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sity to control reaction kinetics
and reversibility in photomechanical crystals†

Connor J. Easley,a Fei Tong, a Xinning Dong, a Rabih O. Al-Kaysi b

and Christopher J. Bardeen *a

4-Fluoro-9-anthracenecarboxylic acid (4F-9AC) is a thermally reversible (T-type) photomechanical

molecular crystal. The photomechanical response is driven by a [4 + 4] photodimerization reaction,

while the photodimer dissociation determines the reset time. In this paper, both the chemical kinetics of

dimer dissociation (using a microscopic fluorescence-recovery-after-photobleaching experiment) and

mechanical reset dynamics (by imaging bending microneedles) for single 4F-9AC crystals are measured.

The dissociation kinetics depend strongly on the initial concentration of photodimer, slowing down and

becoming nonexponential at high dimer concentrations. This dose-dependent behavior is also observed

in the mechanical response of bending microneedles. A new feature in the photomechanical behavior is

identified: the ability of a very weak control beam to suppress dimer dissociation after large initial dimer

conversions. This phenomenon provides a way to optically control the mechanical response of this

photomechanical crystal. To gain physical insight into the origin of the nonexponential recovery curves,

the experimental results are analyzed in terms of a standard first-order kinetic model and a nonlinear

Finke–Watzky (FW) model. The FW model can qualitatively reproduce the transition from exponential to

sigmoidal recovery with larger initial conversions, but neither model can reproduce the suppression of

the recovery in the presence of a weak holding beam. These results highlight the need for more

sophisticated theories to describe cooperative phenomena in solid-state crystalline reactions, as well as

demonstrating how this behavior could lead to new properties and/or improved performance in

photomechanical materials.
Introduction

The high degree of molecular organization in crystals can lead
to novel electronic, optical and mechanical properties. One area
of research has focused on the use of crystals composed of
photochemically reactive molecules as materials that transform
light into mechanical motion and work.1–16 Ideally, the photo-
chemistry that underlies the light-to-work transformation
should be reversible, so the material can be used multiple
times. There are two classes of reversible materials.17,18 In
photochemically reversible (P-type) systems, a second photon is
required to initiate the reverse reaction. In thermally reversible
(T-type) systems, the reverse reaction occurs spontaneously
under ambient conditions without the need for a second light
source. Both types of photochromic materials can potentially
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ternational Medical Research Center
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form the basis of a useful actuator, and it is desirable to gain
a quantitative understanding of how both forward and reverse
reactions proceed in crystal environments.

The presence of a dense environment of reactive molecules
in a crystal means that a chemical reaction does not proceed in
isolation but instead affects its neighbors as molecular volumes
and force-elds evolve. As McBride and Eckhardt originally
pointed out,19–21 cooperative effects between molecules in the
crystal lattice can drive changes in the crystal environment,
which leads to changes in the reaction thermodynamics as the
reaction proceeds. The “feedback effect”22 of the changing
mechanical properties on the chemical kinetics, for example by
encouraging nucleation, can lead to the breakdown of simple
rst-order kinetic models that describe chemical reactions in
dilute solution and the gas phase. Some models of chemical
kinetics in the solid-state that try to take this effect into account
include the Johnson–Mehl–Avrami–Kolmogorov (JMAK)
approach and related models,23–27 which rely on a geometric
treatment of nucleation dynamics, and the Finke–Watzky (FW)
model which relies on multiple kinetic pathways to product
formation.28–31 Both models have been applied to solid-state
photochemical reactions, where strong deviations from simple
rst-order kinetics are oen observed. But so far, there is no
This journal is © The Royal Society of Chemistry 2020
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universally accepted framework for analyzing these kinetics,
nor is there a sense of whether these non-classical phenomena
could be harnessed to give rise to new photomechanical
behaviors or improved performance. Quantitative models for
photomechanical bending have typically assumed standard
rst-order chemical kinetics,2,22,32,33 although it has been noted
that such models cannot explain all experimental
observations.34

In order to examine the connection between complex
kinetics and photomechanical behavior more closely, we chose
4-uoro-9-anthracenecarboxylic acid (4F-9AC) as a model
photomechanical crystal system. In the crystal, this molecule
arranges into parallel head-to-head stacks in which the
anthracene cores are well-positioned to undergo a [4 + 4] pho-
todimerization reaction. The head-to-head photodimer is
unstable due to steric interactions between the carboxylic acid
sidegroups and spontaneously dissociates back into the
monomer pair in less than one minute at room temperature
(Scheme 1) while maintaining crystal integrity.35–37 Thus 4F-9AC
crystals exhibit T-type reversibility and can potentially function
as photomechanical actuators.38–40 The kinetics of the dimer
dissociation determine the mechanical reset time and also
provide a unique opportunity to study cooperative effects in the
crystal. Because this backreaction does not require photons,
uncertainties about light intensity and penetration, as well as
complications from nonradiative relaxation processes, are
absent, considerably simplifying the kinetic analysis. Further-
more, varying the amount of initial light exposure allows us to
control initial reactant (photodimer) concentrations, in contrast
to photochemical reactions which typically start with 100%
reactant. Experimentally, the photodimer dissociation can be
followed using spectroscopy because the loss of aryl ring
conjugation in the photodimer causes its absorption to shi
deep into the ultraviolet (UV). A probing beam at 405 nm excites
only the unreacted monomer, leading to excimer emission
centered at approximately 510 nm. This uorescence signal
provides a convenient way to monitor the monomer population
over time.

In this paper, we measure both the chemical changes (using
uorescence) and mechanical changes (by imaging bending
microneedles) for single 4F-9AC crystals aer exposure to
Scheme 1 The crystal structure of 4F-9AC (A) viewed from the top of
the head to head stack; (B) viewed from the side of the hydrogen-
bonded stacks.

This journal is © The Royal Society of Chemistry 2020
a pulse of UV light. If each photodimer breaks apart indepen-
dently, we expected to see an exponential recovery of the
monomer uorescence, independent of the initial dimer
concentration created by the dose of UV photons. Instead, we
nd that the dissociation kinetics depend strongly on the initial
concentration of photodimer, slowing down and becoming
nonexponential at high photodimer concentrations. We also
identify a new feature in the photomechanical behavior: the
ability of a very weak control beam to suppress the chemical/
mechanical recovery aer large dimer conversions. This new
phenomenon provides a way to optically control the solid-state
photochemical reaction in this photomechanical crystal. The
highly nonlinear kinetic behavior suggests that photochemical
reaction dynamics are fundamentally different in these crystals.
Analyses based on standard linear and nonlinear kinetic
models fail to reproduce the observed dynamics, highlighting
the need for a more sophisticated theory to describe the coop-
erative phenomena that can occur in solid-state crystalline
reactions. It is possible that these nonlinear kinetic phenomena
may lead to new properties and/or improved performance in
photomechanical crystals.

Experimental
4-Fluoro-9-anthracene carboxylic acid (4F-9AC) crystal
preparation

The detailed synthesis of 4F-9AC has been described previ-
ously.37 All 4F-9AC crystals were made by sublimation at
ambient pressure of 10 mg of powered 4F-9AC within three
small cylinders, 1 cm in diameter and height, stacked vertically
to collected deposited crystals (ESI Fig. S1†). The powdered
compound and stack of small cylinders were covered with an
amber vial, heated to between 180–190 �C and le for 24 hours
or until most of the 4F-9AC sublimed and deposited as sub-
millimeter size needles on the side of the rst and second
glass cylinders.

Time-resolved uorescence measurements

Crystalline 4F-9AC samples were mounted between two glass
slides in air. The 400 nm excitation pulses were generated by
a Coherent Libra Ti:sapphire femtosecond laser system
producing 800 nm pulses that were frequency doubled in a Beta
Barium Borate (BBO) crystal. The uorescence was collected
using a front face geometry with a Hamamatsu C4334 Streak-
scope streak camera with a time resolution of about 25 ps. The 1
kHz pulse train had an average power of 150 nW at the sample.

Fluorescence and optical microscopy measurements

To measure the uorescence recovery process, crystals of 4F-
9AC were placed on a glass slide on a microscope stage. Larger,
rectangular crystals were used for uorescence measurements
because these crystals resisted bending and deformation, pre-
venting misalignment of the pump and probe beams. The sta-
tionarity of each crystal aer UV exposure was checked before
acquiring uorescence recovery data. The crystal was irradiated
with the 405 nm pump beam for a predetermined period and
Chem. Sci., 2020, 11, 9852–9862 | 9853
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then probed with a separate, weaker beam, of the same wave-
length. The radius of the probe spot (17 mm) was three times
smaller than that of the pump spot (55 mm). Under these
conditions, 90% of the probe beam is encompassed inside
a spatial region where the pump intensity varies by only 20%
(ESI Fig. S2†). The probe beam was modulated at a frequency of
99 Hz and the uorescence signal was collected using a photo-
multiplier tube in conjunction with a lock-in amplier. A
custom Labview program was written to open and close the
Melles Griot Electronic Shutter Controller (04 ISC 850) (to
control the pump beam duration) while reading the uores-
cence signal from the lock-in. In experiments where the probe
beam was intermittently blocked to reduce sample exposure,
the blocking was accomplished by manually putting a beam
stop in the probe beam path for 8 s, then removing it for 2 s, and
repeating this cycle for the duration of the data collection.

The same microscopy set-up was used to record the
mechanical movement of smaller, needle-shaped crystals that
could bend under light exposure. For mechanical recovery
measurements, the pump and hold beam spot sizes were both
55 mm. Instead of using the photomultiplier and lock-in
amplier, the crystal bend and recovery dynamics were
imaged using an Amscope MU900 digital microscope camera.
Results and discussion

Our previous studies of the photophysics of 4F-9AC relied on
thin-lm polycrystalline samples grown by solvent evapora-
tion.37 In this work, we concentrated on measuring the
dynamics in single crystals grown by sublimation. In all cases,
the crystal samples had rectangular or needle-like morphol-
ogies that reect the one-dimensional stacking of 4F-9AC
molecules. The hope was that these well-formed crystals would
contain fewer structural defects than the irregularly shaped
crystals from a solution deposited polycrystalline lm. This
hypothesis was conrmed by time-resolved uorescence
experiments. In previous work on polycrystalline 4F-9AC lms,
a biexponential decay was observed, with a fast component of 2
ns followed by a slower component with a time constant of 22
ns. In the single crystal samples studied here, only a single
Fig. 1 (A) normalized fluorescence decay of 4F-9AC crystals before (bl
sample. The solid blue line is a single exponential fit with a lifetime of 27 n
delays. The single exponential decay and lack of spectral evolution are c
damage after 50% photodimerization.

9854 | Chem. Sci., 2020, 11, 9852–9862
exponential decay was observed. The normalized uorescence
decay, along with the single exponential t with a 27 ns decay
time, are shown in Fig. 1A. Fig. 1B shows the uorescence
spectrum measured at different points in the decay. The spec-
trum is constant, consistent with a single emitting species. The
uorescence decay dynamics did not change with location on
the crystal. Based on the broad, featureless lineshape and long
lifetime, we assign this species to an excimer formed between
neighboring 4F-9AC molecules. This excimer is generally
regarded as a precursor to photodimer formation.41–43 Aer
intense UV exposure photodimerized �50% of the crystal (i.e.
50% of the monomer uorescence signal was lost), it was
allowed to recover in the dark. The measured uorescence
spectrum and lifetime were the same as an unreacted crystal.
There was no evidence that photodimerization cycling could
lead to photooxidation or permanent chemical damage in the
form of new emitters or uorescence quenching.

In order to monitor the kinetics of photodimer dissociation,
we utilized the modied uorescence-recovery-aer-
photobleaching (FRAP) experiment illustrated in Fig. 2. This
type of experiment is commonly used to measure molecular
diffusion in biological cells,44,45 and here it was adapted to
monitor chemical dynamics in single microcrystals. A strong
pump (bleach) pulse initiates a photochemical reaction that
removes uorescent species via photodimerization that breaks
the anthracene ring conjugation. The photodimers produced by
this pulse dissociate back to monomer pairs on a timescale of
seconds to minutes, restoring the anthracene conjugation. The
recovery of the uorescence due to photodimer dissociation is
monitored by a much weaker probe beam. In our experiments,
the photobleaching pulse is a shuttered 405 nm laser beam with
a peak intensity at the sample of 101 W cm�2, while the probe
beam has an intensity of 10�2 W cm�2 at its focal spot. The
diameter of the bleach focus was 3� greater than that of the
probe to ensure that the probe saw a region where the pump
intensity varied by less than 20%. The crystal thicknesses were
typically less than 1 mm, comparable to the penetration depth of
the 405 nm light. It is possible that attenuation of the 405 nm
light caused the concentration of photodimer to vary
throughout the depth of the crystal. However, the fact that the
ack) and after (red) exposure to 405 nm light that reacts �50% of the
s. (B) The normalized fluorescence spectrum at 10 ns, 20 ns, and 40 ns
onsistent with a single emitting species. There is no sign of chemical

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Fluorescence-recovery-after-photobleaching (FRAP) experi-
mental design. The top figure shows how the “bleach” (dashed) and
“probe” (solid) beam intensities change with time as well as the cor-
responding dimerization and relaxation of 4F9AC. The bottom figure
shows the dominant species in each time regime and the expected
fluorescence signal recovery after the bleach pulse.
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bleach scaled linearly with pump pulse duration is good
evidence that the entire crystal experienced the photo-
dimerization reaction, since if the crystal were much thicker
than the light penetration depth, smaller pump pulses would
not be able to bleach throughout the crystal and the uores-
cence signal would not decline. Furthermore, we performed
multiple experiments on single regions to assess fatigue and
compared results across different days and different crystals.
The sample-to-sample variation in uorescence recovery rates
was less than 10%, despite the fact that we sampled 4F-9AC
crystals of varying shapes and sizes, again suggesting that
optical propagation effects had negligible impact on the
measured kinetics.

For the FRAP experiments, we dene the bleach depth BD as

BD
�
sp
� ¼ 1� F

�
sp
�

Fð0Þ (1)

where sp is the duration of the bleach pulse, F(0) is the uo-
rescence signal before the bleaching pulse, and F(sp) is the
uorescence signal immediately aer the bleach pulse is turned
off. Even for the longest sp values, BD(sp) the bleach depth did
Fig. 3 (A) Fluorescence recovery signal as a function of bleach depth, w
(green), 3 s (pink), 4 s (blue), and 5 s (red). B) RF(t) initial bleach decays for th
pump pulse durations, taking into account the lack of full recovery.

This journal is © The Royal Society of Chemistry 2020
not approach 1.0 but was limited to an asymptotic value of
�0.60 (ESI Fig. S3†). Two possible phenomena could explain
our inability to bleach 100% of the uorescence signal. First,
a study by Techert and coworkers on the related 9-anthracene-
carboxylic crystal photodimerization suggested that this reac-
tion was auto-inhibitory, slowing down asmore photoproduct is
produced.46 Second, because the photodimerization reaction is
constrained to only occur within the one-dimensional stacks of
4F-9AC molecules, there could be a statistical limit on the
conversion47,48 although this limit seems to depend on the
system studied.49–51 Since we are primarily concerned with the
kinetics of the uorescence recovery, we did not explore this
further.

Aer the bleach pulse, the subsequent uorescence recovery
dynamics depend sensitively on the bleach depth BD. Five
representative curves for the same crystal sample are shown in
Fig. 3. A bleach of 3% results in an exponential recovery back to
the original level. A 55% bleach, on the other hand, leads to
a highly nonexponential curve that only recovers to 90% of the
original signal level. The initial portion of the uorescence
recovery can be analyzed to extract an empirical bleach recovery
function, RF(t) with asymptotic conditions RF(t¼ 0)¼ 1 and RF(t
/ N) ¼ 0. F(send) is the asymptotic uorescence signal at the
end of the scan, which varies with BD as discussed below. We
can extract RF(t) from the experimental data in Fig. 3A,

RFðtÞ ¼ FðsendÞ � FðtÞ
FðsendÞ � F

�
sp
� (2)

The extracted R(t) decays are shown in Fig. 3B. The BD ¼ 0.03
curve is an exponential decay, while the BD ¼ 0.60 curve has
a more sigmoidal appearance.

Ideally the sample should recover back to its original state,
i.e. F(send) ¼ F(0). We rst suspected that the observation of
F(send) < F(0) reected permanent sample damage at the larger
BD values. However, subsequent experiments showed that the
F(send) value was suppressed by the presence of the probe beam
itself. Without any pump pulse, the weak probe beam has
a negligible effect on the uorescence signal, which shows less
than a 1% decline over the course of 15 min. Given this result,
we had assumed that uorescence bleaching due to the probe
hich is controlled through pump pulse durations of 0.5 s (black), 2 s
e different change in the intrinsic recovery with respect to the different

Chem. Sci., 2020, 11, 9852–9862 | 9855
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Fig. 5 Microscope images of single 4F-9AC microneedle (A) before
UV pulse, (B) 2 s after UV pulse, (C) 30 s after UV pulse. The photo-
mechanical motion can be seen in (A–C) showing bending and
unbending of the crystal. (D) Bend recovery function RM(t) for two
different UV pulse durations (1 second (black) and 5 seconds (red)).
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could be neglected during the bleach recovery experiments.
This was true for weak (BD < 0.10) bleach pulses, but not for
larger BD values. For BD > 0.30, the presence of the weak probe
prevented full recovery even aer several minutes. The effect of
the probe beam could be illustrated by intermittently blocking
it during the recovery, lowering the probe photon dose by
a factor of 5 while maintaining the same signal-to-noise level.
For a 3% bleach, the continuous and intermittent probe
recovery curves overlap (Fig. 4A), as expected. But when the
bleach depth exceeded 30%, the presence of the probe beam
prevented full recovery, while in the presence of the intermittent
probe, complete recovery was again observed (Fig. 4A). This
effect could also be observed during the course of a single
experiment. If the probe beam was switched from continuous to
intermittent, a rapid uorescence recovery occurred from the
plateaued value attained during continuous probe exposure
(Fig. 4B).

The interesting features of the chemical recovery of the
crystal as measured by uorescence are mirrored by the
mechanical recovery as measured using microscopy. When
a microneedle of 4F-9AC is irradiated at a specic spot, it bends
due to the formation of local strain at the interface between
reactant and product regions, as observed previously for the
closely related compound 9-anthracenecarboxylic acid.52,53

Fig. 5A–C show a series of video frames that capture the bending
and recovery of a single microneedle, along with ts used to
extract the bend angle (ESI Fig. S4†). We can dene a mechan-
ical recovery function RM(t), analogous to the RF(t) function
dened in eqn (2):

RMðtÞ ¼ qðsendÞ � qðtÞ
qðsendÞ � q

�
sp
� (3)

In Fig. 5D, we plot RM(t) for small (3%) and large (30%) BD
experiments performed on the same microneedle. The RM(t)
curves qualitatively resemble the RF(t) curves shown in Fig. 3:
exponential recovery for small initial curvatures transitioning to
sigmoidal for larger initial bends. However, the rate of
mechanical recovery is 4� faster than the uorescence recovery.
Fig. 4 (A) Fluorescence recovery after a 10% bleach for continuous probe
squares). Also shown is the fluorescence recovery after a 60% bleach for c
probe (red squares). (B) Fluorescence recovery after a 55% bleach for two
continuous probe is changed to intermittently blocked, which allows th

9856 | Chem. Sci., 2020, 11, 9852–9862
This discrepancy between the reaction and mechanical
response times has been observed before in other photome-
chanical crystal systems32,34,54 and probably reects the
nonlinear relation between population and mechanical action.
Finally, complete recovery to q(0) could be prevented by the
presence of a weak 405 nm hold beam, as illustrated in Fig. 6.
For large initial bends (large BD values), the bend angle only
partially recovered in the presence of a weak 405 nm beam.
From a practical standpoint, we can suppress the T-type nature
of 4F-9AC by using a low-intensity “hold” beam that maintains
the mechanical bend for an arbitrary period of time. Once this
beam is turned off, the needle reverts to its original q(0) shape
within 10 s.

The presence of the probe beam did not affect the shape of
the early-time RF(t) curve. Very similar RF(t) shapes were
observed for both a probe beam with 10�2 W cm�2 and for
intermittent blocking (ESI Fig. S5†). The presence of the probe
beam simply introduces a constant offset in the F(send) during
the rst few minutes of recovery. But for a specic constant
condition (i.e. probe beam intensity), the system should even-
tually reach the same nal equilibrium state regardless of initial
(0.125 mW) (black solid line) and for intermittently blocked probe (black
ontinuous probe (2.5 mW) (red solid line) and for intermittently blocked
different probe powers (1.25 mW (black) and 2.5 mW (red)). At 130 s, the
e fluorescence to completely recover.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Different photomechanical recoveries from the same UV
bending pulse and different hold beam strengths: no hold beam (red),
1.25 mW (green), 2.5 mW (blue). At 100 seconds, the hold beams are
blocked, and the bend quickly recovers.
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conditions (i.e. initial bleach depth). If the different F(send) vales
persisted indenitely, that would suggest some bistability in
these crystals. It turns out that the offset F(send) was not
permanent: given enough time the system eventually did evolve
to the same state for different bleach depths (amount of initial
photodimer created) given the same probe beam conditions.
This can be seen from the uorescence recovery scans shown in
Fig. 7. When send ¼ 180 s, the BD ¼ 30% sample's uorescence
has not recovered to the probe-only signal level. But over the
course of 1 hour (3600 s), the probe-only signal gradually
declines to meet the BD ¼ 30% signal level. Note that this
decline is completely reversible – it reects a slow build-up of
dimer population, not permanent damage. If an intense bleach
pulse creates a large initial photodimer population, it attains
this equilibrium photostationary state within 3 minutes as
opposed to 1 hour. If a weaker bleach pulse is applied, the initial
recovery actually reaches the probe-only value, then declines
slowly, following the unbleached signal (ESI Fig. S6†). The
system always reaches the same nal equilibrium state under
weak illumination, but the kinetics of reaching this state are
extremely sensitive to the sample's initial preparation.
Fig. 7 (A) Early time fluorescence recovery curves for a 30% bleach (black
of 180 seconds, there appears to be no change in the control signal. (B)
where they converge after �1 h.

This journal is © The Royal Society of Chemistry 2020
Discussion and analysis

As seen in other molecular crystals, the photomechanical
response of 4F-9AC crystals tracks the photochemical kinetics
and relative concentrations of reactant and product. Nonlinear
reaction kinetics directly impact the mechanical response, and
thus any actuator function. In this context, we highlight the two
most notable features of the experimental results shown in
Fig. 4–7:

(1) the shape of the bleach and mechanical recovery curve
changes from exponential to sigmoidal as the initial amount of
photodimer increases with larger BD values;

(2) the crystal exhibits an increased susceptibility to 405 nm
light as BD increases, which allows a weak secondary beam to
prevent full recovery back to the monomer and maintain a bend
in the crystal.

To analyze the kinetics, we rst assume that the uorescence
signal is linearly proportional to the amount of monomeric 4F-
9AC in the laser spot, and that the uorescence quantum yield
is unaffected by the amount of reaction. This assumption is
supported by the observation that the uorescence lifetime does
not change for a crystal that has been partially photodimerized.
We also assume that the temperature change of the crystal is
negligible. While we have not directly measured the tempera-
ture in situ, we emphasize the trend in rates is the opposite of
what we would expect from transient heating: more laser energy
(and presumably higher heating) actually leads to slower
recovery kinetics, as does the presence of the hold laser beam.
Given these assumptions, we proceed to analyze the data using
kinetic models that describe the population changes. In the
following, we consider two models: (1) the standard rst order
kinetic model, typically used to describe photochemical reac-
tions in solution; and (2) a kinetic scheme based on the FW
model that can approximate nucleation and leads to
concentration-dependent reaction rates.

A simple rst-order kinetic model is based on the scheme

A ����! ����sIf1

k1
B

where A represents the monomer pair that gives rise to the
detected uorescence, B is the non-emissive photodimer, k1 is
) compared to a control signal with no pump pulse. Over the timescale
Long time fluorescence signals for the 30% bleach and control signals,
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the back-reaction rate, and sIf is the net photodimerization
rate where s is the absorption cross section, I is the probe light
intensity, and f1 is the quantum yield. Given [A] + [B] ¼ C0,
where C0 is the total concentration of anthracene pairs, this
model leads to the linear differential equation

d½A�
dt
¼ �sIf½A� þ k1½B� ¼ �sIf½A� þ k1ðC0 � ½A�Þ (4)

with the analytical solution

½A�ðtÞ ¼
�
½A�0 �

k1C0

g

�
e�gt þ k1C0

g
(5)

where g ¼ k1 + sIf. This rst-order kinetic model predicts the
same exponential recovery rate (g) and nal uorescence level

½A�ðNÞ ¼ k1C0

g
, independent of starting concentration (i.e.

bleach depth). Fig. 8 shows the calculated RF(t) curves with k1 ¼
0.1 s�1 and I ¼ 0 (no probe beam), overlaid with the experi-
mental curves. According to the rst-order kinetic model, RF(t)
is always the same exponential function and does not depend
on BD. The rst-order kinetic model is unable to reproduce
either the change in RF(t) or the lack of complete recovery at
long times. Fluorescence recovery curves calculated using eqn
(5), overlaid with the experimental curves, are given in the ESI
(Fig. S7†).

The FW model utilizes the two-step reaction scheme

AþA ����! ����sIf1

k1
Aþ B

Aþ B ����! ����sIf2

k2
Bþ B
Fig. 8 Experimental Rf(t) curves (black solid lines) are stacked by
increasing photon dose and therefore bleach depth ((A) 0.5 seconds,
(B) 2.5 seconds, (C) 4 seconds, (D) 5 seconds). These curves are over
laid with exponential curves (red dashed lines) calculated using eqn (5)
with I ¼ 0 and k1 ¼ 0.1 s�1 and curves calculated using the FW model
(blue dotted lines) for different bleach depths eqn (7) was used with I¼
0, k1 ¼ 0.1 s�1 and k2 ¼ 0.005 s�1. Note that the calculated exponential
decays are the same for all bleach depths.

9858 | Chem. Sci., 2020, 11, 9852–9862
Here k1 and f1 reect reactions occurring in majority A regions
and k2 and f2 reect the changed reaction rates in the presence
of the photodimer B. For example, if k1 > k2, then the presence of
dimer inhibits the dissociation. This reaction scheme leads to
the nonlinear differential equation for [A]:

d½A�
dt
¼ �sIf1½A�2 � sIf2½A�½B� þ k1½A�½B� þ k2½B�2 (6)

This differential equation can be solved analytically (ESI,
Section 8†) to give the time-dependent monomer pair
concentration,

½A�ðtÞ ¼ b
�
e
ffiffi
q
p ðtþkÞ � 1

�þ ffiffiffi
q
p �

e
ffiffi
q
p ðtþkÞ þ 1

�
2cð1� e

ffiffi
q
p ðtþkÞÞ (7)

where b ¼ k1C0 � sIf2C0 � 2k2C0, c ¼ sIf2 + k2 � sIf1 � k1, q ¼

b2 � 4ck2C0
2, and k ¼

���� 1ffiffiffiqp log
	
2c½A�0 þ b� ffiffiffi

q
p

2c½A�0 þ bþ ffiffiffi
q
p


���� depends on

[A]0 which is experimentally obtained from the initial uores-

cence bleach depth BD ¼ 1� ½A�0
C0

. Ideally, we would monitor

the initial photodimer/monomer concentrations directly, for
example using absorbance, but given the microscopic sample
size and fast dynamics, these concentrations must be inferred
from the change in uorescence signal.

Fig. 8 shows RF(t) curves calculated using eqn (7) with k1 ¼ 0.1
s�1, k2 ¼ 0.005 s�1 and I ¼ 0 (no probe beam), overlaid with the
experimental curves. The recovery curves are exponential for small
BD values, but for large BD values there is an induction period at
the beginning that leads to sigmoidal behavior, as observed
experimentally. The FW model captures the transition from
exponential to sigmoidal at the extreme BD values, but it under-
estimates the amount of sigmoidal character for intermediate
values. Experimentally, for BD > 0.5 there is already a sigmoidal
character in the recovery that is not predicted by the FW model,
irrespective of the k1/k2 values used. The inability of the FWmodel
to generate sigmoidal decays for lower BD values arises from the
fact that even a small amount of species A can cause the k1 rate to
dominate the kinetic behavior, since it is assumed to be homo-
geneously distributed throughout the sample. To limit the role of
k1, a large fraction of the sample must be converted to B, so the
slower k2 process can become dominant and slow down the net
reaction rate. Once an appreciable amount of A is formed (�10%),
the system always transitions from sigmoidal to exponential
behavior.

An additional problem is the inability of either model to
reproduce the long-lived offset for the larger BD values in the
presence of the probe beam. Eqn (4) explicitly predicts that the t/
N population is independent of [A]0, the monomer population
aer the bleach pulse. For the FW model, we have two quantum
yields, f1 and f2, and one might expect that larger f2 values would
allow a weak secondary beam to freeze in the dimer population. To
test whether this is the case, in Fig. 9 we plot [A](t) recovery curves
for a different BD values for a weak probe beam (sIf1 ¼ 0.001 s�1)
and different sIf2 values of 0.001 s�1, 0.01 s�1, 0.05 s�1, and 0.10
s�1. We did not attempt to dissect the product into its I, s and f2

constituents, but we can assume that any variation is due to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Fluorescence recovery curves calculated using eqn (7) for k1 ¼ 0.1 s�1, k2 ¼ 0.005 s�1, sIf1¼ 0.001 s�1 and (A) sIf2 ¼ 0.001 s�1, (B) sIf2 ¼
0.01 s�1, (C) sIf2 ¼ 0.05 s�1, and (D) sIf2 ¼ 0.10 s�1. Note different time axis in (D). Different values of f2 lead to different long-time offsets, but
the curves calculated using the FW model do not show the plateau behavior seen experimentally.
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quantum yield f2, with s and I constant for the two populations. All
the simulated signals converge smoothly to the same photosta-
tionary state, regardless of initial conditions (BD values). But the
FW model does predict that the time to reach this state can be
substantially lengthened by larger sIf2 values. In particular, the BD
¼ 0.1 and BD¼ 0.4 curves in Fig. 9D are qualitatively similar to the
experimental curves in Fig. 7B. This similarity suggests that the idea
that there are two distinct populations in the sample, with forward
quantum yields f1 and f2 that differ by a factor of 10 or more, has
some basis in reality. Accordingly, we suspect that the holding
behavior results from a population of 4F-9ACmolecules that are in
close proximity to photodimer domains and are more susceptible
to photodimerization (i.e. have a much higher f2 value).

The ability of a single crystal to support two separate pho-
toactive populations of molecules with very different reactivities
(k1 versus k2, f1 versus f2) is not completely surprising. The
existence of such reaction heterogeneity must be assumed to
explain the auto-catalytic and auto-inhibitory kinetics seen in
many solid-state reactions, although different analytical models
have been used to describe them. It is possible that distinct
photodimer populations could exist in spatially distinct regions
of the crystal due to heterogeneous strain, defect densities, or
light penetration. Although it is tempting to assume that these
separate populations evolve in parallel, without intermixing, we
know that this partitioning cannot persist indenitely because
the crystals eventually achieve the same equilibrium state for
the same probe beam intensity, regardless of the initial BD. A
full description of the dynamics will probably require develop-
ment of a model that explicitly takes time-dependent spatial
distribution of reactions into account, as has been attempted
This journal is © The Royal Society of Chemistry 2020
for one-dimensional systems.55–58 Alternatively, it is possible
that a more sophisticated, multi-dimensional model for
nonlinear reaction kinetics may be applied to this problem.59

Both theoretical treatments are beyond the scope of this paper.
What is most surprising about the 4F-9AC crystal system is the
large (order of magnitude) change in kinetics for high photo-
dimer concentrations. This change leads to dramatic changes in
recovery rates and holding behaviors for large BD values.

We conclude with some practical observations. First, it
should be noted that the intermolecular hydrogen-bonding in
crystalline 4F-9AC may make it a case in which cooperative
phenomena are especially pronounced. When a photodimer is
formed, the buttery distortion of the anthracene rings would
be expected to affect the hydrogen-bonding to neighboring
molecules.60,61 If the surrounding molecules are all monomers,
then there would be an energetic driving force to restore the
network of hydrogen-bonds in the unreacted crystal, destabi-
lizing the lone photodimer. At large conversions, however, when
the surrounding molecules have been dimerized, it is possible
that a new network of hydrogen bonds can be formed that
stabilizes the dimers and changes the dissociation energetics.
This would provide a physical origin for the observed difference
in k1 and k2 rates. Although most unimolecular isomerizations
have been analyzed under the assumption of rst-order
kinetics,2,22,32,33 it is possible that nonlinear reaction kinetics
may arise for bimolecular reactions or when strong intermo-
lecular interactions are present. Further experiments to
measure the dimer crystal structure, perhaps by trapping it at
low temperatures, along with calculations of crystal energies,
would be needed to conrm this hypothesis.
Chem. Sci., 2020, 11, 9852–9862 | 9859
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A second point is that even though its physical mechanism is
not fully understood, the ability of a weak probe beam to lock in
the photoproduct in a T-type photochromic material has prac-
tical implications. A P-type photochromic material will remain
in the product state and hold its position until illumination at
a second wavelength switches it back, allowing precise control
of its reset time but at the cost of using two separate light
sources. T-type materials generate an unstable photoproduct
state that reverts back to the reactant when the light is turned
off, providing reversibility with a single light source, but without
the ability to control the reset time. In order to maintain
a constant level of photoproduct and actuation in a T-type
material, continuous high-intensity illumination normally
would be required. But in the case of 4F-9AC, a much lower level
of light exposure can hold the crystal at a nonzero curvature
aer a large initial pulse of light has been used to set the crystal
response. Aer a partial recovery, the crystal can be held
indenitely by a much weaker (10�3 to 10�2) control beam. If
this control light is suddenly turned off, the photodimer pop-
ulation quickly decays, accompanied by a return to the original
crystal shape. In this way, nonlinear reaction kinetics provide
a way to control the reset time in a T-type crystal using a single
excitation wavelength, providing a simpler way to achieve the
controllability of a P-type material.

Conclusion

We have analyzed the dynamics of a solid-state chemical reaction,
the thermal dissociation of the 4F-9AC photodimer. This crystal is
of interest as a T-type photomechanical molecular crystal. A
microscopic uorescence-recovery-aer-photobleaching experi-
ment was used to monitor the kinetics of dimer dissociation in
single microcrystals. We nd that the dissociation kinetics exhibit
a strong dependence on the initial concentration of photodimer,
slowing down as the initial concentration of photodimer increases
and also producing a population with enhanced susceptibility to
photodimerization. The slowdown in the dimer dissociation,
accompanied by the increase in photoconversion efficiency, allows
a relatively low light intensity to cancel out the thermal back-
reaction. This phenomenon, not yet fully understood, leads to an
unexpected opportunity: a relatively weak beam that would have no
observable effect on a pristine monomer crystal can control the
mechanical response in a partially dimerized crystal. These results
show that cooperative reaction kinetics are not just an interesting
artifact of solid-state chemistry but can be harnessed for practical
applications like making a T-type material into a switch-and-hold
actuator.
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