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ABSTRACT: It was recently reported that the most popular NC CBH”
electron-accepting units introduced to z-conjugated oligomers CSHW\ o by CaHrr
studied for organic photovoltaic applications are susceptible to )\/S - BV —— \C;’;/E(g
unwanted and even destructive photochemical reactions. The

consequences of Z/E photoisomerization of the popular 2-(1,1- w

dicyanomethylene)rhodanine (RCN) unit on the optical and 100% 2 5

morphological properties of a homologous series of RCN-  qg2 . — —»3

functionalized oligothiophenes are studied here. Oligomers 2 ZPOWde’ §

consisting of one, two, or three thiophene units were studied as Thin Films g
<

pure Z isomers and with E isomer compositions of 25, 53, and 45%,  47% 2.z
respectively, for Z/E mixtures. Solutions of Z isomers and Z/E  53%2-E
5 9 5 q 2-ZJE Powder
mixtures were characterized by UV—vis and photoluminescence
spectroscopy, wherein changes to optical properties were evaluated
on the basis of E isomer content. X-ray diffraction of thin-film Z/E mixtures reveals crystalline domains of both Z and E forms after
thermal annealing for mono- and bithiophene oligomers, with greater interplanar spacing for E crystalline domains than the Z
counterparts along the substrate normal direction. The surface morphology viewed by atomic force microscopy also shows fiberlike
structures for the E form with a much larger aspect ratio than for the Z domains in the bithiophene oligomer. Optical
characterization reveals drastic changes in the solid state upon introduction of the E form for the mono- and bithiophene derivatives,
whereas subtle consequences are noted for the terthiophene analogue. Most notably, a 132 nm redshift in maximum absorption
occurs for the bithiophene oligomer films containing 53% E isomer compared to the pure Z counterpart. Finally, although solid-state
photoisomerization experiments find no evidence of Z — E isomerization in polycrystalline Z films, E — Z isomerization is observed
and becomes more restrictive in films with higher crystallinity (i.e., after thermal annealing). This structure—property study, which
elucidates the consequences of the RCN configuration on solid-state packing and optical properties, is expected to guide the
development of more efficient and stable organic optoelectronic devices.
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Bl INTRODUCTION tives,"”'* have been used to great effect in this context,
generating power conversion efficiency (PCE) values beyond
15% for an RCN-based all-small-molecule organic solar cell
and 18% for a difluoro-substituted INCN functionalized
nonfullerene acceptor (NFA)-based device, respectively.> ™"’

Although many of the reported small molecule donor and
NFA materials demonstrate good light-harvesting proper-
ties,'™"” the requirement that electron-accepting units be
conjugated to the z-backbone brings inherent weaknesses that

In the last two decades, there has been tremendous
development in organic photovoltaic (OPV) technologies
based on conjugated small molecules and polymers.' > The
design and synthesis of a large number of photoactive organic
materials have been central to the development and under-
standing of how molecular structures and material processing
conditions impact solid-state morphology and optoelectronic
properties.” ® Covalently linking electron-withdrawing accept-
or units to electron donors to form donor—acceptor oligomers

or polymers has been widely explored to tune energy levels and Special Issue: Applied Supramolecular Materials
light absorbing properties of photoactive materials.””"" For Received:  April 6, 2022
example, 7-conjugated molecules end-capped with electron- Accepted: June 15, 2022

withdrawing units containing dicyano groups,12 such as 2-(1,1-
dicyanomethylene)rhodanine (RCN, Figure 1a) and 2-(3-oxo-
2,3-dihydroinden-1-ylidene)malononitrile (INCN) deriva-
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Figure 1. (a) Dicyanorhodanine acceptor unit; (b) chemical
structures of compounds 1, 2, and 3 shown in the Z configuration
(red) and the E configuration (blue); and (c) representative
optimized geometries at the B3LYP/6-31+G(d) level for 2-Z, left,
and 2-E, right (gas-phase, all octyl chains were truncated to methyl
groups to reduce computational cost).

have only recently come to light. The exocyclic double bond
often employed to conjugate electron-deficient units to a 7-
conjugated backbone is the culprit of various unanticipated
photochemical reactions that provide nonradiative deactivation
pathways from electronically excited states,”” >* in direct
competition with the exciton charge separation required to
generate electrical current.”* Molecules can be designed with ¢
bond linkages between donor—acceptor motifs, thereby lacking
exocyclic olefin photoisomerization pathways, such as
diketopyrrolopyrrole (DPP)-based conjugated materials.”*
However, olefin conjugation is required for RCN- and
INCN-functionalized materials,”>*® which comprise state-of-
the-art OPVs. "’

Recently, our lab reported the solution Z/E photo-
isomerization of RCN-functionalized thiophenes wherein it
was discovered that these systems undergo well-behaved,
reversible double-bond isomerization under ultraviolet (UV)
and visible-light irradiation to yield distributions of Z and E
isomers at the photostationary state.”> Shortly after, two
separate reports identified similar photochemical reactions
demonstrating that INCN-functionalized oligomers can under-
go tandem isomerization—electrocyclization reactions*® and/or
isomerization—epoxidation reactions under certain irradiation
conditions.*®

It is important to recognize that unintentional photo-
chemical reactions result in changes to the chemical structure
of the photoactive molecules and, within this sector of the
organic materials community, it is well-appreciated that small
changes in chemical structure may result in rather significant
changes in ogtoelectronic properties and photovoltaic device
performance.”” " For example, it has been shown recently
that altering the structural connectivity of INCN-function-
alized fused-ring electron acceptors (FREAs) can result in a
nearly 30% increase in overall OPV device efficiency.’”

Similarly, adjusting alkyl group placement from para- to
meta-substitution resulted in a measurable increase in PCE for
an INCN-functionalized NFA used in polymer solar cells.*
Certainly, the links between molecular structure and thin-film
morphology are understood to have an important impact on
the optical properties and optoelectronic performance of
organic-based devices;>* "> however, it is also well-accepted
that controlling solid-state organization remains an interesting
challenge.’’~*” At the same time, photoisomerization is known
to result in apopreciable changes in solid-state morphology
characteristics,”™** which in turn can have concomitant
impacts on downstream optical and electronic properties
critical to OPV device performance.

Conversely, photoactive units are often used intentionally to
modulate optical froperties for applications in photoresponsive
smart materials.”> For instance, photolabile diarylethenes
(DAEs) have been used to great effect for this purpose,
contributing to the next generation of organic soft materials
ranging from photoresponsive transistor disglay materials to
smart anticounterfeiting ink tev:hnologies.44’4 In addition, the
photoswitchable isomerization in azobenzene has been
leveraged to develop photoresponsive dynamic materials such
as hydrogels.%_48 Clearly, more work is required to under-
stand the incorporation of electron-accepting units conjugated
by photolabile double bonds and the impacts this might
present on the solid-state structure and optoelectronic
properties relevant to their functionality in OPV devices.

Although our initial work was aimed at characterizing the
photochemical reactions of RCN-functionalized thiophenes in
solution,” reported here is an extension of the study to the
solid state to systematically assess the optoelectronic and
morphological properties of isomeric mixtures achieved via
photoisomerization. Although solid-state investigations and the
resulting impacts on device performance have been considered
previously for photolabile INCN-functionalized thiophenes
regarding tandem isomerization—electrocyclization and epox-
idation reactions,”®*® there are no reports to the best of our
knowledge of how modulating RCN stereochemistry via
controlled Z — E isomerization reactions affects optoelectronic
and morphology characteristics in powders and thin films.

Herein, we report our investigations of photoisomerizable
RCN-functionalized oligothiophenes in the solid state, and the
impact of modulating isomeric compositions on morphological
and thin-film optoelectronic properties. Three relatively simple
model compounds of varying oligothiophene length were
chosen, eliminating extraneous variables associated with
processing and characterization of more complex chemical
structures. This work aims to delineate trends for these
photoisomerizable RCN-functionalized oligothiophenes as
they might apply to more complex electronic materials.

Specifically, three RCN-functionalized model substrates
ranging from one to three thiophene units comprising the 7-
conjugated backbone have been synthesized (Figure 1b).
Compounds 1, 2, and 3 were isolated as the thermodynami-
cally stable Z isomers, in agreement with the literature
precedent.”> To mimic the effects of unintentional irradiation
resulting in the introduction of Z/E isomeric mixtures into
downstream processing events, we performed large-scale
photoisomerization reactions starting with 1-Z, 2-Z, and 3-Z
to yield gram amounts of three unique isomeric mixtures (1-Z/
E, 2-Z/E, and 3-Z/E), which were compared directly to the
corresponding Z isomer samples for the studies discussed
herein. The isomeric compositions consisted of 25, 53, and
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45% E isomer for the 1-Z/E, 2-Z/E, and 3-Z/E mixtures,
respectively. The optoelectronic properties of Z isomers and
Z/E mixtures were assessed in solution by ultraviolet—visible
(UV—vis) and photoluminescence (PL) spectroscopy. Sol-
ution Z/E mixtures exhibited increased molar absorptivity,
decreased PL intensity, and small (<15 nm) redshifts in
absorbance/emission. Because the individual E isomers for
RCN-functionalized thiophenes are not easily separable by
conventional means,”>*’ compounds 1—3 were modeled by
ground-state density functional theory (DFT) calculations.
Computationally derived absorption profiles of the Z and E
isomers from time-dependent (TD) methods support the
observed trends. The thermal stabilities of Z isomer samples
and corresponding Z/E mixtures were analyzed by thermog-
ravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) prior to solution processing into thin films and
subsequent thermal annealing studies.

Z isomers and Z/E mixtures of 1, 2, and 3 were solution
processed into thin films by spin coating to allow surface
morphology and crystal structure characterization using atomic
force microscopy (AFM) and X-ray diffraction (XRD),
respectively. Solid-state absorbance and PL measurements
were conducted using films processed from both pure Z isomer
samples and solid-state Z/E mixtures, where it was found that
mono- and bithiophene derivatives underwent notably more
dramatic optical changes compared to the terthiophene Z and
Z/E mixtures. Postdeposition thermal annealing of the thin
films was found to drive further crystallization, resulting in
more ordered and tightly packed crystalline domains. This was
accompanied by the emergence or intensification of long-
wavelength shoulder peaks in the absorption spectra and a
drastic increase in PL intensity for films containing E-
crystallites. Finally, solid-state isomerization experiments were
conducted with 2-Z and 2-Z/E thin films under irradiation
with multiple visible-light sources. It was found that pure 2-Z
film composition remains unaffected after prolonged visible
irradiation, whereas changes in the Z/E isomeric ratio were
observed for the 2-Z/E films, indicating E — Z isomerization
in the solid state. The solid-state photoisomerization is an
important consideration when handling RCN-based thin films
under practical conditions. Although the solution photo-
isomerization behavior of RCN-functionalized thiophenes has
been previously characterized, potential consequences of this
process on solid-state optoelectronic and morphological
characteristics are of broader impact to the OPV community,
and the results of this work will be of particular relevance to
practitioners in this field.

B RESULTS AND DISCUSSION

Optical Properties in Solution. The intrinsic optoelec-
tronic properties of each Z isomer were characterized as 20 uM
solutions in chloroform by UV-—vis spectroscopy. The
absorbance profile of compounds 1-Z and 2-Z have been
reported previously in chloroform,” and show primary A,
absorbance bands centered at 399 and 476 nm, respectively,
whereas the newly added compound 3-Z displays a further red-
shifted 4,,,, absorbance at 510 nm (Figure 2a). Irradiation of
each solution to a photostationary state reveals common trends
for each sample; a slight redshift in A, accompanied by an
increase in peak absorbance value was observed upon
irradiation, resulting in A, values of 413, 483, and 517 nm
for 1-Z/E, 2-Z/E, and 3-Z/E, respectively (Figure 2a). For all
compounds, the maximum molar absorptivity was observed in
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Figure 2. (a) Solution UV—vis absorption spectra of 20 uM 1-Z, 2-Z,
and 3-Z (solid lines) in chloroform and corresponding Z/E mixtures
(dashed lines) upon irradiation to a photostationary state. (b) Time-
dependent DFT absorption profiles for Z and E isomers of 1, 2, and 3
(CAM-B3LYP/cc-pvdz).

the visible spectrum, corresponding to the first excited-state
optical transition (i.e., intramolecular charge transfer state of
the donor—acceptor oligomer). Absorption peaks in the UV
region are attributed to a combination of various excited-state
transitions that are more localized within the donor or the
acceptor moieties. This was confirmed from gas phase TD-
DFT calculations (Tables S2—S6). The experimental results in
chloroform are in excellent agreement with the absorbance
profile trends obtained from TD-DFT calculations at the
CAM-B3LYP/cc-pvdz level of theory (Supporting Informa-
tion, page S22). A 9—11 nm redshift was calculated for
structures optimized in the E configuration compared to the
corresponding Z form, accompanied by an increase of 8—14%
in the maximum molar absorptivity (&,,,) for the E isomer
(Figure 2b). The TD-DFT calculated A, for 1-Z was
predicted to be 349 nm in the gas phase compared to 360
nm for 1-E. The predicted peak absorbance for 2-Z and 2-E
was at wavelengths of 413 and 422 nm, respectively, compared
to 449 and 458 nm for 3-Z and 3-E, respectively.

Solution UV—vis and PL spectra are displayed together for
the mono-, bi-, and terthiophene oligomer solutions to draw
comparisons between Z and E isomer optoelectronic proper-
ties (Figure 3). The 1-Z and 1-Z/E solutions exhibit similar
molar absorptivity and PL profiles. However, the 1-Z visible
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Figure 3. Optical properties of 20 uM RCN compounds dissolved in
chloroform. Molar absorptivity (¢) and normalized photoluminescent
(PL) intensity is plotted for (a) 1-Z and 1-Z/E, (b) 2-Z and 2-Z/E,
and (c) 3-Z and 3-Z/E. The PL is taken at excitation wavelengths of
375, 475, and 510 nm for compounds 1, 2, and 3, respectively. PL is
also normalized by absorptance at the excitation wavelength and to
global maximum emission among the pure compound and its isomeric
mixture.

peak contains two distinct optical transition, whereas the 1-Z/
E spectrum has a single maximum caused by the overlapping
and slightly red-shifted optical response of the E-isomer
(Figure 3a). The 412 nm 1-Z peak is assigned as the 0—0
transition of the first excited state. The 1-Z A,,,, occurs at 399
nm and is assigned as the 0—1 transition with phonon coupling
of ~0.1 eV. The 1-Z/E spectral response has A,,,, red-shifted
by 14 nm owing to the 0—0 transition of the 1-E molecules.
Comparing 0—0 transitions for the 1-Z and 1-Z/E solution,

only a 1 nm redshift was observed. Additionally, a 3% increase
in &, was observed for the 1-Z/E solution.

The PL spectra of the 1-Z and 1-Z/E mixtures were
measured at an excitation wavelength (1.,.) of 375 nm. The PL
spectra display a nonzero baseline for the low wavelength tail.
This stems from overlapping dual fluorescent emission
observed in 1-Z and 1-Z/E solutions, indicated by emission
well below wavelengths associated with the first excited state
(Figure S14). Mechanisms for single-molecule dual fluores-
cence are still debated and several possibilities exist. Because of
the photoinduced bond rotations for these D—A molecules, a
twisted intramolecular charge transfer (TICT) mechanism is
most likely responsible.””*" Although dual fluorescence is not
the focus of this study, it explains the nonzero baseline
pertaining to the high energy side of the PL spectra in the 1-Z
and 1-Z/E compounds.

The fluorescence shows a peak PL intensity at 441 and 450
nm for 1-Z and 1-Z/E solutions, respectively. Only a 2 nm
redshift was observed for the 465 nm PL vibronic peak and the
emission tails are almost identical traces. Taking the Stokes
shift (Adges) as the differences between maxima of the first
excited-state transitions, Alg, . was measured to be 42 and 37
nm for 1-Z and 1-Z/E, respectively. UV—vis and PL spectra
confirm small changes to intramolecular optical transitions for
1-E molecules. Additionally, the mixture is comprised of 25% E
isomers, so the Z to E spectral changes were diluted by the
large Z isomer concentration.

The molar absorptivity and PL for 2-Z and 2-Z/E (Figure
3b) and 3-Z and 3-Z/E (Figure 3c) compounds show similar
behavioral trends. As additional thiophenes are added, 4,,,, is
red-shifted because of the increased delocalization of z-
electrons. The 2-Z A,,,, occurs at 476 nm. A 7 nm redshift and
9% increase in &,,,, is also observed for the 2-Z/E solution. The
PL spectra show a 5 nm redshift for the 2-Z/E mixture along
with 26% less integrated intensity. There is a 74 and 72 nm
Algiores for the 2-Z and 2-Z/E solutions. The A, is further
red-shifted for the 3-Z and 3-Z/E solutions, to 510 and 517
nm, respectively. 3-Z/E possesses a 1 nm red-shifted peak
emission wavelength and 20% decrease in PL efficiency
compared to 3-Z. Larger Al occurs for the 3-Z and 3-
Z/E solutions at 117 and 111 nm, respectively.

The geometric isomers exhibit mostly modest changes to
their allowed optical transitions in solution. In each case, the E
isomer exhibits increased molar absorptivity, decreased PL
intensity, red-shifted absorbance/emission, and decreased
Algiores: Some of these changes may be desirable, such as an
Emax increase. Increased molar absorptivity offers benefits to
applications like OPVs where RCN acceptor units are
commonly employed. However, optical properties of individual
molecules seen in solution do not solely dictate their solid-state
behaviors. Molecules are sensitive to their nearest-neighbor
environment, and intermolecular coupling can cause new
optical transitions to emerge.”® On the basis of the configura-
tional change of these isomers, different molecular packing
may be expected. Therefore, the remainder of this work
investigates solid-state structural and optical behavior compar-
isons between these stereoisomers. This work serves as an
example for other RCN-functionalized thiophenes used in
solid-state devices.

Morphology and Molecular Packing of Thin Films.
Thin films were solution processed in a glovebox via spin
coating at a concentration of 30 mg/mL in chlorobenzene at
2000 rpm. These films were spun on glass substrates coated
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Thermal Annealing

3-Z

Figure 4. AFM height images of 1-Z, 1-Z/E, 2-Z, 2-Z/E, 3-Z, and 3-Z/E thin films, fabricated at room temperature (top panel) and after thermal
annealing (bottom panel). Height color-bar scale range is (a—d) 80, (e—h) 50, and (i—I) 140 nm. Scale bar insets are (a—h) 1, (i—k) 2, and (1) 4
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Figure S. X-ray diffraction. (a) ®—20 diffraction patterns for powder, RT, and TA thin films for all compounds. Each column shows data for
samples with the same thiophene units. Diffraction associated with E isomer crystal planes is labeled with a star. (b) 1-Z single-crystal molecular
packing is viewed relative to its substrate in a top view (left) demonstrating long-range herringbone ordering. A cross-sectional view (right) of two
vertically stacked unit cells displays the edge-on stacking behavior relative to the substrate. Finally, an additional viewing direction of slip-stacked
parallel packing is shown (bottom). Examples of nearest-neighbor molecular orientations are labeled by colored arrows, with each viewing direction
illustrating nearest-neighbor orientations present in 1-Z crystals. (c) Pole figure plots for 1-Z TA and 1-Z/E TA films with 20 = 4.5° (for E
crystallites) and 20 = 6.7° (for Z crystallites). The maximum signal is reported in counts for each plot.

with poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS) to improve wettability. TGA and DSC were
performed using pure Z isomers and Z/E mixtures to assess the
thermal stability of these compounds during thermal annealing
(TA) studies (Figures S6 and S19—S22). DSC indicates
melting temperatures ranging from 110—150 °C depending on
the compound. Therefore, the 90 °C TA kept films limited to
the solid state. In addition, thermally annealed films were
analyzed by "H NMR to verify the structural integrity (Figures
S7-S8). Films fabricated at room temperature (RT) were
characterized, alongside films with postdeposition thermal
annealing (TA) at 90 °C for 1 h. Atomic force microscopy
(AFM) and X-ray diffraction (XRD) characterization methods
were employed to investigate surface morphology and crystal

packing for the thin films. These techniques reveal the
consequences of isomerization on surface and bulk structures,
providing insight into optical properties discussed later.

All compound microstructure images were obtained with
AFM for RT and TA films (Figure 4). The 1-Z RT (Figure 4a)
and 1-Z/E RT (Figure 4b) films show similar disordered
textures. A few larger grains approximately 1 ym in length were
seen for both films. Close inspection of the disordered regions
reveals nucleation of small grains among the amorphous film.
The 1-E isomer does not appear to significantly impact the
morphology during the initial deposition. Mobility provided
from TA enables molecular reorganization into crystalline
regimes. Consequently, larger and less amorphous micro-
structures emerge. The 1-Z film after TA (Figure 4g) contains
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Table 1. X-ray Diffraction ®—20 Data Summary

sample Z-crystallite (26°) E-crystallite (26°)

1-Z Powder 6.72

1-Z/E Powder 6.70 4.46
1-Z RT 6.65

1-Z/E RT 6.68

1-Z TA 6.69

1-Z/E TA 6.69 4.5
2-Z Powder 4.24

2-Z/E Powder 4.25 3.17
2-Z RT 4.31

2-Z/E RT 4.25 3.24
2-Z TA 4.30

2-Z/E TA 4.29 3.16
3-Z Powder 2.95

3-Z/E Powder 2.93 4.62
3-Z RT 2.78

3-Z/E RT 2.83

3-Z TA 3.02

3-Z/E TA 2.99

d, (A)
13.1
13.2
133
132
132
132
20.8
20.8
20.5
20.8
20.5
20.6
29.9
30.2
31.8
31.2
29.2
29.5

d; (A) crystallite size 7, (nm) crystallite size 7 (nm)

20
17
39
52
66
73
23
30
48
18
93
41
24
17
20
16
83
33

19.8 18

19.6 56
27.8 18
27.2 34
279 34

19

large platelet-shaped grains among smaller platelets and
irregular grains. Larger grains are present in the annealed 1-
Z/E film, although no obvious features are clearly unique to
the 1-E molecules (Figure 4h).

Microstructure differences are highly apparent between the
2-Z and 2-Z/E films (Figure 4, d, i, j). The microstructure of
the 2-Z RT film contains amorphous domains alongside
platelet and wedge-shaped grains (Figure 4c), whereas the 2-
Z/E RT film (Figure 4d) does not contain wedge-shaped
domains. Instead, highly disordered fiber grains are identified
by their large aspect ratio. This fiber morphology is attributed
to the E isomer, a claim further supported by XRD (vide infra).
These fibers are a few micrometers long and possess height
differences along their length.

The data suggest many molecules have not migrated to
equilibrium positions along the fiber domains. The 2-Z TA
thin films (Figure 4i) displayed well-defined grains and an
absence of amorphous zones. Annealing the 2-Z/E film enables
migration to more ordered fiber domains, eliminating large
height variation along their lengths (Figure 4j). Additionally, a
distinct phase separation of fiber and platelet shapes are
present for 2-Z/E TA. The Z isomer grains in the 2-Z/E TA
thin film are much smaller than those in 2-Z TA.

A primarily amorphous texture is present for the 3-Z and 3-
Z/E RT films (Figure 4e, f). Micrometer-sized grains are seen
for the 3-Z TA film (Figure 4k), whereas the 3-Z/E TA film
(Figure 41) forms a large, branched network. Because many
organic devices rely on materials interfaces, the large
microstructural differences between Z and Z/E films could
impact downstream device metrics, such as interfacial charge
separation and charge transport. The 3-Z/E TA film does not
provide evidence of separate E and Z domains as is the case
with the 2-Z/E film.

XRD studies were used to investigate the crystalline packing
of the Z and E isomers. XRD ©®—20 scans for the compounds
as powders and thin films are shown in Figure 5a and relevant
quantitative information is summarized in Table 1. Diffraction
was only observed in the 20 range of 2—8° for all thin-film
samples. Although Z isomer powders exhibit a single peak
within this scan range, the Z/E powders exhibit an additional
peak associated with the E isomer crystallites. The exact crystal

structure for all powders and thin films could not be obtained.
However, a single-crystal diffraction pattern of the 1-Z
compound was measured in a previous study.”® This
information was used to construct a monoclinic unit cell
with f# = 90.13° and lattice parameters of 13.4, 5.5, and 24.64 A
for a, b, and ¢, respectively. The 1-Z unit cell contains four
molecules engaged in herringbone packing (Figure Sb). The 1-
Z crystallite diffraction occurs at a 20 value of ~6.7° and
therefore, has Z crystallite interplanar spacing (d;) of 13.2 A.
The agreement between d; for the 1-Z powder and the single
crystal 1-Z a lattice parameter (13.4 A) suggests the thin film
and powder diffraction of Z crystallites corresponds to the
(100) plane. The 1-Z/E powder shows an additional
diffraction peak at 4.46°, corresponding to an interplanar
spacing (dg) of 19.8 A for E crystallites. This peak is not
present in the 1-Z/E film prepared at RT but emerges in the
annealed film that is consistent with molecular ordering
evidenced from the AFM images. Increased crystallinity with
TA is reflected by the increased counts relative to their RT
counterparts. Only one diffraction peak was observed for each
crystallite in the thin film. This is attributed to the preferred
molecular orientation on the substrate surface, further
confirmed with pole figure measurements for the 1-Z TA
and 1-Z/E TA films (Figure Sc).

The leftmost pole figure intensity plot displays data for the
1-Z film at the suspected E crystallite diffracting plane (20
value of 4.5°) with varying sample tilt and azimuthal angle at
5° increments. Negligible signals (maximum counts = 22) are
recorded throughout the scan, confirming that the 1-Z film
does not possess the E-crystallite peak at any orientation. The
pole figure for the TA 1-Z film at 20 of 6.7° shows maximum
signal at zero sample tilt. Therefore, molecular alignment of the
(100) planes is preferred parallel to the sample surface,
suggesting an edge-on stacking configuration for the oligomers
in the thin films. The preferred stacking direction of the Z
crystallites is demonstrated in both the top-down and cross-
sectional viewing directions in reference to the substrate
surface (Figure Sb). The long-range herringbone structure and
oblique nearest-neighbor molecular arrangements can be seen
in the top viewing direction in Figure Sb. The head-to-tail
(HT) nearest-neighbor arrangement can be seen in the cross-
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section diagram of two-unit cells vertically stacked with an HT
pair outlined by orange arrows. Additionally, a slip-stacked
head-to-head (HH) nearest-neighbor orientation is seen along
the [010] direction in the bottom diagram. For the annealed 1-
Z/E film, pole figures also reveal that (100) planes in the 1-Z
domains remain parallel with the surface; furthermore, the 1-E
crystal planes responsible for diffraction also preferentially
orient parallel to the surface.

XRD of the 2-Z and 3-Z powders reveal interplanar spacing
of d, = 20.8 and 29.9 A, respectively, showing an increase in
7.6 and 16.7 A compared to d, for 1-Z. These differences are
approximately twice the length from thiophene unit(s) added
to the donor moiety for 2-Z and 3-Z, which are 3.9 and 7.8 A,
respectively, compared to 1-Z.>> This is consistent with the
herringbone structure of these materials, in which two
molecules are essentially aligned in the [100] direction with
the HT nearest-neighbor configuration (see Figure Sb).

The ©-20 scan for the 2-Z and 2-Z/E films show
somewhat different behavior to 1-Z and 1-Z/E. The 2-Z RT
film contains a single peak associated with 2-Z crystallites,
whereas the RT 2-Z/E film shows two peaks, corresponding to
separate Z and E domains. The diffraction peak at 20 = 3.2° is
attributed to 2-E domains, corresponding to the fiber
microstructures observed in AFM (Figure 4d). The diffraction
intensity increased after TA, suggesting a higher crystallization
order after the heat treatment. Interestingly, the 2-Z TA film
also had a 3-fold higher signal compared to the 2-Z/E TA film
when normalized for Z isomer concentration differences.
Additionally, the mean Z crystallite size (;) from Scherrer’s
equation is 93 nm for the 2-Z TA film compared to 41 nm for
the 2-Z/E TA film, suggesting that the presence of 2-E
molecules in the 2-Z/E mixture inhibits Z crystallite growth to
some extent. The larger platelet grains in the 2-Z TA film
compared to platelets of 2-Z/E TA support this observation
(Figure 4i—j). Pole figures scans were also taken for 2-Z and 2-
Z/E and show a similar preferred packing orientation to the 1-
Z and 1-Z/E crystallites (Figures S14 and S15).

The amorphous nature of the 3-Z RT and 3-Z/E RT films is
reflected in the extremely weak diffraction signals at 20 = 2.9°,
which correspond to approximately 1.5 A greater d, than that
for the powders. This may be due to steric hindrance of the
additional solubilizing chains (one octyl chain on each
additional thiophene unit) limiting molecular packing. As
thermal energy is provided, Z crystallites emerge in large
quantity for the 3-Z film, while less crystal growth is observed
in the 3-Z/E TA film. Again, E isomers inhibit crystal packing
of Z isomers. Nevertheless, with the increased degrees of
crystallization in the TA films, d; is slightly reduced back to the
values for the powders. No evidence of E crystallite formation
was found in either 3-Z/E RT or TA films.

Single crystals of pure E isomers were not obtained because
of photoisomerization limits that inevitably lead to inseparable
7/E mixtures.'° However, 1-Z/E and 2-Z/E compounds show
~7 A greater interplanar spacing for E domains compared to Z
domains. We hypothesize that these E domains have similar
overall packing structure as the Z domains, with the main
difference arising from the thiophene-olefin bond orientation
altering lattice parameters. However, the 3-Z and 3-Z/E
samples demonstrate significantly different E crystallite
behavior. The 3-E crystallite interplanar spacing observed
from the powder samples is smaller than that for the Z isomers
and was not observed in thin-film samples. These results
suggest isomerization can cause rather significant changes to

crystal packing, which may subsequently influence optoelec-
tronic properties.

In summary, a herringbone pattern was assigned to the 1-Z
crystallites by comparison to single-crystal XRD data.
Interplanar spacing for the 2-Z and 3-Z crystallites are within
reasonable agreement of thiophene additions to the known
unit-cell geometry. Therefore, similar herringbone structures
are likely present in the Z configuration for all compounds. E
crystallites possess unknown unit cells but are shown to have
larger d-spacing for 1-E and 2-E crystallites. Both Z and E
isomers exhibit preferred thin-film crystal growth orientation in
one dimension. Z crystallites were observed in all films,
whereas E crystallites required thermal energy to form in the 1-
Z/E film and were not observed in any 3-Z/E films. Thin-film
optical properties are subsequently explained by these solid-
state morphological differences.

Optical Properties of Thin Films. Thin-film UV—vis
spectroscopy and PL were measured for all compounds
(Figure 6) and important parameters are summarized in
Table 2. The 1-Z RT absorbance plotted in Figure 6a exhibits a
wavelength of maximum absorbance (4,,,,4) at 392 nm. This
translates to a 7 nm blue shift for the liquid-to-solid-state A,,,, o
change (AAL/S). Increasing 1-Z crystallite concentration
further blueshifts 4,4, as observed for the 1-Z TA sample.
Additionally, the oscillator strength at ~407 nm decreases
upon annealing and is attributed to a loss of amorphous phase,
whereas the 353 nm peak has an increased oscillator strength.
A shoulder at 431 nm is also present in the 1-Z film, which
corresponds to a 20 nm redshift compared to the solution 0—0
peak.

The 1-Z/E RT film has a similar absorbance profile to the 1-
Z RT film. The change in A, o between the 1-Z/E RT and 1-
Z RT film (AA, ) is a 6 nm blueshift. This is explained by
increased Z crystallite formation evident from XRD. A larger
AA; 5 is observed for the 1-Z/E RT film with a 27 nm
blueshift. Absorbance profiles of 1-Z and 1-Z/E thin-film
mixtures exhibit larger differences after thermal annealing. The
1-Z/E TA Apy 4 occurs at 383 nm compared to 353 nm for the
1-Z TA film. Perhaps most intriguing is the emergence of a
sharp, long wavelength peak at ~473 nm. Considering the 1-E
crystallite formation in the 1-Z/E TA film as revealed by XRD,
we attribute this peak to an optical transition within the 1-E
crystalline domains.

The PL spectra shows significant difference between the RT
and TA films for both 1-Z and 1-Z/E. The 1-Z/E RT film
shows reduced overall PL intensity compared to the 1-Z RT
film. Thermal annealing results in a 2.2-fold increase in PL
intensity for the 1-Z film and a much larger 4.8-fold increase
for the 1-Z/E film. Moreover, in the short-wavelength region of
the PL spectra, the annealed 1-Z/E film possess a very strong
peak at ~485 nm compared to a relatively weak shoulder at
~465 nm for the annealed 1-Z film. Consistent with the
analysis of the absorption spectra, we attribute this short-
wavelength peak in the 1-Z/E TA film to PL from E-
crystallites. This also contributes to the 6 nm blue shift in the
peak wavelength for PL (A,,,p) as compared to the 1-Z TA
film. Also, the Stokes shift (Adge,) for the 1-Z/E TA
spectrum is 131 nm compared to 167 nm in the 1-Z TA film,
indicating changes to optoelectronic transitions associated with
the E-isomer in the solid state.

Significantly more pronounced isomer dependence on solid-
state optical properties was observed for the 2-Z and 2-Z/E
thin films (Figure 6b). All 2-Z and 2-Z/E films display a high
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Figure 6. UV—vis absorption (solid lines) and the normalized
photoluminescence (PL, dashed lines) spectra for room temperature
spin-coated (RT) and thermally annealed (TA) films for (a) 1-Z and
1-Z/E, (b) 2-Z and 2-Z/E, and (c) 3-Z and 3-Z/E compounds.
Excitation wavelengths of 360, 420, and 515 nm were used for
compounds 1, 2, and 3, respectively.

energy peak at ~350 nm. Absorbance at this wavelength was
seen in both solutions (Figure 3b) and attributed to higher
energy excited states that are primarily localized on the RCN
acceptor unit. 2-Z RT and 2-Z TA films have the strongest
absorbance at high energy transitions with absorption maxima
located at 344 and 350 nm, respectively. The 2-Z RT
absorbance is significantly blue-shifted from its solution
spectra, with the first excited-state A, occurring at 392
nm. Absorbance at the solution A, . of 476 nm is
comparatively suppressed, and a weak shoulder extends the
2-Z RT absorption edge beyond 550 nm. The 2-Z TA film has
a 33 nm red-shifted A, at 425 nm for its low energy

transition compared to 392 nm for the RT film. Additionally,
the oscillator strength across all wavelengths increased after
thermal annealing.

Introduction of the E-isomer led to a markedly different
optical response with a 4, 4 at 485 nm for the 2-Z/E RT film,
corresponding to a rather dramatic AA,/; of 93 nm. Although
the 2-Z/E RT A, 4 is only red-shifted 2 nm from the solution
Amax,as the solid-state absorption possesses a shoulder peak at
~530 nm and extends well beyond the solution absorption
limit of ~550 nm. The main long-wavelength 2-Z/E RT film
absorption feature at 485 nm is attributed to the amorphous E
domains as supported by the relatively low XRD intensity and
disordered texture seen in AFM, whereas the strong shoulder
at ~530 nm is attributed to E-crystallites. Annealing the 2-Z/E
film promotes Z and E crystallite formation and grain growth.
This enables the strong Z crystallite optical transition at 425
nm. It also promotes stronger response from ordered E
domains, resulting in a strong, long-wavelength absorption
peak centered at 557 nm. Similar to the 1-Z/E TA film, the
heat treatment also results in increased fluorescence intensity
from both 2-Z and 2-Z/E films, especially the latter, which saw
a S.4-fold increase in PL intensity after thermal annealing.
Again, a decreased Stokes shift was also associated with the
presence of the E-isomer. Most significant, there is a 132 nm
AA; ; between the 2-Z/E TA and 2-Z TA films because of the
different optical response of Z and E stereoisomers in the solid
state.

The 3-Z and 3-Z/E films show minimal difference in their
optical absorption behavior (Figure 6¢). The RT films are
almost entirely amorphous and have a 4, o of 503 and 497
nm for the Z and Z/E mixture, respectively. A shoulder is
present at ~580 nm for the RT films, which becomes more
pronounced upon thermal annealing. Annealing also leads to
decreased absorption around the main peak center at ~500
nm, causing an apparent redshift of 4,4 to 536 nm. A slight
redshift associated with the E isomer PL is observed for the 3-
Z/E RT film, similar to the behavior in solution. The decreased
absorbance and significantly suppressed PL upon thermal
annealing are opposite to behavior in the shorter oligomers.
The presence of the E isomer impacted optical properties
much less in the 3-Z/E film compared to 1-Z/E and 2-Z/E.
This is likely related to the lack of crystalline packing observed
for E molecules in the 3-Z/E films.

Packing of molecules and nearest-neighbor interactions are
the driving factors governing changes to solid-state optoelec-
tronic behaviors. As molecules become sufficiently close (a few
nanometers or less), coupling between transition dipole
moments can occur, enabling new excited-state transi-
tions.”> > This coupling depends on orientation of the
transition dipole moments and therefore, molecular orientation
and solid-state packing. The resultant effect on excited-state
transitions outlined by Kasha has been described in terms of
H—aggregates (often causing blue-shifts) and J-aggregates (red-
shifts).>> Additional signatures of H-aggregates (or J-
aggregates) often result in large (or minimal) Stokes shifts
and suppressed (or enhanced) fluorescence.””*® A combina-
tion of both behaviors may also be observed in the case of
Davydov splitting (DS), often seen in herringbone structures.”*
The possibility of charge transfer excitons also exist in crystal
systems where molecules have significant electron wave
function overlap. This is often seen in z-stacked systems and
may also result in H- or J-like behavior depending on phase
symmetry between the combination of lowest unoccupied
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Table 2. Summary of Optical Properties from Solution and Thin-Film UV—Vis and PL Measurements”

Amax,A (nm) /‘Lmax,l)L (nm) Algrokes (“m)
1-Z Solution 399 441 42
1-Z/E Solution 413 450 37
1-Z RT 392 518 126
1-Z/E RT 386 516 130
1-Z TA 353 520 167
1-Z/E TA 383 514 131
2-Z Solution 476 550 74
2-Z/E Solution 483 585 72
2-Z RT 392 611 219
2-Z/E RT 485 615 130
2-Z TA 425 609 184
2-Z/E TA 557 597 40
3-Z Solution 510 627 117
3-Z/E Solution 517 628 111
3-Z RT 503 657 154
3-Z/E RT 497 661 164
3-Z TA 536 645 109
3-Z/E TA 536 662 126

AA; )5 (nm) APL; /¢ (nm) AAy; (nm) APL,/; (nm)

14 9

-7 77
=27 66 —6 -2

—46 79
-30 64 30 -6
7 S

—84 61
2 60 93 4

-=51 59
74 42 132 —-12
7 1

-7 30
—-20 33 —6 4

26 18
19 34 0 17

“Peak values and spectral shifts are evaluated at the first excited-state transitions. Negative values indicate a blueshift.

molecular orbital and highest occupied molecular orbital
states.’”*® These theories enable understanding of optical
changes as one goes from miscible solutions to aggregates and
the solid state.

The 1-Z RT film contains amorphous and crystalline regions
evident from XRD and AFM. Larger separation and nonuni-
form dipole alignments in amorphous regions cause weak
Coulomb coupling of transition dipole moments compared to
the crystalline state. The herringbone nature of 1-Z crystallites
and variety of nearest neighbor molecular pairs (Figure Sb)
lends itself to Davydov Splitting (DS) with predominant H-
behavior observed by the blueshift in A, 1. Also, 1-Z film PL
measurements show H-behavior evident by a large Stokes shift
stemming from H-band absorption and subsequent emission
from the J-band enabled by DS. Increased PL upon thermal
annealing is attributed to J-band emission in the crystalline
state. 1-E crystallites exhibit strong J-behavior evident by the
long wavelength absorbance peak at ~473 nm. J-behavior is
also seen in the increased intensity of fluorescence seen in the
1-Z/E TA film. Consistent with J-aggregates, minimal Stokes
shift and preferred emission from the 0—O0 transition occurs
between E isomer absorbance and PL peaks, namely the 473
nm absorbance shoulder and 485 nm PL shoulder.

A variable spectral response dictated by isomer packing is
further supported by 2-Z and 2-Z/E films with analogous
trends seen for the Z and E crystallites. 2-Z crystallites possess
DS with a predominant H-band seen in a blue-shifted A,
and a weak J-band producing a shoulder at ~S535 nm.
Interestingly, the 2-Z RT film has a larger blue-shift than the
TA film, along with suppression of oscillator strength for the
monomer transition at ~476 nm. Because minimal evidence of
crystallites is present from AFM and XRD, short-range
ordering (e.g., dimer formation) in amorphous regimes is the
likely cause, leading to H-aggregate behavior in the absence of
crystalline domains. Amorphous 2-E regimes exhibit a
maximum absorbance only 2 nm red-shifted from the
monomer absorbance. Annealing reveals strong J-behavior of
2-E crystallites evident by the large redshift in absorbance,
Amaxa OCcurring at the 0—0 transition, decreased Stokes shift,
and increased PL intensity. Molecular packing was further

investigated and validated as the mechanism for these drastic
spectral shifts by preparing solutions with varying weight
percent ratios of 2-Z or 2-Z/E to inert polyvinylpyrrolidone-
K30 (PVP). These solutions were spun into thin films, where
PVP caused disrupted molecular packing of the bithiophene
oligomers. As PVP concentration was increased, a gradual
removal of intermolecular optical transitions was observed by
UV—vis, eventually yielding absorbance profiles comparable to
monomer transitions in 2-Z and 2-Z/E solution measurements
(Figure S17).

The 3-Z and 3-Z/E films had minimal relative differences in
absorbance spectra for RT and TA films. The additional octyl
chain responsible for improving solubility seems to inhibit
crystalline packing in RT films. Therefore, RT properties are
governed largely by amorphous domains. Annealing results in
suppressed PL, which would indicate H-aggregate formation
and absence of J-bands from DS seen in the other compounds.
Suppressed oscillator strength in the annealed 3-Z and 3-Z/E
films may be caused by unfavorable orientation of transition
dipole moments to incident electric fields. The minimal
differences with E isomer concentration are attributed to lack
of crystalline packing among E crystallites. Since no E
crystallites were observed for the 3-Z/E film, coupling
mechanisms that enable new optoelectronic transitions were
largely absent.

Large differences between Z and E isomer films and
deviation from monomer optical properties is seen because
of the geometric isomer configurations, subsequent molecular
packing, and resultant coupling mechanisms unique to the Z
and E isomers. Predominant H-aggregate behavior was seen in
Z crystallites, whereas J-behavior was seen in E crystallites,
accounting for the observed thin-film absorbance and PL. The
lack of close packing in the 3-Z/E films explained the similarity
in observed behavior with its Z counterparts. Controlled
molecular packing and resulting optoelectronic transitions by
geometric isomers offers a means of varying the spectral range
for photon collection in RCN based OPV devices. Addition-
ally, the combination of Z and E crystallites for mono- and
bithiophene RCN derivatives lends itself to more favorable
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Figure 7. UV—vis absorption spectra and ®—20 X-ray diffraction patterns of (a, b) unannealed (RT) and (c, d) annealed (TA) 2-Z/E films after
0—60 min of irradiation with blue light. Panels b and d contain tables for relative diffraction intensities, comparing maximum E (260° = 3.2°) or Z
(26° = 4.3°) crystallite counts after irradiation relative to the diffraction intensity of the Z crystallite peak for the non-irradiated sample.

absorbance range for OPV applications compared to the pure
Z films.

Isomerization in the Solid State. Because of the
photoinduced configuration changes observed in solution, a
solid-state investigation of isomer stability and photoswitching
capability was carried out for the 2-Z and 2-Z/E oligomer
films. Blue LED irradiation (4,, = 454 nm) and green LED
irradiation (4, = 523 nm) were used to irradiate 2-Z and 2-Z/
E thin films (both RT and TA films) to a photostationary state
to investigate the possibility of photoisomerization in the solid
state. After the irradiation experiments, films were dissolved in
the solvent and examined using 'H NMR spectroscopy to
confirm and quantify isomer configuration (Figures S9 and
$10). Irradiation of pure 2-Z RT and 2-Z TA resulted in no
detectable evidence of Z — E isomerization based on post-
irradiation 'H NMR analysis, evidenced by the lack of
emergent signals associated with the 2-E form (Figure S12).
This is attributed to spatial constraints as the E isomer requires
expansion along the long molecular axis.

The E — Z conversion, however, was observed in 2-Z/E RT
and TA films by 'H NMR, UV—vis, and XRD analysis after
light exposure. After 20 min of 454 nm irradiation, 'H NMR
revealed 92% conversion of E isomers back to the Z
configuration for RT films. This is compared to only 23%
conversion for TA films (Figure S11). The UV—vis spectra
also indicate significantly less E — Z photoisomerization for
TA films (Figure 7a, c). Nearly all absorbance contributions of
the 2-E amorphous and crystalline regions are removed upon
60 min of blue LED irradiation of the 2-Z/E RT film (Figure

7a). Absorption features intrinsic to the 2-E crystallites are
reduced but still very pronounced in the 2-Z/E TA film after
60 min of irradiation. XRD patterns support these claims, with
an intensity loss of the E-crystallite diffraction and increase in
the Z-crystallite diffraction observed for these films upon
irradiation (Figure 7b, d).

The loss of 99% diffraction intensity at a 20° angle of 3.2°
occurs by 30 min of irradiation in RT films, indicating loss of E
crystallites (Figure 7b). Consistent with "H NMR and UV—vis,
XRD shows thermally annealed samples were much less
susceptible to light exposure, with 46% of the initial peak
intensity at 3.2° still present for the 60 min irradiated 2-Z/E
TA film (Figure 7d). The degree of Z isomer crystallinity was
inversely affected by the irradiation process. Increased
diffraction intensity at 4.3° for the RT film with irradiation
indicates a photon-assisted crystallization of the 2-Z isomers.
This resulted in a 3.38 factor increase in Z crystallite diffraction
after 60 min of irradiation for the 2-Z RT film. This behavior,
however, was not observed for 2-Z/E TA films between 0 and
30 min of irradiation, indicated by the stagnant intensity at
4.3°. This suggests, along with the stronger diffraction
compared to non-irradiated RT films, that most Z isomers in
the heat-treated films were already crystalline. The delayed
onset and sudden rise in intensity for the 60 min 2-Z/E TA
film at 4.3° is attributed to photoinduced crystallization of the
newly formed Z isomers from the E — Z conversion process.
The delayed onset may be explained by limited nearest
neighbor Z-isomers. Newly converted Z-isomers from an E
crystallite would be nearest to E-isomers until enough nearest
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neighbors are also photoisomerized. When a critical concen-
tration of isomers is converted, long-range order, Z-crystallites
may form. In the RT sample, enough amorphous Z isomers
were already present to enable immediate photoinduced Z-
crystallization.

An analogue "H NMR study was performed with green (523
nm) light exposure and also exhibited E — Z photo-
isomerization along with lesser conversion in thermally
annealed films (Figure S10). Furthermore, the solid-state
photoisomerization was probed using 454 nm light in
conjunction to simultaneous heat exposure of 60 °C. The 2-
Z/E RT and 2-Z/E TA films lost all spectral features related to
the E-isomer before 1 and 3 min, respectively (Figure S13).
Therefore, the thermodynamic contribution to solid-state
photoisomerization is of fundamental importance to film
stability. In all cases, consistent with increased crystallinity of
2-E domains upon thermal annealing, tight packing of 2-E
molecules presents greater spatial constraints that impede
isomerization, thus increasing the photostability of the E
isomers.

B CONCLUSION

This work demonstrates that double-bond isomerization in 7-
conjugated donor—acceptor oligomers can have a significant
impact on molecular packing in the solid state, affecting the
morphology and crystal structures, which in turn have strong
consequences on the optical characteristics of the organic
electronic thin films. Three dicyanorhodanine-functionalized
thiophene oligomer model substrates (1-Z, 2-Z, and 3-Z) were
synthesized, and gram-scale isomerization reactions were
performed to yield solid-state Z/E mixtures (1-Z/E, 2-Z/E,
and 3-Z/E) with a varying E content of 25, 53, and 45%,
respectively. In solution, the presence of E isomers resulted in a
slight redshift and increase in the UV-—vis absorption.
Decreased photoluminescence intensity was observed for Z/
E mixtures compared to the pure Z form for compounds 2 and
3, whereas the changes between compound 1-Z and 1-Z/E
were less drastic. Consequences of E-isomer composition
manifested in the solid state, impacting surface morphology,
molecular packing, and subsequent optical properties. Atomic
force microscopy and X-ray diffraction of spin-coated thin films
revealed surface morphology and crystallite packing prefer-
ences of pure Z isomers and Z/E mixtures. Correlating
molecular packing behaviors to their optical absorption and PL
spectra, we found that optical transitions of these compounds
are extremely sensitive to neighboring environments and
molecular packing arrangement. This is best illustrated by the
platelet (2-Z) and fiber-shaped (2-E) morphologies of their
respective crystallites in thin films, along with the ~7 A
increase in the interplanar spacing for the E crystallites, and the
132 nm difference in the peak absorption wavelength between
the 2-Z TA and 2-Z/E TA films. Solid-state isomerization
experiments were performed via irradiation of Z isomer and Z/
E thin films to gauge the extent of photoswitching in the solid
state. Although Z — E isomerization was not observed under
prolonged irradiation, the reverse reaction (E — Z) was
observed upon irradiation of 2-Z/E mixture thin films, with the
rate of conversion dependent on the degree of crystallinity.
Looking forward, on the basis of the knowledge gained
through this work, one could imagine prescribed, well-
controlled photoisomerization processes included in the
arsenal of approaches already used to optimize optoelectronic

thin-film morphology and properties. Work along these lines is
continuing in our laboratories.

B METHODS

Material Synthesis. The synthesis of all intermediates and final
RCN-functionalized target molecules are shown in the Supporting
Information (pages S3 and S4). Compounds 1-Z and 2-Z were
synthesized according to the literature precedent (Scheme S1),** and
compound 3-Z was synthesized using a similar strategy (Scheme S2).
In all cases, the final RCN-functionalized target molecules (1-Z, 2-Z,
and 3-Z) were isolated, with the Z form being the only detectable
isomer resulting from the synthesis. The structural integrity of all
known compounds was confirmed by 'H and '*C NMR (pages S4—
S14 in the Supporting Information) with further characterization by
high-resolution mass spectrometry (HRMS). To acquire solid-state
samples comprising Z/E mixtures for compounds 1, 2, and 3, we
conducted gram-scale isomerization experiments, and the general
procedure is outlined in the Supporting Information (pages S14 and
S15). Approximately 1.0 g of each synthesized target molecule (1-Z,
2-Z, and 3-Z) was dissolved in chloroform (200 mL) and each
solution was irradiated at the appropriate wavelength to result in a
unique Z/E distribution at the photostationary state (see Figure S1
for more information on irradiation sources). The solvent was
removed, and the solid-state samples were dried prior to 'H NMR
analysis to determine the final Z/E isomeric ratio for each sample.
The final isomeric ratios for 1-Z/E, 2-Z/E, and 3-Z/E were
determined by 'H NMR to be 75/25 (Figure S2), 47/53 (Figure
S3), and 55/45 (Z/E) (Figure S4), respectively. Each pure Z sample
(1-Z, 2-Z, and 3-Z) was compared with the corresponding solid-state
isomeric mixtures (1-Z/E, 2-Z/E, and 3-Z/E) for the following
characterizations.

Thin-Film Fabrication. Thin films were fabricated inside a
glovebox with a nitrogen environment, using a spin coating process.
The investigated compounds were taken in their powder form and
dissolved in chlorobenzene with concentrations of 30 mg/mL. They
were dynamically casted with a spin speed of 2000 rpm for 60 s on
glass substrates containing a spin-coated poly(3,4-ethylenedioxythio-
phene) polystyrenesulfonate (PEDOT:PSS) layer (approximately 25
nm thick) to improve wettability. Thermal annealing experiments
were carried out for some samples by placing them on a hot plate held
at 90 °C for 1 h. Light exposure was minimized during each step of
the process and samples were stored in the dark.

Thin-Film Optical Absorption Measurements. A 100 W quartz
tungsten halogen lamp was used in conjunction with a Cornerstone
260 1/4 m monochromator (Newport 74100) to generate
monochromatic light. The incident light was chopped at 480 Hz
and recorded with a Newport 818-UV photodetector connected to a
current amplifier (Keithley 428) and lock-in amplifier (Stanford
Research Systems SR830 DSP). Transmittance and reflectance of
thin-film samples were measured simultaneously, which were used to
calculate the thin-film absorbance. Monochromator slit widths were
adjusted to enable 3 nm resolution in spectral measurements.

Photoluminescence. Photoluminescence was measured with a
Jasco FP-6500 spectrofluorometer. Solution PL was conducted on 20
UM solutions dissolved in chloroform with excitation wavelengths of
375, 475, and 510 nm for compounds 1, 2, and 3, respectively.
Solutions and films were kept in the dark until measurements were
performed. PL measurements were normalized by excitation wave-
length absorptance and to a global maximum emission among the Z
and Z/E solutions. Thin-film PL was measured at excitation
wavelengths of 360, 420, and 515 nm for compounds 1, 2, and 3,
respectively. Excitation wavelengths were chosen for thin films at
wavelengths with similar absorbance behavior between Z and Z/E
films. PL measurements were normalized by their absorptance at the
excitation wavelength and to the global maximum emission among the
Z and Z/E RT and TA films to make comparisons on PL efficiency
between isomers.

Atomic Force Microscopy. Atomic force microscopy (AFM) was
carried out using a Dimension 3100 AFM operated in the tapping
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mode at 325 kHz. An aluminum-coated silicon tip (Umasch
HQ:NSC15/AL BS) was utilized for imaging.

X-ray Diffraction. All diffraction studies were performed on a
Malvern Panalytical’'s X’Pert Pro MRD system employing the Bragg—
Brentano diffraction geometry using a Cu K, X-ray source. A
parabolic mirror forming a quasi-parallel beam was used in
conjunction with a 1/16° divergent slit and a 15 mm beam-width
mask to inhibit beam spill. A 5 mm beam width mask was used in pole
figure measurements to further limit beam spill upon sample tilting.
Diffraction beam optics consisted of a point detector, a 0.27° parallel
plate collimator, and a 0.1 mm width receiving slit to improve
resolution for low 20 angles. A proportional Xe point detector was
used to measure diffracted intensity. A line profile analysis software
(LIPRAS)*® was used to fit diffraction peaks and calculate peak
parameters. Pole figures were conducted for sample tilt from 0—90°
and azimuthal angle of 0—355° using an out-of-plane pole figure
geometry with a 5° step size for the angles. Sample background
corrections were measured at a 20 value of ~1° relative to the
diffracting plane.

Solid-State Photoisomerization. Thin films of compounds 2-Z
and 2-Z/E were prepared as described previously, using either RT or
TA processing conditions. RT and TA thin films were irradiated at a
454 or 523 nm wavelength in a glovebox using the same LED sources
used for the gram-scale photoisomerization (Figures S1 and S8). LED
irradiation intensity during exposure was 10.9 and 3.0 mW/cm? for
the blue and green LEDs, respectively. Non-irradiated thin films were
stored in the dark during exposure to prohibit unwanted photo-
isomerization. Optical characterization of the films was performed
immediately after irradiation.
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