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Synthesis, characterization, and surface
studies of conjugated polymers possessing
2,2'-biimidazole moieties

D.T. Walker, C.D. Douglas, and B.J. MacLean

Abstract: Two novel 2,2'-biimidazole-thiophene structures, 5,5-bis(2,2"-bithiophene-5-y1)-1,1’-dimethyl-2,2'-biimidazole
and 5,5'-bis(3,4-ethylenedioxythiophene-2-yl)-1,1"-dimethyl-2,2’-biimidazole, have been synthesized and electrochemically
polymerized. These materials underwent facile oxidation on Pt and ITO surfaces in CH2Clo/BusNPFg to yield conjugated,
electroactive polymer films. The films were characterized with cyclic voltammetry, electronic absorption spectroscopy,
and atomic force microscopy.

Key words: imidazole, conjugated polymer, electropolymerization.

Résumé : On a effectué la synthése de deux nouvelles structures de 2,2'-biimidazole-thiophéne, le 5,5-bis(2,2'-bithiophén-
5-yD)-1,1"-diméthyl-2,2'-biimidazole et le 5,5'-bis(3,4-éthylénedioxythiophén-2-yl)-1,1’-diméthyl-2,2"-biimidazole, et on a
réalisé leur polymérisation par voie électrochimique. En solution dans un mélange de CH>Cly/BusNPFs, sur des surfaces
de Pt et d'ITO, ces produits donnent facilement lieu a des réactions d’oxydation qui conduisent a la formation de films de
polymeres conjugués €lectroactifs. On a caractérisé ces films par voltampérométrie cyclique, spectroscopie d’absorption
€lectronique et par microscopie des forces atomiques.

Mots-clés : imidazole, polymere conjugué, électropolymérisation.

[Traduit par la Rédaction]

Introduction

Although published reports of electroactive heterocyclic
polymers appeared as early as 1876,! these structures be-
came more interesting to materials scientists around the
time the first reports of highly conductive conjugated poly-
mers emerged.> Since this event, homopolymers consisting
of pyridine (1), pyrrole (2), thiophene (3), and other hetero-
cyclic structures (Chart 1) have abounded and have found
applications in electronics, corrosion inhibition, sensing, ac-
tuators, and energy technology, to name just a few of the
more popular areas.> Several of these heterocycles may be
polymerized electrochemically (e.g., aniline, pyrrole, and
thiophene).®® Electrochemical polymerization offers several
advantages over chemical polymerization routes.!0 This col-
lection of techniques comprises methods which allow con-
trolled oxidation and (or) reduction of redox-active species
at an electrode—solution interface, and thus the methods ena-
ble a degree of control over polymerization rate and provide
a means of producing polymer films of a desired thickness
(and perhaps, quality). Often, the most important advantage
provided by electrochemical polymerization, however, is
that problems which accompany low polymer solubilities
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(i.e., difficulties in polymer processing) can be circum-
vented. For structures which are unable to be polymerized
via electrochemical methods (e.g., pyridine), it is usually
possible to achieve this goal through the incorporation of
polymerizable substituents. The most popular substituent in
this application appears to be thiophene and its derivatives.
Thienyl substituents have been used in the polymerization
of a wide variety of heterocyclic compounds and in many
cases, metal complexes.!!-15

Imidazole (4) (Chart 1) has been the topic of relatively
few investigations concerning conjugated polymers. This
may seem surprising at first, since imidazole possesses pyr-
role-like and pyridine-like nitrogens, which should make it
an attractive candidate for chemical studies of this sort. The
imine centers on imidazole enable derivatives like 2,2’-bii-
midazole (5a) (Chart 1) and others to be utilized as ligands
in metal complexes.'®!7 Such assemblies have been shown
to display pH-dependent properties and are thus intriguing
in sensory applications.!8:1 Benzimidazole polymers and
metallopolymers have also been reported to exhibit pH-re-
sponsive electrochemistry, which influences electronic com-
munication between metal centers in these materials.20

There appear to be two reasons why imidazoles are not as
widely studied as other heterocycles. Importantly, protecting
groups are required when chemistry is to be carried out at
any of the carbon centers on the ring, which adds to prepa-
ration time and cost.?! Furthermore, when bicyclic 5a is
considered, low solubilities in most common organic sol-
vents, due to strong self-association (hydrogen bonding and
ni-stacking), is a real problem.22 Here, the use of protecting
groups (e.g., benzyl, trimethylsilylethoxymethyl substituents)
has been shown to greatly enhance solubility.23-24
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Chemically polymerized 1,1’-diprotected-2,2’-biimidazoles
have been detailed by Yamamoto et al.2>-26 In these studies,
a range of biimidazoles that were 1,1’-difunctionalized with
either alkyl (e.g., Sb) (Chart 1) or methoxymethyl (MOM)
substituents were polymerized via chemical polycondensa-
tion reactions. In the case of poly(1,1’-dimethoxymethyl-
2,2'-biimidazole), 90% deprotection of the MOM-protected
biimidazole sites was possible, yielding a polymer with
H-functionalized 2,2'-biimidazole units. Electropolymeriz-
able models, such as 5,5-bis(2,2'-bithiophene-5-yl)-1,1'-
dimethyl-2,2'-biimidazole (6) (Chart 1) and 5,5-bis(3,4-
ethylenedioxythiophene-2-yl)-1,1"-dimethyl-2,2"-biimidazole (7)
(Chart 1), would enable the synthesis of thiophene—imidazole
copolymers through convenient electrochemical polymeriza-
tion experiments. Structures possessing 1,1’-disubstituted
biimidazole moieties would be interesting because they
would be soluble in organic solvents and because the facile
chemistry that yields 1,1’-disubstitution could be varied to
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provide a means of tuning the electronic properties of such
compounds and their polymers. Additionally, as noted ear-
lier, it should be possible to tune their chemical behavior
through judicious choice of solution pH. In fact, such a
study has recently been reported for a related structure,
2,5-bis(2,2'-bithiophene-5-yl)-1-methylimidazole (8) (Chart 1),
for which significant blue-shifts in the p-doping potentials of
its polymerized form, poly-8, were observed upon the addi-
tion of trifuoroacetic acid to test solutions.?’

A promising avenue of research for conjugated polymers
containing 2,2'-biimidazole units would be heterogeneous
catalysis, since these compounds would be capable of coor-
dinating metal ions, and may thus be interesting for their po-
tential as catalyst supports.?® The ability to tune the
electronic and chemical properties of such complexes would
be of paramount importance in this application. Towards
this end, we have synthesized the electropolymerizable 2,2'-
biimidazole structures 6 and 7.
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Experimental section

Equipment

Cyclic voltammetry experiments were carried out with a
PC-interfaced CH Instruments 750C bipotentiostat. Data ac-
quisition was accomplished using CH Instruments software
(version 6.24). Voltammetry experiments were conducted
on platinum-button electrodes (CH Instruments, | mm diam-
eter) in a three-compartment glass cell. Pt electrodes were
cleaned prior to each experiment by polishing with an
Al,O5 dispersion (0.05 wm). Potentials are referenced to an
Analytical Sensors, Inc. calomel electrode having a 4 mol L-!
KCl internal solution. A platinum wire served as a counter
electrode. A scan rate of 0.100 V s~! was used in each experi-
ment, unless otherwise noted. Polymers obtained from elec-
tropolymerization experiments were washed with acetone
and air-dried before subsequent experiments were carried out
on them. Electrochemical solutions were purged for 10 min
with nitrogen gas before experiments were carried out. A
flow of nitrogen was maintained over the surface of each sol-
ution for the duration of these studies. All cyclic voltammetry
experiments were carried out at 25 °C.

Electronic absorption spectrophotometry experiments
were conducted with a JASCO J-815 instrument running in
absorbance mode, employing baseline correction. Data ac-
quisition was accomplished with Spectra Manager software
(JASCO, version 1.54.03). The energies of m—m* transitions
for the monomers in solution were determined from the
onset of absorption by extrapolation of the low-energy side
of these peaks and the baseline. Scans were conducted at a
rate of 1 nm s! with data collection at 2 nm intervals.
Indium - tin oxide coated glass electrodes for experiments
on polymer films were purchased from Delta Technologies
(R, = 8-12 Q).

Nuclear magnetic resonance (NMR) experiments were
carried out on a Bruker Avance II 400 MHz instrument at
room temperature. Chemical shifts are referenced to a TMS
peak, which was assigned a value of O ppm. Elemental anal-
yses were performed by Canadian Microanalytical Services
Ltd., Delta, BC. Atomic force microscopy (AFM) was used
to investigate polymer-film topology using a XE-120 Park
Systems Inc. instrument in contact mode under ambient con-
ditions. Melting points were carried out in air using an Elec-
trothermal Mel-Temp capillary tube apparatus and are not
corrected.

AMI1 calculations were performed with Gaussian 03 and
Gaussview 3.09 software.2%-30

Materials

All chemicals employed in this study were of reagent-
grade or better and were used as received unless otherwise
noted. Syntheses of biimidazole monomers were carried out
under an atmosphere of UHP-grade argon using standard
Schlenk-line techniques. Acetonitrile (CH;CN) and N,N-di-
methylformamide (DMF) were both anhydrous and pur-
chased from Caledon Laboratories Ltd. These solvents were
delivered from an MBraun solvent purification system onto
type 4 A molecular sieves and stored under argon before
use. Dichloromethane (CH,Cl,, VWR) for cyclic voltamme-
try experiments was purified by distillation from P,Os and
stored on type 4 A molecular sieves prior to use. CH;CN for
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electrochemical experiments was stored on activated alumina
under a blanket of argon until use. Tetraethylammonium
perchlorate (EtyNCIO,) was synthesized from perchloric
acid and tetraethylammonium bromide, recrystallized three
times from water, and dried in a vacuum oven at 110 °C.
Tetrabutylammonium hexafluorophosphate (BuyNPFs) was
synthesized from hexafluorophosphoric acid and tetrabutyl-
ammonium bromide, recrystallized three times from ethanol,
and dried in a vacuum oven at 110 °C.

Synthesis of 2,2'-biimidazole, 5a

Ammonium hydroxide (300 mL, 18 mol L") was added
dropwise over a 30 min period to an ice-cooled conical flask
that contained a solution of 40% w/w glyoxal (170 mL). The
opening between the funnel and flask was covered with a
wax film to prevent leakage of NH;(g). The resulting, dark
brown mixture was stirred overnight and then filtered. The
residue was dissolved with 0.1 mol L-! HCI and heated to
boiling. It was then treated with activated charcoal, filtered,
and neutralized with a saturated K,CO3(aq) solution, precip-
itating a tan coloured solid. The product was collected by
filtration and air-dried. '"H NMR data were in agreement
with those reported.?3 Yield: 21.22g (32%). Mp > 300 °C
(Lit.3" 307 °C). '"H NMR (400 MHz, DMSO-dg) § (ppm):
12.65 (s (br), 2H), 7.06 (s, 4H).

Synthesis of 1,1'-dimethyl- 2,2'-biimidazole, 5b

A method reported by Logemann and co-workers.32 was
followed: 2,2'-biimidazole (2.00 g, 1.49 mmol) was refluxed
in a solution of 11.5 mL of 20% NaOH in 40 mL of ethanol.
Dimethyl sulfate (8.66 g, 69 mmol) was added dropwise
over a 30 min period. Refluxing was continued overnight.
By the next day, the mixture had changed from a deep
brown solution to an opaque, golden mixture. The reaction
flask was cooled to room temperature and neutralized with
aqueous NaHCOs;. It was then filtered and extracted with
CHCI; (3 x 50 mL). The organic layer was washed with
aqueous NaOH (2.4 g in 30 mL of H,O) and dried over
MgSO,. It was then filtered and evaporated to dryness to
yield an orange solid. This was recrystallized from heptane
to yield pale-yellow needles. 'H NMR signals were in agree-
ment with those published for this structure.’? Yield: 1.84g
(76%). '"H NMR (400 MHz, CDCl3) § (ppm): 7.11 (s, 2H,
J = 1.0 Hz), 6.95 (s, 2H, 1.0 Hz), 4.04 (s, 6H). 3C NMR
(400 MHz, CDCl3) 8 (ppm): 138.74, 127.88, 122.64, 35.37.

Synthesis of 5,5'-dibromo-1,1'-dimethyl-2,2'-biimidazole

N-Bromosuccinimide (0.764 g, 4.3 mmol) was added por-
tionwise via a powder-addition funnel to a solution of 1,1'-
dimethyl-2,2"-biimidazole (0.349 g, 2.15 mmol) in CHCl;
(25 mL). The solution immediately turned green before
gradually becoming a brown—orange colour. The mixture
was stirred overnight. The following day, the solution was
washed with NaHCOj3(aq) and then water. The organic solu-
tion was then dried over MgSOy, filtered, and evaporated to
yield a beige solid, which was dried in vacuo. The product
was recrystallized from heptane to yield pale yellow nee-
dles. "H NMR results were in agreement with the results re-
ported by Yamamoto et al.26 Yield: 0.524g (76%). Mp 155—
156 °C. 'H NMR (400 MHz, CDCl;) 8 (ppm): 7.12 (s, 2H),
3.96 (s, 6H).
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Synthesis of 5,5'-bis(2,2'-bithiophene-5-yl)-1,1'-dimethyl-
2,2'-biimidazole, 6

5,5’ -Dibromo-1,1'-dimethyl-2,2'-biimidazole (0.678 g,
2.12 mmol) was stirred in a solution of Pd(PPhs),Cl, (0.149
g, 0.212 mmol) in anhydrous DMF (50 mL). 5-Tributyltin-
2,2'-bithiophene (2.41 g, 5.29 mmol)** was added through a
syringe, and the mixture was refluxed, causing a gradual col-
our change from pale yellow to dark brown. After removal
of the solvent, the residue was washed with CH,Cl, using a
Soxhlet extractor. The organic effluent was then washed
with brine solution (25 mL), water (3 x 25 mL), and dried
over MgSO,. The solution was then filtered and treated with
petroleum ether. Dropwise addition of the ether caused pre-
cipitation of a bright yellow solid, which was filtered and
dried in vacuo. Yield: 0.675 g (65%). Mp 205-208 °C. 'H
NMR (400 MHz, CDCl3) 8 (ppm): 7.31 (s, 2H), 7.26 (d,
2H), 7.22 (d, J = 2.7 Hz, 2H), 7.20 (d, J = 3.7 Hz, 2H), 7.08
(d, J = 3.5 Hz, 2H), 7.05 (m, 2H), 4.10 (s, 6H). 13C NMR
(400 MHz, CDCl3) & (ppm): 140.0, 138.3, 136.7, 129.3,
128.6, 128.4, 128.0, 127.5, 124.9, 124.2, 124.1, 33.9. Ele-
mental analysis: Calculated for C,4yHgN4S4: C 58.75%, H
3.70%, N 11.42%. Found: C 58.98%, H 3.93%, N 12.18%.

Synthesis of 5,5'-bis(3,4-ethylenedioxythiophene-2-yl)-1,1'-
dimethyl-2,2'-biimidazole, 7

5,5’-Dibromo-1,1’-dimethyl-2,2'-biimidazole (0.185g;
0.58 mmol) was dissolved in a solution of Pd(PPhj;),Cl,
(0.041 g, 0.058 mmol) in dry DMF (50 mL). 5-Tributyltin-
3,4-ethylenedioxythiophene (0.623 g, 1.44 mmol)3> was
added through a syringe, and the resulting mixture was re-
fluxed. The appearance of the mixture changed from a pale
yellow to a deep brown overnight. Following removal of the
solvent, the product was extracted from the residue with
CH,Cl,, using a Soxhlet extractor. The resulting solution
was dried over MgSQ,, filtered, and concentrated on a rotary
evaporator. The residue was redissolved in CH,Cl, and pre-
cipitated by dropwise addition of petroleum ether. A pale,
yellow product obtained, and was dried in vacuo. Yield:
0.241 g (94%). Mp 238-240 °C 'H NMR (400 MHz, CDCls)
d (ppm): 7.25 (s, 2H), 6.44 (s, 2H), 4.26 (s, 8H), 2.98 (s, 6H).
13C NMR (400 MHz, CDCl3) 8 (ppm): 141.6, 139.6, 139.4,
129.1, 126.1, 104.5, 100.1, 68.8, 68.5, 33.6. Elemental analy-
sis: Calculated for CooH;gN4O4S,: C 54.29%, H 4.10%, N
12.66%. Found: C 54.89%, H 4.25%, N 12.29%.

Results and discussion

Synthesis

An early report concerning the synthesis of 2,2'-biimida-
zole involved bubbling ammonia gas into a solution of
glyoxal to obtain the product as a light brown powder after
purification.3® Other preparations have emerged since this
time37; however, we chose to use a modified version of the
above route, since the reactants for this approach were read-
ily available and because of the route’s simplicity. We ob-
tained better yields through a slow addition of NH,OH(aq)
to a cooled, covered glyoxal solution. The product could be
recrystallized from DMF to yield small, pale-yellow crys-
tals; however, even without recrystallization, the product
was pure enough to proceed with the next step. 1,1'-Di-
methyl-2,2’-biimidazole was produced following a literature
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method.32 On each occasion, the preparation was carried out
in our hands, the reaction of dimethyl sulfate with deproto-
nated 2,2'-biimidazole yielded an acidic solution, unlike the
mixture described by Logemann and co-workers.3? Neutrali-
zation was thus accomplished with a bicarbonate salt rather
than HCI, as described. A Stille coupling reaction involving
5,5'-dibromo-1,1’-dimethyl-2,2'-biimidazole was used to at-
tach  2,2'-bithiophene and 3,4-ethylenedioxythiophene
(EDOT) groups to the 2,2’-biimidazole moiety. Because of
overlap with the solvent peak for 6 in CDCl;, a coupling
constant for the signal at 7.26 ppm could not be determined.
Both 6 and 7 were soluble in chloroform and dichlorome-
thane, and insoluble in hexanes and petroleum ether, which
permitted their precipitation from a mixed solvent system.
The carbon content in the elemental analysis data for 7 is
slightly high, a result of residual grease used in the prepara-
tion of this compound, which could not be removed after re-
peated washing with petroleum ether (Weak signals at 0.93
and 1.26 ppm could be seen in the 'H NMR spectrum for
this compound).

Electrochemistry

Both 6 and 7 were able to be electrochemically polymer-
ized using cyclic voltammetry from 1 mmol L-! monomer
solutions in CH,Cl1,/0.1 mol L-'"BuyNPFg. Cyclic voltamm-
tery is often utilized in electrochemical polymerization ex-
periments because it provides real-time ‘“evidence” of
electrochemical coupling. During potential cycling, electro-
active polymer films deposited onto the electrode sufaces.
With each potential cycle, as more electroactive polymer
material is formed, a greater amount of charge is stored in
the immobilized film. As a consequence of this, greater cur-
rents will be observed with each scan (Fig. 1). Films pre-
pared by anodic electropolymerization are typically grown
by recurrent cycling of the working electrode potential be-
tween a low limit (0 V vs. calomel electrode in this study),
at which the monomer is not involved in an electron-transfer
reaction, and a potential just above the monomer’s peak ox-
idation potential. Poly-6 and poly-7 films were also able to
be grown at constant applied potentials; however, no signifi-
cant differences were observed in the cyclic voltammograms
grown by potentiostatic polymerization versus potentiody-
namic polymerization. Oxidation of 6 yielded a peak at
~0.90 V and a following wave centered at ~1.05 V. It was
necessary to cycle the working electrode potential as high
as 1.30 V to produce poly-6-coated modified electrodes hav-
ing good coverage. Poly-6 films were grown by cycling the
working electrode potential 10 times, and were obtained as
dark yellow films on platinum and ITO-coated glass sub-
strates. These films were dark green in the oxidized state.
For 7, an oxidation peak is observed at ~0.84 V on the first
scan; this peak decayed on subsequent scans. Repetitive po-
tential cycling between 0 V and 0.90 V suggested sustained
polymerization of the monomer; however, visual inspection
of the electrode surface following these experiments indi-
cated that the surface coverage of the film was quite poor,
even after 20 potential cycles. Scanning through a second
oxidation peak at ~1.15 V permitted polymer-film deposi-
tion. Thus, poly-7 films were deposited by potential cycling
within a 0 V to 1.20 V window. The films produced in this
manner were dark green.
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Fig. 1. Anodic polymerization of (a) 6 and (b) 7 from 1 mmol L
solutions of each monomer in CH,Cl»/0.1 mol L' BusNPFs.
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While distinct oxidation processes were observable for
both monomers 6 and 7, it was found that reduction peaks
for neither monomer were observed within the electrochem-
ical window provided by the CH,Cl,/BusNPFg medium.

Immediately following their preparations, the polymer
films were studied in monomer-free CH;CN/0.01 mol L-!
Et,;NCIO, solutions (Fig. 2). The voltammograms shown in
this figure illustrate the films’ redox behavior after two
complete cycles of the working electrode potential (0 V —
A — 0 V;\=120V for poly-6 and 1.00 V for poly-7). It
was found that the appearance of the voltammograms did
not change significantly in subsequent cycles. Oxidation of
the polymers yields their p-doping, while reduction yields
n-doped polymers. Poly-6 films were stable when p-doped;
however, at potentials above 1.20 V, significant decreases
in doping/undoping currents were observed, suggesting de-
activation of the poly-6 conjugated backbone under these
conditions. This outcome is likely due to attack of oxidized
sites in the p-doped polymer by trace nucleophiles present in
the solvent—electrolyte system. It is expected that such reac-
tions would occur at electron-rich tetrathiophene segments
of poly-6, rather than at dimethybiimidazole segments. Oxi-
dation of thiophene at potentials that yield its polymeriza-
tion is known to result in decreased conjugation lengths in
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Fig. 2. P-doping and n-doping experiments for (a) poly-6 and (b)
poly-7 in CH3CN/0.1 mol L~! Et4NCIO4.
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the resulting polymers.3® For poly-6, the p-doping and un-
doping peaks are centered around 1.05 V. Interestingly, a
small reduction peak for poly-6 was found at ~ —1.65 V,
which was not present in subsequent scans. This observa-
tion, as well as the magnitude of the peak (compared with
the peak observed for p-doping) suggests that n-doped poly-
6 is less stable than its p-doped form. Poly-7 films were
stable at applied potentials of up to 1.00 V. The p-doping/
undoping peak for poly-7 is centered at ~0.88 V, a signifi-
cantly lower potential than what was found for poly-6 films.
Polymerized 3.4-ethylenedioxythiophene (PEDOT) films
have been shown to undergo oxidation at low potentials to
produce very stable p-doped materials.?® The fused, elec-
tron-donating dioxyethylene component in EDOT facilitates
oxidation in this structure and also enhances stereoregularity
in polymers by preventing o—f" coupling. A slight reduction
wave for this polymer was evident at ~ —1.60 V, which was
absent on following scans. Cyclic voltammograms collected
at varying scan rates for these polymers indicate that the
electrochemical reactions observed during p-doping/undop-
ing cycles are surface-confined, and not due to reactions in-
volving a solution species (i, is proportional to the square
root of the scan rate). Figure 3 illustrates the scan-rate-de-
pendence behavior of a poly-6 film.
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Fig. 3. Cyclic voltammograms for poly-6 film at scan rates = 0.025,
0.050, 0.075, 0.100, 0.125, and 0.150 V s~!. Scan rate increases in
the direction indicated by the arrow.
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Table 1 presents a comparison of data for 6, 7, poly-6,
and poly-7 films with the related systems, 5,5-bis(2,2'-bi-
thiophene-5-yl)-1,1'-dimethyl-2,2"-bipyridine (9) and 5,5'-
bis(2-thienyl)-2,2'-bithiazole (10) (Chart 1), from cyclic vol-
tammetry and electronic absorption spectroscopy experi-
ments.?*3540 Data in Table 2 present AMI1 energies for the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) in each of these same
systems. The 2,2-bipyridine-containing system, 9, displays
the lowest HOMO energy in the series, while 7 possesses
the highest LUMO energy. Since oxidation involves the
HOMO, it should be expected that oxidation will be ob-
served at a higher potential for poly-9 than for poly-6 and
poly-7. Likewise, reduction of poly-9 should occur at higher
(Iess negative) potentials as compared with poly-6 and poly-
7. Experimentally, oxidation is found to occur at higher po-
tentials for poly-9, and a distinct reduction process is ob-
servable for this polymer.3* On the basis of the calculated
energies, it should be easier to reduce poly-6 than poly-7;
however, the above experiments demonstrate that both poly-
6 and poly-7 are unstable when n-doped. The higher HOMO
energy in 7 supports the notion of the greater electron-donat-
ing capacity of the EDOT groups in this compound, as com-
pared with the bithiophene substituents of 6. Poly-10
incorporates bithiophene segments in its conductive back-
bone, unlike the tetrathiophene links present in poly-6,
poly-7, and poly-9. Poly-10 would thus be expected to
undergo p-doping at the highest potential, and this is con-
firmed by the data presented in Table 1.

Electronic absorption spectrophotometry

Polymer-coated ITO electrodes for electronic absorption
studies could be grown as described above, through cyclic
voltammetry experiments. However, more uniform films
could be grown on ITO-coated glass electrodes by applica-
tion of a constant potential, and so this approach was used
to coat electrodes for electronic absorption studies. The best
results were found for poly-6 films grown at 1.25 V and
poly-7 films grown at 1.00 V.

Can. J. Chem. Vol. 87, 2009

Table 1. Comparison of electrochemical data
(formal potential for oxidation, £°) and spectro-
scopic data (Amax, Monset) for poly-6 and poly-7
with related 2,2"-bipyridine and 2,2'-bithiazole
systems. The data for poly-9 were reported in
MeCN/0.1 mol L' BusNPFs vs. Ag wire (ferro-
cene internal reference) and poly-10 data in
MeCN/0.1 mol L' Et4NCI1O4 vs. SSCE. Polymer
absorption data are presented for solid films de-
posited onto ITO-glass slides, while the monomer
data are presented for CH,Cl, solutions.

Compound E” Amax (nm) Nonset (nNmM)
6 — 364 430
7 — 316 370
9 — 400 442
10 — 404 —
Poly-6 1.05 402 532
Poly-7 0.88 326 418
Poly-9 1.12 — —
Poly-10 1.24 — —

Table 2. Semi-empirical AM1 HOMO
and LUMO energies for 6, 7, 9, and 10.

HOMO LUMO

Compound  (eV) (eV)
6 -7.957 -0.936
7 -7.807 -0.657
9 -8.363 -1.169
10 -8.464 -1.375

Data obtained in electronic absorption studies are sum-
marized in Table 1. Absorption peaks (hy.x) for 6 and 7
were found at 364 nm and 316 nm, respectively. For the
polymer films, absorption peaks were broader, and red-
shifted (Fig. 4). The peak absorption for poly-6 was shifted
by about 38 nm, and was considerably broader. Conversely,
hmax for poly-7 was found to be red-shifted by only 10 nm.
These red shifts can be explained by an enhanced degree of
conjugation in the longer polymer structures relative to what
exists in the monomers. It is also acknowledged here that
absorption data obtained for monomers will be influenced
by solvents, and that absorption data for solid polymers will
be influenced by counter-ions to a small degree. The broader
polymer absorption profiles can be attributed to the polydis-
persity of poly-6 and poly-7, as well as non-uniform (o—o',
a—pB’) links between thiophenes in poly-6 chains. The ab-
sorption peak observed for poly-7 was less broad than for
poly-6, likely a consequence of the greater stereoregularity
provided by the EDOT substituents of 7. HOMO-LUMO
energy differences for 6 and 7 can be estimated using the
low energy wavelength edge (A in Table 1) for T—7w* ab-
sorptions. These energies are 2.88 eV for 6 and 3.35 eV for
7. Optical bandgaps for the polymer films, estimated from
honset Values, are found to be 2.33 eV for poly-6 and
2.97 eV for poly-7.

A comparison of the absorption data shows that 9 displays a
smaller optical bandgap than the other systems considered
here. Since both 6 and 7 undergo oxidation at comparatively
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Fig. 4. Normalized electronic absorption spectra for monomers and polymers. Monomer spectra collected on CH>Cl, solutions. Polymer
spectra collected for poly-6- and poly-7-coated ITO-glass electrodes with a bare ITO electrode used for baseline correction.

Normalized absorbanc

250 300 350 400 450 500 550 600
Wavelength (1)

Fig. 5. Atomic force microscopy images of top: poly-6; middle: poly-7; and bottom: a bare ITO-coated glass slide. Images are presented as
3-D surfaces (left) and 1% derivatives (right).
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low, positive potentials, it would be expected that reduction of
both of these monomers must require quite negative po-
tentials, presumably a consequence of the greater elec-
tron-donating nature of the dimethylbiimidazole center.
Indeed, we were unable to observe these processes in our ex-
periments.

Atomic force microscopy

Atomic force microscopy (AFM) was used to investigate
the topography of poly-6 and poly-7 films deposited onto
ITO-coated glass electrodes (Fig. 5). These films appeared
smooth to the naked eye. The 25 pm x 25 pum images of
poly-6 show a fairly homogeneous polymer surface, with
polymer particles of roughly 1 pm diameter distributed on
the electrode surfaces. Note that the vertical scale in this im-
age is roughly one-tenth the x- and y-axis scales. The poly-7
surface looks smooth in most areas, but also shows regions
where larger grains have deposited, of approximately 1 pm
diameter, on average.

Conclusions

Two novel thiophene—imidazole structures have been syn-
thesized, and their electrochemical and electronic properties
were investigated. Polymer films of 5,5'-bis(2,2'-bithio-
phene-5-yl)-1,1'-dimethyl-2,2’-biimidazole and 5,5"-bis(3,4-
ethylenedioxythiophene-2-yl)-1,1’-dimethyl-2,2'-biimidazole
were grown on platinum and indium-tin oxide-coated glass
through electrochemical polymerization. The films deposited
were fairly homogeneous, as indicated by AFM studies. The
facile polymerization of these materials and the potential to
vary the identity of the substituent on N; makes these mate-
rials promising candidates for further studies aimed at creat-
ing supports for tunable heteogeneous electrocatalysts.
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