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Introduction

Energy- and conformer-dependent excited-state
relaxation of an E/Z photoswitchable thienyl-
ethenef

Jamie D. Young,i Chana R. Honick,i Jiawang Zhou, 2 § Cody R. Pitts,q
Fereshte Ghorbani, Garvin M. Peters, Thomas Lectka, John D. Tovar 2 and
Arthur E. Bragg & *

Bis(bithienyl)-1,2-dicyanoethene (4TCE) is a photoswitch that operates via reversible E/Z photoisomerization
following absorption of visible light. cis-to-trans photoisomerization of 4TCE requires excitation below
470 nm, is relatively inefficient (quantum yield < 5%) and occurs via the lowest-lying triplet. We present
excitation-wavelength dependent (565-420 nm) transient absorption (TA) studies to probe the photophysics
of cis-to-trans isomerization to identify sources of switching inefficiency. TA data reveals contributions from
more than one switch conformer and relaxation cascades between multiple states. Fast (~4 ps) and
slow (~40 ps) components of spectral dynamics observed at low excitation energies (>470 nm) are
readily attributed to deactivation of two conformers; this assignment is supported by computed thermal
populations and absorption strengths of two molecular geometries (P5 and Pg) characterized by roughly
parallel dipoles for the thiophenes on opposite sides of the ethene bond. Only the Pg conformer is
found to contribute to triplet population and the switching of cis-4TCE: high-energy excitation
(<470 nm) of Pg involves direct excitation to S,, relaxation from which prepares an ISC-active S;
geometry (ISC QY 0.4-0.67, ksc ~ 1.6-2.6 x 107° s7Y that is the gateway to triplet population and
isomerization. We ascribe low cis-to-trans isomerization yield to excitation of the nonreactive P, con-
former (75-85% loss) as well as loses along the Pg S, — S; — Ty cascade (10-20% loss). In contrast,
electrocyclization is inhibited by the electronic character of the excited states, as well as a non-existent
thermal population of a reactive “antiparallel” ring conformation.

desirable spectral characteristics to facilitate selective excita-
tion of each switch state, including sensitivity to visible light'?

A molecular switch is any molecule that can be driven reversibly
and selectively through reactions between two or more chemical
states with an external stimulus. Photoswitchable molecules and
materials have garnered significant attention in recent years,
primarily due to their tantalizing potential for photochromic
materials," optical data storage,>® molecular electronics,*®
photobiology,”® vision restoration,” molecular machines,”
and photoresponsive soft materials.'* In addition to exhibiting
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and nonoverlapping absorption features,”® a photoswitch
should be robust and fatigue-resistant to repeated conversions
and exhibit thermal stability in each state.'* Furthermore, fast
response times require reasonably high conversion efficiencies
(quantum yields) per excitation, with minimal losses through
competing deactivation pathways."> Hence the design of mole-
cular photoswitches involves the challenge of understanding
molecular properties and reactivities in ground and excited
states,'®'” as well as how these properties and reactivities are
affected by variations in molecular conformation or changes in
chemical environment.®

Photocyclizable diarylethenes and E/Z photoisomerizing
azobenzenes are two prominent classes of photoswitchable
compounds that have been explored and exploited extensively
in recent years in efforts to design and optimize photoswitches
for various chemical, material, and biological applications.
Diarylethenes, such as dithienyl perfluorocyclopentene, typically
exist as mixtures of two conformers, with the two pendant aryl
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rings roughly oriented either in mirror or C, symmetry, known
as ‘parallel’ and ‘anti-parallel’ geometries, respectively.” Photo-
switching of these compounds via 6n-electrocyclization is only
possible from the antiparallel conformation by symmetry*®*®
(i.e. via a conrotory cyclization®®); thus, in the absence of
external factors that control the conformational distribution
of an ensemble (e.g. molecular packing, as in crystals,® or by
incorporation into polymers®"), the quantum yield for cycliza-
tion is limited intrinsically. Significant research has sought to
overcome this limit and produce diarylethenes that can be
cyclized reliably in numerous applications.>*'® Azobenzenes on
the other hand undergo E/Z photoisomerization, and the larger
geometrical change associated with azobenzenes has resulted
in their incorporation into several important biomolecular
applications.”* However, compared to diarylethenes, azobenzenes
traditionally have photochemical limitations, including thermal
instability of the cis isomer* and chemical instability leading to
the formation of undesirable photoproducts.

Guo et al.>* and Zhou et al.>® previously reported the design,
synthesis, and photophysical characterization of bis(bithienyl)-
1,2-dicyanoethene (4TCE), a diarylethene that switches solely
through E/Z isomerization rather than electrocyclization,
much more like azobenzenes than structurally related dithienyl
ethenes. Chart 1 presents the structure of 4TCE along with
related molecules investigated in this work; Fig. 1 presents their
steady-state absorption spectra. While the E/Z activity of this
switch was attributed principally to the o-linkage of the
pendant thienyl groups to the ethene core, the incorporation
of the electron-deficient cyano-substituents on the core and
secondary thienyl groups at the periphery introduces a signifi-
cant push-pull charge-transfer effect across the chromophore,
giving rise to electronic transitions that are much lower in
energy than the near-UV transitions of most diarylethenes
(¢f: Fig. 1, structures 1 and 2 vs. 3). This CT character appears
to shut down the possibility for photocyclization, which has
been observed in f-linked dithienyl perfluorocyclopentenes,
thereby allowing reversible E/Z isomerization to dominate the
photochemistry.

Hence, 4TCE presents a new entry in the palette of E/Z
isomerizing photoswitches and exhibits many favorable proper-
ties relative to most azobenzenes, including no formation of
undesirable photoproducts, thermal stability of both cis and
trans isomers, and sensitivity to visible light absorption with
relatively high photostationary yields for isomerization and
fatigue resistance. trans-4TCE is ~4 kcal mol ' more energetically
stable than the cis-isomer and, based on our previous calculations,
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Fig. 1 Steady-state UV/Vis absorption spectra for trans-4TCE (grey), cis-4TCE
((1) black), cis-4TCE-Br ((2) orange) and the bis(bithienyl)perfluorocyclopentene
((3) — blue). Spectra for 1-3 are normalized to peak intensity; trans- and
cis-4TCE are presented at relative absorptivities.

there exists a >27 kcal mol ' potential energy barrier between
isomers along the S, surface.>*** However, trans-4TCE readily
isomerizes upon exposure to low intensity room lights to
achieve ~100% E-to-Z conversion. The reverse process can be
accomplished with blue light (<440 nm, ~60%) or by heating
(>80 °C, 100% conversion). 4TCE has potential for switching
applications that require large-scale structural modifications,
as a result of the large geometry change associated with
isomerization following irradiation with visible light.

Our previous photophysical characterization of 4TCE revealed
a novel and potentially exploitable exclusivity in its photo-
isomerization mechanisms.> Specifically, switching was found
to occur by electronic relaxation through mutually exclusive
manifolds of spin multiplicity for each isomerization reaction:
trans-to-cis isomerization only occurs via electronic relaxation
within the singlet manifold. In contrast, cis-to-trans isomeriza-
tion is only observed following excitation with light below
460 nm which results in a relaxation cascade to a triplet state
from which isomerization occurs. Interesting questions that
remain include why the quantum yield for isomerization from
the cis isomer is so low compared to that for the trans isomer
following 420 nm excitation (~5% cis-to-trans vs. 23% trans-to-
cis), and therefore what structural modifications could be made to
improve the performance of this switch.

Here we present a deeper investigation of excited-state
relaxation mechanisms exhibited by cis-4TCE as a function of
excitation energy and in comparison with dynamics of related
chromophore structures in order to better understand both the
relaxation pathways available to excited cis-4TCE and to under-
stand why this diarylethene photoswitch seemingly isomerizes
so inefficiently (i.e. why the quantum yield is so low). Overall, we
demonstrate that the efficiency of the cis-to-trans isomerization

Chart 1 Structures of chromophores studied in this work: (1) cis-bis(bithienyl)-1,2-dicyanoethene (4TCE), (2) cis-4TCE-Br and (3) bis(bithienyl)-

perfluorocyclopentene.
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mechanism is limited by both the relative reactivity of 4TCE
conformers present at room temperature as well as losses along
the photophysical cascade leading to the reactive triplet.

Experimental
Sample preparation

The synthesis of 4TCE was described in detail previously.>*
Synthesis of a brominated 4TCE derivative (2) also studied in
this work was performed as follows: 4TCE (600 mg, 1.5 mmol)
and DMF (70 mL) were added to a flame-dried round bottom
flask equipped with a stir bar under nitrogen atmosphere.
Freshly recrystallized NBS (528 mg, 3.0 mmol) was then added
to the reaction mixture. The reaction flask was wrapped with
aluminum foil, and the mixture was stirred for 24 h. The crude
product was diluted with CH,Cl, and washed with brine. The
organic layer was dried over MgSO,, filtered through Celite, and
concentrated. The crude material was purified by column
chromatography on silica gel with hexanes:CH,Cl, (1:1) in
the dark to prevent conversion of the ¢rans form to the cis form,
which happens rapidly under room lights. Compound 2
was obtained as a deep red solid with a 25% yield. "H NMR
(400 MHz, CDCl,): 6 7.75 (d, J = 4.0 Hz, 2H), 7.15 (d, J = 4.0 Hz,
2H), 7.10 (m, 2H), 7.05 (m, 2H). HRMS (ES+): m/z calculated
563.7917 for C,oHgBr,N,S,, found 563.7916. 'H NMR for cis
form (400 MHz, CDCl,): & 7.45 (d, J = 4.0 Hz, 2H), 7.10 (d, J =
4.0 Hz, 2H), 7.01 (m, 2H), 6.98 (m, 2H).

An analog of 4TCE, 5,5"-(perfluorocyclopent-1-ene-1,2-
diyl)di-2,2"-bithiophene (3), in which the dicyanoethane is replaced
by a perfluorocyclopentene core linked to the o positions of the
bithienyl pendants was also studied to further isolate signatures
of spectral dynamics associated with relaxation of 4TCE. This
compound was synthesized as follows: 2-([2,2-bithiophen]-5-yl)-
4,4,5 5-tetramethyl-1,3,2-dioxaborolane (500 mg, 1.71 mmol),
Pd,(dba);-CHCl; (14 mg, 0.14 mmol), XPhos (14 mg, 0.28 mmol),
and K;PO, (440 mg, 2.05 mmol) were added to a Schlenk flask,
which was then evacuated and backfilled with N, three times.
1,2-Dichloro-3,3,4,4,5,5-hexafluorocyclopent-1-ene (168 mg,
0.685 mmol) and 1,4-dioxane (10 mL) were then added, and
the solution was heated to reflux for 16 hours. The solution was
then cooled to room temperature and diluted with 20 mL of diethyl
ether, washed twice with 20 mL saturated NH,Cl, once with 20 mL
brine and dried over MgSO, before concentrating under reduced
pressure. Purification by column chromatography (silica, 95:5
hexanes : DCM) afforded 3 as an orange solid (216 mg, 0.428 mmol,
63%). "H NMR (400 MHz, CDCl,): § 7.41 (d, 2H, 3.8 Hz), 7.30 (dd,
2H, 5.1 Hz), 7.23 (dd, 2H, 3.6 Hz), 7.19 (d, 2H, 3.8 Hz), 7.03 (dd, 2H,
5.1 Hz). °C (*H) NMR (100 MHz, CDCl,): 143.1, 136.1, 133.2, 128.3,
126.2, 125.5, 124.2. *°F NMR (300 MHz, CDCl,): § —110.81 (t, 4F,
5.2 Hz), —131.87 (p, 2F, 5.2 Hz). Internal standard: 1-chloro-3-trifluoro-
methyl)benzene (6 —64.22). HRMS (EI): m/z calculated 503.9570
for C,,H;0F6S,, found 503.9571.

Solutions of cis-ATCE (1) or its brominated derivative (2)
in chlorobenzene (CB, Fisher Scientific, >99% purity) were
prepared at concentrations of ~3 x 10~ mol dm such that
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the optical density of the cis sample was ~ 0.5 at peak absorp-
tion (~480 nm). Sample solutions were circulated through a
1 mm path-length quartz flow cell whose components are
chemically resistant to sample solutions. Exposure to ambient
white light drives 100% E-to-Z conversion of 1 and 2 in solution,
as confirmed by NMR. Thus prior to any spectroscopic mea-
surements all samples were exposed to room light to ensure
that only the cis isomer was the chromophore responsible
for observed spectroscopic signatures in transient absorption
measurements. UV/Vis spectra were recorded before and after
ultrafast measurements using a diode-array spectrometer
coupled to tungsten and deuterium light sources (Stellarnet)
to monitor sample isomerization and degradation resulting
from exposure to ultrafast laser pulses. As with previous inves-
tigations, negligible bulk sample conversion was observed over
the course of a measurement (~ 20 minutes per TAS scan) due
to simultaneous exposure to overhead lights, and persistent
photoproducts were only observed after several days of inten-
sive exposure to laser excitation. Control experiments using
pure trans-4ATCE solutions were run at the longest excitation
wavelengths used in this study to verify no contamination of
data collected with the cis-isomer. Because 3 does not show any
evidence of isomerization or cyclization (i.e. photoswitching),
spectroscopic measurements of 3 were performed using a
solution in a 1 mm cuvette.

Ultrafast spectroscopy

Our experimental setup for transient absorption measurements
has been described in detail elsewhere;**>” however, for clarity,
we note features of the setup that were applicable to the data
reported herein. Ultrafast pulses were generated with a commercial
regeneratively amplified Ti:sapphire laser system (Coherent Legend
Elite, 1 kHz rep. rate, 35 fs pulse duration, 4.0 mJ per pulse).
Wavelength tunable pump pulses (~40 fs full-width at half
maximum) were generated using an optical parametric ampli-
fier (OPA, Coherent Operasolo), allowing for excitation wave-
lengths in the range 565-420 nm. Broadband white-light
continua spanning 400-1100 nm were generated in either a
2 mm sapphire plate (450-1100 nm) or a 2 mm CaF, crystal
(400-1075 nm). Pulse energies for all actinic pump wavelengths
were attenuated to about 1-5 pJ per pulse for all data presented.
In order to eliminate signatures of time-dependent polarization
anisotropy from the measured dynamics, the polarization of
the white-light probe was set at the magic angle relative to the
polarization of the actinic pump using a thin broadband wire-
grid polarizer (Thorlabs) placed immediately before the sample.
Probe pulses were focused to a spot size of ~50 pm at the
sample using an off-axis parabolic reflector; the pump beam
was focused to a size of ~1 mm and overlapped with the probe
beam at a small angle (<10°) at the sample. The optical path of
the pump beam includes a retroreflection from a UV-enhanced
aluminum corner-cube mirror; the relative pump-probe pulse
delay was controlled by moving the corner cube with a motorized
translation stage (Newport). Typical time resolution for these
measurements is on the order of 150 fs; temporal fits to
absorption transients presented below included a convolution

This journal is © the Owner Societies 2019
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with the instrument response. Probe light transmitted through
the sample was filtered and dispersed onto a multichannel
array, and transient spectra were calculated using an acquisi-
tion algorithm described previously.

Computational details

Calculations of 4TCE conformer geometries and their mini-
mum energies were performed with the Gaussian 09 package®®
using the M052X/6-31G* level of theory.>**° The Polarizable
Continuum Model (PCM) was also included to incorporate the
effect of the solvent (chlorobenzene). M052X and TD-M052X
have been reported previously to yield the best predictions for both
structural and spectral parameters of diarylethene derivatives.*' All
geometry optimizations ignored symmetry constraints. Vibrational
analysis at the optimized geometries returned no imaginary
frequencies. Time-dependent density functional theory (TD-DFT),
also calculated at the M052X level of theory, was used to deter-
mine the vertical electronic transition energies (S; < S,) for each
of the isolated conformers.

Results

Fig. 2 presents transient absorption spectra obtained by probing
at wavelengths across the visible and near-infrared (<1100 nm)
and collected following excitation at both low (530 nm, a) and
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Fig. 2 Transient absorption spectra of cis-4TCE (1) (at representative time
delays, At) collected with (a) low energy (530 nm) and (b) high energy
(420 nm) excitation.
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high energies (420 nm, b). The time-dependent spectra are
presented as spectral waterfall plots at representative time
delays. For an alternative perspective that is helpful for tracing
the complex spectral dynamics, we present the same data as
contour plots in the ESIt (Fig. S1) with vertical axes that are
linear in time delay up to 1 ps and logarithmic afterwards,
respectively, in order to highlight clearly the evolution of
features on multiple timescales following sample excitation.

The TA spectral evolution observed with visible probe wave-
lengths following 530 nm excitation is similar to what we
have observed previously,>® with spectral features assigned as
follows: the broad negative feature centered around 525 nm
corresponds with bleaching of the ground-state absorption
(ground-state bleach, GSB). Stimulated emission (SE) from the
photoprepared singlet excited state appears between 550 and
650 nm. An excited-state absorption band appears at each end of
the visible range, above 650 nm (‘“singlet transient absorption”
band 1, or STA1) and below 475 nm (STA2); the latter overlaps
significantly with the region of the cis-4TCE GSB. An additional
absorption feature overlooked previously peaks around 575 nm
roughly 1 ps after sample excitation (STA3); this feature overlaps
significantly with the GSB and SE bands and disappears within
10-20 ps, leaving only signatures of GSB and SE in this region
at longer delays. Notably, this is a minor feature with 530 nm
excitation but becomes more prominent at higher excitation
energies. Finally, transient absorption in the near-infrared (NIR)
region of the spectrum (850-1100 nm) was not examined pre-
viously; Fig. 2(a) reveals that a low-energy transient absorption
feature (STAO) peaks just below 1100 nm and disappears on a
timescale commensurate with GSB recovery. Importantly, all
spectral features observed following 530 nm excitation disappear
(i.e. return to the baseline) well within 1 ns.

TAS data collected with higher excitation energy (e.g. 420 nm)
exhibits many of the same spectral features observed at lower
excitation energies, albeit with significantly enhanced contribu-
tion from STA3, which overwhelms the GSB and SE between 500
and 650 nm at timescales >0.5 ps and <20 ps. High-energy
excitation also results in the slow induction (~200-300 ps) of
an absorption feature characteristic of a triplet state (T,) that
persists beyond 1.2 ns, as evidenced with microsecond TAS
(Fig. S2, ESIT). Notably, GSB can still be monitored at later time
delays at probe wavelengths below 450 nm, even though this
region overlaps with STA2.

We note that the data highlighted in Fig. 2(b) are somewhat
different from what we reported previously for 420 nm
excitation.>® Fig. S3 (ESIt) presents the data for a solution of
cis-ATCE that was exposed to air and ambient light for a period
of 6 weeks. The exposed sample exhibits similarities with the
previously published data, but not the data obtained with a
fresh solution presented in Fig. 2(b). We therefore suspect the
disparity between old and new samples is caused by a slow
photooxidation of the sample over an extended period of
time. A more detailed comparison of these data is discussed
in the ESI.f Importantly, our new data facilitates better under-
standing of the mechanism and efficacy/efficiency for cis-to-
trans switching.
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The TA spectral dynamics presented in Fig. 2 were analyzed
using a global target principle component analysis (‘“global
analysis”) in order to fit time-dependent spectral intensities
collected at each wavelength to a multi-state relaxation between
kinetically linked states or species with associated spectral
components (“species associated spectra”, or SAS).>>? Tem-
poral fits used only data collected beyond 500 fs, as coherent
artifacts observed around time zero in some spectral regions
generated non-sensical SAS and generally resulted in poorer
temporal fit quality; single-wavelength traces at key probe
wavelengths are discussed further below for insights on the
kinetics of signal induction and fast processes (<500 fs). In
order to compare magnitudes and shapes of each SAS with
variation in excitation wavelength, all data sets were normal-
ized at their peak intensity (~745-750 nm) at a delay of 1 ps
prior to global analysis (results are plotted as “Normalized
Differential Absorption” or ‘“Norm. Differential Abs.”). We
found that all data sets collected with lower excitation energies
were well-fit using a five-species/component sequential kinetic
scheme (i.e. A > B > C > D — E). We also tested four- and
six-component models: in all cases, four component models
consistently resulted in poorer fit quality with systematic (time-
dependent) residuals. A six component scheme provides no
substantial improvement at low excitation energies (530 nm),
but eliminated a small systematic discrepancy in the GSB region
when fitting data collected at high excitation energy (420 nm) as
described below.

Fig. 3 presents SAS (top) and transient cuts at various probe
wavelengths together with their global fits (bottom) for data
collected with the 530 nm excitation of cis-4TCE. The global
spectral fit and fit residuals are presented in Fig. S4 (ESIT).
Based on the results of the global fit, we characterize the
spectral dynamics vis-a-vis the sequential kinetic scheme as
follows: the first SAS exhibits signatures associated with GSB,
SE, STA2, STA1, and STAQ. The second SAS grows in on a 0.72 ps
timescale and is associated with the appearance of STA3. STA1,
STAO, and STA2 are slightly diminished in intensity in the second
SAS whereas GSB and SE are reduced significantly in magnitude,
suggesting that the appearance of STA3 “fills in” these features.
SAS 2 decays with a lifetime of 2.6 ps; the third SAS has a lifetime
that is only slightly longer (4.4 ps) and therefore appears to
capture a peak shift in the region of STA3. The fourth SAS exhibits
signatures of GSB, SE, STA1 and STAO, all of which decay to
baseline (the fifth SAS) on a timescale of 32.4 ps. Notably, a four-
state kinetic model lacks the third SAS obtained from the 5-state
model, with poorer fit quality between 500 and 600 nm.

Similarly, Fig. 4 presents SAS (top) and transient cuts
at various probe wavelengths together with their global fits
(bottom) for data collected with 420 nm excitation of cis-4TCE.
The global spectral fit and fit residuals are presented in Fig. S5
(ESIf). The SAS obtained from this fit have many similarities to
those obtained at 530 nm: notably, the first, second and third
SAS and the timescales for relaxation between them are similar
for both excitation wavelengths (0.75 ps, 2.4, 4.5 ps). However,
the peak absorption in the range of 500-600 nm is much larger
for the second and third SAS with 420 nm vs. 530 nm excitation.

14444 | Phys. Chem. Chem. Phys., 2019, 21, 14440-14452
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Fig. 3 Global fitting results for TAS data collected with 530 nm excitation
of cis-4TCE. (top) Species-associated spectra (SAS) for five-component
sequential kinetic model. (bottom) Time-dependent fits to transients at
representative probe wavelengths. TAS data was normalized at 750 nm
prior to global analysis to facilitate comparisons between SAS and
temporal cuts for different excitation wavelengths.

The fourth and fifth SAS exhibit weak absorption across the
visible with GSB below 500 nm; the conversion between these
SAS is necessary to capture a partial GSB recovery on a 35.5 ps
timescale, which is similar to the GSB recovery timescales
obtained from fitting data collected at lower excitation energies.
However, the final (sixth) SAS reflects the appearance of the
structured absorption of the triplet, which is not seen at lower
excitation energies and grows in on a timescale of 237 ps.

We also collected TAS data (probing only in the visible)
following excitation at 565, 520, 510, 500, 490, 480, 475, 470,
460, and 440 nm. These data, along with outputs from their
global analyses are presented in Fig. S6-S27 (ESIt). Lifetimes
obtained from global fits of all TAS data are collected in Table 1.
In summary, data collected at redder excitation wavelengths
(<475 nm) were highly similar to the visible TAS shown in
Fig. 2(a), yielding similar relaxation timescales and SAS from
global spectral analyses. Data collected at bluer excitation
wavelengths (>475 nm) exhibit signatures of triplet absorption
at the latest delays probed (1 ns, SAS 6) as well as an increase
in the magnitude of SAS 2 and SAS 3. The first four lifetimes
obtained from global analysis (i.e. all but the ~200-300 ps
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Fig. 4 Global fitting results for TAS data collected with 420 nm excitation
of cis-4TCE. (top) Species-associated spectra (SAS) for six-component
sequential kinetic model. (bottom) Time-dependent fits to transients at
representative probe wavelengths. TAS data was normalized at 740 nm
prior to global analysis to facilitate comparisons between SAS and
temporal cuts for different excitation wavelengths.

timescale for triplet population at high excitation energies) are
plotted in Fig. S28 (ESIt) against excitation wavelength.
Although there is some scatter in the values with wavelength,
these plots highlight that each lifetime is highly similar across
excitation wavelength. Hence, the wavelength dependence of
the observed spectral evolution is more strongly related to the
relative magnitude of various spectral features and the appear-
ance of the triplet at higher excitation energies.

In an effort to isolate the energetic onsets associated with
the increased contribution of STA3 and the appearance of the
triplet absorption, we have compared TA spectra collected at
both 1 and 500 ps as a function of excitation wavelength across
the visible. Fig. 5(a) compares spectra probed between 500 and
800 nm collected for each of the excitation wavelengths in the
range 530-420 nm, 1 ps after excitation; these spectra have
been normalized according to the peak absorbance of STA1
(750 nm) in order to highlight the intensity dependence for the
remaining spectral features with excitation energy. It is obvious
that there is a gradual increase in STA3 as a function of energy
across the visible (similar to what is observed from relative
magnitudes of SAS 2 and SAS 3 with excitation wavelength).
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Table 1 Lifetimes of component species obtained from global analysis of

TAS data with sequential kinetic models (i.e. A - B — etc.; # of lifetimes =
# of states — 1)

Species lifetimes (ps)

Excitation /1 (nm) T, T, T3 T4 Ts
¢is-ATCE (1) 565 0.4° 23 5.0 459 —
530 0.72 2.6 4.4 324 —
520 0.48 3.8 3.8 386 —
510 0.98 3.6 7.7 369 —
500 0.50 3.7 3.7 410 —
490 0.42 3.6 3.6 391 —
485 0.45 3.3 44 399 —
480 0.56 3.4 34 46.1 —

475 (5 component)  0.59 4.0 4.0 41.0 —
475 (6 component)  0.56 39 3.9 317 300°
470 (5 component)  0.57 34 34 490 —
470 (6 component)  0.49 3.0 3.0 39.0 300°

460 0.86 39 3.9 313 288
440 0.44 2.6 2.6 50°  300°
420 0.75 2.4 45 355 237

2 (trans) 530 0.5 1.5 82 576 —
420 0.5 1.5 95 620 —

2 (cis) 530 0.40 35 35 61.8 —
420 1.1 26 7.6 774 —

3 490 46 321 e

¢ Lifetime constrained.

In order to isolate the relative contribution of STA3 as
a function of excitation wavelength, the spectrum at 1 ps
collected with 530 nm excitation was subtracted from spectra
collected with shorter excitation wavelengths at the same time
delay, producing the contour plot shown in Fig. 5(b). Performing
this subtraction serves to remove contributions from STA1, GSB,
and SE leaving only STA3. STA3 already appears with 530 nm
excitation, however as can be seen in the subtracted plot, the
contribution of STA3 increases gradually from 530 to 490 nm
and then significantly with excitation energy at ~470 nm,
indicating the presence of at least two energetic thresholds for
the appearance of this feature. Fig. 6 plots the relative intensity
(determined by integration between 525 and 575 nm) of the post-
subtracted STA3 feature together with the steady-state absorp-
tion spectrum of cis-4TCE.

Similarly, Fig. 5(c) plots the dependence with excitation
wavelength of the intensity of the T, absorption observed at
500 ps. These data were combined by normalizing each TAS
data set with respect to the STA1 signal at 1 ps, but no signal
subtractions were necessary to isolate features of the triplet
absorption as there are no overlapping spectral features at this
delay. The onset for triplet state population can be seen clearly
as the excitation energy approaches ~470 nm, closely aligning
with an appreciable increase in STA3. Fig. 6 plots the relative
triplet absorption intensity (integrated between 600 and 700 nm)
against the absorption spectrum of cis-4TCE.

Coherent artifacts near time zero in some spectral regions
make it difficult to fit spectral dynamics at the earliest delays
via global analysis. In order to get a better handle on signal
induction and evolution on sub-ps timescales, we fit transient
cuts at wavelengths corresponding to specific spectral features
using multiexponential functions convoluted with the instrument

Phys. Chem. Chem. Phys., 2019, 21, 14440-14452 | 14445


https://doi.org/10.1039/c9cp01226e

Published on 21 March 2019. Downloaded on 8/7/2019 6:04:29 PM.

PCCP

1.00
0.75
0.50
0.25
0.00
-0.25

54
wv
o
Ajisuaju| pazijewsoN

-0.75

Pump Wavelength /nm

-1.00

A

500 600 700 800
Probe Wavelength /nm

z

1.00
0.75
0.50
0.25
0.00
-0.25

uslu| pazijewJoN

o
w
o
Ayis

Pump Wavelength /nm

-0.75
-1.00

600
Probe Wavelength /nm

(8]
—

o
o
Allsu@1u| pazijewJoN

Pump Wavelength /nm

600
Probe Wavelength /nm

Fig. 5 Excitation wavelength-dependence of 4TCE TA spectral features.
(a) Excitation wavelength-dependence of TA spectra collected with a 1 ps
pump—probe delay (normalized at ~750 nm). (b) Wavelength dependent
difference spectra at 1 ps delay obtained by subtracting the normalized TA
spectrum collected at 530 nm excitation to highlight excitation depen-
dence of the 530 nm transient absorption feature (“STA3"). (c) Wavelength
dependent spectra collected 500 ps following excitation to highlight onset
for the appearance of T, absorption.

response (Fig. S29, S30 and Table S1, ESIt). For data collected
with 530 nm excitation, STAO (probed at 1050 nm) appears at
the instrument limit and only decays on picosecond or longer
timescales. In contrast STA1 (probed at 750 nm) decays by
~52% whereas STA2 (probed at 460 nm) grows in on compar-
able ultrafast timescales outside of the instrument resolution
(0.29 vs. 0.2). This leads us to believe that an ultrafast structural
relaxation in the excited state may involve a rise in STA2 at the
expense of transition strength for STA1. In contrast, when cis-4TCE
is excited at 420 nm all features (STAO, STA1 and STA2) appear with
a 0.3 ps induction outside of the instrument response, suggesting
that the spectral dynamics captured by TAS follow an ultrafast
relaxation to S; from a dark excited state of cis-4TCE.
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Fig. 6 Relative intensities of TA spectral features (integrated 525-575 nm
for STA3, 600-700 nm for T, absorption) observed for 4TCE with excita-
tion wavelength compared to the cis-4TCE absorption spectrum. Traces/
spectra are normalized to their peak intensities.

Finally, we conducted additional measurements with ana-
logs of 4TCE to explore structure-dynamics relationships that
underlie 4TCE photophysics. The 4TCE derivative 2, which is
brominated on the o Cs (relative to S) of the terminal thienyl rings,
was studied to investigate mechanical influences on electronic
deactivation pathways. Our hypothesis is that the positioning of
the bromine atoms at the periphery of switch structure introduces
massive substituents that would modify timescales associated
with large-scale geometry changes. We also recognize that Br
could increase the rate of ISC observed with higher excitation
energies due to larger spin-orbit coupling (i.e. heavy-atom effect).
Fig. S31-S38 (ESI{) shows TA spectra collected with excitation
of both isomers of 4TCE-Br at both 530 nm and 420 nm as well
as their global fitting results; species lifetimes obtained from
global fits are reported in Table 1.

The spectral evolution observed for each isomer at each
excitation wavelength is qualitatively similar to that observed
for unsubstituted 4TCE; only differences in some relaxation
lifetimes are noteworthy. Notably, the ¢rans isomer of the
brominated structure deactivates more slowly (~60 ps S, life-
time) than unbrominated trans-4TCE (40 ps),>® consistent with
the large scale structural dynamics associated with ¢rans-to-cis
isomerization (a faster relaxation timescale of ~ 8 ps is largely
unchanged with bromination, Table 1). Similarly, the longest
relaxation timescale observed following 530 nm excitation of cis
4TCE is significantly dilated upon bromination, ~30-40 ps vs.
64 ps. Global fitting of data collected with 420 nm excitation
reveals that the triplet appears on a 73 ps timescale; this is
quite similar to the GSB recovery timescale for cis-2 determined
for 530 nm excitation, and the six-component kinetic scheme does
not resolve distinctly the GSB recovery and triplet appearance
timescales observed for the 420 nm excitation of cis-4TCE. The
somewhat faster triplet appearance suggests stronger spin-orbit
coupling and a faster ISC rate for the brominated analog.

In contrast, 3 was studied to examine the impact of structurally
constraining the ethene bridge on photochemical dynamics.
Transient spectra collected with 3 exhibit features similar to
STAO, STA1, STA2 and SE. Waterfall plots of these spectra are
shown in Fig. 7. All the features present in the transient spectra
were analyzed by global analysis (3 components) to determine the
best overall fits; SAS and time-dependent cuts at representative
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Fig. 7 Transient spectra for 3 collected with 490 nm excitation.

probe wavelengths are shown in Fig. 8, with the global fit and
residuals plotted in Fig. S39 (ESIt). The first and second SAS
exhibit lifetimes of 4.6 ps and 321 ps, leaving behind a broad
absorption feature in the visible (SAS 3) that closely matches
the position of triplet absorption for 4TCE and related
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Fig. 8 Global fitting results for TAS data collected with 490 nm excitation
of 3. (top) Species-associated spectra (SAS) for a three-component
sequential kinetic model. (bottom) Time-dependent fits to transients at
representative probe wavelengths. Data was normalized to intensity at
725 nm at 1 ps before global fitting.
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oligothiophenes. The 4.6 ps timescale, associated largely with
the growth of STA2 (i.e. absorption below 500 nm), most likely
corresponds with an excited-state nuclear relaxation. In con-
trast the 321 ps relaxation with associated isosbestic points is
consistent with nonradiative decay dominated by intersystem
crossing as indicated by the appearance of an intense triplet
absorption spectrum. This data reveals that slow triplet popula-
tion for a structure like 4TCE could be relatively efficient on
a 200-300 ps timescale if constraints are introduced that
impede nuclear dynamics that facilitate fast nonradiative decay.
Furthermore, like 4TCE, 3 does not show any evidence of photo-
cyclization. Below we draw comparisons between the photophysics
of these compounds to understand photoresponses of 4TCE and
how they depend on its structural properties.

Discussion

The transient spectral data presented above and in our previous
investigations portend rich multistate photophysical dynamics
for cis-ATCE. These data suggest specifically that the low
quantum yield for cis to trans isomerization likely originates
from a combination of a thermal distribution of conformers
including both reactive and nonreactive structures as well as a
complex photoinduced non-radiative relaxation cascade to the
triplet state that is the gateway for isomerization for a reactive
conformer. We consider each of these contributing factors below
to build a reasonable kinetic model for the photoresponses of
cis-ATCE and to assess losses to its switching efficiency.

Photoresponses of molecular conformers of cis-ATCE

Fig. 2(a) and 3 reveal a complex spectral evolution following
low-energy excitation of 4TCE at 530 nm: a large initial GSB
rapidly disappears as STA3 grows in, but is clearly diminished
even after STA3 disappears; the remaining GSB (about 25% of
the initial bleach) then recovers on a ~40 ps timescale. In total,
this reflects a superposition of two spectral dynamics with GSB
recovery occurring on distinct timescales that could be
explained in one of two ways: (1) pathway branching from the
Franck-Condon region of a photoprepared molecular excited
state or (2) the presence of two or more molecular conformers
with different relaxation dynamics. The former is attributed,
for example, with the E/Z vs. electrocyclization dynamics of
cis-stilbene and related compounds.’***® Contributions from
multiple conformers in the photoresponses of molecular photo-
switches has precedent as well: for example, fluorinated
stilbenes have been shown to have rotamer-dependent relaxation
kinetics.*® Also, as described above, multiple conformations
of dithienylethenes are well-known,'®'® where the so-called
“antiparallel” conformer (i.e. pendant thiophene rings aligned
mutually antiparallel) is critical for photocyclization.

A conformer distribution at room temperature seems much
more likely of these two explanations for the multipatterned
spectral dynamics seen here given the structural similarity
between cis-ATCE and related diarylethenes. We note that we
were unable to isolate signatures of a conformer distribution
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using low-temperature NMR, which suggests that the energetic
barrier for fluctuations between structures is likely quite
low and that these fluctuations are relatively rapid. We have
therefore explored relevant structural conformers with a set
of geometry optimization calculations. Fig. 9 shows the geome-
tries associated with three conformers of cis-4TCE calculated
using TD-DFT at the TD-MO052X level of theory and a 6-31g*
basis set; their corresponding calculated absorption spectra
are plotted in Fig. S40 (ESIt). Two conformers with roughly
parallel orientation of the thienyl rings on either side of the
ethene bond, henceforth termed P, and Py, are similar to the
structure obtained by X-ray crystallography that was published
previously.” Structurally, P, and Py differ according to the
orientation of one of the bithienyl ‘arms’ with minimum
energies separated energetically by only 33.8 cm ™. In contrast,
the ‘anti-parallel’ (AP) conformer, the structure that would be
predicted to facilitate photocyclization, lies approximately
450 cm ™" higher than P,. While the P and AP classification
we use here is based on conformer terminology applied to
photocyclizable diarylethenes, we can also classify these struc-
tures according to the relative orientation of the CN dipoles and
those of the nearest thienyl groups: in the AP structure these
local dipoles are oriented parallel to one another, resulting in a
large net molecular dipole; in contrast, these are oriented
roughly antiparallel to one another in the P, and Py confor-
mers, subject to mutual repulsive interactions between the
S sites that prohibit a true antiparallel orientation, and result
in a net reduction of the molecular dipole.

AP Q‘ J.

= J

( )
A{li'ff)"ﬂ Y;*J
fu" ? 3

RS

Fig. 9 Molecular geometries calculated at the M052X level of theory
utilizing a 6-31g* basis set. The two parallel structures, P, and Pg, are
energetically separated by only 33.8 cm™% The ‘anti-parallel’ (AP) con-
former lies approximately 450 cm™ higher than Py,
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Based on computed energetics, these three structures are
predicted to be present in a ratio of 51:43:6 (P,:Pg:AP) at
room temperature. Such a distribution, alongside the heavily
overlapped ground-state absorption transitions of these con-
formers (Fig. S40, ESIt), means that the multicomponent
spectral dynamics we observe can be ascribed to the presence
of different conformers that are excited simultaneously. We
therefore can attribute portions of the observed excited-state
spectral dynamics and their excitation wavelength dependence
to specific conformers, starting with the biphasic GSB recovery.
The GSB recovers on fast (<10 ps) vs. slow (~40 ps) timescales
in a roughly 2.9:1 proportion for excitation at wavelengths >
460 nm - that is, the total initial GSB (at 0.6 ps) is 3.9 times
larger than the GSB observed after fast processes are complete
(at 8 ps), as demonstrated in Fig. S41 (ESIf). Although our
calculations predict that P, and Py should appear in roughly
equal proportions (P,/Pg ~ 1.2), the oscillator strengths com-
puted for their lowest-energy absorption transitions differ by a
factor of ~2.3 (fp,/fp,). Thus, we could predict that P, and Py
are excited at a ratio of 2.76:1 in the visible, which is close to
the partitioning between fast and slow GSB recovery observed
experimentally. We therefore attribute the faster spectral dynamics
and GSB recovery to deactivation of the excited P, cis-4TCE
conformer and the slower (~40 ps and longer) dynamics and
GSB recovery to deactivation of the excited Py cis-4TCE conformer.
We note that although we used a sequential kinetic model for our
global spectral analyses, this correspondence with photophysics of
two separate structures is reasonable given the large separation in
timescales for fast and slow dynamics.

The relaxation of these conformers following direct excita-
tion to S, at visible wavelengths (e.g. 530 nm) are summarized
with the Jablonski diagram presented in Fig. 10. While it would
not be possible to separate any fast spectral shifting associated
with e.g. vibrational relaxation of P from the electronic relaxa-
tion dynamics of P, via global analysis if these occur on similar
timescales, the appearance and decay of STA3 is clearly corre-
lated with a sizeable and fast GSB recovery. Hence, we ascribe
the appearance of the transient absorption feature STA3
with the population of an intermediate state that facilitates
relaxation of P, between S; and S,. This could either be an
intermediate electronic state, S,, or an S; geometry (S;’) with
improved coupling to the S, surface for this conformer; the
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Fig. 10 Jablonski diagram of energy- and conformer-dependent photo-
physics of cis-4TCE.
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latter seems sensible given that SAS 2 shares many of the same
spectral features as SAS 1 (e.g. STAO and STA1, Fig. 3 and 4). We
expect that an intermediate state is responsible for the faster
deactivation of P, vs. Py cis-4TCE. In contrast, the slower
deactivation of Py occurs through a direct internal conversion
between S; and Sy, which could be gap-law limited.

Only a small population of the AP conformer is predicted
computationally, but the lowest-energy transition of this con-
former is computed to fall to longer wavelength (~550 nm vs.
~500 nm) and to have a significantly larger oscillator strength
than both P, and Py (0.845 vs. 0.509 and 0.220). Thus, we might
expect to see signatures in our TAS data associated with
excitation of the AP conformer at the longest excitation wave-
lengths used. However, TA spectral dynamics observed with
565 nm excitation do not reveal any additional timescales or
spectral features beyond what is seen at higher energies. This
leads us to believe that either the AP conformer is much higher
in energy relative to P, and Py than computed, that there is an
appreciable activation barrier between the AP and P conformers
in the ground state, or that the trans-to-cis photochemistry used
to prepare the sample for our experiments is biased towards
population of the P conformers. Importantly, the apparent lack
of a thermal AP conformer population implies that electro-
cyclization is not a viable deactivation pathway for this switch.

Energy-dependence of 4TCE photophysics and photochemistry

While transient data collected with low-energy excitation
provides evidence for the presence of more than one cis-4TCE
conformer based on a multicomponent spectral evolution,
energy-dependence of spectral dynamics provides evidence for
cascading photophysical pathways that are critical to driving its
photoswitching mechanism. In order to assign a coherent
excited-state relaxation mechanism to the spectral evolution
captured in Fig. 2(b) it is important to determine whether the
relaxation of only one or both conformers is affected by excita-
tion energy. We first note that global analysis results reveal no
significant changes in the lifetimes or the shapes of species
associated spectra (only their intensities) for the fastest spectral
dynamics observed in TAS data collected with excitation across
530-420 nm. Based on our assignment of fast spectral evolution to
the photoresponse of the P, conformer, we posit that there are no
significant changes in the deactivation mechanism of this con-
former with excitation energy. In contrast, the contribution of the
slower (~40 ps) GSB recovery (i.e. relaxation between SAS 4 to
SAS 5) observed at lower excitation energies (>475 nm) that we
ascribe to deactivation of the Py conformer decreases at higher
energies (<475 nm) where we also see the slow growth of triplet
population on a ~240 ps timescale (SAS 6). As isomerization
occurs from the lowest triplet, only the Py conformer (what we
henceforth call the “reactive conformer”) is ultimately responsible
for photoswitching of c¢is-ATCE at higher excitation energies.

As GSB recovery at lower excitation energies occurs signifi-
cantly faster than the slow appearance of the triplet (~40 vs.
~240 ps), the latter must require the preparation of an S,
structure that is stable against the faster internal conversion
back to the ground state. This expectation is consistent with
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our observations of efficient triplet population in the structu-
rally constrained compound 3 which is stable against rapid IC
and exhibits a 321 ps S, lifetime. As the energetic onset for
triplet appearance is abrupt rather than gradual for cis-4ATCE
(Fig. 6), it seems unlikely that this is achieved via direct
excitation to the Franck-Condon region of the S; surface.
Rather, we note that our computational spectra (Fig. S40, ESIT)
show that the S, electronic state (second optically accessible,
primarily HOMO—1 to LUMO in character) lies ~0.5 eV above
the lowest-energy transition (HOMO to LUMO) near the ener-
getic onset for triplet population, and that a transition to this
state has appreciable oscillator strength for the Py conformer.*”
Given that all excited-state absorption features grow in with a
300 fs induction at higher excitation energies (Fig. S30 and
Table S1, ESIT), it is most sensible to ascribe the preparation
of a metastable, longer-lived S; configuration (S;") to a non-
adiabatic relaxation following direct excitation to a higher-lying
electronic surface.

This mechanism is consistent with the difference in shape
of SAS 4 and SAS 5 (Fig. 4): SAS 4 exhibits the S; TA spectral
features GSB, SE and STA1 that are observed at lower excitation
energies and that are presumably characteristics of the S;
Franck-Condon region for emission and the region from which
IC occurs with a ~40 ps lifetime. In contrast, SAS 5 only exhibits
GSB and STA1; the conspicuous lack of the SE signal is consis-
tent with an excited-state geometry distinct from the minimum
energy S; geometry reached at low excitation energies. Hence,
the gateway to reaching the triplet manifold (and therefore cis to
trans isomerization) appears to involve excitation to S, followed
by a branching between IC-active and ISC-active S, geometries as
aresult of S, — S; relaxation. We estimate a branching ratio of
50% based on the drop of STA1 and STAO between SAS 4 and
SAS 5 for excitation wavelengths <470 nm. This proposed
mechanism for triplet population (and hence isomerization) is
summarized on the right half of Fig. 10.

Fig. 5 and 6 reveal sharp onsets to both the triplet and STA3
absorption features as the excitation is tuned to higher energies.
The magnitude of STA3 increases gradually with excitation energy
when pumped directly to S; (565-475 nm), but dramatically as S,
becomes accessible (<475 nm). Notably the S, — S, transitions
for both P, and Py are computed to occur at similar wavelengths
(Fig. S40, ESIt), which could explain why STA3 and T, absorption
intensities both increase markedly at excitation wavelengths below
470 nm. Based on global analysis results, it appears that deactiva-
tion of S, P, cis-ATCE does not alter the timescales of dynamics on
the S; surface, but does increase the magnitude of STA3 with
excitation energy. These behaviors suggest that the relative fraction
of P, vs. Py excited increases somewhat at higher energies.
Although we cannot reconcile this with our computed conformer
spectra, it is consistent with the trend in fast vs. slow GSB recovery
amplitudes with excitation wavelength determined from data
collected with longer excitation wavelengths (Fig. S41, ESIT).

Photoswitch efficiency

Our analysis of the conformer- and energy-dependent relaxa-
tion dynamics of photoexcited cis-4TCE allows us to assess
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quantitative limitations to its cis-to-trans photoswitching
efficiency. The presence of at least two cis-4TCE conformers at
room temperature with characteristically different energy-dependent
deactivation kinetics immediately reveals a fundamental photo-
switch inefficiency: given the ~2.9:1 ratio of GSB recovery
associated with the P, and Py conformers, and the observation
that the fast deactivation of the P, conformer to its ground state
is unchanged with excitation energy and therefore that P, is a
nonreactive/nonswitchable conformer, we identify that a large
fraction of absorbed photons (>75%) are not available to
excite the reactive Pg conformer. This situation is analogous
to the inefficiency of parallel conformers for the electro-
cyclization of related dithienylethenes. This fraction appears
to increase with increasing excitation energy, as evident by
increasing dominance of TA features ascribed to conformer
P, (e.g. Fig. S41, ESIT). Although a GSB analysis is not
possible at higher excitation energies (e.g. 420 nm) where
STA3 and triplet absorption strongly overlap the bleach, we
can approximate that 85% of incident photons at 420 nm are
absorbed by nonreactive P, based on the relative intensity of
STAO before and after fast signal decay (e.g. 0.5 vs. 12.6 ps,
6.7:1).

As we estimate ~50% branching between IC-active S; and
ISC-active S’ configurations of Py following S, — Sy relaxation,
we conclude that there is a ~7.5-12.5% yield for preparing
the ISC-active S;’ geometry of Py cis-4TCE in an ensemble of
conformers. As only spectral signatures of the triplet persist on
timescales of 1 ns, we presume that most of the initial cis-4TCE
excited-state population is lost through competing non-
radiative relaxation to the ground-state, which we are unable
to monitor directly via GSB recovery due to the spectral overlap
of these features. We previously determined the cis-to-trans
switching quantum yield at 420 nm through actinometry as
~5%. Our previous work also revealed that the two isomers
likely have a common minimum energy triplet geometry.
Experimentally, triplet sensitization of the trans isomer does
not induce isomerization, whereas sensitization of the cis isomer
does, suggesting to us that isomerization of the cis triplet likely
occurs with near unit efficiency. Therefore we estimate an upper
limit to the ISC quantum yield of ~0.4-0.67 for Py S,’, with a
corresponding ISC rate constant of ~1.6-2.7 x 10° s~ *. This is in
reasonable when compared to ISC yields and rates observed for
oligothiophenes of comparable length*>*" (e.g. a-pentathiophene
QYisc = 0.59, and kygc = 0.72, 1.7 and 5.9 x 10° s~ * for ter-, quater-
and pentathiophene, respectively*?). Relatedly we find that the
fluorescence quantum yield of 3 is 0.049 + 0.002 (Fig. S42, ESIY),
implying a significant nonradiative deactivation rate; as ISC
must be competitive with IC in 3 in order to observe appreci-
able triplet absorption in our TAS measurements, Psc likely
falls in the neighborhood of ~ 0.5, comparable to our estima-
tion for the ISC-active geometry S’ Py cis-ATCE.

Finally we return to the question of why a photocyclization
mechanism is not accessible for cis-ATCE. Notably, 3 also does
not exhibit evidence for photocyclization, although it has been
shown previously that a structure analogous to 3 with only
a single methylated o-thienyl group on either side of the
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cyclopentene bridge can cyclize with UV photoexcitation.*?
This suggests that delocalization of S; in 3 inhibits localized
bond formation. As the lowest electronic states of 4TCE exhibit
either push-pull CT character or extended pi-delocalization,
localized bond formation is likewise not possible. Importantly,
our studies here reveal that a combination of multiple relaxation
pathways is able to efficiently funnel any photoexcited popula-
tion back to the ground state, or to the triplet state for E/Z
isomerization in lower yield. While we cannot discount the
possibility of photocyclization via excitation to higher lying
excited states (excitation < 420 nm), we anticipate that relaxa-
tion cascades similar to those seen at lower energies should
outcompete cyclization in the deactivation of photoexcited cis-
4TCE. Additionally, our analysis indicates that the AP conformer
of cis-ATCE, which is likely a necessary geometry for cyclization,
is not present in the cis-4TCE ensemble at room temperature,
further inhibiting the possibility of this reaction pathway.

Conclusions

In summary, we have utilized a comprehensive study of the
excitation-energy dependent photophysics of c¢is-4TCE in
combination with TA studies of related structures to more deeply
characterize the origins of this compound’s photoisomerization
response and to identify primary sources of its switching
inefficiency. In analogy to photocyclizing diarylethene photo-
switching, we have found that the photoresponses of 4TCE in
solution is significantly impacted by the presence of two
molecular conformers: a reactive conformer (P c¢is-4TCE) that
exhibits slow IC at low excitation energies (>475 nm) but that
isomerizes at high excitation energies (<475 nm); and a non-
reactive conformer (P,) that rapidly relaxes to its ground state at
all excitation energies studied here via an intermediate state. The
presence of a non-reactive conformer represents a significant
quantum-yield loss (75-85%) for isomerization. Additionally,
isomerization of the Py conformer involves excitation of its
S, state followed by an electronic relaxation cascade to an S;
geometry (S;’) for which ISC is competitive with IC. Relaxation of
this S; geometry ultimately populates the lowest triplet level that
is the gateway to cis-to-trans photoisomerization of 4TCE with an
ISC quantum yield of 0.4-0.67. Although we estimate that the
triplet isomerization yield is likely quite significant (approaching
unity), losses due to the presence of P, and the relaxation
cascade to the reactive triplet significantly lower the isomeriza-
tion quantum yield (5%). These rapid relaxation cascades, CT
character and pi-delocalization of the lowest electronic states of
4TCE, and a virtually nonexistent thermal population of a
cyclizable conformer geometry (AP) effectively eliminate a com-
peting photocyclization pathway.

Together, our findings directly explain the low quantum
efficiency for cis-to-trans isomerization of 4TCE measured actino-
metrically, but also point to avenues for improving the switching
response of this compound. For example, in analogy to efforts
to improve the cyclization yields of diarylethenes,® a structurally-
modified 4TCE compound that eliminates presence of the
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nonreactive conformer could increase the cis-to-trans isomeriza-
tion quantum yield (with the potential to achieve a switch
efficiency of as much as 30% for a pure Py ensemble). This would
enhance the trans concentration at the photostationary state and
improve performance as a two-state switch. The efficiency of the
switch could be improved more significantly by improving the
yield of reactive triplet. This could perhaps be achieved through
inclusion of heavier elements (e.g. using selenophene or telluro-
phene analogs of the thienyl pendant rings) to drastically increase
spin-orbit coupling and ISC rates.** Alternatively this could
possibly be achieved using a chemically linked triplet sensitizer.
Through careful selection of the sensitizer, this scheme could also
be used to manipulate or extend the wavelength range for light
sensitization.”> These are all directions we are continuing to
explore to improve the performance of 4TCE and extend the
palette of E/Z photoswitches.
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