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ABSTRACT: We report a directly photopatternable polythiophene  Film - (CH,Cl.) hv Film + (Aqueous)
derivative PT,yp with o-nitrobenzyl (oNB)-functionalized side chains. 1111
PT, g has unique phototunable solubilities programmed through three
stages: (i) organic-soluble/aqueous-insoluble, (ii) organic-insoluble/
aqueous-insoluble, and (iii) organic-insoluble/aqueous soluble. The A -
capability to control conjugated polymer solubility with spatiotemporal ’
precision and orthogonal developer solvents through three stages allows 50 pm \/
for direct patterning of this conjugated polymer and provides flexibility
to choose between positive and negative tone photolithography. This
approach to photomodulate solubility also enables all-solution processing of multilayer stacked conjugated polymer films; we
demonstrate here direct two-layer photopatterning with this novel conjugated polymer photoresist.

B INTRODUCTION irradiation,”™*’ photoinduced changes in doping,*"** and
photoinduced backbone cleavage.”> Our group has developed
negative-tone photoresist conjugated polymers that combine
polythiophene or polythiophene-alt-benzothiadiazole back-
bones with photocleavable solubilizing pendants that eliminate
from the backbone upon illumination.”** In these materials,
polymer in the unirradiated areas dissolves in organic solvents,

The delocalized 7-systems of electrons in the backbones of
conjugated polymers (CPs) give them useful optical and
electronic properties, making CPs promising organic semi-
conducting materials for a variety of applications.'~” Two of the
most important advantages that CPs have over conventional

inorganic semiconductors are solution processability and L T .
mechanical flexibility, which can allow for low-cost, large-area while in the irradiated areas, where photolysis of the solubilizing
) )

flexible electronics such as organic light-emitting devices side chains occurs, polymer 1.'emains. Comp are.d with the more
(OLEDs) and organic thin film transistors (OTFTs). commonlyA adopted hegative-tone patterning strategy of
Realization of these characteristics of CPs, however, typically P hotocherTncal cross—l.lnkmg, this s.1de—cha%n photocleavage
requires incorporation of solubilizing alkyl side chains onto met}}od yields CP micropatterns 'Wlth an increased volume
their conjugated backbones.*~' There has also been growing fraction of optoelectronically active backbone due to the
interest in developing water-soluble CPs with hydrophilic side rerr}oval of the solubilizing pendants after s'<).1ution processi.ng.
chains for biological applications.'*~"” Without solubilizing side Th_ls_ app roach. may a.llso lower the probability of degljadatlon
chains, however, the parent structures of materials such as facilitated by side chains (for example, through photoinduced

: 44
polythiophene (PT) and poly(phenylene vinylene) are hydrogen atom abstractions). ) )
insoluble in most solvents. In comparison to approaches that yield negative-tone

The patterning of semiconducting materials is a key photolith.ography, Athere haveA been fe.w reports on positive
capability in the fabrication of functional devices."® Photo- Photoreswt organic electronic materlals‘ that change from
lithographic patterning is a noncontact, scalable micro- 1nsoh‘1b1e to SOh.lble upon exposure to light. An e){arpple of
fabrication method with submicrometer resolution. Typically, note is that of Dirk and co—workers, wh.o reported positive-tone
photolithography is an indirect patterning approach in which an ph.otol.lthography of p oly(thle.nylene vinylene) t}gough photo-
intermediate photoresist material is patterned first, followed by oxidative cleayz?ge of the. con)ugated. backbones. A favorabl.e
transfer of the pattern to an active material” This usually feature.: of positive .photohthography is that the active electronic
requires additional photoresist materials and extra steps such as Fnate.rlalls remaining after patterning are prote.cted from
photoresist deposition, etching, and lift-off. 19 Driven by the irradiation and therefore free from photgdegradatlon. More-
increasing demand of cost-efficient, scalable manufacturing of over, to the best of our knowledge, th.ere is no reported dual-
electronic devices, directly photopatternable electronic materi- tone cqn]ugated polyr_n'er photore51§t: a CP Fapable of
als comprising patterning and optoelectronic functions have functioning as both positive and negative p'h'otore51st. A fiual-
attracted considerable attention.””” Researchers have devel- patternable CP allows for the versatility to fabricate

oped a variety of strategies to realize photoinduced changes in

the solubilities of organic ogtoelectronic materials, such as Received: June 7, 2017
photochemical cross-linking,”>™** photochemical cleavage of Revised:  August 18, 2017
solubilizing pendants,”'***~*® photoisomerization,”” photoacid Published: September 12, 2017
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Figure 1. Three-stage photochemical control over solubility of PT,yg.

Scheme 1. Synthesis of Photoreactive Polythiophene PT 5 and Control Polymer PT2

Br

o]
O HO

Jj@ - JTCVV
O,N

KZCO3 Kl, DMF DCC, DMAP, THF
93 % 86 %
1
Br S\ Br
o \ /
/\©/ e HO ~ o )
0 HO
B
K>CO3, KI, DMF DCC, DMAP, THF
75% 7%

Br

Br S Br
\ /
Me;,Sn S SnMe,

tn(o tolyl)phosphine,
sz(dba)s Toluene

76 %
M1
S Br
MeQSn SnMe,
\,@ 0O O
tri(o-tolyl)phosphine,
/‘ Pd,(dba)z, Toluene
92 % /-
(0}
M2

PT2

sophisticated structures with CPs. Examples of reported dual-
tone photoresists include those based on o-nitrobenzyl-
containing hydrogels, in which tuning of composition and
irradiation time allows for complex patterns of thickness and
stiffness,” a polyurethane formulation with two different
nitrophenylpropyl groups with different absorption spectra
causing polymerization and depolymerization using different
wavelengths of light,46 and polymer networks incorporating
coumarin groups’ " or other groups’”” that undergo
photoswitchable cycloaddition reactions (i.e., photoreversible
dimerization reactions), among others.””%37%%

Herein we report a novel polythiophene derivative PT yp
with photocleavable, o-nitrobenzyl (oNB)-functionalized solu-
bilizing side chains. The incorporation of two photocleavable
solubilizing groups on approximately every other thiophene
ring gives PT,yg phototunable solubilities programmed
through three stages: (i) PT,yp starting material is soluble in
organic solvents and insoluble in aqueous solutions; (ii)
partially photocleaved polymer is soluble in neither organic
nor aqueous solutions; (iii) nearly fully photocleaved PT yp is
insoluble in organic solvents but soluble in basic aqueous
solutions. This approach to phototunable solubility using
photolabile solubilizing groups allows for flexibility in
processing of CPs used in organic semiconductor devices; the
nature of the developer solution (organic or aqueous)
determines whether PT,\ g behaves as a positive or negative
tone photoresist. Harnessing this dual-tone capability, we also
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demonstrated film stacking capabilities via all-solution process-
ing and micropatterning of a double-layer PT ,p film.

B RESULTS AND DISCUSSION

Experimental Design. In order to impart phototunable
solubility to polythiophene, we designed oNB-functionalized
photocleavable hydrophobic side chains (compound 1, Scheme
1). Such pendant groups give PT,yp sufficient solubility in
organic solvents suitable for solution-based processing. The
photocleavage of oNB groups is a common strategy for
deprotecting functional groups in organic gnthesm, chemical
biology, and functional macromolecules.”***~* Photolysis of
oNB esters converts the hydrophobic pendants to hydrophilic
carboxylic acid groups. We designed the photolabile 3,4-diester
monomer M1, which copolymerizes with commercially
available monomer 2,5-bis(trimethylstannyl)thiophene via Stille
coupling, to yield the functional conjugated copolymer PT 3
Complete photoconversion of PT,yg would result in a
polythiophene photoproduct with stoichiometric molar ratio
of carboxylic acid groups to thiophene rings—PTs with similar
ratios of carboxylates to thiophene rings can be water-
soluble.”*~*® This polythiophene based dual-tone design is
different from our previously reported negative-tone photo-
resist in that the photoproducts of our previously reported
negative-tone photoresists bear only one carboxylic acid group
for every two heteroaromatic rings along the main chains and
were therefore only sparingly soluble in aqueous solutions.””*
In addition to M1 and PT,yg, we designed a photoinert control
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monomer M2 and polymer analogue PT2 to support our
hypothesis regarding the structure—property relationship
between the photocleavable chemical functionality and photo-
induced changes in solubility.

Scheme 2. Synthesis of Control Polymer PT3, Which Has
Only One Photocleavable Ester for Every Two Thiophene
Tri(o- tolyl)phosphlne [¢]

Rings
}7/ DCC DMAP, THF Oy
88% Pdy(dba)z, Toluene
75%
/\ /\

Synthesis of Polymers. Scheme 1 summarizes our
syntheses of the oNB-functionalized thiophene monomers
and polymers investigated in this paper. Selective alkylation of
the phenol group in S-hydroxy-a-methyl-2-nitrobenzyl alcohol
yielded nitrobenzyl alcohol 1. Acylation of compound 1 with
the known compound 2,5-dibromothiophene-3,4-dicarboxylic
acid using N,N’-dicyclohexylcarbodiimide as an activating
reagent for the carboxylic acids gave monomer M1, with
photocleavable groups on both the 3- and 4-positions of the
thiophene ring. Copolymerization of M1 with commercially
available 2,5-bis(trimethylstannyl)thiophene via Stille cross-
coupling gave the oNB-functionalized polythiophene PT g,
which we isolated by precipitation in methanol, with a number-
average molecular weight (M,) of 5.7 kDa and polydispersity
index (PDI) of 1.5, as determined by gel-permeation
chromatography (GPC) relative to polystyrene standards.
The photoinert control polymer PT2 (M, = 9.5 kDa, PDI =
1.6) was prepared similarly, using commercially available 3-
hydroxybenzyl alcohol as the starting material. In an analogous
manner, we also prepared photolabile control polymer PT3
(M, = 6.0 kDa, PDI = 2.3) bearing only one photocleavable
side chain for every two heteroaromatic rings along the main
chains.

Photolysis of Monomer M1. In order to demonstrate the
photoinduced cleavage of the solubilizing side chains, we
monitored the UV/vis and 'H NMR spectra of a CDCl,
solution of M1 as a function of irradiation time upon exposure
to UV light from a Rayonet photochemical chamber reactor
using borosilicate glass as the filter. Visually, the solution
changed from colorless to brown-yellow in color upon
irradiation over tens of minutes. 'H resonances of Ml
disappeared while new resonances corresponding to the
photolysis products emerged (Figure S2a). Concomitantly,
the characteristic UV—vis absorption peak of the 5-alkoxy-2-
nitrobenzyl group at ~310 nm (¢ ~ 1.7 X 10* M™' em™)
decreased by approximately 30%, while a new peak at
approximately 325 nm and two new shoulders at approximately
350 and 500 nm emerged (Figure 53) Such spectral changes
are consistent with previous reports”>* concerning nitrobenzyl-
functionalized thiophene derivatives. In contrast, M2 subjected
to similar light exposure did not show significant photo-
degradation as monitored by NMR spectroscopy (Figure S2b).

Film Deposition. The incorporation of two ethyl
solubilizing side groups on every other thiophene ring gives
PT g a solubility >30 mg/mL in chloroform, rendering it
sufficiently soluble for solution-based processing. We prepared

Me3Sn SnMe; S
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PT,p films by spin-casting chloroform solutions of the
polymer (2 mg/mL) at 500 rpm for 30 s unless otherwise
mentioned. We found that PT g tended to delaminate from
quartz substrates upon rinsing in basic aqueous solutions; we
therefore spun-cast thin films onto hydrophobic quartz surfaces
silanized with tert-butyltrichlorosilane (water contact angle of
silanized quartz substrates = 90 + 4°). Films prepared in this
manner had thicknesses and surface roughnesses of 38 + 6 nm
and 2.6 + 1.5 nm (RMS), respectively, as determined by atomic
force microscopy (AFM). As shown in Figure 2, films deposited

02 —Film 1 initial
N Film 1 rinsed with DCM
] \ ——Film 2 initial
0.15 "\ /- - —Film 2 rinsed with 0.05 M

Na CO solution

1\ = \
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Figure 2. Spin-coated PT 3 films (solubility stage 1) dissolved rapidly
in dichloromethane (DCM) rinsing solution (film 1, rinsed for 10 s),
while it did not dissolve in 0.05 M Na,CO; solution (film 2, rinsed for
1 h).

on these silanized substrates showed less than a 3% decrease in
absorbance even after 90 min of sonication in 0.05 M Na,CO,
solutions (pH 12.7). One hour of rinsing in the same solution
induced only negligible changes in film thicknesses (<2 nm)
and roughnesses (<1 nm).

Photomodulated Solubilities of PT,\g Films. Solubility
Stage 1. With the objective of demonstrating that solubility of
PT,p in both organic solvents and in aqueous solutions
changes upon photolysis, we monitored the photolysis and the
changes of solubility of PT,yg films in both dichloromethane
(DCM) and 0.05 M aqueous Na,CO; using UV-—vis
spectrophotometry. As expected, unirradiated PT,p films
(~38 nm thick) dissolved instantly in organic solvents of low
polarity such as DCM and chloroform. On the other hand,
these films showed no change in absorbance upon rinsing in
0.05 M aqueous Na,CO; for up to 1 h (Figure 2).

Irradiation of PT,yg Films. These films were irradiated using
2200 W Hg/Xe lamp at A &~ 300—380 nm with a power density
of 5 mW/cm? (see Figure S1 for transmittance of the filters
used). UV-induced changes in the electronic absorbance
spectrum of PT,yg films (Figure 3) were similar to those
described for monomer MI: the band attributed to the
nitrobenzyl group at 310 nm decreased by ~40% after 90 min
of irradiation, with a new peak emerging at ~350 nm. We note
that although photobleaching can be detrimental to the
function of conjugated polymers in application such as
photovoltaics, the absorbance of the band attributed to the
polythiophene backbone does not reduce in intensity even after
90 min of irradiation in the ambient atmosphere, which we
attribute in part to the electron-withdrawing nature of the ester
substituents. We further attribute the observed bathochromic
shifting of the conjugated backbone absorbance (4., shifting
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Figure 3. Photolysis of a PT,xg film upon exposure to UV light as a
function of irradiation time, monitored by absorbance spectropho-
tometry. Inset: dependence of film absorbance at 313 nm on
irradiation time.

from 441 to 465 nm) to increased planarization of the
polythiophene backbone, photoinduced aggregation of the
polythiophene chains, or both. In previous work we have noted
similar bathochromic shifts of other solid golythiophenes upon
photolysis of nitrobenzyl ester pendants.”** Additionally, the
increase in hydrophilicity of PT g film upon light exposure, as
indicated by the water contact angle of the film before (89 +
2°) and after 1 h UV irradiation (81 + 1°), is also consistent
with the expected photochemical conversion of the hydro-
phobic oNB-functionalized pendants to the hydrophilic
carboxylic acid groups (Figure 1). In contrast, films of
photoinert polythiophene derivative PT2 showed negligible
photoinduced spectral changes (Figure S4). The solubility
profile of PT2 (soluble in CH,Cl, and insoluble in aqueous
solutions) and hydrophobicity (water contact angle unchanged
at 88°—89° after of 1 h of UV irradiation) were also
independent of UV irradiation.

Solubility Stage 2. With increasing exposure to UV light,
and therefore increasing photolysis of the hydrophobic side
chains, PT g films became increasingly insoluble in CH,Cl,, as
determined by UV/vis spectrophotometry (Figure 4). After
more than 10 min of UV irradiation, rinsing these films with
CH,CIl, for 20 s caused less than 15% decreases of the
absorbances of the polythiophene backbones (450 nm) of these
films. For a film irradiated for 15 min, increasing the time of
rinsing with CH,Cl, to S h yields no discernible increase in
dissolution (Figure S9). On the other hand, PT g subjected to
less than 30 min of irradiation did not undergo sufficient
conversion to become soluble in aqueous base: the backbone
absorbance of these films decreased less than 5% upon rinsing
in 0.05 M Na,COj; solution for 1 h. A PT ;g film subjected to
1S min irradiation resisted dissolution even upon 30 h of
rinsing with 0.05S M Na,COj; solution (Figure S9). These
results suggest that the extent of photolysis between about 10—
30 min irradiation (between 50% and 80% of maximum
photocleavage, as estimated by the changes of absorbance at
313 nm in Figure 3) yields polymer that is largely insoluble in
both CH,Cl, and aqueous Na,CO;. On the basis of the slope of
the solubility curve, we estimate the contrast (y) of PT,yg
behaving as a negative photoresist to be between 1.2 and 1.5.

Solubility Stage 3. More thoroughly photolyzed films
continued to resist dissolution in CH,Cl,, as they did in
stage 2, due to the large degree of cleavage of solubilizing
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Figure 4. Effect of UV irradiation (4 ~ 300—380 nm, power density S
mW/cm?) on the solubility profile of films of PT,yg. Top: percentage
of polythiophene backbone peak absorbance remaining upon rinsing
with CH,Cl, for 20 s or rinsing with 0.05 M Na,CO; for 1 h as a
function of UV irradiation duration. Bottom: near fully photolyzed
PT,\p film resisted dissolution in CH,Cl, (rinsed for 20 s) but
dissolved in a sequential rinsing step in 0.05 M Na,CO; solution
(rinsed for 1 h) (solubility stage 3). See Figure S4 for control
experiment results with the photoinert polythiophene PT2.

hydrocarbon side chains. The higher degree of photochemical
conversion, however, rendered these films soluble in aqueous
solutions of Na,CO; (Figure 4) or NaHCO, (Figure SS):
polythiophene backbone absorbance of films subjected to 1.5 h
of UV irradiation decreased by more than 90% upon rinsing in
0.05 M Na,COj solution for 1 h. On the basis of the slope of
the curve in Figure 4, we estimate the contrast (y) of PT,yg
behaving as a positive photoresist to be between 1.5 and 2.0.
We attribute the dissolution of these samples in basic solutions
to the hydrophilicity gained from the deprotonated, negatively
charged carboxylate groups generated upon deprotonation of
the carboxylic acid photoproducts. The observation that greater
photochemical conversion was required for photoinduced
solubility in aqueous developer than was required for
photoinduced insolubility in organic developer highlights the
importance of the high carboxylate:ring ratio used in the design
of this polymer for realization of positive photolithography.
Also supporting this design necessity is our observation that
films of an analogous polymer that has only one oNB ester for
every two thiophene rings (PT3, see Supporting Information)
do not show any water solubility even after 1 h of photolysis.
Otherwise identically irradiated films of PT ;g showed less than
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Figure S. Photolithographic patterning of PT,xg films (middle), which were used to generate negative micropatterns using organic developer
(CH,CL,) or positive micropatterns using aqueous developer (0.05 M Na,CO;(aq)).

10% decrease in backbone absorbance upon rinsing in neutral
NaCl solutions of the same ionic strength as 0.05 M Na,CO;
(Figure S6).

We note that the efficiency of this photoresist is less than
commercially available positive photoresists such as DNQ-
Novolac. We attribute this decrease in efficiency to at least
several causes: (i) the polythiophene backbone is a competitive
absorber of the UV light required for oNB photolysis, (ii) the
photochemical products of the oNB photolysis also absorb
light, further reducing the percentage of incident light that is
absorbed by oNB groups as the reaction progresses, and (ii)
the quantum vyield of photolysis of the oNB methylated ester is
rather low: in our previous work” we determined a quantum
yield of a oligothiophene substituted with an oNB methylated
ester similar to the one shown here is 0.05 when in solution—it
is likely that the quantum yield in the solid state is lower than
this solution state value. Photolysis and dichloromethane
rinsing also induced a decrease in thickness from 38 + 6 nm
(RMS = 2.6 nm) to 18 + 3 nm (RMS = 2.4 nm), as monitored
with AFM. We attribute the decreased film thickness, the
decreased characteristic nitrobenzyl absorption around 350 nm,
and the bathochromic shift of the polymer backbone absorption
from 441 to 465 nm to loss of photocleavable side chains and
resulting closer packing of the polymer chains.

Dual-Tone Photopatterning with PT,yg. The photo-
controlled solubility changes of PT,g suggest that both
positive and negative photolithography are possible with this
conjugated polymer, the choice between which depends on the
selection of developer solution used after irradiation. We
performed photopatterning experiments with two PT,yp
films—“Film(+)” and “Film(—)"—deposited using 2 mg/mL
CHC, solutions spun-cast at 500 rpm for 30 s. Both films were
irradiated through a photomask under identical conditions at A
~ 300—380 nm (irradiation duration = 1.5 h; power density = S
mW/cm?), such that polymer in the irradiated circles reached
solubility stage 3, while polymer in areas protected from UV
exposure stayed in solubility stage 1. Film(—) was developed by
rinsing with dichloromethane for 20 s, while Film(+) was
developed by rinsing with 0.05 M Na,CO;(aq) for 1 h.

Figure S shows AFM analysis of the resulting patterned films.
The irradiated circles of CH,Cl,-rinsed Film(—) remained,
while the unirradiated areas dissolved, leaving ~1S5 nm high
circular posts. This decrease in thickness of the negative tone
polythiophene photoresist is consistent with our observations
in previously reported polymers.” In those studies, photolysis
rendered the irradiated polymer insoluble in chloroform and
yielded a decrease in thickness—from 33 + 3.0 to 23 &+ 1.5 nm
after photolysis and further down to 16 + 3.0 nm after rinsing
with chloroform. In contrast, rinsing identically deposited and
irradiated Film(+) with 0.05 M Na,CO; after masked
irradiation resulted in selective dissolution of the photolyzed
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polymer in the exposed circular areas, resulting in positive-tone
photolithography of the same polythiophene; the remaining
polymer had a thickness of about 34 + 4 nm, similar to the
thicknesses of films before irradiation and rinsing (38 + 6 nm).

Multilevel CP Micropatterns. Although multilevel photo-
patterning is known using with various nonconjugated polymer
photoresists,””*® photolithographic fabrication of multilevel
microarchitectures with directly patternable conjugated materi-
als remains an important challenge because of the multilayer
designs of many organic semiconducting devices. To
demonstrate such a capability with PT,\g, we first deposited
a film comprising two stacked PT,g films (single-film
thickness of approximately 40 nm): one layer of PT,yg was
partially photolyzed by 10 min UV exposure in order to render
the polymer insoluble in all solvents (solubility stage 2). A
subsequent second spin-casting step of PT,yp created a two-
layer stacked film, which is only possible after UV irradiation of
the first layer. Spin-coating onto an unirradiated PT g film led
to no detectable increase of film thickness as the solvent used in
subsequent spin-coating steps dissolved the previously
deposited layer (Figure 6).

The photomodulated, three-stage solubility of PT g allowed
fabrication of two-level conjugated polymer microarchitectures
through a combination of positive-tone and negative-tone
photolithographies. First, we prepared a bilayer film as
described in Figure 7, with the bottom layer in solubility
stage 2 (insoluble in organic and aqueous) and the top layer in
solubility stage 1 (soluble in organic, insoluble in aqueous).
This two-layer film was then irradiated through a photomask
for 10 min and then rinsed with CH,Cl,—unirradiated areas in
the top layer remained in solubility stage 1 and dissolved in the
CH,Cl,, while irradiated polymers in the top layer and the
entire bottom layer were in solubility stage 2, resisting
dissolution in CH,Cl,. Subsequently, this patterned film was
irradiated for 90 min through the same photomask, oriented
perpendicular to the original patterning step. This second
patterning step resulted in irradiated areas progressing to
solubility stage 3, enabling dissolution of irradiated areas in 0.05
M aqueous Na,COj;. The result of these patterning steps is a
conjugated polymer film with double level surface micro-
structures as characterized by AFM (Figure 7, bottom), enabled
by the unique dual-tone photolithography possible with PT g.

H CONCLUSION

We reported a new polythiophene derivative PT,g with
photocleavable, oNB-functionalized side groups with three-
stage orthogonal solubilities dictated by the dose of UV
irradiation. Such programmed solubility, along with the
capability to control spatiotemporal distribution of light,
makes PT g a unique dual-tone optoelectronic photoresist.
Photolithography with PT g using the positive tone developer
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Figure 6. Top: schematic of the photolysis-enabled multilayer

stacking. Middle: spin-casting of a second PT,yp layer onto a
photodesolubilized substrate PT,yp layer increased the film thickness
as monitored with UV/vis spectroscopy. Bottom: spin-casting PT g
onto previously deposited PT,yg layers did not increase the film
thicknesses as monitored with UV/vis.

generates photodegradation-free CP patterns, while the
negative tone developer produces CP patterns with increased
volume fraction of electroactive materials upon removal of the
inactive side groups. This CP photoresist enables direct
photolithographic fabrication of multilevel conjugated polymer
microarchitectures. This new approach for conjugated polymer
based dual-tone photoresists offers versatility for micro-
fabrication with potential application in the construction of
multilayer organic devices via solution-based processing.
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B EXPERIMENTAL SECTION

General Considerations. All synthetic manipulations were
performed under standard air-free conditions under an atmosphere
of argon gas with magnetic stirring. Flash chromatography was
performed using silica gel (230—400 mesh) as the stationary phase.
NMR spectra were acquired on a Bruker Avance III 500 spectrometer.
Chemical shifts are reported relative to residual protonated solvent
(7.26 ppm for CHCl;). All reactants and solvents were purchased from
commercial suppliers and used without further purification. Dry THF,
dry CH,Cl,, and dry toluene were obtained from an Innovative
Technologies PureSolv 400 solvent purifier. Polymer molecular
weights were determined using a Shimadzu gel permeation
chromatography (GPC) system equipped with a Tosoh TSKgel
GMHhr-M mixed-bed column and guard column using the UV
detector. The column was calibrated with low polydispersity
poly(styrene) standards (Tosoh, PS Quick Kit) in THF as the mobile
phase eluting at 0.75 mL/min. AFM images were obtained using a
Veeco D3100S-1 working in tapping mode. AFM results were
processed using Gwyddion software, version 2.4. The water contact
angles of sessile water droplets on the surfaces of the polymer films
were determined with a Rame-Hart goniometer (Model 200-Ul) at
room temperature by adding water from the droplet with a 22-gauge
needle in a stepwise fashion. All solution optical spectra were acquired
of samples in quartz cuvettes. All solid optical spectra were acquired of
samples on silanized quartz substrate. Electronic absorbance spectra
were acquired with a Varian Cary-100 instrument in double-beam
mode.

Irradiation Conditions. Irradiation experiments with solid films
were performed with a 200 W Hg/Xe lamp (Newport-Oriel) equipped
with a condensing lens, recirculating water filter, and a combination of
a 295 nm long pass filter (Newport) and a UG-11 bandpass filter
(Newport). The transmission spectrum of the combined filters is
shown in Figure SI.

Irradiation experiments with monomer solution were performed
with a Rayonet photochemical chamber reactor, using borosilicate
glass as the filter. M1 solution (about S mg/mL) was added into a
NMR tube. We first diluted an aliquot (10 L) of this solution with 2
mL of CDCl; and measured its UV absorbance. We then exposed the
NMR tube containing M1 solution to UV irradiation in a Rayonet
photochemical reactor and monitored the progress of M1 photo-
degradation over 3 h using "H NMR spectroscopy (Figure S2).

Silanization of Quartz Substrates. A freshly prepared toluene
solution of tert-butyltrichlorosilane (1 xL/mL) was applied onto a
plasma-cleaned quartz slide. Another plasma clean quartz was adhered
onto that quartz slide, sandwiching the applied silane solution between
two slides. This pair of adhered slides was kept in ambient conditions
for 3 h, then separated, and immediately washed with copious amounts
of CH,Cl,. Polymer films were deposited onto these substrates
surfaces via spin-coating.

Film Deposition via Spin-Coating. Thin films were fabricated by
spin-casting of chloroform solutions of polymers (2 mg/mL) onto
silanized quartz surfaces using a Laurell Technologies Corporation
spin-coater (Model WS-400E-6NPP-Lite) at 500 rpm for 30 s.

Synthesis. 5-Hydroxy-a-methyl-2-nitrobenzenemethanol® and
2,5-dibromo-3,4-thiophenedicarboxylic acid’® were synthesized follow-
ing previously reported methods.

5-Ethoxy-a-methyl-2-nitrobenzyl Alcohol (1). S-Hydroxy-a-meth-
yl-2-nitrobenzenemethanol (0.47 g, 2.6 mmol), bromoethane (1.40 g,
13.0 mmol), K,CO; (0.73 g 5.3 mmol), KI (catalytic), and 2 mL of
anhydrous DMF were added into a 25 mL three-neck round-bottom
flask. The reaction was stirred overnight at ambient temperature. The
reaction mixture was diluted with water and then extracted with
diethyl ether 3 times. The combined organic layers were dried over
Na,SO,, filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography using hexane/ethyl acetate
(2/1 v/v) as eluent to afford compound 1 as a yellow solid. Yield: 0.50
g (93%). 'H NMR (500 MHz, CDCLy): 5 8.05 (d, ] = 9 Hz, 1H), 7.31
(d,] =3 Hz, 1H), 6.84 (dd, ] = 9 Hz, 3 Hz, 1H), § 5.57—5.54 (m, 1H),
4.14 (q,J = 7 Hz, 2H), 2.30 (d, ] = 4 Hz, 1H), 1.56 (d, ] = 7 Hz, 3H),
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Figure 7. Top: schematic of the photolithographic fabrication of double-layer microstructures via two masked irradiation steps. Bottom: AFM images
of a multilevel photopatterned conjugated polymer film; the plot corresponds to the height profile along the white line in the AFM image.

1.46 (t, J = 7 Hz, 3H). *C NMR (125 MHz, CDCL,): § 163.4, 144.7,
127.7, 1134, 112.5, 66.0, 64.3, 534, 24.1, 14.6.

3-Ethoxybenzyl Alcohol (2). This compound was synthesized in an
analogous manner as compound 1: bromoethane (1.13 g, 10.3 mmol),
3-hydroxybenzenemethanol (0.85 g, 6.9 mmol), K,CO; (1.82 g, 13.2
mmol), KI (catalytic), and 2 mL of anhydrous DMF were added into a
25 mL two-neck round-bottom flask. The reaction was stirred
overnight at ambient temperature. The reaction mixture was diluted
with water and then extracted with diethyl ether 3 times. The
combined organic layers were dried over Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by flash column
chromatography using hexane/ethyl acetate (2/1 v/v) as eluent to
afford compound 2 as a light yellow solid. Yield: 0.78 g (75%). 'H
NMR (300 MHz, CDCl,): 6 7.23—7.27 (m, 1 H), 6.91—6.94 (m, 2H),
6.82 (dd, ] = 8 Hz, 2 Hz, 1H), 4.66 (s, 2H), 4.04 (q, ] = 7, 2H), 141
(tz J=7 3H)~

Photolabile Monomer M1. To a stirred mixture of 2,5-dibromo-
3,4-thiophenedicarboxylic acid (0.20 g, 0.61 mmol), compound 1
(0.30 g, 1.4 mmol), and N,N-dimethylaminopyridine (DMAP) (0.030
g, 0.25 mmol) in 25 mL of anhydrous THF was added S mL of a THF
solution of N,N’-dicyclohexylcarbodiimide (DCC) (0.35 g, 1.7 mmol)
in a dropwise manner. The reaction mixture was stirred over 2 days at
ambient temperature. After filtration, the solution was concentrated
and then dispersed into DCM/hexane (1/4 v/v, S mL). The
dispersion was left in a freezer for about 2 h to precipitate most of
the byproduct N,N’-dicyclohexylurea, which was removed by filtration.
The crude product was purified by flash column chromatography using
hexanes/ethyl acetate (9/1 v/v) to afford two isomers of M1 (R; = 0.1
and 0.15) as a white solid and a light yellow solid, respectively. Yield:
0.35 g (86%) (two isomers combined). '"H NMR (500 MHz, CDCl,):
58.03 (d,J =9 Hz, 2H), 7.07 (d, ] = 3 Hz, 2H), 6.81 (dd, ] = 9 Hz, 3
Hz, 2H), 6.61 (q, ] = 7 Hz, 2H), 4.06—4.17 (m, 4H), 1.63 (d, ] = 7 Hz,
6H), 1.42—1.46 (m, 6H). ®C NMR (125 MHz, CDCl,): § 163.5,
160.3, 140.3, 139.4, 133.1, 127.8, 116.5, 113.8, 112.5, 70.8, 64.5, 22.3,
14.6. HRMS: calculated for C,¢H,,Br,N,0,,S (M + Na)*: 738.9401;
found, 738.9405.

Photoinert Control Monomer M2. This monomer was synthesized
using a similar method as that for M1. To a stirred mixture of 2,5-
dibromo-3,4-thiophenedicarboxylic acid (0.40 g, 1.2 mmol), com-
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pound 2 (0.60 g, 4.0 mmol) and DMAP (0.070 g, 0.57 mmol) in SO
mL of anhydrous THF was added 10 mL of a THF solution of DCC
(0.75 g, 3.6 mmol) in a dropwise manner. The reaction mixture was
stirred over 2 days at ambient temperature. After filtration, the solution
was concentrated and then dispersed into a DCM/hexane mixture (1/
4 v/v, S mL). The dispersion was left in freezer for about 2 h to
precipitate most of the byproduct N,N’-dicyclohexylurea, which was
removed by filtration. The crude product was purified by flash column
chromatography using hexanes/ethyl acetate (9/1 v/v) to yield M2 (R;
~ 0.35) as a light yellow oil. Yield: 0.51 g (77%). "H NMR (500 MHz,
CDCly): 6 7.22—7.25 (m, 2H), 6.83—6.90 (m, 6H), 5.09 (s, 4H), 4.01
(q ] = 7 Hz, 4H), 140 (t, J = 7 Hz, 6H). °C NMR (125 MHz,
CDCly): § 161.2, 159.1, 136.3, 133.4, 129.6, 120.5, 116.2, 114.7, 114.4,
67.7, 63.4, 14.8. HRMS: calculated for C,,H,,Br,0,S (M + Na)*:
620.9385; found, 620.9379.

Photolabile Monomer M3. To a stirred mixture of 2,5-dibromo-3-
thiophene-3-carboxylic acid (0.40 g, 1.4 mmol), compound 1 (0.22 g,
1.0 mmol), and DMAP (0.020 g, 0.16 mmol) in 25 mL of anhydrous
THEF was added S mL of a THF solution of DCC (0.29 g, 1.4 mmol)
dropwise. The reaction mixture was stirred overnight at ambient
temperature. After filtration, the solution was concentrated. The
mixture was purified by flash column chromatography using hexanes/
ethyl acetate (9/1 v/v) to afford M3 as a white solid. Yield: 0.42 g
(88%). 'H NMR (500 MHz, CDCL,): 6 8.10 (d, J = 10 Hz, 1H), §
7.39 (s, 1H), 5 7.13 (d, ] = 3 Hz, 1H), § 6.85 (dd, ] = 3 Hz, 9 Hz, 1H),
5668 (q, ] =7 Hz, 1H), § 4.13—4.08 (m, 2H), § 1.73 (d, ] = 6 H,
3H), 5 1.44 (t, ] = 7 Hz, 3H). 3C NMR (125 MHz, CDCL,): § 163.3,
159.6, 141.0, 140.2, 131.8, 131.6, 127.8, 119.4, 113.0, 112.9, 111.7,
69.8, 64.4, 22.1, 14.5.

Photolabile Polythiophene Derivative Copolymer PT,yg. A round-
bottom flask was charged with tris(dibenzylideneacetone)-
dipalladium(0) (13 mg, 0.014 mmol) and tri(o-tolyl)phosphine (36
mg, 0.12 mmol). The flask was evacuated and refilled with argon three
times. A S mL anhydrous toluene solution of M1 (combined mixture
of two isomers of M1 was used in this step; 205 mg, 0.29 mmol) and
2,5-bis(trimethylstannyl)thiophene (117 mg, 0.29 mmol) was purged
with argon for 20 min and then transferred into the round-bottom
flask under argon flow. The reaction mixture was left to reflux for 3
days. The reaction mixture was cooled to ambient temperature and
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added dropwise to methanol to precipitate the polymer. After
centrifugation, the polymer was dissolved in CH,Cl, and precipitated
two additional times. The precipitate was dried in a vacuum oven at 50
°C over 2 days to give PT,yg as an orange solid. Yield: 140 mg (76%).
"H NMR (500 MHz, CDCL): (all broad signals) § 7.90—8.15 (2H),
6.40—7.40 (8H), 3.70—4.30 (4H), 0.75—2.00 (12H). GPC: M, = 5.7
kDa, M,, = 8.6 kDa, PDI = 1.51.

Photoinert Control Copolymer PT2. The polymer was synthesized
in a similar way as PT,ys using tris(dibenzylideneacetone)-
dipalladium(0) (1S mg, 0.016 mmol), tri(o-tolyl)phosphine (42 mg,
0.14 mmol), M2 (200 mg, 0.34 mmol), and 2,5-bis(trimethylstannyl)-
thiophene (137 mg, 0.34 mmol) as starting materials. 162 mg of PT2
was obtained as a red solid (yield: 92%). '"H NMR (500 MHz,
CDCl,): (all broad signals) § 7.00—7.26 (4H), 6.65—6.69 (6H), 4.90—
5.20 (4H), 3.85—4.05 (4H), 1.25—1.50 (6H). GPC: M, = 9.5 kDa, M,,
= 15.5 kDa, PDI = 1.63.

Photolabile Control Copolymer PT3. PT3 was synthesized in a
similar manner as PToNB, using tris(dibenzylideneacetone)-
dipalladium(0) (15 mg, 0.016 mmol), tri(o-tolyl)phosphine (42 mg,
0.14 mmol), M3 (167 mg, 0.35 mmol), and 2,5-bis(trimethylstannyl)-
thiophene (143 mg, 0.35 mmol) as starting materials. 106 mg of PT3
was obtained as a red solid (yield: 75%). "H NMR 500 MHz, CDCL,):
(all broad signals) § 8.15—8.00 (1H), 7.70—7.30 (2H), 7.20—6.90
(2H), 6.90—6.60 (2H), 4.10—3.90 (2H), 1.85—1.60 (3H), 1.50—1.30
(3H). GPC: M, = 6.0 kDa, M,, = 13.8 kDa, PDI = 2.3.
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