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Photoexcited triplet states play a crucial role in photochemical mechanisms: long known to be of para-
mount importance in the study of photosynthetic reaction centres, they have more recently also been
shown to play a major role in a number of applications in the field of molecular electronics. Their char-
acterisation is crucial for an improved understanding of these processes with a particular focus on the
determination of the spatial distribution of the triplet state wavefunction providing information on
charge and energy transfer efficiencies. Currently, active research in this field is mostly focussed on
the investigation of materials for organic photovoltaics (OPVs) and organic light emitting diodes
(OLEDs). As the properties of triplet states and their spatial extent are known to have a major impact
on device performance, a detailed understanding of the factors governing triplet state delocalisation is
at the basis of the further development and improvement of these devices. Electron Paramagnetic
Resonance (EPR) has proven a valuable tool in the study of triplet state properties and both experimental
methods as well as data analysis and interpretation techniques have continuously improved over the last
few decades. In this review, we discuss the theoretical and practical aspects of the investigation of triplet
states and triplet state delocalisation by transient continuous wave and pulse EPR and highlight the
advantages and limitations of the presently available techniques and the current trends in the field.
Application of EPR in the study of triplet state delocalisation is illustrated on the example of linear
multi-porphyrin chains designed as molecular wires.
� 2017 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The photoexcited triplet states of p-conjugated organic mole-
cules designed for applications in solar energy conversion [1,2],
molecular electronics [3] and spintronics [4] have received
increased attention over the last two decades after initial focus
on the properties of the corresponding singlet excitons. Methods
for the characterisation of the properties of these triplet states, in
particular the spatial extent of their wavefunctions in conjugated
oligomers and polymers, are therefore of significant current inter-
est. In systems designed as molecular wires, the extent of triplet
state delocalisation provides information on the efficiency of elec-
tronic communication between the monomeric building blocks
and understanding of the factors limiting triplet state delocalisa-
tion can guide the design of systems with improved charge trans-
port properties. In materials for organic light emitting diodes
(OLEDs) and organic photovoltaics (OPVs), the spatial extent of
the excited triplet state was found to influence device performance
significantly. For instance, spin-independent exciton recombina-
tion processes in fluorescence-based OLED devices should lead to
generation of emissive singlet and non-emissive triplet excitons
in a 1:3 ratio, limiting device performance to 25%. While this has
indeed been observed for monomers, much higher percentages
were encountered for conjugated polymers [5–8]. Enhanced delo-
calisation of the triplet state wavefunction was shown to prevent
triplet recombination and favour processes such as triplet-triplet
annihilation that recreate the emissive singlet state [2]. Detailed
knowledge of the factors governing the extent of triplet state delo-
calisation is therefore of paramount importance in the optimisa-
tion of the photophysical processes in these devices.

Transient EPR spectroscopy is the technique of choice for the
characterisation of the triplet state delocalisation, as the dark nat-
ure of the triplet states typically involved often prevents the appli-
cation of any optical methods or makes such measurements very
challenging. The extent of delocalisation may be estimated from
the rates of triplet-triplet energy transfer, which depend on the
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coupling strength between the triplets [9–11]. Highly localised
states should exhibit a reduced coupling strength, but generally
only rough estimates on the extent of triplet delocalisation are pro-
vided by such measurements. A better approach to access the delo-
calisation length of the excited triplet state involves the
measurement of dielectric and magnetic susceptibilities. The
dielectric polarisability volume is proportional to the polarisability
per triplet molecule and contains information on the electrostatic
confinement length scale of the excitons [12,13]. This approach
has for example been used successfully to determine the extent
of triplet delocalisation in substituted tetracene and pentacene
derivatives [13]. However, compared to these methods, the infor-
mation provided by measurement of the zero-field splitting (ZFS)
parameters by EPR or optically detected magnetic resonance
(ODMR) [14–16], or determination of the hyperfine coupling con-
stants using Electron Nuclear DOuble Resonance (ENDOR) or Elec-
tron Spin Echo Envelope Modulation (ESEEM) techniques allows a
much more precise quantification of the extent of triplet state
delocalisation.

EPR spectroscopy has beenwidely applied to the investigation of
triplet states involved in natural photosynthetic processes [21–32].
Triplet state delocalisation was investigated in the special pair
(Fig. 1a) of bacterial and plant reaction centres by time-resolved
EPR and triplet state ENDOR. The hyperfine coupling constants
determined for the reaction centres using ENDOR were compared
to those measured on the corresponding (bacterio)chlorophyll a
monomers in vitro. In the reaction centres of Rb. sphaeroides and
Bl. viridis, the triplet state was revealed to be unevenly delocalised
over the two bacteriochlorophyll a units of the special pair
[28,29,32]. On the other hand, the absence of changes in the hyper-
fine couplings in plant photosystem II, led to the conclusion that the
triplet state is in this case localised on a single chlorophyll a unit of
the special pair at cryogenic temperatures [27,31]. In photosystem I
of cyanobacteria, comparison of the zero-field splitting parameters
measured at room temperature and at cryogenic temperatures led
to the proposal of delocalisation over both chlorophyll a molecules
of the special pair at room temperature but localisation on a single
unit at low temperatures [33]. The results on photosynthetic reac-
tion centres indicated that the extent of triplet state delocalisation
is very sensitive to the structural properties of the chlorophyll
dimer and prompted further studies on a series of model porphyrin
dimer systems (e.g. Fig. 1b) aimed at gaining more insight into the
factors governing triplet state delocalisation in the special pair of
different reaction centres [17,34]. While information from the com-
parison of the hyperfine interactions allowed precise determination
of the extent of delocalisation of the excited triplet states in these
studies, information from the ZFS parameters could not be unequiv-
ocally interpreted in terms of the extent of delocalisation.
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Fig. 1. Representative selection of chemical structures investigated in studies on triplet
sphaeroides (4RCR.pdb) (a), porphyrin dimer (M = 2H, Zn) designed to investigate the influ
processes [17] (b), oligothiophenes (n 2 N0) [18] (c), meso-to-meso ethynyl-bridged z
butadiyne-linked zinc porphyrin oligomers (n 2 N, R = hexyl) [20] (e) designed as molec
Triplet state delocalisation in p-conjugated oligomeric struc-
tures designed for wire-like charge transport has also been inves-
tigated by EPR [18–20,35–38]. In these studies the determination
of the extent of the triplet state wavefunction was based mainly
on the interpretation of the zero-field splitting D value.

Analysis of the dependence of D on the first excited triplet state
of thiophene oligomers (Fig. 1c) and interpretation of the experi-
mental D values using calculations based on a p-electron model
of the triplet wavefunction revealed localisation of the triplet exci-
tation on about four thiophene rings [18,35].

A series of studies on different meso-to-meso ethynyl-linked
zinc porphyrin oligomers (Fig. 1d) focussed on the interpretation
of the ZFS D parameter determined by cw EPR in the framework
of the point-dipole approximation [19,36,37]. The obtained aver-
age interelectron distances did not exceed the dimensions of a
single monomeric porphyrin unit, which was interpreted in terms
of spatially confined triplet states. This result was in contrast
with results on the corresponding radical cations, where more
extensive delocalisation was usually observed [39]. Based on a
comparison of the jE=Dj ratio for different molecules, the authors
proposed the occurrence of an oblate-to-prolate spin transition,
i.e. a shift of the direction of maximum dipolar coupling in the
molecular frame, for increased p-conjugation lengths [36,39,40].
A similar observation had been made before for stretched por-
phycenes [41].

More recent investigations on meso-to-meso butadiyne-bridged
zinc porphyrin oligomers (Fig. 1e) combined time-resolved EPR for
the determination of the zero-field splitting parameters and triplet
state ENDOR and ESEEM for the characterisation of proton and
nitrogen hyperfine couplings with DFT calculations to investigate
triplet state delocalisation. Complete delocalisation of the triplet
excited state over two porphyrin units was shown to occur in the
dimer, while the triplet states were found to be unevenly delo-
calised with increased contribution of spin density on the central
porphyrin units for longer oligomers [20,38]. Magnetophotoselec-
tion and orientation-selective ENDOR measurements provided
experimental proof for the shift of the axis of maximum dipolar
coupling from the out-of-plane axis in the porphyrin monomer to
the long axis of the molecule in the oligomers. The observed
changes in ZFS could be rationalised by comparison with the
results of DFT calculations.

Excitation-wavelength dependent EPR measurements were
used to analyse the influence of the dihedral angle between the
porphyrin planes in porphyrin oligomers on the extent of triplet
state delocalisation and showed localisation of the triplet state
on a single porphyrin unit for conformers with perpendicular
arrangements of adjacent porphyrin units [42]. On the other hand,
no increase in delocalisation was observed for porphyrin ladders,
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state delocalisation by EPR: special pair of the photosynthetic reaction centre of Rb.
ence of the relative arrangement of porphyrin units on energy and electron transfer
inc porphyrin oligomers (n 2 N0, Ar = aryl substituent) [19](d), and meso-to-meso
ular wires.
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where adjacent porphyrin units are forced into an approximately
coplanar arrangement [43].

In a study of triplet state delocalisation in a cyclic six-porphyrin
nanoring, complete delocalisation over all six porphyrin units
could be demonstrated by 1H ENDOR [20]. The increased delocali-
sation compared to the corresponding linear systemwas attributed
to the equivalence of the porphyrin units in the symmetric
nanoring. This conclusion was further supported by a study reveal-
ing the importance of the electronic symmetry of the system for
triplet state delocalisation [44].

In this paper, we review the currently available methods for the
analysis of triplet state delocalisation by EPR and discuss their
advantages and limitations. In Section 2, the practical aspects of
EPR on photoexcited species are considered and the different
experiments available for the characterisation of triplet states
are presented. A theoretical background on EPR of triplet states
is provided in Section 3 and the interpretation of triplet state
EPR and hyperfine spectra is discussed with particular attention
to the information they provide on the extent of triplet state delo-
calisation. In Section 4, the analysis of the spatial extent of the tri-
plet state wavefunction by EPR is illustrated on the example of a
series of linear zinc porphyrin oligomers. Finally, Section 5 sum-
marises the current capabilities of EPR as a tool for the investiga-
tion of the extent of triplet state delocalisation, highlights current
challenges and provides an outlook on future developments in this
field.
2. Investigation of photoexcited triplet states by EPR

2.1. Generation of photoexcited species

The triplet states of the investigated molecules are typically
generated by pulsed laser excitation of the sample inside the EPR
resonator. In most cases, the excited triplet state is populated by
intersystem crossing (ISC) from an excited singlet state. Under
these conditions, the intensity of the observed triplet EPR signal
is mainly dependent on (i) the quantum yield of triplet formation,
(ii) the lifetime of the triplet state and the spin relaxation rates, (iii)
the sample concentration, and (iv) the excitation wavelength and
laser power used in the experiment. Experimentally, the sample
concentration as well as the laser power can be optimised to max-
imise signal intensity. The parameters controlling the signal inten-
sity which cannot (easily) be influenced are the quantum yield of
triplet formation, the triplet lifetime and spin relaxation. Since
the triplet lifetime can often be prolonged and spin relaxation con-
siderably slowed down by performing the measurements under
oxygen exclusion and at low temperatures, the feasibility of most
triplet state experiments is determined by the quantum yield of
triplet formation.

The excitation wavelength chosen for the experiments depends
on the optical properties of the investigated samples. Frequently
Nd:YAG lasers, operated at 532 nm and with a repetition rate of
10–20 Hz, have been used. Since this repetition rate often limits
the shot repetition time of EPR experiments with laser excitation,
the use of higher laser repetition rates may be advantageous
(depending on the excited state lifetime and spin lattice relax-
ation). Typical laser pulse durations amount to 5–7 ns, implying
that the time-resolution of the experiment is limited by the
time-resolution of the spectrometer/detection. Depending on the
triplet yield of the sample, excitation energies between 0.5 mJ
and 10 mJ have normally been used. If tunability of the excitation
wavelength is required in the experiment, Nd:YAG seeded optical
parametric oscillators (OPOs) may be employed [42].

Excitation of the sample is achieved by guiding the laser light
either directly through the optical window of the cryostat and
resonator or, with the help of an optical fibre, through the top of
the sample holder. Which one of the two options is preferred,
depends on factors as diverse as the used resonator, spectrometer
frequency, sample size, and the type of measurement to be per-
formed. While for experiments at Q- and W-band, excitation
through the top of the sample holder using an optical fibre may
be preferable or even necessary, X-band measurements often profit
from direct optical excitation through the optical window of the
resonator. For measurements where excitation with polarised light
is required, for instance, magnetophotoselection experiments,
direct excitation is necessary. The linear polarisation of the laser
light can easily be turned using a k/2 waveplate. Alternatively,
the excitation light can be depolarised using appropriate optical
elements. For direct optical excitation, it is advisable to adapt the
beam size and shape to the size of the optical window of the res-
onator and sample dimensions so as to maximise the illuminated
sample area.

In a typical experiment, the sample is prepared at a concentra-
tion between 0.01 and 1 mM in a glass-forming solvent such as,
for example, toluene or 2-methyltetrahydrofuran (MeTHF). Due
to optical saturation effects (i.e. absorption of all the photons
before the laser light reaches the back of the sample tube), high
sample concentrations are not always advantageous. The optimal
concentration can vary for different samples depending on their
optical properties at the chosen excitation wavelength. Triplet
state EPR experiments can also be performed in liquid crystals,
where the alignment of the molecules can provide additional
information on tensor orientations with respect to the molecular
frame [45–47].

The EPR measurements are typically performed in solid matri-
ces at low temperatures; the optimal temperature is determined
by properties of the investigated system, the solvent used and
the type of experiment to be performed. It is advantageous to per-
form pulse EPR experiments at temperatures where the spin lattice
relaxation, determining the time-evolution of the triplet state sub-
level populations, is slow and a high spin polarisation is main-
tained throughout the experiment. Moreover, other deactivation
processes leading to the decay of the triplet state population,
including molecular motion (e.g. tumbling, rotation of specific
functional groups within the molecule), are also inhibited or much
reduced at low temperatures.

2.2. TR-EPR

EPR spectra of transient paramagnetic species are typically
recorded using a technique referred to as time-resolved EPR (TR-
EPR) [48]. In this experiment, the EPR signal at a fixed magnetic
field is recorded under continuous microwave (MW) irradiation
as a function of time after the laser pulse generating the photoex-
cited state, see Fig. 2 (left). The magnetic field is stepped in order to
obtain a 2D data set containing both spectral and temporal infor-
mation as depicted in Fig. 2 (left). TR-EPR is performed without
field modulation, yielding absorption instead of derivative EPR
spectra. Alternatively, the triplet state EPR spectrum can also be
obtained using standard cw-EPR with lock-in detection under
steady-state illumination conditions.

Most triplet state EPR studies have been carried out at X- or Q-
band frequencies (�9.5 GHz and �35 GHz, respectively). At these
frequencies, the shape of the EPR spectrum is typically dominated
by the zero-field splitting (ZFS) interaction for the triplet states of
organic molecules, and its width is determined by the ZFS param-
eter D. TR-EPR performed at high frequencies has been used to
resolve the g-tensor anisotropy and characterise the relative orien-
tations of the g- and ZFS tensors [49].

On a typical Bruker spectrometer, TR-EPR can be performed
using two different detection modes: direct detection or transient



Fig. 2. Overview of the experimental transient EPR methods used for the investigation of triplet states. Time-resolved EPR (TR-EPR) sequence and example spectrum of a zinc
porphyrin monomer (left) and examples of EPR pulse sequences referred to in the main text (right). MW: microwave; RF: radio frequency; DAF: delay after flash.
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mode. In both cases, the measurement is carried out with a
critically coupled resonator and the bandwidth of the resonator
determines the response time. In order to measure fast responses,
required for the detection of short-lived transient species, res-
onators with low Q-factors under matching conditions should be
used. In a TR-EPR experiment with direct detection, the spectrom-
eter is operated in cw mode and the digitiser is used to acquire the
output of the preamplifier following the microwave diode detector
[50]. The rise time of the transient signal and therefore the ability
to detect short-lived species will be determined by the bandwidth
of the preamplifier, in addition to the bandwidth of the resonator.
In a TR-EPR experiment performed with the transient mode option
of the spectrometer (see Bruker’s Transient EPR User Guide for
details), the signal from the resonator is downconverted by the
IQ mixer, amplified by the video amplifier (bandwidth of
200 MHz) and digitised. In this mode, the microwave frequency
must be locked using DC-AFC instead of AC-AFC. Both the in-
phase and quadrature signals are acquired and the absorption
EPR signal is typically obtained in the quadrature (imaginary)
channel (assuming correct phasing during the tuning procedure).
In both cases, the digitiser (SpecJet) needs to be triggered by the
laser or by an external delay generator.

After data acquisition, baseline correction in both the time and
field dimensions is performed to obtain the EPR spectrum as a
function of time after the laser pulse. For this purpose, it is advis-
able to start acquisition about 500 ns before the laser pulse and use
the initial points for background correction in the field dimension.
The background correction in the time dimension is required to
remove the laser background signal that can be recorded at an
off resonance field position. For signal-to-noise improvements,
the displayed transient EPR spectra are typically obtained by aver-
aging over a certain time window, determined by the time-
evolution characteristics of the signal.

2.3. Pulse EPR with laser excitation

In any pulse EPR experiment involving laser excitation, the laser
or an external delay generator is used to trigger the spectrometer’s
pulse generator (PatternJet). The delay between the laser pulse,
generating the photoexcited state, and the microwave pulse
sequence is generally referred to as the delay after flash (DAF). This
time interval is typically adjusted so as to maximise the EPR signal
(depending on the evolution of the spin polarisation of the spec-
trum, the optimal value might differ for different field positions).
The shot repetition time of pulse EPR experiments with laser exci-
tation is typically determined by the shot-to-shot repetition rate of
the laser.

Fig. 2 (right) shows three representative pulse EPR sequences
for the study of triplet states. The laser excitation event and the
DAF time delay are indicated in the figure. The two-pulse (Hahn
echo) sequence can be used for the measurement of echo-
detected field-swept EPR spectra. In the presence of significant
nuclear modulation, undistorted EPR spectra can be obtained using
FID-detection. Typically, triplet state EPR spectra recorded using
pulse EPR show increased intensities at the canonical field posi-
tions and reduced signal intensities for non-canonical orientations
compared to the corresponding spectra measured using TR-EPR.
These differences have been attributed to anisotropic spin-spin
relaxation induced by fluctuations of the ZFS tensor axes orienta-
tions [31,51]. Since the angular dependence of the ZFS interaction
is stronger for non-canonical (off-axis) orientations, T2 is shorter
and the echo intensity is reduced compared to canonical orienta-
tions. In hyperfine spectra recorded at the canonical field positions,
this effect also leads to enhanced contributions of the components
of the hyperfine tensor aligned with the corresponding ZFS tensor
axis [31].

Triplet state kinetics can be investigated by measurement of the
two-pulse echo intensity as a function of the delay after the laser
pulse [18,52,53].

The hyperfine interactions with different nuclei can be probed
using ENDOR and/or ESEEM. As usual, the most suitable technique
for a specific system depends on the magnitude of the couplings,
the nuclei to be probed and the available spectrometer frequencies.
For relatively large hyperfine couplings Davies ENDORmay be used
[29,31,32], whereas Mims ENDOR is generally preferred for hyper-
fine couplings smaller than 5 MHz [20,38]. While triplet state
ENDOR has so far mainly been used to probe proton couplings, tri-
plet state ESEEM and HYSCORE [54] have been shown to be conve-
nient methods for the measurement of deuterium and nitrogen
hyperfine couplings [24,38,55,56].

In the presence of both stable and transient paramagnetic spe-
cies, the contribution of the stable species in pulse EPR measure-
ments can be selectively suppressed by preceding the laser pulse
with a p inversion pulse and adjusting the delay between this
pulse and the detection window of the pulse experiment to corre-
spond to the zero-crossing point of the Mz magnetisation of the
stable species [57], analogously to the REFINE (RElaxation FIltered
hyperfiNE spectroscopy) method [58].
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3. Triplet states in EPR

EPR on triplet states differs from EPR of spin S ¼ 1
2 systems in

several important aspects, which will be illustrated in the follow-
ing paragraphs.

3.1. Zero-field splitting interaction

The anisotropic magnetic dipole-dipole interaction between the
two unpaired electrons in a triplet state leads to the removal of the
degeneracy of the three triplet state sublevels even in the absence
of an external magnetic field (see Fig. 3) and is referred to as the
zero-field splitting (ZFS) interaction. The ZFS interaction is
described by the Hamiltonian
Y
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By convention, D and E are defined such that jDj P 3jEj and
jDzj P jDxj P jDyj [59], therefore the Z axis of the ZFS tensor corre-
sponds to the axis of maximum dipolar coupling.

The energies of the triplet state sublevels at zero field, denoted
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The energetic ordering of the zero-field triplet sublevels thus
depends on the sign of D and E as shown in Fig. 3 for
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In most triplet states of organic compounds, the spin-orbit and
crystal-field contributions to the ZFS interaction can be neglected
and only the spin-spin contribution needs to be taken into account.
The Hamiltonian can then be expressed in analogy to the classical
dipole-dipole interaction and the ZFS parameters D and E can be
formulated as � 	
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where r is the distance between the unpaired electron spins, h the
angle between the spin-spin vector and the dipolar Z axis and the
angular brackets indicate the expectation value. All other parame-
ters have their usual meanings. From the above equations it can
be seen that D can be related to the average inter-spin distance,
whereas the parameter E contains information about the rhombic-
ity of the ZFS tensor. For systems with axial symmetry E ¼ 0, while
E– 0 for systems with lower symmetry. The ratio jE=Dj is often
specified and is a measure of the axiality of the ZFS tensor, where
larger jEj values indicate a strong non-axiality of the electron spin
distribution.

The sign of D depends on the 1� 3 cos2 h
� �

term of Eq. (4) and
indicates whether the spin distribution is oblate (D > 0) or prolate
(D < 0). Two extreme cases can be distinguished: For an oblate
(‘disk-like’) spin distribution, h can be considered equal to p

2 ;D is
positive and the Z axis of maximum dipolar coupling is perpendic-
ular to the plane of the spin distribution (molecular plane). For a
prolate (‘rod-like’) spin distribution, h can be considered equal to
zero, giving a negative D and an axis of maximum dipolar coupling
Z parallel to the long axis of the spin distribution (molecular axis)
(cf. Fig. 3) [60].

Typically, the signs of the ZFS parameters D and E are not appar-
ent from the triplet state EPR spectrum. The sign of D can be deter-
mined experimentally from the polarisation of triplet state EPR
spectra measured at very low temperatures [61], by optically
detected magnetic resonance (ODMR) [62] or by performing mag-
netophotoselection experiments [22,63,64]. Alternatively, the sign
of D with respect to the sign of hyperfine couplings can be deter-
mined by hyperfine spectroscopy (see Section 3.3 for details) or
predicted based on the molecular structure, for instance using
DFT or other quantum chemical approaches. The sign of E, on the
other hand, depends on the assignment of X and Y to the molecular
axes and, following the convention for the definition of ZFS param-
eters mentioned above (�1 6 3E=D 6 0 [59]) is chosen to be oppo-
site to the sign of D.

3.2. The triplet state EPR spectrum

Triplet state EPR spectra are typically governed by the elec-
tronic Zeeman and zero-field splitting (ZFS) interactions. Since tri-
plet state spectra are normally several hundred MHz wide,
hyperfine coupling constants are only rarely resolved. In the pres-
ence of an external magnetic field, the energies of the triplet state
sublevels are determined by both the zero-field splitting (ZFS) and
the electronic Zeeman interactions. In the high-field approxima-
tion, the triplet spin states are typically denoted jTþi; jT0i and
jT�i, according to their energetic ordering in the high-field limit.
These high-field spin states can be related to the zero-field spin
states by mixing coefficients determined by the relative strengths
of the Zeeman and ZFS interactions and the direction of the mag-
netic field [65]. If the external field B0 is aligned with one of the
principal axes of the ZFS tensor (canonical orientation), the energy
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of the corresponding state is independent of B0 and is equal to the
energy at zero field, while the energies of the remaining two states
increase and decrease, respectively, as a function of B0 as shown in
Fig. 4 (top). For example, for B0 aligned with the Z axis, the energies
of the triplet state sublevels are given byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffir
Fig. 4. Energies of t
X;Y , and Z, respect
powder spectrum,
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According to the selection rules in EPR, DmS ¼ �1, only transi-
tions between the jT0i level and the jT�i or jTþi levels are allowed.
Depending on whether it corresponds to a jT0i $ jTþi or
jT0i $ jT�i transition, the EPR transition will be denoted, for
instance, Zþ or Z� in the case of B0 kZ. Based on the transition ener-
gies derived from Eq. (6), the distance between the magnetic fields
corresponding to the low and high-field transitions for B0 kZ; BhZ

and BlZ , can be related to the magnitude of the ZFS parameter D
[65]:

� � � �

j2Dj ¼ glB

h

2 1
2m

B2
hZ � B2

lZ � glB

h
BhZ � BlZð Þ ð7Þ
Similarly, the distances between the two canonical transitions
for B0 kX and B0 kY can be related to Dj j þ 3 Ej j and Dj j � 3 Ej j,
respectively. The canonical field positions are characterised by
turning points in the powder or frozen solution EPR spectra of tri-
plet states and can therefore be easily used to estimate jDj and jEj
as shown in Fig. 4 (bottom). More precise values are obtained by
numerical simulation of the spectrum.

In addition to the allowed DmS ¼ �1 transitions, the formally
forbidden double-quantum (DmS ¼ �2) transitions at g � 4 can in
some cases be observed for organic triplet states. Compared to
the allowed transitions at g � 2, these transitions occur at half
the field value and are therefore referred to as half-field transitions.
Half-field transitions are generally narrower and weaker in inten-
sity compared to the corresponding DmS ¼ �1 transitions and con-
stitute a proof for the presence of a spin system with S > 1

2 [66].
Photoexcited triplet states are typically generated with non-

Boltzmann populations of the triplet sublevels due to selective
he triplet sublevels of a triplet state with D > 0 and E < 0 as a function
ively. Whenever the energy of the microwave radiation matches the
the transitions corresponding to the canonical field orientations are
r triplet state (Z zero-field sublevel primarily populated). The transitio
blevels involved, indicated by the thickness of the level bars.
population by ISC from the excited singlet state. Instead of an
absorptive EPR spectrum, both absorptive and emissive transitions
are therefore observed and the spectrum is referred to as being
spin-polarised. The selective (over-)population of certain zero-
field sublevels (i.e. spin polarisation) generally yields larger popu-
lation differences between the states than would be observed in
the case of Boltzmann populations, leading to enhanced signal
intensities.

If the triplet is generated by ISC from the singlet state, the spin
polarisation of the spectrum reflects selective population of the
zero-field spin states. The populations of the high-field triplet state
sublevels, T�1j i; T0j i, and Tþ1j i, which determine whether a partic-
ular transition is emissive or absorptive can then be calculated
from the initial populations of the zero-field levels, Xj i; Yj i, and
jZi. In the high-field approximation the sublevel populations for
B0 kZ are for example given by
of an external mag
energy gap betwee
characterised by t

ns can be either em
P0 ¼ PZ P�1 ¼ 1
2

PX þ PYð Þ ð8Þ
and the intensity of the two transitions is then proportional to the
population difference, P0 � P�1. Analogous relationships hold for
the remaining two canonical orientations. For each orientation of
B0, the low- and high-field lines therefore exhibit equal and oppo-
site polarisations, i.e. one is absorptive and one is emissive. In many
cases it can be instructive to analyse the particular electronic spin
polarisation pattern observed for a certain species, since the
sequence of absorptive (a) and emissive (e) transitions (for example
aaaeee for the triplet state of a zinc porphyrin, P1) can in principle
be related to the mechanism of triplet formation (see Section 4). The
spin polarisation of the triplet spectrum is very sensitive even to
small changes in the relative triplet state sublevel populations
[67], which can therefore easily be extracted by simulation. Exam-
ples of spin-polarised spectra for different relative zero-field sub-
level populations are shown in Fig. 5.

Triplet state formation by radical pair recombination leads to
selective population of the high-field spin states and can yield
the polarisation patterns aeeaae and eaaeea that cannot be
obtained by ISC [26,67]. The aeeaae spin polarisation arises from
selective population of the jT0i state for each canonical orientation,
while the eaaeea spin polarisation arises from overpopulation of
the jT�1i states. An additional mechanism for triplet state forma-
netic field with the field vector, B0, aligned with the dipolar axes
n jT0i and either jT�i or jTþi, a transition can be observed. In a
urning points as illustrated by the spectrum shown for a zinc
issive (e) or absorptive (a) depending on the relative populations



Fig. 5. Simulation of the triplet state EPR spectra (D > 0 and E < 0) for different
relative populations of the triplet sublevels arising from selective population of the
zero-field states via intersystem crossing.
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tion is triplet-triplet energy transfer, where, due to conservation of
the spin angular momentum, the spin polarisation of the acceptor
triplet spectrum is determined by the spin polarisation of the
donor triplet and the relative orientation of donor and acceptor
[68–72].

3.3. Hyperfine spectroscopy for triplet states

Pulse EPR of triplet state systems is usually strongly
orientation-selective, as typical microwave pulses of a couple of
nanoseconds only excite a small fraction of the broad EPR spec-
trum (cf. Fig. 6). This leads to the contribution of only a limited
number of orientations to the ENDOR or ESEEM spectra. In the
most general case, 0 < jEj < jDj=3, single-crystal-like spectra can
be obtained for the Z field positions, while more orientations con-
tribute at the X and Y field positions. If jEj ¼ jDj=3, the X and Z tran-
sitions coincide and molecules with either of the corresponding
ZFS tensor axes aligned with the magnetic field are excited, while
orientation selection at Y is similar to the general case. For an axial
ZFS tensor (E ¼ 0), pure orientation selection is again obtained for
the Z canonical transition, while orientations on the whole plane
perpendicular to Z are excited for the remaining canonical
transitions.

The ENDOR or ESEEM spectra recorded at different field posi-
tions therefore reflect the hyperfine couplings along the ZFS tensor
orientations selected by the pulses [27,73]. If the hyperfine and ZFS
tensors are collinear, measurements at the canonical field positions
would yield the principal values of the hyperfine tensor directly. In
a more general case, measurements performed at different field
positions can allow determination of the relative orientation of
Fig. 6. Experimental zinc porphyrin triplet spectrum with unit spheres reflecting the
positions (left). Schematic representation of the energy splittings for a triplet state coup
ENDOR spectra corresponding to the two EPR transitions (right). Allowed EPR transition
position of the observed ENDOR peak with respect to the Larmor peak is graphically illus
the probed spin manifold. (For interpretation of the references to colour in this figure le
the ZFS and hyperfine or quadrupole tensors. In practice, such an
analysis can often be complicated by overlap of different canonical
transitions or the presence of several coupled nuclei. Additional
information, for example from quantum chemical modelling, can
simplify the interpretation of the experimental data.

The additional transition selection present in pulse experiments
on triplet states, i.e. selection of either the mS ¼ 0 $ mS ¼ þ1
(0 $ þ1) or the mS ¼ �1 $ mS ¼ 0 (�1 $ 0) transition, yields
information on the relative sign of the hyperfine coupling with
respect to the sign of the D value [27,73]. This is illustrated for
1H ENDOR in Fig. 6. The energetic splittings and possible transi-
tions for a triplet state coupled to a single I ¼ 1

2 nucleus in an exter-
nal magnetic field, B0, oriented along the ZFS Z axis are shown. The
triplet state is assumed to be characterised by a positive D value
(D > 0) and the hyperfine coupling along the Z axis of the ZFS ten-
sor, AZ , is also assumed to be positive and within the weak coupling
regime (0 < AZ < mI). For each of the two triplet transitions, Zþ and
Z�, the ENDOR spectra exhibit a peak at the nuclear Larmor fre-
quency, arising from the nuclear transition frequency of the
mS ¼ 0 manifold, and a peak arising from the other triplet manifold
(mS ¼ �1). As shown in Fig. 6, for the Zþ transition, this peak is
shifted by �AZ with respect to the Larmor frequency, while it is
shifted by þAZ for the Z� transition. For representation of the
ENDOR spectra of weakly coupled nuclei such as 1H, the Larmor
frequency peak is generally set to zero, so that the x-axis directly
reflects the magnitude of the hyperfine coupling constant in
MHz. Since in most cases a series of orientations is selected and
the hyperfine coupling is anisotropic, the ENDOR peaks corre-
sponding to the mS ¼ �1 manifolds are broadened by the distribu-
tion of hyperfine couplings, while the mS ¼ 0 peak, determined
only by the nuclear Zeeman interaction [74,75], is typically much
narrower.

The sign of the hyperfine coupling can be determined from the
position of the ENDOR peak with respect to the Larmor frequency if
the sign of the D value, and therefore the assignment of the low
and high-field transitions to the þ and � triplet transitions, is
known. For 0 $ þ1 transitions, the hyperfine coupling constants
associated with peaks located at frequencies lower than the Larmor
peak are positive in sign, whereas those corresponding to peaks
appearing at the higher frequency side of the Larmor peak are neg-
ative [73]. The opposite is true for �1 $ 0 transitions. A graphic
summary of this is provided on the right in Fig. 6.

Similar considerations apply to ESEEM and HYSCORE experi-
ments and for triplet states coupled to nuclei with I > 1

2, where
the presence of nuclear quadrupole interactions can cause a further
orientation selection with a 16 ns microwave pulse applied at the canonical field
led to an I ¼ 1

2 nucleus with 0 < AZ < mI ; D > 0; E < 0; and B0kZ (centre) and of the
s are shown in blue whereas nuclear transitions are indicated in red. The relative
trated. The position depends on the sign of the hyperfine coupling constant, AZ , and
gend, the reader is referred to the web version of this article.)
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splitting of the energy levels in all three manifolds. A particular
feature of triplet state HYSCORE is the appearance of ridges parallel
to the frequency axes if more than a single orientation is selected.
This is due to the fact that the distribution of nuclear frequencies in
the mS ¼ �1 manifolds is larger than in the mS ¼ 0 manifold, as
orientation-dependent changes in hyperfine couplings are usually
more significant than changes in the nuclear Zeeman and nuclear
quadrupole interactions [54].

One particular case that deserves attention is the cancellation
regime (Ai ¼ mI) for a I ¼ 1 nucleus such as 14N. In this regime,
not only the nuclear frequencies of the mS ¼ 0 manifold, but also
the nuclear frequencies of one of the other manifolds do not
depend on the hyperfine coupling and reduce to the pure nuclear
quadrupole frequencies (mS ¼ �1 for Ai < 0 and mS ¼ þ1 for
Ai > 0). This implies that for one of the two triplet transitions no
information on the hyperfine interaction is contained in the corre-
sponding ESEEM or HYSCORE spectrum. The information on the
hyperfine coupling is mainly contained in the double quantum
peak of the spectrum corresponding to the other triplet transition.
The sign of the hyperfine coupling can be determined from the rel-
ative positions of the double-quantum cross-peaks in the two tri-
plet state transitions corresponding to each orientation. If the
hyperfine coupling is positive, the larger nuclear frequencies are
observed for the �1 $ 0 transition. If it is negative, the larger
nuclear frequencies are observed for the 0 $ þ1 transition.
3.4. Triplet state delocalisation probed by EPR

Information on the extent of the triplet state wavefunction is
contained in the ZFS and the hyperfine interactions. Triplet state
delocalisation in oligomers and polymers can therefore be investi-
gated by studying changes in the ZFS D parameter and the hyper-
fine couplings of different nuclei with respect to the monomeric
unit. Triplet state delocalisation is in both cases probed on the
timescale of the measured interaction; a static delocalisation can-
not easily be distinguished from exciton hopping on a timescale
faster than that characteristic of the probed interaction.

In the framework of the point-dipole approximation, the pro-
portionality of the D value to hr�3i, where hri is the average dis-
tance between the two unpaired electrons, can be exploited to
determine the delocalisation length. It has, however, been shown
that the use of the point-dipole approximation can lead to an
underestimation of the inter-electron distance in the presence of
significant delocalisation, as is the case for p-conjugated materials
[76]. A further complication in the use of this approximation is the
ambiguity in the definition of the principal ZFS axes; if the orienta-
tion of the ZFS tensor within the molecular framework and there-
fore the 1� 3 cos2 h

� �
term in Eq. (4) changes with increasing

oligomer length this needs to be taken into account for the correct
interpretation of trends [38]. As an example, a change in spin dis-
tribution from an oblate (h ¼ 90�) to an entirely prolate (h ¼ 0�)
system at a fixed average delocalisation length, hri, would result
in an increase in the absolute value of D by a factor of two as seen
from Eq. (4). In addition to excitation delocalisation (e.g. 3P2 for a
dimer), a charge-transfer contribution to the ZFS (e.g. of the type
3ðPþP�Þ) has also been identified in some porphyrin dimers and
molecular complexes and has been shown to lead to a reduction
in D compared to the single constituents [29,67,77,78]. Reliable
quantification of the charge-transfer character in triplet states by
EPR requires characterisation of the spin density distribution using
hyperfine techniques [29].

An accurate interpretation of the ZFS interaction in terms of tri-
plet state delocalisation requires some level of theoretical mod-
elling. Early methods for the calculation of ZFS parameters of
aromatic molecules were based on modelling of the p-electron dis-
tributions as a linear combination of atomic p-orbitals and calcu-
lating D as a sum of two-centre terms with weights given by the
coefficients of the molecular orbitals occupied by the two unpaired
electron spins [79]. These methods have since been further refined
[35,80] and modified to include spin polarisation effects [81,82].

Density functional theory (DFT) and ab initio methods can also
be used to predict the zero-field splitting and the calculation of
the ZFS tensor is an option in most quantum chemical calculation
packages. Studies on the spin-spin contribution to zero-field split-
ting in polyacenes revealed that while DFT underestimated the
absolute D values, often by almost a factor of 2, the trend to smaller
D with increased p-conjugation length was correctly reproduced
[83,84]. A comparison of experimental D values with theoretical
predictions using different levels of theory in ORCA [85] showed
that the experimental results could best be reproduced by
restricted open-shell calculations with the BP or B3LYP hybrid
functionals and the EPRII [86] basis set [84]. The main reason for
the relatively poor performance in the calculation of absolute D
values by DFT is that the electron-correlation effects are not accu-
rately described. Improved agreement between calculated and the-
oretical values for aromatic molecules can be obtained using multi-
configurational approaches that include the static p-electron cor-
relation, but at a currently higher computational cost [83,84].
The comparison of experimental and calculated trends in ZFS is,
however, often sufficient to estimate the extent of triplet state
delocalisation.

More accurate determination of the extent of the triplet state
wavefunction requires the measurement of the hyperfine cou-
plings. The hyperfine coupling constants are determined by the
spin density distribution of the system. Therefore, if complete delo-
calisation occurs over more than one unit in an oligomeric system,
and the spin density distributions on each of the units can be con-
sidered identical, the hyperfine coupling constants of the oligomer,
AN;i, will be reduced compared to the monomeric unit, A1;i, by a fac-
tor of one over the number of units N over which delocalisation
occurs [87]:
AN;i ¼ 1
N

A1;i ð9Þ
If the spin density is evenly distributed over all units and these
units are all identical, this formula enables the quantification of
delocalisation in a straightforward way. Even for uneven or asym-
metrical spin density distributions, comparison of the hyperfine
couplings with those of the monomeric unit can provide informa-
tion on the characteristics of the distributions. For example, in the
case of the special pair of Rh. sphaeroides the observation of two
sets of reduced hyperfine couplings were interpreted in terms of
a distribution with 60% of the spin density on one bacteriochloro-
phyll a and 40% on the other one [29].

The spin density distributions on individual units in oligomeric
p-conjugated chains can differ from the spin density distribution of
the isolated monomer due to the influence of the linkers or adja-
cent units. This leads to a partial breakdown of the main assump-
tion behind the derivation of Eq. (9) and deviations from this
predicted relationship may be observed. In that case, the interpre-
tation of the experimental hyperfine couplings in terms of an over-
all triplet state spin density distribution can be aided by quantum
chemical modelling [20,32,38]. The performance of DFT and ab ini-
tiomethods in the prediction of hyperfine interactions is much bet-
ter compared to the prediction of the zero-field splitting
parameters and relatively accurate hyperfine coupling tensors
can typically be obtained [38,88,89].

Information on delocalisation/exciton hopping can also be
obtained from triplet kinetics, as demonstrated for example for
porphyrin dimers in Ref. [17]. Modulation of either zero-field split-
ting parameters or ZFS tensor axes induced by exciton hopping
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constitutes an effective spin-lattice relaxation mechanism. There-
fore comparison of the relaxation properties of the monomeric unit
and oligomers can indicate the presence of triplet-triplet energy
transfer [17]. This mechanism does, however, not lead to changes
in the spin-lattice relaxation time if hopping occurs between iden-
tical units with collinear ZFS tensors, such as in a linear oligomer or
stacked coplanar supramolecular arrays.

4. Case study: triplet state delocalisation in linear porphyrin
oligomers

Application of the methodologies described in the previous sec-
tions for the characterisation of triplet state delocalisation will be
illustrated on the example of linear porphyrin chains designed to
act as molecular wires [20,38]. The structures of the investigated
butadiyne-linked aryl-substituted Zn porphyrin oligomers are
shown in Fig. 1e. The EPR measurements were performed at 20 K
in frozen MeTHF:pyridine solutions (0.1–0.2 mM) and the pho-
toexcited triplet states were generated by excitation with a Nd:
YAG laser (10 Hz, 5 ns pulses) at 532 nm.

4.1. TR-EPR: ZFS interaction and spin polarisation

The transient EPR spectra recorded for the linear porphyrin oli-
gomers Pn with n ¼ 1–6 are shown in Fig. 7. The different widths
of the triplet state EPR spectra, corresponding to 2jDj, indicate
changes in the zero-field splitting interaction as a function of the
oligomer length. The significantly different spin polarisations sug-
gest changes in the selectivity of the population of different triplet
state sublevels by ISC. The absolute values of the zero-field split-
ting D and E parameters as well as the relative sublevel populations
were extracted by simulation of the EPR spectra using EasySpin
[90] (see Fig. 7).

The D value increases significantly from P1 to P2, followed by
only slight further changes for the longer oligomers. The increase
in D for P2, despite the increased p conjugation length, can be
Fig. 7. Left: Experimental (black) and simulated (red) X-band transient EPR spectra of lin
the ZFS tensor in the molecular frame for P1 and P2 as well as definition of the molecul
molecular axes (middle) and relative sublevel populations (bottom) as a function of the
jZj > jXj > jY j, and the six canonical positions are indicated for P1 and P2. For P3–P6,
excitation with unpolarised light at 532 nm were averaged up to 2 ls after the laser puls
is referred to the web version of this article.)
explained by a change in the sign of D from positive in the mono-
mer to negative in the dimer, corresponding to a change from an
oblate to a prolate spin density distribution (see Section 3.1). The
change in the sign of D is associated with a shift of the axis of max-
imum dipolar coupling, assigned to Z by convention, from the out-
of-plane axis in the monomer to the long-axis in the dimer. This
was confirmed by magnetophotoselection experiments and is an
indication for increased delocalisation in the porphyrin dimer [38].

Comparison of the principal values of the D tensor along the
molecular axes shows that the zero-field splitting in the molecular
plane (Daryl;Dtriple) is affected by the presence of a second porphyrin
unit, while the out-of-plane contribution (Doop) remains approxi-
mately constant. The fact that addition of further porphyrin units
does hardly affect the zero-field splitting suggests a similar extent
of triplet delocalisation from P2 onwards.

Interpretation of the D values in terms of the point-dipole
approximation, considering the change in the angular term of Eq.
(4) due to the transition from an oblate to a prolate system, would
yield average inter-electron distances of about 3.5 Å and 4.1 Å, for
P1 and the longer oligomers, respectively. Compared to the
6.9 Å meso-to-meso distance in a porphyrin, this could lead to the
conclusion of localisation of the triplet state on a single porphyrin
unit in all oligomers. However, calculation of the ZFS parameters
by DFT (at the B3LYP/EPRII level) predicts similar relative changes
in D and E as observed experimentally for triplet states delocalised
over both porphyrin units in P2 and delocalised mainly over the
central porphyrin units in the longer oligomers [38].

The spin polarisation of the P1 triplet state spectrum is in agree-
ment with results on other zinc porphyrin systems. The preferen-
tial population of the out-of-plane (Z) sublevel has been
attributed to a contribution of the zinc spin-orbit coupling to ISC
[91,92]. The spin polarisation of the P2 spectrum, on the other
hand, indicates population of mainly the X sublevel. This can be
explained by the same ISC mechanism, considering the shift of
the ZFS Z axis from the out-of-plane axis in P1 to the long axis of
the molecule in P2, leading to the X axis being the new
ear porphyrin chains (P1–P6) in MeTHF:pyridine 10:1 at 20 K; Centre: orientation of
ar axes Right: ZFS D and E parameters (top), eigenvalues of the ZFS tensor along the
number (n) of porphyrin units. The ordering of the triplet sublevels was chosen as
the same assignments as shown for P2 are valid. The spectra recorded after laser
e [20]. (For interpretation of the references to colour in this figure legend, the reader
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out-of-plane axis. The assignment could also be confirmed by mag-
netophotoselection and orientation-selective ENDOR (see below).
The spin polarisation of the P2 spectrum thus provides further con-
firmation of the sign change of D.

In the longer oligomers, the spin polarisation of the spectra
indicates a progressive increase in the Z (long-axis) sublevel popu-
lation. A comparison with the trends in spin polarisations observed
for the corresponding free-base porphyrins has led to the proposal
of an increased contribution of Herzberg-Teller vibronic coupling
to ISC with increasing chain lengths and therefore increased vibra-
tional freedom of the porphyrin oligomers [20].

4.2. Hyperfine spectroscopy: 1H and 14N hyperfine interactions

As discussed in Section 3.4, the measurement of the hyperfine
couplings typically provides a more precise quantitative measure
of the extent of triplet state delocalisation than the ZFS. The 1H
and 14N hyperfine couplings in the porphyrin oligomers were
therefore characterised by ENDOR and ESEEM/HYSCORE.

The 1H Mims ENDOR spectra recorded for P1 and P2 at the six
canonical field positions are shown in Fig. 8. Since the sign of the D
value is known frommagnetophotoselection experiments and DFT,
the sign of the hyperfine couplings can be determined as explained
in Section 3.3 based on the position of the ENDOR peaks with
respect to the Larmor frequency in each transition-selective
ENDOR spectrum. The distance between each ENDOR peak and
the Larmor frequency corresponds to the hyperfine coupling along
the selected ZFS axis. For P1, the largest hyperfine coupling is
observed in the ENDOR spectra corresponding to the Z and Y orien-
tations of the ZFS tensor and amounts to about �3 MHz. Compar-
ison with the hyperfine tensors calculated by DFT allows
assignment of this coupling to the b-proton adjacent to the triple
bonds, H1 (see Fig. 8), characterised by large couplings along the
out-of-plane (Z) and aryl (Y) axes and a smaller coupling along
the triple bond (X) axis. The smaller positive hyperfine couplings
observed in the experimental ENDOR spectra could be assigned
to the second type of b-protons, H2, while the couplings of the pro-
tons on the aryl substituents are not sufficiently resolved to allow a
clear assignment.
Fig. 8. Experimental 1H Mims ENDOR spectra of P1 (left) and P2 (right) recorded at the ca
the mS ¼ 0 $ mS ¼ þ1 (green) and the mS ¼ �1 $ mS ¼ 0 (blue) transitions are shown a
residual contributions of other orientations (e.g. Z� contribution to Xþ). The triplet s
mS ¼ 0 $ mS ¼ þ1 and mS ¼ �1 $ mS ¼ 0 subspectra are shown in the centre. The pr
illustrated. (For interpretation of the references to colour in this figure legend, the read
Inspection of the corresponding ENDOR spectra of P2 reveals
significant differences between the monomer and the dimer. All
hyperfine interactions in P2 are smaller compared to the respective
couplings in P1: the largest couplings now amount to �1.5 MHz
and are observed along the X and Y axes of the ZFS tensor. The
reduction of the hyperfine couplings by a factor of two indicates
delocalisation of the triplet state over both porphyrin units in the
dimer. Additionally, for analogous field positions, e.g. the high-
field Y position, the ENDOR peaks have shifted from one side of
the Larmor frequency to the other. This is caused by the sign
change of D that leads to a change in the assignment of the field
positions to the �1 $ 0 or 0 $ þ1 triplet transitions, respectively.
Finally, the observation of large hyperfine couplings along the Z
and Y axes in P1 and the X and Y axes in P2 is explained by the
reorientation of the ZFS tensor axes due to the sign change of D:
in both cases they correspond to the out-of-plane and aryl sub-
stituent axes of the molecular frame. Again, a good agreement with
the hyperfine couplings predicted by DFT was obtained [38]. In
addition to quantifying triplet state delocalisation, the
orientation-selective ENDOR measurements in conjunction with
the DFT calculations have thus allowed determination of the orien-
tation of the ZFS tensor with respect to the molecular frame for P1
and P2, confirming the conclusions drawn based on the TR-EPR and
magnetophotoselection data.

The extent of triplet state delocalisation in the longer oligomers
was determined by comparison of the hyperfine coupling of H1

along the axis of the aryl substituents, corresponding to the ZFS
Y axis for both P1 and the longer oligomers. The corresponding
ENDOR spectra are compared in Fig. 9 (left) and show that the
decrease of the hyperfine coupling by a factor of two from P1 to
P2 is followed first by a small increase for P3 and then by a pro-
gressive decrease for the longer oligomers. The experimental
hyperfine couplings are compared to the couplings expected in
case of complete delocalisation of the triplet state (grey line in
Fig. 9, right). Assuming identical porphyrin units, a comparison of
the measured hyperfine couplings of the oligomers with that of
the monomer allows determination of the largest spin density con-
tribution on a single porphyrin unit. In P2, the triplet state is com-
pletely delocalised, giving 50% of the monomer spin density on
nonical field positions at 20 K [38]. The signs of the hyperfine coupling constants of
bove the respective ENDOR peaks. The asterisks denote ENDOR peaks arising from
tate EPR spectra with labelled canonical orientations and the simulations of the
oton hyperfine tensors calculated at the B3LYP/EPRII level for P1 and P2 are also
er is referred to the web version of this article.)



Fig. 9. Experimental 1H Mims ENDOR spectra of P1–P6 recorded at the Y� field
position at 20 K [20] (left) and hyperfine couplings of the H1 protons along the Y axis
of the ZFS tensor (AY ) as a function of the oligomer size (right). The hyperfine
couplings were determined by Gaussian fitting of the principal hyperfine peak in
the experimental ENDOR spectra; the error bars indicate the full width at half-
maximum (FWHM). The grey line corresponds to the theoretical n�1 relationship
[87] for the hyperfine couplings expected in case of complete delocalisation. The
B3LYP/EPRII spin density distributions for P1–P4 are shown at the bottom.

Fig. 10. X-band HYSCORE (top) and Q-band ENDOR (bottom) spectra recorded at
20 K at field positions corresponding to the out-of-plane orientation for P1 (Z�) and
P2 (X�) [38]. The double-quantum peaks in the HYSCORE spectra are labelled. The
P1 ENDOR spectrum was recorded using the Davies ENDOR sequence and the P2
ENDOR spectrum using Mims ENDOR summed over four different s values (the
presence of remaining blind spots leads to a reduced intensity of the transitions in
the mS ¼ 0 manifold centred at about 4 MHz). A visualisation of the experimentally
determined nitrogen hyperfine coupling tensors is shown for P1 and P2 on the
bottom right.
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each porphyrin unit, while the largest measured hyperfine cou-
plings of P3–P6 correspond to 60%, 45%, 40% and 34% of the mono-
mer spin density, respectively. These results are in good agreement
with DFT calculations predicting spin density distributions with
larger contributions on the central porphyrin units as indicated
for P3 and P4 in Fig. 9 (bottom right).

In addition to the proton hyperfine couplings, the nitrogen
hyperfine couplings can provide the same information on triplet
state delocalisation. The X-band HYSCORE and Q-band ENDOR data
for P1 and P2 in Fig. 10 clearly show a shift of the largest nitrogen
hyperfine coupling, corresponding to the out-of-plane orientation
in porphyrin molecules, from the ZFS Z axis in P1 to the X axis in
P2. Additionally, a reduction of the magnitude of the coupling
and splitting into two contributions is observed, indicating com-
plete delocalisation with different hyperfine couplings for the
external and internal nitrogen nuclei in P2 [38]. HYSCORE and
three-pulse ESEEM data for P3 confirmed the conclusions drawn
based on the 1H ENDOR data. Analysis of the 14N hyperfine interac-
tion in the longer oligomers was prevented by the low triplet yield
and the presence of the nuclear quadrupole interaction with a
magnitude comparable to that of the hyperfine coupling.
4.3. Conclusions

In summary, the combination of TR-EPR and hyperfine tech-
niques with quantum mechanical tools for the prediction of mag-
netic properties has allowed an in-depth characterisation of the
photoexcited triplet states of this series of porphyrin oligomers.
This study has shown that information on triplet state delocalisa-
tion is contained in the ZFS interaction and the spin polarisation
of the EPR spectrum. However, an accurate interpretation of the
experimental data in terms of the distribution of the triplet state
wavefunction, and therefore the extent of delocalisation, required
the measurement of the hyperfine couplings. The ZFS interaction
contains the same information, but could only be interpreted by
comparison of the experimental D and E values with results from
DFT calculations.
5. Perspective/Outlook

Since triplet states are important intermediates in many photo-
chemical reactions of biological and technological relevance,
research involving the characterisation of their properties is
expected to remain topical. In the last decades, the main driving
force to study triplet state delocalisation were applications in solar
energy harvesting, including processes like singlet fission or
triplet-triplet photon up-conversion, and in molecular electronics.
Systematic studies of the electronic structure of oligomeric and
polymeric systems as a function of the molecular structure of the
constituents and supramolecular geometry can provide insight
into the factors governing triplet state delocalisation, leading to
improved efficiencies of molecular electronics components and
solar energy devices.

The understanding of triplet state properties, including their
delocalisation, considerably improved with the development and
the commercial availability of more sensitive (ENDOR) resonators
[93–95] and the affordability of more stable laser systems with
variable repetition rate. In addition, the availability of wavelength
tunable laser excitation sources (OPOs) opens up the possibility to
selectively probe specific molecular conformations [42] as well as
to selectively excite specific chromophores of a molecular assem-
bly or specific (excited state) reaction intermediates [96]. In case
of a reasonable triplet yield, high quality data can nowadays be
acquired in a relatively straightforward manner.

While in earlier days, triplet state EPR studies were mainly
focussed on the characterisation of the triplet states themselves,
instrumental and methodological developments now allow the tri-
plet state to be used as a probe to gain further knowledge about
more complex molecular systems or mechanisms. For example,
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EPR investigations on triplet states in light-harvesting complexes
and photosynthetic reaction centres have provided insight into
energy transfer mechanisms at the basis of light harvesting and
photoprotection [23,24,26,28–30,32,67,97–103]. Recently, pho-
toexcited triplet states have also been proposed as spin labels for
distance measurements in biomacromolecules [104–107]. For such
experiments, an accurate knowledge of the spin density distribu-
tion is necessary to precisely determine the distance distribution
and therefore obtain reliable information on the structure and
dynamics of the investigated systems.

Most of the experimental results on triplet state delocalisation
obtained thus far seem to suggest that triplet states are more spa-
tially confined than the corresponding singlet states [19,108–110].
Although often noted, this phenomenon is still poorly understood.
Given the methodological improvements in the last decades men-
tioned above, which enable a thorough and quantitative character-
isation of triplet state properties by EPR, we may now be in the
position to answer some of the questions regarding the factors
influencing the extent of triplet state delocalisation. Molecules
with different geometries and shapes are currently being investi-
gated in systematic studies with the aim to explore the influence
of different factors such as geometry, conformation and electronic
symmetry on the average delocalisation length of the excited tri-
plet state.

Information on triplet state delocalisation is contained both in
the ZFS and hyperfine interactions and approaches to extract the
extent of delocalisation from either are well established. Yet, the
case study in Section 4 illustrated that it may not be possible in
all cases to directly determine the extent of delocalisation only
based on the magnitude of the ZFS parameter D. The analysis of
the zero-field splitting parameters and results from hyperfine
experiments should in principle yield identical information, how-
ever, for an accurate interpretation of the ZFS parameters, the ori-
entation of the ZFS tensor within the molecular frame needs to be
known. To determine this tensor orientation, additional measure-
ments or calculations are required.

Theoretical input from quantum chemical calculations is not
only useful to determine the tensor orientations, but may also be
required for interpretation of the experimental ZFS splitting
parameters as well as a complete assignment and interpretation
of the electron-nuclear couplings observed in hyperfine experi-
ments. DFT calculations are particularly suited for this purpose
since, owing to recent improvements [111,112], the challenging
computation of EPR parameters has become comparatively cheap
and accurate. While hyperfine couplings can usually be predicted
with fairly good accuracy, the absolute values obtained for ZFS
parameters from DFT can deviate quite significantly from the
experimental ones. However, parameter trends seem to be gener-
ally reliable. Improved agreement between experimental and cal-
culated ZFS values can be obtained using multiconfigurational
methods and current efforts aimed at improving the implementa-
tion and increasing the efficiency of these methods [113–115] will
likely make them more widely applicable in the future.

The main experimental challenge in the study of triplet state
delocalisation is the drastic decrease in triplet yield often observed
with increasing oligomer length [20]. Low triplet yields automati-
cally imply very weak signal intensities and might in some cases
even prevent the feasibility of a particular triplet state experiment.
Unfortunately, the triplet yield cannot easily be influenced without
changing the chemistry or excited state mechanism, as is done, for
instance, by core substitution with heavy atoms or addition of tri-
plet sensitisers. A possibility to influence the triplet yield in com-
pounds such as porphyrins might be to introduce a heavier
central metal in a diamagnetic coordination state, such as Pd(II)
or Pt(II). Intersystem crossing should be favoured in this case,
however, the insertion of heavy metals might complicate the data
analysis since the consideration of spin-orbit coupling and rela-
tivistic effects becomes increasingly relevant. In particular, the
interpretation of the ZFS parameters presented in this article relies
on the negligibility of any additional contributions to the ZFS apart
from the spin-spin interaction.

Considering the triplet yield of the samples as immutable,
future developments might allow a further enhancement of the
measurement sensitivity by either increasing the sensitivity of
the resonator/detection or the efficiency of the microwave excita-
tion of the sample. The introduction of arbitrarily shaped pulses to
EPR, for example, has already been shown to lead to significant
improvements in pulse EPR sensitivity and to provide the opportu-
nity for development of more efficient or more informative exper-
iments [116–118].
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