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Solution-phase X-ray scattering measurements in combination with coordinate-based modeling have been
used to characterize the conformational ensemble of a hexameric, diphenylethyne-linked porphyrin array in
solution. Configurationally broadened X-ray scattering patterns measured at room temperature for dilute toluene
solutions of the porphyrin array were compared to scattering patterns calculated from structural ensembles in
constant pressure and temperature molecular dynamics simulations. Thermal fluctuations sampled at picosecond
intervals within nanosecond time scale dynamic simulations show large-amplitude motions that include
porphyrin ring “tipping” around the porphyrin linkage axes and extended hexameric porphyrin array “breathing”
motions involving torsional distortions collectively distributed along porphyrin and diphenylethyne groups.
Each type of group motion produced characteristic, angle-dependent dampening of scattering features that
are needed to reproduce dampening features in the experimental X-ray scattering. However, mismatches in
the magnitudes of experimental and simulated dampening of high-angle X-ray scattering patterns show that
large-amplitude hexamer array breathing-type motions are significantly under-represented in the simulated
ensembles. This comparison between experiment and simulation provides a means not only to interpret
scattering data in terms of an explicit atomic model but more generally demonstrates the use of solution
X-ray scattering as an experimental benchmark for the development of simulation methods that more accurately

predict configurational dynamics of supramolecular assemblies.

Introduction

The development of chemistries that control the adaptive and
dynamic features of supramolecular architectures beyond the
molecular scale is central to the challenge of developing
synthetic chemical approaches that embody biomimetic mecha-
nistic principles.!> Dynamic features of supramolecular archi-
tectures involve complex, nested atomic fluctuations across
multiple length scales and a hierarchy of covalent and nonco-
valent interactions. Progress toward understanding the confor-
mational dynamics of supramolecular architectures has been
impeded by the lack of suitable tools for measuring and modeling
conformational dynamics of supramolecular assemblies in solution
and other noncrystalline media with atomic-scale precision.

Whereas spectroscopic measurements have been successful
in providing site-selective markers for supramolecular confor-
mation,’ > our most detailed understanding of the configurational
landscapes populated by supramolecular assemblies in solution
is primarily derived from molecular simulations. Molecular
simulations are compelling because they provide an all-atom
“molecular movie” of configuration dynamics based on funda-
mental physical principles, atomic force fields, and molecular
mechanics. As such, they present a statement of our understand-
ing of the fundamental principles that drive the chemistry.
However, the accuracy of the molecular simulations for predict-
ing functional properties of complex, nanoscale supramolecular
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architectures is limited both by the numerical challenges of
applying first-principles computations to large molecular systems
and by uncertainties in verifying the accuracies of simulations
that necessarily utilize multiscale coarse-grained, continuum,
and semiempirical methods.®

Recently, we have introduced the use of solution-phase X-ray
scattering in combination with coordinate-based modeling as
an experimental approach to achieving atomic-scale insight into
the structure and conformational dynamics of supramolecular
architectures in solution.””® Solution-phase X-ray scattering
provides a valuable and possibly unique all-atom measure of
atomic pair distances, resolvable from single bond distances to
the nanometer range, that are directly relatable to atomic
structure by Fourier transform.!°~!3 We have demonstrated the
sensitivity of solution-phase scattering patterns to supramolecular
conformation.””%!*15 Furthermore, solution-state measurements
necessarily include the pair—distance broadening due to con-
figurational ensembles and hence provide an experimental
marker of the ensemble that can be directly compared to
atomistic molecular simulation.””® The use of combined X-ray
scattering and molecular modeling approaches allows the details
of supramolecular dynamics to be developed at a fundamental,
first-principles level using molecular simulations that are tested
and evaluated for accuracy against X-ray scattering experi-
ments.®

In the present work, we have tested the feasibility of
combining X-ray scattering experiments and molecular dynamics
simulations for the evaluation of supramolecular dynamics using
the cyclic diphenylethyne-linked porphyrin hexamer shown in
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Figure 1. Structure of the diphenylethyne-linked porphyrin architecture, 1, composed of a cyclic array of alternating zinc and free-base porphyrins
(Ar = 2,4,6-trimethylphenyl). The porphyrin pair distances resolvable by solution-phase scattering measurements are labeled a—d.

Figure 1.'6 The cyclic porphyrin hexamer is an excellent test
substrate for such studies for several reasons:

First, the array is a relatively large shape-persistent macro-
cycle with an ~35 A diameter cavity.'® Shape-persistent
macrocycles are of interest for a variety of fundamental studies
in materials science and serve as valuable architectures for
biomimetic studies.*>!”

Second, the array affords a variety of different molecular
motions. The overall architecture incorporates six relatively
modular rigid subunits (porphyrins) constrained in a macrocyclic
ring via diphenylethyne linkers, yet the six porphyrins are
divided into an alternating pattern of two types (zinc porphyrin
and free base porphyrin) and are connected via p,p-substituted
or m,p-substituted diphenylethyne linkers. Analogous arrays are
available with a variety of patterns of metalation'® and peripheral
substitution.!” Note that even with a uniform metalation state
of the six porphyrins, the array (nominal 3-fold symmetry) is
not a regular hexagon owing to the two types of substituted
diphenylethyne linkers. As such, the hexamer array provides
an architecture for testing our ability to detect and model
nanoscale, supramolecular dynamics that are a composite of
hierarchical local-site motions.

Finally, the array serves as a model for a covalently linked
light-harvesting array'® and as a host architecture for the
assembly of a variety of light-harvesting arrays for solar energy
conversion.?’"22 Self-assembly occurs upon metal coordination
of chromophore guests whose ligand groups are designed to
match synthetically varied positions of metallated porphyrins
within the hexamer array.’!?? Excited-state energy transfer
occurs predominantly via a through-bond mechanism among
covalently linked porphyrins in the array backbone and a
through-space mechanism between such porphyrins and guest
chromophores in the self-assembled host—guest complex.?!??

Prior X-ray scattering measurements for 1 found that scat-
tering patterns are configurationally broadened and that the
broadening could be reasonably fit using analytical models that
included effects of porphyrin group rigid-body rotation and
positional displacements.” However, the rigid-body analysis is
an empirical approach for describing the solution-state ensemble
and does not provide a coordinate model that can be funda-
mentally correlated with chemical function. This study inves-
tigates the feasibility of combining molecular dynamics simu-
lations with X-ray scattering as a means to develop experimentally
validated coordinate models for supramolecular solution-state
ensembles. The development of accurate coordinate models for
solution-state ensembles of light-harvesting materials is of
significance for the understanding of self-assembling and repair
properties, and for understanding the consequences of config-
uration dispersion on light-harvesting and solar energy conver-
sion. Such an understanding is of particular relevance to more
detailed insight into the dynamics of through-space energy
transfer in self-assembled host—guest complexes derived from
array 1. Accurate models for solution-state structures may also
be applicable for a wide variety of cyclic arrays.”* More
generally, experimental solution-phase X-ray-scattering-based
modeling approaches will have applications for a broad range
of macromolecular solution-state phenomena, including drug
design®** and catalysis.? 28

Method of Simulation. The initial structure for the hexam-
eric, diphenylethyne-linked porphyrin cyclic array (Figure 1)
was constructed using Hyperchem (Hypercube, Inc.). This
structure was solvated in a cubic box with 55 A sides containing
960 molecules of toluene to give a density to match the
experimental conditions of liquid toluene. The toluene box was
equilibrated (Eg,/(ECK 1075) before the box was used to solvate
the porphyrin array.
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Force field atom types and parameters were taken from the
CHARMM 22 force field*** with a few modifications. Whereas
the standard porphyrin model contains iron, the current complex
has three Zn(II) chelated porphyrin residues. The zinc parameters
were taken from the work of Stote and Karplus.*! These
parameters assume only nonbonded interactions between the
zinc and the surrounding porphyrin chelate. In addition, the
porphyrins are connected by diphenylethyne linkers, each of
which contains two triply bonded carbon linker atoms. Because
CHARMM 22 does not have parameters for triple-bonded
carbons, bond distances and the CA—C#—C#—CA dihedral
parameters were developed using standard methods. A dihedral
value for ky of 0.38 kcal/mol/deg was determined by fitting the
torsional barrier calculated at the Hartree—Fock 6-31G* level
for a 1-methyl-3-(phenylethynyl)benzene test system to the
CHARMM dihedral energy function. The partial atomic charges
(available in Supporting Information) were taken from the proto-
porphyrin IX structure in the Quanta 98 implementation of
CHARMM 22. The aromatic ring charges were chosen to match
those of aromatic rings and aliphatic groups in CHARMM 22.

The molecular dynamics simulations were performed for 2.05
ns (time step was 1 fs) at room temperature using the program
CHARMM.* Standard periodic boundary conditions were
employed with atom-based cutoffs of 13 A using a force shift.?
The system was initially heated for 10 ps and then the Hoover
constant-pressure thermostat was used for the equilibration (340
ps). During the production time period, coordinates were saved
every 1 ps for later analysis. Two additional, identical runs with
new random seeds were carried out to check the reproducibility
of results. Furthermore, an additional 0.75 ns of simulation time
was performed for one of the runs to determine if longer
simulation times affected the results.

At the conclusion of the simulation, the orientationally
averaged scattering profile, /(g), was calculated for each set of
coordinates (r) using eq 13123

NN sin(gr, )
N (1)
J ok

q7jk
The atomic scattering amplitudes are of the form

A= f@e P — g (q) 2)

The atomic X-ray scattering form factors, f(g),” and the atomic
excluded solvent form factors, g/-(c]),12 were taken from the
literature and are available in Supporting Information. The
individual scattering functions were then averaged over all
snapshots for comparison to the experimental scattering data.

Results and Discussion

Comparing the X-ray Scattering Experiment and Simula-
tion. A comparison of the X-ray scattering experiment with
simulated scattering patterns calculated from two coordinate
models is shown in Figure 2. The first model was that of a single
energy-minimized structure, and the second model was taken
from an ensemble of 1700 conformers obtained during a 2.05
ns constant pressure MD simulation of the hexameric porphyrin
array in toluene. Scattering from the ensemble was calculated
as the average of the individual scattering patterns from each
of the 1700 conformers. The energy-minimized structure
provides a single structure that might be expected to be
representative of the solution ensemble, whereas scattering
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Figure 2. Experimental and calculated scattering patterns for porphyrin
hexamer 1. Experimental data (red) are compared with the calculated
scattering pattern for an energy-minimized structure (dotted) and the
MD ensemble average (black).
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Figure 3. Guinier plots for the experimental scattering data (@), the
scattering calculated from an energy-minimized structure (---), and the
MD ensemble scattering (—) calculated as the average of the scattering
from all conformers.
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calculated from the entire MD ensemble tests the ability of the
MD ensemble to represent the actual solution-state conforma-
tional dispersion measured by experiment. The scattering
patterns are plotted with arbitrary vertical scaling as a function
of the magnitude of the scattering vector, ¢, which is related to
the scattering angle 26 by the relation ¢ = (47/A) sin 6, where
A is the X-ray wavelength. The experimental scattering was
taken from work reported previously.’

A measure of the overall size of the supramolecular array is
provided by fitting the scattering in the small-angle region
defined by the condition g < I/R,, where R, is the radius of
gyration, using the Guinier relationship

q2 Rg2

3

I(g) = In[1(0)] — 3)

with 1(0) defined as the forward-scattering amplitude.3%3

Experimental scattering data and scattering calculated from the
energy-minimized and MD models are all seen to follow a linear
relationship in the region of ¢ < 0.1 A~ as shown by the plots
in Figure 3. The experimental scattering and MD ensemble
model scattering are close to indistinguishable, and slopes of
the lines correspond to R, values of 16.8 (40.1) A for the
experiment and 16.7 (£0.2) A for the MD ensemble averaged
over three simulation runs. In contrast, the scattering for the
energy-minimized structure deviates from experimental scat-
tering and has an R, value of 17.1 A, reflecting a structure that
is larger than those found in the experimental and MD ensemble
averages.
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Scattering in the 0.1 A< g<1.0 At region interrogates
structure across the 60 to 6 A spatial resolution range (d = 2/
q). This scattering region provides the most direct measure of
the hexameric ring conformation. In this region, scattering for
the hexameric cyclic porphyrin array is characterized by
oscillatory interference that can be shown by indirect inverse
Fourier transform of the scattering within the experimental ¢
range to produce a pair distance distribution function (PDDF)
that resolves into a set of peaks associated with the four sets of
porphyrin pairs indicated in Figure 1.” For the cyclic hexameric
architecture, the porphyrin a and b pairs have overlapping atom
pair distances, and in the PDDF, these distances are merged
within a single peak whereas the pair correlations for the ¢ and
d porphyrin pairs are resolved as separate peaks.” The position
of the a + b PDDF peak is a measure of the overall dimensions
of the supramolecular ring. Both scattering and corresponding
PDDF patterns provide sensitive markers of the hexameric
porphyrin array conformation.

A comparison of the experimental and model scattering
patterns in the 0.1 A™' < ¢ < 1.0 A~! region in Figure 2 shows
that the energy-minimized structure only approximately repro-
duces the oscillatory peak positions seen in experiment and
dramatically deviates from experiment in the amplitude of the
oscillatory pattern. The difference in the oscillatory peak pattern
has been shown to correspond to a 1.4 A compression of the
overall dimension of the hexameric ring measured in experiment
compared to the energy-minimized structure, and the stronger
oscillatory pattern can be understood to reflect the prominent
interference from a static, single conformer structure.” In
contrast, the scattering pattern calculated from the MD ensemble
is found to provide a better model for the experimental scattering
data, notably by close matching of the position of the first
oscillatory peak and by the strong dampening of oscillatory
features, particularly in the ¢ range above 0.5 A~'. The
alignment of the first oscillatory scattering peak can be seen to
correspond to an agreement in the overall dimensions of the
hexameric array, as shown by the matching of the porphyrin
pair a + b PDDF peaks (Figure S1, Supporting Information).
A summary of PDDF parameters derived from the models and
experiment is presented in Table S1. Model-dependent changes
in the overall dimension of the hexameric array are also reflected
in the R, measurements described above.

The most obvious difference between the scattering calculated
from the MD ensemble and experiment is the insufficient
dampening of the first two oscillatory peaks in the 0.2 A™' < ¢
<05 A region calculated from the MD ensemble. The
additional dampening seen in the experiment is indicative of
structural fluctuations on a length scale comparable to the
dimensions of the hexameric array. To gain insight into the kinds
of molecular motions that can be expected to contribute to this
type of experimental broadening, we examined correlations
between structures for individual conformers within the MD
ensemble and the corresponding calculated scattering features,
as described below.

Solution-State Ensembles in Simulation and Experiment.
Distance-dependent structural fluctuations are an inherent feature
of thermal fluctuations for a supramolecular array and are
directly detected in an X-ray scattering experiment by g¢-
dependent broadening of X-ray scattering features. Figure 4
shows the scattering patterns for each of the 1700 conformers
within the MD simulation plotted along with the average of
these patterns and the experimental data. In this plot, the
scattering for each conformer is plotted as a gray line, and the
ensemble forms a shaded area that is the reciprocal space
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Figure 4. X-ray scattering calculated for a solution-state conformation
ensemble for the cyclic porphyrin hexamer produced by MD simulation.
Scattering patterns were calculated for individual snapshots taken every
1 ps during the production phase of the simulation and are plotted in
gray. The average of all scattering patterns in the ensemble is shown
in black, and the experimental data are shown in red.

representation of distance-dependent atomic pair disorder
simulated in solution. The simulation shows a root-mean-square
deviation of atomic positions in the ensemble of 3.8 A.

A comparison of the g-dependent dampening of scattering
features in MD simulation to experiment in Figure 4 shows that
ensemble broadening provides a mechanism to account for
dampening in the ¢ region above 0.5 A~ but not in the 0.1
A" < g <05 A" region. This finding suggests that the
simulated ensemble fails to provide a model that adequately
accounts for long-range structural disorder that is present in
experiment. Various large-amplitude thermal fluctuations are
observed within the dynamic simulations, predominantly includ-
ing porphyrin ring “tipping” around the porphyrin linkage axes
and extended hexameric array “breathing” motions involving
torsional distortions collectively distributed along porphyrin and
diphenylethyne groups. Each type of group motion is found to
produce characteristic, angle-dependent dampening of scattering
features. These large-amplitude group motions are significant
because they provide models for long-range atomic disorder that
underlies g-dependent dampening of X-ray scattering observed
in experiment.

Hexameric Array Breathing Motions. The amplitude and
position of the first oscillatory peak in scattering patterns for a
ringlike structure is a function of both the dimensions and
symmetry of the ring. To track these properties for each of the
conformers in the MD simulation, we introduced a conformation
index for the hexameric array defined by the area of a triangle
formed by connecting the three zinc atoms. A linear correlation
was found between this area index and the amplitude of the
first scattering peak as shown by the plot in Figure 5. The
average value of the area index in the MD ensemble is 279 A2
(0=24 A?), which can be compared to a value of 262 A2 for
the energy-minimized starting structure. The correspondence
between this area index and molecular conformation is illustrated
in Figure 6, showing representative conformers with area indices
taken near the average (280 A?), maximum (342.5 A?), and
minimum (198.3 A2) values in the distribution. The scattering
patterns corresponding to these conformers are shown in Figure
7. The maximum value can be seen to be associated with a
bowing distortion along the Zn-porphyrin sides, producing an
expanded hexameric array structure. In the scattering pattern,
this feature is correlated with a significant enhancement in the
amplitude of the first interference peak and shifts to lower ¢
reflecting the longer atom pair correlations. Conversely, the
conformer with the minimum area marker is seen to be
associated with distortions in the diphenylethyne linkers that
allow one or more of the porphyrin groups to rotate along an
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Figure 5. Correlation between the height of the peak at ¢ = 0.2 A™! and the area of the triangle with the three zinc atoms at the vertices. R? =
0.79. Each point represents a time snapshot with the points highlighted in color corresponding to the structures shown. For reference, the energy-
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Figure 6. Porphyrin array structures representative of conformers that
have area index values near the maximum (red), minimum (blue), and
average (green) found in the MD ensemble. The positions of these
conformers within the ensemble are shown by colored dots in Figures
5 and 8. The area index values for these structures are 342.5, 198.3,
and 275.2 A2, respectively.

axis perpendicular to the plane of the hexameric array and
produces a significant asymmetric distortion. The scattering
pattern shows a corresponding attenuation of the first interfer-
ence peak and a slight shift to higher g. Comparison to the
experimental data suggests that these highly distorted conformers
are more significantly populated in the experimental ensemble
than in the simulated one. An increase in the population of the
highly distorted conformers in the simulated ensemble would
bring the simulated and experimental scattering patterns into
better alignment with respect to both the amplitude of the first
interference peak and the slope of the scattering in the 0.1—0.2
A1 ¢ region.

A plot of the array breathing motion marker as a function of
time (Figure 8) shows a combination of rapid transition spikes
lasting 20 ps or less as well as motions that result in local
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Figure 7. Calculated scattering profiles for porphyrin array structures
representative of conformers with area index values near the maximum
(red), minimum (blue), and average (green) found in the MD ensemble.
The positions of these conformers within the ensemble are shown by
colored dots in Figures 5 and 8. The structures for these conformers
are shown in Figure 6 with the area indices listed in the figure legend
and discussed in the text.
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Figure 8. Porphyrin hexamer array conformation area index (V) and
porphyrin tipping index, 7, (O), plotted for each snapshot during the
production phase of the simulation. The points from Figure 5 are
highlighted in the same color scheme as in Figures 5—7 for reference.

minima lasting for as long as 0.2 ns. The downward spikes
typically appear to involve single porphyrin group rotation
perpendicular to the hexamer array, and the upward spikes are
associated with the array doming motions as described above.
The longer-lifetime transitions tended to involve multiple group
motions. Similar results for additional simulation runs are shown
in Figures S2 and S3 in the Supporting Information.
Porphyrin Tipping Motions. In addition to the array breathing
motions parametrized by the change in the area of the interior
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Figure 9. Structure of the hexameric array after initial energy
minimization. The plane of the array is shown in red. An example of
the vectors used to quantify the tilts of the porphyrin rings is shown
by the green line drawn on the closest face-on porphyrin.
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Figure 10. Effect of free base ring tipping on X-ray scattering. Three
scattering patterns are calculated from conformers with Ty, values of
1.39 (red), 2.04 (green), and 2.30 (blue), and all had a hexameric array
area index of approximately 300 A2,

triangle, the simulation structures also demonstrate considerable
tipping of the porphyrin rings. When the hexameric array is
built and energy-minimized using the CHARMM force field,
the resultant structure is highly organized (Figure 9) with all
porphyrin rings perpendicular to the plane of the hexamer array
(shown in red). However, during the course of the simulation,
the rings rotate with an average of two of the porphyrin rings
being significantly tilted with respect to the plane of the structure
at any given time. To quantify this tipping, vectors running
parallel to the plane of each porphyrin ring were calculated (an
example is shown as a green line in Figure 9), and the dot
product between this vector in the snapshot and the same vector
in the original, highly organized structure was obtained for all
six porphyrin rings and summed (total tipping index, 7;). When
all porphyrin rings are upright and perpendicular to the plane
of the supramolecular structure, as they are in the energy-minimized
structure, the sum of all dot products is 6. If one porphyrin ring is
completely tipped into the plane of the complex, then a value of 5
is obtained. If two are tipped, the dot product is 4, and so forth.
Likewise, tipping indices for the zinc (7,) and free base (Tp,)
porphyrin subsets were examined.

As shown in Figure 8, the rings are very mobile with the
value of T; fluctuating in time from a low of 2.76 to a high of
5.54. The simulation average is 4.5 (o = 0.4). The porphyrin
tipping motions produce significant modulation of all oscillatory
scattering features. For conformer area indices greater than 298
A2, the ring tipping index of the free base subset strongly
modulates the amplitude of the scattering peak at 0.4 ~! in a
predictable manner. Figure 10 compares scattering patterns for
conformations that have a constant area index but vary in Tj,.
For structures with larger than average area indices, increased
tipping results in dampening of the scattering peak at 0.4 A~
This pattern is less clear for conformers with smaller area indices
or as a function of the total porphyrin tipping index because
the tipping of the zinc porphyrins and the conformers with low
area indices tend to be associated with deformations that
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Figure 11. Histogram of the tilt angle in degrees for each of the six
porphyrin rings. The histograms for the zinc porphyrins and free base
porphyrins are represented by dotted and solid line traces, respectively.
A tilt angle of 0° indicates that the porphyrin ring is perpendicular to
the plane of the hexameric array.

decrease the symmetry of the hexameric array. Whereas both
hexameric array breathing and individual porphyrin ring tipping
motions are found to provide a mechanism for the dampening
of X-ray scattering oscillatory patterns, the incomplete dampen-
ing of these scattering features in the simulated ensemble
suggests that these motions are under-represented in the
simulated ensemble compared to that observed experimentally.

Finally, it is interesting that the MD simulations show
position-dependent variation in porphyrin ring tipping motions
within the hexamer array architecture. In particular, the zinc
porphyrins are seen to rotate to a greater degree than the free
base porphyrins in the “corners” of the hexameric array. This
can be seen by a plot of the histogram of the porphyrin tilt
angle in the MD ensemble, shown in Figure 11. The three zinc
porphyrins have a higher population of angles greater than 60°
than do the free base porphyrins. The greater rotation of the
zinc porphyrins versus the free base porphyrins does not stem
from the metalation state of the porphyrin but rather from the
different linker attached to the zinc versus free base porphyrins.
The zinc porphyrin bears two p,p-diphenylethyne-substituted
linkers and hence can rotate about the cylindrically symmetric
ethyne bond as well as the single bond between the porphyrin
meso carbon and the phenyl moiety. By contrast, the free base
porphyrin bears two m,p-diphenylethyne-substituted linkers and
hence can rotate only about the single bond between the
porphyrin meso-carbon and the phenyl moiety.

Interestingly, each of the six porphyrins in the hexamer array
has a distinguishable tipping histogram. For example, in
comparing the histograms for the three zinc porphyrins shown
in Figure 11, one is seen to have a smaller population of low
tilt angles compared to the other two. Similarly, one of the free
base porphyrins has a narrower tilt angle distribution than the
other two. Repeating the simulation with different starting
velocities results in similar patterns, but with the “outlying”
histogram shifting to a different porphyrin in the group. Because
the supramolecular array has 3-fold symmetry, this indicates
that the simulation creates small inhomogeneities that remain
for the length of the simulation. Longer simulations should result
in a convergence of tilting behavior for porphyrins with
equivalent linkers.

Implications for Simulation Development. Overall, thermal-
driven conformational fluctuations in MD simulations were
found to provide a mechanism that accounts for the dampening
of high-angle scattering data but failed to account for the
dampening of interference features at lower angles. In particular,
the MD simulations were found to provide an insufficient
population of conformers with distorted hexameric array
geometries that are necessary to account for dampening the
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scattering peak observed at g ~ (.22 A~" and also have an
insufficient population of conformers with a high porphyrin
tipping index to account for additional dampening of the
scattering peak at ¢ = 0.44 A~'. Raising the temperature of the
simulations was found to improve only partially the agreement
between simulation and experiment. For example, a simulation
at 360 K resulted in a modest increase in the dampening of the
scattering peak at ¢ = 0.44 A~ as shown in Figure S4. This
supports the contention that the simulation ensemble requires
structures with more flexibility in order to reproduce the
experiment more accurately but that simulations within the 2
ns — 10 ns time frame at elevated temperature cannot fully
reproduce the ensemble measured by the experiment. These
shortfalls suggest that the force field parameters may be
unrealistically stiff or that accessible time scales for simulation
do not allow the full conformational landscape to be explored.
Accelerated molecular dynamics***? and multiscale methods®
have been developed to provide more accurate simulation
methods for modeling complex supramolecular dynamic land-
scapes. The scattering analysis described here provides a means
to evaluate the ability of these advanced simulation methods to
model solution-phase ensembles accurately compared to other
experimental benchmarks that focus on a single, low-energy
structure.

Correlation to the Energy-Transfer Function. The X-ray
scattering with MD simulation analysis shows that the experi-
mental solution-state ensemble is characterized by a significant
population of conformations with distortions that lower the
symmetry of the hexameric porphyrin array structure. These
distortions produce conformers that have on average one or two
porphyrins significantly displaced from their positions in a
symmetric, energy-minimized structure. Despite the inequiva-
lence in geometry between different porphyrin pairs resulting
from the distortions within the hexamer array, nearest-neighbor
zinc porphyrin to free base porphyrin excited-state energy
transfer within the hexameric array architecture has been shown
to follow homogeneous single-exponential kinetics with a 40
ps time constant,”? suggesting that the through-bond energy
transfer across the diphenylethyne linker is not noticeably dependent
on the porphyrin and linker conformations. This conformation-
independent energy-transfer behavior can be contrasted with
conformation-dependent dispersion in electronic coupling observed
between porphyrins connected through conjugated linkers**** and
in the electron transfer between donor and acceptor molecules
connected through longer “molecular wire” linkers.*4°

Conclusions

Molecular dynamics simulations using the CHARMM 22
force field were used to provide an explicit atomic model for
solution-state X-ray scattering for a porphyrin hexamer array.
General features of the experimental X-ray scattering, including
the overall shape, peak positions, and g-dependent dampening
of oscillatory features were reproduced by the MD ensemble.
These results indicate that the array undergoes extended
breathing distortions and porphyrin tipping motions that induce
conformational disorder. In fact, specific regions of variance
between simulation and experiment were found to arise from
the under-representation of long-range conformational disorder
in the simulated ensemble. In particular, comparisons between
the MD ensemble and experiment suggest that the simulation
unrealistically restricts large-scale motions in the hexameric
array. This work demonstrates the feasibility of using a
combined simulation and X-ray scattering analysis to develop
more accurate atomistic models of supramolecular solution-state
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conformational landscapes. The identified limits of the MD
simulations will be incorporated into future analysis of the wide-
angle (¢ > 1 A~") region that contains structural information
on solute—solvent interactions. Developing atomic-scale models
of ensembles that include these interactions is critical to our
ongoing work on the description of real-time structural dynamics
of photoinitiated processes in supramolecular architectures.
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