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ABSTRACT: Coarse-grained simulation models are devel-
oped to study both template-bound and free porphyrin
nanoring systems. Key interactions are modeled with relatively
simple (and physically motivated) energy functions which
allow for relatively facile transfer both between different ring
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c-P8:(T4), c-P8:(T6), c-P10-(T5), ¢-P10-(T6),

sizes and between the template-bound and free nanoring systems. The effects of varying the model parameters on the respective
radii of gyration are determined. The effects of including different templates on the ring structure are investigated both in terms
of the detailed geometry of the template and the interaction strength between the template and the metal centers in the
nanorings. The role of the template-nanoring interaction strength in controlling potential “caterpillar track” rotational motion is
discussed. The relationship of the model to experimental small-angle X-ray, exchange spectroscopy, and electron spin resonance

results is discussed.

I. INTRODUCTION

The study of the chemistry of porphyrin systems has been an
area of intense investigation and rapid progress over the past
century. The initial interest in these systems arose as the role of
porphyrin rings as building blocks in biological macromolecules
(e.g, hemoglobin and chlorophyll) was identified. The basic
structure of the porphyrin ring as a framework of four pyrroles
connected by methene linkages was proposed by Kiister” in
1912 and not long after when the first Nobel Prize in the field
was awarded to Fischer in 1930 for the synthesis of hemein, an
iron-containing porphyrin. The focus of this study originates
from the resolution of the crystal structure of LH2, a light
harvesting complex in photosynthetic bacteria, which was
shown to contain ring-like arrays of porphyrin units.””
Synthetic pathways to these cyclic materials utilize a
template-directed approach used initially to form a ring
containing eight butadiyne linked porphyrin units (termed c-
P8).5,6 Following this success, systematic modifications to the
templates has led to the synthesis of a wide range of nanorings,
with rings in the range ¢-P$ to ¢-P50 becoming available.” "'

The porphyrin systems have been investigated by a number
of experimental methods with photoluminescence (PL)
spectroscopy confirming their ultrafast energy transfer and
light harvesting capabilities,””~'* and making them excellent
prototype materials for use in next generation solar cells.'”'®
Scanning tunnelling microscopy (STM) has shown that
nanorings exhibit stacking behavior when deposited on an
Au(111) surface using electrospray techniques, with the formed
nanopore arrays able to trap and organize adsorbed molecules
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such as Cg.'”'® In addition small-angle X-ray scattering
(SAXS) has been used to explore the structure and flexibility
of the nanorings in solution.'”*° The structural characterization
of porphyrin nanorings has been achieved primarily through a
combination of '"H NMR, X-ray crystallography, and SAXS. Of
these techniques, SAXS can most readily provide information
regarding the conformations adopted in solution. SAXS data
have been published for the free rings ¢-P6 and ¢-P12*'**° and
template-bound ¢-P8-(T4), and c-P10-(T5),”" although data
have been collected for a number of additional ring sizes."’
Recently, attention has turned to the study of the template-
bound nanorings. These may be generated either as a direct
product of synthesis, where the template acts as a scaffold for
the coupling of porphyrin subunits,””'”*" or via the addition of
an excess of template molecules to a solution of the free
nanoring.”> Although the templates were intended as
scaffolding for use in the synthesis process, their complexes
with nanorings have been found to have noteworthy structural
and dynamical properties in their own right, in particular in
promoting the stabilization of novel ring conformations. The
considerable interest in these structures arises from the fact that
the templates introduce rigidity into the otherwise flexible
nanorings, leading to fully conjugated cyclic porphyrin
frameworks which may be shape-persistent in solution. These
molecules possess potentially unique electronic and dynamical
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properties, which have been probed by PL,"*'* EPR,** and
exchange spectroscopy, EXSY.”!

In recent years there have been huge advances in
investigating synthetic systems which display controlled motion
on the molecular level, including motors, rotors, gears, ratchets,
ball-bearings, and switches; with the overall aim of developing
molecular machines.”” Some template-bound porphyrin nanor-
ings have been shown to exhibit correlated molecular motion.”!
For example, the template-bound porphyrin systems c-P8-
(T4),, ¢-P8:(T6),, c-P10:(T5),, and ¢-P10-(T6), have been
investigated by EXSY. These 1:2 nanoring-to-template
ensembles are known as “caterpillar track” (CT) complexes.
On proton irradiation ¢-P8-(T6), showed exchange signals only
between environments related by 60° conrotatory motion of
the template molecules. A similar result was found for ¢-P10-
(T6), but, over time, signals corresponding to first 120° then
180° rotations build up—a characteristic sign for a stepwise
rotation mechanism. However, analogous experiments on
complexes without free binding sites on the template molecules
(c-P8-(T4),, ¢-P10-(TS),) showed no exchange signals. It
appears, therefore, that CT complexes which have free template
binding sites undergo correlated motion with both templates
rotating coherently.

Alternatively, the conformation may be controlled through
variation of the metal occupying the porphyrin subunits, as a
result of the different binding affinities to the template
molecules. Including paramagnetic species such as Cu allows
these systems to be examined by electron paramagnetic
resonance (EPR).”” Dimetallic porphyrin nanorings were
originally synthesized with the aim of developing another
method of probing the solution-phase structure. By replacing a
number of zinc centers with copper, it is possible to measure
distances within the oligomers by EPR. The different binding
affinities of the metals to the template allow the nanoring
conformation to be altered by appropriate selection of the
template geometry.”” In addition, the self-assembly of nested
structures (such as the so-called “Russian Doll” complexes in
which a small ring sits inside a larger conformation) have been
reported using a mixture of separate aluminum and zinc
species.

The motivation for studying complex porphyrin frameworks
is clear, with the prospect of developing self-assembling
conformationally controllable supramolecular structures which
may display ultrafast exciton dynamics. However, developing
reliable synthetic pathways is complex and time-consuming. As
a result, computational studies are essential to complement
ongoing experimental investigations. Electronic structure
calculations offer potentially the greatest detail of information
including, crucially, that required to consider directly the
electron dynamics. However, the computational expense for
studying systems of the size required is high. The development
of simpler, potential model-based, methods will allow for a
systematic study of the factors controlling the ring structure
(including the role of the templates) while retaining the
possibility of feeding into higher level electronic structure
calculations. Our aim is to develop a “bottom-up” computa-
tional model based on relatively simple potentials which allow
the capacity to explore both the structure and dynamics of a
wide range of porphyrin systems. A previous attempt to model
porphyrin rings using a Monte Carlo method'” employed a
bond angle constraint by limiting the bending angle between
metal atoms using hard discs.
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Our approach is to construct a coarse-grained model in
which relatively complex molecular subunits are replaced with
single interaction sites. The aims are to aid the understanding
of key experimental observations, as well as developing models
which transfer both between different ring sizes and between
template-bound and free nanoring systems via a physically
motivated systematic variation in the model parameters.

We will first explore the structure of free porphyrin
nanorings (without templates). This is of interest because
while the crystalline structure has been well characterized
through X-ray crystallography (see, for example, ref 25), the
solution phase has proven much more difficult to probe.
Despite SAXS techniques continually improving, it is still
notoriously difficult to gather good quality scattering data on
the smaller length scales found in these nanorings.*® Simulation
models allow the scattering functions and distance distribution
functions to be calculated directly from the atom coordinates
and compared to experimental results. To highlight the
potential flexibility of the proposed approach, template
molecules will be introduced into the nanoring structures,
and the effects on the flexibility and geometry of the nanorings
will be investigated. In addition we will study the dynamics of c-
P10-(T6), directly observing a mechanism for the rotational
molecular motion. Finally, the model will be extended to
include metalloporphyrin units in the template-bound nanoring
frameworks which have different metal-template binding
affinities.

Il. EXPERIMENTAL SETUP

Synchrotron radiation SAXS data were collected using standard
procedures on the 122 beamline equipped with a photon
counting detector. The beam was focused onto the detector
placed at a distance of 125 m from the sample cell. The
covered range of momentum transfer was 0.03 < g < 1.0 A™' (q
= 47 sin(0) /A where 20 is the scattering angle and A = 1.00 A is
the X-ray wavelength). SAXS measurements were performed in
toluene/1% pyridine at known concentrations (~10~* M) in a
cell with mica windows (1 mm path length).

lll. MODELING THE PORPHYRIN SYSTEMS

lll.A. Overview. The basic porphyrin building blocks consist
of metalloporphyrin rings joined via butadiyne linkages, as
shown in Figure la. The porphyrin ring consists of four
pyrroles connected together to form a scaffold in which a metal
atom can sit in square-planar coordination with the pyrrole
nitrogens. Because of the “scaffolding” in the porphyrin unit,
the ring itself is largely inflexible and it is the butadiyne linkages
in which most of the strain is localized."” The challenge when
modeling these porphyrin systems is to accurately replicate the
physics of the system using a coarse-grained model. The choice
of model must reproduce the intermetal distance and angle
distributions by correctly capturing the flexibility of the
oligomer. This is a nontrivial problem as the distortion of the
butadiyne linkages can be quite significant. For example, the
crystal structure of ¢-P6-(T6) shows a metal—metal distance of
~12.2 A compared to the ~13.5 A observed for the linear
dimer (Figure 1a"%). Developing a coarse-grained model can, of
course, be achieved in any number of different ways. Our
primary source of structural information here is SAXS, for
which the signal would be expected to be dominated by
scattering from the metal centers. As a result, the metal centers
are retained and a framework set up around them. The
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Figure 1. (a) The chemical structure of the basic porphyrin subunit
which makes up the nanorings showing the butadiyne-linked
metalloporphyrin rings. (b) Schematic diagram of the coarse-grained
centers used to model the porphyrin subunits in the simulation
models. The large circles indicate the coarse-grained interaction
centers along with their associated masses. The full and dashed lines
indicate the use of rigid and flexible intercenter interactions,
respectively. (c) An example of a typical template molecule, T6. (d)
Schematic of the coarse-grained centers species used to model T6 in
the simulation model. The circles again represent the coarse-grained
centers.

porphyrin units themselves are expected to be relatively rigid
(see, for example, the discussion in ref 19) and so can be
effectively coarse-grained without significant loss of confoma-
tional information. Molecular dynamics is used throughout as a
key target to attempt to rationalize the potentially complex
coherent motion associated with, for example, the so-called
“caterpillar track” motion.”!

lll.B. Free Nanorings (no Templates). Figure 1b shows
the basic coarse-grained model employed containing the
following contributions:

1. The porphyrin ring is reduced to a three site basis. The
key component of the ring is the metal position which
dominates many experimental observables, and hence is
required for the calculation of properties such as the pair
distribution functions, structure factors, or radii of
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gyration. As a result the metal center is retained and
the mass of the porphyrin unit is concentrated at this
point.

. The central metal atom is connected to “placeholder”
atoms on either side of a fixed relative position, which
define the extent of the rigid porphyrin section.

. The butadiyne linkage is replaced by a single atom placed
midway between the porphyrin rings. It is joined to the
two surrounding placeholder atoms by rigid bonds of
given length. However, unlike the metal-placeholder
connections, there are additional degrees of freedom
available so that it may move in space relative to its
neighbors, provided that the length of the rigid
connections are maintained.

4. A further physical consideration is how to incorporate
angle strain effectively into the model. Angle strain is the
energetic cost arising from the distortion of bond angles
from their ideal values. Previous work on these ring
systems introduced the bond angle constraint by placing
hard discs at the midpoints between the metals, the
overlapping of which incurred an infinite energy cost.'” A
shifted truncated repulsive 24—12 potential (24—12P) is
set up between all next-nearest metal neighbors in the
oligomer, with r,;,, = 27.0 A, corresponding to the
distance between these two metals with a M-M-M bond
angle of 180°. The result is that a triplet of metal atoms
will experience no repulsive potential only when
adopting a linear configuration. As a bending angle is
introduced the next-nearest metal distance will decrease
and there will be a repulsive force acting between the two
end atoms. This potential can be tuned by varying the
parameter € in the 24—12P (which will be termed €,,,).
Increasing the value of €,,, will increase the restoring
force for the same deviation resulting in a reduction in
the range of accessible angles.

. The terms described above work well replicating bond
angle distributions but do not account for changes in the
intermetal distance for nearest neighbors as a con-
sequence of any distortion of the butadiyne linkages.
Given the size of the distortion it is very important that
this effect be incorporated into the model. Again a 24—
12P is used which acts between nearest metal neighbors

with £, = 13.5 A. The atom placed centrally between
them can now act as a hinge point, so that as it moves
away from the direct metal—metal vector the intermetal
distance must shorten to maintain the length of the rigid
connections. The extent to which the backbone is
allowed to pucker in this way is controlled through the
parameter analogous to € in the 24—12P (here termed
€4i)- Increasing €y acts to stiffen the hinge and reduce
the distortion.

lI.C. Template-Bound Molecules. Many of the porphyrin
frameworks of interest still contain one or more template
molecules which were used as “scaffolding” for the construction
of the oligomer. These templates consist of rigid hydrocarbon
“spokes” terminating with a pyridine functional group. A typical
example is shown in Figure lc. The nitrogen of the pyridine
unit may bond to the metals in the porphyrin rings by donating
its lone pair into vacant orbitals on the metals. The strength of
the interaction is typically <100 kJ mol™, relatively weak
compared to covalent bonding, and is dependent on the
identity of the metal centered in the porphyrin unit. For
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Table 1. Radii of Gyration for Free Porphyrin Nanorings (No Templates) As Derived from Experimental SAXS Data, in A

c-P6 c-P7 c-P8 ¢-P10 c-P12 c¢-P16 c-P18 c-P24

Rg (lower) 10.86 13.16 16.14 1891 23.34 29.93 28.80 37.96

Rg (upper) 15.81 15.70 19.53 22.37 25.51 32.80 37.58 46.87

Rg (mean) 12.97 14.76 17.83 21.20 25.36 31.42 33.78 43.13
R2 170 100
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Figure 2. Searches over the parameter space {emg, €4ie} for selected free nanorings (no templates), (a) c-P8, (b) c-P16, (c) c-P24. Panel d shows the
results averaged over all the rings studied. In all panels the black lines indicate acceptable bounds according to experimental data. Panel d highlights

the combinations of the parameters €,,,
for all of the nanorings studied in the range ¢-P6 to c-P24.

and €4, which lead to agreement of the simulated values and agreement with experimental radii of gyration

example, the axial coordination of Zn has been estimated at
~19 kJ mol™" and the Cu-pyridine interaction at ~6.2 k] mol™
from a consideration of differences in formation free
energies.”””® In our model the template is again described
with a reduced atomic basis. Atoms are placed at the positions
of the nitrogens in the true template and rigidly connected to a
central node. The mass of each spoke is concentrated at the
position of the nitrogen as shown in Figure 1d.

The bonding between the nitrogen atoms in the template
and the metal atoms in the porphyrin units is described by a
Morse potential™” as it can explicitly account for bond breaking
effects which will allow the template to dissociate from the
porphyrin oligomer, potentially facilitating template mobility.
This form gives excellent agreement with the potential
calculated from Density Functional Theory (DFT; see
below). The Morse potential has the form

V(r) = D1 — e WP (1)

where D, determines the energy well depth (and so controls
the dissociation energy), a controls the width of the energy
well, and 7, defines the distance for the energy minimum. These
parameters can be specified for every nitrogen—metal pair in
the system, so that the potential may be tuned to the nature of
the metal and enabling multimetal systems to be investigated.

IV. PARAMETRIZING PORPHYRIN SYSTEMS

Two key parameters, €,,, and €4, control the flexibility of the
oligomer and require calibration. It is worth emphasizing that a
central aim here is to assess whether a single parameter set can
be effectively employed to model a chemically related set of
systems (here meaning related in terms of rings constructed
from the same basic building blocks). If successful then such a
model could be applied in a predictive sense to study systems
not yet fully synthesized. A useful procedure, which will help
rationalize the respective values of the different parameters, is
to search over a significant range of parameter space and
compare the results to experimental observations. The
experimental data used is the radius of gyration, R,, of free
porphyrin nanorings as determined from the SAXS data
presented here.'” The SAXS data provide reliable estimates
for R, from the fit to the low k regime. In addition, a good
range of free nanoring sizes have been studied and, as a result,
R, might be expected to vary in a systematic manner. This is
commensurate with our ideal of building models transferable
both in terms of ring size and template identity.

To determine the optimum combination of the simulation
system size and time-scale, a series of simulations were carried
out on ¢-P24 ensembles with ¢-P24 chosen as it is the most
flexible of the rings investigated and hence would be expected
to show the largest fluctuations in R, Simulations were
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Figure 3. Comparison of the total scattering functions obtained from (a) simulation and (b) SAXS experiment.'® In both panels successive functions
are offset along the ordinate axis for clarity. The colors of the lines in panel b match those in panel a. In panel a the vertical lines highlight trends in

peak positions as the ring size changes.

performed for varying system size over ~1.5 ns. Figure Sla
shows the evolution of the fluctuations of the radii of gyration
for eight porphyrin rings as indicated. The respective gyration
radii are determined directly from the particle positions with
the figure showing the percentage fluctuations from the mean
value for each ring. As a result, the systems simulated contain
20 rings using a total simulation time of around 1 ns with the
first 500 ps used for equilibration.

Experimental values for the respective radii of gyration were
obtained by performing Guinier analysis on SAXS data for
porphyrin nanorings.'’ The effective extraction of R, from the
SAXS data requires careful treatment.’® Aggregation of particles
may lead to distortions of S (k) at low k (i.e., in the region of
interest) affecting the range of k-space in which the Guinier
approximation is valid. Ideally the condition on the maximum
extent of k is that kR, < 1.0 but this condition is often
relaxed so that kR, < 1.3 to allow a sufficient range of k
values to contribute to the calculation.®’ As a result a procedure
was developed to extract sensible upper and lower bounds for
the radii of gyration. An example of the upper and lower
bounds found by this method for ¢-P12 is shown in Figure S1b
with results for all ring sizes listed in Table 1.

To investigate the effect of varying key parameters, €,,, and
€4iw they were varied systematically between €,/ kg and €/ kg
of 10° - 10° K and 10° — 10° K, respectively. The results for
¢-P8, ¢-P16, and ¢-P24 are summarized in Figure 2 panels a—c,
where the values deemed acceptable according to the SAXS
data have been highlighted (indicated as the “upper” and
“lower” values in Table 1). The figure shows that these
variables give the required fine control over R,. The nanoring
may be stiffened by either increasing the angle strain or
tightening the hinge which accounts for distortions in the
butadiyne backbone, resulting in an increase in R,. It also
demonstrates the additional flexibility which accompanies the
larger nanoring systems due to their increased number of
degrees of freedom. For ¢-P6 we see an increase in R, of 7.5%
over the tested parameter space, whereas for ¢-P24 the
analogous value is 30.0%. The consequence for parametrization
is that these larger rings become more significant, as the values
selected for €,,, and €y will have a greater effect on their
structure. Figure 2d shows the information from each individual
ring merged to find the optimum values of €,,, and €4 As can
be seen there is a clear region which best fits with the
experimentally derived values. From this we can conclude that
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the flexibility of the porphyrin subunits can be most accurately
modeled by using values of €,,,,/kg = 10 K and €4,/kz = 100 K.

ang;

V. RESULTS

Our simulation strategy is to utilize the models developed
above to study a range of key porphyrin problems. In the first
the structure of the free rings (no templates) will be analyzed
while, in the second, the study will be extended to consider a
number of template-bound systems. Within the latter potential
coherent dynamics (so-called “caterpillar track” motion) and
the effect of substitution of the metal centers will be considered.
Simulations are performed at T = 300 K with the temperature
controlled by Nosé—Hoover thermostats’>** with an integra-
tion time-step of 0.5 fs. The simulation cell sizes reflect the
experimental concentrations of around 0.0001 M.

V.A. Structural Investigations of Porphyrin Nanorings.
Structural characterization of the porphyrin nanorings has been
largely via a combination of NMR, X-ray crystallography, and
SAXS. Of these SAXS can potentially provide the most useful
information regarding the conformations adopted in the
solution phase. SAXS data have been published for the free
rings ¢-P6 and ¢-P12%'**° and template-bound c-P8-(T4), and
¢-P10-(T5),”" and collected for a number of additional ring
sizes."”

Our simulation strategy is to attempt to mirror the
experimental procedures. To this end we first consider the
structural data in reciprocal space, from which the radii of
gyration may be obtained, and then turn to the extraction of
real space information in the form of pair distribution functions.

1. Structure Factors. Figure 3 shows the structure factors
calculated for all the investigated free porphyrin nanorings. The
(Ashcroft-Langreth) structure factors are calculated directly
from the Fourier components of the particle densities,

Sup(k) = (A7 (k)Az(k)) )
where
A k) = — Za exp(ik-r)

N

The total structure factor (observed experimentally) is given by
the weighted sum of the underlying partial structure factors,

i=1
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Figure 4. Evolution of the radial distribution function, g(r), with nanoring size. (a) RDFs calculated from the simulation model using the metal atom
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Fourier transformation of the structure factors obtained from simulation. (c) RDFs obtained from the experimental SAXS data using the software
package GNOM™® as described in the text. The analogous functions obtained directly from the metal atom positions are shown for clarity. (d) RDFs
obtained from the simulated data using GNOM and a standard Fourier transform without a windowing function.
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where ¢,(5) and f,(4 (k) are the concentration and form factors
for species a(f) (taken from standard sources®*). The X-ray
patterns might reasonably be expected to be dominated by the
metal atoms (and hence F(k) ~ S,;,(k)). Furthermore, the
metal—metal structure factor will contain information regarding
the basic ring conformations sampled and, since the remaining
atoms form part of the same rings, then the remaining structure
factors would be expected to mirror the same information. As a
result, the metal—metal structure factor can be considered as a
useful probe of the ring conformations. Figure 3a shows F(k)
for eight ring sizes obtained over ~1 ns of molecular dynamics.
Figure 3b shows the (normalized) experimental SAXS data for
comparison. Figure 3a shows similar peak positions in the high
k regime (k > 1.0 A" and highlighted in the figure) for all
nanorings corresponding to relatively short distances and
indicative of the similar short-range metal—metal distances
present in the different rings. At lower k a systematic evolution
in the number and position of peaks can be seen as the
nanoring size increases. This is to be expected as the number of
interactions between metals and the maximum length scale will
naturally increase with the number of monomers. Moreover,
these would be assumed to be incremental on a geometrical
basis, provided that the nanorings are rigid enough in solution.

2. Radii of Gyration. The potential model used in
simulations was parametrized with experimental R, values
from free nanorings, and so excellent agreement is expected for
the experimental and theoretical measurements of R, (hence-
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forth RS and RY, respectively). It is nevertheless worthwhile to
calculate Rg‘ to confirm that the values calculated directly from
the atom positions and via Guinier analysis from the structure
factor (ie., determined using the same method as used to
analyze the experimental data) are consistent. Figure S2 shows
the comparison of the two methods of calculating Rg‘ with the
results determined from the two methods in accordance.
Furthermore, the values of Rg‘ lie within the range of R* for all
nanoring sizes, confirming that the parametrization technique
was successful. Figure 52 shows the values of R, which would
be expected if each ring were in a perfectly rigid circular
conformation. The deviation from this rigid case is found to
increase with nanoring size, indicating an increase in flexibility
for the larger rings as a consequence of their higher number of
degrees of freedom. This has also been observed with STM for
nanorings deposited on an Au(111) surface."® The upper and
lower bounds of R;h from Guinier analysis are more closely
spaced than the corresponding values of RF* reflecting the
relative qualities of S(k) in the low k-space regime.

3. Radial Distribution Functions. Radial distribution
functions (RDFs, g(r)) are useful for quantifying structure as
they contain pairwise distance information between dominant
scattering entities in a system. They are also experimentally
determinable, as the RDF is related to the Fourier Transform of
S(k). 1t is, however, an indirect observation of g(r), accessible
only through mathematical transformation of the experimental
data and, as a result, is subject to potential transformation issues
arising from “noise” in S(k) or the necessarily finite accessible k
range."’5 Simulation models offer an alternative (direct) method
for determining g(r) since the atom positions are known
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unequivocally at each time step and, as a result, these functions
will naturally be free from potential transformation issues. Our
strategy, therefore, is to determine the RDFs from the
experimental SAXS data (requiring Fourier transformation)
and from the simulation data using both the transformation
(mirroring the experimental procedure) and directly from the
atom positions. Since the data obtained from simulation are, in
theory, more controlled than that obtained from experiment
then, given the ability to generate the pair distribution functions
directly from the particle positions, it should be possible to
separate significant structural features from those resulting from
analysis issues.

Figure 4a shows the RDFs obtained directly from the atom
positions for a range of free nanorings. As the ring size increases
a geometric analysis would predict a systematic increase in the
number of peaks reflecting the increased range of intermetallic
separations. However, while this holds true for c¢P6, a
coalescence in the third and fourth peaks begins to be observed
for ¢-P8 and a complete amalgamation for ¢-P10. At increasing
length scales the peaks become broader and less well-defined.
As the nanorings become larger, the angle between the
porphyrin subunits approaches planarity and so the strain in
the system is reduced which drives a greater flexibility in the
nanoring and leads to an increased oscillation of the metals
around their equilibrium positions. Furthermore, even if
completely rigid, peaks corresponding to longer length-scales
would necessarily become more closely spaced.

Figure 4b shows the radial distribution functions determined
from the simulated scattering data (Figure 3) via a Fourier
transform using a Blackman window function to ensure S(k) —
1 reaches zero at high k, suppressing any truncation oscillations.
The data show a similar pattern of peak progressions as in
Figure 4a. It is encouraging to note that both methods for
calculating g(r) lead to highly concordant results for the peak
positions with the transformed functions showing broader
peaks. Despite this, using the FT method results in the “loss” of
only one major peak across all nanoring sizes, specifically the
fourth peak at 33.2 A in ¢-P8.

Figure 4c shows the radial distribution functions obtained
from the SAXS data'’ and processed using GNOM.>* The
experimental g(r) functions appear to lack the clear systematic
peak progression seen in the simulated functions and which
would be expected to be clear for the shorter length scale
interactions. In addition, there appears to be a number of peaks
which do not correspond to physically motivated intermetal
separations. These peaks fall into two categories: relatively high
intensity peaks at r < 10 A, below any physically reasonable
intramolecular metal—metal distance and periodic oscillations
which percolate to high r. These latter oscillations appear
particularly pronounced for the larger nanorings.

4. Evaluation of GNOM as a Transform Tool. Obtaining
clear small-angle data which effectively probes length-scales of
the order of 2—10 nm remains problematic.”**”** In Figure 4,
for example, there is arguably better agreement between
experiment and theory for the smaller nanorings, particularly c-
P6 and c-P8 but all suffer from the presence of unphysical
oscillations. It is, therefore, useful to determine whether these
observations are a result of data quality, processing method-
ology, or the result of physical phenomena such as the
aggregation of the nanorings in solution. Analysis software such
as GNOM has been developed as traditional transform
techniques fail to readily and reliably produce clear physical
results from raw data. Since the scattering data obtained from
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simulation are highly controlled the effect of using GNOM
under a range of conditions can be assessed more effectively
than by using the raw experimental data.

Figure 4d shows the pair distribution functions generated
from the structure factors obtained from simulation trans-
formed using both GNOM and directly without the window
function. The spurious oscillations that appear in the direct FT
are replicated exactly in the g(r) functions generated using
GNOM. There is also the appearance of a first large peak at
very low r as found in the experimental data. However, GNOM
is clearly good at detecting and amplifying peaks at longer
distances. For example, there is a return of the furthest peak in
¢-P8 which was “lost” on application of a windowing function.

The ramifications of these findings when considering the
experimental data are less clear. In the simulated g(r) it is
relatively clear which peaks are generated by truncation errors
due to their low intensity and periodicity. For the experimental
data the separation is much less clear. An additional problem
arises from the fact that both the spurious oscillations and the
real peaks are highly periodic, the latter the result of the
geometry of the nanorings. The ring-enforced periodicity may
make detection and simple subtraction of the spurious
oscillations more difficult. However, if there is an experimental
g(r) with obvious periodic oscillations which do not fit with any
predicted model, it is fair to assume that these are likely to be
artifacts of the transformation process—the best example being
¢-P18 in Figure 4c.

Figure S3 shows the RDFs produced by GNOM for ¢-P6 for
which the SAXS data have been cut at different points at both
low and high k (at the respective k extrema). c-P6 has the
simplest RDF and arguably the best quality SAXS data in terms
of extent in k-space and peak definition (see Figure 3b) and so
represents the best test system. Even so, the system shows a
dramatic variation in g(r) as the range of the SAXS data is
altered with the red line in each figure indicating the published
RDF." Although the procedure appears to generate a relatively
smooth (truncation oscillation-free) function, significant
structure is lost (for example, the two peaks predicted at 21.7
and 25.1 A appear as a single feature at r ~ 23 A). These two
peaks remain resolved if a different range of k values is selected.
The effective analysis of SAXS data for these systems is
enormously challenging in terms of isolating the real peaks
from the artifacts. Figure 5 shows the effect of varying the range
of k values when using GNOM to transform the structure factor
generated from the simulation model. For a range less than Ak
~ 14 A the calculated distribution functions appear largely
stable and the peak positions compare favorable with those
obtained directly from the atom positions. For narrower k
ranges the peak positions become more sensitively dependent
upon the precise range. Significantly, potentially, the ranges
used to transform the experimental data are of the order Ak ~
0.6—1.3 A.

V.B. Template-Bound Porphyrins. In addition to the free
porphyrin nanorings, there has been increasing experimental
focus on their template-bound counterparts. These may be
generated either as a direct product of the synthesis in which
the template acts as a scaffold for the coupling of porphyrin
subunits,*”'”*! or via addition of template to a solution of the
free nanoring.”” The considerable interest in these structures
arises from the fact that the templates introduce rigidity into
the otherwise flexible nanorings, leading to fully conjugated
cyclic porphyrin frameworks which are shape-persistent in
solution, often with enforced conformation. These molecules

DOI: 10.1021/acs jpca.7b05279
J. Phys. Chem. A 2017, 121, 5907—5920


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b05279/suppl_file/jp7b05279_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b05279

The Journal of Physical Chemistry A

g(r)

Extentink/ A
0.5
0.625
0.75
0.875
1
1.125
1.25
1.375
1.5
1.75

Expt. Region

MD

r/A
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possess potentially unique electronic and dynamical properties,
which have been probed by PL,"*'* EPR,”* and EXSY.”' The
investigation will start by examining how the introduction of a
template can affect the structure of porphyrin nanorings, before
trying to understand the concerted molecular motion in so-
called “caterpillar track” complexes observed via EXSY.”!

1. Impact of the Template on the Structure of c-P6-(T6).
To understand the effect of the template we first consider the
simplest of the template-bound nanoring structures, c-P6-(T6).
The interaction between the template and the nanoring was
parametrized by comparison to the interaction potential
calculated from DFT between zinc or copper atoms and axially
bound pyridine™ as shown in Figure S4. The optimum Morse
potential parameters were found to be D, = 89.5 kJ mol™, r, =
2.18 A, and a = 1.4 A™! for zinc, and D, = 56.0 k] mol ™}, r, =
235 A, and a = 1.4 A7 for copper. The DFT calculations
generate values for the metal—pyridine interaction energies in
the absence of solvent. Care must be taken in comparing the
experimentally derived free energies’”® which implcitly
contain both solvent and entropic effects.

To highlight the effect of the template-nanoring interaction,
simulations are performed in which the Morse potential
parameter D, is systematically altered in the range D, = 0—
200 kJ mol™!, approximately centered about the fitted value.
Figure 6 shows the evolution of key structural observables as a
function of D, for c-P6y. As the interaction strength increases,
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Figure 6. (a—c) Variation in key structural metrics as the well depth of the Morse potential describing the metal—template interaction is varied. As
the well-depth increases the metal nearest-neighbor distances decrease (a), the metal—metal—metal bond angles exhibit reduced fluctuations (b), and
the radius of gyration decreases (c). In panels a—c the red line highlights the Morse potential well depth obtained for Zn by reference to DFT
calculations. Panel d shows the respective RDFs obtained at five different metal—template well depths and highlights how the peaks narrow and
display a shift to shorter length scales as D, increases.
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Figure 8. (a) An example time correlation function for ¢-P10-(T6), which shows moves in steps of 0.2 in both the positive and negative direction
over time. (b) Molecular graphics snapshots of the conformations of each step in the TCF from panel a. Particles have been colored to show the
progression in positions over time. When the color of the metal i matches the color of the template it is bound to, S[x; (£), x; (0)] = 1, else S[x:(t), x:
(0)] =0. (c) The blue curve shows the TCF obtained from molecular dynamics simulation and averaged over configurations as described in the text.
The TCF tends to 0.5 over time as any correlation with the original (t = 0) conformation is lost. The progressively colored yellow to red curves show
that the TCG is in approximate accordance with the statistical prediction with an average rotational period between 1 and 2 ns.

the metals are pulled in toward the rigid template, facilitated by
increasing distortion of the butadiyne linkages. The nearest-
neighbor intermetal distance is reduced (Figure 6a), accom-
panied by a comparative drop in the radius of gyration (Figure
6¢). In addition the interaction acts to tighten up the nanoring
geometry such that the flexibility is reduced and the metals
oscillate around the equilibrium position to a lesser extent, as
demonstrated by the reduced standard deviation of the
intermetal angles (Figure 6b). Both of these effects are also
apparent in g(r), for which there is a gradual shift in peak
positions toward smaller r corresponding to a reduced distance
between scatterers, and a narrowing in peak width pointing to
increased localization of the metal centers (Figure 6d).

2. Concerted Molecular Motion in Caterpillar Track
Complexes. Recent developments have highlighted the
potential for synthetic systems which display controlled motion
on the molecular level (developing motors, rotors, gears,
ratchets, ball-bearings, and switches).”® In addition, some
template-bound porphyrin nanorings have been shown to
exhibit correlated molecular motion.”' Four template-bound
porphyrin systems were investigated via EXSY NMR, c-P8-
(T4),, ¢-P8-(T6),, c¢-P10-(TS),, and c-P10-(T6), (collectively
referred to as “caterpillar track” (CT) complexes), and the
results are shown in Figure 7. Upon proton irradiation ¢-P8-
(T6), showed exchange signals between environments related
by 60° conrotatory motion of the template molecules, while c-
P10-(T6), showed additional signals corresponding first to
120° then 180° rotations, characteristic of a stepwise rotation
mechanism. No exchange signals were observed on complexes
without free binding sites on the template molecules (c-P8-

5915

(T4),, c-P10-(TS),). This implies that the CT complexes
which have free template binding sites can undergo correlated
motion in which the two templates move in a coherent fashion.

Molecular dynamics is potentially an excellent method with
which to explore this behavior as it should be possible to
visualize any coherent motion. Two systems are investigated c-
P10-(TS), and ¢-P10-(T6),, which differ only in the number of
“spokes” in the respective templates. Simulations are performed
on a single ring averaged over a large number of independent
simulations employing different starting configurations. For
each simulation each atom in the CT complex is given a
different small random velocity based on a Boltzmann
distribution, in order to introduce random motion into the
system. To analyze any coherent motion we define two
different states for the environment of a metal atom (labeled i),
X, at time t. Each metal is either bound to template 1 or
template 2, which are arbitrarily but consistently labeled. A time
correlation function (TCF) can then be constructed to monitor
the relative lifetimes of the different metal environments.> The

TCF for N, metals is defined as follows:
1 chf
flt) = 8l (1), ,(0)]
Nmet E (3)
where 0 is given by,
1, % () = x,(0)
oLy (), ,(0)] =
0, x,(t) # x,(0). )
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To facilitate the effective observation of any coherent molecular
motion on a simulation time-scale the Morse potential
employed to describe the metal—template interaction is weaker
than that obtained by reference to the DFT calculations, using
parameters of D, = 40 k] mol™' and @ = 1.0 A~! compared with
D, = 89.5 kJ mol™' and @ = 1.4 A™". Figure 8a shows the TCF
for a single run for ¢-P10-(T6),, along with its corresponding
conformers. At the time origin, £, the system is in its starting
configuration (1) and f(f) = 1. As the system conformation
evolves in time, if the templates undergo a single 60°
conrotatory movement two metals will be transferred from
their starting template to the opposing template resulting in a
change in f(t) of —% = —0.2, for example, moving from
configuration 1 to 2 in Figure 8b. Similarly, subsequent
rotations will lead to a change in f(t) of 0.2, the sign of which
will be dependent on the direction of rotation. If the rotation
transfers more metals away from their starting template
associations, f(t) will decrease, otherwise f(t) will increase.
The minimum of f(t) is 0, which corresponds to five net
rotations in the same direction from the starting conformation.
We can see from Figure 8a that this CT complex does indeed
demonstrate stepwise rotations, the direction of which is
variable.

Figure 8c shows the TCF obtained by averaging over 100
independent simulations. f(t) decays to a limit of f(t) — 0.5
expected if all possible metal-template associations are in
equilibrium. This suggests that all rings display correlated
motion, where the decay of f(t) is illustrative of a buildup of
conformations which are an increasing number of net rotations
away from the starting conformation.

To further understand the rotational model a rudimentary,
purely statistical model can be created to mimic the proposed
behavior. The value of f(t) is initialized to 1, and a series of
hypothetical rotations are made at a given average rotational
period, 7,,, to model the effect on f(t). The procedure for
calculating these analytic TCFs is as follows:

1) A random number is generated in the range 0—1. If this

is greater than —— then there is no rotation and f(t) is

Trot
maintained, or else a rotation is said to have occurred.
If a rotation has occurred then a second random number
is generated to determine the direction of rotation, with
50:50 probability. Overall, therefore, f(t) is changed by
0.2 with the sign of the change dependent on the chosen
direction.

2)

This procedure is repeated for 10000 random seeds, and the
results averaged. Figure 8b shows the results for varying 7,
with comparison to the TCF obtained from MD. The TCFs
generated by the two methods show some similar behavior and
indicate a mean rotational period of 1-2 ns for the present
model. Comparison with the experimental frequency of ~10 s™*
is difficult and merely highlights the acceleration of the
dynamics promoted both by the use of high temperature and
reduced template-nanoring interactions which are required to
promote dynamics on the simulation time-scale.

The analogous study of ¢-P10-(T5), shows f(t) = 1 at all
time indicating that the conformation did not deviate from its
initial state on the simulation time-scale (in agreement with
experiment).

Model Limitations. The correlated motion for ¢-P10-(T6),
was observed using a reduced Morse potential interaction
strength (as indicated above). Although the Morse potential
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has been shown to agree excellently in functional form to the
potential from DFT, this is not the only consideration. The
binding strength is dependent only on the distance of the
template to the metal center and not their relative orientation.
In real zinc porphyrins the bonding would be expected to have
significant directional character which biases the nitrogen
toward occupying an axial binding site. For example, the
formation of five-coordinate Zn centers (with a single axial
ligand) is relatively facile while the formation of the analogous
six-coordinate (two axial ligands) species requires significant
forcing conditions.””*" The effect of this angular dependence
will generally be to reduce the effective interaction strength
along directions other than the preferred. As a result, it is likely
that our Morse potential well depth, although appropriate to
the most favorable direction of approach, overestimates the
interaction energy away from this direction. For static
calculations, in which the ideal angles of approach dominate,
this overestimation is not a problem. However, for dynamical
properties, such as the CT rotation, this may clearly be an issue.

3. Conformational Analysis of Dimetallic Porphyrin
Systems. Replacing a number of zinc centers with paramagnetic
copper to generate dimetallic porphyrin nanorings allows
distances within the oligomers to be probed by EPR.
Furthermore, the different binding affinities of the metals to
the template allow the nanoring conformation to be altered
with appropriate selection of the template geometry.”” The
EPR focused on nanorings containing eight Zn and two Cu
centers, ¢-P10¢,,, where the Cu species sat opposed, separated
by four Zn units. Templates of three different geometries were
inserted: T4, T4x, and TS which allow nine possible
conformations in which the Cu and Zn atoms show differing
connectivities to the respective templates (Figure 9). The three

c-P100yg (T5); ¢-P10cy2(T4x), ¢-Pl0cy2(T4),

EHEXGI
EXHAD DD
KR ED QD

Figure 9. Schematic representation of the possible conformers for the
template-bound ¢-P10,, complexes. Metals colored green indicate Cu
positions while those colored red mark the Zn locations.

samples were probed using double electron—electron reso-
nance (DEER) spectroscopy which measures the dipolar
coupling between the unpaired electrons on the Cu centers
and hence their separation.

Our simulation strategy is to model a generic ring system in
which the interaction strength of the metal centers is
systematically varied.

Molecular dynamics simulations were performed for each of
the nine starting conformers shown in Figure 9. The Zn-
template Morse potential well depth was fixed at D, = 89.5 kJ
mol~!(as obtained by fit to the DFT results from section VB1).
The analogous fit to the Cu-centered DFT calculations gives a
best fit of D, = 56 kJ mol™'** although the free energy of
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varied as the Zn-template energy is kept constant. (d) Compares the distance distribution of ¢-P10,, with each template measured by EPR** and

simulated via MD. Specific peak positions are highlighted.

formation for the Cu-pyridine system has been estimated as
~6.2 k] mol™ from a consideration of differences in formation-
free energies.”® To rationalize the effect of two different metal
binding interaction strengths the Cu-template term is system-
atically varied from. D, = 0—90 kJ mol ™", again encompassing
the ideal fitted value. The results for each of the templates have
been combined and can be found in Figure 10(a)-(c). At each
value of D, simulations are performed started from each of the
three conformers with the resulting distribution functions
averaged over these runs. TS and T4y show very similar
progressions in g(r) as D, is varied. At high D, (D, > 45 kJ
mol™') the conformers are analogous to those in Figure 9.
However, below this value a conformational change is initiated.
First there is a simultaneous depletion in the peak for
conformer 1 and a corresponding buildup of a new peak,
until at D, ~ 35 kJ mol ™" there is complete replacement. This is
due to detachment of a template leg from the metal and the
resulting rotation of the template around to relieve strain in the
backbone (see Figure 11a). There is much less of an effect for
conformers 2 and 3. Even if there is a low binding potential, the
metal is still held in close proximity to the template by virtue of
the geometry of the system. Hence only small deviations at very
low values of D, are seen. The exception is for conformer 3 of
T4y. As this has no binding to the metal in question, we would
expect no variation in g(r), as observed.

The results for T4 differ markedly to the other two systems.
Peaks appear much broader, pointing to increased flexibility in
the system, and the positions for all three conformers are
shifted. These shifts are attributed to adoption of rotated
conformers of a similar form to the low D, species seen for
conformer 1 of TS and T4y, as in Figure 11b. It is now
conformer 2 which displays the large change at low D,, and
there is a particularly broad peak owing to the fact that two
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Figure 11. (a) Molecular graphics snapshots of conformer 4 of c-
P10,,-(TS), (left) and c-P10y,-(T4y), (right). With lower D, the
template legs may uncouple from the metal, facilitating rotation in
order to relieve strain. (b) Molecular graphics snapshots of the
conformers of ¢-P10y;,-(T4),, which are rotated relative to the starting
conformations in Figure 9.

consecutive porphyrin units are unbound to the template. As an
aside, it is noted with interest that the region in which we begin
to detect dissociation of the metal from the template in all cases
is the same potential which led to the caterpillar track motion
discussed earlier.

The results from MD can now be compared to those from
with EPR for the specific case of ¢-P10c,, (Figure 10, panel d).
There are however two important things to note before doing
so. First MD simulation does not capture the relative
abundance of each conformer in solution as the simulations
are performed on the individual conformers rather than, for
example, starting from an ensemble of a single conformer and
establishing a full conformational equilibrium. In contrast the
EPR data will only contain distances pertaining to the
conformers favored by equilibrium, that is, those which
maximize template-Zn binding; the simulation will have an
equal contribution from each. Second, when EPR is used, only
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shorter distances can generally be determined with high
precision. The errors for longer distances are larger due to
the limited length of the DEER trace.”” This being the case,
very good agreement is seen for the shortest length scales for
both ¢-P10¢,,-(TS), and ¢-P10¢,, (T4x),. However, there is a
discrepancy for ¢-P10¢,, (T4),. The DEER analysis shows a
much more well-defined peak 2.6 A lower than predicted from
the MD simulations. The exact reason for this difference has
not yet been isolated, but it is likely that the potential model is
not capturing the flexibility accurately for these niche cases
where most metals occupy highly strained positions but a few
remain free. These free metals then sit slightly further out than
expected in order to alleviate the angle strain imposed by the
model.

4. Angular Variation in Dimetallic Porphyrin Systems. The
interpretation of photoluminescence spectroscopy measure-
ments on a range of template-bound nanorings resulted in a
proposed reduction in the longer intermetallic length-scales
arising from relatively facile bending and twisting mode."*
However, EPR measurements appear consistent with the
retention of largely planar configurations.”” Figure 12a shows
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Figure 12. (a) (Left) molecular graphics snapshot of the system c-
P10, (TS),; (right) the templates are superimposed on the best-fit
planes with the vectors used in the subsequent calculation of the
bending angles shown in blue, while those for the twisting angle are
displayed in red. (b, c) evolution of the mean bond (blue lines) and
twist (red lines) in the TS and T4 template-bound complexes
respectively as the metal—template interaction strength is increased.

the basis for the calculation used to investigate these
deformations in the present work. For each nanoring we
define two planes which contain the templates. To calculate the
bending angle, the dot product is taken of two vectors which
originate at the closest distance of approach between the planes
and terminate at the centers of the templates (blue arrows). To
calculate the twisting angle, the dot product is used of the two
vectors contained in the planes orthonormal to those previous
(red arrows). For a planar complex we would therefore measure
bending and twisting angles of 180° and 0°, respectively.
Figure 12 panels b and c show the respective bending and
twisting angles for ¢-P10y,-(TS), and ¢-P10y,-(T4), again as a
function of D,. The ¢-P10y,-(T4x), complex shows a similar
pattern to that for ¢-P10y,-(TS), and is omitted here. Focusing
initially on the specific parameters associated with Cu, D, = 56
k] mol™!, only small deviations from planarity are seen, with
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twist and bend angles of 11°/164°, respectively for the TS
complex and 13°/159° for T4. The extra flexibility of the T4
complex is expected considering the lack of template binding to
the metals at the center of the nanoring. There has been one
previous attempt to calculate these angles for ¢-P10-(T5), with
a molecular mechanics approach which led to twist and bend
angles of 68°/ 126°" respectively. However, these angles
would appear to be somewhat dramatic in the contest of the
EPR results.

Below the “dissociation point” (effectively the energy at
which the template “leg” decouples), a small loss in rigidity is
seen for conformer 1 of ¢-P10y;,-(T5),, and the angular values
closely resemble those of c-P10c,, (T4), highlighting the
similar structure of the conformers (Figure 11a,b). There is a
much larger shift for ¢-P10y;,-(T4),, which displays values of
27°/135° for the twist and bend angles, again reflective of the
fact that two consecutive porphyrin units become unbound to
the template. Finally, as would be expected, this “dissociation
point” is of the order of the D, used earlier to promote CT-like
motion on the simulation time-scale.

VI. CONCLUSIONS

Coarse-grained models have been developed to systematically
study a range of both template-bound and free porphyrin
nanorings. The use of relatively simple energy functions to
describe the basic interactions allows a range of systems to be
studied in a physically transparent manner. Moreover, the
relative model simplicity allows direct observation of complex
dynamical processes such as the so-called “caterpillar track”
rotational motion, allowing the key structural and interaction
origins to be isolated and analyzed. Key interaction potential
terms have been varied in a systematic manner which allows the
relative stability of different potential conformers to be assessed
and rationalized.
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