same coordinate system of the CYP101D1 protein shown). (B) 3D plot showing the values
of the structural parameters r, 6 and 3, defined in figure 7.13, for the model structures in best agreement
with the experimental DEER results. The sizes of the dots reflect the RMSD values (large = low RMSD value,
small = large RMSD value). The values determined for the known structures of CYP101A1-Pdx (X-ray/NMR)
and CYP199A2-Pux (DEER) are shown for comparison in yellow.

very similar g;, orientations, while the remaining set is characterised by a larger variability. Almost all
of the g, orientations are grouped into two regions related by a mirror plane. The clustering of the
g-tensor orientations into a limited region of the sphere indicates that orientation selection effects

significantly aid the structure determination for this protein-protein complex.

The electron transfer between ferredoxin and cytochrome P450 occurs through proton-coupled elec-
tron transfer and the distance between the two centres required for this to occur lies in the range of
about 1.5 to 2.0 nm [272]. Model structures with larger donor-acceptor distances most probably do
not reflect the structure of the active complex, which would exclude the solutions in groups 2 and 3 of
figure 7.12. A close inspection of the simulated DEER traces for these solutions reveals that the mod-
ulations of the traces recorded for the E96C and S200C mutants are not correctly reproduced. This
disagreement does not significantly affect the calculated RMSD values due to the small modulation

depths of the experimental DEER traces.

In order to further analyse the solutions in terms of complex structure and interaction interface, the

following parameters were defined (figure 7.13):

- the distance r between the heme iron and the centre of the [Fe>S,] cluster;
- the angle 6 between the distance vector r and the heme plane normal;

- the angle 1 between the midpoints of helix a2 of the ferredoxin (residues D67 to S74, green in
figure 7.13) and helix C of CYP101D1 (residues T111 to K119, blue in figure 7.13) (the midpoints
are projected onto a plane perpendicular to the distance vector for the determination of the

angle).
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FIGURE 7.13: Definitions of the structural parameters r, 6 and 1 used for the description of the structure of a
ferredoxin-cytochrome P450 complex.

The first two parameters describe the position of the iron-sulfur cluster of the ferredoxin with respect
to the heme group of the cytochrome P450, which determines the feasibility of electron transfer be-
tween the two centres. The third parameter is used to describe the interaction interface between the
two proteins. The helix a2 of Arx is characterised by significant negative charges (see section 7.1 and
figure 7.2), and the binding is believed to be driven by interaction with a positively charged region on

CYP101D1.

The parameters determined as an average for each one of the three groups of solutions from the ini-
tial protein-protein docking are summarised in table 7.1 and compared to the corresponding values
for known structures of ferredoxin-cytochrome P450 complexes. The r, 6 and 3 values determined for
each individual model structure are also plotted in figure 7.12 B. The solutions are clustered into two
regions of the parameter space, distinguished by the parameters r and ¢, while ¢ falls in the range
from 10° to 25° for almost all of the solutions. The set of solutions with the smaller r values is char-
acterised by an angle 1p of approximately 20° between the a2 helix of Arx and helix C of CYP101D1,
indicating a potential interaction between the residues of these two helices. For the structures in
the second set of solutions, with larger distances r, the angle 1p between the midpoints of these two
helices is much larger, excluding an interaction between them. In order to identify the presence of
interactions with other parts of the CYP101D1 binding interface the individual model structures were
inspected, revealing a position of the iron-sulfur cluster considerably removed from the interaction in-
terface and providing an additional reason for the exclusion of these structures from the subsequent

analysis.

The structures with the lowest RMSD values resulting from the initial docking were further refined
using a pattern search algorithm based on a procedure proposed by Dr. Jeffrey Harmer. First a 3x3
grid of positional and angular deviations from the original position of the ferredoxin with respect to
CYP101D1 was defined. The RMSD values between experimental DEER traces and simulations based
on the structure corresponding to each grid point were calculated and the point corresponding to the
lowest value was identified and defined as the next start position (see figure 7.9, step 4). In each iter-

ation the position was optimised first, followed by optimisation of the orientation. If a structure with
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TaBLE 7.1: Average values of the structural parameters r, 6 and 1 for the different sets of initial solutions for
the CYP101D1-Arx complex, for the model structures resulting from the analysis and for the X-ray/NMR/DEER
structures of other ferredoxin-cytochrome P450 complexes.

Structure Method r [nm] ) P
Model structures from protein-protein docking

CYP101D1-Arx: group 1 DEER 1.87+0.11 18°+4° 28°+34°
CYP101D1-Arx: group 2 DEER 2.63+0.09 14°+3° 153°+21°
CYP101D1-Arx: group 3 DEER 2.60+0.26 20°+5° 112°+48°
Model structures after optimisation

CYP101D1-Arx: model 1 DEER 1.85 25° 29°
CYP101D1-Arx: model 2 DEER 1.78 19° 6°
CYP101D1-Arx: model 3 DEER 1.67 17° 15°
Structures of complexes known from the literature

CYP101A1-Pdx [252] X-ray 1.66 34° 58°
CYP101A1-Pdx [253] NMR 1.70 31° 59°
CYP101A1-Pdx [253] X-ray 1.70 34° 60°
CYP199A2-HaPux [245] DEER 1.63 30° 23°

a lower RMSD value could be identified on the grid, the step size for the next iteration was increased,
while the step size was decreased if no solution with a lower RMSD value was found. Convergence
was signalled when the step size for both translational and rotational optimisations decreased below

a predefined cutoff value, corresponding to 0.001 nm and 0.1°, respectively.

The optimised structures were analysed analogously to the initial structures from protein-protein
docking and the results are summarised in figure 7.14. Even though optimisation of the solutions
of groups 2 and 3 was attempted, the initial structures were too far removed from the minimum and
the experimental data did not provide sufficiently strong constraints to achieve convergence to a

single global minimum.

The RMSD values calculated for the optimised structures and visual inspection of the agreement be-
tween the corresponding simulated DEER traces and the experimental data were used to identify the
best model structures, which are highlighted in figure 7.14. The final solutions are characterised by
an average distance of 1.82 nm between heme iron and the iron-sulfur cluster. Two groups of solu-
tions with slightly different values of the parameters 6 and ¢ were found. The average values for r, 6
and 1 for the two groups correspond to 1.78 nm, 18° and 6° and to 1.86 nm, 24° and 30°. Since the
simulated DEER traces agree with the experimental data equally well, a model structure representa-
tive of each of the two sets of solutions was considered in the final analysis (model 1 and model 2). In
all of the model structures, the distance between the heme iron and the iron-sulfur cluster is slightly
larger compared to the distance determined for the CYP101A1-Pdx and CYP199A2-HaPux complexes
by X-ray and NMR and DEER, respectively. For this reason, the solution with the shortest distance r
was also considered in the analysis (model 3). The three proposed model structures of the CYP101D1-
Arx complex are compared in figure 7.15 and the corresponding structural parameters can be found
in table 7.1. The DEER simulations corresponding to model 1 are shown in figure 7.16 and the simu-

lations for models 2 and 3 are shown in figures D.1 and D.2 in appendix D.
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FiGure 7.14: (A) Positions of the Fe3* atoms of the [FexSy] cluster and orientations of g, with respect to
CYP101D1 for the model structures optimised using a pattern search algorithm. The g, orientations are also
shown as vectors in a half-sphere (in the same coordinate system of the CYP101D1 protein shown). (B) 3D
plot showing the values of the structural parameters r, 6 and i, defined in figure 7.13, for the optimised
model structures. The colours and sizes of the dots reflect the RMSD values, green and large corresponds
to the lowest RMSD values, dark blue and small to the largest. The values for the structures of CYP101A1-
Pdx (X-ray/NMR) and CYP199A2-Pux (DEER) are shown for comparison in yellow. The solutions shown in the
background, arising mainly from the optimisation of models in groups 2 and 3, were not considered in the final
analysis. The points referring to models 1, 2 and 3 considered in the further analysis are indicated by arrows
and highlighted in red, blue and green, respectively.

The three model structures are characterised by similar positions of the iron-sulfur cluster with re-
spect to CYP101D1, as well as similar positions of the interfacial helix a2 of the ferredoxin. Larger
differences can be observed in the distal region of the protein. The experimental distance constraints
clearly define the most likely position of the iron-sulfur cluster with respect to CYP101D1, while the

orientational constraints based on the available experimental data are not strong enough to clearly

Ficure 7.15: Comparison of the structures of models 1, 2 and 3 of the CYP101D1-Arx complex obtained by
protein-protein docking followed by optimisation with a pattern search algorithm.
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FIGURE 7.16: Experimental and simulated orientation-selective X-band and Q-band four-pulse DEER data for
model 1 of the CYP101D1-Arx complex with nitroxide spin labels introduced at positions E96C, G170C, L181C,
S200C and L287C on CYP101D1. Experimental details can be found in section 7.2.2 and details on the simula-
tions performed are described in the text. A background function and modulation depth correction was added
to the simulated form factors for comparison with the experimental data.

define the exact orientation of the ferredoxin. Measurements on a larger number of mutants and po-

tentially the insertion of a nitroxide spin label on the distal region of the ferredoxin could provide the

additional constraints required to better define the structure of the complex.

The three model structures for the CYP101D1-Arx complex are characterised by slightly larger dis-

tances between the heme iron and the iron-sulfur cluster compared to the known structures of the

CYP199A2-HaPux (DEER) and CYP101A1-Pdx (X-ray/NMR) complexes. In addition to this, while the rel-

ative position of the iron-sulfur cluster with respect to the heme normal, described by the angle ¢, is
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similar for both known structures of ferredoxin-cytochrome P450 complexes, all three of the proposed
model structures for this complex are characterised by a slightly different value of é. In terms of in-
teraction surface, the proposed models share quite significant similarities with the CYP199A2-HaPux
structure, while larger differences are observed with respect to the CYP101A1-Pdx structure. The sim-
ilarities in the electrostatic surface potentials of CYP101D1 and CYP199A2, but not CYP101A1 (see
figure 7.2), could be the reason for this observation. Electrostatic interactions are believed to play an
important role in the complex formation of both CYP101D1-Arx and CYP199A2-Pux [249, 261]. The
high redox-partner specificity in the CYP101Al-Pdx complex has often been believed to be an indi-
cation of significant functional differences [270] and might explain the differences in the determined

complex structures.

DEER simulations for models based on the CYP199A2-HaPux (DEER) and CYP101A1-Pdx (X-ray) struc-
tures were also performed and are shown in figures D.3 and D.4 of apppendix D. RMSD values of
0.0080 and 0.0083 are obtained for the CYP199A2-HaPux and CYP101A1-Pdx model structures com-
pared to 0.0053-0.0055 for models 1-3. The simulations are in worse agreement with the experi-
mental data in terms of both distances and orientation selection effects, indicating differences in the

binding of Arx to CYP101D1 compared to the other two complexes.

The analysis would be significantly simplified, and the confidence in the final model structure notably
increased, by the availability of additional mutants with nitroxide spin labels attached closer to the
interaction interface and more evenly distributed with respect to the mutants that could be used for
the DEER measurements. The spin label introduced at residue T71 could have provided such an addi-
tional constraint, but unfortunately did not show any appreciable DEER modulations. Inspection of the
model structures reveals that this spin labelling position is close to the binding interface, potentially
interfering with complex formation. Calculations of the corresponding DEER traces for the proposed
model structures of the CYP101D1-Arx complex have shown that most of the inter-spin distances are
expected to be smaller than 1.7 nm, thus potentially preventing detection due to limited excitation
bandwidth [169]. The presence of large dipolar frequencies can be detected as dipolar broadening
of the cw-EPR spectrum and thus cw-EPR measurements were performed for the CYP101D1-Arx com-
plex with the T71C mutant and, as a reference, also for the E96C mutant. A slight broadening was
observed for the T71C mutant, in particular for the m;=-1 transition (see figure D.5 in appendix D),
but the overlap of the nitroxide EPR signal with that of the iron-sulfur cluster and the different relative
intensities of the two signals in different samples unfortunately do not allow any definite conclusion

to be drawn.

7.3.4 ELECTRON TRANSFER IN THE CYP101D1-ARX COMPLEX

The ferredoxin-cytochrome P450 complexes are formed for the reduction of the heme through elec-
tron transfer from the iron-sulfur cluster of the ferredoxin. The proposed model structures of the

complex were thus analysed in terms of electron transfer efficiency.
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Intra- and inter-protein electron transfer has been the object of extensive investigations aimed at de-
termining the factors influencing its efficiency [273-275]. The rate of non-adiabatic electron transfer

can be expressed in terms of Fermi’s golden rule as [273]:

oo 2T l2exp[—(AG+/\)2(4)\kBT)_1]
BTy 170A ATk T

where Vp, is the electronic coupling matrix of donor and acceptor of the electron transfer and the

(7.2)

term on the right is the Franck-Condon factor, depending on the driving force AG and the reorgani-
sation energy A. The electronic coupling matrix Vp, determines the decay of kgt with the distance
between electron donor and acceptor. An approximate model allowing evaluation of Vp, for a given
protein system was developed by Beratan, Onuchic et al. [274] and implemented in the program
PATHWAYS. The electron transfer in proteins is assumed to be mediated by three different types of
interactions: covalent bonds, hydrogen bonds and through-space interactions. In the program, the
proposed electron transfer pathway is divided into different segments assigned to one of the three
types of interactions and the electronic coupling element Vp, is assumed to be proportional to the

product of decay factors for each segment [274]:

Voaec | Jeci| Jent] [estk) (7.3)
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where €¢, €y and €5 correspond to the covalent bond, hydrogen bond and through-space decay fac-

tors. The decay factors are usually parametrised as follows [274]:

€c = 0.6
en=¢€c exp[-1.7(r-2.8)] (7.4)
es=¢€ec exp[-1.7(r—-1.4)]

where r is the distance between the atoms in A and hydrogen atoms are not included in the analy-
sis. The program PATHWAYS, included in the HARLEM molecular modelling package [276], calculates
the optimal electron transfer pathway given a donor and an acceptor group in a particular protein
structure by minimising the product in equation 7.3. The final model structures for the CYP101D1-
Arx complex were analysed with this program and the predicted optimal electron transfer pathways
are highlighted in figure 7.17. The whole iron-sulfur cluster was defined as donor and the whole heme
group as acceptor. The electron transfer pathways in CYP199A2-HaPux and CYP101A1-Pdx are shown
for comparison. Predicted electronic couplings and maximum electron transfer rates calculated us-
ing the PATHWAYS program are summarised in table 7.2. A limitation of the program is that it only
considers the static input structure, while side chain optimisations might lead to the detection of a

more efficient electron transfer pathway.

The structures determined for the CYP101A1-Pdx (by X-ray/NMR) and CYP199A2-HaPux (by DEER)
complexes are characterised by much higher electron transfer efficiencies as well as similarities in the

residues mediating the electron transfer. The different position of the iron-sulfur cluster with respect
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CYP101D1-Arx: Model 1
A,[ var‘ |\ g

CYP199A2-HaPux

FIGURE 7.17: Structure of the ferredoxin-cytochrome P450 interaction interface with the best electron transfer
pathway, calculated with the program HARLEM [276] for the different models of the CYP101D1-Arx complex
and for the CYP101A1-Pdx and CYP199A2-Pux complexes determined by X-ray/NMR and DEER, respectively,
highlighted in green. The amino acid residues mediating the electron transfer are also indicated.

to the heme group in the model structures of the CYP101D1-Arx complex resulting from the analysis
presented here requires a different pathway involving an increased number of residues. The decrease
in electronic coupling is related to the larger edge-to-edge distances in these model structures. The
predicted electron transfer rates are nevertheless more than an order of magnitude larger than the

product formation rates [277], not excluding the proposed complex structures.

Analysis of the protein-protein interaction interface revealed several interactions involving the iron-
sulfur cluster binding loop and some interactions involving helix C of CYP101D1. Significantly more
interactions between interface residues are present in models 1 and 2 compared to model 3. A more

accurate analysis of the interactions and the electron transfer pathways would require molecular

TaBLE 7.2: Edge-to-edge distance, electronic coupling Vpa and maximum electron transfer rate k55 calcu-
lated for different complex structures using the PATHWAYS program as implemented in HARLEM [276].

edge-to-edge

Structure Vba kmax [s7]
distance [nm]

CYP101D1-Arx: model 1 1.53 8.1107° 6.5103

CYP101D1-Arx: model 2 1.54 7.710°6 5.9103

CYP101D1-Arx: model 3 1.48 6.0107° 3.610°

CYP101A1-Pdx [252] 1.21 1.91074 3.5100

CYP199A2-HaPux [245] 1.07 231074 5.210°
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dynamics simulations to remove side-chain clashes in the docked structures and to predict structural

rearrangements or conformational changes accompanying complex formation.

The decreased electron transfer efficiency in the model structures in best agreement with the ex-
perimental DEER data compared to known structures of related complexes could potentially be ex-
plained by assuming the determined structure corresponds to an encounter complex, rather than
to the active docked complex [278]. Encounter complexes are formed in the first stage of protein-
protein binding and limit the conformational space that needs to be explored in order to form the
final electron-transfer active complex [278]. This initial stage in protein complex formation is par-
ticularly important for the transient complexes formed by proteins of the electron transport chain
[253, 278]. An encounter complex between CYP101A1l and Pdx was detected by paramagnetic NMR
measurements [253], and the position of the iron-sulfur cluster with respect to the heme group in
this complex is similar to that observed in models 1-3 of the CYP101D1-Arx complex. If the struc-
tures of the three models correspond to such an encounter complex, minor rearrangements could
lead to a structure with a more efficient electron transfer pathway. The presence in frozen solution
of a distribution of positions and orientations of the ferredoxin with respect to CYP101D1, including
an initial encounter complex as well as the final electron-transfer active complex, also cannot be ex-
cluded. Measurements on additional labelling positions and further modelling taking distributions of
complex structures into account might help determine the exact nature of the CYP101D1-Arx complex

characterised in the DEER measurements.

7.4 CONCLUSIONS

Determination of the structure of the CYP101D1-Arx complex of Novosphingobium aromaticivorans
was attempted through orientation-selective DEER measurements between the iron-sulfur cluster on
the ferredoxin and nitroxide spin labels introduced on the cytochrome P450. Distance and orienta-
tion information can be extracted from the experimental data through simulations taking orientation
selection into account. A model for the structure of the protein-protein complex was derived through
protein-protein docking followed by structure optimisation guided by simulation of the experimental
DEER traces. The quality of the experimental data and the number and position of mutants was un-
fortunately not sufficient for the analysis to converge to a single clear solution. Nevertheless, the
use of biochemical information allowed identification of three potential models for the protein-protein

complex.

The model structures were analysed in terms of protein-protein interactions and electron transfer
pathways and seem to be reasonable, although significant differences to known structures of related
complexes exist. These differences could be a further indication of the low state of refinement of
the complex structure and cannot be interpreted in terms of different binding or electron transfer
mechanism with any certainty at this stage. A more accurate structural characterisation would re-
quire several additional constraints provided by nitroxide spin labels introduced in particular in the

region of helix B (residues R69-R77, see figure 7.4) of CYP101D1. The structure resolution of a related
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protein complex, CYP199A2-HaPux, through an analogous procedure required introduction of an ad-
ditional nitroxide spin label on the ferredoxin to remove ambiguity on the exact orientation of the
ferredoxin with respect to the cytochrome P450. A similar measurement would also be useful in the
case of the CYP101D1-Arx complex. The additional measurements performed at Q-band for some of
the mutants have shown that the inclusion of Q-band data in the analysis can provide further strong
constraints through the more pronounced orientation selection and elimination of the overlap of the

nitroxide and iron-sulfur cluster spectrum.
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A  TRIPLET STATE DELOCALISATION IN FREE BASE POR-

PHYRINS

As explained in section 4.3.1 of chapter 4, EPR measurements on the free base porphyrins were per-
formed to verify a hypothesis for the explanation of the spin polarisations in the spectra of the cor-
responding zinc porphyrins. This required confirmation that the triplet state delocalisation in the free
base porphyrins parallels that observed in the zinc porphyrins, specifically the reorientation of the ZFS
tensor from [-P1 to [-P2. Hence magnetophotoselection and ENDOR measurements were performed

and the results are shown below.

A.1 TiMeE-REsoOLVED EPR

The time-resolved EPR spectra recorded for the free base porphyrin oligomers with one to four por-
phyrin units are shown in figure A.1 and the zero-field splitting parameters and relative sublevel pop-

ulations determined by simulation are reported in table A.1.

The zero-field splitting parameters D and E for the free base oligomers with different lengths change
in a similar way as observed for the zinc porphyrin oligomers. The D value increases from free base
[-P1 to [-P2, but by a much smaller amount compared to the zinc porphyrins (+24% for the zinc and
+3% for the free base porphyrins). However, in both cases, the relative increase in D predicted by
DFT, of +26% and +2% for the zinc and free base porphyrins, respectively, is close to the change
observed experimentally. The D values for the longer oligomers show a small increase, similarly

to the behaviour observed for the zinc porphyrins. The E/D ratios for the free base monomer and

TaBLE A.1: Zero-field splitting parameters and relative zero-field sublevel populations for free base [-P1 and
linear oligomers [-P2 to [-P6 determined through simulation of the time-resolved EPR spectra recorded after
excitation at 532 nm and shown in figure A.1.

|D| [MHz] |E| [MHZz] E/D Px:Py:Ps
[-P1 1024+3 144 +2 0.14 0.53:0.47:0.00
[-P2 1053+3 311+4 0.29 0.27:0.00:0.73
[-P3 1087+3 321+2 0.30 0.14:0.00: 0.86
[-P4 1116+6 308+5 0.28 0.07:0.00:0.93
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Ficure A.1: Experimental time-resolved EPR spectra (black) of the free base linear oligomers with one to four
porphyrin units recorded at 20 K and averaged over the first 2 ys after the laser flash (A = 532 nm) and the
corresponding simulations performed with the parameters given in table A.1.

oligomers are very similar to those of the zinc porphyrins with a significant increase between [-P1

and [-P2 and smaller changes for the longer oligomers.

The changes in relative sublevel populations are discussed in detail in section 4.3.1. The almost equal
population of the two in-plane sublevels, X and Y, for the free base porphyrin monomer changes to an
increasing population of the Z sublevel for the longer oligomers. This again suggests that Z becomes
the sublevel along the long axis of the molecule for the porphyrin dimer and longer oligomers due to
a reorientation of the ZFS tensor as the spin density distribution changes from an oblate to a prolate

symmetry.

A.2 MAGNETOPHOTOSELECTION

Magnetophotoselection experiments were again performed to confirm the reorientation of the ZFS
tensor proposed based on the changes in the time-resolved EPR spectra. The UV-Vis spectra of the
free base porphyrins with one to four units are shown in figure A.2. The appearance of the free base
UV-Vis spectra is similar to that of the zinc porphyrin UV-Vis spectra; the Q bands are however more

clearly split into two contributions in the free base porphyrins.
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FiGURE A.2: Room temperature UV-Vis spectra of free base [-P1, [-P2, [-P3 and [-P4 in MeTHF.

The results of magnetophotoselection experiments on the porphyrin monomer with excitation in the
Q band region are shown in figure A.3. The UV-Vis spectrum of the free base porphyrin in this wave-
length region is usually explained by two transitions, Qx and Qy, and their vibronic progression [152].
The polarisation index for the Z transitions is negative in the whole Q band region, identifying the
Z axis as the out-of-plane axis and confirming assignment of a positive D value for the free base
monomer. The polarisation indices for the X and Y transitions are both positive over most of this

wavelength region. This could either be due to extensive overlap of the Qx and Qy absorption bands

B parallel
—— perpendicular
A
Q, q
VAN
0.6 P, ‘ v
°o P, ) X A = 550 nm
o 0al L Py % % 320 340 360 380
2 "M % | % B [mT]
£
sl 1 - v
_,(_G % % —— perpendicular X
o -
S 00 ] % % —— T T \
e J J 1o I I 11 il )
T
o] T 1717 T T 1 L
021297+ 1
520 540 560 580 600 620 640 660 680 700 z
A [nm] Y X A =670 nm
320 340 360 380
B [mT]

Ficure A.3: (A) Polarisation indices for the three canonical orientations calculated for free base [-P1 as a func-
tion of excitation wavelength in the Q band region of the porphyrin absorption spectrum. The corresponding
region of the room temperature UV-Vis spectrum is shown above the graph. The polarisation indices were cal-
culated as described in section 4.2.4. (B, C) Time-resolved EPR spectra of [-P1 recorded with light polarised
parallel and perpendicular to the magnetic field at the indicated excitation wavelengths.
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Ficure A.4: Time-resolved EPR spectra of free base [-P2, [-P3 and [-P4 recorded with light polarised parallel
and perpendicular to the magnetic field at the indicated excitation wavelengths corresponding approximately
to the maximum of the Q band absorption.

or could indicate that the optical transition moments and in-plane ZFS axes are rotated by 35-55°
with respect to each other (see section 4.3.2). The presence of the core NH protons in free base [-P1
lowers the symmetry of the molecule and hence the ZFS tensor and the optical transition moments
are not expected to be along the same axes as in the zinc porphyrin monomer. DFT and TDDFT calcu-
lations predict a rotation of -13.3° for the in-plane ZFS axes with respect to those of the zinc porphyrin
and of +23° for the optical transition moments. These results would be in agreement with the positive
polarisation indices Py and Py. The changes in polarisation indices would seem to suggest a different
assignment of the different peaks to the two Q transitions with respect to the literature, however this
method is not sufficiently precise to confirm this. Fluorescence anisotropy measurements would be

required to test this hypothesis.

The analysis of the magnetophotoselection experiments on the longer free base oligomers is com-
plicated by the particular type of spin polarisation, characterised by a significant contribution of the
Z transition over most of the field range. However, the EPR intensity of the outermost transitions in
the EPR spectra is always higher for light polarised parallel to the magnetic field with respect to light
polarised perpendicular to it (see figure A.4), indicating a positive polarisation index P, and hence
identifying Z as an in-plane axis for the free base porphyrin dimer and longer oligomers. The results
of the magnetophotoselection experiments thus confirm a sign change of D and a reorientation of
the ZFS tensor between the free base monomer and dimer, in analogy to the results obtained for the

corresponding zinc porphyrins.

A.3 CHARACTERISATION OF THE PROTON HYPERFINE INTERACTION

The delocalisation in the free base porphyrin oligomers was investigated by 'H ENDOR. The measure-

ments and analysis mirror those described for the zinc porphyrins in section 4.3.3.

The results of ENDOR measurements on free base [-P1 at the six canonical field positions are shown
in figure A.5 C. The ENDOR spectra recorded for the Z canonical orientation show a series of clearly
resolved hyperfine peaks. A comparison with the results of DFT calculations (A.5 B and E) allows

assignment of the -5.4 MHz hyperfine coupling to one set of H; protons and of the narrow peak at
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Ficure A.5: (A) Experimental time-resolved free base [-P1 EPR spectrum and simulations for the mg=0 —
ms=+1 (red) and the mg=-1 — mg=0 (blue) transitions. (B) Proton hyperfine tensor ellipsoids calculated
for the free base porphyrin monomer using B3LYP/EPRIl and orientation of the ZFS tensor in the molecular
frame. (C) Experimental Mims ENDOR spectra of the free base porphyrin monomer recorded at the canonical
field positions. The signs of the hyperfine coupling constants of the mg=0 — mg=+1 (red) and the mg=-1 —
mgs=0 (blue) transitions are shown above the corresponding ENDOR peaks. For the X~ orientation the inset
shows part of a Davies ENDOR spectrum recorded to better characterise the larger hyperfine coupling. (D)
Field-frequency plots for the peak positions obtained by deconvolution of the experimental ENDOR spectra
as described in section 4.2.4. The hyperfine couplings were tentatively assigned to different types of protons
based on comparison with DFT calculations. (E) Plot of the hyperfine couplings along the ZFS tensor axes as
predicted by B3LYP/EPRII calculations on free base [-P1.

-3.0 MHz to the hyperfine coupling of the NH protons. The ENDOR spectra corresponding to the Y
orientation only show peaks corresponding to relatively small hyperfine couplings, as also observed
for the zinc porphyrins. At first only small hyperfine couplings and only a small number of peaks could
be identified for the X orientation, but based on the DFT results a large negative hyperfine coupling
would also be expected. Since the sensitivity of Mims ENDOR for large hyperfine couplings is reduced,
Davies ENDOR was performed to verify the presence of peaks with larger hyperfine couplings. At the
X* field position a broad peak ranging from about 5 to 7 MHz was observed and assigned to the H;
hyperfine coupling in the X direction of the ZFS tensor. The hyperfine couplings along the ZFS tensor
axes were determined by deconvolution of the experimental ENDOR spectra and the results are shown
in the field-frequency plot of figure A.5 D. The hyperfine couplings along the ZFS tensor axes predicted
by DFT are plotted in figure A.5 E and a comparison with the graph in figure A.5 D shows that there is

reasonable agreement between the experimental and calculated results.

The results of ENDOR measurements on the free base porphyrin dimer are shown in figure A.6. The

time-resolved EPR spectrum is compared to the corresponding echo-detected field sweep in figure

225



APPENDIX A - Triplet State Delocalisation in Free Base Porphyrins

A C D
z 7+
X" 3843 mT
Y‘
Y+ - 382.4 mT
z -
3733 mT
300 320 340 360 380 -
B [mT] 352.0 mT
X+
B E
v-Z v 27
xt X 317.0mT
y = 07
uy
=
3115 mT| |
- -4
z {(
300 320 340 360 380 -4 -2 0 2 4 300 320 340 360 380
B [mT] B [mT]

v-v(*H) [MHZ]

FiGURe A.6: (A) Experimental time-resolved free base [-P2 EPR spectrum and simulations for the mg=0 —
ms=+1 (red) and the mg=-1 — mg=0 (blue) transitions. (B) Comparison of the time-resolved EPR and echo-
detected field sweep spectra recorded with a T value of 120 ns and a presaturation pulse to eliminate the
central radical signal. The field positions used for ENDOR measurements are indicated by grey arrows. (C) Ex-
perimental Mims ENDOR spectra of the free base porphyrin monomer recorded at the field positions indicated
in B. The signs of the hyperfine coupling constants of the mg=0 — mg=+1 (red) and the mg=-1 — mg=0 (blue)
transitions are shown above the corresponding ENDOR peaks where possible. (D) Proton hyperfine tensor el-
lipsoids calculated for the free base porphyrin dimer using B3LYP/EPRII and orientation of the ZFS tensor in
the molecular frame. (E) Plot of the hyperfine couplings along the ZFS tensor axes as predicted by B3LYP/EPRII
calculations on free base [-P2.

A.6 B. The echo intensity is significantly increased at the Z canonical field positions, due to the in-
creased relaxation for orientations not aligned with a ZFS tensor axis [123]. Additional distortions
attributed to the modulation of the echo intensity by nitrogen hyperfine couplings are also present.
Notably the X* signal seems to become absorptive, while it is emissive in the time-resolved EPR spec-
trum. A potential explanation for the observed effect is a combination of the modulations by the
nitrogen hyperfine couplings and an overlap of the X* and X~ transitions that lead to a positive echo
at the X' field position. The ENDOR spectra recorded for free base [-P2 only show clearly resolved
hyperfine peaks for the Z~ orientation. The same peaks are present in most of the ENDOR spectra
recorded at higher field positions, indicating the significant contribution of the Z transition in an ex-
tensive field range, as can also be seen from figure A.6 A and B. The hyperfine couplings determined
from these peaks are quite small (<2 MHz), indicating a reduction of the hyperfine couplings with
respect to the free base monomer. The X transitions also show additional peaks, but the spectra for
the two different triplet transitions corresponding to this orientation are very similar, with the main
hyperfine peaks at frequencies lower than the Larmor frequency. The ENDOR spectrum recorded for
the X~ transition shows more clearly resolved peaks and weak and broad peaks are also present on

the same side of the Larmor frequency for higher magnetic field positions. These peaks would thus
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indicate negative hyperfine couplings from -2.5 to -3.5 MHz, i.e. about half the hyperfine coupling
observed for the same orientation in the porphyrin monomer. The hyperfine couplings predicted by
DFT are shown in figure A.6 D and E. Due to the limited number of peaks that could be detected ex-
perimentally a direct comparison was not possible, nevertheless the results are sufficiently different

from those of the corresponding monomer to confirm delocalisation in the free base dimer.

The combination of the results from the magnetophotoselection and 'H ENDOR experiments con-
firms that the changes observed in the zinc porphyrin systems are reflected also in the free base
porphyrins. This analysis validates the use of the time-resolved EPR data recorded for the free base

porphyrins for the interpretation of the spin polarisation of the corresponding zinc porphyrin spectra.
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Ficure B.1: Full set of HYSCORE spectra for [-P1 and calculated HYSCORE cross-peak positions for the op-
timisation assuming both porphyrin and pyridine nitrogens contribute to the strongest cross peaks of the X
and Y positions. The simulations include the contribution of pyridine nitrogens based on DFT calculations for
different pyridine-zinc distances. The calculated HYSCORE cross peaks are colour-coded based on the type of
transitions: (vqq, vVdq) - black, (v4qg, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.

229



ApPPENDIX B - Triplet State ESEEM and HYSCORE Simulations

v, [MHZ]

X-band ESEEM

Q-band ENDOR

16

v, [MHz]

o4

4 6 8
v [MHz]

10

16

12+

v, [MHZ]

Q-band HYSCORE

32

3’)
28
24

28
24
20
16
124

8

4

7
12332 mT

v, [MHz]

0 4 8

T T T T T 0 Al
12 16 20 24 28 32 0 4 8

v, [MHz]

1216 20 24 28 32
v, [MHz]

FiGure B.2: Experimental and simulated [-P1 14N ESEEM and ENDOR data and calculated HYSCORE cross peak
positions for the second set of optimised parameters of table 4.3 (02, optimisation assuming only pyridine
nitrogens contribute to the strongest cross peaks in the HYSCORE spectra of the X and Y positions). All
simulations except the time-domain ESEEM simulations include the contribution of pyridine nitrogens based
on DFT calculations for a distribution of different pyridine-zinc distances. The full set of HYSCORE spectra is
shown in appendix B. The calculated HYSCORE cross peaks are colour-coded based on the type of transitions:
(Vdg»Vdgq) - black, (vqq, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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Ficure B.3: Full set of HYSCORE spectra for [-P1 and calculated HYSCORE cross-peak positions for the optimi-
sation assuming only pyridine nitrogens contribute to the strongest cross peaks of the X and Y positions. The
simulations include the contribution of pyridine nitrogens based on DFT calculations for different pyridine-zinc
distances. The calculated HYSCORE cross peaks are colour-coded based on the type of transitions: (vqq, Vdq)
- black, (vqq, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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Ficure B.4: Full set of HYSCORE spectra for [-P2 and calculated HYSCORE cross-peak positions for the op-
timisation assuming both porphyrin and pyridine nitrogens contribute to the strongest cross peaks of the X
and Z positions. The simulations include the contribution of pyridine nitrogens based on DFT calculations for
different pyridine-zinc distances. The calculated HYSCORE cross peaks are colour-coded based on the type of
transitions: (vqq,vdq) - black, (v4qg, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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FiGURE B.5: Experimental and simulated (-P2 1¥N ESEEM and ENDOR data and calculated HYSCORE cross
peak positions for the second set of optimised parameters of table 4.3 (02, optimisation assuming only pyri-
dine nitrogens contribute to the strongest cross peaks in the HYSCORE spectra of the X and Z positions). All
simulations except the time-domain ESEEM simulations include the contribution of pyridine nitrogens based
on DFT calculations for a distribution of different pyridine-zinc distances. The full set of HYSCORE spectra is
shown in appendix B. The calculated HYSCORE cross peaks are colour-coded based on the type of transitions:
(VdgrVdg) - black, (v4q, vsq) - blue/cyan, (vsq, vsq) - green/magenta/yellow/red.
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Ficure B.6: Full set of HYSCORE spectra for [-P2 and calculated HYSCORE cross-peak positions for the optimi-
sation assuming only pyridine nitrogens contribute to the strongest cross peaks of the X and Z positions. The
simulations include the contribution of pyridine nitrogens based on DFT calculations for different pyridine-zinc
distances. The calculated HYSCORE cross peaks are colour-coded based on the type of transitions: (v4qg, Vdq)
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C TriIPLET DECAY AND RELAXATION FOR [-P1-[-P3

The information on the hyperfine couplings allows determination of the extent of triplet state delo-
calisation, however no information on the mechanism of delocalisation can be obtained from them.
A coherent delocalisation and hopping between porphyrin units could potentially be distinguished by
characterising the relaxation behaviour. Triplet energy transfer between porphyrin units has been
shown to have a strong effect on the decay of the photoexcited triplet state, as it leads to increased

spin-lattice relaxation [119].

The triplet state kinetics of the porphyrin monomer were investigated using ESE-detected kinetic
curves, obtained by measuring the echo intensity after a two-pulse echo sequence as a function
of the delay between the laser flash and the microwave pulses (DAF) (see figure C.1). The time 7 be-
tween the pulses was kept as short as possible to reduce the effect of relaxation during the inter-pulse
delays (100 or 120 ns). The analysis of the triplet state kinetics is much simplified using this pulse
method, since the transients recorded using time-resolved EPR are affected by microwave induced

relaxation, as the sample is continuously irradiated with microwaves.

The literature on the analysis and interpretation of this type of experiment for triplet states is limited.
A general method for the analysis of ESE-detected kinetics is briefly described by Lin [279] and has
been used for the analysis of kinetic measurements on single crystals of small organic molecules
[31, 280].

The kinetics of triplet excitation and decay are governed by the following set of differential equations
[279]:

dN

d:l = _(Wl + w3 + k+1)N+1 + WlNO + W3N,1 + P+1NS

dN,

d—tOIW1N+1—(W1+W2+ko)N0+W2N_1+P0N5 (Cl)
dN_

dtl = W3N+1 + W2N0 - (W3 + wy + k,]_)N,l + PleS

where N; are the populations of the triplet state sublevels, Ns is the singlet state population, P, are

the population rates, k; the decay rates and w; the spin-lattice relaxation rates (see also figure C.1).
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Ficure C.1: Pulse sequence for ESE-detected kinetic measurements and schematic representation of the
triplet state excitation and decay showing the population (P;) and depopulation (k;) pathways as well as relax-
ation between different triplet state sublevels (w;) in an external magnetic field.

The population and decay rates in the presence of a magnetic field can be expressed as linear com-

bination of the corresponding zero-field values:

(C.2)

The analysis is much simplified, if the spin relaxation processes are negligible compared to the triplet
state decay rates. In that case, the transients can be fitted with a biexponential decay, depending
only on the three decay rate constants, kyx, ky and kz, since then the population difference changes

as a function of time according to

AN(t) = [Ny (t = 0)exp(—ky1 t)] = [+No(t = 0) exp(—kot)] (C.3)

where the signs depend on whether the transitions are absorptive or emissive [281].

In other cases, triplet decay and spin relaxation occur on timescales that are sufficiently different to
allow their separate determination by separately fitting the initial and final part of the transients. The
initial part represents the decay to Boltzmann equilibrium populations by relaxation and the final part

represents the triplet decay after the equilibrium populations have been established [282, 283].

In some papers, the analysis described above is simplified by the high-field and high-temperature ap-
proximations [282, 284] allowing the determination of analytical solutions. The high-field approxima-
tion assumes that the electron Zeeman interaction is much larger than the zero-field splitting inter-
action and allows setting N,q1(t =0) = N_1(t = 0) and k;1 = k_1. The high-temperature approximation
consists in considering the upwards and downwards relaxation rates w as equal, which is equivalent
to assuming a Boltzmann factor of one. Under these conditions, the top and bottom level populations
are equal at all times, N,1(t) = N_;(t), and the kinetic curves recorded for the low and high field posi-
tions of a transition are symmetrical with respect to the time axis. In addition to these assumptions,
the population of the triplet levels is considered much faster than the decay and is assumed to occur

at the time of the laser flash without influencing the kinetic transients. The differential equations
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given in equation C.1 are then simplified to [282]:

dN.
d—:l =—(w+ky1) Nyp +wiNo

dN,

d_to = 2WN+1 - (2W+ ko) NO (C4)
dN_

dtl = WNo—(W-i-k_l)N_]_

The analysis of kinetic traces is simplified for single-crystals or for measurements at the Z canonical
positions, where the pure decay of one triplet state sublevel is observed [282, 284, 285]. In powder
samples, the kinetics are strongly mixed in most parts of the spectrum due to the extensive overlap
of different transitions. The most accurate results are in that case obtained by a simulation of the
decay of the complete triplet state spectrum and extraction of the transients at the field positions of

interest [281].

The ESE-detected kinetic curves recorded for the six canonical transitions of the porphyrin monomer
at different temperatures are shown in figure C.2. The traces were recorded in the temperature range
from 2.5 K to 90 K, at higher temperatures no measurements could be performed due to the increase
in dielectric constant of MeTHF, which prevented tuning. The transients show a pronounced tempera-
ture dependence and are in most cases not symmetric with respect to the time axis, with the emissive
traces showing a more pronounced decay and becoming absorptive at long times. This behaviour in-
dicates the presence of relaxation towards the Boltzmann equilibrium populations. A comparison of
the decay curves for different canonical orientations shows that the differences between the decay
along different orientations of the ZFS tensor are quite small. The differences decrease for higher

temperatures, indicating that the spin relaxation starts to prevail over the selective triplet decay. The
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Ficure C.2: ESE-detected kinetic traces recorded for [-P1 at different temperatures at the six canonical field
positions. The decay at different temperatures is compared in (A) and the differences in decay for the three
triplet sublevels at 5 K, 20 K and 50 K are compared in (B).
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order of the decay curves for the X, Y and Z canonical orientations changes between 10 K and 20 K,
which might indicate a cross-over between dominating triplet decay and dominating spin lattice re-

laxation.

The experimental data could not be satisfactorily fitted using a biexponential decay, as expected
since the transients are clearly affected by relaxation. In order to determine the triplet decay and
spin-lattice relaxation rates at different temperatures, the approach for fitting the experimental data
described in reference [282] and used by Bennati to investigate the kinetics of the triplet state of
Cgo at different temperatures [284] was followed. In order to account for the mixing of different
transitions, the sublevel populations were calculated by solving the differential equations given in
equation C.4 and used to simulate the corresponding triplet state spectrum using EasySpin’s pepper
routine [23]. Transients extracted from the generated 2D surface of signal intensity against field and
delay after flash were compared to the experimental data and used in a least-square fitting proce-
dure. The experimental traces were first normalised and then scaled to the relative intensities of the
six different transitions determined from the time-resolved EPR spectrum, since the echo-detected
spectrum is strongly distorted due to nitrogen modulations. The parameters used in the fitting were
the three zero-field decay rates kx, ky and ky and three relaxation rates wy, wy, wz. The optimised
fitting parameters are summarised in table C.1 and the calculated transients are compared to the

experimental results in figure C.3.

The fits to the experimental data are reasonable for most of the temperature range, however the fit is
considerably worse below 10 K, as the deviations from the high-temperature approximation become
more significant. The decay rate and spin lattice relaxation rate constants seem to be of the same
order of magnitude for most of the investigated temperature range, preventing an accurate analysis
of the two contributions, as their separation is impossible in this case. The results obtained from the
fitting are affected by significant errors and hence an unambiguous determination of the triplet decay
and relaxation rates is not possible. However, it should still be possible to determine general trends.
The fitting results show that the spin-lattice relaxation rate is characterised by a more pronounced
temperature dependence, with a significant increase above 20 K, also observed in other systems [284,
285]. In order to verify this experimentally, transient absorption measurements were performed with

the help of Dr. Kevin Henbest and the triplet lifetime was determined.

TaBLE C.1: Overall triplet decay rate kT = % (kx + ky + kz), relaxation rate 3w = wx+wy+wy (: %) andrelative
decay andrelaxation rates for the three triplet sublevels resulting from least-square fitting of the experimental
data of [-P1 as described in the text. The errors were evaluated by repeating the fitting for different initial

parameter sets and computing the standard deviation, the actual values correspond to the best-fit results.

T[K] kT[103 s71] 3W[103 s71] kx: ky: kz Wx i Wy wz
2.5 0.015+0.008 0.089+0.028 0.38:0.33:0.29 0.53:0.31:0.16
5.0 0.001 +£0.005 0.137+0.098 0.00:0.90:0.10 0.50:0.35:0.15
10 0.004 +£0.019 0.241 +0.200 0.22:0.54:0.24 0.43:0.45:0.12
20 0.276+0.128 0.475+0.305 0.34:0.35:0.32 0.10:0.12:0.78
50 0.478+1.126 1.819+2.950 0.34:0.36:0.30 0.24:0.33:0.43
90 3.485+1.931 9.974 +4.396 0.35:0.32:0.33 0.37:0.42:0.21
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Ficure C.3: Experimental ESE-detected kinetic traces of [-P1 and the corresponding simulated traces following
the fitting procedure described in the text. The fitting parameters are given in table C.1.

Transient absorption measurements are performed by laser excitation followed by detection of the
decay with a probe light at a series of different wavelengths. The ground state absorption measured
without laser excitation is subtracted at each point. The measurements were performed with laser
excitation from a Nd:YAG laser at 532 nm and with a Xe arc lamp as probe light. After the sample cell
the light passes through a monochromator and is detected by a PMT connected to an oscilloscope.

The difference in absorption before and after the laser pulse AA is recorded directly.

The transient absorption (TA) measurement was performed at 120 K and the results are shown in
figure C.4 A. At lower temperatures no decay of the triplet state was observed on the timescale of the
TA experiment (figure C.4 A) and measurements on longer timescales were prevented by significant
baseline fluctuations. The transient absorption spectrum for excitation at 532 nm shows ground state
bleaching in the region of the Soret and Q bands and a broad triplet absorption with the maximum at
higher wavelengths with respect to the ground state absorption. The presence of a triplet absorption
band at lower wavelengths with respect to the ground state absorption and one at higher wavelengths
is in agreement with literature data on triplet states of zinc tetraphenylporphyrins [286, 287]. In
addition to this, a band in the wavelength region from 700 to 900 nm with a peak between 800 and
900 nm is usually also present [286, 287].

The decay of the 120 K TA traces at different wavelengths was found to be monoexponential and
allowed a global fit of the TA data over most of the wavelength range with a monoexponential decay
and hence determination of the triplet lifetime 7. The triplet decay rate constant ky corresponds
to 1.4 ms~! at 120 K. The coefficients of the monoexponential decays at different wavelengths were
used to calculate the corresponding TA spectrum for different triplet lifetimes as a comparison with

the experimental results (shown in figure C.4 B). A triplet lifetime of about 5 ms would give a similar

239



ApPENDIX C - Triplet Decay and Relaxation for [-P1-[-P3

A 0.31 Experimental Experimental
120 K —— 5pus 0.1 77 K
—— 10 ps .

0.24
/ —— 50 us ~
0.14 » | 3 100 ps 4
| % J poor | 200 ps .
0.0 d, 300 s 0.0 N U ceadiiiis

j

<< N/ <
< Y 400 ps < i A 7
‘V 500 us V
{ ——600 ps
¢ ——700 ps
——3800 ps ¥
——0900 s -0.14
500 600 700 800 400 500 600 700 800
A [nm] A [nm]
B Calculated Calculated

Ty = 0.7 ms Tr=5ms

—— 5us a

—— 10 ps N —_—

—— 50 us y 8 —s— 5upus
L4 M | 100 ps 4 L —— lops
e | oY 200 ps - e R, 50 ps

< <

300 ps 100 ps
< aJ y 400 ps < 200 ps
| \ 500 ps —— 500 us
| L —+—600 us | ——1200 ps
’ —— 700 ps —— 1800 pis

i —— 800 pus

\ ——900 ps

400 500 600 700 800 400 500 600 700 800
A [nm] A [nm]

Ficure C.4: (A) Experimental transient absorption spectra recorded at 120 K and 77 K with laser excitation
at 532 nm (the 77 K data shown here was recorded with laser excitation at 450 nm, but the same results
were obtained with excitation at 532 nm). (B) Calculated TA spectra for different triplet decay constants T1
performed using the relative intensities determined from the coefficients of a global monoexponential fit of
the 120 K TA spectrum and a monoexponential decay with the given time constant.

TA spectrum to the one observed at 77 K and would agree reasonably well with the results from the

EPR kinetic measurements, confirming the prevalence of spin-lattice relaxation at high temperatures.

The relative decay rate constants corresponding to the three zero-field sublevels could provide infor-
mation on the selectivity of the triplet decay, in the same way as the zero-field populations provided
information on the selectivity of the triplet state formation. Due to the presence of both decay and re-
laxation, the relative values of both decay processes have to be considered. The ratios determined at
different temperatures fluctuate significantly, hence using the average is probably most appropriate
to attempt an interpretation of the results. The average ratio of relative triplet decay rate constants is
kx : ky : kz =0.27 : 0.47 : 0.26 and that of the relaxation rates is wx : wy : wy; = 0.36: 0.33: 0.31. On
average, the spin relaxation rates are approximately the same for the three orientations and hence
the ratio of decay rates should reflect the selectivity of the triplet decay. The results show very simi-
lar rates for the three sublevels with a slightly larger contribution from the decay of the Y orientation.
The population of the triplet state sublevels in [-P1 was shown to be almost exclusively selective for
the Z sublevel based on the spin polarisation of the time-resolved EPR spectrum, while no strong se-
lectivity seems to be shown by the decay. The observation of different selectivity in the population and
depopulation of the triplet state sublevels was also reported for a different zinc porphyrin by van Dorp
et al. [137]. In that case population was also observed to occur preferentially to the Z (out-of-plane)
sublevel, while the depopulation rates were found to be similar for all three orientations of the ZFS

tensor (kx : ky : kz =0.25: 0.30: 0.45). The results were explained by considering different processes
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contributing to triplet population and decay. As explained in section 4.3.1, the selective population of
the out-of-plane sublevel in zinc porphyrins arises from a direct spin-orbit coupling term of the type
(S1|Hso| T1) with a one-centre contribution on the zinc ion [137]. This term is absent for the ISC from
T, to Sg due to the different symmetry of the ground and first excited triplet states (shown for an
idealised porphyrin with D5, symmetry by van Dorp et al. in reference [137]). The triplet decay is
thus determined only by the vibronic spin-orbit coupling mechanism. As a consequence, the popu-
lation of the triplet sublevels is highly selective for the out-of-plane sublevel, while the depopulation

mechanism shows less anisotropy.

The analysis of triplet state kinetics was extended to the porphyrin dimer and trimer. The ESE-
detected kinetic measurements were only performed at 20 K, as most of the other measurements
were performed at this temperature and as the results obtained for the porphyrin monomer at this
temperature could be fit reasonably well using the high-temperature approximation. A similar fit-
ting procedure to that explained above for the porphyrin monomer was employed to determine triplet
decay and relaxation rates as well as relative decay rates from the three zero-field sublevels. The
results are shown in figure C.5 and the fitting parameters are summarised in table C.2. Unfortunately
the results show that a separation of the triplet decay and spin relaxation processes is not possible
and hence an interpretation of the ESE kinetic traces in terms of selective triplet decay, potentially
providing further information on the mechanisms driving triplet formation and decay, was not possi-

ble.

TaBLE C.2: Overall triplet decay rate k1 = % (kx + ky + kz), relaxation rate 3w = wx+wy +wyz (: %) andrelative
decay and relaxation rates for the three triplet sublevels resulting from least-square fitting of the experimental
data of [-P1, [-P2 and [-P3 as described in the text. The errors were evaluated by repeating the fitting for
different initial parameter sets and computing the standard deviation, the actual values correspond to the
best-fit results.

k7 [103s71] 3w[103s7 ] kx : ky : kz Wx I Wy Wz

[-P1 0.45+0.18 0.83+0.47 0.37:0.24:0.39 0.41:0.58:0.01

[-P2 0.19+0.10 1.05+0.32 0.00:0.42:0.58 0.57:0.03:0.40

[-P3 0.56+1.40 2.76+8.82 0.31:0.34:0.35 0.43:0.51:0.06
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Ficure C.5: Experimental ESE-detected kinetic traces of [-P1, [-P2 and [-P3 recorded at 20 K and the corre-
sponding simulated traces following the fitting procedure described in the text. The fitting parameters are
given in table C.2.
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In conclusion, the ESE-detected kinetic measurements on [-P1, [-P2 and [-P3 have shown that triplet
decay and spin relaxation rates are of the same order of magnitude in the available temperature
range. This and the lack of information on the pure overall triplet decay rate in the temperature range
where the EPR experiments were feasible, unfortunately prevented an in-depth quantitative analysis
of the triplet state kinetics. In addition to this, both the triplet decay and the relaxation rates are very
sensitive to the oxygen concentration in the sample, and while all the samples were degassed and
kept under argon or frozen, a small sample-to-sample variability is nevertheless likely. In addition to
this, the effect of potential aggregation for the longer oligomers on triplet decay and relaxation is not

understood.

Inspection of the experimental data however shows that the timescale of triplet decay is not drasti-
cally different for [-P2 and [-P3 compared to [-P1, which supports coherent delocalisation rather than
hopping as the triplet state delocalisation mechanism, as in the presence of triplet energy transfer

changes in decay rates of up to one order of magnitude were detected for chlorophyll dimers [119].

More precise information on the population and decay rates of the individual triplet state sublevels
could potentially be obtained using microwave-induced delayed phosphorescence or fluorescence
measurements at extremely low temperatures [137, 288-291]. These experiments are based on the
isolation of the three triplet state sublevels at temperatures of 1.1 to 1.3 K, where spin-lattice relax-
ation is believed to be negligible, and on the observation of changes in the fluorescence or phospho-

rescence decay after microwave irradiation.
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D DEER SIMULATIONS FOR MODEL STRUCTURES OF

THE CYP101D1-Arx COMPLEX
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Ficure D.1: Experimental and simulated orientation-selective X-band and Q-band four-pulse DEER data for
model 2 of the CYP101D1-Arx complex with nitroxide spin labels introduced at positions E96C, G170C, L181C,
S200C and L287C on CYP101D1. Experimental details can be found in section 7.2.2 and details on the simu-
lations performed are described in the text.
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Ficure D.2: Experimental and simulated orientation-selective X-band and Q-band four-pulse DEER data for
model 3 of the CYP101D1-Arx complex with nitroxide spin labels introduced at positions E96C, G170C, L181C,
S200C and L287C on CYP101D1. Experimental details can be found in section 7.2.2 and details on the simu-
lations performed are described in the text.
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Ficure D.3: Experimental and simulated orientation-selective X-band and Q-band four-pulse DEER data for
a model of the CYP101D1-Arx complex based on the structure of the CYP199A2-HaPux complex [245] with
nitroxide spin labels introduced at positions E96C, G170C, L181C, S200C and L287C on CYP101D1. Experi-
mental details can be found in section 7.2.2 and details on the simulations performed are described in the
text.
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Ficure D.4: Experimental and simulated orientation-selective X-band and Q-band four-pulse DEER data for a
model of the CYP101D1-Arx complex based on the structure of the CYP101A1-Pdx complex [252] with nitrox-
ide spin labels introduced at positions E96C, G170C, L181C, S200C and L287C on CYP101D1. Experimental
details can be found in section 7.2.2 and details on the simulations performed are described in the text.
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Ficure D.5: Cw-EPR spectra of the CYP101D1-Arx complex with mutants E96C and T71C recorded at 100 K
with a modulation amplitude of 0.1 mT and a microwave power of 0.006325 mW (v,,=9.40 GHz).
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