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Abstract. The supramolecular solid state is a medium
par excellence for photochemical studies of molecules in a
well-defined environment. If the photoactive molecule is
embedded within a strong photochemically-inert frame-
work, reactions can proceed without breakdown of the
crystal lattice. A number of examples of trans-cis and cis-
trans reactions are presented. A variable temperature study
of Zn-coordinated tiglic acid shows that the reaction is en-
ergy-controlled with a small activation energy of �2 kJ/
mol, dependent on the size of the cavity in which the mo-
lecule is located. Time-resolved studies of the instanta-
neous dimer-formation of an organic and an inorganic spe-
cies are presented. The Cu(I)(NH3)2 cation forms a dimeric
species with a contracted Cu(I)––Cu(I) distance through
promotion of an electron from an antibonding to a weakly
bonding orbital, whereas xanthone forms an excimer with
decrease interplanar spacing. The concept of the photodif-
ference map is defined and used thoughout the article.

Introduction

Although the term photocrystallography was only coined in
the late nineties (Coppens, 1997), the study of chemical pro-
cesses in solids has a long and illustrious history. It was
especially G. M. J. Schmidt at the Weizmann Institute of
Science who realized almost 60 years ago that the then ra-
pidly increasing power of X-ray crystallography should be
used to learn more about chemical reactions in molecular
crystals. The topochemical postulate, first proposed by
Kohlshutter in 1918 (Kohlshutter, 1918), and systematically
developed by Schmidt and coworkers with new insight on
molecular packing from X-ray diffraction, states that chemi-
cal reactions in crystals proceed with a minimum amount of
atomic motion (Cohen & Schmidt, 1964, Cohen et al.,
1964, Schmidt, 1964). Though exceptions have been found,
it is clearly possible in many cases to predict the reaction
that will occur from the crystal structure of the reactants.

Beyond the study of the topological requirements for
reactions to occur and the nature of the reaction products,
it is of great interest to know how a reaction proceeds, i.e.
what are the intermediate states, even if short-lived, what
is the rate of the reaction in the crystal, and how does the
rate depend on temperature and on the size and nature of
the reaction cavity. For such studies it is especially impor-
tant that the crystal lattice retains its integrity during the
course of the reaction, i.e. that a topotactic, single-crystal-
to-single-crystal reaction occurs. Though the [2 þ 2] cy-
cloadditions that were studied in the early work invariably
led to crystal breakdown when conversion percentages ex-
ceeded a few percent, it was discovered by Enkelmann
and coworkers (Enkelmann et al., 1994), and confirmed in
subsequent work (Abdelmoty et al., 2005), that irradiation
in the tail of the absorption band can lead to preservation
of crystal integrity during the reaction.

In this paper we will discuss an alternative approach
that uses the versatility of co-crystals and especially supra-
molecular solids to achieve topotacticity and allows varia-
tion of the molecular environment.

Visualizing externally induced changes
in crystals

In any study of chemical changes in crystals it is impor-
tant to visualize the induced modifications of the molecu-
lar structure and orientation. When the crystalline lattice is
preserved as in single-crystal-to-single-crystal (SCSC) re-
actions this can be achieved by applying the methods of
charge density analysis. The electron density in the crystal
both before and after the induced process has taken place
can be obtained by conventional Fourier techniques. Initi-
ally phases of the reflections after reaction may be as-
sumed as identical to those before reaction, an assumption
of better validity in the case of centrosymmetric structures.
For photo-induced processes a photodifference map is ob-
tained as

DrðrÞ ¼ rexposedðrÞ � rinitialðrÞ ¼
1

V

�
P

FexposedðHÞ exp ifexposed � FinitialðHÞ exp ifinitial

h i

� exp� 2p H � r ð1Þ
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in which r(r) represents the electron density at the point r,
F the amplitude of a reflection and F its phase, and H the
corresponding reciprocal space vector. Subsequent least-
squares refinement will be based on the photo-induced
peaks identified in the difference maps. If the phases F of
the reflections change significantly in the subsequent refine-
ment of the exposed structure, (1) must be recalculated with
the new phases and the process iterated until convergence.
This is usually not a problem for centrosymmetric crystals
but must be considered in the acentric case. Equation (1)
must be modified if the volume V of the unit cell changes
appreciably on exposure, which is generally not the case for
solids in which the photoactive molecules are embedded in
a strong host framework. Examples of photodifference
maps are given in Figs. 2 and 7 for a photo-induced chemi-
cal reaction and a photo-excitation respectively.

Supramolecular solids

Solid-state dilution and photo-physical properties

Supramolecular solids are an unusually suitable medium
for the study of photo-chemical processes in solids. Unlike
rigid glasses used in conventional spectroscopy for this
purpose, they allow molecular dilution of the photo-active
components with retention of three-dimensional periodi-
city. As structural stability is provided by the inert compo-
nents, they are much less subject to crystal breakdown
than neat crystals. They are also very versatile, in the
sense that a photo-active molecule can be embedded in a
great many different matrices. In ten different supramole-
cular solids with benzophenone (BZP) (Ma et al., 2001;
Ma & Coppens, 2004) and seven with benzil (BZ) (Ma &
Coppens, 2003; Ma et al., 2004; Zheng & Coppens,
2005c) as guests, the guest concentration was reduced
from typically 6 mol/L in the neat crystals to 1–1.5 mol/L
and in one case to 0.6 mol/L. However, although the neat
crystals of both BZ and BZP tend to be highly lumines-
cent, none of these supramolecular phases is a strong light
emitter. This is attributed to efficient energy transfer from
the excited state to the molecular environment. In general
such quenching can also be due to electron transfer, in
which case a color change is often observed. Energy trans-
fer is related to the relative spacing of the energy levels of
the host-framework and the guest molecules, and can be
minimized by raising the Excited State-Ground State en-
ergy gap of the framework molecules (Zheng & Coppens,
2005b). This is experimentally confirmed by a subsequent
study of eight different three-dimensional anionic frame-
works incorporating the [Cu(dmp)2]þ photosensitizer cat-
ion (Zheng et al., 2006). A large variation in the emission
lifetime of the cation in the series correlates with the rela-
tive energy-level spacings of the guest- and host-frame-
work components as obtained from theory, culminating in
a value for the 1,3,5-cyclohexanetricarboxylic acid inclu-
sion compound that exceeds that of the [Cu(dmp)2]þ cat-
ion in its conventional salts. Clearly, the photophysical
properties of the guest molecules can be manipulated by
variation of the molecular environment, a conclusion of
prime interest for the design of highly luminescent solids.

Co-crystals and framework solids

We will distinguish here between co-crystals and frame-
work solids (Herbstein, 2005). In the former, for a crystal
with components A and B, A––B interactions are domi-
nant, whereas in the latter A––A interactions give rise to a
framework with cavities in which the B molecules can be
located. In the latter A––B interactions play a less domi-
nant role, although the nature of the framework may be
determined by the templating effect of the B species
(Herbstein, 2005). In co-crystals with a major ditopic com-
ponent, with two adjacent functional groups, templating
can serve to bring two reactant molecules in close proxi-
mity in a geometry suitable for a bimolecular reaction to
occur (Toda & Bishop, 2004). Examples are provided by
MacGillivray and coworkers, with templating achieved by
diols like resorcinol and metal coordination (Georgiev &
MacGillivray, 2007). Toda et al. have used diols such as
1,1,6,6-tetraphenyl-2,4-hexadiyne-1,6-diol and derivatives
as templates for enantioselective [2 þ 2] dimerization of
coumarin, thiocoumarin and cyclohex-2-enone (Tanaka
et al., 2000; Toda, 2001). Using the same diol, Kaftory
and coworkers achieved highly stereospecific [2 þ 2] and
[4 þ 4] additions in the solid state (Zouev et al., 2006),
including a case in which contraction of the lattice during
the reaction leads to the absorption of water molecules
(Lavy & Kaftory, 2007). Other examples include the
[2 þ 2] cyclodimerizations of 4,40-bis-pyridylethylene and
analogues (Chu et al., 2005; Friscic et al., 2004; Friscic &
MacGillivray, 2005; MacGillivray et al., 2005; Papaef-
stathiou et al., 2004) and larger homologues, some leading
to the formation of unique ladder compounds (Gao et al.,
2003).

Isomerization reactions
in supra-molecular frameworks

Tiglic acid in two structural arrangements

The E! Z photoisomerization of tiglic acid in CECR � HTA
� 2 MeOH � 1.5 H2O (1) (HTA ¼ tiglic acid, CECR ¼ C-
ethylcalix[4]resorcinarene) is an example of a SCSC iso-
merization reaction in a supramolecular framework (Fig. 1).
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Fig. 1. Three-dimensional supramolecular architecture of CECR � HTA
� 2 MeOH � 1.5 H2O viewed along the a-axis direction (top) and and
perspective views showing 50% probability displacement ellipsoids of
the E molecule before exposure and the Z molecules after 3 h expo-
sure (bottom) (Zheng, Messerschmidt et al., 2007a).



It proceeds with preservation of the crystal lattice, indicat-
ing the ‘scaffolding effect’ of the molecular framework,
which holds the crystal together notwithstanding the
change in shape of the embedded guest molecules. In the
reaction a photostationary state is reached at a concentra-
tion of ca. 30% of the Z isomers. Analysis of the isomeric
composition from diffraction data after 1, 3, 6 and 12 hour
exposure shows the reaction to closely follow first order
kinetics, as may be expected, with the Z! E back-reac-
tion proceeding with a larger rate constant than the E! Z
forward isomerization (Zheng et al., 2007a).

More insight into the isomerization of tiglic acid is pro-
vided by the study of the Zn-coordinated tiglic acid anion
(TA) in CECR � [Zn(TA)2(H2O)2] � 4 H2O (2) (Zheng et al.
2007d). It is noteworthy that in both structures the [2 þ 2]
cycloaddition is suppressed as the molecules are isolated
in (1), and arranged non-parallel in (2). In the precursor
crystal the Zn is five-coordinate. The two coordinated TA
are located in cavities of very different size, the smaller
and the larger cavity having volumes of 92.6 and 153.8 �A3

respectively, offering the opportunity to examine the envi-
ronment-dependence of the reaction rates. The 2-hr-expo-
sure photodifference map for the molecule in the small
cavity is shown in Fig. 2. A reduction in the coordination
of the Zn atom (from 5 to 4-fold) on exposure is evident,
as are shifts of both the tiglate ligand and the Zn atom. It
is noteworthy that the volume of the small cavity increases
from 92.6 to 111.7 �A3 as a result of the E to Z isomeriza-
tion, whereas the volume increase of the large cavity is
limited to 4 �A3, indicating the presence of steric restric-
tions in the former case. In a first quantitative study of a
solid-state reaction in a supramolecular crystal the reaction
rate was determined at a series of temperatures at four
different time points after its initiation. The results are pre-
sented in Fig. 3. As is clear from the curves, the reaction
is indeed faster in the larger cavity, and its rate is limited
by the occurrence of an activation barrier. The first order
rate constants for both the forward and the backward reac-
tion can be derived from the conversion percentages com-
bined with the composition of the photostationary state.
Arrhenius plots of the temperature dependence of the rates
indeed show the activation energy to be larger for the re-
action in the small cavity than for the large cavity, the two
values being 2.3(3) and 1.8(1) kJ/mol for the forward
reaction in the two cases respectively, and 2.1(2) and

1.9(1) kJ/mole for the Z to E isomerizations in the same
cavities. Though the differences in activation energy are
relatively small, they have a significant effect on the tem-
perature dependence of the reaction rates, as is evident
from Fig. 3. The nature of the activation barrier is envi-
sioned in Fig. 4 (adopted from Lewis, Lewis et al., 1994)
as due to an intermediate state on the path between the
Frank-Condon excited state structure and the conical inter-
section of the potential surfaces (Martinez, 2006). The ac-
tivation energies are considerable lower than values ob-
tained by Lewis et al. for isomerization with a singlet
intermediate state. Activation energies of �35 kJ/mol as
measured by Lewis et al. for the E to Z isomerization of
phenylpropene in hexane solution would not allow the re-
action to preceed perceptibly at the low temperatures at
which the diffraction experiments have been conducted.
This suggests that a triplet pathway, for which activation
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Fig. 2. Photodifference map of tiglic acid in the small cavity in
CECR � [Zn(TA)2(H2O)2] � 4 H2O after 2 hours exposure. Note the
displacement of the Zn atom and its changing coordination. Blue:
2.0, light blue: 1.0, orange: �1.0, red: �2.0 e�A�3 (Zheng et al.,
2007d).

Fig. 3. Conversion fractions of Zn-coordinated TA molecules in the
small (S) and large (L) cavities in CECR � [Zn(TA)2(H2O)2] � 4 H2O
as a function of irradiation time at different temperatures (Permission
requested Copyright 2007 Wiley-VCH) (Zheng et al., 2007c).

Fig. 4. Schematic energy level diagram for E! Z and Z! E isomer-
izations (modified from and reproduced with permission from J. Am.
Chem. Soc. 116 (1994) 10477–10485. Copyright 1994 American
Chemical Society).



energies are much lower, is involved at reduced tempera-
tures in the supramolecular solid. A contribution to the
activation energy from the interaction with the walls of the
reaction cavity seems likely.

3-chloroacrylic acid: approaching the
photostationary state from two directions

A third study on 3-chloroacrylic acid (HClA) embedded in
CECR � HClA � 2 MeOH � 1.5 H2O, similarly shows an
SCSC reaction (Zheng et al., 2007b). It is of particular
interest since in this case the reaction can be approached
from both sides, as both the E and the Z inclusion solids
can be synthesized. The reactions are again first order, but,
interestingly, both the Z to E and the E to Z reactions are
faster in the Z inclusion complex, in which a 50% station-
ary state is reached, whereas in the photostationary state
of the E-complex the E structure is favored (Fig. 5).

The ability to monitor chemical reactions of molecules
confined within an inert periodic framework is of particu-
lar importance for the field of ultrafast time-resolved dif-
fraction as it indicates that elucidation of the mechanism
of chemical reactions with pump-probe techniques may be
within our reach.

Excited state diffraction
with supramolecular solids

Though the X-ray diffraction produces a time (and space)
averaged image of the diffracting crystal, the advent of
high brilliance pulsed sources, such as synchrotrons, and
area detectors has made it possible to greatly reduce the
time over which the image is averaged. Many reactions of
interest can be sharply triggered by photon-exposure, ac-
cordingly laser-pump/X-ray probe techniques have been
developed, and applied with spectacular success in macro-
molecular crystallography (Anderson et al., 2004; Aranda
et al., 2006; Bourgeois et al., 2006; Schotte et al., 2003).
For smaller complexes higher spatial resolution can be
achieved (Coppens et al., 2005; Guerin et al., 2004).

Supramolecular solids are a relatively unexplored ter-
rain in this respect, but they have the advantage of mole-
cular dilution, of the ability to study the excitation in dif-
ferent environments and of providing an inert framework
that can act as a scaffold and maintain the integrity of the
crystal during the photo-induced process. In some cases
otherwise unstable species can be encapsulated in the cav-
ities of the framework and be subjected to identification
and analysis (Zheng & Coppens, 2005a; Zheng et al.,
2005; Zheng et al., 2007c). Negative factors which must
be avoided are that crystal quality is frequently insufficient
and that energy or electron transfer to the ‘inert’ compo-
nents can drastically shorten the lifetime of the excited
state and even lead to full quenching of the emission, as
described above for several cases. Selection of strongly
hydrogen-bonded frameworks composed of maximally sa-
turated components can alleviate such problems. We have
completed two such studies which are described in the
following.

The [Cu(NH3)2]2
2þ dimer in a strongly

hydrogen-bonded framework

As shown by Carvajal et al. (2004) the dimeric species
[Cu(NH3)2]2

2þ does not show a local energy minimum as a
function of Cu(I)––Cu(I) distance, and thus is not a stable
species. Nevertheless, it can be isolated within an anionic
framework of H2THPE� molecules (H2THPE� ¼ the mono-
anion of tris (hydroxyphenyl)ethane) to give a solid of com-
position [Cu(NH3)2]2[H2THPE]2 � 3.25 H2O (Fig. 6) (Zheng
et al., 2005d). The dimeric species is stabilized by the hy-
drogen bonding to the host lattice, creating a ‘cage effect’
by which the unstable species is captured by the electro-
static bonding. Its triplet excited-state has a lifetime of
52 ms at 17 K. The time-resolved experiment was con-
ducted with the monochromatic technique using a 16.5 ms
shutter opening and 355 nm laser light pulses at the rapid
repetition rate of 15000 Hz, produced by a Nd-vanadate
laser. The photodifference map, shown in Fig. 7, indicates
depletion at the Cu-position and a peak of 7 e�A3 displaced
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Fig. 5. Percentage of Z-chloroacrylic acid in the CECR host-guest
complex as a function of irradiation time (Reproduced with permis-
sion from Chem. Comm. (2007b) 2735–2737. Copyright 2007 Royal
Society of Chemistry).

Fig. 6. Three-dimensional supramolecular architecture of [Cu(NH3)2]2

� [H2THPE ]2 � 3.25 H2O viewed along the a axis. The water mole-
cules are located in the square-shaped channels. (Reproduced with
permission from CrystEngComm 8 (2006) 735–741. Copyright 2006
Royal Society of Chemistry).



from the ground-state Cu position in a direction approxi-
mately, but not exactly towards the neighboring Cu atom.
This corresponds to a shortening of the Cu(I)–Cu(I) bond
and an accompanying rotation of �7� of the cation on
excitation, a result confirmed by the subsequent least-
squares refinement. The refinement is performed with the
program Laser5, which minimizes the differences between
the observed and calculated fractional changes in the in-
tensities on illumination. The Cu–Cu distance shortens
from 3.025(1) to 2.72(1) �A on excitation, compared with
2.60 �A according to theory. As in other binuclear com-
plexes studied by us (Coppens et al., 2004; Coppens et al.,
2005; Novozhilova et al., 2003), the shortening is due to
the promotion of an anti-bonding electron from a full
shell, to a weakly bonding orbital, in this case 4ps, as
illustrated in the HOMO and LUMO diagrams in Fig. 8.

A xanthone excimer embedded
in a supramolecular framework

Excimer formation of aromatic molecules has received con-
siderable attention in the past decades (see for example East
& Lim, 2000; Lim, 1987), but experimental information on
the structure of the excited dimers, in which intermolecular

bonding is enhanced, has not been available. To explore the
potential of time-resolved diffraction we have synthesized a
supramolecular solid in which two molecules of xanthone
form a dimer in a host lattice of HECR � 2 xanthone
� 6 MeOH (HECR ¼ hexaethylresorcin[6]arene) (Fig. 9).
The molecular dilution is pronounced, the xanthone concen-
tration being 1.752 mol/L, compared with 7.106 mol/L in
neat xanthone crystals.

Like benzil and benzophenone, xanthone has a long-
lived excited triplet state. At all but the very lowest tem-
peratures xanthone emits from the T2(n, p*) excited state
(Connors & Christian, 1982; Vala et al., 1981). The 17 K
lifetimes for a xanthone monomer in CECR � xanthone
�MeOH and the dimer in HECR � 2 xanthone � 6 MeOH
are 0.22 and 5.56 ms, respectively, compared with 887 ms
for neat xanthone crystals, indicating significant lumines-
cence quenching in both solids, but less for the dimer.
The luminescence maximum of xanthone in the monomer
supramolecular solid occurs at ca. 420 nm, while the
emission maximum of the xanthone dimer occurs at
460 nm, in agreement with the red-shifts commonly found
in the luminescence spectra of excimers in solution, and
supported by our calculations of the energy level spa-
cings. The stroboscopic time-resolved experiments on
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Fig. 7. Time-resolved photodifference map for the [Cu(NH3)2]2
2þ ion

in [Cu(NH3)2]2[H2THPE]2 � 3.25 H2O. Blue: 7 e/�A�3, Gray: 2 e/�A�3,
Red: �3 e�A�3

Fig. 8. Antibonding HOMO (left) and bonding LUMO (right) of the
[Cu(NH3)2]2þ ion. Surfaces at þ0.04 and �0.04 a. u. (Reproduced
with permission from CrystEngComm 8 (2006) 735–741. Copyright
2006 Royal Society of Chemistry).

Fig. 9. Three-dimensional supramolecular architecture of
HECR � 2 xanthone � 6 MeOH, containing dimeric xanthone, viewed
along the c axis. Methanol molecules are omitted for clarity. (Repro-
duced with permission from CrystEngComm 8 (2006) 735–741.
Copyright 2006 Royal Society of Chemistry).

Fig. 10. Instantaneous contraction of the xanthone dimer on excita-
tion (left: full lines, ground state; dotted lines excimer) (Reproduced
with permission from CrystEngComm 8 (2006) 735–741. Copyright
2006 Royal Society of Chemistry).



were performed with a 10 kHz, 355 nm laser/X-ray pulse
repeat frequency. Photodifference maps show a contrac-
tion of the interplanar distance, quantified as 0.26(3) �A
(from 3.41 to 3.15 �A) by the least-squares refinement.
The contraction is accompanied by a lateral relative shift
of the molecular planes by 0.24 �A (Fig. 10). The excimer
thus has the conrotated structure discussed by East and
Lim for the naphtalene dimers (East & Lim, 2000). This
is not surprising as configurations such as the disrotated
and T-shaped comformations require much larger rearran-
gements which would be inhibited in the confined space
in the crystal. The experiment is supported by a theoreti-
cal calculation (MP2/6–31G**) which gives the interpla-
nar distance in the optimized geometry of the triplet di-
mer as �3.144 �A.

The relative excited state populations achieved in two
successive experiments are 8% and 13%, the second ob-
tained with increased power in the laser beam. This is
larger than 3–6% excited-state populations achieved in the
experiments with neat crystals, a result attributed to the
improved ratio between incident photons and photoactive
molecules in the supramolecular crystals and to the in-
creased light penetration in a more dilute system.

Concluding remarks

The supramolecular solid state introduces a new medium
for photocrystallographic experiments, that has only curso-
rily been exploited so far. This is of particular interest, as
the variety of multicomponent systems that can be synthe-
sized is practically unlimited. Only the tip of the iceberg
has been touched. Much further progress may be expected
in photocrystallography in supramolecular crystals, a field
that combines synthesis, crystallography, spectroscopy
with other chemical and physical disciplines.
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