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Abstract: Structures of modular supramolecular architectures consisting of a hexameric, diphenylethyne-
linked porphyrin macrocyclic array and the corresponding host-guest complex formed by inclusion of a
tripyridyl guest molecule were characterized in solution using high-angle X-ray scattering. Scattering
measurements made to 6 Å resolution coupled with pair distance function (PDF) analyses demonstrated
that (1) the porphyrin architectures are not rigid but are distributed across a conformational ensemble with
a mean diameter that is 1.5 Å shorter than the diameter of a symmetric, energy-minimized model structure,
(2) the conformational envelope has limits of 3 Å positional dispersion and full rotational freedom for all six
porphyrin groups, and (3) insertion of the tripyridyl guest molecule expands the diameter of the host
conformer by 0.6 Å and decreases the configurational dispersion by approximately 2-fold. These results
validate the molecular design, provide a new measure of conformational ensembles in solution that cannot
be obtained by other techniques, and establish a structural basis for understanding the photophysical and
guest-hosting functions of the hexameric porphyrin architectures in liquids.

Introduction

The syntheses of supramolecular architectures with nanom-
eter-scale, shape-persistent conformations based on covalent
connectivity represent remarkable achievements with impact
across a broad range of biomimetic and materials chemistry.1-3

Synthetic capabilities have advanced to the point where supra-
molecular architectures and conformational flexibilities can be
tuned to achieve selected host-guest,4-6 dynamic,7 and
adaptive8-10 properties. To confer structural definition, many
architectures are composed of somewhat rigid building blocks
in macrocyclic or macropolycyclic geometries. Indeed, members
of a new class of macrocyclic architectures are referred to as
“shape-persistent” in recognition of the expected ability of the
molecules to retain their structure-dictated shape in diverse
media. However, experimental validations of synthetic designs
for supramolecular architectures and subsequent correlation to
chemical function are significantly hindered by the lack of
methods for resolving structure and dynamics of supramolecular

architectures in liquids and other functionally relevant noncrys-
talline media.

Challenges for structural characterization are particularly
severe for modular supramolecular architectures possessing
conformational complexity, adaptive structures, and building
block compositions. For example, structural complexity and
conformational flexibility have limited the success of crystal-
lographic approaches for characterization of large supramo-
lecular architectures.1-3,11Even with successful crystallographic
structure determination, questions remain concerning the con-
formational landscapes occupied by the supramolecular archi-
tectures in noncrystalline liquid states. Repetitive building blocks
with chemically analogous groups restrict the use of multidi-
mensional NMR techniques for resolving spatial relationships
within the supramolecular architectures.1,2,11Spectroscopy and
mass spectrometry have typically provided critical evidence for
proof of composition and allow deduction of general features
of supramolecular architectures, but these techniques do not
provide direct measures of conformational structures. Static
(SLS) and dynamic (DLS) light scattering can be used to
measure the effective size of a particle (radius of gyration and
hydration, respectively), and indirectly to infer its shape, but
the wavelengths of visible and UV light prevent direct resolution
of internal structure for supramolecular architectures with
dimensions smaller than∼100 nm.12,13 For supramolecular
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architectures that self-assemble via noncovalent bonds, measure-
ments of colligative properties (e.g., vapor-phase osmometry),14-16

sedimentary behavior (e.g., density centrifugation),17,18 or
chromatographic behavior (e.g., size-exclusion chromatogra-
phy)19 have often been employed to establish the size of the
assemblies. In general, there remains a pressing need for
methods of structural determination that can be applied to
supramolecular architectures in diverse types of condensed
media.

The availability of high-flux, third-generation synchrotron
X-ray sources and the development of large area solid-state
detectors have opened up new opportunities for structural
analysis of macromolecules in liquids through measurement of
wide-angle X-ray scattering.20-23 Scattering patterns are the
rotationally averaged interference produced by collective in-
tramolecular atomic scattering and are related to the atomic pair
distance distribution function (PDF) by Fourier transform.24,25

The ability to deduce structure from scattering and PDF data is
determined to a large extent by the complexity of the molecular
system. For large macromolecular assemblies such as proteins
and micelles, wide-angle scattering features are diffuse and
contain overlapping contributions from many structural ele-
ments.20-23,26,27For small molecules, PDF patterns show well-
resolved, discrete features that can yield a complete resolution
of molecular structure and dynamics at the atomic scale, as has
been elegantly demonstrated for small hydrocarbon and halo-
genated hydrocarbon molecules in the gas phase using electron-
scattering techniques.28-32 Clear opportunities exist for structural
characterization of “shape-persistent” macrocycles in solution
using analogous high-angle X-ray scattering because such
macrocycles often have structural complexity that is intermediate
between those of proteins and small molecules. However, special
challenges lie first in the demonstration that high-resolution
X-ray scattering data can be acquired for aromatic macrocycles
in organic solvents of nearly equivalent electron density and
second in the development of analytical tools for interpreting
scattering and PDF data in terms of structurally relevant
parameters.

We have investigated opportunities for structural character-
ization of modular supramolecular architectures in solution using
wide-angle scattering by performing initial characterization
studies on a diphenylethyne-linked porphyrin architecture1
comprised of a cyclic array of alternating Zn and free-base
porphyrin groups and its corresponding host-guest complex,
1+2, formed by complexation of1 with the tripyridyl guest
molecule2,4,5,33-35 illustrated in Scheme 1. The binding affinity
of 1+2 is sufficiently strong (Kassoc> 3 × 108 M-1) that the
complex is largely associated at micromolar concentrations. A
wide variety of multiporphyrin arrays have been prepared for
studies related to biological and materials chemistry.35-41 The
hexameric porphyrin architecture1 is of particular interest
because of the design for photochemistry and energy trans-
fer,33,34 the capacity for being customized to host a variety of
photochemically active guest molecules,4,34 and the potential
for serving as a building block for columnar assemblies.5

Compound1 and its related host-guest complexes have resisted
structural characterization by crystallographic and NMR tech-
niques. The designs of molecular guests are based on models
that have estimated the macrocycle diameter to be approximately
35 Å. The hexameric wheel structure and the hosting capabilities
have been validated by spectroscopic, photochemical, and mass
spectral techniques without resolving specific structural charac-
teristics.4,5,33-35

In this paper, we demonstrate the ability to accurately
characterize the shapes of macrocycle1 and host-guest
assembly(1+2) in aromatic hydrocarbon solvents using high-
angle X-ray scattering techniques. Experimental scattering
patterns measured to 6 Å resolution are shown to resolve
individual porphyrin pair distance correlations and to identify
molecular thermal factors or configuration dispersion through
measurement of the angle-dependent attenuation of the wide-
angle scattering features. In addition, analytical tools are
introduced for interpreting configurational dispersion in terms
of energy-minimized structures and rigid-body motions of
composite porphyrin building blocks. This work establishes the
general applicability of high-angle scattering data for structural
characterization of shape-persistent supramolecular architectures
in liquids.

Results and Discussion

Model Structures. Model structures for the cyclic Zn3Fb3

porphyrin hexamer1 and the complex formed between the cyclic
Zn3Fb3 porphyrin hexamer and the tripyridyl guest1+2 were
generated by model building and energy minimization using
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HyperChem (Hypercube). Details of the modeling are discussed
in the Supporting Information. The inherent flexibility of the
diphenylethyne and porphyrin groups creates a complex land-
scape of widely differing structures of comparable configura-
tional energy that is potentially accessible for the hexameric
porphyrin macrocycle in solution. This configurational flexibility

was reflected in energy-minimization studies by a tendency for
the hexameric porphyrin macrocycle to converge on conformers
that represent local minima determined by the initial starting
structures. In particular, modeling studies showed a strong
interplay between the relative orientations of the aryl and
porphyrin rings on doming and ruffling distortions of the
porphyrin groups with corresponding distortions in torsions and
in dihedral angles of the diphenylethyne linkers.

Energy-minimized conformers for architectures1 and
1+2 shown in Figure 1 were obtained from a starting structure
for architecture1 wherein each of the aryl and attached
porphyrin rings were positioned in perpendicular orientations
with respect to each other. The perpendicular orientations of
the aryl-porphyrin groups were not changed during the
minimization, but slight distortions to the angles between the
“corner-forming”m-aryl substituents and bowing distortions of
the Zn-porphyrin groups and attached diphenylethyne linkers
introduced slight asymmetry to the macrocyle geometry. Specific
conformers can be characterized by center-to-center separations
of the four discrete sets of porphyrin pairs in the cyclic
architectures marked in Figure 1. For the minimized structure
1, the averaged porphyrin pair separations were 33.8 Å (a), 32.7
Å (b), 25.8 Å (c), and 17.3 Å (d). Insertion of the tripyridyl
guest2 into the minimized structure1, followed by reminimi-
zation, resulted in the structure1+2 shown in Figure 1. The
configuration energy of1+2 was lowered by about 25%
compared to that of1, and the only significant change in
structure was a slight inward bowing of the Zn-porphyrin
groups that resulted in a 1.5 Å shortening of the center-to-center
distances for the pairs a. The energetic stabilization and absence
of significant distortion following guest insertion validates the
molecular design strategy.

Several alternate conformers could be generated for archi-
tecture1 by energy minimization starting with aryl-porphyrin
planes positioned in nonperpendicular orientations. Such con-
formers showed significant doming and ruffling of the porphyrin
groups that were coupled to torsional and dihedral distortions
of the diphenylethyne linkers. The distortions were reflected in
significant reduction in the threefold symmetry of the cyclic
model architecture, including conformers that showed greater
than 4 Å shifts in individual porphyrin pair distances found in
structure 1. An experimental challenge lies in determining
whether such conformers are realistic representations of the
molecular structures in solution.

Scheme 1

Figure 1. Energy-minimized conformers for architectures1 and 1+2
produced by minimization starting from a threefold symmetric structure
for assembly1 having each of the porphyrin and aryl rings in perpendicular
orientations. The conformer1+2 was produced by inserting the guest2
into the minimized conformer1 and re-minimizing. Zinc atoms are rendered
in CPK atomic volume representations.
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General Features of X-ray Scattering for Porphyrin
Assemblies.The X-ray scattering pattern calculated for the
energy-minimized model structure1 in toluene is shown in the
upper trace in Figure 2. The scattered pattern is plotted with
arbitrary vertical scaling as a function of the magnitude of the
scattering vector,q, which is related to the scattering angle 2θ
by the relation q) (4π/λ)sinθ, whereλ is the X-ray wavelength.
The scattering pattern for the model structure was calculated to
a resolution defined by q) 3 Å-1, which corresponds to a
spatial resolution,d ) 2π/q, of 2.1 Å. In the low-resolution
scattering region below q) 0.1 Å-1, the electron-density
variation across the molecular array cannot be resolved and the
calculated scattering follows the Guinier relationship,I(q) )
I(0)exp(-q2Rg

2/3), parametrized in terms of the forward scat-
tering amplitude,I(0), and the radius of gyration,Rg.42 The
scattering amplitude,I(0), is proportional to the electron-density
contrast-weighted square of the number of electrons in the
molecule. The parameterRg is the electron-density contrast-
weighted sum of the squares of the atomic distances from the
center of mass. TheRg for the energy-minimized conformer of
1 in toluene corresponds to a value of 17.2 Å.

In the region beyond q) 0.1 Å-1, the calculated scattering
shows a strong oscillatory pattern that reflects the interference
produced by X-ray scattering from spatially resolved portions
of the molecular array. As to be shown in the following, the
characteristic features of this interference pattern, including the

oscillatory beat pattern, amplitude, and damping, are sensitively
dependent in distinguishable ways upon the macrocycle struc-
ture, the configurational dispersion, and interactions with the
solvent. The experimental scattering pattern measured for
compound1 in toluene is shown in the lower trace in Figure 2,
recorded to 6 Å spatial resolution with 100 seconds of data
acquisition under solution flow conditions.

The experimental scattering data generally parallel those
calculated for the model and show a transition between small-
angle and high-resolution interference scattering near q) 0.1
Å-1. While the experimentally measured oscillatory high-angle
interference shows significant amplitude dampening compared
to the calculated pattern, the interference pattern was highly
reproducibly measured with peak positions close to those
calculated from the model structure. Detection of the high-angle
interference pattern for the porphyrin arrays in toluene is
remarkable given that this is a “difficult”, low-contrast experi-
ment in which both the solute and solvent have similar atomic
compositions. The experiments described herein took advantage
of the brilliance of the synchrotron light source to resolve the
slight excess high-angle scattering from the dilute (e1% w/v)
macromolecular solute in the presence of significant solution
background scattering. Spatial resolution in the experiments
presented here was restricted by the geometry of the experi-
mental apparatus, in which the radially symmetric high-angle
scattering rings were only partially captured by the corners of
the square mosaic detector. Preliminary experiments with shorter
sample-to-detector distances show that accurate measurement
of high-angle interference patterns for shape-persistent macro-
cycles in solution can be measured with excellent signal to noise
to 2 Å spatial resolution. Further discussion on the experimental
data acquisition and reproducibility is provided in the Supporting
Information.

Determination of Macromolecular Dimensions and Ar-
chitectures.Figure 3 shows a comparison of the calculated and
experimental scattering patterns for the macrocycle1 and
assembly1+2 measured to a spatial resolution of 7.8 Å.
Scattering calculations from the energy-minimized model
structures show that insertion of the guest molecule2 into
structure1 produces several characteristic changes in both the
small- and high-angle scattering regions. First, in the small-
angle scattering region, a 1.26-fold increase is seen in the total
scattering amplitude,I(0), calculated for1+2 relative to1. This
reflects the increased molecular mass for structure1+2 com-
pared to 1. Calculated scattering patterns for the energy-
minimized array1 and assembly1+2 yield Rg values of 17.2
and 16.3 Å, respectively. The largerRg for array1 despite its
smaller mass is primarily due to an increased weighting of
electron density in the molecular periphery, with a minor
contribution arising from the slight expansion of the porphyrin
pair distances a compared to those in the host-guest assembly
1+2. In the high-angle scattering region, the insertion of guest
2 into array1 is seen to alter the oscillatory interference pattern.
Within the experimentally recorded resolution range, these
changes include an attenuation of the first interference peak and
increased amplitude in the second. A comparison of calculated
and experimental scattering patterns in Figure 3 shows that the
general features of molecular scattering predicted from structural
models for array1 and assembly1+2 are reproduced in the
experimental data. A more detailed comparison follows.(42) Guinier, A.; Fournet, G.Small Angle Scattering; Wiley: New York, 1955.

Figure 2. Calculated and experimental scattering data for architecture1.
The upper trace shows the scattering pattern calculated using the coordinates
of the energy-minimized conformer1. The lower trace is the experimental
scattering pattern measured for a 1 mMsolution of macrocycle1 in toluene.
The scattering pattern was recorded with 100 seconds of data acquisition
time and a sample flow a rate of 50× 10-6 l/min.
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Guinier analysis in the small-angle scattering region provides
a measure of the forward scattering amplitudes,I(0), and radii
of gyration of the molecular assemblies,Rg.13,42 Fits to
experimental scattering in the small-angle Guinier region 0.04
Å-1 < q < 0.1 Å-1 yield I(0) values of 4.36 ((0.01) and 5.23
((0.01) andRg values of 16.7 ((0.1) Å and 16.3 ((0.1) Å for
array1 and assembly1+2, respectively (Figure 4). The 1.20-
fold increase inI(0) measured for1+2 compared to1 is
comparable to the predicted mass increase of 1.26 and provides
experimental demonstration of the formation of a stoichiometric
1:1 complex of the host1 with the tripyridyl guest2. The smaller
Rg measured for assembly1+2 compared to array1 is also
predicted from the model structures, and the experimental value
is in good agreement with the value calculated from the energy-
minimized1+2 model structure. However, the experimentally

determinedRg for array1 is 0.5 Å smaller than that calculated
from the model. The small-angle scattering measurements
indicate that although the molecular mass for array1 is
consistent with the model, its solution structure deviates from
the model by having a smallerRg. The nature of the structural
variation cannot be resolved from measurements in the small-
angle scattering region.

In theq-range below 0.04 Å-1 (below q2 ) 0.002 Å-2 in the
Guinier plots, Figure 4), experimental scattering data for both
architectures show concentration-dependent upward deviations
from the predicted Guinier scattering behavior that are charac-
teristic of weakly associating (“sticky”) molecular systems.13,43

For example, we have observed this type of behavior for other
molecular44 and micellar45 systems having neutral or near-neutral
net charge, and we have observed the opposite, electrostatically
driven repulsive deviations in strongly charged molecular,21

micellar,46 and colloidal47 systems. In the present case, the
deviations from expected Guinier relationships at low q suggest
that toluene is not an optimal solvent for the porphyrin arrays
by leaving sites for weak, likely geometrically nonspecific,
molecular self-association. Preliminary experiments indicate that
carbon disulfide and binary mixtures of carbon disulfide with
toluene may serve as better solvents, as scattering patterns
measured for array1 did not deviate from ideally monodispersed
scattering behavior at low q. Comparison of the details of the
high-angle scattering patterns as a function of solvent provides
the interesting possibility of investigating the structure of the
macrocycle-solvent interface. However, experiments of this
type are complicated by the large change in electron-density
contrast between the macrocycle and solvent and the high X-ray
absorption cross sections of the non-hydrocarbon solvents.
Examination of solvent-dependent characteristics of the por-
phyrin macrocycle scattering will be addressed in a separate
report.

The sensitivity of high-angle interference patterns to the
dimensions of the molecular configuration is demonstrated by
a comparison of calculated scattering patterns for three con-
formers that show progressive shifts in the dimensions for array
1 as illustrated in Figure 5. Trace 1 is the scattering pattern
calculated from the minimized conformer1 discussed above
and trace 2 was calculated from the minimization starting
structure, denoted conformer1a. Trace 3 was calculated from a
higher energy conformer, denoted1b, with distortions in the
diphenylethyne linkers that shortened the diphenylethyne linkers
by 0.7 Å. Compared to the energy-minimized conformer,
conformers1a and1b expand and contract the array diameter
by 2.2 and 1.2 Å, respectively. In each of these conformers,
the perpendicular orientations of the porphyrin planes and the
approximate threefold symmetry of the array were preserved.
The conformers were chosen to differ mainly in the dimensions
of the array. Figure 6 shows an overlap of the structures for
conformers1 and1b. The calculated scattering patterns reflect
the structural analogies by showing the characteristic interference
beat pattern to be conserved, but with the changes in dimension
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Figure 3. Calculated and experimental X-ray scattering patterns for
architectures1 and 1+2. The upper traces shows the scattering pattern
calculated using the coordinates of the energy-minimized conformer1 (blue)
and conformer1+2 (red). The lower traces show experimental scattering
patterns measured for 1 mM solutions of compounds1 and1+2 in toluene.
The calculated and experimental pairs of scattering patterns were arbitrarily
offset.

Figure 4. Guinier plots for experimental small-angle scattering data for
macrocyle1 and assembly1+2. The solid lines are fits to the experimental
data using the Guinier approximation, withRg values of 16.7 ((0.1) Å and
16.3 ((0.1) Å andI(O) values of 5.23 ((0.01) and 4.36 ((0.01) for1 and
1+2, respectively. The experimental error bars are equal to or smaller than
the plotted symbols.
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reflected by shifts in the positions of the scattering patterns in
the q-domain. The calculated scattering patterns show that even
the relatively subtle 1.2 Å changes in the dimensions of
conformers1 and 1b produce shifts in the interference peak
positions that are large,∆q > 0.01 Å-1, compared to the
experimental resolution of peak positions, identified in the lower
portion of Figure 5 by fitting experimental scattering patterns
with Gaussian line shapes to a standard deviation of 0.001 Å-1.
This precision in the determination of peak positions in
experimental scattering data in q-range above 0.4 Å-1 translates
to a precision of 0.1 Å in the determination of molecular
dimensions. Scattering patterns calculated for conformers with
large deviations from the approximate threefold symmetry of
structure1 show characteristic changes in the oscillatory beat
pattern and peak positions, demonstrating that the high-angle
scattering data contains precise information on the shape and
dimensions of the molecular architectures.

Direct comparisons between the reciprocal-space scattering
patterns and real-space molecular models can be made through

comparison of the atomic pair distance distribution functions,
PDF. Figure 7A shows PDF patterns calculated from the atomic
coordinates for energy-minimized conformers1 (thick line) and
1+2 (thin line). The PDFs resolved into characteristic three-
peak patterns within the region of spatial resolution for the
experimental scattering data. The dashed lines plotted underneath
these curves show the PDF calculated for the four sets of
porphyrin pairs that comprise array1, with labels corresponding
to the porphyrin pairs indicated in Figure 1. Each of the peaks

Figure 5. Scattering as a function of supramolecular dimension. Traces
1-3 show calculated scattering for three conformations of the array1,
corresponding to (1) the energy-minimized conformer1, (2) the starting
structure used in the minimization,1a, and (3) a conformer with distortions
in the diphenylethyne linkers,1b, with corresponding supramolecular radii
of 16.9, 18.0, and 16.3 Å. Traces 4 and 5 show experimental data along
with superimposed Gaussian fits to the first two peaks for compounds1
and1+2, respectively.

Figure 6. Comparison of the structures for the energy-minimized conformer
1 (black) and the higher energy conformer1b (red).

Figure 7. Atomic pair distance distribution function, PDF, analysis. Part
A shows the PDF calculated from the energy-minimized structures1 (thick
line) and1+2 (thin line). The dashed lines show the PDF for the porphyrin
pairs that comprise array1, labeled according to the scheme depicted
in Figure 1. Part B shows experimentally determined PDF obtained by
fitting to experimental scattering data for compounds1 and 1+2 using
GNOM.24,25 Part C shows the fit of the Fourier transformed PDF to
experimental data.
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in the PDF is seen to be associated with specific porphyrin pairs.
The first peak at 34.1 Å arises from atom pair correlations
between Fb-porphyrin/Zn-porphyrin pairsa, and the corner,
Zn-porphyrin/Zn-porphyrin pairsb. The porphyrin pair PDF
peak positions are sensitive to both the center-of-mass distance
separations of the porphyrins and their relative angles. For
example, the parallel orientations of pairsa create a more
symmetric, narrow distribution compared to the canted orienta-
tions of pairsb. This long-range peak defines an effective
diameter of the assembly. The next-to-nearest-neighbor Zn-
porphyrin/Zn-porphyrin pairsc, and the nearest-neighbor Zn-
porphyrin/Fb-porphyrin pairsd make dominant contributions
to the PDF peaks at 25.5 and 18.0 Å, respectively. The well-
resolved three-peak PDF pattern was a characteristic feature of
the symmetric, cyclic supramolecular architecture.

In the model studies, insertion of the tripyridyl guest2 into
array 1 followed by reminimization of the assembly1+2
produced a slight doming of the Zn-porphyrin rings without
appreciable shifts in other atomic positions. This atomic
rearrangement produced a shift in the PDF peak for pairsa+b
to 33.7 Å and a shift of the peakc to 24.8 Å. Comparisons of
PDF patterns for architectures1 and1+2 show that the presence
of the guest molecule within the host assembly produces new
atom pair correlations that fall throughout the distance range
below 30 Å. These new correlations between the guest and host
contribute to the “background” in the PDF pattern surrounding
the porphyrin pair peaksc andd for the assembly1+2. Atomic
pair correlations with guest2 do not contribute appreciably to
the porphyrin pair peaka+b for the assembly1+2.

Experimentally determined PDFs for1 and1+2 in toluene
are shown in Figure 7B, obtained using the X-ray scattering
fitting program GNOM.25,48 Fourier transforms of the fitted
PDFs to scattering patterns and comparisons of the ensuing fits
to data are shown in Figure 7C. The resulting experimentally
determined PDFs exhibit three-peak patterns that are analogous
to those obtained from model structures. Resolution of this three-
peak PDF pattern provides the following key parameters on the
porphyrin solution-state structures: (1) Determination of the
overall dimensions of the macrocyclic architectures by resolution
of the individual porphyrin pair distance correlations; (2)
identification of the cyclic, approximately threefold symmetric
shape of the array by comparison of experimental and calculated
PDF patterns; and (3) characterization of the conformational
dispersion of the macrocyclic arrays measured through a
broadening of the atomic pair distance correlations; however,
model calculations show that the experimentally determined
PDF line widths are partially broadened by limited spatial
resolution of the current scattering measurements, and as
discussed below, an estimate of conformational dispersion can
be better assessed by examination of the dampening of high-
angle scattering patterns. Overall, the high-angle scattering
measurements provided a direct verification of the cyclic
hexameric shape and general correspondence between experi-
mental and targeted model structures.

The experimentally determined position of the PDF peaka+b
for compound1 is 32.6 Å, and corresponds to a 1.5 Å decrease
from the peak position calculated from model1. The experi-
mental c and d peaks are 0.3 and 0.4 Å shorter than those

calculated from the model structure. The experimentally deter-
mined PDF for assembly1+2 shows that insertion of the
tripyridyl guest2 into 1 causes an expansion of the effective
diameter of the assembly by about 0.6 Å, bringing the resulting
33.2 Å array diameter closer to the 33.8 Å diameter predicted
from the model1+2 structure.

Evaluating Amplitudes of Rigid-Body Porphyrin Motions.
As outlined in the Supporting Information, we have developed
analytical methods for evaluating effects of atomic thermal
factors and harmonic rigid-body motions on experimental X-ray
scattering measurements.20,21,49These methods were applied to
the hexameric porphyrin architecture by breaking the macrocycle
into atomic groups that included each porphyrin and the attached
phenyl and mesityl rings. Configurational dispersions created
by harmonic rigid-body group motions were characterized by
atomic displacement vectors,ui. This result is analogous to the
use of Debye-Waller approximation for describing the effect
of atomic thermal factors on diffraction50 but is used here as a
parameter describing motion for a group of atoms.

Several types of random rigid-body motions were considered,
including independent rotation and translation of individual
porphyrin groups within the cyclic architecture and concerted
motions of two or more groups moving as intact fragments.
These studies provide a method to outline the conformational
envelope of a supramolecular assembly. For example, Figure
8A shows scattering calculated for model conformer1 as a
function of the dispersion in the radial position of the porphyrin
groups. Harmonic disorders of 2 and 3 Å amplitudes are seen
to progressively dampen oscillatory scattering features in a
q-dependent manner.

A comparison of experimental scattering data for array1 with
3 Å positional disorder is shown in Figure 8B, along with a
calculated scattering for a model based on conformer1 that
includes a full 360° porphyrin group rotational disorder around
the diphenylethyne linker axes. For the model calculations in
Figure 8B, the scattering q-range was scaled to allow alignment
of experimental and calculated scattering peaks. This adjustment
accounts for the 5% reduction in the dimensions of the
experimental array compared to conformer1. Compared to the
data, 3 Å positional disorder can be seen to produce a slight
overdampening of the oscillatory pattern that is noticeable with
the higher-angle peak at q) 0.4 Å-1 and trough at q) 0.7
Å-1. Conversely, complete rotational disorder is seen to produce
an overdampening of the first interference peak at q) 0.25
Å-1 but an underdampening of the higher-angle scattering peaks.
These calculations set limits for the rigid-body motions that are
consistent with experimental dampening patterns. The data point
to a solution-state ensemble with mean molecular dimensions
5% shorter than those of conformer1, and with a conformational
envelope that has as limits 3 Å positional dispersion or 360°
rotational freedom for all six porphyrin groups, or lower
amplitude combinations of both of these motions. Interestingly,
the high-angle interference trough at q) 0.7 Å-1 is experi-
mentally much better resolved for the assembly1+2 compared
to array 1. The analytical models suggest that this result
corresponds to configurational dispersion for assembly1+2 that
is reduced by about a factor of 2 compared to1.

(48) Svergun, D. I.; Semenyuk, A. V.; Feigin, L. A.Acta Crystallogr.. Sect. A
1988, 44, 244-250.

(49) Zhang, R.; Marone, P. A.; Thiyagarajan, P.; Tiede, D. M.Langmuir1999,
22, 7510-7519.

(50) Warren, B. E.X-ray Diffraction; Dover Publications: New York, 1990.
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Correlations are found between analytical and molecular
models for disorder. For example, Figure 9 shows sets of three
snapshots taken from the final 100 ps of 1 ns molecular
dynamics simulations for array1 and assembly1+2. The
conformations reflect fluctuations within thermally equilibrated
molecular systems. For array1, the individual conformers
display a range of distortions that notably include bowing
distortions and rotation of all six porphyrin groups. These
distortions are approximated by the rigid-body position and
rotational dispersions described above. Several of the conformers
show porphyrin paira+b PDF peaks to be shorter than the 34.1
Å distance calculated from the energy-minimized, planar
conformer1. One example is the central conformer depicted in
Figure 9A. The experimental PDF patterns demonstrate that the
solution ensemble average is centered on conformers of this
type that reduce the overall molecular dimensions. The right
and left conformers in Figure 9A illustrate distortions from the
equilibrium structure that combine rotational and porphyrin
group bowing distortions required to account for dampening of
the high-angle scattering patterns. Figure 9B shows snapshots

taken from a molecular dynamics simulation of1+2. Scattering
data demonstrate that the dimensions of the equilibrium structure
for 1+2 are expanded by 0.6 Å compared to1 and that this
shift can be accounted by the removal of porphyrin bowing
distortions by the tripyridyl guest. The preliminary molecular
dynamics simulations also show a more restricted set of
distortions compared to1, consistent with the experimentally
estimated 2-fold reduction in the amplitude of the structural
dispersion in solution. A detailed comparison of high-angle
molecular scattering data with conformational ensembles gener-
ated by molecular dynamics simulations will be presented in a
subsequent publication.

Conclusions

High-angle X-ray scattering measurements are demonstrated
to provide a new method for direct structural verification and
analysis of shape-persistent macrocycles in solution. Structural
features resolved for array1 and host-guest assembly1+2 in
aromatic hydrocarbon solvents included the following: (1)
demonstration of the cyclic hexameric structure of the porphyrin
array through resolution of the characteristic three-peak por-
phyrin pair distance correlations; (2) measurement of the
amplitude of the configurational dispersion for array1 in
solution and resolution of a 1.5 Å shortening of the ensemble-
averaged dimensions for array1 compared to an energy-
minimized planar porphyrin model structure; and (3) measure-
ment of a 0.6 Å expansion of the cyclic hexameric porphyrin
host assembly upon guest insertion and approximate 2-fold
decrease in the amplitude of the configurational dispersion.
These structural features are summarized in Figure 9. Resolution
of long-range, nanoscale structural features of shape-persistent
macrocycles has previously proven to be difficult in the absence
of crystal structures.1-3,11 Even though crystal structures can
eventually hoped to be obtained for each of the molecular
assemblies of interest, high-resolution scattering measurements

Figure 8. Effect of rigid-body porphyrin motions on high-angle scattering
for array1. Part A shows scattering patterns calculated using conformer1
as an equilibrium structure and having porphyrin group harmonic transla-
tional disorders of 0 Å (black), 2 Å (blue), and 3 Å (red) amplitudes. Part
B shows a comparison of experimental scattering data for array1 with a
model structure experiencing 3 Å translational disorder (blue line) and
alternatively a full 360° rotational disorder (red line). Both the model
calculations in part B used the model structure1, but the calculated scattering
q-range was scaled to allow alignment of experimental and calculated
scattering peaks. This adjustment accounts for the 5% reduction in the
dimensions of the experimental array compared to model structure1.

Figure 9. Snapshots of conformers observed within molecular dynamics
simulations for array1 (Part A) and assembly1+2 (Part B). The snapshots
are plotted on top of configuration dispersions estimated from broadening
of experimental scattering patterns using a rigid-body porphyrin positional
dispersion model. The conformers for array1 show extensive bowing
distortions and rotations of all six porphyrin groups. Assembly1+2 shows
an expanded equilibrium conformation with a restricted set of distortions.
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of the type outlined here provide unique information on the
characteristic conformational landscapes for the supramolecular
architectures in liquids that cannot be accessed by crystal-
lographic studies.

Proof of the cyclic hexameric structure of macrocycle1 has
previously rested on precise measurements of molecular mass
and composition.4 While these measurements provide definitive
evidence of the cyclic architecture and Zn3Fb3 hexameric
composition of the assembly, they cannot provide information
on structural characteristics. The damped oscillatory high-angle
scattering patterns measured for macrocycle1 combined with
PDF analyses provided a direct measure of the molecular
dimensions and shape through resolution of the three sets of
porphyrin pair distance correlations. The data demonstrate that
macrocycle1 cannot be characterized by a single conformation
but exists in an ensemble skewed toward conformers having
an average 1.5 Å shortening of the porphyrin paira+b distances
compared to an energy-minimized planar porphyrin model
structure. The shortened porphyrin pair correlation distances
indicate that the average conformation for macrocycle1 in
solution has bowed distortions of the porphyrin and diphenyl-
ethyne linker groups. Conformers of this type are apparent in
energy minimization studies and molecular dynamics simula-
tions. Analytical models estimate the limits of the conforma-
tional envelope to include 3 Å dispersion in porphyrin group
positions and full rotational freedom. However, combinations
of multiple motions of lower amplitude will likely provide the
best fit to experimental scattering.

Insertion of the guest molecule2 into macrocycle1 expanded
the dimensions of the macrocycle by 0.6 Å and restricted the
configurational dispersion by about a factor of 2. The structural
changes bring the model and experiment into closer agreement.
These results suggest a role for the guest molecule in restricting
the range of conformers accessed by the assembly.

Control of the conformational landscape is potentially critical
for achieving control of solution-state chemistry. For example,
doming and nonplanar distortions play a significant role in
determining porphyrin excited-state decay processes and life-
times.51,52 Further, the energy and electron/hole transfer pro-
cesses in these diphenylethyne-linked multiporphyrin architec-

tures occur predominately via through-bond mechanisms.33

Porphyrin geometric distortions and through-bond couplings are
likely to be modulated by bond torsions, bending, and rotational
distortions that are manifest in the solution-state configurational
disorder. This work suggests the opportunity of making con-
comitant measurements of photochemistry and configurational
disorder as a function of temperature, solution-state parameters,
and molecular design for resolving the effects of architectural
dynamics on energy- and electron-transfer efficiencies.

Finally, while small-angle X-ray scattering has long been
recognized as a tool for low-resolution structural characterization
of macromolecules in solution,13,42 the experiments presented
here demonstrate the new opportunity of using high-angle X-ray
scattering for higher resolution studies. Indeed, we anticipate
that shorter sample-to-detector distances will enable accurate
measurements with excellent signal to noise to 2 Å spatial
resolution. The relatively short acquisition times (1-2 min),
dilute solutions (1 mM), and small liquid sample volumes (e50
µL) make these measurements amenable for automated, high-
throughput applications. In this regard, high-angle X-ray scat-
tering should provide a valuable and perhaps unique tool for
gaining a deeper understanding of the structure and conforma-
tional landscape of diverse supramolecular architectures in
solution.
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