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ABSTRACT: Conjugated thiophenoazomethine triads con-
taining an acid sensitive oxetane group were prepared. The
solution processable monomers were immobilized on glass and
ITO coated glass substrates by photoacid induced cationic
ring-opening polymerization (CROP) of the oxetane moiety.
Photolithography using a photoacid generator and photo-
sensitizer were used to pattern an electroactive polymer.
Micro- and macroscale patterns ranging between 20 μm and
50 mm were possible with the electrochromic materials. The
photopolymerized azomethine remained electroactive, and it could be repeatedly switched electrochemically between its neutral
(mauve, λmax = 535 nm) and oxidized (blue, λmax = 585 nm) states without degradation. The electrochromic properties were
evaluated in a simulated device where the colors were successfully cycled between blue (oxidized) and purple (neutral) states
with applied biases of +0.6 V and −0.6 V vs Fc/Fc+ under ambient conditions without significant color fatigue or degradation.
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■ INTRODUCTION
Functional materials capable of color switching between
different states are of interest to meet the ever changing
demands of consumer electronics.1−3 Thiophene based
polymers have found uses in certain electrochromic devices
as a result of intrinsic contrasting colors between the neutral
and oxidized forms concomitant with forming stable
intermediates.4−7 As the need for a wider range of color states
for consumer electronics has grown, interest in contemporary
thiophene polymers has waned and the search for novel
electrochromic materials has intensified.8,9

Improved electrochromic properties have recently been
achieved by incorporating vinylene linkages, which promote
coplanarization and extended conjugation within the poly-
thiophene backbone.10,11 Moreover, vinylene linkages have
allowed insertion of electron donating and/or accepting groups
into the polymer.10,12,13 The preparation of these derivatives
requires rigorous reaction conditions such as anhydrous
solvents and inert atmospheres. Furthermore, such coupling
methods produce significant byproducts that require tedious
product purification for obtaining pristine materials and for
ensuring optimal color and device performance. The
preparation of electrochromic materials derived from vinylenes
is complicated because solubility must be designed into the
resulting polymers to make them processable for device
preparation.14−19

While polymer solubility in organic solvents is important for
coating usage and device preparation, it is problematic for
electrochromic devices.20,21 This is because solution process-
able polymers often dewet from the electrode.6,19,22 The
polymer subsequently mixes unwantedly with the required
electrolyte ion conducting gel. This leads to localized short-

circuiting and ultimate device malfunctioning. The collective
challenges limit the device longevity and dilute the color
transitions between the on/of f states. Recently, the delamina-
tion problem has been in part addressed by using polymers
whose solubility can be switched thermally or externally via
chemical switches.23−30 An alternative approach is the thermal
or electrochemical polymerization of monomers directly on
device electrodes.31−35

Immobilization of conjugated materials using oxetane
derivatives is a viable alternative to other immobilization
strategies. Oxetanes undergo cationic ring-opening polymer-
ization (CROP) to form insoluble polyethers (Supporting
Information Scheme S1).36−39 An advantage of oxetanes is they
can be easily incorporated into small molecules. These can then
be immobilized directly on substrates, precluding the need for
solution processable polymer precursors for subsequent
immobilization using external triggers. More importantly,
CROP of oxetane derivatives can selectively be done
photolithographically. With the use of photoacid generators,
CROP results in well-defined patterns of high resolution and
variable dimensions that can even potentially be scaled-down to
nanometer resolution.40 Despite the advantages of oxetanes,
they have never been applied for immobilizing electroactive
layers in plastic devices, especially electrochromic devices.
Conjugated azomethines are proven alternatives to their

vinylenes counterparts, in part due to the isoelectronic
character with their all-carbon counterparts.41,42 Azomethines
are, however, believed to be hydrolytically and anodically
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unstable and thought ill-suited for applications as electro-
chromic materials. This is in part because of their poor
properties such as irreversible oxidation and high oxidation
potentials. We recently disproved this by demonstrating that
highly conjugated azomethines having properties suitable for
electrochromic device use are possible.43,44 To further
demonstrate the robustness of the conjugated azomethines
for electrochromic devices, especially for preparing immobilized
electroactive polymers having discrete patterns, we prepared
and investigated the photopatterning of the oxetane azome-
thine derivative 5 (Scheme 1). This is of particular importance
given the acidic conditions of photolithographic CROP are
generally assumed to hydrolyze the azomethine and destroy its
inherent electrochromic properties. More importantly, CROP
of oxetane derivatives has not been previously used to fabricate
electrochromic devices. Rather, this method of active layer
immobilization is in its infancy, and it has been exclusively used
for OLED device fabrication and only recently has been
extended to photovoltaic applications.37−39,45−48 Given this
technology has not been exploited for electrochromic
applications and especially not with azomethines, the photo-
lithography of 5 was therefore proven by patterning
immobilized electrochromic layers directly on the device
electrodes. The electrochromic properties of the photo-
patterned layer were investigated to demonstrate that small
molecules of conjugated azomethines can be successfully
immobilized while preserving their electroactivity. This proof-
of-principle study is of importance for proving that both
azomethines and CROP are viable alternatives to current
electrochromes for preparing photopatterned electroactive
layers.49−51 The mutual suitability of azomethines and their
immobilization by photoinduced CROP for use in electro-
chromic devices are herein demonstrated.

■ RESULTS AND DISCUSSION

Synthesis. The conjugated azomethine 5 was targeted
because it was expected to possess the properties desired for its
eventual use in electrochromic devices. A key property
anticipated with 5 was reversible oxidation owing to the
amines in the terminal positions that prevent the electrochemi-
cally generated radical cation from reacting via standard anodic
polymerization.52 For use in electrochromic devices, especially
display and sign applications, intense absorbance of both the
neutral and oxidized states in the visible portion of the
spectrum are beneficial.53 5 was expected to possess these
optical properties because of its inherent push−pull electronic
effect courtesy of the conjugated amine−azomethine that
results in a strong intramolecular charge transfer. Meanwhile,
the acid sensitive oxetane could undergo CROP and convert 5
into a photopolymerized azomethine film that would be
immobilized on the working electrode. The photopolymerized
film was expected to be insoluble as desired owing to the
absence of solubilizing alkyl pendant chains that are typically
required for polymer solubility. The oxetane moiety of 5 could
also be potentially patterned using standard photolithographic
methods.54

The synthesis of the targeted 5 was done according to
Scheme 1. Bromination of 3-thiophene ethanol with NBS gave
1. The isolated alcohol was converted into the alkoxide with
KOH in ethanol. The intermediate was used as the nucleophile
to afford 2 via nucleophilic substitution with 3-methyl-3-
(toluene sulfonyloxymethyl) oxetane.78 The dibromide was
converted into the distannyl derivative 3 by reacting 2 with n-
BuLi at low temperature followed by addition of Bu3SnCl. Stille
coupling between 3, which was used as is without additional
purification, and 5-bromo-2-thiophene carboxaldehyde using a
palladium catalyst gave 4 in an overall 47% yield. Condensing 4
with the diaminothiophene 6 was done with scandium

Scheme 1. Synthetic Scheme for the Preparation of the Azomethine Oxetane Derivative 5a

a(i) NBS, DMF 93%; (ii) KOH, THF, 72%; (iii) (a) n-BuLi, (b) Bu3SnCl, THF; (iv) Pd(PPh3)4, toluene 47%; (v) Sc(SO3CF3)3, EtOH, 76%.
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triflate,35,55,56 instead of typically used trifluoroacetic acid. The
latter was thought to preferentially promote CROP of the
oxetane moiety, rather than desired imination. The targeted 5
was obtained in 76% yield using the scandium catalyst with
minimal undesired CROP of the oxetane moiety.
The photopolymerization of 5 was done using p-octyloxy-

phenyl-phenyl iodonium hexafluoroantimonate (OPPI) as the
photoacid generator (PAG).57−59 While catalytic amounts of
the PAG are normally required for CROP, a stoichiometric
amount was used. This was to ensure a sufficient amount of
acid was available to promote CROP and to take into account
the potential protonation of the amines and azomethines of 5
by the photochemically generated acid. It should be noted that
the reactivity of the amines of 5 are suppressed owing to the
withdrawing effects of the neighboring esters and azome-
thines.60 The cyclic ether was therefore expected to be a better
nucleophile for promoting CROP among the reagents used.
Giving that 5 (λabs = 492 nm in dichloromethane) strongly
absorbs in the visible, it would be an ideal intrinsic
photosensitizer for acid generation with the typically used
iodonium salt via energy transfer. However, no photoinduced
acid CROP was observed by directly irradiating 5 at 350 nm in
the presence of OPPI. This was qualitatively determined by the
absence of immobilized film on the substrate even after
prolonged irradiation times. Instead, the deposited film was
dissolved from the substrate upon washing with common
organic solvents. To some extent this was not surprising since
the azomethine bond is known to efficiently deactivate the
singlet state.61 Oligothiophenes, including terthiophenes, are
further known to undergo efficient intersystem crossing.62−64

The collective deactivation modes are assumed to quench the
excited state of 5 before energy transfer to the PAG can occur.
A fluorenone derivative was then used as a photosensitizer for
energy transfer to the PAG upon irradiation. An anthracene
derivative was also used as an accelerator to improve the
polymerization time and sensitivity. A photoactive solution
consisting of photosensitizer/PAG/accelerator/5 in a
2:1:1.2:1.6 weight ratio was prepared and coated onto
substrates by drop- and spray-coating. A mask with a given
pattern was placed over the deposited red films, and they were
irradiated at 350 nm for 10 min. The irradiated film was then
baked at 100 °C for 60 min to ensure acid diffusion through the
films and allow the oxetane moieties to reorganize for
maximum CROP.54,65 The substrates were then rinsed with a
mixture of dichloromethane/triethylamine (8/2 vol %)
followed by neat dichloromethane. This was necessary to
develop the desired image by removing the unexposed 5 that
remained soluble.
Azomethines are generally understood to be hydrolytically

unstable, especially under the conditions used to promote
CROP. Given the significant spectral differences between 4 and
5 (Figure 1), the hydrolysis of 5 to 4 could potentially be
tracked spectroscopically. Both absorbance and ATR-FTIR
spectroscopies were used to provide additional evidence for the
robustness of the azomethine bond toward photopolymeriza-
tion by CROP. As seen in Figure 1, the absorbance of 5 is
bathochromically shifted by ca. 100 nm relative to 4 (Figure 1).
This is owing to its increased degree of conjugation and
electronic push−pull effect of the azomethine bond and the
terminal electron donating amines. The absorbance of 5 is
further red-shifted by ca. 250 nm upon photoinduced CROP.
This bathochromic shift is a halochromic effect from
protonation of both the terminal amines and azomethines by

the stoichiometrically photogenerated acid. This was confirmed
by the absence of similar spectral shifts when 4 was
photopolymerized using the same conditions as 5. Meanwhile,
the weak shoulder at 470 nm corresponds to the photo-
sensitizer (Supporting Information Figure S3) that is removed
upon rinsing the substrate postpolymerization. The substrates
of 5 were washed postirradiation with dichloromethane
solutions containing triethylamine to neutralize the protonated
immobilized polymer in addition to removing the residual
photoactive CROP reagents and low molecular weight
oligomers. Decomposition of 5 by acid promoted hydrolysis
either during CROP or by the postpolymerization washing
treatment would give 4 as the product. This would be
spectroscopically evident by distinctive absorbance of 4 at
400 nm (Figure 1). Washing the photopolymerized 5 led
exclusively to the original spectrum of 5 with no absorbance
peak at 400 nm, confirming the robustness of the azomethine
bond to photoinduced CROP. The persistently immobilized
film on the electrode after repeated rinsing with solvents known
to remove 5 further confirmed the polymeric nature of the
immobilized layer prepared by CROP. It is noteworthy that
monomers generally containing two oxetane moieties are

Figure 1. (A) Normalized absorbance spectra of 4 (black solid line)
and 5 (red solid line) in dichloromethane along with 4 (black dashed
line) and 5 (red dashed line) immobilized on glass by photoinduced
CROP prior to rinsing the substrates postpolymerization. (B) ATR-
FTIR spectra of 4 (black), 5 (red), 5 immobilized on the surface via
CROP (navy), and 6 (wine).
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required to obtain cross-linked immobilized polymer films by
CROP.66 The advantage of the single oxetane containing 5 is it
relative synthetic ease compared to analogous bisoxetanes.
CROP of the oxetane moiety and polymer film formation

were additionally supported by ATR-FTIR. This was confirmed
by the disappearance of the characteristic oxetane peak at ca.
970 cm−1 when both 4 and 5 were irradiated with the PAG and
photosensitizer.67 FTIR was also used to confirm the absence of
hydrolysis of 5 into 4 during photoinduced CROP. This was
done on the basis of the peak at 1649 cm−1 that corresponds to
the terminal carbonyl of 4 (Supporting Information Figure S7).
This peak did not appear in the immobilized films of 5 even at
irradiation times longer than those used to produce the
photopatterns in Figure 2.
Desired immobilization of 5 via photoacid induced ring-

opening polymerization was qualitatively assessed. This was
done by analyzing the persistent purple color of the
immobilized film on the substrates via optical microscopy
(Figure 2A). The color difference of Figures 2A and 2C
compared to the insets of Figures 4B and 5B observed for the
same sample is uniquely from the color filter used for the
optical microscope camera. Therefore, the images of the
immobilized 5 taken with the optical microscope are not true
representative colors. This withstanding, the films resisted
repeated washings, confirming the extended polymerization of
5 upon irradiation. The persistent purple color after
postpolymerization washings also confirmed the photopoly-
merized 5 resisted hydrolysis by the PAG and it does not
hydrolyze to 4 during photolithography and curing. Photo-
lithography of 5 using the PAG mixture was also done by both
spray-coating and drop-casting solutions. These deposition
methods were pursued because the optical contrast of the fine
photopatterns obtained by preliminarily investigated films
prepared by spin-coating was too low to be evaluated by
optical microscopy. What appears as cracks in the image of
Figure 2C are actually regions of different thickness of the
photopolymerized film. This is a result of inconsistent coating
thickness from manual spray-coating of 5, resulting in a rough
layer of deposited material and not from defects in the image

transfer. This is supported by the high resolution image
produced with thicker films by drop-casting (Figure 2A).
Photomasks having 20 μm images were used as a proof-of-
concept to demonstrate that 5 could successfully transfer the
patterns photolithographically. Photographs of a typical photo-
mask used for patterning and the resulting photopattern
obtained by 5 are seen in parts B and A of Figure 2,
respectively. Images of different resolutions ranging between 20
μm and upward of 50 mm could be obtained by photo-
patterning 5 (Figure 2C). Well resolved large-scale images on
the centimeter scale could also be obtained (Supporting
Information Figures S11 and S12).
The resulting photopatterned images were further quantified

by profilometry. Figure 2D shows the ca. 600 μm cross-section
of the photopolymerized 5 from image Figure 2A. This image
was obtained after exposing a drop-casted film of the PAG
mixture with the mask in Figure 2B followed by developing.
Image development consisted of thermally curing the substrate
postirradiation followed by thorough rinsing with triethylamine
solutions diluted in dichloromethane and neat dichloro-
methane. The image clearly shows that well-resolved 10 μm
valleys and 30 μm plateaus were obtained. The width of the
plateaus and valleys mimic the photopattern dimensions,
confirming that 5 can successfully transfer the image and that
an immobilized film can be obtained. The observed design
features and high resolution of the transferred image confirm
that 5 does not hydrolyze or decompose with the CROP
conditions.
A pivotal property required of electrochromic materials is

electrochemical reversibility. The electrochemistry of 5 was
therefore investigated. Only the anodic properties were probed
because thiophenes are known to be exclusively p-type
materials.68,69 As seen in Figure 3, 5 exhibits a reversible
oxidation with E0′ = 290 mV vs Fc/Fc+ in solution. The
reversible oxidation behavior is maintained even when 5 was
immobilized on the ITO electrode by photoinduced CROP.
The oxidation potential is, however, more positive by 240 mV.
This is consistent with an increased activation barrier for
electron transfer owing to the insulating character of the

Figure 2. Photographs of the resulting immobilized 5 upon irradiating, curing, and postpolymerization washings (A) taken with an optical
microscope and the photomask used for photopatterning (B). Photograph of large area photopatterning of 5 on glass (C) measuring 52 mm in
length. The reference length bar shown is 100 μm for (B). Profilometry of photopolymerized 5 on glass (D) after photolithography using the mask
from (B).
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film.70,71 The oxidation potential of 4 was also increased by 280
mV when it was subjected to photoinduced CROP on the ITO
electrode. In contrast to 5, the oxidation of 4 was irreversible.
The reversible behavior of 5 is courtesy of its terminal amines
that prevent the electrochemically generated radical cation from
reacting via cross-coupling routes. The oxidized intermediate of
the immobilized layer was assigned to the radical cation
according to the 59/n mV relationship for the forward and
reverse peak separation.71 Interestingly, the oxidation of 5 in
solution was a two-electron process. While the identity of the
intermediate cannot be unequivocally assigned to either a
double radical cation or a dication, the terminal groups greatly
affect the oxidation potential. The donating effect of the amine
lowers the oxidation potential to potentials that are compatible
for use in working devices, but are stable under aerobic
conditions. Whereas, the electron withdrawing effect of the
carbonyl in 4 increases the oxidation potential.
Detectable color change between the neutral and charged

states of the photoinduced CROP layer in addition to reversible
oxidation is paramount for using the polymer in electrochromic
devices. Since reversible oxidation was confirmed (vide supra),
the reversible color change of 5 in solution and immobilized on
the substrate was examined. Chemical oxidation with ferric
chloride was initially done to confirm the reversible visible color
switching between the neutral and oxidized states. The neutral
5 changed from red to blue when oxidized (inset Figure 4A) in
dichloromethane. The resulting observed absorbance for the
neutral and oxidized states respectively was 492 and 628 nm.
The oxidized state could be reduced to the neutral form with
hydrazine hydrate. The absorbance of the neutral state obtained
by reducing the oxidized state did not differ from the
absorbance of the original neutral state. The persistent oxidized
intermediate and reversible color change between the neutral
and oxidized state demonstrate the robustness of the film and
the azomethine bonds toward chemical doping. Furthermore,
the reversibility of the doping process under ambient
conditions implies that both the neutral and the oxidized
states are stable. Similar chemically induced spectral changes
were observed with 4. A large red-shift of 66 nm was observed

upon oxidizing 4. While a larger red-shift was observed with 4,
the color switching perceived with the eye is not as interesting
for commercial applications as that of the immobilized 5. When
immobilized on glass, the color of 5 was different from what
was observed in solution (Figure 4A). The immobilized 5 was
mauve in color, and it underwent a 198 nm bathochromic shift
when chemically oxidized, resulting in visually green colored
film (inset Figure 4B). The spectral differences observed
between the solution and photopolymerized samples are most
likely from intermolecular charge transfer and π-stacking in the
thin films. Unlike what was observed in solution, the oxidized
state of the immobilized 5 was not persistent. The chemically
induced green color dissipated, and it was replaced with the
original mauve color of the neutral state, immediately upon
removing the substrate of 5 from the ferric chloride solution.
The rapid color reversion is from evaporation of the solvent
and self-quenching, but not from degradation of the
azomethine. This was confirmed by regenerating the green
doped state upon submerging the substrate in the oxidizing
solution that led to similar absorbance spectra before and after
doping. The corresponding CIE L*a*b* color coordinates of
the different states are found in Table 1 and Supporting
Information Figure S14.
The spectroelectrochemistry of 5 immobilized on a working

ITO electrode was done to assess the color transition and

Figure 3. Anodic cyclic voltammograms of 4 (blue) and 5 (red)
measured in 0.1 M TBAPF6 dichloromethane (solid line) and
immobilized on ITO-coated glass electrodes by photoinduced
CROP (dashed line) in 0.1 M TBAPF6 acetonitrile at a scan rate of
100 mV/s.

Figure 4. (A) Normalized absorbance spectra of 5 in dichloromethane
(black line) and photopolymerized on ITO-glass (red line) in the
neutral (solid line) and oxidized (dashed line) states with ferric
chloride. Inset: pictures of the neutral 5 in solution and its oxidized
(right) and neutralized (left) states obtained by adding hydrazine
hydrate and ferric chloride, respectively. (B) Spectroelectrochemistry
of the photopolymerized 5 on ITO by applying 0, 100, 200, 300, 400,
500, and 600 mV vs Fc/Fc+ for given intervals. Inset: pictures of the
photopolymerized 5 in the neutral (left) and oxidized (right) states
obtained by chemical oxidation and neutralization.
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switching capacity of the polymer under conditions similar to
those in a working electrochromic device. This study was also
done to corroborate the chemical oxidation studies. For the
spectroelectrochemical studies, the oxidation potential, rever-
sible oxidation, color changes, and the oxidation/neutralization
switching rates of the immobilized polymer were examined in
acetonitrile using TBAPF6 as the supporting electrolyte. The
electrochemical oxidation of 5 led to stark color changes
between its neutral and oxidized states (inset Figure 5B) with

applied biases of +0.6 and −0.6 V vs Fc/Fc+. Similar to the
chemical doping studies, two distinct colors were observed by
spectroelectrochemistry for the oxidized and neutral states. The
observed color change was consistent with the chemically
induced mauve-to-green color change. The CIE coordinates of
the neutral and oxidized states were determined using the D65

illumination and 2° observer angle (Table 1). The electro-
chemical switching was done under ambient conditions without
degassed or anhydrous solvents, demonstrating the stability of
both the neutral and the oxidized states. The chemical and
spectroelectrochemical studies additionally demonstrated that 5
had spectral and electrochemical properties that are suitable for
its use as the electrochromic layer in devices. It is worthy to
note that 5 is the first example of a polyazomethine prepared by
photolithographic means that can be reversibly oxidized with
significant color changes in the visible spectrum between its
neutral and oxidized states. Films were also prepared from 4
using the same process. As expected, the oxidation of the
polymer film was not reversible and the film rapidly degraded
with multiple switching between the neutral and oxidized states
(Supporting Information Figure S14), owing to electrochemi-
cally induced reactions at the unsubstituted thiophene
positions.52

The capacity of the immobilized polymer to continuously
switch between its neutral and oxidized states and its switching
speed were investigated. These were done to further assess the
stability and robustness of the immobilized electrochromic 5.
The duty cycle of the immobilized polymer was examined with
15 s switching speeds. This was found to be the optimal
switching interval for the largest transmittance change between
the neutral and oxidized states. As seen in Figure 5A, the
immobilized polymer could be switched for many cycles
without any significant variation in the transmittance. Switching
between the two colored states of the photopolymerized 5 at
various speeds was possible, as seen in Figure 5B. Increasing the
switching from 15 to 1 s. led to a reduced transmittance
difference between the neutral and oxidized states. To some
extent, the slow switching speed is not surprising because of the
slow diffusion of the large bulky TBAPF6 electrolyte through
the electrochromic layer and associated conformational changes
of the polymer film.72,73 Nonetheless, color changes were still
visually observed even with switching speeds up to 1 s. The
spectroelectrochemical data confirm that the azomethine bonds
of 5 are robust and they can withstand repeated switching
between their neutral and oxidation states under ambient
conditions. While extended duty cycles are beneficial for device
applications, the switching cycles observed in Figure 5 under
simulated working device conditions nevertheless demonstrate
that conventional photolithography can be used for immobiliz-
ing electroactive azomethines directly on electrodes. This
proof-of-concept proves that immobilized azomethines are
electroactive and they can sustain repeated cycling without
color fatigue or decomposition. Meanwhile, preliminary results
obtained with a standard unoptimized electrochromic device
using photopolymerized 5 as the electrochromic layer
demonstrate that the immobilized azomethine can be used as
an alternative electrochrome to currently used materials
(Supporting Information Figures S26 and S27). Extended
duty cycles for end-user applications are expected with 5 upon
improving film preparation, controlled film thickness, and
optimization of supporting electrolytes.

■ CONCLUSION
In summary, the first example of an electrochromic azomethine
consisting of an oxetane photopolymerizable group was
reported. The first example of photopatterning an azomethine
using standard photolithographic methods to yield a robust and
immobilized polymer directly on the working transparent
electrode was also reported. This polymerization method has

Table 1. CIE Coordinates with D65 illumination and 2°
Observer Angle for the Different States of 5 in Solution and
Photopolymerized on ITO Substrates

state L* a* b*

solution neutrala 88 20 24
oxidizeda,b 93 −1 6
oxidizedc 90 −7 6

immobilized neutrald 44 18 −13
oxidizedb,d 56 3 −9
oxidizedc 66 −2 −2

electrochromic device neutrale 80 13 1
oxidizedb,e 83 5 1

a5 in acetonitrile with TBAPF6 as the supporting electrolyte.
bElectrochemically oxidized by applying a potential of 0.6 V vs Fc/
Fc+. cChemically oxidized with ferric chloride in dichloromethane. d5
immobilized on the ITO electrode measured in acetonitrile with
TBAPF6 as the supporting electrolyte. ePhotopolymerized 5 used as
the electrochromic layer in the working transmissive electrochromic
device.

Figure 5. (A) Change in transmittance of 5 immobilized on ITO
electrode measured at 15 s intervals and monitored at 810 nm. (B)
Change in transmittance of 5 immobilized on ITO electrode measured
at 5, 2, and 1 s intervals and monitored at 750 nm with potentials
switched between +0.6 and −0.6 V vs Fc/Fc+ in 0.1 M TBAPF6
acetonitrile. Inset: photographs of the immobilized films of 5 on an
ITO glass electrode in the neutral (left) and oxidized (right) states.
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the advantage that electroactive materials ranging from
micrometer to centimeter dimensions, and potentially nano-
meter scale, can be prepared while retaining the electroactive
properties required for device usage. The material was found to
have key properties including reversible oxidation, visible color
switching between the neutral and the oxidized states, and
stability toward repeated neutralization and oxidation cycles
under ambient conditions. These properties are of importance
considering that azomethines are often overlooked as functional
materials. The photopolymerized layer served as a proof-of-
concept that azomethines are viable electrochromic materials.
Extended duty cycles of the photoimmobilized azomethines in
a working electrochromic device are expected with optimized
device fabrication, including appropriate electrolytes. The
advantage of these materials is their potential application to
large scale processing methods for patterning over a wide range
of dimensions, while preserving their electrochromic properties.

■ EXPERIMENTAL SECTION
General Procedures. All chemicals and reagents were obtained

from commercial sources, unless otherwise stated. Anhydrous and
degassed solvents were obtained from an activated alumina solvent
purification system.
Spectroscopy. Both solution and thin film absorbance measure-

ments were done on a Cary 500 spectrophotometer. FT-IR
measurements were done on a Thermo scientific spectrometer Nicolet
6700 FT-IR instrument with an ATR accessory. The photoactive
mixture of 5 (vide infra) was deposited by drop-casting onto multiple
glass slides. The slides were irradiated for prescribed times. The
substrates were then rinsed to remove the unpolymerized 5 as below
and then FT-IR measurements of the immobilized 5 were done.
Electrochemistry. Cyclic voltammetry measurements were made

on a Bio-Logic VPS 300 potentiostat. Compounds were dissolved in
degassed dichloromethane at 10−3 M with 0.1 M TBAPF6. A platinum
electrode was used as the working electrode with a platinum wire as
the auxiliary electrode. An Ag/AgNO3 (0.01 M in CH3CN) electrode
was used as a reference and checked against the ferrocene/ferrocenium
couple (Fc/Fc+). Ferrocene was added to the solution as an internal
reference, and the potentials were reported relative to the Fc/Fc+

couple.74,75 The spectroelectrochemistry was done using a Pt wire
mesh electrode as the working electrode. Ferrocene was also used as
an internal reference, and all the potentials were reported with respect
to the ferrocene/ferrocenium couple, unless otherwise stated.74

Spectroelectrochemical measurements were done using the electro-
chemical method above by using a special 1 mm thick quartz
absorbance cell. The working electrode was a 1 mm thick platinum
mesh gauge electrode. Switching studies between the oxidized and
neutral states were done by applying a potential 310 mV greater than
the Eox for the compound of study. The corresponding spectra were
measured after applying a given potential for 30 s. Spectra at 810 nm,
corresponding to the oxidized state, were continuously recorded while
electrochemically switching between the neutral and the oxidized
states.
Photolithography. In chloroform (0.5 mL) under ambient

conditions were dissolved 5 (1.6 mg), the photoacid generator p-
octyloxy-phenyl-phenyl iodonium hexafluoroantimonate (OPPI; Spec-
tra Group, Inc.; 2 mg), 5,7-diiodo-3-butoxy-6-fluorone (H-Nu-470;
Spectra Group, Inc.; 1 mg) as the photosensitizer, and 9,10-
diethoxyanthracene (AN-910-E; Spectra Group, Inc.; 1.2 mg) as the
electron transfer accelerator.76 Optimization of the photolithographic
solutions was done by drop-casting the solutions onto glass substrates.
The resulting film was placed in a photoreactor and irradiated at 350
nm for 10 min (247.5 Lm·m−2). The substrate was then baked in an
oven at 100 °C for 60 min. The unpolymerized 5 was subsequently
removed by washing the substrate with a mixture of dichloromethane/
triethylamine (8/2) and then neat dichloromethane. The photolitho-
graphic steps including irradiation, baking, and rinsing were all done
under ambient conditions. Photopolymerized films of sufficient

thickness for optical and spectroelectrochemical measurements were
obtained by spray-coating the optimized solution of 5 as per above.

The same photolithographic procedure was used for electro-
chemical measurements. The samples were spray-coated onto ITO
coated glass substrates (Delta Technologies, Inc.) Photopatterning was
done by placing a mask having the desired pattern over the spin-coated
film prior to irradiation. The mask was removed after irradiating the
substrate and prior to baking.

The thickness and roughness and the resulting photopolymerized
films were determined using a stylus Dektak profilometer (Bruker,
Nanoscience). The photopatterns were characterized and images
photographed using an Axioskop-40 microscope from Carl Zeiss,
equipped with 10 and 20 objectives. Pictures were taken with a
Micropublisher 3.3 camera from Q-Imaging and analyzed with the
Image-Pro Plus 5.1 software.

Electrochromic devices were prepared by spray-coating a solution of
5 onto ITO coated glass. For this, 5 (10 mg) was dissolved in
dichloromethane (1 mL) along with OPPI (6 mg), H-Nu-470 (3 mg),
and AN-910-E (3.6 mg). The film coated substrate was placed in a
photoreactor, and it was irradiated at 350 nm for 10 min. The
substrate was then baked in an oven at 100 °C for 60 min. The
unpolymerized 5 was subsequently washed with a mixture of
dichloromethane/triethylamine (8/2 vol %) and then neat dichloro-
methane. The electrolyte gel was prepared by combining propylene
carbonate (PC), poly(ethylene glycol) diacrylate, and tetrabutylam-
monium tetrafluoroborate in the respective weight ratios of 10:7:3.
2,2-Dimethoxy-2-hexylacetophenone was used as the photoinitiator,
which was added to the gel mixture in a 17.5 mg to 5 g ratio to PC.
The gel was deposited with a Pasteur pipet on the ITO substrate, and
the film of 5 was placed on the top of the gel. The device was
irradiated at 350 nm during 5 min to cross-link the gel. Copper tape
was used for electrical contacts, and the spectroelectrochemical
properties were measured as above.

Synthesis. 2-(2,5-Dibromo-3-thienyl)ethanol (1).77 In the ab-
sence of light, a solution of NBS (15.23 g, 85.56 mmol) in DMF (60
mL) was added dropwise to a solution of 3-thiophene ethanol (4.76 g,
37.13 mmol) in DMF (90 mL) at room temperature and the reaction
was stirred during 2.5 h at 40 °C and then 12 h at room temperature.
The product was extracted with dichloromethane (150 mL), and the
resulting organic layer was washed with water (5 × 250 mL), dried
over MgSO4, filtered, and concentrated to dryness. The product was
purified by column chromatography on silica gel (eluent: dichloro-
methane) to give a colorless oil (9.90 g, 93% yield). 1H NMR (400
MHz, CDCl3) δ: 6.88 (s, 1H), 3.82 (t, 2H,

3J = 6.5 Hz), 2.81 (t, 2H, 3J
= 6.5 Hz), 1.44 (s, 1H). 13C (100 MHz, CDCl3) δ: 139.5, 131.7, 111.2,
109.8, 62.2, 33.2. HR-MS (ESI) (M + H) m/z: calcd for C6H7Br2OS,
284.8571; found, 284.8579.

3-((2-(2,5-Dibromothiophen-3-yl)ethoxy)methyl)-3-methyloxe-
tane (2). 1 (1.50 g, 5.24 mmol) and (3-methyloxetan-3-yl)methyl 4-
methylbenzenesulfonate (1.60 g, 6.24 mmol) were dissolved in THF
(120 mL) along with KOH (1.17 g, 20.85 mmol). The solution was
stirred at reflux during 72 h. Afterward the solvent was evaporated and
the residue was dissolved in dichloromethane (300 mL). The organic
layer was washed with water (3 × 150 mL), dried over MgSO4,
filtered, and concentrated to dryness. The product was purified by
column chromatography on silica gel (eluent: 1/1 hexane/diethyl
ether) to give a colorless oil (1.40 g, 72% yield). 1H NMR (400 MHz,
CDCl3) δ: 6.86 (s, 1H), 4.48 (d, 2H,

2J = 5.7 Hz), 4.35 (d, 2H, 2J = 5.7
Hz), 3.62 (t, 2H, 3J = 6.5 Hz), 3.49 (s, 2H), 2.81 (t, 2H, 3J = 6.5 Hz),
1.30 (s, 3H). 13C (100 MHz, CDCl3) δ: 140.0, 131.9, 110.7, 109.4,
80.4, 70.6, 40.3, 30.3, 21.7. HR-MS (ESI) (M + H) m/z: calcd for
C11H15Br2O2S, 368.9149; found, 368.9154.

(3-(2-((3-Methyloxetan-3-yl)methoxy)ethyl)thiophene-2,5-diyl)-
bis(tributylstannane) (3). Under nitrogen, a solution of 1.6 M n-BuLi
in hexane (1.25 mL, 2.00 mmol) was added dropwise to a solution of 2
(200 mg, 0.54 mmol) in anhydrous THF (14 mL), and then it was
cooled to −78 °C. After stirring for 1 h at −78 °C, Bu3SnCl (0.41 mL,
1.50 mmol) was slowly added. The reaction mixture was allowed to
reach room temperature. After addition of diethyl ether (100 mL), the
mixture was washed with a saturated aqueous solution of NH4Cl (200
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mL), dried over MgSO4, and concentrated to dryness to give a light
yellow oil corresponding to 3. The crude product was immediately
used in the Stille coupling reaction without further purification.
3′-(2-((3-Methyloxetan-3-yl)methoxy)ethyl)-[2,2′:5′,2″-terthio-

phene]-5,5″-dicarbaldehyde (4). A mixture 3 and 5-bromo-2-
thiophene carboxaldehyde (0.13 mL, 1.10 mmol) in toluene (5 mL)
was degassed with argon for 20 min in a Schlenk flask. After adding
Pd(PPh3)4 (60 mg, 0.05 mmol), the Schlenk flask was closed and the
reaction mixture was stirred at 110 °C for 12 h. After removing the
solvent by evaporation in vacuo, the residue was purified by
chromatography on silica gel (eluent: 9/1 dichloromethane/acetone)
to give 4 (110 mg, two-steps 47% yield) as a yellow oil. 1H NMR (400
MHz, CDCl3) δ: 9.90 (s, 1H), 9.87 (s, 1H), 7.73 (d, 1H,

3J = 4.0 Hz),
7.68 (d, 1H, 3J = 4.0 Hz), 7.32 (d, 1H, 3J = 3.9 Hz), 7.32 (s, 1H), 7.27
(d, 1H, 3J = 3.9 Hz), 4.47 (d, 2H, 2J = 5.7 Hz), 4.33 (d, 2H, 2J = 5.7
Hz), 3.77 (t, 2H, 3J = 6.2 Hz), 3.51 (s, 2H), 3.10 (t, 2H, 3J = 6.2 Hz),
1.28 (s, 3H). 13C NMR (100 MHz, CDCl3) δ: 182.7, 182.6, 146.0,
144.8, 143.3, 142.4, 139.7, 137.4, 136.9, 135.7, 132.3, 129.9, 127.3,
124.9, 80.1, 76.5, 70.8, 40.0, 30.1, 21.5. HR-MS (ESI) (M + H) m/z:
calcd for C21H21O4S3, 433.0592; found, 433.0597.
Tetraethyl 5,5′-((1E,1′E)-((3′-(2-((3-Methyloxetan-3-yl)methoxy)-

ethyl)-[2,2′:5′,2″-terthiophene]-5,5″-diyl)bis(methanylylidene))bis-
(azanylylidene))bis(2-aminothiophene-3,4-dicarboxylate) (5). Scan-
dium triflate (5 mg, 0.01 mmol) was added to a mixture of 4 (240 mg,
0.55 mmol) and 6 (285 mg, 1.10 mmol) in ethanol (40 mL). The
reaction mixture was refluxed for 2 h. The solvent was then evaporated
under vacuum. The resulting crude product was dissolved in acetone,
and it was precipitated by adding hexane. The crude product was
filtered, and it was purified by column chromatography on silica gel
(eluent: 8/2 hexane/acetone) to give 5 (380 mg, 76% yield) as a red
powder. 1H NMR (400 MHz, acetone) δ: 8.21 (s, 1H), 8.19 (s, 1H),
7.52 (s, 4H), 7.51 (d, 1H, 3J = 4.0 Hz), 7.46 (d, 1H, 3J = 3.9 Hz), 7.42
(s, 1H), 7.34 (d, 1H, 3J = 3.9 Hz), 7.32 (d, 1H, 3J = 3.9 Hz), 4.42 (d,
2H, 2J = 5.6 Hz), 4.40−4.33 (m, 4H), 4.25−4.17 (m, 6H), 3.84 (t, 2H,
3J = 6.3 Hz), 3.56 (s, 2H), 3.13 (t, 2H, 3J = 6.3 Hz), 1.44−1.38 (m,
6H), 1.30−1.25 (m, 9H). 13C NMR (100 MHz, CDCl3) δ: 165.5,
164.8, 161.8, 145.9, 145.9, 143.7, 142.8, 141.1, 140.0, 139.6, 136.1,
133.6, 133.4, 133.4, 133.1, 132.4, 131.4, 131.3, 129.7, 128.1, 125.8,
102.5, 79.9, 76.9, 71.4, 61.6, 61.6, 60.5, 40.6, 21.7, 14.9, 14.8, 14.6,
14.5. HR-MS (ESI) (M + H) m/z: calcd for C41H45N4O10S5,
913.1723; found, 913.1734.
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