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’ INTRODUCTION

Electrochemical oxidative polymerization has long been used
to synthesize conjugated polymers from a variety of electron-rich
(hetero)aromatic monomers—anilines, pyrroles, thiophenes,
and a few others.1 It is particularly attractive and almost unique
for insoluble conjugated polymers (those lacking solubilizing
groups) as it delivers a film of a polymer directly on an electrode,
ready for the targeted application. Over the past decade there has
been a significant interest in preparing highly functionalized
conjugated polymers by electropolymerization of corresponding
monomers and oligomers that led to a large structural and
functional diversity of the resulting films.2�11 However, as the
complexity of the corresponding monomer increases, the exact
structure of the polymer, usually assumed to be a simple
repetition of the monomer building block, might be difficult to
establish with certainty. Furthermore, the insoluble nature of
such polymers hampers standard characterization approaches.

Recently, incorporation of boron into electron-rich conjugated
materials has attracted a lot of attention, due to its ability to reduce
the LUMO energy and enhance the emissive properties of the
materials.12 Many novel and desirable properties have been demon-
strated for suchmaterials, e.g., enhanced electron transport, efficient
photo- and electroluminescence, nonlinear optical effect, fluoride/
cyanide sensing, etc.13�17 While strong Lewis acidity of boron is a
certain concern for the stability of organoboron materials, a
significant progress has been made to reduce its reactivity by
substitution of the boron center with bulky substituents, boron
inclusion into polycyclic structures,18 or incorporation of the B�N
linkage into a heterocyclic ring system.19,20 However, only a few
reports exploit the ability of electron-rich organoboron monomers

to electropolymerize, including some interesting structures such as
polythiophenes with boronic acid as a pendant group21,22 or boron-
containing BODIPY derivative as a part of conjugated backbone.10

Fused thienoazaborines were first synthesized by Gronowitz
et al.23 We have also recently reported planar fused thienoazaborine
systems 1a,b where the boron orbital is stabilized through interac-
tion with the lone pair of the neighboring nitrogen.24 Here we
describe an unusual electrochemical polymerization of the thienoa-
zaborines 1 leading to expulsion of boron and formation a low-band
gap polymer 4. We show how comprehensive spectroscopic
characterization and isolation of intermediates (partially deborylated
donor�acceptor oligomers 2 and 3) help in elucidating the structure
of an insoluble polymer with unexpected structure.

’EXPERIMENTAL SECTION

Instrumentation. NMR was performed on Varian Mercury 300
and 500 MHz spectrometers. The UV�vis measurements were done
using Varian Cary 5000 spectrometer, and fluorescence spectra were
measured with a Varian Eclipse spectrofluorometer. FTIRwere obtained
using Nicolet 6700 FTIR spectrometer from Thermo Scientific in a
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with thienoquinodiimine and diphenylbithiophene alternating
moieties were synthesized via electrochemical polymerization
of azaborines 1a and 1b. The polymers were investigated by
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supported by isolating the intermediates 2 and 3 with partially deborylated structures. The optoelectronic properties of the later,
investigated by UV�vis spectroscopy and CV, are controlled by the interaction between the donor (amino-substituted thiophene)
and acceptor (thienoazaborine) moieties which is weak in the ground state due to twisted structure of the molecule but is enhanced
in the excited state leading to large fluorescence Stokes shift.



4730 dx.doi.org/10.1021/ma200503f |Macromolecules 2011, 44, 4729–4734

Macromolecules ARTICLE

single bounce ATR mode. High resolution mass spectra were obtained
using Orbitrap spectrometer from ThermoFisher. All electrochemical
experiments were performed at room temperature using a CHI-770
Electrochemical Workstation. XPS was performed on Thermo Scientific
K-Alpha spectrometer.
Reagents. Anhydrous CH2Cl2 was obtained using BRAUN MB-

SPS solvent purification system. HPLC grade toluene and acetonitrile
were purchased from Fisher and anhydrous propylene carbonate (PC)
from Aldrich. Bu4NPF6 (electrochemical grade) was purchased from
Fluka. Compounds 1a and 1b were synthesized according to previously
reported procedure.24

Quantum Yield (Φ) of 2a and 3a. Fluorescence quantum yield
of 2a was measured in CH2Cl2 using 9,10-diphenyl anthracene in
cyclohexane as a standard25 and fluorescein in 0.1MNaOH as a standard,26

respectively.
Electrochemical Synthesis of Polymer Films. The polymers

were electropolymerized from the 3.5 mM solutions of 1a and 1b in
CH2Cl2 or toluene/acetonitrile (4:1) mixtures with Bu4NPF6. Ag/AgCl
or Ag wire served as reference electrodes, Pt gauze as counter electrodes.
Pt disk or indium tin oxide- (ITO-) coated glass were used as working
electrodes. The electropolymerization was performed using cyclic
voltammetry and sweeping voltage at scan rate of 30mV/s. The working
electrodes were then taken out and rinsed with CH2Cl2 or toluene and
acetonitrile correspondingly. To eliminate the possible effect of fluoride
in deborylation reaction, the electropolymerization was also performed
using Bu4NClO4 supporting electrolyte, leading to identical polymers.
Spectroelectrochemistry. For spectroelectrochemical measure-

ments, ITO derivatized with polymer 4a was immersed in a 1 cm quartz
cuvette containing 0.1 M Bu4NPF6/PC. Pt gauze and Ag wire were
placed in the same cuvette as the counter and pseudoreference electro-
des, respectively. The potentials were then set to the ITO electrode and
the spectral absorption was recorded after the doping/dedoping was
complete (evaluated by dropping of the current, ca. 2�3 min).
Electrochemical Characterization. Electrochemical investiga-

tions of compounds 1a, 2a, and 3a were conducted in anhydrous
CH2Cl2, with Bu4NPF6 (0.1 M) electrolyte, a Pt disk (d = 1.6 mm) as
the working electrode, platinum wire as the auxiliary electrode and
Ag/AgCl or Ag wire as the reference electrode. The electrochemical
characterization of polymer films 4a and 4b on Pt disk electrodes were
performed in anhydrous CH2Cl2, acetonitrile, and PC using platinum
wire as the auxiliary electrode and Ag wire as pseudoreference electrode,
with 0.1 M Bu4NPF6 as supporting electrolyte. The electrolyte solution
was purged with Ar gas before and between electrochemical measure-
ments. The Fc/Fcþ redox couple was used as an internal standard.
Controlled Potential Electrolysis. Bulk electrolysis of 1a and 1b

(10 mg in 6 mL) was performed using a home-built electrochemical cell
with two compartments separated by porous frit. One compartment

contained working Pt mesh (52mesh, 3� 1 cm2) working electrode and
Ag wire pseudoreference electrode, separated from the solution by a
vycor tip. The other compartment contained counter Pt mesh electrode.
The cell was purged with argon gas and kept under argon atmosphere for
the entire experiment. Bulk electrolysis was performed at room tem-
perature in anhydrous CH2Cl2 with Bu4NPF6 as supporting electrolyte,
at 1.5 V versus a Ag wire pseudoreference electrode. After oxidative
electrolysis, the solution was reduced at 0 V. Finally, electrolysis
products 2a, 3a, and 2b were purified by prep-Silica TLC using
hexane/CH2Cl2 (2:1) mixture as an eluent.

2a. 1H NMR (500 MHz, acetone-d6, ppm): 9.23 (br s, NH2), 7.91
(m, 2H, o-Ar�H), 7.76 (d, J = 5.1 Hz, 1H; th�H), 7.67 (d, J = 5.4 Hz,
1H; th�H), 7.52 (m, 2H, o-Ar�H), 7.51 (d, J = 5.1 Hz, 1H; th�H);
7.49�7.42 (m, 3H, m-, p-Ar�H), 7.35 (d, J = 5.4 Hz, 1H; th�H); 7.33
(m, 2H, m-Ar�H); 7.27 (m, 1H, p-Ar�H), 4.75 and 4.78 (NH). HRMS
(ESI�): calculated for C24H16N2BS3 (M � H), 439.05741; found,
439.05829.

3a. 1H NMR (500 MHz, acetone-d6, ppm): 9.20 (br s, NH2), 7.85
(m, 4H, o-Ar�H), 7.71 (d, J = 5.0 Hz, 2H; th�H), 7.56 (s, 2H; th�H),
7.54 (m, 2H, o-Ar�H), 7.46 (d, J = 5.0 Hz, 2H; th�H); 7.43�7.37 (m,
3H, m-, p-Ar�H), 7.32 (m, 2H, m-Ar�H); 7.26 (m, 1H, p-Ar�H), 4.87
(br, NH); HRMS (ESIþ): calculated for C48H33N4B2S6 (M þ H),
879.12101; found, 879.12041.

’RESULTS AND DISCUSSION

When exploring functionalization of azaborines 124 we have
observed their instability toward strong nucleophiles (BuLi), bases
(LDA) and electrophiles (Br2). Chemically irreversible multiredox
electrochemical behavior with the first oxidation wave at Epa =
0.48 V vs Fc/Fcþ was also observed in cyclic voltammetry (CV)
experiments.27 However, while electrochemical oxidation in thio-
phene derivatives with free (unsubstituted) 2,5 positions, including
terthiophene, usually leads to formation of conjugated polythio-
phene, we have not observed any polymer growth when potential
was cycled at the first oxidative wave (up to 0.80 V vs Fc/Fcþ).
Nevertheless, extending the potentiodynamic range to the second
oxidation peak (above 1 V) led to growth of the polymer film on the
anode (Figure 1).

The electropolymerization was found to occur in two solvent
systems, toluene/acetonitrile (Figure 1a) and CH2Cl2 (Figure
S3, Supporting Information) as evidenced by current increase
with each cycles. The electrochemical behavior of the resulting
polymer films in monomer-free solutions in CH2Cl2, as well as
propylene carbonate (PC) and acetonitrile, exhibited chemically
reversible p- and n-doping (Figures 1 and Figures S1, S2, and S4

Figure 1. (a) CVs of potentiodynamic growth of polymer film on Pt disk electrode from the solution of 1a in toluene/acetonitrile, 0.1 M Bu4NPF6,
40 mV/s. (b) CV of films electropolymerized from 1a on Pt disk electrode in CH2Cl2/ Bu4NPF6; 100 mV/s.
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in the Supporting Information). The n-doping in CH2Cl2 and
PC, however, becomes evident only after a few cycles, most likely
due to the slow intercalation of the countercations in the initially
dense film.28 (Figure 1).

Differential pulse voltammetry (DPV) of the polymer films on
Pt electrodes in monomer free solutions was used to determine
electrochemical gaps of the polymer which was 1.17 and 1.24 eV
for polymers grown from 1a and 1b, respectively (Figure S4,
Supporting Information). The polymer was also grown poten-
tiodynamically on ITO from the solution of 1a in CH2Cl2 or
toluene/CH3CN resulting in dark brown shiny film. Its spectro-
electrochemical characterization, performed in PC/Bu4PF6,
showed strong absorption in 300�600 nm region and a distinct
shoulder at∼800 nm that extends into NIR region in the neutral,
undoped state of the polymer (�0.47 V vs Fc/Fcþ, black solid
line, Figure 2). Reducing the potential to�0.87 V vs Fc/Fcþ had
no effect on the absorption profile which confirmed the neutral
state of the polymer. Upon electrochemical p-doping at increas-
ing positive potentials, the absorption below ∼550 nm slightly
bleached, while the polaron/bipolaron bands with maximum at
1145 nm and a shoulder at 770 nm grew significantly. This
p-doping process is fully reversible and setting the potential back
to �0.47 V vs Fc/Fcþ recovers the original spectrum. The
vis�NIR spectrum of polymer film was also taken after four
cycles of electrochemical n-doping within �0.47 to �2.07 V vs
Fc/Fcþ. The absorption of the neutral polymer after n-doping
cycles, shown by the red curve in Figure 2, was almost identical to
that in the neutral state after p-doping with slight increase in
absorption at∼600 nm which can likely be attributed to residual
n-doping (or partial decomposition at highly negative
potentials). This further proves that the 800 nm shoulder is
the optical property of the neutral polymer, rather than the
residual absorption of polarons formed during p-doping.

The optical bandgap estimated from the onset of this
shoulder was 1.13 eV, which is in good agreement with the
electrochemical gap. Such low band gap (Eg) was not expected
for conjugated poly(1). In fact, DFT calculations (B3LYP/6-
31G(d) level) of a series of oligomers (1a)n, n = 1, 2, 3, 4, 6
predicts convergence of the Eg for the polymer at 2.1 eV (see the
Supporting Information).

To elucidate the possible structure of the obtained polymer
films an XPS analysis was conducted on dedoped samples
(Figure 3). Surprisingly, the XPS clearly showed the absence of
boron, while the C, S and N peaks, at the ratio equal to that in the
monomer (24:3:2) and with expected energies, were observed.
Together with electrochemical and optical properties of the
polymer film, these data are consistent with formation of a
conjugated polythiophene without boron substituents.

Interestingly, the thin-layer chromatography (TLC) analysis
of the residual solution left from electropolymerization showed
the presence of two new fluorescent species (Figure 2), while the
color of the postpolymerization solution changed from yellow to
brown. Suspecting that these new products might be intermedi-
ates to formation of the boron-free polymer, we have decided to
elucidate the structures of the compounds formed during
electrochemical reaction at the first oxidation wave.

Controlled potential electrolysis of solutions of thienoazabor-
ines 1 was performed at potential 100 mV more positive than that
of the first oxidation wave. After transferring the charge equivalent
to∼2e� permole, the electrolysis was stopped and the solutionwas
reduced back to 0 V. The TLC analysis of the resulting electrolysis
mixture showed the depletion of the starting material and appear-
ance of the two previouslymentioned products that were isolated by
preparative TLC in CH2Cl2/hexane mixture.

1H NMR spectra of 1a and two of its electrolysis products 2a
and 3a in acetone-d6 are shown in Figure 4. Symmetric structure
with only one type of phenyl ring is apparent from the proton
resonance of 1a, with the Ph ortho protons positioned downfield
(∼0.4 ppm) compared to meta and para protons, due to
electron-withdrawing influence of the boron. The two types of
thiophene protons are exhibited as doublets at 7.85 and 7.65
ppm. The NMR of the first electrolysis product, however, clearly
shows desymmetrization through the presence of two different
phenyl rings and four types of thiophene protons at 7.76, 7.67,
7.51, and 7.35 ppm. The observed chemical shifts and unchanged
splitting of the thiophene protons is most consistent with a 1,2-σ
shift of the Ph group displacing the electron-withdrawing boron
substituent in one of the thiophene ring. The azaborine NH
protons are slightly shifted upfield and a new type of NH signal
appears at ∼4.8 ppm in the area of aromatic amines. The 11B
NMR signal at 34.1 ppm is identical to that for 1a indicating the
presence of the BdNmoiety. On the basis of these observations

Figure 2. Spectroelectrochemistry (in PC/Bu4NPF6) of polymer film
grown on ITO glass from 1a. Vis�NIR spectra were taken at �0.87 V
(black curve) and�0.47 V (blue curve); at�0.47 V after n-doping (red
curve); at 0.18, 0.33, and 0.48 V (gray dotted curves); and at 0.63 V
(green curve) vs Fc/Fcþ.

Figure 3. XPS of polymer film 4a (undoped) grown on ITO from the
solution of 1a.
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and accurate mass measurement in ESI�MS, we assigned
structure 2a to this product.

The 1HNMR of the second electrolysis product still exhibited
the presence of two different phenyl rings but pattern of
thiophene protons have changed to two doublets (4H) and
one new singlet at 7.57 ppm (2H). Such splitting together with
high-resolution ESI�MS indicated dimerization of the inter-
mediate 2a into the sexithiophene derivative 3a.

Therefore, the chemical reaction occurring during the first
oxidation process must be accompanied by boron elimination

and the formation of a new C�C bond between the thiophene
and phenyl rings. Such irreversible redox behavior is not universal
for azaborines. 3,6-Di(5-phenylpyrrol-2-yl)-1,2-dihydro-1,2-aza-
borine was earlier shown to form a stable radical cation in which
the B�C bond remained intact, as evidenced by its reversible
oxidative electrochemistry.29 On the other hand, rearrangements
with cleavage of the B�C bond, brought about by strong Lewis
acidity of the boron center, have been described in the
literature.30 For example, Davies et al. has reported C�C
coupling of thiophene fragments during chemical oxidation of
nitrogen-coordinated dithienylboron derivatives.31 More re-
cently, Wang et al. described intramolecular rearrangement with

Figure 4. 1H NMR spectra of 1a and its electrolysis products 2a and 3a in acetone-d6. TLC of the electrolysis mixture is shown in the inset.

Figure 5. UV�vis absorption and fluorescence spectra of the com-
pounds 1a, 2a, and 3a in CH2Cl2.

Figure 6. CVs of compounds 1a, 2a, and 3a in CH2Cl2, 0.1 M
Bu4NPF6. Red curves represent repetitive potential cycling of 2a during
which the appearance of 3a is observed.
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Ph-Ph bond formation and expulsion of the boron upon photo-
oxidation of a structurally related nitrogen-stabilized boroaro-
matic derivative.32,33 In our case, significant concentration of
HOMO density on the boron atom, as predicted by DFT,24

should drastically increase the reactivity of boron-containing
moiety in the radical cation state (1•þ) and facilitate such
transformations.

The electrochemical properties of 2a and 3a (Figure 6) are
consistent with their structures and further support the proposed
polymerization mechanism. Similar to 1a, compound 2a shows
irreversible oxidation process at 0.57 V vs Fc/Fcþ, while com-
pound 3a exhibits a reversible oxidation at 0.21 V vs Fc/Fcþ. The
appearance of a new peak at 0.21 V upon cathodic swipe of 2a
seem to indicate that the first oxidation process in 2a does not
lead to boron elimination, but rather radical coupling process to
produce dimer 3a (as in usual thiophene polymerization). The
reversible redox behavior of 3a can be explained by localization of
the radical cation on the electron rich central diphenylbithio-
phene moiety. However, loss of the second electron at higher
positive potential should lead to opening of the azaborine cycle
and trigger further polymerization. In fact, polymer films analo-
gous to those obtained from 1a have been grown from 3a (Figure
S3, Supporting Information) when cycling is extended to higher
potential (to 1.07 vs Fc/Fcþ).

The optical properties of electrolysis products 2a and 3a were
probed by UV�vis and fluorescence spectroscopy in CH2Cl2
(Figure 5). The out-of-plane twist of the deborylated thiophene
ring in 2a caused by steric effect of the Ph substituent (see DFT
calculations in the Supporting Information) leads to hypsochro-
mically shifted absorption (λmax = 352 nm, log ε = 4.1) and
smeared fine vibronic structure as compared to the starting
azaborine 1a (391 nm). The dimerized 3a, however, is red-
shifted compared to both 1a and 2a with λmax 420 nm (log ε =
4.0) due to extension of the conjugation. This trend in the
absorption is reproduced by TD-DFT calculations that predict
theHOMO�LUMOnature of the longest absorption of all three
compounds, with λmax of 379, 373 nm, and 466 nm for 1a, 2a,
and 3a, respectively.

The fluorescence spectra of 2a and 3a exhibit large Stokes
shifts of 0.9 and 0.6 eV correspondingly (2a, λemmax 466 nm,
photoluminescence quantum yield ΦPL = 3.5%; 3a, λemmax

532 nm, ΦPL = 6.5%) which points to large structural
rearrangements in the excited state. This is very consistent
with the expected charge transfer character and planarization

of the excited states for such donor�acceptor molecules.
The emission color shifts from the deep-blue for 1a to sky-
blue for the deborylated 2a and bright-green-yellow for the
dimer 3a.

The FT-IR (see the Supporting Information) of the polymer
4a shows vibrational N�H and aromatic C�H bands at 3350
and 3050 cm�1, respectively, and a strong band at 1350 cm�1 due
to C�C stretching in the polythiophene backbone. Also, the
fingerprint region shows substantial similarity between the
polymer 4a (bands at 700, 750, and 850 cm�1) and sexithio-
phene 3a.

Put together, the above observations allow the proposal of the
polymerization mechanism and the structure of the resulting
polymer 4, as depicted in the Scheme 1. The reaction is likely to
start with nucleophilic attack of electrolyte anions on boron
center in 1a•þ, followed by thiophene-thiophene coupling
similar to known aryl�aryl coupling of tetracoordinate boron
compounds.31,34 Subsequent reaction of unstable 1a0 with nu-
cleophiles and traces of water leads to boron expulsion and
restores aromaticity of the reacting thiophene ring. Following
electrochemical oxidation of the resulting 2a causes its dimeriza-
tion into 3a. While one-electron oxidation of 3a produces stable
radical cation on the central bithiophene unit, the loss of the
following electron(s) gives rise to deborylation of the terminal
thiophenes, ultimately leading to polymer 4a. Polymerization of
1b appears to follow the samemechanism and the corresponding
intermediate 2b was isolated and characterized by NMR and
ESI�MS spectroscopies (Supporting Information).

We note that amino-substituted (�NH2) structure of 2a and
3a (as compared to imino-functionality dNH, as in 4a) is not
necessarily formed during electropolymerization, but possibly
during isolation of the intermediates. On the other hand, the
oxidized quinodiimine form of diaminothiophene moiety in 4a is
more consistent with the lack of spectroscopic or electrochemical
response of 4a to exposure of weak acids (dilute TFA) or reaction
(overnight heating) with glyoxal.35 Furthermore, the bandgap of
the polymer 4a (∼1.2 eV) is substantially lower than that of other
polythiophenes bearing phenyl substituents (>2 eV)36,37 and
that of poly(diaminoterthiophene).35 This band gap reduction,
however, is expected for the structure of 4a (see the Supporting
Information) with alternating donor (diphenylbithiophene) and
acceptor (thienoquinodiimine) moieties and combines the donor�
acceptor and quinoidal approaches for the band gap reduction in
conjugated polymers.38�43

Scheme 1. Proposed Formation of the Electrochemical Products
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’CONCLUSIONS

In summary, we have investigated the electrochemical beha-
vior of fused thienodiazaborine systems. The electrochemical
oxidation of these compounds leads to structural rearrange-
ments, in particular, the transfer of the phenyl group onto
thiophene ring and elimination of boron. This process is followed
by oxidative coupling of the deborylated thiophene groups to
form sexithiophene 3 and, eventually, a new boron-less poly-
thiophene 4. The donor�acceptor interactions and reduced
aromaticity of the thienoquinodiimine moiety in polymer 4
significantly decreases its bandgap and leads to reversible
p- and n-doping within the readily accessible potential window.
Although the use of polymer 4 as a low band gap semiconductor
will likely be limited by its nonplanar structure (caused by
repulsion of Ph substituents), the approach should be applicable
to other thienoazaborines with different substitution pattern and
could eventually lead to new high-performance materials. On a
more general note, this work sets an example of how isolating
soluble intermediates of electrochemical polymerization can help
elucidating the structure of insoluble polymers.
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