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ABSTRACT: The growing realization that photoinduced bending of slender photo-
reactive single crystals is surprisingly common has inspired researchers to control crystal
motility for actuation. However, new mechanically responsive crystals are reported at a
greater rate than their quantitative photophysical characterization; a quantitative
identification of measurable parameters and molecular-scale factors that determine the
mechanical response has yet to be established. Herein, a simple mathematical description
of the quasi-static and time-dependent photoinduced bending of macroscopic single
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crystals is provided. This kinetic model goes beyond the approximate treatment of a
bending crystal as a simple composite bilayer. It includes alternative pathways for excited-
state decay and provides a more accurate description of the bending by accounting for the spatial gradient in the product/
reactant ratio. A new crystal form (space group P2,/n) of the photoresponsive azo-dye Disperse Red 1 (DR1) is analyzed within
the constraints of the aforementioned model. The crystal bending kinetics depends on intrinsic factors (crystal size) and external

factors (excitation time, direction, and intensity).

1. INTRODUCTION

Fast energy transfer typical for the dense packing of molecular
crystals (relative to soft matter) and the exceptional elasticity of
certain slender crystals may lead to the de81gn of rapid, efficient
actuators and biomimetic materials.'™® The ever- mcreasmg
number of reports on crystals that can bend,”™” curl,"""
twist'>™'* or hop'®>° when excited with light, suggests that the
photomechanical response of molecular single crystals is a more
common phenomenon than has been recognized in the past.
Indeed, it has been demonstrated recently that slender crystals
of practically all major photochromic classes are capable of
elastic and reversible mechanical deformation under photo-
excitation.*' !

The growing number of such examples necessitates the
identification of measurable parameters for the quantification
and comparison of similar mechanical phenomena from one
material to the next. Detailed theoretical models have been
already developed for deformation of dye-doped photoactive
polymers (mainly elastomers and liquid crystals),>* ">’ and
qualitative considerations of the effects of crystal shape and size
on the mechanical response have been advanced for individual
crystalline systems,®® but general models are not available for
describing the actuating capability of single crystals. In the
absence of common analytical methods to study kinematic
effects, conclusions are based on limited data and are not
generally applicable. Under such circumstances, one normally
resorts to analogies with the kinematic models that are available
for polymeric actuators. Although they are exceedingly
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convenient, such implicit or explicit analogies are not always
justified due to the denser and more uniform distribution of
photoactive species, higher degree of coupling of the structure
and mechanical energy, and faster time scales for energy
transfer in single crystals relative to polymers.

The photoinduced bending of single crystals is regularly
attributed to nonuniform conversion, that is, the evolution of a
spatial gradient of the product population in the crystal
following photoexcitation. The structural misfit of the product
and the reactant creates a residual strain that causes
macroscopic flexure of the crystal. It is essential to establish
measurable parameters that will quantify the factors that affect
the resultant internal strain, the extent of crystal deformation,
and the kinetics of the macroscopic reshaping.

As part of our efforts to advance the understanding of
bending crystals, herein we report the results of an in-depth
kinematic analysis of the bending of a molecular crystal, the
azo-dye Disperse Red 1 (DR1, Chart 1).*> We observed
recently that crystals of DR1 appear from ethanol solution as
planks that frequently bend by as much as 90° when they
encounter an obstacle. Under continuous ultraviolet (UV)
excitation, the crystals undergo additional instantaneous
bending, most likely as a result of the photoinduced trans—cis
isomerization at the azo functionality which is a common
characteristic of azo dyes of this kind.*""** Crystals bent during
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Chart 1. Chemical Structure of the Azo-Dye Disperse Red 1

(DR1)
/_/OH
e T

growth with a range of curvatures provide a basis for studying
the effects of plastic deformations on the photoelastic response.
By kinematic analysis of a series of crystals and under different
excitation conditions, we attempted to disentangle the
dependence of the bending on both intrinsic, morphological
factors (the size and initial shape of the crystal) and external
factors (excitation power, direction, and time).

2. RESULTS AND DISCUSSION

2.1. Crystal and Molecular Structure of a New
Polymorph of DR1. DR1 was purchased from Sigma Aldrich
and recrystallized once from ethanol by slow evaporation
(Figure 1). The crystal planks were elongated along (010). The
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Figure 1. Crystals of form II DR1. (A) Crystals bending as they collide
with the bottom of the crystallization dish. (B) Single bent
conglomerate of crystals unobstructed.
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plank faces were {001} and the width was (100). Anhydrous
crystals were analyzed by X-ray diffraction at 100 K. DR1
crystallizes in the space group P2,/n with a = 10.152(2), b =
7.769(2), ¢ = 38.639(8) A, f = 92.863(3)°, and Z = 8 (Figure
2). There are two molecules in the asymmetric unit, one of
which shows statistical disorder of the ethyl and hydroxyethyl
groups.

Figure 2 shows the packing of DR1 molecules in the unit cell.
Along the ¢ direction there are no O---O distances consistent
with hydrogen bonding. Some distances appear too small as
artifacts of the disorder, while others are too large. On the other
hand, there are O---O contacts in other directions consistent
with strong H-bonds that underlie the elongation of the crystal

Figure 2. Unit cell packing of form II DRI1.
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morphology along b and the tendency to bend around a during
the crystal growth (for details of the crystal structure, see the
Supporting Information).

2.2. Bending Crystals of DR1. Ten crystals of DR1 with
curvatures that ranged from practically straight to significantly
bent were hand-selected under an optical microscope for
kinematic analysis (Figure S1 in the Supporting Information).
The crystal size was measured from prerecorded still photo-
graphs. The crystal width (a,) and thickness (b) were
averaged over three measurements, and the length of the
crystals along the curved axis (I) was calculated from their
depth (h.) and chord length (r, identical with the radius of
deflection; see below). The radius (R) of the crystal and its
curvature (k = 1/R) were calculated® as R = (# + 4h,2)/8h,,
and k = 8h./(r* + 4h,*) (Figure 3A). The values of the basic
metrics are summarized in Table S1 in the Supporting
Information).

max. deflection
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R= © .
crystal radius d. =
(r2+4h2)/8h R ma™ 9T
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Figure 3. Schematic representation of photoinduced bending of a
slender crystal and definition of metric parameters. The relation d,,,,, =
@r is a reasonable approximation for small bending angles such as
those that we observed with DRI.

2.3. Quantitative Kinematic Analysis of the Photo-
induced Flexure of DR1 Crystals. With the use of a
minimum amount of glue, each of the 10 crystals was affixed by
one terminus to a glass rod with the vertical direction as {001}/
{001} in nearly identical positions (Figure S6, Supporting
Information). The crystals were exposed in succession to
unfocused, continuous wavelength (cw) UV light from a
medium-pressure Hg lamp (Figure S1, Supporting Informa-
tion).*" With the use of a digital camera coupled to a
transmission-mode optical microscope, a series of movies with
frame resolution 30 s™' were recorded by exposing the flat face
{001}/{001} of the crystal to unfiltered UV light during ~1 s
(the exact exposure time was retrieved from the recordings)
and individually analyzed. The mechanical response was
recorded by exciting each of the concave (cc) and convex
(ex) faces of the crystal and by varying the power of the
incident light between 0% and 100% of the maximum power in
increments of 10% (the exact excitation power at the crystal
position was obtained by independent measurement and
calibration). The kinematic analysis was performed by tracing
the movement of the tip of the crystal from the 2D recordings.
Because the crystals did not twist significantly around their
longest axis during the deformation, this value also represents
bending of the crystal in space. The relative deflection related to
the movement of the tip of the crystal (d,) for angle ¢ around
the anchoring point to the base was calculated as d,q = [(x, —
)+ (9 — yl)z]l/z, where x,, and y,, are the x and y
coordinates of any two consecutive points on the 2D trajectory
of the crystal tip extracted from the recordings.

dx.doi.org/10.1021/ja4101497 | J. Am. Chem. Soc. 2014, 136, 2757—-2766
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Figure 4. Overlapped time profile of the tracked tip motion of four DR1 crystals excited with UV light of continuous wavelength (the values in the
insets refer to the relative power of the UV light). The arrows show the direction of excitation. The acronyms cc and cx refer to excitation of the

concave and convex side of the crystal, respectively.
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Upon excitation, the crystals rapidly bent in response to the
trans—cis isomerization with estimated conversion yield of
<10% . Figure 4 contains representative plots of the trajectories
of four crystals excited on both sides at varying incident power
(the individual trajectories are shown in Figure S2 and Figure
S3 in the Supporting Information). Regardless of whether the
crystals were irradiated on their concave (cc) or convex (cx)
side, some crystals deflected strongly during the exposure to UV
light. Except for very high excitation power in some specimens,
the bending was reversible; once the irradiation was terminated,
the crystals quickly straightened back to their original shape as
the cis form isomerized back to the trans form. In most cases
the shape recovery was complete within 5 seconds. Crystal #9
irradiated on its concave (cc) side in Figure S2 shows this type
of bending (bending mode B hereafter).*” Other crystals bent
only slightly during excitation, but deflected much more after
the irradiation was terminated, sometimes oscillating several
times before they returned to their original shape (bending
mode A). In either case, except at very high excitation powers,
the bending was reversible, although the recovery of the
original shape was achieved either gradually or through several
(<3) dampened oscillations. Out of 10 crystals that were
examined, seven bent in the same way when irradiated on the
cc and the cx sides. Of these seven, four bent in mode A (A—A)
and three in mode B (B—B). Three crystals exhibited different
response (A—B or B—A) when excited on opposite sides of the
crystal (Table S2, Supporting Information). The etiology of this
complex and varied behavior resides in part in the lamellar
architectures of multilayered ensembles of planks (Figure 1).

2.4. Dependence of the Bending on the Excitation
Power. Figure S shows the dependence of crystal bending on
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Figure 5. Dependence of the bending on the excitation power for four
DRI crystals irradiated on their concave (cc) and convex (cx) sides.
The shaded regions represent regimes where the increased power
alleviates the crystal deflection.

the power of the incident light for crystals #1 (A—A), #3 (A—
A), #9 (B—A), and #10 (A—A). The higher excitation power
does not always correspond to stronger deflection. For low
excitation energies, in response to the increased photoyield of
the cis form at the incident surface, the crystal bending increases
almost linearly with the power density until it reaches a crystal-
specific maximum or a plateau from 15—25 mW cm™2 For
weak excitations (slight bending), the deflection of the crystal is
nearly proportional to the light intensity. The strongest
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deflection is related to the highest possible conversion at the
surface layer of the irradiated crystal face, as determined by the
absorption characteristics of the crystal. Excitation at higher
power does not increase the flexion; in fact, in most cases, the
crystal bends less, likely as a result of the filtering effect from
the photoinduced cis form and/or decomposition of the
photoproduct. Occasionally, at very strong excitation power,
we observed plastic deformation of the crystal. Nevertheless,
the crystal integrity was preserved in all cases and we did not
observe any apparent deterioration.

The excitation profile of the bending for each crystal also
reflected the mode of bending. As shown in Figure 5A,C,D, in
case of crystals that exhibit the same bending mode when
excited on both faces (#1, #3 and #10, all in A—A mode) the
power dependence was the same on both faces. On the
contrary, when excited on two faces, crystal #9 (B—A mode,
Figure SB) showed different power dependencies.

2.5. Dependence of the Bending on the Crystal Size.
To obtain insight into the bending variability, we correlated the
degree of deflection with the crystal length (1), thickness (b,)
and width (a.,) for crystals that bent in modes A and B when
irradiated on their cc and cx faces. Since the maximum absolute
deflection distance d,,,, is determined foremost by the crystal
length, we used the deflection angle of the crystal tip ¢ as a
comparative measure of deformation. To simplify the analysis,
for the small deflections observed with DRI, as a first
approximation we can assume that the curvature of the crystal
(x = 1/R) and thus the radius of deflection (r) are constant.

We consider the maximum deflection angle ¢ for a certain
crystal over all values of the excitation power (Figure 6) and the
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Figure 6. Effect of crystal size and curvature on the maximal deflection
angle of DR1 crystals.

deflection at identical excitation power (in Figure 7, the power
is 292.4 mW cm™2). Since in the former case ¢ refers to the
maximum deflection extracted from bending at different
excitation powers, these correlations reflect the physical limits
for photoinduced bending of crystals of DRI. In the case of
identical power, the deflection provides direct comparison
among different crystals. Comparison of the size effect on the
deflection at identical power for all crystals eliminates the
contribution from the power density of incident excitation and
provides a more realistic measure of the effects of crystal size.
Not surprisingly, the two plots are very similar.
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Figure 7. Effect of crystal size and curvature on the deflection angle of
DRI crystals at fixed incident power of 292.4 mW cm™

From Figures 6 and 7 it appears that the maximum deflection
is achieved with very long (large I) and wide (large a,), but thin
(small b,) crystals. Longer crystals (large /) bend better
because the crystal mass at larger distance contributes with a
larger moment of inertia. Thicker crystals (large b,,), on the
other hand, are usually stiffer; the bending moment™ is thus
transferred less efficiently along the crystal. Correlation with the
crystal thickness (b.), however, indicates a more complex
trend; the deflection increases with thickness, the strongest
bending occurs around b, ~ 0.008 mm, and decreases for wider
crystals. This observation could be a result of two counter-
balanced influences, the width of the plank and the stiffness.
Because the crystals in these experiments are irradiated on their
flat side, narrower crystals are expected to bend less because of
smaller area available for absorption of photons where the
bending momentum is created. Likewise, the photon
absorption is more effective in wider crystals, but wider crystals
are usually thicker and stiffer. A similar trend is observed for the
crystal curvature, k (Figures 6 and 7), where the maximum
deflection occurs around k ~ 0.22 mm~'. This result
contradicts the intuitive expectation that crystals which were
originally bent (large k) would bend less by photoexcitation.
We could not determine any clear difference between crystals
that bend according to mode A and mode B.

2.6. Theoretical Models for the Photoinduced
Bending. Loads that are applied laterally to the longitudinal
axis of slender crystals induce two types of stress that appear on
the bending and expanding faces of the crystal: shear stress that
evolves along the direction of the applied force, and compressive
and tensile stresses that develop orthogonal to it (Figure 8A).**
The exact description of the resulting quasistatic (time-
independent) deformations is provided by the Euler-Bernoulli
theory for bending of slender beams.** This general description
is improved by accounting for the effects of shearing within
Timoshenko’s approach.**~*’

Time-resolved fluorescence spectroscopic measurements
showed that the lifetimes of the photoinduced cis forms of
the two molecules in DR1 in the crystal are 0.07 ns (a; = 94%)
and 2.19 ns (a; = 6%) (the emission spectrum of the crystal, the
fluorescence decay curves and the related parameters are
available as Figure S4 and Table S3 in the Supporting
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Figure 8. Forces and stresses involved in bending of a crystal bilayer as
model for photoinduced crystal bending, under application of a lateral
load. The load results in evolution of tensile and compressive stresses
on the opposite sides of the bilayer, and shear stresses along the
direction of the load (A) that are equivalent to an ideally uniform
misfit strain, Ae (B). This strain can be compensated by applying to
the two layers forces P in opposite directions (C) that ultimately

creates a bending moment M (D) and appears as macroscopic bending
of the bilayer.

Information). Thus, the bending of the crystals, which occurs
on time-scale of <0.1 s is related to response of the material to
decay of the de-excited cis form to the trans form. This reaction
induces the bending as a latent, macroscopic mechanical effect.
According to the currently widely accepted, qualitative
mechanism, the photoinduced bending of molecular crystals
occurs as a mechanical response to internal stress emanating
from the product/reactant gradient along the crystal depth. In
the ideal case of entirely homogeneous solid-state processes
(that is, in the absence of phase separation) and in line with the
Beer—Lambert law, the product/reactant ratio changes
gradually as a result of absorption of light by the material. As
a result, ultimately a mixed crystal of the reactant with spatially
nonuniform and gradually decreasing molar ratio of the product
is obtained. The attempts to determine the conversion yield in
photomechanically responsive crystals have established that
high overall photoconversion is not a prerequisite for a
mechanical response by photoactive crystals. Indeed, mechan-
ical responses were reported with molar yields as small as 2—
5%;%* instead, sufficient local conversion at the exposed crystal
surface is required for a spatial concentration gradient of
product molecules. Estimated values for the conversion of 50—
100% within the reactive surface layer are not uncommon.*
The bending of a very thin model crystal of length I that was
initially straight and parallel to the x axis is measured and
quantified by the deflection angle, ¢ (Figure 9). Because the

() dcr x
l be
, -h
WW
X
A B C D A

Figure 9. A model for photoinduced bending of slender crystal and
definition of the related parameters.
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angle (expressed in radians) is given by the ratio between the
respective arc length and the radius of the circle that
approximates the crystal curvature, the total deflection angle
is given by an integral, over the crystal length, of the ratio
between the distance and the deflection angle, [1/R(x)]-dx,®
starting from the anchor point:

1
¢=/o (1)

In the very simplified albeit intuitive model described above
(Figure 8), a partially transformed crystal effectively acts as a
bimetallic strip, where a misfit in the thermal expansion of the
two phases induces residual strain around the phase
boundary.’"** The application of stress by conversion of the
reactive layer to the product causes its expansion and induces
uniaxial misfit strain (Ag). This misfit strain can be
compensated for by applying a pair of opposing forces (—P
and P) thereby inducing a residual bending moment M.** The
curvature of the bent crystal, k, defined as reciprocal radius (1/
R) of a circle moving tangentially across its surface, is given by
the ratio of the bending moment M and the crystal stiffness, X:

dux
R(x)

1 M

R

> ()

Depending on whether a sharp or diffuse phase boundary
between the reactant and product phases is considered, one of
two approaches can be advanced, enabling at least in principle,
the calculation of the curvature: (a) discrete quasistatic
photoinduced bending, and (b) continuous quasistatic photo-
induced bending. The underlying principles of these models are
described in the Supporting Information. The first model is
clearly inadequate for description of the deformation because it
assumes a discontinuous change of the elastic properties at a
hypothetical phase boundary between an unreacted phase and a
completely reacted phase. The second model of Yakobson and
Boldyreva® appears to be more appropriate, although in the
original form it does not account for the time profile of the
deformation. Here, we built up on the second quasistationary
model by introducing into the picture the kinetics of the
underlying photochemical events.

2.7. Dynamic Photoinduced Bending of Single
Crystals. 2.7.1. A Simple Kinetic Model. We start by setting
a description for the crystal deflection (an observable physical
quantity) as a function of time in the two light regimes—during
illumination (hereafter, “light stage”), and after the illumination
has been terminated (“dark stage”). The deflection (bending)
angle of the crystal with length [ is given by eq 1. However, in
this form, eq 1 describes the deformation at a given instant of
the time, t. To relate the deflection angle to the kinetics of the
photochemical transformation, we generalize eq 1 as a function
of time:

o= [ o

Hereafter, we assume that the bending of the crystal has been
caused solely as a latent mechanical response to a photo-
chemical transformation (i.e., in absence of external elastic
forces that would contribute to the bending). The radius of
curvature at a given point x, upon illumination of the sample
accompanied by a degree of conversion @, that further induces
its deflection from the initial orientation, is given by

dx
R(x, t)
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1 M,
R, h 2
a arYO/_hz dz *)
where
" a(2)
M =—varYf a(z)z dz
a cr -0 i (5)

In eq 5, Yj is the Young’s modulus of the material, a., is the
crystal width, and v is the coefficient of volume expansion. In
absence of external forces, the distribution of « is given by the
Beer—Lambert’s law

a(z) = ay e (——Z ha h)
o €Xp 4 6)
where d is the characteristic depth of light absorption of the
sample (Figure 9D).

Inclusion of the kinetic factor in eq 6 requires assumptions
related to the photochemical kinetics. In the simplest possible
case of first-order kinetics,

k
s = (7)
the solutions of the corresponding kinetic equations lead to the

following time-dependence of the concentrations of the
reactant and the product:

cs(t) = cgr g exp(—kit) (8)
cg(t) = cg o1 — exp(—kyt)] )

The degree of conversion at each value of z at time ¢t is then

a(t) = ()
Cs',0 (10)
Accounting for eqs 8 and 9, we obtain
a(t) =1 — exp(—k;t) (11)
Thus, o depends on t and z according to
e ) =apen( -0 ep-k)

Substituting eq 11 in 4 and then 3, we arrive at

7 2ol e
(13)

Ry(t)
It follows from the explicit form described by eq 13 that within
the simplest kinetic model of photochemical transformation,
the time-dependence of ¢ during the light stage is governed by

@(t) « [1 — exp(—k;t)] (14)

We introduce reversibility into this model by assuming that
after the excitation has been terminated, S” transforms back to
S’

k_y

s" =8 (15)

Assuming first-order kinetics for the reverse reaction, the time
profile of the product will be governed by an exponential decay

function:
a(t) « exp(—k_t) (16)

@(t) o exp(—k_jt) (17)

dx.doi.org/10.1021/ja4101497 | J. Am. Chem. Soc. 2014, 136, 2757—-2766
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Therefore, the implementation of the simplest kinetic model of
phototransformation into the theory of photoinduced crystal
bending leads to the conclusion that during the light stage the
crystal bends with time as [1 — exp(—k;t)]. After termination of
irradiation, the crystal straightens exponentially and propor-
tionally to exp(—k_;t).

2.7.2. Extended Kinetic Model. We now consider a more
rigorous and also more general model for the kinetics of a
photochemical transformation based on the photodecay
scheme

(18)

where the primary absorption by S’ leads to the excited state
S’*, whose decay branches through three channels, fluorescence
(f), internal conversion (ic) and intersystem crossing (isc), each
obeying first-order kinetics. All kinetic equations for this
scheme (mostly first-order differential equations) have
analytical solutions (for details, see the Supporting Informa-
tion). In the context of photoinduced crystal bending, we are
primarily interested in the internal conversion channel, so we
focus here on the time-dependence of cg. By solving the
corresponding system of differential equations, the product
concentration cg» during the light stage is governed by the

following equation:
1 — exp(—k't)

k.
bs K

cs(t) = f[a
 exp(—kt) — exp(—k't)
k' —k

] (19)

When k'< k, all exponential terms in eq 19 may be expanded
in a McLaurin series, and the expression reduces to
kz) 3

2 3
k 3' k
‘ ]
(20)

where k is given by

k=k.+ kg + k¢

k/

Cg (t) k

(21)

By solving the corresponding system of differential equations
for the dark stage, one arrives at the following expression for

Cs/r(t):

kic
Cgr (t) - kCS* ss eXP( kt) + (CS 58 mcs*,ss]

exp(—k’t) (22)

Equation 22 shows that within the framework of this model,
the time-dependence of cg after termination of the light
excitation is governed by a double exponential function.
Analogous relations hold for ¢(t). Equation 19 can also be
helpful for deducing the dependence of ¢ on the intensity of
excitation light.

In addition to the pathways in eq 18, we have considered a
more complex kinetic scheme that includes alternative decay
route from the triplet state to S” (eq 23)
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abs

S +hv

(23)
The kinetic equation

degr

d—: = kg + k"cp —
can be solved by using analogous approach (detailed in the
Supporting Information) for the light stage:

Kes: (24)

NOE kz (ke + ki) [1 = exp(=k'0)]
b e glen(-k) — ep(—k1)
W f/i‘;f,j’f_ g lee(—k) — exp(—ko)]
s len(k) — (k0]

The reverse motion in the dark stage is then described by

cs(t) = A exp(—k't) + A, exp(—kt) + A; exp(—k"t)

(26)
where
1 k”kiscCS* ss
A =cgr — k;.cqx —_—
1 Cs ,88 K — k( CS K-k ]
k”klscCS* ss
— k”CT s + -
k/ — k// ’ k — k (27)
Kk o
Ay = ko ¢ DS
K-k ’ kK" —k (28)
k" ke con
A3 = ! kHCT ss + etk
k/ — k// ’ k// — k (29)

Thus, although being nontrivial from a mathematical
viewpoint (from the aspect of solving the corresponding
differential kinetic equations), generalization by explicit
inclusion of the T — S” reaction channel is possible, and the
final effect is inclusion of additional exponential-decay term in
cs(t) in the dark stage. The only difference of this result with
that in eq 18 is that the time-dependence of ¢y is described by
triple instead of double exponential function. The time-
dependence of the deflection angle is governed by the same
function. As shown below, the double-exponential function in
eq 22 affords better fit to the experimental data, and thus
appears a more appropriate choice.

2.7.3. Verification of the Models. To confirm the validity of
the two models, as well as to assess their performance toward
the description of the kinetics of crystal bending, we carried out
nonlinear least-squares fitting of the deflection angle, ¢. We
focus here on crystal #9, which is characterized by relatively
simple kinematic behavior (Figure 4) and does not undergo
damped oscillations; this might be a result of the crystal #9
being monolithic, unlike the typical DRI crystals where the
thickness varies slightly along the crystal due to the stacking of
very thin layers (Figure 1B).*” The oscillations appear as a

dx.doi.org/10.1021/ja4101497 | J. Am. Chem. Soc. 2014, 136, 2757—-2766



Journal of the American Chemical Society

result of the restoring elastic force of the crystal and are not
photochemically driven; thus, they are not included in the
current photochemical considerations.

Within the simpler (linear kinetics) model for the
mechanism of photoinduced transformation, the time-depend-
ent data for ¢(t) during the light stage were modeled with eq
14, whereas the dark stage is modeled with eq 17. The time-
dependence of the angular deflection of a crystal sample in the
light stage is shown in Figure 10A together with the fit to a
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Figure 10. Results of fitting of the deflection angle (¢) of DRI crystal
(specimen #9)** with bending modeled with monoexponential
function (A) and of the straightening modeled with monoexponential
(B) and biexponential functions (C). The crystal was excited with

power density of 500 mW cm ™.

function of the form (14). The bending is clearly a
monoexponential process. The motion of the same specimen
in the dark stage, together with the fitting function of form
(17), is presented in Figure 10B. As can be inferred from there,
the experimental time-decay of the angular deflection is not
appropriately described by simple linear kinetics. Indeed, the
semilogarithmic plot deposited as Figure S5 in the Supporting
Information is even more indicative of two distinct time-
regimes characterized with different time constants. Therefore,
we have fitted the data with a biexponential function (eq 30),
implied by the more advanced kinetic model described with eq
22:

(t) < A exp(—kt) + B exp(—k't) (30)

The result from the fit is shown in Figure 10C. The
improvement of the agreement between the model and the
experimental data is evident from the plot, and is supported by
favorable correlation statistics. Indeed, ¢(¢) in the light stage is
in excellent agreement with both functions arising from the
more advanced model of the form 19 and 20.
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2.7.4. Dependence of Bending on the Excitation Power.
Within our more general model for bending kinetics of a
molecular crystal induced by photochemical transformation
described by the reaction scheme 18, we were also able to
predict the dependence of the angular deflection on the
excitation power. Equations 19 and 20 show that in the case
where the conditions for continual transformation of S’ to S”
are fulfilled, ¢ (t) is proportional to I, Therefore, at any
instant when these conditions are fulfilled, ¢ is also expected to
depend linearly on the power of the incident UV excitation.
This is in line with the nearly linear dependence of the crystal
bending with the power density at relatively lower excitation
powers. This linear trend extends to a plateau, corresponding to
saturation after reaching the highest possible conversion in the
surface layer of the irradiated crystal face (at high concentration
of the primary photoabsorption product S*, stimulated
emission S* + hv — S + 2hv may also be favored). On the
basis of this discussion, we have fitted the dependence of ¢ on
the power of the incident UV light I by the following empirical
function:

@(I) < A[1 — exp(—al)] (31)

From eq 31, for small values of the incident power I, ¢(I) is
proportional to the power. At high incident power, ¢(I) is
saturated and maximal bending (of ~18°) is expected. In line
with these considerations, the fit of the dependence of ¢ on I in
Figure 11 shows close resemblance with the trend of the
experimental data (R = 0.967).
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Figure 11. Dependence of the deflection angle (¢) of DRI crystal
(specimen #9) on the power density of the incident light. The crystal
was excited on the concave flat side. The red curve represents the best
fit according to eq 31.

2.7.5. Dependence of Bending on the Crystal Thickness.
The dependence of the deflection of the crystals on their
thickness stands as an important, but rather involved part of the
model. From the theoretical side, the models that have been
proposed to describe the effect of crystal thickness on the
bending regularly employ the crystal curvature (k) as an
indirect measurable (for details, see the Supporting Informa-
tion). From the basic equations given for the case of discrete
phototransformation, a general equation for ¢ as a function of
crystal thickness b, can be derived (eq 32). The derivation of
this relation is straightforward and requires expression of the
thicknesses of the reacted and unreacted layers through b, (ie.,
h), and carrying out some tedious algebra (the details are
described in the Supporting Information). In eq 32, the
constants A, B, ..., H include the Young’s moduli of the layers,
tensile stresses, and other parameters.

dx.doi.org/10.1021/ja4101497 | J. Am. Chem. Soc. 2014, 136, 2757—-2766



Journal of the American Chemical Society

| Article |

AL’ — Bb

Cr

& 2 3 4 S
C + Db, + Eb> + Fb> + Gb* + Hb’

@
(32)

In the case of continuous phototransformation, with the
additional constraint that d/b., < 1, where d is a characteristic
depth for color evolution, the dependence of ¢ (and k) on the
crystal thickness is given by

A
@(t) 7

cr

(33)

For thin crystals, the terms of higher order than 3 in b can
be omitted. Thus, eq 32 reduces to the form:

Ab’ — B,

Ccr

& 2 3
C + Db, + B + Fb.

@
(34)

However, nonlinear least-squares fitting of our experimental
@—b,, data with model functions of the forms 32—34 were not
conclusive, due to the scatter of the experimental data in effect
to the natural distribution of the crystal size. Reliable
verification of the model requires measurements on a set of
crystals where the thickness is systematically varied while the
other metrics are fixed. This is a challenging task because it
requires strict control over the crystal size aspect ratio which
could not be controlled in our crystallization experiments. In
addition to the natural distribution of the crystal length and
width, small variations in crystal thickness and inhomogeneities
expected from the crystal morphology (see above) add to the
difficulties with accurate mathematical modeling of this relation
in the case of DR1 crystals.

3. CONCLUSIONS

The growing number of reports on molecular crystals that bend
when exposed to light necessitates development of quantitative
mathematical models for comparison of their mechanical
response in view of their efficacy for conversion of light into
mechanical work. The qualitative bilayer model that has been
regularly invoked in the past to explain the propensity of
crystals to bend does not provide deeper insight into the effects
of intrinsic and external factors that direct the mechanical
response beyond the mere reason for the occurrence or absence
of bending. Here, we describe two versions (simple and
extended) of a relatively simple time-dependent mathematical
model that explicitly accounts for the gradual profile of the
product in the crystal as well as for the time-profiles of the
onward and the reversed chemical reaction. Although in its
current form the model does not include parameters related to
Young’s moduli of the crystals, the elastic properties are
implicitly accounted for through a set of fitted parameters.
Application of the model to a simple case of monotonous
deflection and straightening of slender crystals of a new
polymorph of the azo-dye DRI confirmed its usefulness in
describing the kinetics of the bending and unbending, and in
modeling the dependence of the deflection angle on the
excitation power. When considering future developments, this
model would benefit greatly from inclusion of factors that are
intrinsic to the crystal and are hardly manageable by
experimental control such as the aspect ratio of the crystal
metrics.
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