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ABSTRACT: A series of oligothiophenes singly and doubly functionalized with dicyano-
rhodanine (RCN) units have been investigated to understand their Z/E photoisomerization
behavior upon structural modulation. Monotopic RCN target molecules (1-Z−9-Z) were
designed to observe the consequences of π-conjugation, solubilizing group substitution, and
formylation of the thiophene units. In all cases, the Z isomer is obtained from synthesis as the
thermodynamically stable isomer, whereas the E isomer is achieved through selective irradiation
(including red light, λirr = 628 nm) as a Z/E mixture in solution. For the quarterthiophene
entries, photoisomerization is inhibited, with photoirradiation resulting only in degradation. The
result comports with concentration-dependent studies, which show that increasing π-
conjugation results in greater aggregation and muted Z/E photoisomerization. Ditopic RCN
targets (10-ZZ−12-ZZ), mimicking acceptor−donor−acceptor (A−D−A) oligomers relevant to
OPV materials, also show evidence of photoisomerization in solution, with formation of Z,Z/Z,E
mixtures at the photostationary state (PSS). Complementary ground- and excited-state DFT
calculations show excellent agreement with the experimental findings. This comprehensive structure−property analysis is expected to
both guide and caution the functional materials community with respect to the usage of photoisomerizable RCN-oligothiophenes for
optoelectronic applications.

■ INTRODUCTION
2-(1,1-Dicyanomethylene)rhodanine (RCN) is an electron-
deficient heterocycle derived from the rhodanine core structure
(Figure 1a).1 When the thiocarbonyl is replaced with a
dicyanomethylene group, the structure is colloquially referred
to as “dicyanorhodanine” and is often abbreviated “RCN” in
the organic materials literature (Figure 1b).2 RCN was first
reported as an electron acceptor unit for organic materials
applications in 2011,3 and has since become popular within the
organic materials community. When attached in conjugation
with electron-rich donor moieties, RCN can confer many
desirable attributes including red-shifted optical absorption,
enhanced crystallinities, and significant intramolecular charge-
transfer character.4−7 Donor−acceptor (D−A) designs featur-
ing RCN have been widely explored in the context of small-
molecule donor and nonfullerene acceptor molecules used for
bulk-heterojunction (BHJ) organic photovoltaic (OPV)
applications (Figure 1c),8,9 and many high-performing devices
have been reported.4,10−12

RCN is conjugated with electron-rich donor moieties
through an exocyclic double bond that can exist either as the
Z or E stereochemical isomer (Figure 1d−1e). Unanticipated
photochemical reactions concerning this exocyclic olefin have
been speculated in the past,13 and investigations into the
photochemical reactivity have been disclosed for rhodanine
derivatives and other electron-deficient units similar to RCN,

as it relates to photovoltaic device performance.14−16 More
recently, the well-behaved Z/E photoisomerization of two
simple RCN-functionalized thiophenes was reported for the
first time by our lab, sparking questions about how the
stereochemistry and photochemical behavior of RCN-function-
alized materials might impact the use of this acceptor unit as a
component within the BHJ active layer of OPV materials.17

This was followed by an investigation into RCN-based thin-
films, aimed at defining changes in morphology and optical
properties as a function of photochemically obtained isomeric
composition.18 To further highlight the well-behaved photo-
isomerization of rhodanine and the RCN cores, Dube and co-
workers recently reported rhodanine-based chromophores as
molecular photoswitches and their application in light-induced
apoptosis.19 Our group also developed a series of RCN-pyrrole
conjugates as remarkably efficient bistable photoswitching
scaffolds in solution and a polymer matrix.20 Thiophene and
benzothiophene heterocycles have also been shown to be key
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components of highly proficient hemithioindigo (HTI)
photoswitches.21

Our initial works on the characterization of simple RCN-
thiophenes17,18 functionalized with mono-, bi-, and terthio-
phene units (1-Z−3-Z, Figure 2a) prompted us to consider the
photochemistry of more complex molecular systems. Here we
are interested in the design and synthesis of a library of
homologous RCN-functionalized model compounds for a
structure−property investigation aimed at differentiating
observed photochemical behavior as a function of molecular
structure (Figure 2a−d, 1-Z−12-ZZ). Specifically, by increas-
ing the number of conjugated thiophene units functionalized
with RCN, investigations into the isomeric distributions at the
photostationary state (photostationary state distributions,
PSDs) of each model compound are possible as a function
of increasing π-conjugation in the donor moiety, more closely
resembling the type of structures relevant to the OPV materials
community (Figure 2a). We are also interested in the effect of
solubilizing group substitution on the thiophene unit directly
adjacent to the exocyclic olefin, closely mimicking the
structural design of OPV-relevant RCN-functionalized materi-
als (Figure 2b, 5-Z−7-Z).4,11 In addition, electronic modu-
lation at the terminal thiophene unit opposite to the RCN
group via electron-withdrawing aldehyde substitution (Figure
2c, 8-Z−9-Z) allows a comparison between formylated and
nonformylated RCN-functionalized model compounds. Fi-
nally, symmetrical “ditopic” RCN model compounds, featuring
RCN substitution on both termini of a thiophene π-system,
draw conclusions about the most-common structural designs
present in the literature and help understand the photo-

chemical behavior of RCN-molecules bearing two photoactive
double bonds (Figure 2d, 10-ZZ−12-ZZ).
Herein, we report the synthesis and photoisomerization of

12 homologous RCN-functionalized model compounds, 1-Z−
12-ZZ. We have chosen molecules differing in conjugation
length (Figure 2a, 1-Z−4-Z), solubilizing group substitution
(Figure 2b, 5-Z−7-Z), electronic modulation (Figure 2c, 8-Z−
9-Z), and mono- versus di-RCN functionalization (Figure 2d,
10-ZZ−12-ZZ). The olefin stereochemistry of the as-
synthesized monofunctionalized RCN targets (1-Z−9-Z) was
confirmed as the Z configuration using 1H NMR, whereas the
difunctionalized target molecules were found to have the Z,Z
configuration as the thermodynamically stable state, as
confirmed using 2D NMR techniques (IPAP-gHSMBC,
chloroform-d).
Relative configurational (Z/E) and conformational (s-cis/s-

trans) energetics were investigated using density functional
theory (DFT) for the mono- and difunctionalized RCN
derivatives, where the lowest energy conformers in the ground
state were found to be in accordance with the thermodynami-
cally stable states obtained from synthesis. The photo-
isomerization behavior of 1-Z−9-Z was investigated by 1H
NMR using multiple wavelengths of LED irradiation (254,
454, 523, and 628 nm) as well as ambient laboratory light,
where it was found that all the monofunctionalized RCN
derivatives with up to three conjugated thiophene units (1-Z−
3-Z, 5-Z−8-Z) are susceptible to the photoisomerization
process with the final Z/E PSDs being dependent on the
wavelength and intensity of excitation. However, target
molecules featuring quarterthiophene π-systems (4-Z and 9-
Z) resist the isomerization process almost entirely, resulting in
degradation under all wavelengths of selective excitation. The
difunctionalized RCN target molecules (10-ZZ−12-ZZ) dis-
play well-behaved isomerization behavior under multiple

Figure 1. (a) Rhodanine core structure. (b) Dicyanorhodanine core
structure. (c) Small molecule donor molecule (DRCN5T) function-
alized on both termini with RCN acceptor units. RCN-functionalized
thiophenes depicted in (d) the Z configuration (red) and (e) the E
configuration (blue).

Figure 2. RCN-functionalized oligothiophene targets featuring (a)
varying conjugation length, (b) solubilizing group substitution, (c)
end-group electronic modulation, and (d) symmetrical ditopic RCN
units. (all target molecules are depicted in the Z or Z,Z configuration)
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wavelengths of irradiation (254, 454, 523, and 628 nm) to
result in isomeric mixtures of the thermodynamically stable Z,Z
and metastable Z,E forms at the photostationary state (PSS).
Interestingly, the E,E isomers for 10, 11, or 12 were not
observed postirradiation. The photophysical properties of 1-
Z−12-ZZ were explored experimentally (UV−vis, chloroform)
and computationally (TD-DFT, gas-phase). Overall, this work
provides an in-depth analysis of photochromic RCN-function-
alized thiophenes relevant to downstream optoelectronics
applications, focusing on structure−property relationships
governing their isomerization in solution.

■ RESULTS AND DISCUSSION
Synthesis. The synthetic schemes, written procedures, and

detailed characterization data are provided in the Supporting
Information (pages S3−S43). Compounds 1-Z−3-Z were
synthesized (Schemes S1 and S2a) according to our previous
work,17,18 with optimization from the existing literature.22

Beginning with the synthesis of 4-Z, NBS bromination of
terthiophene precursor 17 gives compound 18, which can
undergo a final Stille coupling with stannylated thiophene 14
to generate the required quarterthiophene analog 19 bearing
aldehyde substitution at the terminal position (Scheme S2b). A
condensation reaction between the RCN unit 13 and the
formylated quarterthiophene 19 generates the final 4-Z target
molecule (Scheme S2b).
The synthetic schemes for 5-Z−9-Z are shown in the

Supporting Information (Schemes S2c and S3). The synthesis
of 5-Z begins with the formylation of commercially available 3-
n-octylthiophene via n-BuLi deprotonation followed by
quenching the anion with DMF to yield the formylated

thiophene 20. A final condensation between RCN 13 and
compound 20 yields the 5-Z substrate (Scheme S2c). NBS
bromination of 3-n-octylthiophene achieves selective halogen-
ation to yield intermediate 21 (Scheme S3a), followed by
Vilsmeier−Haack formylation to yield compound 22. Stille
coupling between 22 and 14 yields the formylated bithiophene
23, which can undergo condensation with RCN to generate
target molecule 6-Z (Scheme S3a). Separately, intermediate 23
can be subjected to NBS bromination to generate compound
24, followed by Stille coupling with 14 to yield intermediate
25. A condensation reaction between RCN and compound 25
yields 7-Z (Scheme S3b). The formylated target molecules (8-
Z and 9-Z) were prepared by Vilsmeier−Haack formylation of
3-Z and 4-Z, respectively (Scheme 1a, Scheme S3c,d).
The ditopic RCN-functionalized molecules (10-ZZ−12-ZZ)

were prepared using different synthetic approaches (Scheme
1b, Scheme S4).23 A Pd-catalyzed homocoupling reaction of
commercially available 5-bromothiophene-2-carboxaldehyde
yields the formylated bithiophene 26, followed by condensa-
tion with two molar equivalents of RCN to give compound 10-
ZZ. Compound 11-ZZ was prepared in a similar manner,
utilizing the same homocoupling starting with compound 22 to
yield the bithiophene intermediate 27 (Scheme S4b). The
synthesis of 12-ZZ begins with 2,5-dibromothiophene and 5-
bromothiophene-2-carboxaldehyde which undergo a one-pot,
sequential lithium-halogen exchange, followed by a Stille
coupling reaction to achieve the diformylated terthiophene
intermediate 28. A condensation reaction between the RCN
unit 13 (two molar equivalents) and compound 28 yields
target molecule 12-ZZ (Scheme S4c).

Scheme 1. Synthesis of Selected (a) Monotopic (3-Z, 4-Z, 8-Z, and 9-Z) and (b) Ditopic (10-ZZ, and 11-ZZ) RCN
Oligothiophenes
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From the synthetic procedures used for the monotopic
RCN-functionalized target molecules (1-Z−9-Z) the Z isomer
was the only detectable isomer isolated from the synthesis as
confirmed by 1H NMR, in agreement with our previous
work.17 For the ditopic RCN-functionalized molecules (10-
ZZ−12-ZZ), the Z,Z isomer was the only detectable isomer
isolated from the synthesis. This was confirmed by solution
2D-NMR experiments (IPAP-gHSMBC, chloroform-d) per-
formed using 10 as a model compound (Figures S55−S59, vide
inf ra).
Stereochemical Characterization. The as-synthesized

isomeric forms of each monofunctionalized RCN target
molecule (1-Z−9-Z) were determined to be the Z isomers in
all cases, with no observable evidence of the corresponding E
isomers visible by thin-layer chromatography (TLC) or crude
1H NMR analysis of the reaction mixtures. The exocyclic olefin
configuration of compound 1-Z was determined in the solid-
state by X-ray crystallography and in solution (chloroform-d)
by IPAP-gHSMBC as detailed in our previous work.17 The
olefin stereochemistry of compounds 2-Z−9-Z were deter-
mined by 1H NMR (chloroform-d). The chemical shift of the
exocyclic olefin proton for monotopic RCN target molecules in
the Z configuration is diagnostic and significantly deshielded
(ca. 8.00 ppm) compared to the same proton in the E
configuration (ca. 7.40 ppm) making stereochemical determi-
nation by 1H NMR straightforward. The as-synthesized
isomeric forms of the ditopic RCN molecules (10-ZZ−12-
ZZ) were determined to be Z,Z in all cases, with no evidence
of the corresponding Z,E or E,E forms resulting from the
synthetic procedures used to generate each species.
Using 10-ZZ as a model compound to characterize the olefin

stereochemistry of the ditopic RCN substrates, a chemical shift
assignment was performed using a combination of 1H, 13C,
HSQC, and HMBC experiments (Figures S55−S58, Support-
ing Information). IPAP-gHSMBC (chloroform-d) analysis of
as-synthesized 10-ZZ revealed that the three-bond hetero-
nuclear coupling constant (1,3JC18−H11) between the exocyclic
olefin proton (H11) and the rhodanine carbonyl carbon atom
(C18) was 5.7 Hz (Figure S59a), in agreement with RCN-
functionalized thiophenes and the literature precedent
concerning analogous oxazolone heterocycles.17,24 Upon
irradiation of 10-ZZ in solution to a photostationary state
(chloroform-d, λirr = 454 nm, vide inf ra), the photochemically
obtained isomeric mixture was analyzed by NMR (Figures
S59b and S72). Solution NMR experiments reveal that
irradiation of 10-ZZ results in an isomeric mixture of
thermodynamically stable 10-ZZ and metastable 10-ZE forms
at the photostationary state (PSS), with no evidence of the 10-
EE form present in the mixture (Figure S59b). Solution IPAP-
gHSMBC analysis of the 10-ZZ/10-ZE mixture reveals that the
three-bond heteronuclear coupling constant (1,3JC18−H11) is
much larger for the RCN unit in the E configuration (Z,E
isomer, 1,3JC18−H11 = 11.0 Hz) than the Z configuration (Z,Z
isomer, 1,3JC18−H11 = 5.7 Hz).17 The 1H NMR chemical shifts
for compounds 11 and 12 show the same trends when
comparing the as-synthesized forms (Z,Z) to the photosta-
tionary state mixtures (Z,Z/Z,E), confirming that both 11 and
12 were isolated as the Z,Z isomers and irradiation to a PSS
generates Z,Z/Z,E mixtures, with no evidence of the E,E form
in any case (Figure 6, Figures S73−S74, vide inf ra).
NMR Photoisomerization Studies. The photoisomeriza-

tion reactions of RCN-functionalized target molecules 1-Z−
12-ZZ are conveniently monitored by solution 1H NMR

(chloroform-d) by comparing the spectrum of the as-
synthesized isomer with the spectrum of the same sample
postirradiation. Full details of the selective irradiation sources
used for the photoisomerization studies can be found in the
Supporting Information (Pages S46−S47, Figure S60). The
distribution of thermodynamically stable forms (Z or Z,Z
isomers) and metastable forms (E or Z,E isomers) at the PSS is
quantified as the photostationary state distribution (PSD) and
the PSDs determined from the 1H NMR integration ratios in
case of all the model compounds (1-Z−12-ZZ) under varying
wavelengths are summarized in Table 1. The 1H NMR spectra
summarizing the photoisomerization results of each RCN-
functionalized target molecule can be found in the Supporting
Information (Figures S63−S88).

Monotopic RCN target molecules bearing one- to three-
thiophene units (1-Z−3-Z and 5-Z−8-Z) display well-behaved
isomerization reactions under multiple wavelengths of selective
irradiation (λirr = 254, 454, 523, and 628 nm) and under
ambient irradiation conditions, whereas monotopic RCN
substrates functionalized with quarterthiophene π-systems (4-
Z and 9-Z) show only minor evidence of Z → E
photoisomerization accompanied by photodegradation and/
or formation of other photoproducts not consistent with olefin
isomerization reactions, except in the case of ambient
irradiation conditions. All ditopic RCN model compounds
(10-ZZ−12-ZZ) undergo well-behaved Z/E photoisomeriza-
tion reactions under multiple wavelengths of selective
irradiation (254, 454, 523, and 628 nm) to result in isomeric
distributions composed of Z,Z and Z,E forms at the PSS, with
no evidence of the E,E forms under prolonged irradiation
conditions.
To understand the effects of solubilizing group substitution

on the observed PSD, compounds 5-Z−7-Z were assessed in
comparison with compounds 1-Z−3-Z. For compound 1-Z,
the 1H NMR aromatic signals representing the as-synthesized

Table 1. Solution 1H NMR-Determined Isomeric
Photostationary State Distributions Achieved by Irradiation
to a Photostationary State in Chloroform-d at a 15 mM
Concentration Unless Otherwise Specified

target molecule

PSD (Z/E or Z,Z/Z,E) @ λirr
254 nma 454 nmb 523 nmb 628 nmb ambientb,c

1-Z 56/44 98/2d 100/0 100/0 89/11
2-Z 69/31 51/49 83/17 97/3 79/21
3-Z 66/34d 66/34 73/27 87/13 74/26
4-Z 86/14d 93/7d 99/1d 93/7d 89/11
5-Z 53/47 99/1d 100/0 100/0 80/20
6-Z 65/35 53/47 81/19 100/0 76/24
7-Z 99/1d 69/31 73/27 88/12 74/26
8-Z 88/12d 80/20 82/18 93/7 78/22
9-Z 95/5d 95/5d 93/7d 99/1d 91/9
10-ZZ 100/0 75/25 85/15 93/7 85/15
11-ZZ 96/4 82/18 87/13 96/4 88/12
12-ZZ 99/1d 92/8 91/9 93/7 94/6

aPhotostationary state distributions (PSDs) are reported as the
average of four separate measurements (standard error <1%).
bPhotostationary state distributions (PSDs) are reported as a single
measurement. cAmbient irradiation experiments were performed
using solutions at 7.5 mM concentration. dIrradiation resulted in
various photoproducts and photodegradation not consistent with Z/E
photoisomerization.
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isomer appear to duplicate upon irradiation with ultraviolet
(UV) light (chloroform-d, λirr = 254 nm) resulting in a 56/44
(Z/E) isomeric mixture at the PSS (Figure 3a). The effect of n-
octyl substitution on the thiophene directly adjacent to the
RCN acceptor unit results in a small, but observable difference
in the experimental PSD.

Under UV illumination (λirr = 254 nm) compound 5-Z
underwent a 3% increase in Z → E conversion compared to
compound 1-Z, resulting in a mixture of 53% 5-Z and 47% 5-E
in chloroform-d at the PSS (Figure 3b). Interestingly,
switching to a longer wavelength of irradiation (blue LED,
λirr = 454 nm) results in only minor evidence of Z/E
isomerization for both 1-Z and 5-Z, accompanied by formation
of various photoproducts not consistent with Z → E
isomerization (Figures S63, S67, and S87). This is an
interesting result considering that the primary charge transfer
band observed by UV−vis (λmax, chloroform, 20 μM) absorbs
most strongly between ca. 350−460 nm for 1-Z and 5-Z,
respectively (Figure S89), with 454 nm illumination over-
lapping primarily with the onset of absorption observed for
both species. Not surprisingly, irradiation at longer wave-
lengths of light (λirr = 523 and 628 nm) produces no
observable photochemistry for 1-Z and 5-Z as neither of these
species absorb past 460 nm in chloroform (Figures S63 and
S67). Similar to the trend observed for ultraviolet irradiation,
ambient (laboratory) irradiation conditions result in greater Z
→ E conversion for 5-Z compared to 1-Z, resulting in PSDs of

80/20 (Z/E) and 89/11 Z/E for 5-Z and 1-Z, respectively
(Figures S75 and S79, Table 1).
The photoisomerization reactions (in chloroform-d) of 2-Z

and 6-Z bearing two thiophene units were compared under
varying wavelengths of irradiation (Table 1). UV irradiation of
compound 2-Z in chloroform-d results in a 69/31 (Z/E)
distribution at the PSS, with no evidence of photodegradation
under these irradiation conditions (Figure S64, Table 1). The
same irradiation conditions applied to compound 6-Z resulted
in a PSD of 65/35 (Z/E), demonstrating a 4% increase in Z →
E conversion for the dioctyl-substituted bithiophene derivative
(6-Z) compared with compound 2 (Figure S68). Similarly,
with blue and green LED (Figures S64 and S68) irradiation, a
minor but notable change in isomeric Z/E composition was
observed for compounds 2-Z and 6-Z (Table 1), with both
resulting in well-behaved Z/E isomerization reactions with no
evidence of other photochemical events. Not surprisingly, red
LED irradiation resulted in only minor evidence of Z/E
isomerization for compounds 2 and 6 (Table 1), given that
neither molecule absorbs strongly in this range. Samples of 2-Z
and 6-Z exposed to ambient (laboratory) light conditions were
susceptible to photoisomerization reactions, resulting in PSDs
of 79/21 (2-Z/2-E) and 76/24 (6-Z/6-E) for compounds 2
and 6, respectively (Figures S76 and S80, Table 1).
With absorbance spectra extending beyond the range of 630

nm upon increased conjugation (Figure 7 and Figure S89),
compounds 3-Z and 7-Z represent some of the most well-
behaved photoswitching RCN-functionalized molecules, with
both species undergoing isomerization reactions under
illumination across the visible spectrum (λirr = 454−628
nm). While some amount of photodegradation was observed
under UV irradiation for 3-Z and 7-Z, photostationary state
distributions ranging between 88/12 (Z/E) and 66/34 (Z/E)
were observed under visible (LED) irradiation conditions
(Figures S65 and S69, Table 1). Under UV irradiation,
compound 3-Z underwent significant Z → E conversion,
resulting in a 66/34 (3-Z/3-E) mixture at the PSS,
accompanied by evident photodegradation.
Interestingly, although similar in structure and optical

absorbance properties, compound 7-Z resisted the olefin
isomerization process almost entirely under 254 nm irradiation
conditions, resulting in primarily degradation events under UV
light (Figure S69, Table 1). However, upon blue, green, and
red LED irradiation, both compounds 3 and 7 displayed
reactivity solely attributed to Z/E isomerization, resulting in
minorly different but notable Z/E isomeric ratios at the PSS,
when compared at the same irradiation conditions (Figure 4,
Table 1). The well-behaved photoisomerization using red LED
can be interesting for photoresponsive functional materials
development upon further structural modification of these
oligothiophenes.25,26

Comparing aldehyde-functionalized RCN target molecules
(8-Z and 9-Z) with corresponding analogs lacking the same
electron-withdrawing modulation (3-Z and 4-Z), a decrease in
the Z → E conversion was observed for the aldehyde-
functionalized molecules. RCN-functionalized molecules with
terthiophene systems (3-Z and 8-Z) and quarterthiophene π-
systems (4-Z and 9-Z) all displayed evidence of photo-
isomerization under 254 nm irradiation, resulting in Z/E
mixtures of 66/34, 86/14, 88/12, and 95/5 for 3-Z, 4-Z, 8-Z,
and 9-Z, respectively, accompanied by significant evidence of
photodegradation for each sample (Figures S65−S66, S70, and
S71). However, with selective excitation in the visible region

Figure 3. 1H NMR spectra (chloroform-d) showing (a) pure 1-Z
(bottom) and 1-Z/E mixture (top) resulting from 254 nm irradiation;
(b) pure 5-Z (bottom) and 5-Z/E mixture (top) resulting from 254
nm irradiation.
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(LED light sources) as well as broad-spectrum ambient
irradiation, well-behaved isomerization reactions were ob-
served for the terthiophene derivatives (Table 1). Comparing
the Z/E PSDs, a decrease in Z → E conversion was observed
for aldehyde-substituted compound 8 versus nonformylated
analog 3, under the blue (14%), green (9%), and red (6%)
LED, and ambient (4%) irradiation conditions (Table 1).
Interestingly, by adding an extra thiophene unit, thus

moving from terthiophene (3-Z, 7-Z, and 8-Z) to quarter-
thiophene (4-Z and 9-Z), the previously observed isomer-
ization behavior is largely suppressed (Figure S88). While the
terthiophene systems display predictable isomerization reac-
tions under the full visible spectrum, the quarterthiophene
target molecules resulted in primarily photodegradation under
all selective wavelengths of irradiation (λirr = 254−628 nm)
with only minor evidence of Z/E photoisomerization (Table
1). The best isomerization results for 4-Z and 9-Z were
obtained under ambient irradiation conditions (Figure 5),
where compound 4-Z resulted in a PSD of 89/11 (4-Z/4-E)
compared to the 91/9 (9-Z/9-E) mixture observed for the
aldehyde-functionalized quarterthiophene analog 9-Z (Figure
5, Table 1). While for INCN-functionalized donor−acceptor
molecules, another popular class of OPV materials, the
photodegradation pathways are well-demonstrated,27−30 ex-
ploring the photodegradation behavior of the RCN-oligothio-
phenes would be insightful for the OPV community to leverage
more robust designs of functional organic materials.

The ditopic RCN-functionalized molecules (10-ZZ−12-ZZ)
demonstrate well-behaved isomerization reactions under all
selective excitation wavelengths in the visible region (454, 523,
and 628 nm). Upon irradiation to a PSS, the ditopic RCN-
functionalized model compounds display mixtures of thermo-
dynamically stable Z,Z and metastable Z,E forms, with no
evidence of the E,E isomer in any case. Under 454 nm
irradiation, compound 10-ZZ undergoes isomerization to
generate a 75/25 (10-ZZ/10-ZE) mixture at the photosta-
tionary state (Figure 6a, Table 1). Green and red LED
irradiation of 10-ZZ in chloroform-d also promotes Z/E
isomerization reactions, resulting in PSDs of 85/15 (Z,Z/Z,E)
and 93/7 (Z,Z/Z,E) from 523 and 628 nm irradiation sources,
respectively (Figure S72, Table 1). Compound 11-ZZ displays
well-behaved isomerization under all wavelengths of selective
irradiation, resulting in PSDs of 96/4, 82/18, 87/13, and 96/4
(11-ZZ/11-ZE) for 254, 454, 523, and 628 nm excitation
wavelengths, respectively (Figure S73, Table 1). Irradiation of
compound 12-ZZ in chloroform mostly results in degradation
under UV light, however, Z/E isomerization was observed
upon 454, 523, and 628 nm irradiation to result in isomeric
mixtures of 92/8, 91/9, and 93/7 (12-ZZ/12-ZE), respectively
(Figure S74, Table 1). Ambient irradiation also results in Z/E
photoisomerization of the ditopic RCN-oligothiophenes (10-
ZZ−12-ZZ) with up to 15% isomerization achieved under
these conditions (Figures S84−S86, Table 1).

Figure 4. 1H NMR spectra (chloroform-d) showing (a) pure 3-Z
(bottom) and 3-Z/E mixture (top) resulting from 454 nm irradiation;
(b) pure 7-Z (bottom) and 7-Z/E mixture (top) resulting from 454
nm irradiation.

Figure 5. 1H NMR spectra (chloroform-d) showing (a) Pure 4-Z
(bottom) and 4-Z/E mixture (top) resulting from ambient irradiation.
(b) Pure 9-Z (bottom) and 9-Z/E mixture (top) resulting from
ambient irradiation.
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UV−Vis Photoisomerization Studies. Ultraviolet−visi-
ble spectroscopy (UV−vis) was used to study the photo-
isomerization reactions of RCN-functionalized substrates 1-Z−
3-Z, 5-Z−8-Z, and 10-ZZ−12-ZZ by monitoring changes to
absorption profile of the original (as-synthesized) material as a
function of irradiation time (Figures S89−S95, vide inf ra). The
photophysical properties obtained via irradiation to a PSS
(chloroform, 20 μM) and time-dependent DFT-predicted
photophysical properties for thermodynamically stable forms
(Z or Z,Z) and metastable forms (E or Z,E) are summarized in
Table 2. The solution absorption maxima (λmax) for all RCN-
functionalized substrates are attributed to HOMO−LUMO
transitions with intramolecular charge-transfer character. The
secondary excitations are HOMO−1 to LUMO transitions of
π−π* character, as observed by visual inspection of the frontier
MOs predicted by DFT analysis.
The λmax transitions for compounds 1-Z and 5-Z lie at 399

and 420 nm, respectively, and the secondary transitions near
300 nm are π−π* transitions (Figure S89). Upon irradiation to
a photostationary state (λirr = 254 nm), a 4.2% increase in the
λmax absorbance was observed for 1-Z, accompanied by a 14
nm redshift in the absorption maximum from the as-
synthesized target molecule (1-Z, λmax = 399 nm) to the
isomeric mixture (1-Z/1-E, λmax = 413 nm) at the PSS (Figure
S89a, Table 2). Similar trends were observed upon 254 nm
irradiation of 5-Z in chloroform (Figure S89b). A 3.6%
increase in maximum absorbance was observed upon

irradiation of 5-Z in solution (λirr = 254 nm), accompanied
by a 2 nm redshift from the pure sample (5-Z, λmax = 420 nm)
to the PSS mixture (5-Z/5-E, λmax = 422 nm) achieved
postirradiation (Figure S89b, Table 2).
Since the pure samples of 1-E or 5-E could not be isolated,17

the theoretical absorption profiles of 1-E and 5-E were
simulated using time-dependent density functional theory
(TD-DFT) methods. Excited-state calculations were per-
formed at the CAM-B3LYP/cc-pVDZ level for the RCN
model compounds after gas-phase geometry optimizations at
the B3LYP/6-31+G(d) level of theory. All octyl chains were
truncated to methyl groups to reduce the computational cost.
For compound 1-Z, the absorbance maximum (λmax) was
predicted by TD-DFT to be 349 nm in the gas-phase (Figure
S89c). The calculated absorbance profile for 1-E (λmax = 360
nm) represents an 11 nm redshift compared to the 1-Z form,
accompanied by a 7.7% increase in molar absorptivity (ε) from
1-Z (ε = 3.46 × 104 L mol−1 cm−1) to 1-E (ε = 3.73 × 104 L
mol−1 cm−1) as predicted by excited-state DFT calculations
(Figure S89c, Table 2). The TD-DFT calculated absorption
maxima are 352 and 364 nm for 5-Z and 5-E, respectively. The
experimental trends compare very well with the trends
observed from the simulated UV−vis spectra, showing a
large spectral overlap between Z and E isomers for compounds
1 and 5 (TD-DFT) and Z isomers and Z/E mixtures as
obtained postirradiation in chloroform (Figure 7 and S89).
For the monotopic bithiophene derivatives, compounds 2-Z

and 6-Z, the HOMO−LUMO charge-transfer bands (λmax) are
at 476 and 472 nm, respectively, with π−π* transitions
between 300−350 nm for 2-Z (Figure S88a) and 6-Z (Figure 7
and S90b) in chloroform. Irradiation of the 2-Z UV−vis
sample (chloroform, 20 μM) to various photostationary states
under 523, 454, and 254 nm excitation are shown in Figure
S90a, with the PSS composition at 454 nm hosting the largest
concentration of 2-E isomers in solution, in excellent
agreement with the 1H NMR calculated PSDs (Table 1, vide

Figure 6. 1H NMR spectra (chloroform-d) showing (a) pure 10-ZZ
(bottom) and 10-ZZ/ZE mixture (top) resulting from ambient
irradiation; (b) pure 12-ZZ (bottom) and 12-ZZ/ZE mixture (top)
resulting from 454 nm irradiation.

Table 2. Experimental (UV−Vis, Chloroform) and Time-
Dependent DFT Simulated (CAM-B3LYP/cc-pVDZ, Gas-
Phase) Photophysical Properties for Compounds 1−12

model
compound

λmax
a (nm) λmax

b (nm)/εc

Z or
Z,Zd

Z/E or
Z,Z/Z,Ee Z or Z,Z E or Z,E

1-Z 399 413f 349/34 600 360/37 300
2-Z 476 483g 413/43 200 422/49 200
3-Z 510 517g 449/57 800 458/64 000
4-Z 525 475/66 900 481/76 600
5-Z 420 422f 352/35 700 364/38 000
6-Z 472 481g 412/41 200 424/47 300
7-Z 506 513g 453/55 000 461/61 300
8-Z 500 508g 460/65 400 467/72 200
9-Z 518 482/80 700 488/87 800
10-ZZ 510 517g 469/74 600 476/80 500
11-ZZ 446 449g 441/67 500 449/73 200
12-ZZ 533 537g 491/79 500 496/88 200

aUV−vis measured as 20 mM solutions in chloroform. bDerived from
gas-phase time-dependent density functional theory (TD-DFT) at the
CAM-B3LYP/cc-pVDZ level of theory. cMolar extinction coefficients
(ε) reported in L mol−1 cm−1. dPhotophysical properties of as-
synthesized monotopic (Z isomer) and ditopic (Z,Z isomer)
substrates. eProperties of as-synthesized/metastable isomeric mixtures
for monotopic (Z/E) and ditopic (Z,Z/Z,E) substrates obtained via
irradiation to a PSS. fλirr = 254 nm. gλirr = 454 nm.
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supra). The optical profile observed for the 2-Z/E PSS mixture
(λmax = 483 nm) after 454 nm irradiation represents a 7 nm
redshift in absorbance maximum compared to the pure sample
(2-Z, λmax = 476 nm), accompanied by a 9.4% increase in
absorbance value for the 2-Z/E mixture at the photostationary
state (λirr = 454 nm).
Compound 6-Z follows the same trends after 523, 454, and

254 nm irradiation (Figure S90b), matching well the relative 6-
Z/E isomeric ratios observed for postirradiated samples by 1H
NMR in chloroform-d (Table 1), with the highest extent of Z
→ E conversion obtained upon 454 nm irradiation. In addition
to the 9 nm redshift, a 9.8% increase in absorbance maximum
was observed for the 6-Z/E mixture compared to the λmax
transition of the pure Z isomer. The computationally derived
absorption profiles for compounds 2-Z and 6-Z show λmax
values of 413 and 412 nm, respectively (Figure S90), with the
E isomers showing a red-shifted absorption profile for both
compounds 2 (9 nm) and 6 (12 nm). Compared to the
corresponding Z forms, an increase in the molar absorptivity
(ε) for the E isomers was observed for both cases, which
confirms the striking resemblance of the computationally
derived trends to the solution UV−vis profiles (Figure S90,
Table 2).
With compounds 3 and 7, the lowest energy absorption

maxima (λmax) were red-shifted compared to previously
discussed compounds (1, 2, 5, and 6), due to the larger
extent of π-conjugation, and were observed at 510 nm (3-Z)
and 506 nm (7-Z), respectively, with π−π* transitions

absorbing most strongly between 290−380 nm for each
species in chloroform (Figures S91 and 7). Results from
irradiation of 3-Z and 7-Z in chloroform with 628, 523, and
454 nm excitation are shown in the Supporting Information
(Figure S91), with the PSS Z/E mixture at 454 nm excitation
representing the largest Z to E conversion for both the
compounds. The results are further supported by the 1H NMR
calculated PSDs under various irradiation wavelengths (Table
1, vide supra). The UV−vis profiles for the Z/E mixtures of 3
and 7 show a redshift in λmax compared to the as-synthesized Z
isomer, accompanied by an increase in absorbance for the Z/E
mixture at the PSS compared to the UV−vis profile of pure Z
isomer. The TD-DFT calculated absorption profiles for
compounds 3 and 7 show an excellent resemblance to the
solution ones and the trend of Z and E isomer profiles matches
well with the other target molecules, as detailed in Table 2 and
Figure S91.
The λmax transition for aldehyde-bearing compound 8-Z

absorbs most strongly at 500 nm in chloroform (Figure S93a),
which is a 10 nm blue-shift compared to its nonformylated
analog 3-Z. Similar photoisomerization behavior was observed
for 8-Z, with a gradual increase in absorbance upon Z → E
conversion, accompanied by a redshift in λmax as the pure
sample is irradiated with 454, 523, and 628 nm light sources to
form 8-Z/E mixtures at each respective photostationary state
(Figure S93). A λmax of 467 nm was observed for the calculated
(TD-DFT) absorbance for 8-E, representing a 7 nm redshift
with respect to the 8-Z molecule (λmax = 460 nm); the trend
matches well with the solution results (Figure S93c).
The quarterthiophene analogs 4-Z and 9-Z have the most

red-shifted absorption profiles among the monotopic RCN-
oligothiohenes, with maximum absorbances observed at 525
and 518 nm, respectively (Figure S92). This can be attributed
to the significant π-conjugation present in these molecules.
Since photodegradation was observed for 4-Z and 9-Z under
selective irradiation NMR experiments, detailed photoisome-
rization studies by UV−vis were not performed for these
compounds. However, TD-DFT simulated absorption profiles
for compounds 4 and 9 were calculated and found to show
similar trends as the monotopic target molecules (Figure S92,
Table 2).
The optical profiles for the ditopic RCN-functionalized

model compounds are shown in Figure 8 and in the
Supporting Information (Figures S93 and S94). The
absorbance maximum for compound 10-ZZ lies at 510 nm
in chloroform (Figure 8a). Irradiation of 10-ZZ generates a 10-
ZZ/10-ZE mixture at the PSS, which was highest in 10-ZE
isomer concentration upon blue LED irradiation (λirr = 454
nm). The 10-ZZ/ZE mixture has a λmax value of 517 nm, red-
shifted from the pure 10-ZZ molecule by 7 nm and
accompanied by a 0.5% increase in absorbance for the ZZ/
ZE mixture (Figure 8a). The TD-DFT calculated UV−vis
profile for 10-ZZ predicts a λmax value of 469 nm (Figure 8b).
A 7 nm redshift was predicted for 10-ZE (λmax = 476 nm)
compared to 10-ZZ (λmax = 469 nm), accompanied by a 7.9%
increase in molar absorptivity from 10-ZZ (ε = 7.46 × 104 L
mol−1 cm−1) to 10-ZE (ε = 8.05 × 104 L mol−1 cm−1).
The absorbance maximum for compound 11-ZZ lies at 446

nm in chloroform (Figure 8a), which represents a 64 nm blue-
shift from 10-ZZ and can be attributed to the incorporation of
octyl chains in the thiophene units. This observation is
consistent with introduced steric interactions in the π-
conjugated framework resulting in a hypsochromic shift in

Figure 7. (a) Solution UV−vis absorption spectra (chloroform, 20
μM) of 5-Z, 6-Z, and 7-Z (solid lines) and corresponding Z/E
mixtures obtained after irradiation to a photostationary state (dashed
lines). (b) Time-dependent DFT absorption profiles for Z isomers
(solid) and E isomers (dashed) of 5, 6, and 7.
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the absorption profile.31 Only slight changes were observed in
the absorbance profile from the pure sample when irradiated
with 523 nm, 454 nm, and 254 nm light to form 11-ZZ/ZE
mixtures postirradiation (Figure S93b). Blue LED (λirr = 454
nm) irradiation initiates the greatest Z → E conversion based
on 1H NMR studies (Table 1, vide supra), resulting in a 3 nm
redshift in λmax for the 11-ZZ/ZE mixture (λmax = 449 nm)
compared to the pure Z,Z isomer (λmax = 446 nm). Gas-phase
DFT simulations predict a λmax of 449 nm for 11-ZE, reflecting
an 8 nm redshift with respect to the 11-ZZ molecule (λmax =
441 nm), with an 8.5% increase in molar absorptivity (ε)
between 11-ZE and 11-ZZ (Figure 8b). However, comparable
increases in absorbance were not observed upon Z → E
photoisomerization for 11-ZZ and 11-ZZ/ZE (Figure 8a).
Compound 12-ZZ shows the most red-shifted absorption

profile, with a λmax of 537 nm, among the three ditopic RCN
structures we have investigated, as it offers the most π-
conjugation. Upon 454 nm irradiation, a 4 nm redshift was
observed for the 12-ZZ/12-ZE mixture at the PSS from the
pure 12-ZZ, accompanied by a 2.6% absorbance increase for
12-ZZ/ZE compared to 12-ZZ (Figure 8a and Figure S94).
The TD-DFT calculated UV−vis profiles for 12-ZZ and 12-ZE
predict λmax values at 491 and 496 nm, respectively,
accompanied by a 10.9% molar absorptivity increase from
12-ZZ to 12-ZE (Table 2, Figure 8b). Though the E,E isomers
were not observed experimentally upon photoirradiation for
the ditopic compounds 10−12, TD-DFT modeling revealed
absorbance maxima of 482 nm, 459 nm, and 502 nm for
compounds 10, 11, and 12, respectively (Figures S93 and

S94). The trend was similar for all the targets (compounds
10−12), with an absorbance increase predicted going from the
Z,E isomers to the E,E ones, accompanied by a red-shifted λmax
(Figures S93 and S94).

Concentration Dependent Studies. To assess the effect
of π−π interactions in solution on the extent of photo-
isomerization of these RCN oligothiophenes, concentration-
dependent 1H NMR studies (chloroform-d) were performed
using 2-Z and 3-Z as model compounds (Figures S61 and
S62). Samples of pure 2-Z were prepared in concentrations
varying from 5 mM to 35 mM before each solution was
irradiated to a PSS using blue LED light (λirr = 454 nm). The
results of the experiment show a concentration dependence on
the observed Z/E isomeric distributions at the PSS, ranging
from 43/57 (2-Z/2-E) for the 5 mM sample to 60/40 (2-Z/2-
E) for the 35 mM sample (Figure S61). The observed trends
indicate that samples of higher concentration (35 mM) result
in less Z → E conversion compared with more dilute samples
(5 mM), possibly due to the greater extent of π−π interactions
in solution for the more concentrated samples which may
impede the degrees of freedom necessary to undergo
isomerization reactions in solution.32 In addition, a gradual
shielding effect was observed for the chemical shift of the 2-Z
exocyclic olefin proton near 8.03 ppm, representing a chemical
shift change from 8.031 ppm (5 mM) to 8.017 ppm (35 mM).
The chemical shift values of other protons in the 2-Z/E
mixture were also subject to change as a function of
concentration (Figure S61). However, the exocyclic olefin
protons corresponding to 2-Z (ca. 8.03 ppm) and 2-E (ca. 7.33
ppm) within the isomeric mixture underwent the most
significant changes in chemical shift.
The concentration-dependent 1H NMR studies (chloro-

form-d) for compound 3 were performed using a concen-
tration range from 1.25 mM to 30 mM upon irradiation to a
PSS using 454 nm light (Figure S62). Similar to compound 2,
the concentration of the samples is found to affect both the
chemical shift and PSD in the case of 3-Z. Isomeric
distributions ranging from 44/56 (3-Z/3-E) to 82/18 (3-Z/
3-E) were observed upon irradiation of 1.25 mM and 30 mM
samples of 3-Z, respectively. The observed discrepancies in Z/
E isomeric distributions at the PSS indicate resistance toward Z
→ E conversion for samples higher in concentration (Figure
S62).
Comparing the concentration-dependent PSDs obtained for

3-Z with those observed for 2-Z, within a similar range of
concentration of 5 mM−30 mM, it was determined that
compound 3-Z experiences a greater degree of suppression of
Z → E conversion at higher concentrations. This is reflected in
the PSD range between 52/48 (3-Z/3-E) and 82/18 (3-Z/3-
E) representing a 30% decrease in E isomer content as a
function of increasing concentration from 5 mM to 30 mM
(Figure 9, right spectra), whereas the PSDs for compound 2
range from 43/57 (2-Z/2-E) to 57/43 (2-Z/2-E), representing
only a 14% decrease in Z → E conversion between 5 mM and
30 mM samples, respectively (Figure 9, left spectra). In
addition, a gradual shielding effect was observed by 1H NMR
for the 3-Z exocyclic olefin proton, ranging from 8.032 to
8.015 ppm for the 5 mM and 30 mM samples, respectively
(Figure 9, right spectra). The observed change in chemical
shift (Δδ) was more pronounced for 3-Z (Δδ = 0.017 ppm)
compared to 2-Z (Δδ = 0.011 ppm). The results of these
experiments indicate that π−π interactions are non-negligible
for RCN-functionalized thiophenes in solution, and these

Figure 8. (a) Solution UV−vis absorption spectra (chloroform, 20
μM) of 10-ZZ, 11-ZZ, and 12-ZZ (solid lines) and corresponding
Z,Z/Z,E mixtures obtained after irradiation to a photostationary state
(dashed lines). (b) Time-dependent DFT absorption profiles for Z,Z
isomers (solid) and Z,E isomers (dashed) of 10, 11, and 12.
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interactions may be responsible for the observed changes in
chemical shift and the varying Z/E isomeric distributions
obtained at different solution concentrations.
The results observed for 2-Z and 3-Z may explain the lack of

well-controlled Z/E isomerization observed for quarter-
thiophene RCN derivatives, compounds 4-Z and 9-Z,
considering their larger extent of π conjugation and possibly
stronger π−π interactions (Table 1). However, the associated
energy change at the ground- and excited state levels upon
increased conjugation33 in compounds 4 and 9 might facilitate
different photochemical pathways34,35 for these compounds
leading to degradation over well-controlled photoisomeriza-
tion. Although a significant effect of aggregation on the extent
of photoisomerization is observed from the NMR studies (in
the mM concentration range), almost no change in absorption
profiles is recorded for compound 3-Z from 10−120 μM
(Figure S96). Additionally, the Z → E photoisomerization is
almost entirely inhibited for compound 4-Z even upon
prolonged irradiation (24 h), as confirmed from the NMR
study (15 mM, Figure S88). However, well-controlled Z → E
photoisomerization is observed for 4-Z by UV−vis at 20 μM,
Figure S95) upon 454 nm light irradiation. This also highlights

that the quarterthiophenes might undergo aggregation at mM
concentration restricting the photoisomerization process,
unlike at μM concentration. Considering this aggregation
effect in solution and the significant impact of Z/E photo-
isomerization on thin-film morphology and optoelectronic
properties observed in donor−acceptor oligothiophenes,18 we
believe the current structure−property analyses will broadly
inform the OPV community to consider photoisomerization in
the context of OPV applications.

UV−Vis Photoswitching Studies. Considering the well-
behaved photoisomerization behavior of compounds 3-Z and
7-Z upon excitation using all visible light sources (λirr = 454,
523, and 628 nm), we studied the reversibility of the
photoisomerization reactions by performing photoswitching
studies with these compounds using alternating 454 and 628
nm irradiation (Figures S97 and S98). Compound 3-Z was
irradiated in solution (20 μM, chloroform) with a shorter
wavelength light source (λirr = 454 nm) to promote Z → E
isomerization to obtain a PSS, while exposing the PSS mixture
to a longer wavelength of irradiation (λirr = 628 nm) promoted
E → Z isomerization until a new PSS was reached (Figure 10

and Figure S97). A similar photoswitching experiment was
performed with compound 7-Z (Figure S98). Excitingly, even
after ten photoswitching cycles, facile photoswitching was
observed for both compounds with only minor evidence of
photodegradation. The excellent fatigue-resistant behavior and
facile photoswitching using visible light excitation bodes well
for designing photoresponsive materials in the future.36

Thermal Isomerization Studies. To investigate the
thermal E → Z isomerization, a solution of compound 2-Z
(15 mM, chloroform-d) was used considering its well-behaved
photoisomerization behavior. A PSS mixture of 50/50 (2-Z/2-
E) was kept in the dark and no thermal E → Z conversion was
observed at room temperature (Figures S99 and S100).
However, at an elevated temperature (40 °C), thermal
isomerization was observed with the Z/E ratio obtained as
54/46 as monitored up to 120 h (Figure S101). To further
investigate the solvent effect on thermal isomerization, samples
of compound 2-Z were prepared in different polarity solvents,
and thermal isomerization was monitored at 65 °C up to 24 h.
The PSS ratio upon 454 nm irradiation of 2-Z/2-E was found
to be 44/56, 50/50, and 41/59 in toluene-d8 (Figure S104),
tetrachloroethane-d2 (Figure S106), and acetonitrile-d3 (Figure
S102), respectively, suggesting the extent of Z → E
photoisomerization is dependent on the solvent medium. For

Figure 9. 1H NMR spectra (chloroform-d) showing (a) 2-Z/2-E
(top) and (b) 3-Z/3-E (bottom) isomeric distributions as a function
of concentration increasing from 5 mM (bottom spectra) to 30 mM
(top spectra). The change in chemical shift of the isomerizable olefin
proton of the Z isomer is shown by the expanded inset (left).

Figure 10. Photoswitching of compound 3-Z (chloroform, 20 μM).
The absorbance change at 515 nm was monitored while alternating
between 454 and 628 nm wavelengths of irradiation.
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thermal E → Z isomerization, in less polar solvents like
toluene-d8 and tetrachloroethane-d2, only minor isomerization
was observed, with the PSS ratio of 45/55 (Figure S105) and
52/48 (Figure S107), respectively. Interestingly, in a more
polar solvent (acetonitrile-d3), a PSS mixture of 41/59 (2-Z/2-
E) was observed to revert to 70/30 (2-Z/2-E) at 65 °C to
achieve thermal equilibrium (Figures S102 and S103). This
observation of higher extent of thermal E → Z isomerization in
a more polar solvent (e.g., 49% in acetonitrile) compared to
less polar ones (e.g., 2% in toluene and 4% in tetrachloro-
ethane) is consistent with our previous studies using INCN-
functionalized thiophene photoswitches.27

NMR Photodegradation Studies. As a few RCN-
oligothiophene molecules did not undergo well-behaved
photoisomerization, and resulted in photodegradation, more
in-depth studies were performed using model compound 1-Z
to investigate the fate of the molecule upon prolonged
photoirradiation. In chloroform-d, as the irradiation time
progresses, the disappearance of the isomerizable olefin proton
(δ = 8.11 ppm) is observed, along with appearance of a singlet
at δ = 5.39 ppm, accompanied by other peaks that are
inconsistent with 1-Z or 1-E structures (Figure S117). While
the photoinduced side-product could not be confirmed from
the preliminary NMR spectroscopic measurements (Figures
S118 and S119), tandem pericyclic reactions or photo-
epoxidation reactions are suspected to occur, as reported for
related INCN-functionalized thiophenes.27,29,30 As both Z → E
photoisomerization and E → Z thermal isomerization
processes are found to be dependent on solvent medium, the
photodegradation behavior was also tested in different polarity
solvents. Both in toluene-d8 (Figures S114−S116) and
acetonitrile-d3 (Figures S120−S122), a similar photochemical
outcome was observed, with the disappearance of the olefin
proton signal (δtoluene‑d8 = 7.69 ppm, and δacetonitrile‑d3 = 8.16
ppm), accompanied by the appearance of a single peak
(δtoluene‑d8 = 5.53 ppm, and δacetonitrile‑d3 = 5.40 ppm). As the
photodegradation was monitored by the disappearance of the
olefin proton peak, the photoinduced side reaction seems to be
faster in a more polar solvent (within 24 h in acetonitrile-d3
versus ∼60 h in toluene-d8 and chloroform-d). TLC analysis
(in dichloromethane) revealed a similar Rf value for the side
product as pure 1-Z (Figures S123−S125). Furthermore, the
irradiated mixtures were passed through a silica column using
dichloromethane as the eluent, where similar NMR spectra
were obtained after purification for all three mixtures. This
suggests the formation of similar photoproducts upon
irradiation in all solvents (Figure S126). Direct analysis in
real time (DART)−mass spectrometry (MS) confirms the
same molecular mass for the photoirradiated products as
compound 1-Z (molar mass: 371.517 g/mol, molecular
formula: C19H21N3OS2), suggesting no reaction with exoge-
nous species and eliminating photo-oxidation reactions (Figure
S130−S133). More in-depth NMR spectroscopic analysis
confirms a tandem pericyclic reaction is involved, where 1-Z
can photoisomerize to 1-E, followed by consecutive 6π-
electrocyclic reaction and 1,5-sigmatropic rearrangement
(Figure S127−S129). The aliphatic proton involved in the
final 1,5-hydride shift step is found to be deshielded to 5.39
ppm, due to adjacent electronegative atoms, characteristic of
the photocyclization process (Figure S128).
Theoretical Investigations. The ground-state configura-

tional (Z and E) and conformational (s-trans and s-cis)
preferences for compounds 1-Z−12-ZZ were investigated by

DFT at the B3LYP/6-31+G(d) level of theory as implemented
in Gaussian 09.37 Monotopic RCN-functionalized target
molecules (compounds 1−9) were optimized in the Z and E
isomeric forms at the two lowest energy conformations (s-cis
and s-trans). The s-cis and s-trans conformers adopt a nearly
planar geometry with respect to the adjacent rhodanine
heterocycle and represent a 180° rotation about the σ bond
connecting the first thiophene unit with the isomerizable
exocyclic olefin between each planar conformation. The
structures for each monofunctionalized RCN derivative are
shown in the Supporting Information (Figures S108−S110).
The ditopic RCN substrates (compounds 10, 11, and 12) were
optimized in the Z,Z and Z,E olefin configurations, each
adopting the two lowest energy conformational possibilities (s-
cis and s-trans). While the E,E isomers were not observed
experimentally for compounds 10−12, these structures were
also modeled by DFT to simulate the ground-state frontier
MO levels and relative energies. The line-angle structures for
each difunctionalized target molecule are shown in the
Supporting Information (Figures S111 and S112).
The structures of monotopic RCN target molecules varying

in π-conjugation length (compounds 1−4) are shown in the
Supporting Information (Figure S108), and the computation-
ally derived data for these structures are summarized in Table
S1. For compounds 1−4, the Z configurational isomer is found
to be the global minimized structure. Both the Z and E
configurational isomers adopt the s-trans conformation
representing the lowest energy structures in their respective
configurations, with their energy being lower relative to the
corresponding s-cis conformers (Table S1). The detailed
relative energy values of all possible conformers for compounds
1, 2, 3, and 4 are included in Table S1.
The structures of monotopic RCN target molecules bearing

an extra solubilizing group on the thiophene adjacent to RCN
(compounds 5−7) are shown in Figure S109, and the
computationally derived data for these structures are
summarized in Table S2. The configurational and conforma-
tional energetic trends for 5−7 match closely the trends
observed for the targets 1−3. For compounds 5−7, the Z
isomers in the s-trans conformation represent the lowest
energy of all structures and are approximately 3.20−3.40 kcal
mol−1 lower in energy than the corresponding E isomers in the
s-trans conformation (Table S2). The monotopic RCN target
molecules with aldehyde substitution (compounds 8 and 9,
Figure S110) follow the previously established trends, wherein
the Z isomers (in the s-trans conformation) are more stable
than the corresponding E isomers by 3.20−3.33 kcal mol−1

(Figure S110 and Table S3).
The stereochemical (Z and E) and conformational (s-cis and

s-trans) possibilities for the difunctionalized RCN target
molecules (compounds 10−12) are more complex given the
di-RCN substitution. Each ditopic RCN target molecule can be
optimized as the Z,Z isomer, the Z,E isomer, and the E,E
isomer. Beyond stereochemical considerations for each RCN
moiety, a ditopic substrate can adopt either an s-cis or s-trans
conformation as the two lowest energy preferences, resulting in
a total of 10 possible configurational/conformational combi-
nations for each ditopic target molecule. The ditopic RCN
substrates (compounds 10−12) were optimized in the Z,Z,
Z,E, and E,E olefin configurations, each adopting the two
lowest energy conformational possibilities (s-cis and s-trans).
Each Z,Z isomer for compounds 10−12 were modeled in the
s-trans/s-trans conformations (Figure S111a), s-trans/s-cis
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conformations (Figure S111b), and s-cis/s-cis conformations
(Figure S111c). The computationally derived data for the Z,Z
configurations are summarized in Table S4. In general, the Z,Z
(s-trans/s-trans) structures represent the global energy
minimum for all three compounds compared to their other
possible s-trans/s-cis or s-cis/s-cis conformers in the Z,Z
configuration.
The Z,E isomeric structures for each difunctionalized target

molecule are shown in Figure S108. For the Z,E isomers, there
are four conformational possibilities associated with the ditopic
RCN functionalization on each terminus of the respective
thiophene π-systems. The possible structures include (Z)-s-
trans/(E)-s-trans, (Z)-s-trans/(E)-s-cis, (Z)-s-cis/(E)-s-trans,
and (Z)-s-cis/(E)-s-cis. The computationally derived data for
compounds 10−12 in the Z,E configurations are summarized
in Table S5. Similar to the trends observed previously with the
Z,Z isomers, the Z,E isomers in the s-trans/s-trans
conformations represent the lowest energy structures for all
the ditopic compounds (Table S5).
The E,E isomeric structures for each difunctionalized target

molecule are shown in Figure S113. Each E,E isomer for
compounds 10−12 were modeled in the s-trans/s-trans
conformations (Figure 113a), s-trans/s-cis conformations
(Figure 113b), and s-cis/s-cis conformations (Figure 113c).
The computationally derived data for the E,E configurations
are summarized in Table S6, which denotes that the s-trans/s-
trans structure is the lowest energy conformation among the
possible conformers adopting the E,E configuration. Compar-
ing the lowest energy conformers (s-trans/s-trans) for all the
possible different configurations (Z,Z; Z,E; and E,E) of the
ditopic targets (10−12), the Z,Z isomers (0.00 kcal/mol) are
found to be the most stable compared to their Z,E counterparts
(2.93−3.20 kcal/mol), with the E,E ones being least stable
(6.03−6.52 kcal/mol, Table S7). The high relative energy of
the E,E isomers at the ground-state might explain the fact that
only Z,E isomers were obtained postirradiation of the Z,Z
samples in solution, with no evidence of formation of the E,E
isomers. A similar trend was observed for the fused bis(hemi-
indigo) derivatives of their energy-minimized ground- and
excited-state structures.38 Also acknowledging the fact that the
electronic decoupling at the excited state has a significant
impact on the photoisomerizable architectures consisting of
multiple azo-bonds,39,40 it would be beneficial to design novel
difunctionalized RCN-oligothiophenes to achieve their E,E
counterparts through structural modifications supported by in-
depth quantum chemical calculations in the future. This might
be of more interest to the OPV community to investigate how
the accumulation of the metastable E isomer of these RCN-
oligomers would affect the organic solar cell (OSC) efficiency.

■ CONCLUSIONS
An extensive structure−property relationship investigation has
been performed with respect to the solution Z/E photo-
isomerization behavior of a library of monotopic (1-Z−9-Z)
and ditopic (10-ZZ−12-ZZ) dicyanorhodanine (RCN)-
functionalized thiophenes. The as-synthesized olefin stereo-
chemistry for 1-Z−9-Z was determined to be the Z isomer in
all cases, with the E form only obtained upon selective
photoirradiation using UV (λirr = 254 nm) and visible (λirr =
454, 523, and 628 nm) light. Stereochemical analysis of ditopic
model compounds (10-ZZ−12-ZZ) has confirmed that the
thermodynamically stable Z,Z isomers are obtained as the only
detectable isomers from synthesis, whereas the Z,E forms were

formed upon irradiation to a photostationary state with no
evidence of the corresponding E,E forms. An evaluation of the
relative Z/E and Z,Z/Z,E gas-phase energies and conforma-
tional preferences via ground-state DFT calculations (B3LYP/
6-31+G*) confirmed that the Z olefin stereochemistry in the s-
trans conformation represents the lowest energy structural
possibility for RCN units appended to all 12 target molecules.
The photoisomerization processes were monitored by NMR

and UV−vis spectroscopic studies with good agreement. It was
shown that all 12 RCN-functionalized thiophenes are
susceptible to Z/E photoisomerization reactions in solution.
For the monotopic target compounds, while alkylation at the
thiophene unit shifted the absorption maximum to the red
(∼20 nm) for monothiophene targets (1-Z and 5-Z), a ca. 4
nm blue-shift was observed for bis- (2-Z and 6-Z) and
terthiophene (3-Z and 7-Z) compounds. A significant redshift
was observed upon extending the π-conjugation with
thiophene units, which also enable red-light-induced photo-
isomerization. Interestingly, quarterthiophene compounds 4-Z
and 9-Z resist this process almost entirely except under
ambient irradiation conditions. All the ditopic RCN-
oligothiophenes (10-ZZ−12-ZZ) were shown to undergo
well-controlled photoisomerization upon visible-light irradi-
ation, while extending the conjugation from bis- (10-ZZ) to
terthiophene (10-ZZ) units suppressed Z → E isomerization.
Importantly, concentration-dependent 1H NMR photoisome-
rization studies revealed the role of aggregation for compounds
2-Z and 3-Z, where higher concentrations resulted in
diminished Z → E conversion under 454 nm irradiation
compared to more dilute samples in chloroform-d. The
concentration-dependent chemical shift changes observed for
the aromatic protons of 2 and 3 are consistent with π−π
interactions.
Ending with a word of caution, all the studied RCN-

oligothiophenes undergo well-behaved Z/E photoisomeriza-
tion under ambient laboratory light conditions, yielding 6−
26% of the metastable isomer. These percentages are more
than sufficient to affect solid-state morphology and optoelec-
tronic properties, and represent impurity levels well beyond the
typical tolerances for OPV applications. We are hopeful that
these in-depth structure−property investigations will continue
to be of both practical importance to the organic
optoelectronics community and inform the design of future
generations of organic photoswitches.

■ EXPERIMENTAL METHODS
General Methods. Reagents and solvents were purchased from

commercial sources and used without further purification unless
otherwise specified. THF was degassed in a 20 L drum and passed
through activated alumina under a positive argon atmosphere. Thin-
layer chromatography (TLC) was performed on SiO2-60 F254
aluminum plates with visualization by UV light. Column chromatog-
raphy was performed using silica gel technical grade, pore size 60 Å,
230−400 mesh particle size, 40−63 μm particle size from Sigma-
Aldrich. 1H (13C) NMR were recorded on an INOVA-500 (1H at 500
MHz; 13C at 125 MHz) spectrometer and a Bruker 600 MHz
spectrometer (1H at 600 MHz; 13C at 150 MHz). Chemical shifts (δ)
are given in parts per million (ppm) referenced to residual deuterated
solvent purchased from Cambridge Isotope Laboratories, Inc.
(CDCl3: δ H 7.26 ppm, δ C 77.16 ppm). Abbreviations used are s
(singlet), d (doublet), t (triplet), q (quartet), quin (quintet), and m
(multiplet). Electrospray ionization (ESI) high-resolution mass
spectra (HRMS) were recorded on an Agilent 6210 TOF
spectrometer with MassHunter software. Note: Due to the photo-
sensitivity of the RCN-functionalized products, the reaction vessels
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were covered with aluminum foil for the synthesis of 1-Z−12-ZZ.
Aluminum foil was used to cover all glassware during purification
processes such that any source of light exposure was eliminated while
samples were dissolved in solution.
Computational Methods. Ground state geometries and

conformational analyses were conducted in the gas phase at the
B3LYP/6-31+G(d) level as implemented in Gaussian 09.37 All octyl
chains were truncated to methyl groups to reduce the computational
cost. Excited-state calculations were performed at the CAM-B3LYP/
cc-pVDZ level of theory using the coordinates from the previously
optimized geometries. Molecular orbital plots were made using VMD
from the Gaussian output files or using Avogadro visualization
software. Frontier molecular orbitals were visualized using Avogadro
molecular editor and visualization software.
UV−Vis Photoisomerization Experiments. Solution absorption

spectra were measured for 20 μM solutions of the compounds in
chloroform on a PerkinElmer Lambda 25 dual beam absorption
spectrometer and a Cary 100 Bio spectrophotometer using 1 cm
quartz cells. Spectrophotometric grade solvents were used for the
absorption studies. Solutions of 1-Z−12-ZZ (20 μM in chloroform)
were prepared and transferred into a quartz cuvette for immediate
UV−vis absorption measurements. The solutions were then
irradiated, and the UV−vis spectra were recorded to monitor the
isomerization process. The photostationary states (PSS) were
determined by continuous irradiation of the sample until no further
changes in UV−vis spectra were observed. Note: For irradiation
experiments requiring ultraviolet (254 nm) irradiation of RCN-
thiophene solutions through a quartz medium, the quartz cuvette was
placed inside a glass container before irradiation with ultraviolet light.
NMR Photoisomerization Experiments. 1H NMR spectra were

recorded on an INOVA-500 (1H at 500 MHz) spectrometer. To
determine the photostationary state composition of each RCN-
functionalized target molecule, a 15 mM stock solution in chloroform-
d was prepared. For ambient irradiation experiments, 7.5 mM
solutions were used. Approximately 0.5 mL of the stock solution was
placed in a conventional glass NMR tube unless otherwise specified.
The samples were exposed to an appropriate irradiation wavelength
and 1H NMR spectra were recorded hourly. The integration ratios of
signals corresponding to the Z isomer and the E isomer were
compared to calculate a relative percentage of each species in solution.
The samples were irradiated and 1H NMR spectra were recorded until
changes in the Z/E integration ratios were no longer observed,
indicating that the photostationary state had been reached.
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