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ABSTRACT: Conjugated polymers that can undergo unusual
nonoxidative doping were designed. A series of polymers based
on donor—acceptor—donor (DAD) moieties 2,1,3-benzosele-
nadiazole, 2,1,3-benzothiadiazole, 2,1,3-benzoxadiazolebenzo-
[2,1,5]oxodiazole, and 2-hexylbenzotriazole as acceptor frag-
ments and 3,4-ethylenedioxyselenophene (EDOS) and 3/4-
ethylenedioxythiophene (EDOT) as donor fragments was
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prepared. When the studied polymers were reacted with Lewis acids and bases, notable optical switching and conductivity
changes were observed, evidencing the exceptional case of efficient nonoxidative doping/dedoping. Remarkably, in previously
reported works, coordination of Lewis acids causes band gap shift but not doping of the conductive polymer, while in the present
study, coordination of Lewis acid to highly donating EDOT and EDOS moieties led to polymer doping. The polymers show
remarkable stability after numerous switching cycles from neutral to doped states and vice versa and can be switched both
electrochemically and chemically. The reactivity of the prepared polymers with Lewis acids and bases of different strengths was
studied. Calculation studies of the Lewis acid coordination mode, its effect on polymer energies and band gap, support the
unusual doping. The reported doping approach opens up the possibility to control the conjugation, color change, and switching

of states of conjugated polymers without oxidation.

B INTRODUCTION

The doping and dedoping of conjugated polymers is a basic
process that provides them with attractive electronic and optical
properties.”” Doping leads to a significant decrease in the
polymer band gap that causes conductivity and color changes in
the material. Because of their dopability and other outstanding
properties, organic conjugated polymers represent a very
important class of materials from both fundamental and
practical perspectives."*~” Usually, doping of organic polymers
is achieved by oxidation/reduction (through the supply or
removal of electrons), which can be done chemically or
electrochemically. Oxidative doping, both chemical and electro-
chemical, is a well-studied and documented approach that has
been widely adopted.">® By contrast, nonoxidative doping is
highly unusual. It is mostly known only for polyanilines,” where
doping is generally performed using protonation by Bronsted
acids and rarely using Lewis acids.'"’ For other organic
conjugated polymers nonoxidative doping is scantily studied,"’
and if an acidic reagent was present, it was usually utilized only
as a catalyst to achieve a better polymerization process.">
Low band gap conducting polymers are of particular interest
for their electrochemical and optical properties and offer a wide
spectrum of advanced properties that can be tuned to meet
various applicative demands."”'* They are promising candi-
dates as a light absorbing component in organic solar cells'>'®
and for electrochromic materials."”'” One of the most
successful approaches to low band gap polymers is to design
an alternating sequence of donor—acceptor—donor (DAD)
units'® in the m-conjugated chain, where the interaction
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between alternating donor and acceptor units increases the
double bond character of the polymer backbone and leads to
significant compression of the band gap.'® Various combina-
tions of donors and acceptors have been used to optimize
polymer properties, for instance, thiophene and (3,4-ethyl-
enedioxythiophene) (EDOT)-based donor—acceptor 7-con-
jugated low band gap polymers.”® Several of these conjugated
copolymers contain 2,1,3-benzothiadiazole as the electron-
acceptor unit.”!

The influence of Lewis acid coordination on donor—acceptor
polymers was noticed by Bazan group. In 2009 Bazan reported
a narrowing of a band gap of the conjugated oligomers upon
coordination of Lewis acid to nitrogen of benzothiadiazole
fragment.”” Interestingly, when benzothiadiazole was replaced
by pyridalthiadiazole coordination of Lewis acid, B(C4Fs); was
redirected to a more basic pyridine (and not thiadiazole)
nitrogen site that led to stronger B—N interactions and
formation of NIR-absorbing polymers.”> Recently, Bazan and
Nguyen groups also reported color tuning and mobility
enhancement of conductive polymers by formation of adducts
with Lewis acids.**

In the present work, a series of DAD polymers P1—P6 that
contain highly donating EDOT or EDOS moieties was studied.
Polymers P1*° and P4*° were previously reported, and
polymers P2, P3, PS, and P6 are prepared in this study for
the first time. We have found that reaction with Lewis acid
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causes not only band gap shift, but also doping of the prepared
polymers. The conductivity changes and large optical switching
revealed an effective doping process that took place without
electron transfer. As a consequence of the doping process,
reaction of the doped polymers with Lewis base led to their
“neutralization” and thus dedoping. The polymers showed
good stability even after multiple switching cycles. For
comparison, an electrochemical doping/dedoping was also
performed. The reported nonoxidative doping approach is
reversible, nondestructive, and can be regulated by the amount
of added Lewis acid or base. This is a simple chemical
postsynthetic method that allows for the control of conjugation,
color, and conductivity of the conjugated polymers.
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B EXPERIMENTAL METHODS

Synthesis and Characterization. 'H NMR and *C NMR
spectra were recorded on a 300 MHz spectrometer as a solution in
CDCl; with tetramethylsilane (TMS) as the external standard.
Columns were prepared with silica gel (60—230 mesh). High
resolution mass spectra were measured on a Waters Micromass
GCT Premier Mass Spectrometer using field desorption (FD)
ionization.

2-(Tributylstannyl)-3,4-ethylenedioxythiophene (8a),>” dihydro-
thieno[3,4-b]-1,4-dioxin-5-yl)benzo[2,1,5thiadiazole (1),° and 4,7-
bis(2,3-dihydrothieno[3,4-b]-1,4-dioxin-S-yl)benzo[2,1,5]selenadizole
(4)*® were synthesized according to the reported procedures.

2-(Tributylstannyl)-3,4-ethylenedioxyselenophene (8b). To a
stirred solution of 3,4-ethylenedioxyselenophene (EDOS, 7b; 230
mg, 1.2 mmol) in tetrahydrofuran (THF, 8 mL) at —78 °C (acetone/
dry ice bath) under an inert atmosphere, a solution of nBuLi (1.6 M,
0.8 mL, 1.28 mmol in hexane) was added dropwise. The resulting
solution was brought to room temperature and stirred for 1 h. The
reaction mixture was again cooled to —78 °C, and tributyltin chloride
(420 mg, 0.35 mL, 1.30 mmol) was added. Then the reaction mixture
was brought to room temperature and stirred for 6 h. The red colored
reaction mixture was then quenched with 10% NH,CI (15 mL), and
the resulting solution was diluted with H,O (50 mL). The aqueous
layers were extracted with ether (40 mL). The combined extracts were
washed with brine, water, dried (MgSO,), and concentrated. The
crude residue was purified by column chromatography on silica
(washed with Et;N) to furnish compound 2-(tributylstannyl)-3,4-
ethylenedioxyselenophene, 8b (500 mg, 86%) as a light green oil: 'H
NMR (250 MHz, CDCL,) 5 7.02 (s, 1H), 4.11 (s, 4H), 1.59—1.47 (m,
6H), 1.35—1.26 (m, 6H), 1.10—1.03 (m, 6H), 0.89 (t, ] = 7.25 Hz,
9H); *C NMR (100 MHz, CDCL,) § 143.4, 127.9, 107.2, 101.6, 64.2,
642, 28.9, 27.1, 13.6, 10.7; HRMS for C;gH;,0,SeSn [M*] calcd
478.1000, found 478.0607.

4,7-Bis(2,3-dihydro-seleno[3,4-b]-1,4-dioxin-5-yl)benzo[2,1,5]-
selenadiazole (2). To a stirred solution of 2-(tributylstannyl)-3,4-
ethylenedioxyselenophene (8b; 200 mg, 0.42 mmol) in dry toluene
(10 mL) at room temperature were successively added 4,7-dibromo-
2,1,3-benzoselenodiazole® (9b; 70 mg, 0.21 mmol) and (Ph,P),Pd
(25 mg, 0.02 mmol) under a nitrogen atmosphere. The resulting
solution was heated at reflux for overnight. After completion of the
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reaction, the mixture was diluted with CH,Cl, (200 mL). The organic
layer was successively washed with water (30 mL), brine (30 mL),
water (30 mL), dried (MgSO,), and concentrated. The crude product
was purified by column chromatography on silica gave compound 2
(75 mg, 66%) as a deep red solid: 'H NMR (250 MHz, CDCl,) & 8.53
(s, 2H), 7.02 (s, 2H), 4.42—4.36 (m, 4H), 4.31—-4.25 (m, 4H); *C
NMR (100 MHz, CDCL,) 6 152.5, 142.8, 141.4, 126.2, 124.9, 115.6,
105.2, 64.7, 64.0; UV—vis (CH,Cl,) A, = 505 nm.

4,7-Bis(2,3-dihydro-seleno[3,4-b]-1,4-dioxin-5-yl)benzo[2,1,5]-
thiadiazole (3). To a stirred solution of 2-(tributylstannyl)-3,4-
ethylenedioxyselenophene (8b; 400 mg, 0.84 mmol) in dry toluene
(20 mL) at room temperature were successively added 4,7-dibromo-
2,1,3-benzothiadiazole (9a; 120 mg, 0.41 mmol) and (Ph,P),Pd (4S
mg, 0.04 mmol) under a nitrogen atmosphere. The resulting solution
was heated at reflux for 15 h. After completion of the reaction, the
mixture was diluted with CH,Cl, (250 mL). The organic layer was
successively washed with water (40 mL), brine (30 mL), water (3
mL), dried (MgSO,), and concentrated. The crude product was
purified by column chromatography on silica gel (50% dichloro-
methane—hexane) to give compound 3 (130 mg, 63%) as a deep red
solid: '"H NMR (400 MHz, CDCl;) § 8.53 (s, 2H), 7.02 (s, 2H),
441-4.37 (m, 4H), 4.30—4.25 (m, 4H); *C NMR (100 MHz,
CDCly) 6 152.5, 142.8, 141.4, 12622, 124.9, 115.6, 105.2, 64.7, 64.0;
HRMS for C;gH;,N,0,SSe, [M*] calcd 511.8848, found 511.8846;
UV—vis (CH,CL,) 4, = 503 nm.

4,7-Bis(2,3-dihydro-thieno[3,4-b]-1,4-dioxin-5-yl)benzo[2,1,5]-
oxadiazole (5). To a stirred solution of 2-(tributylstannyl)-3,4-
ethylenedioxythiophene (8a; 750 mg, 1.74 mmol) in dry toluene (25
mL) at room temperature were successively added 4,7-dibromo-2,1,3-
benzoxadiazole®® (9¢; 240 mg, 0.86 mmol) and (Ph;P),Pd (90 mg,
0.08 mmol) under a nitrogen atmosphere. The resulting solution was
heated at reflux for overnight. After completion of the reaction, the
mixture was diluted with CH,Cl, (200 mL). The organic layer was
successively washed with water, brine, dried (MgSO,), and
concentrated. The crude product was purified by column chromatog-
raphy on silica gel (dichloromethane—hexane) to give compound §
(220 mg, 63%) as a red solid: 'H NMR (400 MHz, CDCL,) 6 8.11 (s,
2H), 6.56 (s, 2H), 4.45—4.39 (m, 4H), 4.31—4.25 (m, 4H); 3C NMR
(125 Mz, CDCI3) & 147.7, 141.8, 140.6, 127.5, 119.3, 112.6, 102.5,
65.0, 64.3; HRMS for C;gH;N,0:S, [M*] caled 400.0188, found
400.0185; UV—vis (CH,CL,) A, = 475 nm.

4,7-Bis(2,3-dihydro-thieno[3,4-b]-1,4-dioxin-5-yl)benzo[2,1,5]-
hexylbenzotriazole (6). To a well stirred solution of 2-(tributyl-
stannyl)-3,4-ethylenedioxythiophene (8a; 860 mg, 2.00 mmol) and
4,7-dibromo-2-hexylbenzohexyltriazole®® (9d; 361 mg, 1.00 mmol) in
toluene (20 mL) at room temperature was added (Ph;P),Pd (100 mg,
0.09 mmol) under a nitrogen atmosphere, and the resulting mixture
was heated at reflux for 20 h. After completion of the reaction, the
mixture was diluted with CH,Cl, (150 mL). The organic layer was
successively washed with water (50 mL), brine (30 mL), water (40
mL), dried (MgSO,), and concentrated. The crude product was
purified by column chromatography on silica gel (dichloromethane—
hexane) to give compound 6 (300 mg, 62%) as a yellow solid: 'H
NMR (400 MHz, CDCL,) & 8.09 (s, 2H), 6.46 (s, 2H), 4.77 (t, Jy_ys =
7 Hz, 2H), 4.38—4.26 (m, 8H), 3.67 (q, Ju_y = 7 Hz, 2H), 2.14 (m,
2H), 1.31—1.24 (m, 4H), 0.86 (t, Jy_y; = 7 Hz, 3H); *C NMR (125
Mz, CDCL,) 8 147.7, 1417, 139.44, 123.63, 12121, 114.08, 100.60,
64.91, 64.44, 56.73, 3124, 29.97, 22.49, 1843, 14.01; HRMS for
CyHysN3O,S, [M'] caled 483.1286, found 483.1287; UV—vis
(CH,CL,) Aoy = 400 nm.

Electro- and Spectroelectrochemistry. All chemicals were
purchased from the Sigma-Aldrich chemical company. Electrochemical
studies were carried out with a Princeton Applied Research 263A
potentiostat using Pt electrode and an indium tin oxide (ITO) coated
glass slide as the working electrode (7 X S0 X 0.7 mm, R, = 8—12 Q,
Delta Technologies Inc.), a platinum wire as the counter electrode,
and an AgCl coated Ag wire, which was directly dipped into the
electrolyte solution,® as the reference pseudoelectrode. All potentials
were calibrated using the Fc/Fc" standard, which is 0.34 V under these
conditions,®” and reported potentials were recalculated to the
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Scheme 1. Synthesis of Monomers 1—6
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saturated calomel electrode (SCE) scale. The experimental values of
the HOMO energy levels were obtained from the onset of the
oxidation peak in CV scans of each polymer film in monomer free
solution. To relate the measured potentials to the vacuum level, we
used the following equation: HOMO (eV) = E_ ., + 4.4, where 4.4 eV
is the SCE energy level relative to the vacuum.**** Experimental
values for the LUMO levels were obtained using E(LUMO) =
E(HOMO) + Eg(exp), Where E, (o) is the band gap obtained from the
onset of the absorption peak of the neutral polymer.

The polymer films were prepared by electropolymerization of the
corresponding monomer on ITO-coated glass slides (working area of
0.7 X 3.2 cm?) using tetra-n-butylammonium hexafluorophosphate
(TBAPFy) as a supporting electrolyte and methylene chloride as a
solvent. The solution was purged with nitrogen before polymerization
to remove any incipient oxygen. The films were prepared using the
cyclic voltammetry (CV) mode. Before examining the optical
properties of the polymers, the films were rinsed with acetonitrile.

UV—vis—NIR spectra were recorded on a V-570 JASCO UV—vis—
NIR spectrophotometer. In spectroelectrochemical measurements, the
working electrode was an ITO-coated glass slide, the counter electrode
was a platinum wire, and Ag/AgCl was used as the reference
pseudoelectrode. The spectroelectrochemical measurements were
performed in methylene chloride using TBAPF4 as a supporting
electrolyte.

Doping and Dedoping. Chemical doping/dedoping was
performed in the following way: the ITO slide with polymer film
was immersed into a solution of the doping/dedoping reagent under
nitrogen for 30—60s and then thoroughly rinsed 2—3 times with
acetonitrile, and its UV—vis—NIR spectrum was measured. Methylene
chloride solutions of boron trifluoride diethyl etherate, BF;0(C,Hs),
or shortly BF; (0.04 M), triphenyl borate, BPhe; (0.04 M), and
trimethyl borate, BMe; (0.04 M) were utilized for doping experiments,
while dedoping was performed in an acetonitrile solution containing
potassium bis(trimethylsilyl)amide (0.05 M) and Et;N (0.1 M). All
the presented polymer P1—P6 films underwent the following process:
(a) electrochemical dedoping to obtain the neutral polymer; (b)
treatment with a weak Lewis acid (BMe;) to study how easily the
specific polymer undergoes chemical doping; (c) treatment with a
stronger Lewis acid (BPhe;) to examine the importance of acid
strength to chemical doping; (d) treatment with a strong Lewis acid
(BF;) to determine the maximal doping level achieved by an external
reagent; (e) treatment with a moderate base (Et;N) to investigate how
easily the specific polymer undergoes chemical dedoping; (f)
electrochemical doping to obtain a maximally doped polymer.

Conductivity. Conductivity measurements have been performed
on polymers that were polymerized on interdigitated electrode
(ABTECH Scientific, Inc.) utilizing polymerization conditions
reported for each polymer. The interdigitated electrode is consisting
of two arrays of SO gold digits (strips), each 10 ym wide and 5 mm
long with an interdigit distance of 10 gm, where only the microarrays
were accessible to the electrolyte solution.

The conductivity (resistivity) of the prepared polymers was
measured by multimeter. The conductivity of electrochemically
doped and dedoped polymers was measured first. Then neutral
(dedoped) polymers were immersed in solution of BF; (0.4 M) in
methylene chloride, and their conductivity (resistivity) was measured.
Conductivity (resistivity) of the air doped polymers was also measured
by exposing neutral polymers to air for 1 h.
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Calculations. Computational studies were carried out using
density functional theory (DFT) with the Gaussian 09 series of
programs.>® The geometries of the polymers were fully optimized
using the periodic boundary conditions (PBC) formalism and hybrid
DFT with Becke’s three-parameter exchange functional combined with
the LYP correlation functional (B3LYP) and the 6-31G(d) basis set.>®
Highest occupied crystal orbital (HOCO) and lowest unoccupied
crystal orbital (LUCO) were calculated to study a doping effect on

polymers energy gap.

B RESULTS AND DISCUSSION

Synthesis of Monomers 1-6 and X-ray Studies. 2-
Tributylstannyl-3,4-ethylenedioxythiophene (8a) was synthe-

Table 1. Electrochemical and Spectroelectrochemical
Properties of the DAD Polymers, P1-P6

a b c d e

ey s S e S

pSSS, P1 0.78 —047 480 775 1.19

pSeSeSE, 0.73 —-0.51 503 843 1.10
P2

pSeSSe, P3 0.63 —0.59 503 819 1.13

pSSeS, P4 0.75 —-043 518 830 1.21

pSOS, PS 0.85 —-0.37 474 767 1.26

pSNC65, 0.64 —-0.30 400 624/684 1.65
P6

“The onset of the oxidation potential calculated from the CV of a
monomer. “The onset of the oxidation potential calculated from the
CV of polymer film in a monomer-free electrolyte solution.
“Absorption maxima of the monomers. dAbsorption maxima of the
polymers in the neutral (undoped) states. “The experimental optical
band gap obtained from the onset of the longest UV—vis absorption
peak.

sized from EDOT (7a) according to the reported procedure.®!
2-Tributylstannyl-3,4-ethylenedioxyselenophene (8b) was ob-
tained from EDOS> (7b), by reacting with nBuLi and
tributylstannyl chloride in THF, in 86% yield as an oil (Scheme
1). Compound 8b was subjected to Stille coupling with 4,7-
dibromo-2,1,3-benzoselenadiazole (9b) to provide monomer 2
as a dark red solid with a 66% yield. Similarly, Stille coupling of
8b with 4,7-dibromo-2,1,3-benzothiadiazole (9a) in the
presence of (Ph;P),Pd in refluxing toluene gave monomer 3
with a 63% yield as a dark red solid. Monomer § was prepared
as a red solid in 63% yield from coupling between 8a and 4,7-
dibromo-2,1,3-benzoxadiazole (9c), while monomer 6 was
prepared as a yellow solid in 62% yield from 8a and 4,7-
dibromo-2-hexylbenzotriazole (9d). The monomers 1*° and
4%° were synthesized according to reported procedures from 8a
reacting with 9a and 9b, respectively. The absorption spectrum
of the prepared DAD monomers significantly depends on a
heteroatom in the acceptor unit. The monomers 2 and 4
(selenium in acceptor unit) have maximum absorbance at 503
and 518 nm, respectively, the monomers 1 and 3 (sulfur in
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Figure 1. X-ray crystal structures of compounds 3 (a), 5 (b), and 6 (c). Left is single molecules and right is packing structures.

acceptor unit) have maximum absorbance at 480 and 503 nm,
respectively, the monomer S5 (oxygen in acceptor unit) has
maximum absorbance at 474 nm. A significant shift in UV—vis
spectra is obtained for monomer 6 that has NC¢H,3 group in
acceptor unit; this monomer has maximum absorbance at 400
nm. (Table 1 and Figure S1, Supporting Information).

X-ray structures of monomers 3, 5, and 6 were obtained by
recrystallization of these compounds from the mixture of
CH,Cl, and hexane at room temperature (Figure 1).

DAD structures 3 and S (Figure 1a,b) have packing mode of
different groups of nearly parallel molecules. The molecules
inside each group are shifted in relative to each other; therefore,
their aromatic rings are not situated on the same axes, and that
in turn decreases, or even avoids, 7—x stacking. The packing
order and 7—7 stacking can be dictated by side chain as in case
of monomer 6 (Figure 1c) that demonstrates structured
arrangement of the molecules in parallel manner. This
observation is in line with the previously reported structures
of this type.*®*® For instance, in the reported X-ray structure of
DAD 1 no evidence of any packing ordering is obtained.>® The
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same phenomenon is observed for additional thiadiazole ring
substituted 10.” On the other hand, trimethylsilyl acetylene
side chain substituted comonomer 11 shows a parallel
arrangement similar to that of our monomer 6.>®
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Electrochemical Polymerization and Optical Charac-
terization. The electropolymerizations of the monomers 1—6
resulted in polymer films P1—P6 that revealed both p- and n-
doping and a stable reversible redox process after repeated
cycles in monomer free solvent (Figure 2 and Figure S2,
Supporting Information). Electrochemical golymerization and
characterization of polymers P1°° and P4°° was equivalent to
the previously reported. These polymer films P1—PS$ are green
in the neutral state and change to transparent light blue in the
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Figure 2. The CV spectra of P2, P3, PS, P6 polymers carried out in monomer free solution using 0.1 M TBAPF,/CH,Cl, and applying different
scan rates in mV/s. Inset: the electropolymerizations of monomers 2—6 carried out using 0.1 M TBAPF,/CH,Cl,. (a) pSeSeSe, P2; (b) pSeSSe, P3;
(c) pSOS, Ps; (d) pSNC,S, P6. For pSSeS, P4, see Figure S4, Supporting Information.*’

oxidized state, while P6 is blue in the neutral state and
transparent light blue in the oxidized state. The scan rate
dependence of anodic peak and cathodic peak of the polymer
films P1—P6 were investigated, and a true linear relation was
observed between the peak current and the scan rate. The
linear change proportional to the scan rate indicated nondiffu-
sional redox process and well-adhered electroactive polymer
films (Figure S3, Supporting Information).

Comparison of the absorption spectra of P1-P6 demon-
strates considerable differences between the polymers (Figures
3 and 4, Table 1). The spectroelectrochemically measured band
gap (assigned as the onset of the z—z* transition) varies
according to the nature of donor—acceptor units. Incorporation
of a selenium atom to a donor unit caused a notable decrease in
band gap (1.10 eV for pSeSeSe, P2 vs 1.19 eV for pSSS, P1) as
was previously shown for polyselenophenes.*' The band gap of
pSOS, PS (1.26 eV) is higher than that of pSSS, P1, probably
because of the presence of a hard oxygen atom in the acceptor
unit, while pSNC,S, P6 has the highest band gap (1.6 eV) in
the series. Polymers P1—P35 have nonsplit red-shifted
absorption spectra, and their UV—vis—NIR spectra show two
well-separated absorption maxima at 417—460 nm and 775—
830 nm in the neutral state, which is necessary for obtaining a
green polymer. The spectrum of P6 exhibits a blue-shifted
shoulder pattern with A,  at 624 nm. Perhaps, the shoulder
pattern of P6 is a result of alkyl chain substituents that provide
the polymer with a more ordered structure.*
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Nonoxidative Doping—Dedoping upon Coordina-
tion—Decoordination of Lewis Acid. Neutral pSSS, P1
was rinsed with a solution of BF; (0.4 M) in methylene
chloride. Immediately, a color change from green to light
bluish-gray was observed. UV—vis—NIR spectroscopy revealed
doping of P1 by the external Lewis acid. Afterward, the
converse process of dedoping was examined. For this purpose,
doped P1 was rinsed in a freshly prepared solution of
acetonitrile with potassium bis(trimethylsilyl)amide,
(Me,Si),NK. Instantaneous color conversion to green was
observed, and absorption spectra confirmed re-establishment of
the undoped (neutral) state. The reverse dedoping process that
occurs upon treatment of the polymer with base reveals that it
is not electron transfer, but a chemical reaction with a Lewis
acid causing formation of doped polymer. Thus, we observed
the nonoxidative doping/dedoping that allowed for switching
of the studied conjugated polymers.

All polymers from the present series were examined in terms
of the possibility of nonoxidative doping/dedoping induced by
Lewis acid and base (Scheme 2).

Polymers P1—PS were successfully switched by external
chemical reagents, while pSNCS, P6, which has a significantly
higher band gap, showed only partial changes. Both color
changes and absorption spectra of polymers P1—PS$ revealed
good doping and dedoping upon treatment with BF; and
(Me;Si),NK, respectively.43 Reaction with strong base
(Me;Si),NK led to full dedoping of P1—PS polymers, equal
to the dedoping that is achieved electrochemically. It is
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Figure 4. Normalized absorption spectra of DAD polymers P1-P6 in
neutral state performed in TBAPF,/CH,Cl,.

important to note that polymers P1—PS demonstrate
remarkable stability upon switching. No evidence of polymer
decomposition was observed after multiplied doping/dedoping
cycles. Additionally, we found that doping/dedoping processes

can be combined with electrochemical doping/dedoping
processes using any combination of these methods.

The reported results provide a unique example of non-
oxidative doping and dedoping of conductive polymers that lay
outside the aniline polymers. As was observed by Bazan,
coordination of Lewis acid leads to remarkable alternations of
polymer properties.”> > Bazan observed that coordination of
Lewis acids causes significant band gap shift of the conductive
polymers. In the present study we found an additional example
of the ability of Lewis acid to manipulate properties of
conductive polymers: coordination of Lewis acid to highly
donating EDOT and EDOS moieties led to polymer doping
(see later calculation of energies of frontier orbitals). The
nonoxidative doping benefits all advantages of oxidative doping
such as polymer band gap decrease, conductivity, and color
changes but achieved with no removal of electrons.

Doping Strength. To explore the implications of various
donor/acceptor fragments, chemical switching of polymers
P1-P6 was performed using external reagents of different
strengths including Lewis acids BMe; BPh;, BF; and Lewis
base Et;N (Figure S). The relatively weak BMe; Lewis acid

Scheme 2. Doping/Dedoping Process of Donor—Acceptor-Type Polymers Using an External Lewis Acid and External Base
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Figure S. Chemical doping and dedoping of DAD polymers with different doping/dedoping reagents and electrochemical doping/dedoping. (a)
pSSS, P1; (b) pSeSeSe, P2; (c) pSeSSe, P3; (d) pSSeS, P4; (e) pSOS, PS; (f) pSNC,S, P6. All the presented polymer films underwent the following
process: electrochemical dedoping; treatment with BMes; treatment with BPhs; treatment with BF;; treatment with Et;N; electrochemical doping.

Table 2. Calculated and Experimental Energy Levels and
Band Gap Calculated at the PBC/B3LYP/6-31G(d) Level of
Theory of Various Donor—Acceptor (DA) Polymers

HOCOcalc LUCOcalc LUMOexp Eg,ca]c
(ev) (eV) HOMO,,(eV) (eV) (eV)
pSSS, P1 —-3.96 -2.53 -3.93 =2.75 1.42
pSeSeSe, —3.82 —2.66 -3.89 -2.79 1.15
P2
pSeSSe, P3 -39 —2.61 -3.81 —2.78 1.28
pSSeS, P4 -3.96 -2.53 -3.97 -2.76 1.31
pSOS, PS —4.13 —2.68 —4.03 =277 1.44
pSNCS, —3.76 —2.00 —4.1 -2.5 1.76
Pé6
polymer A —4.77 -3.14 1.63
polymer B —4.59 —-2.80 1.80
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Table 3. Resistivity Studies of Various DAD Polymers and
PEDOT

doped”  neutral  max doping by air doping with BF;

o) (@ @) ©)
PEDOT 10? 4x10° 107 10?
PSSS, P1 10? 2 x 10° 4% 10° 10?
PSeSeSe, P2 10? 2 % 10° 2 x 10* 10?
PSOS, P5 10* 2 % 10° 3 % 10° 10*
pSN(Cy)S, 10* 1x 10° 3x10°Q 10°

P6

“The 10> Q is a limit of instrument resistivity measurements.

caused a slight rise in NIR absorption reflecting only partial
doping. When a stronger BPh; Lewis acid was applied, a more
significant increase of polymer absorption in the NIR region
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Table 4. Calculated Energies for Different Modes of Lewis

Acid (BF;) Coordination

Erelative HOMO

monomer  BF; location (kcal/mol) (eV)

SeSeSe, 2 N-coordinated 0 -5.39
(a) (a)

SeSeSe, 2 top (b) 82 —4.86
(b)

SeSeSe, 2 side (c) 10.5 —4.81
c

SeSeSe, 2 near Se (d) 3.8 —491
(d)

LUMO

E
(V)
2.16
2.26
2.32

2.38

was obtained revealing the more effective doping of all
polymers. Finally, the reaction with the strong BF; Lewis acid
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Figure 7. Oligomers (SeSeSe),, n = 3—6.

was performed, leading to high absorption intensity in the NIR
region (close to that obtained by electrochemical doping).
Thus, in all polymers strength of the applied Lewis acid
correlates with the intensity of absorption spectra in near IR
and consequently doping level of polymer giving the order BF;
> BPh; > BMe, (Figure S).
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Scheme 3. Proposed Mechanism and Doped Structure Formed by Reaction of DAD Polymers with Lewis Acid
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We have also found that doping and dedoping ability of
polymers is strongly influenced by heteroatoms in their donor
and acceptor moieties. It can be observed that treatment of
pSSS, P1 and pSSeS, P4 polymers with BMe; causes only
partial doping (Figure Sa,d), while pSeSeSe, P2 and pSeSSe, P3
polymers that have Se atom in their donor fragments
demonstrate relatively high doping levels even upon treatment
with weak Lewis acid (Figure Sb,c). On the other hand,
treatment of pSOS, PS and pSNCS, P6 polymers having O or
N heteroatoms in the acceptor unit with BMe; did not cause
any doping (Figure Sef). Thus, the soft Se atom in donor
fragment increases doping ability of the resulting polymer,
while presence of a hard heteroatom (O or N) in the acceptor
unit significantly decreases the doping ability.

Regarding the dedoping ability, a hard heteroatom in the
acceptor unit helps to achieve a good dedoping level even by
applying a weak base. For instance, pSOS, PS5 polymer
demonstrates nearly full conversion to the neutral state upon
treatment with Et;N. On the other hand, incorporation of a soft
Se atom into an acceptor unit decreases the dedopability of the
polymer; thus, dedoping of pSeSeSe, P2 and pSSeSe, P4 with
Et;N was poor.

Correlation of HOMO Orbitals. The experimental findings
are also supported by orbital energy calculations. The polymers
were fully optimized at the PBC/B3LYP/6-31G(d) level of
theory (Table 2). It can be seen that polymers with Se atom in
the donor fragment such as P2 and P3 have relatively high
HOMO level energies. Consequently they can be easily doped
upon treatment with even weak Lewis acids. On the other hand
the polymers that have more stable HOMO energy levels, such
as PS and P6, are capable to undergo chemical doping only
with strong Lewis acids such as BF;.

To verify the importance of HOMO orbital energy we
performed calculations of donor—acceptor structures reported
by Bazan.”* The polymers A and B are based on oligomers that
were reported by Bazan to undergo remarkable band gap shift
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upon coordination of Lewis acid; however, no doping was
obtained. The polymers A and B were fully optimized at the
PBC/B3LYP/6-31G(d) level of theory, and their orbital
energies were calculated (Table 2).

R = 2- ethylhexyl

The calculated results support the key role of HOMO energy
levels stability for the ability of polymers to undergo
nonoxidative doping. Polymers A and B have relatively stable
HOCO —4.77 and —4.59 eV, respectively. Therefore they
undergo band gap shift but not doping upon coordination of
Lewis acid. The HOCO energies of polymers P2—PS$ reported
in this work are significantly higher (—3.82 to —4.13 eV). This
is because polymers P2—PS$ contain highly donating EDOS and
EDOT moieties. EDOS and EDOT moieties cause increase of
HOCO level energy and promote doping ability of the
polymer. The difference between the HOCO energies of the
polymers studied in this work clearly correlate with the ability
of the corresponding polymers to undergo nonoxidative
doping. P2 has highest HOCO level energy (—3.82 eV), and
consequently it undergoes easiest doping by Lewis acid. On the
other hand, P$ has the most stable HOCO level energy (—4.13
eV) in the series, and therefore its doping ability is lowest.

Conductivity Changes. The conductivity measurements of
the represented polymers pSSS, P1; pSeSeSe, P2; pSOS, PS;
and pSNC¢S, P6 were performed on interdigitated electrodes
using a combination of chemical and electrochemical doping
and dedoping methods (Table 3). It was found that DAD
polymers are quite conductive in their doped state (85—110 Q,
which is actually the instrument measurement limit) and poorly
conductive in their neutral state (1—2 MQ). The DAD
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polymers are relatively resistant to air doping, for instance,
neutral P2 remains undoped (20 kQ) even after prolonged
exposure to air. This is in contrast to a non-donor—acceptor-
type polymer, PEDOT, which undergoes fast doping by air and
after 1 min reaches an almost fully doped state (300 €2). Thus,
DAD polymers studied in this work are more stable toward air
doping in their neutral state than PEDOT.

It was found that conductivity of the reported DAD polymers
significantly changes upon treatment with Lewis acid that also
reveals their doping. The conductivity studies correlate well
with the UV—vis—IR results, where all DAD polymers, except
P6, undergo effective chemical doping. Polymers P1, P2, and
PS immediately became conductive when they were dipped in a
CH,CI, solution of BF;, while P6 remained almost undoped
and only after a prolonged time doping slowly begin to take
place.

Lewis Acid Coordination Geometry. To elucidate the of
mechanism of doping by Lewis acid, theoretical studies were
performed using B3LYP/6-31G(d) level of theory. Different
coordination positions of Lewis acid were considered to find
the most favorable coordination mode of a dopant. A monomer
unit of SeSeSe, 2 and BF; Lewis acid were used as model
(Figure 6). It was found that the lowest energy is achieved
when the BF; molecule is coordinated to the nitrogen atom and
N-B length is 1.67 A. The nitrogen atom is cramped inside
two ethylenedioxyselenophene units. Therefore, steric require-
ments enforce the ethylenedioxyselenophene fragment to twist
upon coordination of the BF; to nitrogen atom by 106° (Figure
6a). Other coordination modes result in energy increase by
3.8—10.5 kcal/mol (Figure 6b—d, Table 4 and Table S3,
Supporting Information). The conformation with BF; coordi-
nated to the nitrogen of acceptor fragment (conformation a in
Figure 6) was used in polymer studies described below.

Twisting of the comonomer units by 106° caused by
coordination of a Lewis acid is reflected in the decrease of
conjugation level in the resulting polymer. The decrease in
conjugation consequently increases the polymer band gap.
When the polymer, bearing a BF; dopant in each monomer
unit (polymer that consists of 2(a)), was calculated, the band
gap obtained was higher than that of the undoped state (1.38 vs
1.15 eV). This calculated result shows that an extensive doping
by BF; leads to an extensive increase in the band gap of
polymer and perhaps partial doping (with BF; present on only
some monomer units) provides the more proper model.

Thus, a series of oligomers (SeSeSe);, (SeSeSe),, (SeSeSe)s
and (SeSeSe) consisting from 3, 4, S, and 6 units of SeSeSe
monomer, respectively, were studied (Table S4, Supporting
Information). In each oligomer only one molecule of BF; was
coordinated to the first SeSeSe unit as shown in Figure 7.

HOMO-LUMO gap values for (SeSeSe), (n = 3—6) are
represented in Figure 8, where n is a number of monomer units
of SeSeSe per one molecule of BF;. The more monomer units
per one molecule of BF;, the lower band gaps are achieved. The
maximum length of the oligomer that was calculated is 6 units
of monomer SeSeSe, with one molecule of BF; that gives band
gap of 0.99 eV (Figure 8a and Table S4, Supporting
Information). Notably, when the second BF; molecule was
added to this oligomer, the band gap increased to 1.08 eV
(Table S4, Supporting Information). It can be seen in Figure 8a
that an extrapolation to SeSeSe/n, where n is high number of
monomer units of SeSeSe per one molecule of BF; (actually
oligomer SeSeSe/n is a polymer of with one coordinated BF;
molecule) gives a HOMO—LUMO gap of 0.69 eV (1770 nm).
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To verify the presented model, polymers P(SeSeSe),, consisting
of (SeSeSe), (n = 3—6), respectively, were calculated. Very
similar results were observed, and extrapolation to 1/n — 0
gave a band gap of 0.76 eV (Figure 8b). Thus, the best band
gap decrease is reached upon partial doping by Lewis acid (one
BF; molecule per many units of DAD).

The computational results correlate with our experimental
observations. Addition of excessive amount of Lewis acid does
not decrease the band gap in UV—vis—IR spectra. Our
computational findings also correlate with previous works,
where steric hindrance and planarity concerns dictate the boron
moiety coordination mode. For instance, Bazan observed a
distortion from planarity by nearly 60° upon borane
coordination to the azole N-atoms.>* On the other hand,
borane coordination to the N-atom results in only 25°
distortion from planarity that provides one of the important
reasons for the borane coordination preference.”* Distortion in
our case is ~106° (for oligomers) and in average 102° (for
polymers).

Thus, we propose the following mechanism of chemical
doping of DAD polymers P1—P6: (1) Doping takes place upon
coordination of Lewis acid to a nitrogen atom of acceptor unit.
(2) Upon coordination, acid twisting of the polymer backbone
occurs. (3) To reduce the negative effect on conjugation upon
twisting, Lewis acid molecules coordinate not to every
comonomer unit but one per several monomers. This is
sufficient for doping but does not cause dramatic conjugation
loss (Scheme 3).

Bl CONCLUSIONS

In this work we reported unprecedented nonoxidative doping
of donor—acceptor—donor polymers. We designed a series of
new polymers that can undergo switching from neutral to
doped state upon Lewis acid coordination, while decoordina-
tion of Lewis acid by external base caused the return from
doped to neutral state. The reported doping and dedoping
approach results in notable polymer conductivity changes and
optical switching. The polymers show remarkable stability after
numerous switching cycles and can be switched both
electrochemically and chemically. The ability of the corre-
sponding polymers to undergo nonoxidative doping or
dedoping clearly correlates with their HOCO energy. The
structure of the doped polymers was modeled by computational
studies suggesting partial coordination of Lewis acid (one BF;
molecule for multiple units of monomer). Such a coordination
mode is sufficient to obtain doping, but does not affect
conjugation and allows for an effective band gap decrease.

In conclusion, the reported nonoxidative doping approach is
a reversible, nondestructive and can be precisely regulated by
the strength of the applied chemical reagent. This doping type
does not involve electron transfer and opens up the new
possibility to control conjugation, color and conductivity of
conjugated polymers.
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