
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 4
:4

8:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photoisomerizat
aDepartment of Chemistry, University of F

32611, USA. E-mail: castellano@chem.u.ed
bDepartment of Materials Science and En

Science and Engineering Technologies (COM

29634, USA

† Electronic supplementary information (
characterization, 2D NMR characterizat
characterization, NMR and UV-vis
computational details. CCDC 2022503. Fo
or other electronic format see DOI: 10.103

‡ CTK and LL contributed equally to
alphabetically.

Cite this: Chem. Sci., 2020, 11, 10190

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th August 2020
Accepted 8th September 2020

DOI: 10.1039/d0sc04409a

rsc.li/chemical-science

10190 | Chem. Sci., 2020, 11, 10190–1
ion of dicyanorhodanine-
functionalized thiophenes†

Cory T. Kornman, ‡a Lei Li, ‡ab Asmerom O. Weldeab, a Ion Ghiviriga, a

Khalil A. Abboud a and Ronald K. Castellano *a

p-Conjugated oligomers functionalized with the popular dicyanorhodanine (RCN) electron acceptor are

shown to be susceptible to photo-induced Z/E isomerization. The stereochemistry of two model RCN-

functionalized thiophenes is confirmed by single crystal X-ray analysis and 2D NMR, and shown to be the

thermodynamically stable Z form. Relative energies, Z/E configurations, and conformational preferences

are modelled using density functional theory (DFT). The photophysical properties of the model

compounds are explored experimentally and computationally; the Z and E isomers display similar

absorption profiles with significant spectral overlap and are inseparable upon irradiation to

a photostationary state. The well-behaved photoisomerization process is routinely observable by thin-

layer chromatography, UV-vis, and NMR, and the photochemical behavior of the two RCN-

functionalized thiophenes is characterized under varying wavelengths of irradiation. Ultraviolet (254 nm)

irradiation results in photostationary state compositions of 56/44 and 69/31 Z-isomer/E-isomer for

substrates functionalized with one thiophene and two thiophenes, respectively. Ambient laboratory

lighting results in excess of 10 percent E-isomer for each species in solution, an important consideration

for processing such materials, particularly for organic photovoltaic applications. In addition,

a photoswitching experiment is conducted to demonstrate the reversible nature of the photoreaction,

where little evidence of fatigue is observed over numerous switching cycles. Overall, this work

showcases an approach to characterize the stereochemistry and photochemical behavior of

dicyanorhodanine-functionalized thiophenes, widely used components of functional molecules and

materials.
Introduction

2-(1,1-Dicyanomethylene)rhodanine (Fig. 1), referred to collo-
quially as dicyanorhodanine (RCN), was introduced as an elec-
tron acceptor unit for organic optoelectronic materials in 2011.1

Since then, the RCN acceptor has become a xture within the
organic photovoltaic (OPV) community as it can lead to broad-
ened and red-shied absorption extending into the near
infrared,2,3 enhanced crystallinity,4 and high electron affinities5

when appended to a p-conjugated molecule. Indeed, there have
been 100+ publications relying on the dicyanorhodanine
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acceptor since 2013, speaking to the important role that this
structure has played in the development of OPV materials. Early
on, RCN was introduced to small molecule dye-sensitized solar
cell (DSSC) materials,6–9 including relatively high performers
such as indoline-based D–A–p–A systems which have demon-
strated power conversion efficiencies (PCEs) as high as 8.53%
when using 2,1,3-benzothiadiazole as an internal acceptor.10

More recently, DSSC small molecules relying on a triarylamine
donor and RCN acceptor were developed11–13 and have gener-
ated PCEs up to 8.98% for an optimized device using a Zn2+

porphyrin co-sensitizer.14 As interest in bulk-heterojunction
(BHJ) devices increased, a plethora of small molecule (SM)
Fig. 1 Chemical structure of the dicyanorhodanine (RCN) acceptor
unit.

This journal is © The Royal Society of Chemistry 2020
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donor materials relying on RCN appeared.5,15–20 A series of
solution-processable SM donors were introduced,2,21–23 each
bearing terminal RCN acceptor groups along an oligothiophene
backbone of varying repeat units. These systems have been
extensively investigated due to the success of the seven-thio-
phene24–29 and ve-thiophene30–37 variants of this system which
have achieved PCEs as high as 9.30% for a binary BHJ device
blended with PC71BM and 10.30% for a ternary SM solar cell,
respectively.38,39 More recently, the evolving research area
focusing on SM non-fullerene acceptors (NFAs) has adopted
RCN, and numerous examples containing this structure have
been reported.40–58 RCN-based NFAs have achieved PCEs beyond
the 10% mark,59–63 with some of the highest performers reach-
ing values of 10.78%,64 12.16%,65 and 12.27%.66 The RCN
acceptor has also been incorporated into p-conjugated polymer
donors, leading to OPV devices with PCEs of 5.30%,67 8.13%,68

and 9.12%.69 Outside of organic photovoltaics, the RCN struc-
ture has constituted small molecules used as organic photo-
detectors,70 organic eld-effect transistors,71 and biologically
active drug molecules.72–74

Our recent work (vide infra) employing the RCN acceptor has
encouraged us to consider the olen stereochemistry which
conjugates RCN to p-conjugated thiophenes more carefully. The
acceptor group is introduced onto the terminus of thiophene
oligomers via a Knoevenagel condensation reaction between 2-
(1,1-dicyanomethylene)rhodanine and the corresponding p-
conjugated carboxaldehyde, typically in the last step of the
synthetic sequence.2,11,13,40 The condensation results in the
formation of an olenic C]C double bond which has the
potential for both Z and E stereochemistry (Fig. 2). While the
olen stereochemistry of alkylmethylidene and arylmethylidene
rhodanine (C]S) derivatives had been discussed previously,75–77

and the thermodynamically stable Z isomer for aryl- and
tetrathiafulvalene-based RCN structures has been conrmed by
DFT,1 this stereochemical feature has not been addressed for
RCN-functionalized oligothiophenes and is generally ignored in
the organic materials literature. To wit, some reports depict RCN-
functionalized oligothiophenes as the E isomer,5,13,16,78 while
others depict the Z conguration.1,2,22,40 Given that even small
structural changes in p-conjugated molecules can have
concomitant effects on the efficiency of a photovoltaic device,79–83

and thin lm packing/morphology of dye molecules is of critical
importance to device efficiency,84–86 ignoring this stereochemical
featuremay not be justied. It is reasonable to assume that Z and
E isomers of RCN-functionalized thiophenes will not adopt the
same solid-state packing preferences in thin lms.
Fig. 2 Chemical structures of model compounds 1 and 2 shown in the
Z configuration (red) and the E configuration (blue).

This journal is © The Royal Society of Chemistry 2020
The susceptibility of rhodanine derivatives to photo-
isomerization was speculated over 35 years ago in the context of
OPVs and has received surprisingly little attention since.87 An
exception is the work of Zietz et al. reporting that a DSSC dye
containing a double rhodanine acceptor similar to RCN was
prone to photoisomerization,88 and other non-radiative deacti-
vation processes,89 whichmay negatively affect device efficiency.
The same authors reported the photoisomerization of the cya-
noacrylic acid anchoring group, another popular acceptor unit
for DSSC applications.90 To the best of our knowledge, the
photoisomerization of dicyanorhodanine (RCN) functionalized
p-conjugated oligomers has yet to be studied.

Herein, we report the photoisomerization of two RCN-
functionalized thiophenes, 1 and 2 (Fig. 2). We have chosen
the simplest RCN-terminated thiophenes as model substrates
for this study in an attempt to delineate the fundamental
photochemical behaviour as it might apply to any number of
larger oligomeric structures. The olen stereochemistry of 1-Z
was assigned with 2D-NMR and X-ray crystallography, and it
was determined that both 1 and 2 were obtained from synthesis
as the thermodynamically-stable Z conguration. Congura-
tional geometries for Z and E isomers, conformational prefer-
ences, and excited state optoelectronic properties were
modelled with ground state and excited state DFT calculations.
The photochemical behaviour of 1 and 2 was characterized by
NMR and UV-vis spectroscopy, and it was found that both
molecules are prone to photoisomerization when exposed to
ambient (laboratory) irradiation conditions in solution. The
observed photochemical behaviour for 1 and 2 is wavelength
dependent, and the Z/E photostationary state (PSS) composi-
tions under varying wavelengths of irradiation were determined
by 1H NMR spectroscopy. While the photoswitching aspects of
such RCN-functionalized thiophenes have not been described
prior to this work, we feel the broader impact of the study lies in
exposing the photochemical behaviour of RCN to the organic
materials community.91

Results and discussion

The discovery that model substrates 1 and 2 were prone to
photoisomerization was rst made visible by thin layer chro-
matography (TLC) (Fig. S8, ESI†). Unintentional irradiation of
either 1 or 2 as a solution in dichloromethane (DCM) by
ambient light exposure resulted in the formation of a new, more
polar spot on the TLC plate (E isomer) in addition to the existing
spot representative of the pure compound (Z isomer). This
phenomenon was initially apparent with a larger oligothio-
phene from our lab, RCN-3T-Br, suggesting that more advanced
synthetic intermediates are susceptible to the photo-
isomerization process (Fig. S8, ESI†). Although Z and E isomers
show different Rf values on silica TLC, we were unable to
separate a pure sample of 1-E or 2-E from a silica chromatog-
raphy column, a challenge acknowledged in previous work on
a series of arylmethylidene rhodanine derivatives.77 From the
synthetic procedure used for 1 and 2 (Scheme S1, ESI†), the Z
isomer was obtained as the only detectable isomer from the
Knoevenagel condensation. To conrm the olen
Chem. Sci., 2020, 11, 10190–10197 | 10191
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Fig. 3 (a) ORTEP representation showing themonomer of 1-Z. (b) Unit
cell containing fourmolecules of 1-Z. (c) Long range herringbone-type
packing of 1-Z in the solid state.

Fig. 4 (a) Stacked 1H NMR spectra (CDCl3) showing pure 1-Z (bottom)
and 1-Z/Emixture (top) obtained upon irradiation to a photostationary
state using 254 nm light. (b) 1H NMR spectra (CDCl3) showing pure 2-Z
(bottom) and 2-Z/E mixture (top) obtained upon irradiation to a pho-
tostationary state using 450 nm light.
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stereochemistry of 1, a single crystal X-ray structure was ob-
tained (Fig. 3). The ORTEP representation of compound 1 shows
the monomer in the Z conguration (Fig. 3a), with a unit cell
containing four molecules (Fig. 3b). The long-range herring-
bone packing of 1-Z displays a slip-stack arrangement and a p–

p stacking distance of 3.26 Å between each dimer when
measuring the distance between dened planes superimposed
through each thiophene (Fig. 3c). Compound 1-Z adopts
a nearly planar geometry overall, with an S2–C6–C5–C4 dihedral
angle of �0.98� about the isomerizable olen CC double bond.
The stereochemistry of 1-Z can be determined in solution as
well using simple 2D NMR experiments. IPAP-gHSMBC (chlo-
roform-d) of a 1-Z/1-E mixture obtained via irradiation to
a photostationary state (Fig. 4, vide infra), revealed that the three
bond heteronuclear coupling (3JC2–H6) between the isomerizable
olen proton and the rhodanine C]O carbon is much smaller
for the Z isomer (3JC2–H6 ¼ 5.8 Hz, Fig. S4, ESI†) than for the E
isomer (3JC2–H6 ¼ 11.4 Hz, Fig. S7, ESI†), agreeing with a litera-
ture precedent concerning various oxazolones bearing a core-
structure comparable to 1.92 Furthermore, HSQC and HMBC
chemical shi assignments for 1-Z (Fig. S2 and S3, ESI†) and 1-E
(Fig. S5 and S6, ESI†) reveal that the olen proton in the Z
conguration is more downeld (d ¼ 8.10 ppm) compared to
the same proton in the E isomer (d ¼ 7.44 ppm). This is
attributed to the deshielding cone of the carbonyl, which is in
close proximity to the vinyl proton in the Z isomer, but is on the
opposite face of the alkene in the E isomer.77 For 2-Z and 2-E, the
1H NMR chemical shis show a similar trend (Fig. 4b). The vinyl
proton of 2-Z resonates more downeld (d ¼ 8.03 ppm) than 2-E
(d ¼ 7.33 ppm), conrming that 2 was also obtained from
synthesis as the Z isomer.

The photoisomerization of 1 and 2 can be conveniently
monitored by 1H NMR (Fig. 4). For compound 1 (Fig. 4a), the
aromatic signals characteristic of 1-Z appear to duplicate going
from a pure sample (bottom) to a sample irradiated with
ultraviolet light (top). The PSS composition was determined by
irradiating 1-Z (15 mM, chloroform-d) until no changes in 1H
NMR integral ratios were observed, indicating that the PSS was
reached. For compound 1, the PSS was composed of 56% Z
10192 | Chem. Sci., 2020, 11, 10190–10197
isomer and 44% E isomer under ultraviolet (lirr ¼ 254 nm)
irradiation (Fig. 4a). Interestingly, irradiation with a longer
wavelength (lirr ¼ 450 nm) results in a composition of 98/2 1-Z/
1-E accompanied by a signicant amount of other photoprod-
ucts and photodegradation visible in the NMR spectrum,
demonstrating a strong wavelength dependence on the
observed photochemistry for these species (Fig. S12, ESI†).
Ambient light irradiation of 1 results in a mixture of 89% Z
isomer and 11% E isomer with no visible photodegradation
(Fig. S11, ESI†), an important result to consider when handling
these optoelectronic materials under typical laboratory condi-
tions. Monitoring the photoisomerization of 2-Z with 1H NMR
yields similar results to compound 1 (Fig. 4b). The assigned
signals for 2-Z (bottom) duplicate upon irradiation with 450 nm
light (top). A mixture of 51/49 2-Z/2-E was obtained upon irra-
diation to a photostationary state with 450 nm light. The PSS
composition of 2 is wavelength-dependent as well, resulting in
a mixture of 69/31 2-Z/2-E ratio under ultraviolet irradiation
(Fig. S13, ESI†), and a mixture of 79/21 2-Z/2-E isomer under
ambient light exposure (Fig. S14, ESI†). Preliminary evidence
suggests that the rate of the thermal back reaction for 1 and 2 is
slow in chloroform-d. Allowing a previously irradiated sample to
sit in the dark for 48 hours at room temperature yields no
measurable change in the position of the PSS based on the 1H
NMR integral values for 1 or 2. However, more studies are
This journal is © The Royal Society of Chemistry 2020
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Table 1 Experimental and calculated photophysical properties of 1 and 2

Model compound

lmax
a (nm)/3b lmax

c (nm)/3b PSS (Z/E)@lirr

Z Z E 254 nmd 450 nme Ambiente

1 412/34 300 359/33 800 370/36 900 56/44 98/2f 89/11
2 477/41 800 425/42 000 433/48 400 69/31 51/49 79/21

a UV-vis measured as 20 mM solutions in chloroform in 1 cm quartz cell. b Molar extinction coefficients (3) reported in L mol�1 cm�1. c Gas-phase
time-dependent DFT calculated absorption proles (CAM-B3LYP/aug-cc-pVDZ). d Photostationary state compositions reported as the average of four
separate measurements (standard error: <1%). e Photostationary state compositions reported as a single measurement. f 450 nm irradiation
resulted in various photoproducts and photodegradation not consistent with Z/E photoisomerization.
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needed in order to accurately quantify the rate of the thermal E
/ Z isomerization in the dark. The photophysical properties of
1 and 2 are summarized in Table 1. The UV-vis spectra for 1-Z
and 2-Z were measured in chloroform (Fig. 5). The absorption
maxima (lmax) for 1-Z and 2-Z lie at 412 nm and 477 nm,
respectively, and are attributed to HOMO–LUMO transitions
which have previously been classied as p–p* intramolecular
charge transfer (ITC) bands for p-conjugated aryl- and
tetrathiafulvalene-based structures functionalized with RCN,1

and materials functionalized with similar acceptors such as
cyanoacrylic acid, rhodanine, and double rhodanine units.93

The secondary excitations at 294 nm (1-Z) and 330 nm (2-Z) are
HOMO�1 to LUMO transitions also of p–p* character, an
assignment made by visual inspection of the frontier molecular
orbitals (Fig. S20 and S21,† ESI). As pure samples 1-E or 2-E
could not be isolated, the UV-vis spectra of 1 and 2 were
simulated using time-dependent (TD-DFT) calculations to gain
insight into how the olen stereochemistry of RCN-
functionalized compounds inuences the optical and elec-
tronic properties of the systems (Fig. 6). The excited state
calculations were conducted using a range-separated hybrid
functional (CAM-B3LYP) and an augmented double zeta basis
set (aug-cc-pVDZ) which has proven adequate for similar push–
pull systems.94,95 All solubilizing octyl chains were truncated to
methyl groups to reduce the computational cost. In general, the
simulated UV-vis spectra for 1 and 2 predict that the Z and E
isomers display very similar absorption proles with signicant
spectral overlap in both primary and secondary absorption
Fig. 5 Experimental absorption spectra of 1-Z (black) and 2-Z (red).

This journal is © The Royal Society of Chemistry 2020
bands. For 1-Z, the lmax absorbance lies at 359 nm and the
secondary absorbance is at 274 nm. An 11 nm red-shi was
observed for 1-E (lmax ¼ 370 nm) compared to 1-Z accompanied
by an increase in molar absorptivity from 1-Z (3 ¼ 3.38 � 104 L
mol�1 cm�1) to 1-E (3 ¼ 3.69 � 104 L mol�1 cm�1) in the
HOMO–LUMO transition. In the UV region, a notable decrease
in secondary absorbance was observed for 1-E accompanied by
a 6 nm blue-shi. The calculated spectra for compound 2 show
similar trends. The absorption maxima are predicted to lie at
425 nm (2-Z) and 433 nm (2-E), accompanied by a 15.2%
increase in molar absorptivity from 4.20 � 104 L mol�1 cm�1 to
4.84 � 104 L mol�1 cm�1. In the UV region, a decrease in
absorbance of 2-Ewas observed, along with a 24 nm blue shi in
the secondary maxima for 2-E (272 nm) compared to 2-Z (296
nm).

To validate the DFT-simulated absorption prole trends, the
photoisomerization of 2-Z was monitored experimentally by UV-
vis spectroscopy. Upon LED exposure (lirr ¼ 450 nm) of 2-Z in
chloroform (20 mM), a continuous change in the original
absorption prole was observed until the photostationary state
was reached, and no further spectral changes occurred (Fig. 7a).
The observed change in the UV-vis spectrum is attributed to Z
/ E photoisomerization, resulting in amixture of 2-Z and 2-E at
the PSS. The marked UV-vis spectra shows a 5 nm red-shi in
absorption maxima going from pure 2-Z (0 s) to the PSS mixture
(8 s) upon irradiation, accompanied by a 9.2% increase in
absorbance, in excellent agreement with the TD-DFT predicted
Fig. 6 Time dependent DFT-predicted UV-vis spectra of 1-Z (black,
solid), 1-E (black, dashed), 2-Z (red, solid) and 2-E (red, dashed) at the
CAM-B3LYP/aug-cc-pVDZ level.

Chem. Sci., 2020, 11, 10190–10197 | 10193
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Fig. 7 (a) UV-vis spectra of 2-Z in chloroform upon irradiation with
450 nm light, (b) UV-vis spectra of previously irradiated solution of 2-
Z/E (lirr¼ 450 nm) upon subsequent 525 nm irradiation with green LED
light.

Fig. 8 Photoswitching cycles of 2 in chloroform upon alternating the
irradiation wavelength from 450 nm and 525 nm light.
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trends. A decrease in absorbance at the secondary transition
(330 nm) was observed, along with an increase in absorbance in
the higher energy UV region. The presence of isosbestic points
at ca. 460 nm and 300 nm indicate the transition between two
major species in solution, although other processes such as
photo-oxidation and photo-degradation might result in similar
observations.90 In order to exclude these possibilities, and to
verify that the observed spectral changes are attributed to
photoisomerization, we tested the reversible nature of this
reaction. By exposing the PSS mixture of 2 to a longer wave-
length of irradiation (lirr ¼ 525 nm), and thus changing exci-
tation to a region where the previous increase in absorbance
was observed, a gradual restoration of the original spectral
features occurs (Fig. 7b). Switching to a longer wavelength
promotes the reverse reaction (E / Z) until a new photosta-
tionary state is reached for 2, this time featuring a larger excess
of 2-Z as compared to the mixture obtained under 450 nm
irradiation. A photoswitching experiment for compound 2 was
completed by alternating between a 450 nm irradiation (Z/ E)
and 525 nm irradiation (E / Z). Interestingly, the system
appears highly fatigue resistant, and the photoswitching is
facile (Fig. 8). Indeed, even aer ten photoswitching cycles there
was very little indication of photo-degradation, evidenced by
a negligible decrease in maximum absorbance values over
numerous cycles. This photo- and thermal stability is
10194 | Chem. Sci., 2020, 11, 10190–10197
encouraging us to consider structural or electronic engineering
of RCN derivatives to address the currently large overlap in
absorption between the Z and E isomers (especially given the
current interest in utilizing photochromic molecules as func-
tioning components of organic materials96–98). Conducting the
same photoswitching experiment for compound 1 and 2 under
ultraviolet irradiation (lirr ¼ 254 nm), however, resulted in
signicant photodegradation (Fig. S16 and S17, ESI†), with the
difference between NMR and UV-vis irradiation conditions
being the medium of the solution container (glass versus
quartz).99 This observation was veried by irradiating 1-Z with
254 nm light in a quartz NMR tube, which also resulted in
signicant photodegradation (Fig. S10, ESI†).

The ground-state Z/E congurations and conformational
preferences of 1 and 2 were investigated with ground-state DFT
calculations at the B3LYP/6-31+G(d) level of theory. Compounds
1 and 2 were modelled in the Z and E isomeric forms, namely, 1-
Z, 1-E, 2-Z, and 2-E. In addition, a conformational analysis was
completed by modelling the two lowest energy conformations
for each structure (Fig. S18, ESI†). The lowest energy conformer
(CA) is depicted in Fig. 2 for the Z and E isomers of 1 and 2. The
other low energy conformer (CB) represents a 180� rotation
about the sigma bond between the thiophene and the isomer-
izable olen (C4–C5 bond in Fig. 3, see Fig. S18 in ESI† for more
details). For 1 and 2, the Z congurational isomer adopting
conformation A has the lowest energy of all species, always less
than 1 kcal mol�1 below the other possible conformations
(Table S1, ESI†). The same energy trend was observed for the
respective E isomers, where compound 1-E in conformation A is
0.56 kcal mol�1 lower in energy than compound 1-E adopting
conformation B, and compound 2-E in conformation A is
0.81 kcal mol�1 lower in energy compared to 2-E adopting the
second conformation. The energy differences between the
congurational isomers (Z and E isomers), however, are much
more signicant. For 1, the lowest energy conformer in the Z
conguration (1-Z, CA) is 3.39 kcal mol�1 more stable than the
lowest energy conformer adopting the E conguration (1-E, CA).
Likewise, for compound 2, the lowest energy conformer in the Z
conguration (2-Z, CA) is predicted to be 3.33 kcal mol�1 more
stable than the lowest energy conformer in the E conguration
This journal is © The Royal Society of Chemistry 2020
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(2-E, CA). A predicted increase in dipole moment was observed
going from the Z conguration to the E conguration for 1 and
2. 1-Z is predicted to have a dipole moment of 8.1 D in
conformation A compared to the dipole moment of 1-E, which is
8.9 D in conformation A. Similarly, for compound 2, we observe
a dipole moment of 8.5 D for 2-Z (CA) and 10.5 D for compound
2 in the E conguration (2-E, CA). The increased dipole moment
going from Z to E agrees well with TLC analysis for 1 and 2,
wherein irradiation of a pure TLC sample (Z isomer) always
results in the formation of a new, more polar spot (E isomer)
aer irradiation (Fig. S8, ESI†). The DFT evidence concerning
relative energies of Z and E isomers is also in agreement with
experiment, as both 1 and 2 were isolated from the synthesis as
the Z isomer.

Conclusions

Analysis of 1 and 2 has shown that the thermodynamically
stable Z isomers are obtained as the only detectable stereoiso-
mers of the Knoevenagel condensation reaction. The Z cong-
urational stereochemistry was conrmed for 1 by 2D NMR and
X-ray crystallography. The relative energies regarding congu-
rational Z/E stereochemistry, and the lowest energy conformers
in each case, were evaluated for substrates 1 and 2 via ground-
state DFT calculations. In addition, we have shown that dicya-
norhodanine (RCN) functionalized thiophenes are photolabile,
and susceptible to Z/E isomerization. The Z/E isomerization of 1
and 2 was monitored by 1H NMR and the photostationary state
(PSS) Z/E compositions were quantied under various wave-
lengths of irradiation for each substrate. The Z/E isomerization
of substrate 2 was monitored by UV-vis spectroscopy, which
conrmed that the Z and E isomers of compound 2 exhibit
strong overlap in the primary and secondary optical absorption
bands, a characteristic which was further supported by excited
state (TD-DFT) simulations. The reverse photoisomerization (E
/ Z) of 2 was demonstrated by UV-vis, and the compound
displayed little evidence of photodegradation aer 10 photo-
switching cycles. Next we plan to synthesize a small library of
RCN-functionalized oligothiophenes to gain further under-
standing of the structure–property relationships governing the
isomerization. In addition, we plan to quantify thermodynamic
and kinetic parameters relevant to the isomerization process in
an attempt to better understand these systems.

The photoisomerization of two commonly used acceptor
units for DSSC applications have previously been reported in
the literature.88–90 We now report the photoisomerization of the
popular dicyanorhodanine (RCN) acceptor. While the photo-
switching capabilities of this system do not currently rival
azobenzenes or stilbenes,100,101 RCN can only now be considered
for the engineering of organic so materials whose properties
or functions can be tuned via photochromic switching by
external stimuli.98 The photoisomerization is quite relevant to
the organic photovoltaic community,91 given the use of RCN in
donor materials and non-fullerene acceptor (NFA) materials for
bulk-heterojunction (BHJ) solar cell devices. Underway in our
laboratory are solid state studies and device characterization to
determine the inuence of olen stereochemistry and Z/E
This journal is © The Royal Society of Chemistry 2020
photoisomerization on thin lm morphology, charge mobility,
and solar cell metrics. It is possible that other acceptor units
popular within the organic materials literature may be prone to
photoisomerization as well, and work in this direction is also
ongoing in our laboratory. As a community, we must remain
vigilant of the stereochemistry and photochemistry of these
useful systems.
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93 T. Le Bahers, T. Pauporté, G. Scalmani, C. Adamo and
I. Cioni, Phys. Chem. Chem. Phys., 2009, 11, 11276–11284.

94 D. Jacquemin, A. Planchat, C. Adamo and B. Mennucci, J.
Chem. Theory Comput., 2012, 8, 2359–2372.

95 A. Ali, M. I. Raq, Z. Zhang, J. Cao, R. Geng, B. Zhou and
W. Tang, Phys. Chem. Chem. Phys., 2020, 22, 7864–7874.

96 L. Hou, X. Zhang, G. F. Cotella, G. Carnicella, M. Herder,
B. M. Schmidt, M. Pätzel, S. Hecht, F. Cacialli and
P. Samor̀ı, Nat. Nanotechnol., 2019, 14, 347–353.

97 X. Guo, J. Zhou, M. A. Siegler, A. E. Bragg and H. E. Katz,
Angew. Chem., Int. Ed., 2015, 54, 4782–4786.

98 J. Boelke and S. Hecht, Adv. Opt. Mater., 2019, 7, 1900404.
99 The different photochemical behavior is due to the

different UV cutoff ranges of quartz and glass.
100 H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev., 2012,

41, 1809–1825.
101 J. Bao and P. M. Weber, J. Am. Chem. Soc., 2011, 133, 4164–

4167.
Chem. Sci., 2020, 11, 10190–10197 | 10197

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04409a

	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...
	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...
	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...
	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...
	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...
	Photoisomerization of dicyanorhodanine-functionalized thiophenesElectronic supplementary information (ESI) available: Synthesis and structural...


