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ABSTRACT: Small molecule photoswitches capable of toggling
between two distinct molecular states in response to light are
versatile tools to monitor biological processes, control photo-
chemistry, and design smart materials. In this work, six novel
dicyanorhodanine-based pyrrole-containing photoswitches are
reported. The molecular design avails both the Z and E isomers
from synthesis, where each can be isolated using chromatographic
techniques. Inter- and intramolecular hydrogen bonding (H-
bonding) interactions available to the E and Z isomers,
respectively, uniquely impart thermal stability to each isomer
over long time periods. Photoisomerization could be assessed by
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solution NMR and UV—vis spectroscopic techniques along with complementary ground- and excited-state computational studies,
which show good agreement. Quantitative E — Z isomerization occurs upon 523 nm irradiation of the parent compound (where R =
H) in solution, whereas Z — E isomerization using 404 nm irradiation offers a photostationary state (PSS) ratio of 84/16 (E/Z).
Extending the z-conjugation of the pyrrole unit (where R = p-C;H,—OMe) pushes the maximum absorption to the yellow-orange
region of the visible spectrum and allows bidirectional quantitative isomerization with 404 and 595 nm excitation. Comparator
molecules have been prepared to report how the presence or absence of H-bonding affects the photoswitching behavior. Finally,

studies of the photoswitches in neat films and photoinactive polymer matrices reveal distinctive structural and optical properties of

the Z and E isomers and ultimately afford reversible photoswitching to spectrally unique PSSs using visible light sources including

the Sun.

B INTRODUCTION

Molecular photoswitches are a class of photochromic
molecules that undergo reversible photochemical reactions
using light as an external stimulus.' Two popular classes of
photoswitching molecules include those that undergo rever-
sible Z/E photoisomerization, azobenzene,” stilbene,” hemi-
thioindigo® (HTI), and hydrazone,” and those that switch
between open and closed forms through photoinduced
reversible ring-opening/closing mechanisms such as spiropyr-
an® and diarylethene.”* Due to their ability to precisely control
chemical and biological processes at the nanoscale,” these
molecular photoswitches have received significant attention
across many scientific disciplines and application areas
including supramolecular chemistry,'’ material science,'""”
molecular machines,"* photopharmacology,14 and drug deliv-
ery."® Considerable attempts have been made over the years to
optimize molecular photoswitching behavior in terms of visible
light switching,'® isomer enrichment at the photostationary
state (PSS),"”"® reduced photodegradation or photoinduced
side reactions,'” and bidirectionally quantitative isomer-
ization”® through judicious structural modifications and
complementary structure—property studies.”’

© XXXX American Chemical Society
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Newhouse and coworkers reported bidirectionally quantita-
tive HTI-photoswitches by utilizing electron-rich pyrroles that
enable hydrogen bonding (H-bonding) interactions and lead
to their superior switching properties (Figure 1a).”* Dube and
coworkers presented a survey of heterocyclic HTI-photo-
switches that displayed notable photoswitching performances
along with bistable isomers based on chalcogen and H-bonding
interactions.””> The same group recently reported aryl- and
heteroaryl-based (e.g., imidazole, indole) rhodanine chromo-
phores as highly photoswitchable motifs.”*

2-(1,1-Dicyanomethylene)rhodanine, commonly known as
dicyanorhodanine (RCN), is a popular electron acceptor unit
in the organic photovoltaics (OPV) community.”> Since its
introduction in 2011, the RCN unit has served a significant
role in the development of high-performing OPV materials in
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Figure 1. (a) Pyrrole-HTI photoswitches reported by Newhouse et
al.”* (b) Z/E photoisomerization of an RCN-functionalized thiophene
conjugate.”” (c) Visible light-induced quantitative Z/E photo-
isomerization of the RCN-functionalized pyrrole systems presented
in this work. The molecules are depicted in the Z configuration (red)
and the E configuration (blue). The conformation about the bond
indicated with the asterisk (*) is shown as s-trans and s-cis,
respectively, with respect to the nitrogen atom of the pyrrole unit.

62 acceptor—donor—acceptor (A-D-A) type small molecules.”
63 Despite its popularity, the configurational and conformational
64 complexity of RCN 7-conjugated molecules have been largely
6s neglected in the OPV literature. Our group recently brought
66 attention to these features in a report on the Z/E photo-
67 isomerization behavior of RCN-functionalized oligothiophenes
68 (Figure 1b) in solution”” and the solid state.”® In the latter
69 work, Z/E configurational isomerization was shown to
70 significantly affect thin-film morphology and optoelectronic
71 properties.

72 Herein, we report the first RCN-pyrrole conjugates and their
73 promising photoisomerization properties. Replacing the
74 thiophene”” unit with the H-bonding capable pyrrole unit
75 (Figure 1c) secures red-shifted absorption profiles of both Z
76 and E isomers relative to our previously reported compounds,
77 thereby promoting visible light-induced quantitative isomer-
78 ization. Intra- and intermolecular H-bonding available to the E
79 and Z isomers, respectively, are hypothesized to be critical for
80 photoswitch bistability and independent isomer isolation. By
81 extending the z-conjugation on the pyrrole unit using electron-
82 donating groups (EDGs), we have also realized bidirectional
83 quantitative photoswitching in solution using alternating
84 excitation of 404 and 595 nm. Photoswitching can also be
85 performed in the solid state, both in a photoinactive polymer

matrix and even neat films, where excellent reversibility is 86
maintained in the former. 87

B RESULTS AND DISCUSSION 88

Design and Synthesis. To evaluate the photoswitching so
capabilities of various pyrrole-containing RCN-functionalized 90
compounds, we designed and synthesized six model 91
chromophores (Figure 2). Compounds 1 and 2, structural 92
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Figure 2. Chemical structures of RCN model compounds 1—4
studied in this work. As obtained from synthesis, compounds 1, 3a,
3b, and 3c are shown as mixtures of Z and E isomers, whereas
compounds 2 and 4 are shown only in the Z configuration.

isomers, are the simplest RCN-pyrrole analogs and assess the 93
influence of H-bonding on photoisomerization behavior. 94
Structural isomers 3a, 3b, and 3c feature extended - 95
conjugation by introducing a p-methoxybenzene group at the 96
S-, 4-, and 3-positions of the pyrrole unit, respectively. These 97
compounds experience attractive, red-shifted absorbance and 98
inform us how the regiochemistry of the electron-donating 99
group affects molecular geometry, H-bonding strength, 100
optoelectronic properties, and photoisomerization behavior. 101
Compound 4 eliminates the H-bonding capability and allows 102
the evaluation of photoswitching efficiency and synthetic 103
accessibility when no H-bonding is present. 104
Full synthetic details are provided (Schemes S1-S6). 10s
Syntheses began with the preparation of the parent RCN 106
acceptor unit (compound 5, 1), followed by Knoevenagel 10751

Scheme 1. Synthesis of Model Compounds 1-Z and 1-E
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condensation with appropriate formylated heteroaryl/aryl
units. For example, compound 1 was accessed through
condensation between RCN (5) and pyrrole-2-carboxaldehyde
which, interestingly, afforded both Z (69%) and E (31%)
isomers (Scheme 1). Due to a large difference in polarity, as
observed by thin-layer chromatography (TLC), the as-
synthesized isomers could be separated using column
chromatography (Figure S8). The ability to perform 11s
independent studies on pure Z and E isomers is a luxury not 116
afforded by our previously studied RCN-oligothiophenes.”” 117

e
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s Structural Characterization of Parent Photoswitch 1.
119 Compounds 1-Z and 1-E were characterized using 'H NMR in
120 chloroform-d (Figure S9). The —NH proton of the E isomer
121 is more deshielded (6 = 12.35 ppm) than that of Z (5 = 8.96
122 ppm), a consequence of intramolecular H-bonding between
123 the carbonyl oxygen of the RCN unit and the pyrrole —NH
124 proton. Moreover, the olefin proton attached to the isomer-
125 izable C=C bond is more deshielded for the Z isomer (5 =
126 7.80 ppm) than for the E isomer (§ = 7.05 ppm), given its
127 proximity to the electron-withdrawing carbonyl group of the
128 RCN unit (Figure S9). Fourier-transform infrared (FT-IR)
129 spectroscopy of compounds 1-Z and 1-E (5 mM, chloroform)
130 confirmed that both the N—H and C=O stretching modes
131 for the E isomer (3252 and 1688 cm™') are lower in
132 wavenumber, broader, and higher in transmittance than those
133 of the Z isomer (3456 and 1717 cm_l), consistent with
134 intramolecular H-bonding in the E isomer (Figure S13).
135 Solution Photoisomerization Behavior of Parent
136 Photoswitch 1. We performed Z/E photoisomerization
137 studies (1S mM, chloroform-d) of compound 1 with
138 monitoring by 'H NMR (details of irradiation sources can
139 be found Figure S7). Quantitative E — Z photoisomerization
f3 140 was successfully obtained at 523 nm excitation (Figures 3a and
tl 141 S1S, Tables 1 and S1). Upon selective excitation at 404 and
142 454 nm, Z — E photoisomerization was observed with a 1-Z/
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Figure 3. Solution 'H NMR (15 mM, CDCl;) photoisomerization
studies of compound 1 showing (a) 1-E — 1-Z isomerization upon
523 nm excitation and (b) 1-Z — 1-E isomerization upon 404 nm
excitation.

1-E PSS ratio of 18/82 and 65/3S, respectively (Figures 3b 143
and S14, Tables 1 and S1). 144
Next, we used UV—vis spectroscopy (20 M, chloroform) to 14s
assess the photoisomerization behavior in-depth. The primary 146
absorption peak maxima of 1-Z and 1-E were identified at 436 147
and 466 nm (Figures 4 and S24). The 30-nm wavelength 14s 4
difference in peak absorbance for 1-Z and 1-E (Table 1) is 149
much larger than previously reported RCN-thiophene 150
conjugates”’ and clearly influences the extent of photo- 151
isomerization. Gas phase time-dependent DFT (TD-DFT) is2
calculations (CAM-B3LYP/cc-pVDZ) predict a 24-nm wave- 153
length difference in peak absorption between 1-Z and 1-E with 154
absorption maxima at 353 and 377 nm, in good agreement 1ss
with experimental values (Figures 4 and S24). Performing the 156
TD-DFT calculations using a solvent model (IEFPCM, 1s7
chloroform) at the same level of theory, a very similar trend 1ss
in the Z and E isomer absorption profiles, was observed 1s9
(Figure S90). However, red-shifted absorption maxima were 160
observed for both 1-Z (1., = 378 nm) and 1-E (1, = 397 161
nm), which can be attributed to the different dielectric 162
properties offered by the solvent (chloroform).” The primary 163
absorption bands of the model compounds are attributed to 164
the HOMO—-LUMO transitions, as confirmed by inspection of 165
the frontier molecular orbitals through DFT simulations 166
(Figure S76, Tables S6—S9). The Z/E photoisomerization 167
behavior observed for 1-Z and 1-E using UV—vis spectroscopy 168
(Figure S30) is consistent with the isomerization behavior 169
observed by NMR. A photoswitching experiment was 170
performed using alternating 404 and 523 nm irradiation to 171
promote Z — E and E — Z photoisomerization, respectively. 172
Facile photoswitching is observed even after ten cycles, 173
indicating the system is highly fatigue resistant (Figure S37). 174
Solution Photoisomerization Studies of Comparator 175
2. Comparator molecule 2 was detected only in the Z 176
configuration from synthesis, unlike molecule 1, since changing 177
the connectivity between the RCN and pyrrole units removes 178
the intramolecular H-bonding that stabilizes the E config- 179
uration. Furthermore, 254 and 404 nm irradiations result in 2- 180
Z/2-E mixtures with PSS ratios of 67/33 and 58/42, 1s1
respectively (Figure S16, Tables 1 and S1). TD-DFT studies 1s2
reveal a significant overlap of the 2-Z and 2-E absorption 183
profiles (Figure S25), which rationalizes the incomplete Z — E 154
photoisomerization observed with UV—vis spectroscopy 1ss
(Figure S31). TLC of a 2-Z/2-E mixture demonstrates that 186
the 2-E isomer has a minimal difference in the R; value from 2- 187
Z (Figure S8), and these isomers could not be separated. 1ss
These findings demonstrate the importance of H-bonding to 189
the superior photoisomerization and synthetic accessibility of 190
compound 1 over compound 2. 191
Structural Characterization of z-Extended RCN- 1%
Pyrrole Conjugates. The photoswitching performance of 193
pyrrole-RCN conjugates with greater z-conjugation was 194
explored using compounds 3a—3c. For all three versions of 195
compound 3, both Z and E isomers were identified from 196
synthesis and could be isolated using column chromatography 197
(Figure S8), like compound 1. The isomers were distinguished 198
following the same trend in chemical shifts from 'H NMR 19
spectroscopy 200
observed for compound 1. For compound 3a (Figure S10), 201
the —NH proton peak is found to be more shielded for the Z 202
isomer (8 = 9.06 ppm) compared to E (§ = 12.91 ppm), which 203
again supports intramolecular H-bonding in the E isomer. The 204
Z and E isomers of compounds 3b (Figure S11) and 3c 20s
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Table 1. DFT-Simulated and Solution Absorption and Photoisomerization Studies of Model Compounds 1—4

gas phase DFT studies

solution studies in chloroform

relative energy absorption

absorption maximum

(kcal/mol) maximum (nm) (nm) Al (nm) Z/E composition (%/%) at the PSS”
model compounds Z E Z E Z E Ag/y Z—E (4, in nm) E—Z (A, in nm)

1 3.68 0 353 377 436 466 30 18/82 (404) >99/1° (523)
2 0 2.57 329 350 407 N/A? N/A? 58/42 (404) N/AY

3a 4.10 0 393 432 492 534 42 <1/99¢ (404, 454) >99/1° (595)
3b 3.61 0 371 399 462 493 31 24/76 (454) >99/1° (523)
3¢ 4.02 0 375 398 458 488 30 17/83 (404) >99/1° (523)
4 0 4.17 344 360 411 N/AY N/A? 53/47 (404) N/A?

“Energy values reported of the most stable conformer in the Z and iE states “For each sample, the PSS ratios have been reported based on three
measurements (with an error of +1%). “Quantitative photoisomerization observed. “The pure E isomer could not be isolated to perform

independent solution studies.

10 Solution, chloroform (20 uM):
8 . ——1-Z (0 = 436 Nm)
g 05, ——1-E (2, = 466 nm)
_8 .
[e) TD-DFT (gas phase):
§ 064 e 1-Z (3, = 353 NM)
S === 1-E (Aax = 377 NM)
5 04
®
g 0.2
[o] i’
=z

0.0+ T T T T T

200 300 400 500 600 700 800

Wavelength (nm)

Figure 4. Solution (solid lines) UV—vis (20 uM, chloroform) and gas
phase TD-DFT-predicted (dashed lines) absorption profiles of
compounds 1-Z (red spectra) and 1-E (black spectra).

206 (Figure S12) show similar chemical shift trends. Stereo-
207 chemical analysis was conducted using 2D NMR experiments
208 (Figures S1—S6), including in-phase/antiphase gradient-
209 selected heteronuclear single- and multiple-bond correlation
210 (IPAP-gHSMBC) spectroscopy. 2D NMR analysis (Figure S6)
211 of a 3b-Z/3b-E mixture (chloroform-d) obtained via
212 irradiation to the PSS (using 454 nm LED) indicates the

three-bond heteronuclear coupling ('*]) between the
rhodanine C=0, and the isomerizable olefin is larger for the
E isomer ("*Jc;_ps = 11 Hz) compared to the Z (**Jc;_ys =
5.7 Hz), which is in compliance with our previous RCN
work.”’ 217
We were also able to obtain the single-crystal X-ray 218
structures of compounds 3a-Z (Figure 5) and 3b-Z (Figures 2195
§91-S100, Tables S12—S14). The Oak Ridge Thermal 220
Ellipsoid Plot (ORTEP) of 3a-Z confirms the Z stereo- 221
chemistry of the molecule about the exocyclic olefin. A twisted 222
geometry is adopted by 3a-Z in the crystal, likely to minimize 223
the steric interactions with deviations from planarity. This is 224
defined by the dihedral angles S1-C14—C24—C25 (—5.44°) 225
and N1-C7-C1-C6 (—16.27°, Figure Sb). The unit cell 226
contains two molecules (Z = 2) of 3a-Z (Figure Sc), and the 227
m—nx distance between the two monomers is found to be 3.38 228
A, as measured between planes defined by the cyclic RCN 229
(Figure Sc). One Z monomer can participate in intermolecular 230
H-bonding through the carbonyl oxygen (O,) of the RCN 231
unit, with the hydrogen attached to the pyrrole nitrogen (N1) 232
of another monomer to form a dimeric structure. The distance 233
between the hydrogen and the carbonyl oxygen is found to be 234
2.16 A (Figure 5d). The long-range packing of 3a-Z displays a 235
cofacial, head-to-tail arrangement (Figure Se). Compound 3b- 236

c13-C12-C11-c10  ~ d)
Dihedral = 179.87° . =

$1-C12-C11-C10
Dihedral = -1.07°

dimer formation through
intermolecular hydrogen
bonding in 3a-Z

S$1-C14-C24-C25
Dihedral = -5.44°

N1-C7-C1-C6
Dihedral = -16.27°

Figure S. Single-crystal X-ray analysis of 3a-Z. (a) ORTEP representation of the 3a-Z monomer, face-on view (thermal ellipsoids are set at a 50%
probability level). (b) Edge-on view of the 3a-Z monomer. (c) Unit cell containing two molecules of 3a-Z. (d) Dimeric interaction through
intermolecular hydrogen bonding between two monomers of 3a-Z. (e) Long-range packing of 3a-Z in the solid state (view along 100 plane).

D
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237 Z also adopts a twisted geometry in the crystalline state,
238 defined by the dihedrals S1—-C14—C24—C25 (4.82°) and
239 C7—C8—C1—C2 (23.21°, Figure $94), indicating that the 3b-
240 Z regiochemistry forces a slightly more twisted structure than
241 3a-Z. The unit cell comprises eight monomers (Z = 8) of 3b-Z
242 (Figure S95a), and the presence of the intermolecular H-
243 bonded dimer is observed, like 3a-Z, with an H-bonding
244 distance of ~2 A (Figure S95b). Interestingly, the 3b-Z crystals
245 undergo reversible phase transition in the range of 290 K—300
246 K on heating (Figures S99 and S100, Table S14). The high-
247 temperature polymorph measured at 300 K was found to be
248 disordered with four monomers in the unit cell (Z = 4).

249  Enhanced Photoswitching Behavior of 3a—3c. 'H
250 NMR was used to monitor the photoswitching of the three
251 versions of compound 3 using various excitation sources
252 (Table 1 and Figures S17—S22). For compound 3a (15 mM,
253 chloroform-d), quantitative E — Z photoisomerization was
254 achieved using 595 nm irradiation (Figure 6a), while 404 and

CN
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Figure 6. Solution 'H NMR (15 mM, CDCl;) photoisomerization
studies of compound 3a showing (a) 3a-E — 3a-Z isomerization
upon 404 nm excitation. (b) 3a-Z — 3a-E isomerization upon 595
nm excitation.

255 454 nm irradiation revealed quantitative Z — E switching
256 (Figure 6b), indicating complete bidirectional photoswitching.
257 Quantitative E — Z photoisomerization was also achieved
258 when 3b-E and 3c-E were irradiated at 523 nm. Excitation of
259 3b-Z and 3¢-Z at 404 or 454 nm, while not quantitative, leads
260 to PSSs composed of ~80% E. Achieving quantitative
261 bidirectional photoswitching with compounds 3b and 3c
262 might be possible with the correct choice of solvent and
263 excitation wavelength, which warrants further investigation.

264 The UV—vis absorption spectra of compound 3a displays a
265 large red shift for both Z and E isomers in solution relative to
266 compound 1 with absorption maxima at 492 and 534 nm,

respectively (Figure 7a). The 42 nm difference in maximum 267 &7
absorption between E and Z isomers explains the well-behaved 268

L
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Figure 7. (a) Solution UV—vis (20 uM, chloroform) spectra of
compounds 3a-Z (red spectrum) and 3a-E (black spectrum), inset:
as-prepared solutions of 3a-Z and 3a-E in a 1-cm quartz cuvette. (b)
UV—vis photoswitching of compound 3a (20 M, chloroform). The
absorbance change at 534 nm was monitored while alternating
between 404 and 595 nm irradiation.

bidirectional quantitative switching behavior of 3a. The large 269
difference in peak absorbance wavelength between the 3a 270
isomers is well-supported by TD-DFT (Figure $26). The 271
pronounced difference in color (Figure 7a, inset) of 272
compounds 3a-Z (yellow-orange) and 3a-E (red-violet), 273
along with excellent photochromism, is quite interesting in 274
terms of their potential solid-state applications as sensors or 275
smart materials.* 276

Compared with 3a, compounds 3b and 3c show 277
hypsochromic shifts for both Z and E isomers. Absorption 278
maxima of 3b-Z and 3b-E are found at 462 and 493 nm, 279
respectively, whereas for 3c-Z and 3c-E, the peaks lie at 458 280
and 488 nm, respectively (Figures S27—S28). The absorption 251
spectra for compounds 3a—3c (Figures S26—528) determined 252
by using TD-DFT simulations agree well with the trends 283
observed in solution. The higher-energy absorption maxima of 284
3b and 3c compared to 3a suggest the extent of z-electron 25
delocalization is significantly less with arylation at the 3- and 4- 286
positions of the pyrrole compared to the $-position.’ 287

Z/E photoisomerization studies of series 3 in solution (20 2ss
uM, chloroform) using UV—vis (Figures S32—S34) are 289
consistent with the photoisomerization behavior observed 290
using NMR. Bidirectional complete photoisomerization is 291
achieved for compound 3a, and a photoswitching experiment 292
could be performed using alternating 404 and 595 nm 293
irradiation to promote Z — E and E — Z photoisomerization, 294
respectively. The system appears to be highly fatigue resistant 295
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206 after ten cycles (Figures 6b and S37). Facile photoswitching is
297 also observed for compounds 3b (Figure S38) and 3c (Figure
208 $39), highlighting the excellent switching behavior of these
299 compounds. Photoluminescence studies in solution (20 uM,
300 chloroform) of two model compounds, 3a and 3b, were also
301 performed. Both the Z and E isomers exhibit considerable
302 luminescence when excited at their respective absorption
303 maxima. For compound 3a, the emission maxima of the Z and
304 E isomers are observed at 570 and 572 nm, respectively. For
305 compound 3b, the emission maxima of the Z and E isomers are
306 found at 553 and 570 nm, respectively (Figure S41). The
307 photoluminescence of the RCN-pyrrole conjugates is promis-
308 ing for the design of emissive photoswitches upon further
309 molecular engineering in the future.”

310 To assess the overall efficacy of pyrrole (and arylated
311 pyrrole) units on the photoswitching properties of RCN
312 molecules, comparator molecule 4 was synthesized through
313 condensation of RCN and p-methoxybenzaldehyde. Only the
314 Z isomer was obtained from the synthesis. As determined by
315 'H NMR, 254 and 404 nm irradiation results in a 4-Z/4-E
316 mixture with a PSS ratio of 71/29 and 53/47 (Figure S23,
317 Tables 1 and S1). Both solution (20 M, chloroform) and TD-
318 DFT studies show lower-wavelength absorption maxima for 4-
319 Z at 411 and 344 nm, respectively, (Figure S29) compared to
320 the RCN-pyrrole switches. UV—vis spectroscopy reports
321 incomplete Z — E photoisomerization in solution for
322 compound 4 (Figure S3S), providing further evidence that
323 pyrrole-conjugated RCN molecules are more efficient photo-
324 switches.

325 Origins of Bistability. For most of the common
326 photoswitching molecules such as azobenzenes and HTIs,
327 one of the isomers is more thermodynamically stable.
328 Consequently, only one isomer is available from synthesis,
329 while the other metastable isomer is obtainable by photo-
330 irradiation. Surprisingly, both Z and E isomers were accessible
331 from synthesis for RCN-pyrrole switches 1 and 3a—3c. These
332 observations were repeatable even with the reaction vessels
333 being covered with aluminum foil throughout the entire
334 synthesis and purification processes to minimize the possibility
335 of unintentional photoisomerization by ambient light. This
336 unique isomer accessibility from synthesis is dissimilar to our
337 previous work on RCN”” and INCN-functionalized™ thio-
338 phene oligomers, where only the more thermodynamically
339 stable Z isomer could be obtained from synthesis.

340  We speculate that the intermolecular H-bonding in the Z
341 isomers and intramolecular H-bonding in the E isomers
342 facilitate two thermodynamically stable states. While the
343 intramolecular H-bond interaction between the carbonyl
344 oxygen and pyrrole —NH in the E isomer is obvious as
345 confirmed by NMR and IR spectroscopic techniques (Figures
346 S9 and S13), the intermolecular H-bonding in the Z isomer is
347 demonstrated by the crystal structures of 3a-Z and 3b-Z. As
348 shown in Figures 5d and S95b, Z monomers can participate in
349 intermolecular H-bonding to form dimeric structures. The
350 extent to which H-bonding enhances the stability of both
351 isomers is described below.

352 To gain more insight into the origin of bistability, we
353 performed gas phase DFT calculations (B3LYP/6—31+G(d))
354 to compare the molecular structures of the E and Z isomers.
3ss For compound 1, a planar geometry was obtained for both 1-Z
356 and 1-E (Figure 8a,b). However, when the relative energies of
357 the isomers were compared, the s-cis conformer of 1-E was
358 most stable, while the s-trans conformer of 1-Z was 3.68 kcal/

a) 1-E isomer
(s-cis conformer)

b) 1-Z isomer
(s-trans conformer)

intramolecular
hydrogen bonding

c) |
b
B

putative dimer
formation in 1-Z
isomer

intermolecular
hydregen bonding

Figure 8. Optimized lowest energy conformers (DFT, B3LYP/6—
31+G(d)) of (a) 1-E (face-on view, showing possible intramolecular
hydrogen bonding interaction) and (b) 1-Z (face-on view). (c)
Putative dimer formation of 1-Z through intermolecular hydrogen
bonding interactions.

mol higher in energy (Table 1). The intramolecular H-bonding 3s9
interaction between the —NH proton and carbonyl oxygen in 360
the E isomer (Figure 8a), characterized by an O---H distance 361
of 1.83 A and C=0---H angle of 117°, has been discussed in 362
related contexts.”” Solvent model calculations (IEFPCM, 363
chloroform) also present the 1-E isomer as thermodynamically 364
more stable than 1-Z (by 1.89 kcal/mol), possibly due to the 365
presence of intramolecular H-bonding in the E form (Figure 366
S89). The difference observed in the relative stability of the 367
two isomers from the gas phase and the solvent model DFT 368
calculations can be attributed to the change in the interfacial 369
and dielectric properties offered by the solvent versus the in- 370
vacuum conditions for the gas phase calculations. 371

As the stability of the Z isomer can come in part from self- 372
association, first observed by X-ray analysis, we also found that 373
the DFT calculations support the geometric requirements for 374
this interaction quite well. A putative 1-Z dimer would form 375
through two H-bonds, with O---H distances of 1.9 A and a 37
C=0---H angle of 179°, which is typical for intermolecular H- 377
bonding (Figure 8c).”* The gas phase-binding enthalpy of the 378
dimer, —13.63 kcal/mol (—6.82 kcal/mol per 1-Z monomer) 379
could ex})lain the stability of the Z isomer if preserved in 380
solution.” Similar dimeric interactions through intermolecular 3s1
H-bonding were previously reported in related conjugated 3s2
molecules.””*® When considering the monomeric state for 383
compounds 3a—3c, the E isomer was found to be more stable 384
than Z due to the presence of intramolecular H-bonding in the 385
s-cis conformer of the E state (Table 1). However, for 3s6
comparators 2 and 4, the Z isomer is found to be more stable 387
than the E isomer, which is consistent with observations during 388
synthesis (Table 1). Computational details of all compounds 3s9
are available (pages S81—S107). 390

Assessment of H-Bonding Interactions. To deepen our 391
understanding of the H-bonding interactions present in the Z 392
and E isomers, temperature-dependent 'H NMR was 393
performed from 25 to 90 °C (15 mM, tetrachloroethane-d,). 394
For compound 1-Z, a gradual upfield chemical shift (8.86 to 395
8.68 ppm, AS = 0.18 ppm) of the —NH proton was observed 396
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397 when increasing the temperature from 25 to 90 °C (Figure Optoelectronic Studies of Thin Films. The optoelec- 460
398 S57). Upon gradual cooling of the sample back to 25 °C, a tronic properties of compounds 1 and 3a were also 461
399 downfield chemical shift (8.68 to 8.85 ppm, AS = 0.17 ppm) investigated in the solid state to explore if their well-behaved 462
400 was observed (Figure S58). This suggests that the photoswitching could be extended to environments more 463
401 intermolecular H-bonding might be disrupted as the temper- suitable for apglications in photoresponsive materials,"" 464
402 ature increases, breaking the dimeric interactions present in 1- 0ptoe1ectronics,3 and photonic cornputing."'8 The UV—vis 465
403 Z. Similar experiments with compound 1-E demonstrated only absorption and photoluminescence (PL) data were obtained 466
404 a very small shielding (12.32 ppm to 12.29 ppm, AS = 0.03 for neat films fabricated via spin coating, which were 467

405 ppm) and deshielding (12.29 ppm to 12.32 ppm, A5 = 0.03 characterized as-spun and after thermally annealing at 80 °C 468

406 ppm) of the —NH proton peak upon increasing and for 15 min (Figure 9). The absorption and PL of the 1-Z films 469 fo
407 decreasing the temperature (Figures S59—S60). For com-
408 pound 2-Z (Figures S61—562), the change in chemical shift of

1-Z as-spun

409 the —NH proton was found to be 0.09 ppm, around half of 101 f7N —— 1-Zannealed
410 the change found in the case of 1-Z. These results further & \ T MEasspun
0.8 4 % \ —— 1-E annealed

411 justify that the —NH proton in 1-Z is involved in
412 intermolecular H-bonding, in contrast to the temperature
413 insensitive -NH proton in 1-E that is engaged in intramolecular
414 H-bonding (Figure S63). Similar studies (15 mM, tetrachloro-
#15 ethane-d,) with compounds 3a-Z (AS = 0.22 ppm, Figure
416 S64) and 3b-Z (AS = 0.18 ppm, Figure S65) also show
417 shielding of the —NH proton peak upon gradual increase of
418 temperature from 25 to 90 °C, consistent with the disruption
419 of dimerization at higher temperatures.

420 We also performed concentration-dependent studies for
41 compound 1-Z (chloroform-d) from 2 to 30 mM. A downfield
422 shift (8.64 to 8.71 ppm, Ad = 0.07 ppm) of the —NH proton Figure 9. Normalized UV—vis absorption (solid lines) and
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423 peak is observed with increasing concentration, which also normalized photoluminescence (PL, dashed lines) spectra for neat
#24 points to H-bonding present in the Z isomer (Figure S66). films of compounds 1-Z and 1-E.
45 However, for compound 3a-Z (1 mM to 50 mM, chloroform-
426 d), a significantly larger downfield chemical shift change (A8 = is consistent with the formation of H-aggregates evidenced by 470
427 0.81 Ppm) is observed upon increasing the concentration the signiﬁcant reduction in oscillator strength for the # — 7* 471
w8 (Figure S67), which suggests that the electronics of these transition around 440 nm relative to its solution absorption, 472
429 RCN-pyrrole conjugates influence the strength of dimeric very weak PL emission, and large Stokes shift (~135 nm).” 473
430 association. The 1-Z films display well-ordered packing following the spin- 474
431 Thermal Isomerization Studies. Remarkably, no thermal coating process, with no noticeable changes in absorption after 475
432 isomerization was observed in either direction for 1-Z and 1-E annealing. In contrast, the 1-E films display absorption and PL 476
433 in tetrachloroethane up to 80 °C (Figures S68—S69) or in spectra consistent with J-aggregation evidenced by absorption 477
434 acetonitrile-d; up to 60 °C (Figures S70—S71) over 120 and that is 30 nm red-shifted relative to its solution absorption for 478
435 80 h, respectively, which speaks to the bistable nature of the as-spun films and 60 nm red-shifted for thermally annealed 479
436 isomers. These findings deviate from our previous work on films. Thermal annealing enhances the PL intensity 3-fold for 480
437 INCN-based donor—acceptor molecules, where we observed 1-E films with a Stokes shift of just 7 nm, which is 4s1
438 that higher polarity solvent induced faster thermal isomer- characteristic of J-aggregates,’’ and suggests that as-spun 4s2
439 ization compared to a lower Eolarity solvent, in case of an films are relatively amorphous, but more crystalline domains 483
440 INCN-monothiophene analog.”® In a H-bonding competitive form upon annealing. 484
441 solvent such as DMSO-ds; at 60 °C, no Z — E thermal The tendency of Z isomers to form H-aggregates and E 485
442 isomerization was observed within 80 h (Figure S$72), but the isomers to form J-aggregates was also observed for 3a thin 486
443 1-E isomer relaxes to 1-Z completely within 3 h (Figure S73). films (Figure 10). After spin coating, as-spun 3a-Z films display 4s7 f10
444 In DMSO, the Z isomer is preferred because DMSO can absorption spectra reminiscent of their solution absorption, 488
445 stabilize the Z isomer through intermolecular H-bonding indicating the films are primarily amorphous. After thermal 489
446 (Figures S72—S73). The thermal half-life of the 1-E isomer is annealing, the 7 — 7* transition decreases significantly and is 490
447 calculated as 3.18 h in DMSO at 298 K (pages S78—S80). accompanied by a new blue-shifted peak at 388 nm due to H- 491
448 These studies reveal that the thermodynamic preference of the band absorption. Further evidence for the formation of H- 492
449 Z and E isomers is highly solvent dependent and worthy to aggregates in the case of 3a-Z comes from single-crystal X-ray 493
450 explore in a wide range of solvents in the future. diffraction (see Figure S), which illustrates the typical cofacial 494
451 The thermal stability of both isomers of compound 1 was molecular stacking with a slip angle (i.e., the angle between the 495
452 also evidenced during the thermal gradient sublimation studies. stacking axis and the long molecular axis) of about 73°. 496
453 Both 1-Z and 1-E were obtained in pure forms after being Like the 1-E films, the 3a-E films appear amorphous after 497
454 subjected to temperatures over 130 °C at <1 X 10° Torr for spin coating and become well-ordered J-aggregates after 498
4ss 24—72 h (Figures S55—S856). This suggests that, in addition to thermal annealing with the lowest energy peak for as-spun 499
456 solution processing, these materials could be vacuum films 13 nm red-shifted relative to the solution absorbance and soo
457 deposited, which is advantageous for the fabrication of certain 31 nm red-shifted for annealed films. The 3a-E PL intensity so1
4s8 electronic devices like thin-film transistors or in situations increases 10-fold after annealing and the fwhm narrows from so2
459 where interactions with solvent are undesirable. 0.30 to 0.15 eV indicating a reduction in the static energetic 503
G https://doi.org/10.1021/jacs.4c00983
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Figure 10. (a) Normalized UV—vis absorption (solid lines) and
normalized photoluminescence (PL, dashed lines) spectra for films of
compounds 3a-Z and 3a-E. (b) Raw PL intensity for the same films
when excited at 495 nm.

disorder present in the films*' and crystallization-induced

emission enhancement (CIEE).*” The synergy of planarity and
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achieving aggregation-induced emission enhancement
(AIEE),” which is intrinsic to the E isomer for compounds
1 and 3a and is favorable for developing luminescent organic
materials.

The annealed 3a-E films display a 42 nm Stokes shift
compared to ~160 nm for annealed 3a-Z films. The
remarkable differences in aggregation behavior and optical
properties between the E and Z isomers in neat films of 1 and
3a motivated photoswitching studies of their neat films in the
hope of reversibly achieving these distinctive states. These
distinct features of isomer-specific J- and H-aggregation for the
RCN-pyrrole molecules are quite unique and desirable.**

Photoisomerization Experiments on Neat Films. Neat
as-spun films of compound 1-E that were irradiated at 454 nm
at room temperature only displayed minor E = Z conversion
after 1 h of irradiation (Figure S4S). However, when the as-
spun 1-E films were simultaneously heated at 55 °C and
irradiated at 454 nm, the E — Z conversion was almost
complete after 1 h (Figure S46). For annealed 1-E films, no E
— Z conversion was observed at room temperature or while
heated to SS °C under 454 nm irradiation over 1 h (Figures
S45—S46). From these data, it is evident that the as-spun 1-E
films have sufficient motional degrees of freedom to photo-
isomerize at room temperature (and more so if gently heated),
while the tight molecular packing in the annealed 1-E films
resists isomerization even when heated. Interestingly, photo-
switching studies of as-spun and annealed 1-Z films showed

that 404 nm light could be used to promote Z — E
photoisomerization (Figures S47—S48). The attempt to fully
reverse back to the pure Z state with 523 nm light was
unsuccessful, although different light sources may enable this
capability. We speculate that the tendency of 1-Z thin films to
undergo photoisomerization to a greater extent than 1-E films
is due to their aggregation mode (H versus J) and the strength
of 7-stacking.

In addition to compound 1-Z, as-spun 3a-Z thin films
displayed significant Z — E photoisomerization over 60 min
with 454 nm irradiation at room temperature (Figure 11).
Compounds 1 and 3a are the first compounds for which we
have observed Z — E photoisomerization in neat films among
our synthesized RCN-functionalized compounds.

- 3a-E0min
—— 3a-Z0min
3a-Z 5 min
—— 3a-Z 30 min
—— 3a-Z 60 min

1.0 1

0.8
0.6 1
044/
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Figure 11. UV—vis absorption spectra for neat as-spun 3a-Z films
after prolonged intervals of 454 nm irradiation.

Surprisingly, Z — E photoisomerization was also observed in
annealed 3a-Z films, although to a lesser extent (Figure SS1).
When the sample is simultaneously heated at 55 °C and
irradiated at 454 nm, the Z — E conversion is accelerated
significantly (Figure S52). We attribute the capability of 3a-Z
to isomerize to the E state, even after its films have been
thermally annealed, to its nonplanar structure, which reduces
the strength of its 7— interactions and provides more space to
isomerize. Once the 3a molecules reach the E state, the
intramolecular H-bonding promotes a planar structure with
stronger 7—7 interactions, which resists conversion back to the
Z state. Indeed, almost no E — Z photoisomerization was
observed for as-spun or annealed 3a-E films under 595 nm
irradiation, even with heating to S5 °C (Figures $49—S50).

Photoswitching Experiments in a Polymer Matrix.
Because intermolecular interactions prohibited the reversible
photoisomerization of compounds 1 and 3a in neat films, their
photoswitching behavior was explored in a photoinactive
polymer matrix to disrupt their aggregation. Polystyrene films
were loaded with 1 wt % (w/w) of compounds 1 and 3a
prepared via spin coating from 80 mg/mL polystyrene
solutions in chloroform. To our excitement, reversible
photoswitching to two unique photostationary states was
observed for both compounds, regardless if they were initially
loaded with E or Z isomers. The 1-E PSS after 523 nm
irradiation is consistent with near-quantitative conversion to 1-
Z, while the 404 nm PSS shows conversion back to an E-
enriched state, although not complete (Figure S53). The same
PSSs were achieved after another cycle of irradiation, showing
that the conversion was reversible (Figure S53).

The polystyrene films doped with 3a-Z reached a heavily E-
enriched PSS under 404 nm irradiation, and a Z-enriched PSS
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under 595 nm irradiation (Figure 12). The same PSSs were
achieved after another cycle of irradiation, showing that the

— 3a-Z 0 minirr
® 104 oA 3a-E 0 min irr
g —— 3a-Z 404 nm PSS
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Figure 12. UV—vis absorption spectra for polystyrene films loaded
with 1 wt % (w/w) 3a-Z and 3a-E and the photostationary states for
films containing 3a-Z after 45 min of irradiation at 404 and 595 nm or
10 min under 1 sun intensity (AM1.5G). Picture insets show images
of 3a-Z films at 404 nm PSS (violet) and 595 nm PSS (orange).

conversion was reversible (Figure $S54). The polystyrene: 3a-Z
films were also irradiated under the AM1.5G spectrum by
using a solar simulator to test if sunlight could be used to
induce photoswitching. The AM1.5G PSS closely matches the
E-enriched 595 nm PSS, which indicates that photoswitching
from Z to E can be carried out by simply going outside for a
few minutes (Figure 12).

While performing the photoswitching studies of compounds
1-3, either in solution or in the solid-state, we have only
observed facile well-controlled isomerization. Hence, we do
not suspect a competing excited-state intramolecular proton
transfer (ESIPT) mechanism,* although this has been
observed in HTI-derived photoswitches limiting their isomer-
ization efficiency'” and can be induced by aggregation.*’
Looking ahead, since excited-state inter- and intramolecular H-
bonding dynamics are well-studied”” and have a significant
impact on solid-state optoelectronic propelrties,48 additional
excited-state studies with our systems will be important in the
future.

Photopatterning Experiments. The inability to achieve
quantitative photoisomerization with compounds 3a and 1 in
polystyrene may be due to smaller differences in absorption at
the excitation wavelengths compared to chloroform, inter-
actions with the polymer matrix, or the concentration of the
chromophore within the polymer matrix. Even so, we
demonstrated that photopatterning can be performed on
polystyrene: 3a-Z films with good color contrast between the
E- and Z-enriched regions (Figure 13b2).

Much thicker polystyrene samples (~2 mm) were loaded
with 0.1 wt % (w/w) 3a-Z to mimic a more application-
relevant situation. Consecutive irradiation with 595 and 454
nm light facilitates reversible isomerization in the samples with
excellent color contrast. Additional experiments are underway
to explore how various polymer matrix environments influence
the photostationary states of these compounds as well as
studies investigating the difference in conductivity between E
and Z isomers. Given their dissimilar aggregation behavior, we
expect the electrical properties between E and Z films to be
markedly different, as well.

The novel RCN-functionalized pyrrole photoswitches
presented here were discovered to have an exciting

a)
b)

Figure 13. (a) Optical images of polystyrene films loaded with 0.1 wt
% (w/w) 3a-Z: as-spun (1), after consecutive irradiations of 454 nm
(2), 595 nm (3), 454 nm (4), and in a 365-nm UV light chamber (5).
(b) Optical images of polystyrene films loaded with 1 wt % (w/w) 3a-
Z: as-spun (1), after area-selective (2) or complete (3) 454 nm
irradiation, and after 595 nm irradiation back to the Z-enriched PSS

(4).

combination of unique properties such as quantitative
photoswitching in solution, visible light photoswitching,
excellent thermal stability, synthetic accessibility of pure Z
and E states, reversible photoswitching in a polymer matrix,
CIEE, photoisomerization in neat films, capability of vacuum
deposition, and well-defined J- and H- aggregation for E and Z
isomers. While some subset of these properties has been
observed in previous photoswitching frameworks, we have not
encountered photoswitching compounds with these same

631

characteristics and see great potential for this new class of 632

photoswitch. Further investigation is warranted to test whether
these properties may be exploited fruitfully in practical
applications.

B CONCLUSIONS

To summarize, we have successfully developed six RCN-
pyrrole conjugates and studied their photoisomerization
behavior in solution and in the solid state. Both Z and E
isomers were accessible from synthesis and could be separated
using conventional silica gel column chromatography. Out-
standing photoswitching performance was demonstrated by
the target molecules, as reported by 'H NMR and UV—vis
spectroscopy. Quantitative photoisomerization was achieved
for all cases with one model compound (3a) undergoing
quantitative isomerization in both directions using light
sources extending into the red part of the visible spectrum.
This photoswitching bidirectionality presents RCN as a strong
candidate for highly efficient molecular switches along with the
well-known azobenzenes, HTIs, hydrazones, etc. Experimental
and computational studies suggest intra- and intermolecular H-
bonding interactions present in the E and Z isomers,
respectively, which we hypothesize are central to their bistable
nature. From detailed studies of the comparator molecules, H-
bonding-capable pyrrole units improve the photoswitching
capabilities of RCN-functionalized molecules more than
benzene- or thiophene-functionalized molecules. UV—vis and
PL spectra for neat films of compounds 1 and 3a revealed
remarkable differences in optical properties attributed to H-
aggregation for Z isomers and J-aggregation for E isomers. The
dramatic difference in transparency and PL intensity between
the E and Z states facilitates a type of on—off switch that may
prove to be advantageous for sensing applications. While
photoisomerization in neat films was not shown to be
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665 bidirectional with our selected light sources, the extent of
666 conversion was nearly quantitative in the case of 1-E to 1-Z
667 and 3a-Z to 3a-E with mild heating. Moreover, reversible
668 photoisomerization was successfully demonstrated for com-
669 pounds 1 and 3a in a photoinactive polystyrene matrix where
670 two unique PSSs could be achieved using visible light sources
671 including the Sun. Overall, this study presents the RCN-
672 pyrrole conjugate as an excellent light-responsive unit worthy
673 of investigation for photoswitching applications and as a test
674 bed to better understand E/Z isomerization photophysics.
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