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The effect of anisotropic structural strain resulting from thermal expansion on linkage photoisomerisation
in crystals of [Co(NH=z)sNO,]CINO3) was studied. The quantum yield of the photoisomerisation was qualita-
tively correlated with the bending of needle-shaped crystals across a series of temperatures from 80-363
K. The thermal evolution of the crystal structure was also studied across the same temperature range by
single-crystal X-ray diffraction. A qualitative correlation was found between the photo-reaction rate and
both the cell volume and the volume of void space around the nitro groups. However, this correlation was
found to be non-linear. The effect of the anisotropic structural strain resulting from temperature variations
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on the rate of photoisomerisation is qualitatively different from the effect of strain that is generated by
elastic external loading. If strain is induced by external load, the reaction rate correlates linearly with com-
pression along the crystallographic b direction. In contrast, if strain results from temperature variations,
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then the reaction rate correlates linearly with changes along the crystallographic a direction. This effect is
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Introduction

Photomechanical effects in molecular crystals have been stud-
ied since the 1980s,' and interest in these phenomena in-
creases every year.* '* One of the most spectacular manifesta-
tions of photomechanical effects is the bending of crystals on
irradiation, which was first reported in the 1980s (ref. 1-3) and
has since been reproduced many times for a variety of com-
pounds (see recent reviews* *°).

Crystals of [Co(NH;);NO,]CI(NO;) belong to the most ex-
tensively studied compounds that exhibit photomechanical
effects, namely bend or jump on homogeneous nitro-nitrito
intramolecular linkage isomerisation (the nitro-ligand
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measured quantitatively and its rationalisation is attempted.

changes its coordination to the Co(m)-atom from nitrogen in

the nitro-form to oxygen in the nitrito-isomer):>"* "
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They can be grown as long thin needles, making it possi-
ble to monitor the photoisomerisation quantitatively by pre-
cise measurements of crystal bending.>*'*'”'® Photo-
chemical transformation is directly related to macroscopic
crystal deformation, making it possible to study the micro-
scopic mechanism of the photo-transformation from the
macroscopic mechanical response.” Measuring crystal bend-
ing has been used to study the effect of the elastic compres-
sion of crystals along axis b induced by external load on the
quantum yield of the photoisomerisation; in this way the ac-
tivation volume has been estimated.''*'”'® Although a
change in the molar volume over the course of the nitro-
nitrito photoisomerisation is negative (the volume is re-
duced)," the activation volume is positive, i.e. the reaction
quantum yield is reduced if the crystals are elastically com-
pressed along crystallographic axis b."*'® This unexpected ef-
fect is explained by the anisotropy of lattice strain, when the

This journal is © The Royal Society of Chemistry 2016
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total relatively small negative volume change during the reac-
tion (-0.7%) results from a large (+3.9%) expansion along
crystallographic axis b and a large compression along axes a
(-2.7%) and c¢ (-1.8%) (Fig. 1)."°

An important parameter that can effect a reaction is tem-
perature. The effect of temperature on the photo-
isomerisation can be related to both “microscopic” intramo-
lecular processes (dissipation of the excitation energy
resulting from a series of radiation-less transitions from the
higher to lower energy level in a complex cation), and

C1-NO3ldistance

de O fe X

Fig. 1 The fragments of the crystal structure of [Co(NHz)sNO,ICI(NO3)
in different orientations. Chlorine anions are green, Co atoms dark
blue, N atoms light blue, and oxygen atoms red. The complex
hydrogen bond network (Fig. S3 and Table S2 in the ESI) is not shown
for clarity.
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“macroscopic” phenomena related to the anisotropic strain
induced in the crystal on temperature variations (expansion
on heating, compression on cooling). The “microscopic” and
“macroscopic” phenomena are interrelated as the lattice
strain on temperature variation results from changes in the
anharmonicities of vibrations. Further, structural distortion
can have a pronounced effect on the intramolecular transi-
tions between energy states. The problem is very general and
is of interest for any photochemical reactions in crystals that
are accompanied by structural strain and photomechanical
effects.

The rate of photoisomerisation characterises the transi-
tion of a compound from the initial state to the final state.
Generally, this rate is determined by the transition to the ex-
cited state, and the relaxation of the excitation through one
or several channels. Temperature can affect any of these
stages. If transition to the excited state and radiationless re-
laxation do not depend on temperature directly, then the ef-
fect of temperature on the photoisomerisation is related to
the and macro-strain resulting from thermal
expansion.

The rate of photoisomerisation of [Co(NH;3)sNO,|X, (X =
Cl, Br, I') complexes in the solid state has been reported
not to change significantly even at liquid nitrogen®® and lig-
uid helium®' temperatures, the activation energy estimated
to be 100 cal mol*.>' This suggests that the transition to the
excited state itself is in fact not thermally activated. It there-
fore becomes possible to consider the effect of temperature
on the photoisomerisation in the crystalline state, focusing
on the relation between the rate of photoisomerisation and
the anisotropy of lattice strain resulting from temperature
variation (thermal expansion on heating or contraction on
cooling). It is of particular interest to compare the effect of
thermally induced strain with the previously studied effect of
strain induced by elastic bending.'""*'”'® The values of lin-
ear strain in the two cases are comparable, but the anisotropy
is different.">?>** Another important difference is that uni-
form thermal strain does not create any macroscopic stresses
in the crystal, in contrast to bending by external loading. A
comparison of the effects of the two types of strain on the re-
action may give better insight into the role of the crystalline
environment in intramolecular photoisomerisation.

The aim of this study was to monitor the kinetics of the
photoisomerisation in the crystals of [Co(NH;);NO,]CI(NO;)
at multiple temperatures across the range 80-363 K by mea-
suring crystal bending, and to search for correlations be-
tween the observed effects and the anisotropic lattice strain
induced in the crystals by temperature variations, as mea-
sured by single-crystal X-ray diffraction. A study of the tem-
perature dependence of the rate of nitro-nitrito linkage
photoisomerisation in [Co(NH;);NO,]CI(NO;) is complicated
by the existence of reverse thermal nitrito-nitro iso-
merisation. In order to overcome this difficulty, we limited
the study of the kinetics of photoisomerisation to the initial
stage of the transformation where the contribution of the re-
verse process is negligible.

micro-
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Experimental

Crystals were synthesized and grown as described in ref. 24.
To study the kinetics of the photoisomerisation, the experi-
mental set-up described in earlier publications'"'*'7'8
used. This set-up was modified in such a way so as to enable
variable-temperature measurements using a home-made cryo-
thermostat (Fig. 2). The crystal was fixed on a copper holder
and located in a chamber swept by a stream of dry nitrogen
to avoid icing; the temperature of the copper holder was held
with a precision better than 1 K over the range 80-373 K. A
blue LED (4 = 465 nm, 1 W) was used as the source of excita-
tion radiation. The shift of the free crystal end, resulting
from its bending, was monitored by measuring the position
of a spot from a laser beam reflected by a mirror (a polished
silicon plate) to a point 5 meters away.

The orientation of the crystal with respect to the light
source is plotted in Fig. 3. The crystal was irradiated normal
to its broad face. Crystal faces were indexed using CrysAlisPro
software*® and 191 reflections were collected with an Oxford
Diffraction Gemini R Ultra diffractometer (2D CCD detector,
MoKao radiation).

The method requires crystals with a certain thickness. A
crystal must be thick enough to enable pasting a mirror to its
free end (Fig. 2). At the same time, the crystal must be thin
enough so as to not suppress its sensitivity to irradiation.
The limit of crystal bending is defined by its breaking point;
thicker crystals break significantly earlier than thinner ones
on bending.

The range of optimum sizes for this compound is given in
Table 1, which sums up the data on the crystals used in this
work. The most sensitive measurement could be done for
crystal 3. Its thickness was still significantly larger than the
characteristic light absorption distance, which is 20 um."”"®

was

7.‘ Blue LED

Dry N, The crystal under
\ controlled temperature
— : Regulated heater
LigN,

Fig. 2 Experimental set-up.
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Fig. 3 Orientation of a crystal with respect to the light source. Face
indices and directions of crystallographic axes are shown.

This greatly simplified data analysis: all light reaching the
crystal surface can be considered to be absorbed by the sur-
face layer.

The bending of a crystal over multiple irradiation/heating
(photoisomerisation/reverse thermoisomerisation) cycles was
highly reproducible (Fig. 4). This indicates that no irrevers-
ible chemical or structural changes (defects) are accumulated
in the crystal during these cycles, and there is no fatigue.
This makes it possible to use the same crystal for multiple
measurements under different conditions (in particular, at
different temperatures). This allows one to increase the reli-
ability of the measurements, since data scattering (which
would be unavoidable if different crystals were used for the
measurements at different temperatures) is eliminated.

Variable-temperature single-crystal X-ray diffraction over
the temperature range 100-393 K was carried out using a
STOE IPDS-2 diffractometer (MoKa radiation) equipped with
an image-plate detector, a graphite monochromator, and an
Oxford Cryostream device for temperature control with dry
nitrogen flow. At the beginning of the experiment, the sample
was heated from 293 K to 393 K in 10 K steps. Subsequently,
the sample was cooled directly to 293 K and then X-ray data
were collected on cooling to 213 K in 20 K steps, at which
point the crystal was covered by ice. The experiment was
stopped at 213 K and the sample was heated to evaporate the
ice.

After the sample was clear, the temperature was decreased
to 193 K and data collection was resumed, obtaining data
down to temperatures of 100 K. X-ray data were collected at
each temperature point. Cooling and heating rates were ~60
K per hour.

X-AREA and X-RED32 (ref. 26) were used for cell refine-
ment, data collection and data reduction. Crystal structures

Table 1 Dimensions of the crystals used for measurements

Crystal Length, um Thickness, um
1 3230 460
2 5140 730
3 6060 280

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 |Illustration of the reproducibility of results over multiple
irradiation/heating (photoisomerisation/reverse thermoisomerisation)
cycles; crystal #2, T = 363 K. The displacement of the reflected beam
on irradiation of the crystal by light from the LED for 50 minutes is
shown (rising curve), and that resulting from a subsequent reverse
thermoisomerisation in the dark (downward curve).

were solved by direct methods and refined on F> using
X-STEP32 (ref. 27) and SHELX-2014 (ref. 28) software. All hy-
drogen atoms were located in the difference Fourier maps;
H-atom parameters were treated using HFIX 137 to refine tor-
sion angles in idealized NH; groups allowing them to rotate
but not to tip. Data characterising data collection and crystal
parameters are summarized in Table S1.t All crystallographic
data have been deposited with the Cambridge Crystallo-
graphic Data Centre.”*" Mercury®” was used for structure vi-
sualisation and analysis, including the calculation of voids
using the contact surface with a probe radius of 0.9 A and a
grid spacing of 0.2 A.

Results and discussion

Typical dependences of the shift of the reflected laser beam
vs. time at different temperatures are plotted in Fig. 5. The
full dataset measured at all temperatures is deposited as ESIf
(Fig. S1). As the temperature increases, the deviation of the
curves from linearity also increases. The non-linearity of crys-
tal bending is a consequence of two main effects: i) the
amount of the non-transformed nitro-isomer decreases, and
ii) the rate of the reverse nitrito-nitro thermoisomerisation
increases as the concentration of the product of the photo-
isomerisation (nitrito-isomer) increases. One can approxi-
mate the time dependence of the photoisomerisation as a
function of depth from the surface according to an equation
derived in ref. 9:

aC —px
E = kphe ! (1 - C) - kth (1)

where C - relative local concentration of the reaction product
at distance x from the crystal surface, &, — the rate of reverse

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 The displacement of the laser beam during the bending of
crystal #3 at variable temperatures: a) 81 K, b) 299 K, c) 360 K (data for
other temperatures are available as ESIi Fig. S1).

thermal reaction, k;j, - the rate of photoisomerisation, which
can be expressed as ki, = Ipauv, where I, - flux density of the
radiation per unit of the irradiated surface area, o - quantum
yield of the photoisomerisation, y — absorption coefficient in
the Beer-Lambert-Bouguer law, v - volume per formula unit
of the absorbing substance (uv is extinction of the com-
pound). At low temperature, when k;, approaches zero, the
reaction slows only because the initial reactant is consumed
(transformed), see the first term in eqn (1). As temperature

CrystEngComm, 2016, 18, 7276-7283 | 7279
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increases, the contribution of the second term in eqn (1) be-
comes larger, and the slowing of crystal bending becomes
more pronounced.

The value of k,, can be determined from the rate of
photoisomerisation at the initial moment, when C = 0 in the
whole crystal bulk. This corresponds to the calculation of the
initial rate of displacement of the reflected laser beam by
interpolation of the curves plotted in Fig. 5 to ¢ = 0 s. The
beam displacement can be related to the geometric parame-
ters of the crystal and experimental set-up (Fig. 2), according
to eqn (2):

Ax==2 )

where L - crystal length, B - the distance from the mirror
reflecting the beam to the scale, R - curvature radius of the bent
crystal, which is calculated as described in ref. 9 by eqn (3):

112 (o h

- (——xJC(x)dx (3)

R i 2

h - crystal thickness, ¢ - relative elongation of the crystal along
the long axis corresponding to complete transformation (0.039 in
our case). The initial rate of displacement of the laser beam can
then be expressed as

k
(ﬁj wo | 2EBEf 2 (4)
At )y M h Hh

Eqn (4) takes into account that the crystal thickness is
much more than the characteristic radiation absorption
depth x'. This makes it possible to directly calculate the
value of k. This constant is present in eqn (4) via the rela-
tion kpn/i = Iyaw. This means that the only value that can
contribute significantly to the temperature dependence of the
measured rate of crystal bending is the quantum yield of the
photo-transformation, c.

The temperature dependence of the rate of photo-
isomerisation kpj, is plotted in Fig. 6a. It is apparent that a
less than two-fold change in the quantum yield, correspond-
ing to a temperature change of almost 300 K, cannot corre-
spond to a thermally activated process. As suggested initially,
this can only be related to the effect of thermally induced lat-
tice strain. Relative changes in the rate of photoisomerisation
on temperature variation are comparable in value to that on
elastic bending by external loading, if the corresponding lat-
tice strain is of the same order of magnitude. This fact addi-
tionally supports the hypothesis that lattice strain makes the
largest contribution to the temperature dependence of the
photoisomerisation rate in a crystal. In the case of external
loading, it was logical to seek a correlation between the quan-
tum yield and lattice strain in one selected direction, namely,
along the long axis of the crystal. In contrast, in the case of
thermal strain, the choice of a selected direction is not so ob-
vious a priori. Uniform thermal strain does not cause any

7280 | CrysttngComm, 2016, 18, 7276-7283
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Fig. 6 The temperature dependences of: a) the rate constant of
photoisomerisation ky; b—e) unit cell parameters a, b, ¢ and volume V;
f) the distance between the anions Cl and NOs, surrounding a nitro-
ligand NO; (see Fig. 1).

macroscopic stress and is anisotropic. Generally, all compo-
nents of the strain tensor and their possible combinations
should be considered as potentially correlating with the rate
of photoreaction.

Since the dependence of quantum yield on strain in exper-
iments with external loading of the crystal was lin-
ear,""*1718 it also seemed logical to look for the strain ten-
sor components that linearly correlate with the rate of
photoreaction in the case of thermally induced strain. The
temperature dependences of the unit cell parameters and vol-
ume are plotted in Fig. 6b-e. It is clear that only the shape of
the a(T) curve resembles that of the temperature dependence
of the photoisomerisation rate constant.

Although there is a qualitative correlation between the di-
rection of change of the reaction rate, on the one hand, and
the cell volume or the volume of the “voids” around the nitro
group, on the other hand, their quantitative changes are not
linearly correlated (Fig. 1 and 7). The dependences of the cell
volume and void volume on temperature are practically linear
(Fig. 6e and 7), whereas the magnitude of the gradient of
kpn(T) decreases at lower temperatures (Fig. 6f).

The existence of a formal correlation between the reaction
rate constant and lattice strain can be rationalised using the
concept of a reaction cavity.">**® A reaction cavity is de-
fined as the free space in the crystalline environment that im-
mediately surrounds a reacting molecule or molecular frag-
ment. The simplest approximation is to consider the reaction
cavity as being rigid (i.e. constant over the course of the reac-
tion) and to seek correlations between the size of a reaction

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Volume of voids surrounding the nitro-ligand in the structure
of [Co(NH3)sNO,ICI(NO3) vs. temperature. Void shape (yellow) and its
position between ligands are shown.

cavity and the reaction rate. Such an approach is often help-
ful when a series of related compounds are compared.****33
Qualitatively, the free volume that is available in the starting
crystal correlates with the rate of photoisomerisation in
Co(m) compounds: the larger the reaction cavity, the larger
the reaction rate constant.">'* However, further analysis of
the anisotropic lattice strain resulting from the reaction itself
(when considering a “flexible” reaction cavity***®)
finer details that are not obvious a priori.

If strain is induced by external load, the reaction rate cor-
relates quantitatively with compression along the crystallo-
graphic b direction.>**'*'” This can be rationalised if one
considers the anisotropy of lattice strain resulting from the
reaction. As a result of photoisomerisation the structure ex-
pands along b, and thus compression along this direction by
an external load is not favourable for the reaction.'"*'*

If strain results from temperature variations (as in this
work), then the reaction rate correlates with changes along
the crystallographic a direction. This effect can be rational-
ised if one considers the crystal packing. It is logical to start
the analysis by considering NH:--O hydrogen bonds between
the nitro-group that is directly involved in the photo-
isomerisation, and the amino-groups of the neighboring
complex cations (Fig. S27). The change in distance between a
select NO,-group and its nearest NH;-ligands (Fig. 1 and Fig.
S2+t) is qualitatively similar to @(T) and can be correlated with
the rate of photoreaction.

Correlating more closely with the rate of photoreaction is
the temperature-dependent interatomic distance between the
two anions that surround each nitro-ligand, namely CI" and

reveals
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Fig. 8 The correlation between the rate of photoisomerisation and
the distance between the anions Cl and NOs, surrounding a nitro-
ligand NO; (see Fig. 1).

8.30

NO; (Fig. 1, 6f and 8). The correlation can be approximated
by eqn (5):

ko (T) =k, (363 K) [1 + qwj -

1(363K)

where [(T) is the temperature-dependent CI-NO; distance.
The coefficient of linear correlation g is equal to 55 + 5,
and is close to the value of the similarly defined parame-
ter ¢ = 40."' The exact mechanism that underpins
the effect of the a parameter and the CI'-NO; (and NO,-
NH;) distance on the reaction rate when considering thermal
strain requires further study. It can be preliminarily inter-
preted in terms of coupling between selected anharmonic vi-
brational modes, electronic photoexcitation and the motion
of the nitro-ligand, resulting in the change of its orientation
in the crystal structure and bonding to Co-atom.

Remarkably, in neither the case of external elastic com-
pression nor thermally induced strain does the reaction rate
correlate with lattice strain along the crystallographic ¢ direc-
tion (Fig. 1 and 7). Instead, lattice expansion along c¢ that
takes place on both cooling (in this work) and on elastic com-
pression of the b axis*® corresponds to a decrease in the reac-
tion rate.

One can suppose that the apparently different effects of
macroscopic strain on the photoisomerisation rate in the two
cases — external elastic compression and thermal strain - are
in fact rooted in identical phenomena. This becomes evident
if the microscopic stress experienced by the excited state of
the complex cation on irradiation is considered. The macro-
scopic thermal strain can be suggested to subject the excited
state to microscopic stress mainly along the a axis. In con-
trast, direct external loading of the crystal appears to result
in microscopic stress mainly along the b axis. No significant
microscopic stress arises along ¢, presumably, since enough
free space is present in this direction in the starting crystal

CrystEngComm, 2016, 18, 7276-7283 | 7281
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structure, and is preserved over the course of isomerisation.
Further investigation into the lattice dynamics of this system
may shed more light on the microscopic stresses that arise
over the course of the reaction at various temperatures and
on elastic compression.

Conclusions

The phenomenon of bending a crystal on irradiation (a
photomechanical effect, or photobending) is more than a cu-
rious observation. These effects have considerable practical
applications in supramolecular devices, e.g. sensors and actu-
ators. Macroscopic strain can be measured quantitatively
with high precision and reproducibility. These data can be
used to obtain an insight into the microscopic mechanism of
the transformation and the effect of crystalline environment
on the intramolecular photorearrangement.

The rate of photoisomerisation in [Co(NH;)sNO,|CINO;
correlates clearly with lattice strain, be this strain induced by
external elastic loading or by thermal expansion/contraction.
At the same time, in the case of external loading the rate of
the photoreaction correlates with strain along the long crystal
axis (b), whereas in the case of thermal strain the correlation
is with changes normal to the long crystal axis, i.e. within the
irradiated plane (parameter a). This can be rationalised by as-
suming that selected lattice vibrations are coupled with
photoexcitation. Intramolecular motions are important when
strain results from heating/cooling and is not associated with
any macroscopic mechanical stresses.

A very interesting fact is that the value of the g parameter,
characterising the dependence of the photoisomerisation rate
on lattice strain, is high both in the case of external elastic
loading and on temperature-induced strain (40 (ref. 17 and
18) and 50 (this work), respectively). This means that the
yield of the intramolecular photoisomerisation is highly sen-
sitive to even relatively small distortions of the crystalline en-
vironment. This is a manifestation of the large role of feed-
back phenomena in solid-state photochemical reactions,
which are similar in this respect with other types of solid-
state transformations.">*®
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