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Molecular photoswitches provide a means for imparting synthetic structures with intrinsically logical and highly
tunable photoresponsive properties. One variety of organic photoswitches known as Donor-Acceptor Stenhouse
Adducts, or DASAs, are promising candidates for next generation light responsive materials because of their
unique ability to stabilize three photochemically distinct isomeric states in solution, while their counterparts are
strictly limited to binary state behavior. In this work, we show how polymethacrylate host matrices shift the
energetic landscape of DASA relative to solution, prohibiting accumulation of an intermediate third isomeric
state by decelerating critical steps in the photoswitching mechanism. Specifically, we employ a dual-wavelength,
phase locked detection scheme to probe thermal isomerizations in the switching process that occur at fast (~ms)
time scales that are inaccessible by standard UV-Vis spectroscopic techniques. The results of this study provide
valuable insight into the mechanism of multistate DASA reactivity and establish the foundation necessary to
guide future efforts in offsetting kinetic matrix effects to enable dynamic, three state photoswitching in polymeric

hosts.

1. Introduction

With applications from consumer products to medical devices, light-
responsive “smart” materials are at the forefront of research and
development endeavors worldwide. While the field encompasses a
broad range of chemistries, these materials all rely on some form of
molecular or atomic-scale logic to impart synthetic structures with op-
tical stimuli-responsive properties. Despite the unmatched spacio-
temporal tunability of light (e.g., wavelength, intensity, and
polarization), most examples of photoresponsive smart materials
employ binary logic, i.e., they convert to from state A to state B when the
light is on and revert to A either when the light is removed (T-type) or
when a secondary wavelength is introduced (P-type). Multistate (>2)
photoresponsive materials have been demonstrated by combining
absorbance-shifted binary switches [1-3], but the introduction of single
species multistate photoswitches could enhance a device’s capacity for
complex logic and improve its dynamic reconfigurability.

Organic photoswitches are a class of small molecule building blocks
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that are well suited for photo-responsive material applications because
they undergo absorption-induced conformational changes, including E/
Z isomerization and/or (de)cyclization, that can be leveraged into
macroscopic structural responses. For example, researchers have
demonstrated how changes in the polarization state of spiropyran upon
photoisomerization can lead to macroscopic changes in hydrophilicity
[4,5], ion permeability [6], surface tension [7,8], and adhesion [9].
Additionally, the axial contraction of azobenzene during trans to cis
photoisomerization has been leveraged to generate large strains in
aligned networks [10-13] and induce solid to liquid phase transitions in
entangled polymers [14].

Donor-Acceptor Stenhouse Adducts (DASAs) are among a group of
photoswitches, known as negative photochromes, that isomerize from a
highly absorbing to a non-absorbing form upon photoexcitation, and
thermally revert to their absorbing states in the dark (T-type) [15]. Aside
from the large shift in absorptivity, DASA isomerization is accompanied
by a change in molecular polarization and photothermal heating. These
effects have enabled DASA-based photothermal bending actuation of
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polymer films [16,17], self-sustained convective flow [18], controlled
(de)wetting at liquid-liquid interfaces [8], and light-controlled release
of encapsulated cargo from polymer micelles [19]. Unlike azobenzene,
which requires damaging UV light to undergo photoisomerization, light
responsive materials leveraging DASA can be manipulated with visible
light. While this is highly advantageous for biomedical applications,
DASA photoswitching in aqueous environments has only been demon-
strated when stabilized either in phase separated lipid lysosomes
[20,21] or in polymer micelles [22] and vesicles [19]. In addition to
facilitating photoswitching in water, DASA-polymer blends and conju-
gates based on a variety of elastomeric and amorphous thermoplastic
polymers have enabled promising applications in light-powered soft
robotics [16,17], soft chemo- and temperature sensing [23,24], and
photopatterning of polymer films [2,25].

Despite their appearance as binary T-type switches, the isomeriza-
tion of DASA from colored to colorless proceeds through an initial P/T-
type actinic step, followed by a series of thermal isomerizations,
generating intermediates with distinct photo-reactivity from the ground
state isomer in the process [26-28]. This behavior has shown to enable
dynamic dual wavelength control over the distribution of three isomeric
states of DASA in solution, a rare example of a single molecule ternary
photochrome [26,29]. A simplified model for the photobleaching of
DASA from the colored, ground state linear isomer (A) to a set of
colorless closed ring isomers (C) under irradiation at the primary ab-
sorption band of A is provided in Fig. 1. By preferentially addressing the
metastable and spectroscopically indistinguishable intermediates B and
B’ with a second wavelength of light, the rate of B isomerization back to
A can be enhanced relative to the rate of B’ electrocyclization to
generate C, a thermal step. Accelerated reversion of B to A effectively
gates cyclization to C and extends the lifetime of the colored isomer, A,
under constant, dual wavelength irradiation.

A major challenge in exploiting DASA’s inherent multistate nature is
the need for increasingly higher photon fluxes in systems where the
thermal lifetimes of B and B’ are too short for them to accumulate in
sufficient concentrations. By sterically modifying the DASA architecture
to tune the energetic landscape, Stricker et al. demonstrated how these
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intermediates can be stabilized by raising the B to A and B’ to C acti-
vation barriers. Consequently, the loss of absorbance that occurred
following the accumulation of C when irradiating A with green light was
successfully gated by the simultaneous photoexcitation of B/B’ with red
light [26]. While this study only explored the effect of intramolecular
steric effects, intermolecular interactions between DASA and its host
environment have also been widely reported to shift the energetic
landscape of photoswitching. For example, polarizing interactions be-
tween DASA and its environment, including dipole-dipole and hydrogen
bonding, are expected to play a role in the kinetics and thermodynamics
of photoswitching based on kinetic studies performed in a variety of
polar solvents [30,31]. In addition, the study of DASA in polymer films
has identified a link between the host matrix glass transition tempera-
ture and rates of photobleaching and thermal recovery, suggesting that
viscous forces raise the energetic barriers for certain bond rotations
necessary for isomerization [1,32]. However, little is known about how
individual steps in the overall isomerization process respond to changes
in the extramolecular environment, especially in polymers. This is
because the time scales corresponding to thermal isomerizations
through which B regenerates A, or proceeds to B’ and C, have remained
challenging to probe spectroscopically. Without these crucial mecha-
nistic insights, it is challenging to predict whether the multistate pho-
toreactivity demonstrated by Stricker et al. in solution is attainable in
DASA-polymer blends. As a result, applications that rely on DASA
photoswitching in polymers cannot leverage its unique multistate nature
to expand their capabilities.

In this work, we show that the capacity for dual wavelength,
multistate kinetic control of DASA is diminished in blends of poly(butyl
methacrylate) (PBMA) and poly(methyl methacrylate) (PMMA) relative
to a solution in toluene. To provide mechanistic insight into these re-
sults, we employ a dynamic, phase-locked optical measurement tech-
nique with greater temporal resolution and sensitivity than standard
UV-Vis to probe the rapid formation and decay kinetics of the B/B’
intermediates in these varied environments. While the pseudo-
equilibrium intermediate population established under irradiation of A
is reduced in polymer blends, specifically in glassy PMMA, we use
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Fig. 1. Schematic representation of DASA photoswitching mechanism under dual wavelength control. Stage 2 is generated under irradiation at wavelength 1 (hv;)
and accumulates under single wavelength exposure (solid green). The addition of a second, red-shifted wavelength (hv,) depletes the molecular population of stage 2
by introducing a photochemical pathway (dashed red) to regenerate stage 1 (A). Depletion of stage 2 results in slower colored to colorless photoswitching by slowing
the rate of C production. Bond orientations (E vs. Z) within the conjugated system are included to distinguish relevant isomers.
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kinetic modeling to show that the thermal stability of these intermediate
isomers, once formed, has minimal dependence on the nature of the
environment. Instead, the diminished capacity for multistate kinetic
control in PBMA and PMMA can be attributed to matrix-induced effects
that specifically impede the initial actinic conversion from A to B,
limiting accumulation of the photochemically distinct intermediates
that make DASA unique.

2. Methods
2.1. Sample preparation

The specific DASA molecule used in this study (Fig. 2B) was syn-
thesized and isolated according to the method in Sroda et al. [30].
DASA-loaded polymer films were fabricated by casting a solution of
DASA and either poly(butyl methacrylate) (PBMA, avg. 211 kDa) or poly
(methyl methacrylate) (PMMA, avg. 120 kDa) in dichloromethane onto
a glass supported polyethylene terephthalate (PET) substrate (50 pm
thickness). The resulting bilayer films were peeled from their glass
supports and dried in vacuum overnight. The films were cast and dried
at room temperature, approximately 23 °C. Glass transition tempera-
tures for the polymers were measured by DSC to be 33 °C and 98 °C for
PBMA and PMMA, respectively. When blended with 1 wt% of DASA, the
corresponding glass transition temperatures decreased to 32 °C and
82 °C. After drying, the spatially averaged thicknesses of the DASA-
loaded polymethacrylate layers were estimated to be approximately
10-15 pm, based on the known substrate surface area, the masses of the
deposited polymers, and their densities. Due to the relatively low pre-
cision of the drop casting method compared to alternative
manufacturing methods (e.g., spin coating, drawing), the localized film
thicknesses were subject to variability of up to several microns. We
deemed this degree of imprecision acceptable because the analysis
performed in this study did not require a robust measure of sample di-
mensions. PBMA and PMMA were purchased from Sigma Aldrich and
the PET films were from McMaster Carr.

2.2. Spectroscopic characterization

2.2.1. Broadband UV-Vis pump probe spectroscopy
Broadband transmission measurements were performed on an Ocean
Optics USB4000 UV-Vis Spectrometer from approximately 300 nm-800
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nm using a fiber-coupled deuterium halogen broadband probe light
(Mikropack DH-2000-BAL) and LabVIEW-controlled data acquisition.
The A and B/B’ isomers were optically pumped with a fiber-coupled
532 nm Nd:YAG laser (Q-BAIHE), outfitted with cleanup optics to
remove residual infrared radiation, and a pair of 620 nm LEDs (Cree
XLamp in color red-orange), respectively. The LEDs were angled and
focused to intersect at the sample surface for maximum power, and the
LED current loads were metered with a power supply. A solenoid-
powered beam flag was used to control the 532 nm beam exposure
time while the 620 nm LEDs were electrically gated. Both were driven
through LabVIEW (National Instruments PCI-6220). Every 5 s, optical
pumping was paused for approximately 70 ms before collecting trans-
mission spectra. Signal integration was performed over the subsequent
30 ms before resuming irradiation. The initial 70 ms delay time was
necessary to accommodate the mechanical delay of the 532 nm beam
flag, preventing contamination of the transmission measurement with
scattered pump light. Emission profiles for the photoexcitation sources
are overlaid with the A and B/B’ absorption profiles in Supplementary
Figs. S.5, S.7, and S.9 for DASA in toluene, PBMA, and PMMA,
respectively.

Film samples were cut to approximately 1 cm x 1 cm squares and
adhered using double stick tape to a removable sample puck. The DASA-
loaded layer was oriented facing normal to the incident probe beam. The
pump beams were introduced off normal by 10°-45°. Solution samples
were prepared by pipetting 80 pL into a 1 cm wide glass cuvette with a
path length of 1 mm. This volume was used to ensure the entire sample
resided in the pump source exposure area and minimized diffusion ef-
fects in the observed photoswitching rates.

2.2.2. Frequency modulated pump probe spectroscopy (FMPPS)

To passively probe the kinetics of photochemically active species
with enhanced temporal resolution and sensitivity than is possible by
traditional UV-Vis absorption spectroscopy, we developed a
wavelength-indiscriminate, phase locked detection scheme. This
method, termed Frequency Modulated Pump Probe Spectroscopy
(FMPPS, Fig. 2), utilized modulation of two narrow bandwidth, spec-
trally shifted probe lights to simultaneously track the absorbances of A
and B/B’.

A 532 nm probe line was generated to track the absorbance of the A
isomer by reflecting a fraction of the continuous wave 532 nm pump line
(Section 2.2.1) with a glass slide, chopping the beam at 506 Hz, and
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Fig. 2. Schematic illustration of the FMPPS technique. A 532 nm continuous wave laser and a 620 nm LED were used to optically pump the sample. A small portion
of the 532 nm pump line was split off, chopped at 506 Hz, and fiber coupled together with a portion of the light emitted by a separate but spectrally identical 620 nm
LED that was electrically gated with a 2.3 kHz square wave. The combined beam was passed through the sample and collected with a photodetector. Lock-in
amplifiers were used to deconvolve the transmitted 532 nm and 620 nm probe beam intensities according to their modulation frequencies and isolate them from

unmodulated background radiation from the pump beams.
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reflecting the beam again off a second glass slide into an optical fiber. To
monitor the combined absorbances of the B and B’ isomers, a second
620 nm LED, spectrally identical to the pumping source described in
Section 2.2.1, was electronically gated with a 2.3 kHz square wave
(33120A 15 MHz Function Generator, Agilent Tech.), and coupled into
the same fiber as the 532 nm probe. The composite beam was passed
through the sample in an identical fashion as the broadband probe light
in Section 2.2.1 but was collected with a Thorlabs PDA 36A Si Switch-
able Gain Photodetector instead of a spectrometer. The output signal
from the detector was passed into a pair of Stanford Research SR830
Lock-In Amplifiers to deconvolve the two probe amplitudes according to
their modulation frequencies. A schematic illustration of the technique
is provided in Fig. 2. Negligible spectral overlap between the 532 nm
and 620 nm probe beams with the absorbance profiles of B/B’ and A,
respectively, meant that further deconvolution to isolate the absorbance
of each isomeric state was unnecessary.

Lock-in amplification provided a means for performing highly ac-
curate transmission measurements with especially low intensity light.
To ensure the samples were optically probed as passively as possible, the
probe intensities were maintained below 50 pW/cm?. The lock-in time
constants were selected to ensure accurate signal integration over at
least 5 periods; 10 ms and 3 ms on the high and low frequency modu-
lated sources, respectively. LabVIEW data acquisition (National In-
struments PCI-6220) was used for real-time measurements at 25 Hz of
the transmitted probe intensities during optical excitation and
relaxation.

Optical excitation (pumping) occurred by the same approach as
outlined in S.1.2.2 but without pausing to collect absorbance data. This
was possible because the use of frequency selective detection ensured
that unmodulated background radiation from the scattered pump beams
did not contaminate the measurement. All samples were pumped with
532 nm light for 600 ms, followed by 3-8 s of pumping with different
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intensities of 620 nm light. The pump timing was controlled by LabVIEW
as was outlined in Section 2.2.1.

3. Results and discussion
3.1. Kinetic model of multistate photoswitching

Altered rates of DASA isomerization with the transition from solution
to amorphous polymers have been reported previously [1,32,33] and
were expected to result in different multistate reactivity from that
observed in solution by Stricker and coworkers [26]. To quantify this
effect, we performed a series of spectrokinetic measurements on a single,
first generation DASA structure (Fig. 3B) blended in PBMA and PMMA.
To benchmark these results against a representative solution-based
system, we tested a third mixture of DASA in toluene.

Initially, we confirmed the presence of a spectroscopically distin-
guishable intermediate that was populated following irradiation of A in
toluene, PBMA, and PMMA. After allowing sufficient time in the dark to
deplete any transient intermediates, the only absorbing form of DASA
assumed to be present was A, the thermodynamically favored isomer.
This is validated by the existence of single absorbance peak at 547 nm in
toluene, 540 nm in PBMA, and 535 nm in PMMA (Fig. S.2). The slight
blue shift observed in PBMA and PMMA can likely be attributed to
increasing environmental polarity and aligns with the result of Sroda
et al. [30]. Irradiating A for 5 s resulted in the formation of a secondary
peak, approximately 60 nm red-shifted from the initial Apax. The posi-
tion of this peak relative to A was roughly consistent in toluene (Fig. 3A),
PBMA (Fig. S.6), and PMMA (Fig. S.8), and has been attributed to the
metastable intermediates, B and B’, in previous studies [26,34]. Sig-
nificant spectral overlap between the B and B’ intermediates meant they
could not practically be spectroscopically distinguished in the visible
wavelength regime.
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Fig. 3. (A) Overlaid normalized absorption spectra for DASA 1.0 in toluene at t = 0 s (solid, violet) and after 5 s of optical pumping with 9.2 mW/cm? of 532 nm light
(dashed black). The stage 2 absorption profile (solid, dark blue) was computed from their difference. Emission profiles for light sources used in this study are shaded.
See Supplementary Figs. S.5 and S.7 for absorption profiles in PBMA and PMMA. (B) Simplified photoswitching mechanism of DASA used in this study. (C) Pho-
toswitching (as measured by absorbance at the Apay of Fig. 2A) under 9.2 mW/cm? 532 nm with (solid) and without (dashed) 78 mW/cm? of 620 nm in (C.I) toluene
(0.0179 mM), (C.II) PBMA (1 wt%), and (C.III) PMMA (1 wt%). Normalization constants are provided in Supplementary Table S.2.



S. Sandlass et al.

With this in mind, we employed a reduced form of the four-state
mechanistic model illustrated in Fig. 1, designed to account only for
the three states that were photochemically distinct: stage 1 (A), stage 2 (B
and B’), and stage 3 (C). Stage 1 was assumed to exclusively contain the
linear form, triene isomer, A, and could be converted to stage 2 by actinic
E/Z isomerization. Stage 2 contained both short-lived intermediates B
and B’ and could either thermally proceed through a 4n electro-
cyclization to stage 3 or decay back to stage 1. The reverse isomerization
to regenerate stage 1 could be accelerated by leveraging a parallel actinic
pathway promoted under the irradiation of stage 2. Stage 3 contained all
non-absorbing, closed form isomers and could slowly reform stage 2 in
solution or persist as a kinetically trapped state in polymer blends. A
schematic illustration of the simplified model is included in Fig. 1.

To ensure clarity while keeping consistent terminology with tradi-
tional 2-state DASA models, we differentiated between photo-
isomerization and photobleaching, where the former refers to the single
step actinic interconversions of A and B, while the latter refers to the loss
of absorbance (as measured by the absorbance of stage 1) with the net
conversion of stage 1 to stage 3 under irradiation. By this convention,
photobleaching could occur either by “single wavelength” exposure to
address stage 1 in isolation or by “dual wavelength” exposure to simul-
taneously address stages 1 and 2. Addressing stage 2 during photo-
bleaching allowed for photokinetic control in the bleaching rate by
promoting the reformation of stage 1 from stage 2 and slowing the pro-
duction of stage 3 as a result. Throughout this work, stages 1 and 2 were
excited with a 532 nm laser and a 620 nm LED, respectively. Emission
profiles for these light sources are overlaid with the absorbance profiles
of each stage in Fig. 3.A and were selected among those commercially
available to maximize absorptivity of the desired stage while minimizing
overlap with the opposing stage.

3.2. Dual wavelength multistate DASA control in polymer blends

To determine the degree of photokinetic control achievable in PBMA,
PMMA, and toluene, we subjected DASA in each environment to two
different bleaching conditions. The first of these exposure conditions
was the single wavelength control to excite stage 1 alone (532 nm, 9.2
mW/cm?), while the second addressed stages 1 and 2 with dual wave-
length irradiation (532 nm: 9.2 mW/cm? and 620 nm: 78 mW/cm?2). The
samples were selected to ensure similar starting absorbances at the stage
1 excitation wavelength (Table S.2). This ensured their rates of photo-
bleaching depended only on the intrinsic properties of DASA and not on
the phase or dimensions of the host environment. For justification of
this, refer to the kinetic model derived in Supplementary Eqgs. S.3 and
S.4. Based on the results of this study, presented in Fig. 3C, we deter-
mined that while addressing stage 2 with a secondary wavelength of light
resulted in a marked deceleration in the rate of bleaching in toluene,
polymer blends of DASA in PBMA and PMMA were less receptive to
photokinetic control. In fact, DASA in PMMA displayed no discernable
kinetic effect induced by photochemically addressing stage 2 during
bleaching with the optical fluxes tested.

Isolating the cause of the diminished photokinetic control demon-
strated in polymer blends requires a greater understanding of the stage 2
formation kinetics in each host medium. To facilitate this exploration,
we used the aforementioned FMPPS method to track the rapid inter-
change of isomers in stages 1 and 2 that occurred to establish a dynamic
equilibrium under irradiation of stage 1. The exposure times required to
reach equilibrium, as indicated by the end of stage 2 accumulation, were
between 0.1 and 1 s, depending on the DASA host environment. The
shortened time scale for this process as compared to the several minutes
required for photobleaching necessitated a spectroscopic method with
greater temporal resolution than traditional UV-Vis. For this reason,
FMPPS was more suitable than traditional broadband UV-Vis absorption
spectroscopy.

The results of this experiment are provided in Fig. 4 and, when
compared with the results obtained under prolonged, dual-wavelength
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Fig. 4. Comparing photoisomerization rates in toluene (blue), PBMA (red), and
PMMA (orange) during 600 ms of pumping with 24 mW/cm? of 532 nm light.
Exposure time highlighted in green. The top three traces correspond to the stage
1 absorbances (532 nm), while the bottom three correspond to stage 2 (620 nm).
For visualization, all three data sets were normalized to their initial stage 1
absorbances. Normalization constants are provided in Supplementary Table S.3.

irradiation (Fig. 3C), suggested a positive correlation between the
amount of stage 2 accumulated during photoswitching and the capacity
for three state kinetic control. The sample of DASA in toluene accumu-
lated the greatest population of stage 2 under irradiation and, as a result,
displayed the greatest capacity for three state reactivity. In contrast,
DASA in PBMA accumulated stage 2 to a lesser extent and showed only
slight three-state reactivity. In PMMA, DASA behaved as a purely binary
switch, presumably because the stage 2 population present during
switching was too low to appreciably deplete photochemically without
increasing the optical flux.

3.3. Quantification of thermal and photochemically accelerated stage 2
decay rates

The relationship between the pseudo-equilibrium population of stage
2 and the capacity for dual wavelength, multistate control was identified
previously by Stricker and coworkers for two different DASA structures
in solution [26]. They attributed the diminished capacity for three state
reactivity in some DASAs to their comparatively shorter stage 2 thermal
lifetimes. By this reasoning, destabilization of stage 2 resulted in lower
stage 2 concentrations sustained during photobleaching and made this
species largely inaccessible photochemically. However, this observation
seems an unlikely explanation for the poorer kinetic control of DASA in
PBMA and PMMA compared to toluene because it implies that the decay
of stage 2 was accelerated in polymeric hosts, despite the relative lack of
mobility in solids. More likely, the pseudo-equilibrium concentration of
stage 2 was limited in polymeric hosts by lower quantum efficiencies in
the isomerization of A to B, slowing the rate of stage 2 formation.

To support this hypothesis, we employed FMPPS to quantify the
thermal decay rates of stage 2 in PBMA, PMMA, and toluene. In this
experiment, we populated stage 2 with a brief pulse of 532 nm light and
observed its subsequent decay. As further evidence for the presence of a
photochemical pathway to regenerate A from B, we introduced varying
intensities of 620 nm pump light during decay and determined the
extent of decay rate enhancement under irradiation of stage 2. The
proposed integrated rate law for the decay of stage 2 is given by Eq. (1),
where the effective rate constant (k.f) is given as a combination of the
forward (kz) and reverse stage 2 isomerization rate constants. The
reverse isomerization rate constant is further broken down into thermal
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(k.7) and photochemical components, where qg20nm, @, and &g » denote
the flux of the stage 2 photoexcitation source, the reaction quantum ef-
ficiency, and the molar absorptivity of stage 2 towards the 620 nm pump
light, respectively. The absorbance as a function of elapsed time, t, after
the end of the 532 nm pump pulse is given as Ay » (). This kinetic model
was exclusively valid in the low absorbance limit of stage 2 (Ag;2 <
0.043) and is derived in detail in Supplementary Section S.1.

In[Ay5 (1) /Aua(t = 0)] = —kypt M

ke = €s12q6200mP_1 +k_i + k> @

Thermal and photochemically accelerated stage 2 decay curves are
provided in Fig. 5 for DASA in toluene, PBMA, and PMMA. All host
media were observed to support a photochemical pathway to reform
stage 1, indicated by accelerated stage 2 decay with increasing fluxes of
620 nm light. However, this technique neglected to consider the effects
of reflectance and scattering, making it challenging to extract and
compare isomerization quantum yields in each medium.

Effective decay rate constants were extracted from the stage 2 line-
arized decay curves (Fig. 5, bottom) by least squares regression and are
presented as a function of the 620 nm pump power during decay in
Fig. 6. For curves that deviated from linearity, specifically the thermally
dominated decay plots in PBMA and PMMA, the effective rate constants
were determined from a linear fit applied in the short time, linear
regime. One possible explanation for the apparent nonlinearities in
PBMA and PMMA could be the stabilization of thermal pathway to
generate additional DASA isomers not accounted for in the model,
including those reported by Zulfikri et al. [28]. These isomers would
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have been spectroscopically indistinguishable from stages 1 and 2,
making this hypothesis impossible to prove by visible absorbance
measurements alone. Alternatively, the low intensity 532 nm probe light
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rate constant for the monoexponential decay of stage 2 as a function of 620 nm pump intensity during decay (see key). The 620 nm pump exposure area was constant

at approximately 1.7 cm?.
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used to track the stage 1 population during decay could also have
introduced a small photochemical generation term not accounted for in
Eq. (1). Diffusion may have limited effect of this term in toluene, where
dilute species generated by the probe light could migrate out of the
active probing area.

Comparing the extracted decay rate constants, we found that the
strictly thermal decay rates (boxed in Fig. 6) were surprisingly similar in
toluene, PBMA, and PMMA (1.52 + 0.0257%,2.4 + 0.3s™),and 3 + 1
s, respectively). This result supported our initial hypothesis that the
lower pseudo-equilibrium stage 2 populations in PBMA and PMMA were
the result of slower A to B conversion, rather than accelerated thermal
decay. While it seems likely that this reduction in quantum efficiency
was the result of viscous forces opposing bond rotation in the polymer
systems, specifically in glassy PMMA, the different molecular structures
of toluene, PBMA, and PMMA make it challenging to disentangle me-
chanical factors from the effects of polarity.

In addition to slowing the actinic rate of stage 2 formation, polymeric
hosts were found to prevent thermal regeneration of stage 2 from stage 3
after complete or partial photobleaching (Supplementary Figs. S.11 &
S.12). In contrast, DASA in toluene recovered to approximately 70% of
its initial absorbance after 1 h in the dark following near complete
conversion to stage 3 (Supplementary Fig. S.10). This behavior has been
widely reported for first generation DASA derivatives and may have
further limited the degree of photokinetic control possible in PBMA and
PMMA by ensuring that the formation of stage 3 was an irreversible
process.

4. Conclusion

Three state photokinetic control of DASA is inhibited in systems that
do not favor the accumulation of the intermediate B and B’ species that
make up stage 2. This results from the high photon fluxes required to
photochemically address these dilute species. We found this phenome-
non to be directly responsible for the limited and negligible degrees of
photokinetic control achievable in PBMA and PMMA, respectively,
compared to a solution of DASA in toluene.

To determine the cause of the limited accumulation of stage 2 in these
systems, we developed and implemented a dynamic, phase-locked
spectroscopic technique (FMPPS) with higher sampling speeds and
greater sensitivity than standard UV-Vis to probe the photochemical
evolution and rapid decay of stage 2. With FMPPS, we found that tran-
sitioning from a toluene solution to polymeric hosts resulted in the
emergence of nonlinear stage 2 thermal decay kinetics, but minimal
change in the thermal stability of this stage, as reflected in its initial
decay rate following the cessation of stage 1 excitation. This suggested
that the reduction in stage 2 accumulation in PBMA and PMMA
compared to toluene resulted primarily from slower actinic A to B
conversion and could likely be attributed to viscous effects, which have
been reported previously to influence DASA switching kinetics in poly-
mers [1,32].

One additional factor which may have contributed to the limited
accumulation of stage 2 in PBMA and PMMA was the lack of a thermally
accessible pathway to regenerate B’ from C during photobleaching.
Thermal open form recovery, which occurred slower relative to the
preceding isomerizations in toluene, likely provided a small boost in the
pseudo-equilibrium stage 2 population established during bleaching in
toluene but not in the polymeric hosts. While this study did not consider
the possibility of a photochemical pathway in the isomerization of B’ to
C, as was suggested by Bieske and coworkers for DASA in the gas phase,
this may have also contributed slightly to efficacy of dual wavelength
photokinetic control by simultaneously accelerating both competing
stage 2 decay pathways with the same wavelength of light [35]. If this
effect could primarily account for the reduced photokinetic control in
PBMA and PMMA, we would expect the photochemical stage 2 decay
rates constants in Fig. 6 to increase faster with the intensity of 620 nm
light in PBMA and PMMA. However, this was not observed.

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114964

While this study succeeds in identifying crucial steps in the overall
DASA photobleaching process that result in the observed matrix effects
limiting the three-state reactivity in PBMA and PMMA, the underlying
reasons for these effects require further study. To that end, additional
work is necessary before one can implement a systematic approach to
structurally modifying the DASA architectures or host polymers with the
objective of offsetting these kinetic matrix effects and enabling dynamic,
three state photoswitching in polymeric hosts.
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