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ABSTRACT: We report the significant effect of the introduction of short alkyl chains on the electrochromic
behavior of poly(2-(2-thienyl)-1H-pyrrole), poly(1). Hence, poly(3-ethyl-2-(2-thienyl)-1H-pyrrole), poly(2), and
poly(3-n-propyl-2-(2-thienyl)-1 H-pyrrole), poly(3), presented multicolor electrochromism (both cathodic and anodic)
exhibiting several colors: blue-grayish (+0.8 V), light blue (+0.2 V), light brown (0 V), brown (—0.1 V), dark
orange (—0.2 V) and light orange (—0.8 V). Both poly(2) and poly(3) films showed a maximum optical contrast
(ATmax) of ~30% at a film thickness <100 nm. For both polymers, the optical responses for the oxidation and
reduction process were in the range of a few seconds with a coloration efficiency during the bleaching process
of 107—108 ¢cm?/C. The new multichromic polymers were thermally stable up to 200 °C and showed reduced
weight loss in the temperature range from 400 to 800 °C. The doping level for poly(2) and poly(3) was in the
range of 26—31%. AFM images illustrated that poly(2) presented a much rougher surface than poly(3). The
morphology corresponding to the oxidized state for both polymers was sharp, showing a significant smoothening
of the surface upon reduction. Geometry optimizations and theoretical conformational analysis performed at the
B3LYP/6-311G* level pointed to an increased population of s-cis conformers in 2 and 3 that presumably will be

also retained in poly(2) and poly(3).

Introduction

Electrochromism is defined as the property inherent to some
materials which can electrochemically switch between different
colored states as a result of a redox reaction. Typical electro-
chromic behavior leads to switching between a transparent or
bleach state and a colored state or between two different colored
states.

Many different types of organic and inorganic materials such
as inorganic metal oxides, mixed-valence metal complexes,
organic small molecules and conducting polymers exhibit
electrochromic behavior. Among the electrochromic materials,
conducting polymers have received a great deal of attention due
to outstanding electrochromic properties such as switching time,
stability, coloration efficiency, or wide range of colors.

Of the conjugated electrochromic conducting polymers
poly(3,4-ethylenedioxythiophene) (PEDOT)' and its derivatives
are those that have been most extensively studied due to their
suitability for various applications. These properties include high
conductivity,” lower oxidation potentials compared to the neat
polythiophene, and improved stability in its doped state.
According to its electrochromic properties, PEDOT exhibits a
transmissive oxidized state and a very absorptive neutral state
which makes it suitable as an electroactive material in electro-
chromic devices.®> Electrochromic materials present a broad
range of applications such as electrochromic windows®* and
displays,” antiglare mirrors, eye-glasses or solar-attenuated
windows.””

It is important to remark that although most electroactive
polymers have the ability to exhibit two colors, only a few show
multiple color states. Some strategies such as copolymerization
and main-chain as well as pendant group structural modification
have been followed in order to improve the electrochromic
properties and achieve multichromic materials."!
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For instance, electrochemical copolymerization of 2,2'-
bis(3,4-ethylenedioxythiophene) (BIiPEDOT) and 3,6-bis(2-(3,4-
ethylenedioxy)thienyl-N-methylcarbazole (BEDOT-NMeCz) has
been studied by Gaupp et al.? This research work revealed that
by modification of the monomer ratios of BiPEDOT and
BEDOT-NMeCz, during the electrochemical copolymerization,
it is possible to obtain a broad color palette for a neutral polymer,
but also for a given composition such materials showed
electrochromic behavior (e.g., reddish-purple, blue and green).
Similar studies have been performed by Varis et al.'' by
electrochemical copolymerization of 3,4-ethylenedioxythiophene
(EDOT) and 1-(4-nitrophenyl)-2,5-di(2-thienyl)-1H-pyrrole (NTP)
among others monomers.

Structural modification is also an interesting strategy in order
to achieve materials with multichromic properties. For instance,
in the literature there are several examples of polymers based
on PEDOT derivatives like poly(bis-EDOT-pyridopyrazine)'?
which exhibits up to four different colors upon switching. Other
examples, based on PEDOT derivatives, are poly[2,5-bis-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)-pyridine], which presents
ared neutral state, an oxidized blue-purple state, a reduced sky-
blue state and a navy-blue protonated state, and poly[5,8-bis-
(3-dihydrothieno[3,4-b][ 1,4]dioxin-5-yl)-2,3-diphenylpyrido[3.4-
b]pyrazine], which exhibited several color changes upon doping:
a neutral lime green, an oxidized light gray, a reduced burgundy
red and a further reduced dark gray.'? Argun et al.'® have
published an interesting review including different multicolored
electrochromic copolymers based on PEDOT. Very recently,
Kraft et al. have reported a new electrochromic polymer (N-
ethyl substituted poly(3,4-ethylenedioxypyrrole)) which displays
switching between green, violet and gray.'*

Additionally, Song et al.'> have reported an interesting
strategy to achieve multicolor electrochromism from polypyr-
role, by doping this conducting polymer with a molecular
electrochromogen (2,2'-azinobis(3-ethylbenzothiazoline-6-sul-
fonate)).
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Recently, we have reported dual orange-to-black electrochro-
mic behavior in poly(2-(2-thienyl)-1H-pyrrole) electropolymer-
ized from 2-(2-thienyl)-1H-pyrrole (1)."® It should be noted that
poly(2-(2-thienyl)-1H-pyrrole) was previously synthesized and
characterized,'”~?* but attention was not paid to its electro-
chromic behavior. Such a property is useful for emerging flexible
devices such as displays and variable optical attenuators.
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In this work we address the effect of the introduction of short
alkyl chains in 2-(2-thienyl)-1H-pyrrole on the electrochromic
behavior of the resulting polymers. It could be expected that
electron-donating alkyl substituents in position 3 of the pyrrole
ring will decrease the oxidative potential of the monomers, thus
facilitating electropolymerization, and also they will distort the
coplanarity of the monomers and hence of the resulting polymer
chain. In other words, extra prerequisites for electrochromic
behavior of the polymers existed in this case. Therefore, we
have chosen ethyl and n-propyl substituents as those possessing
moderate electronic and steric effect compared to bulkier and
longer chain substituents.

As we will see in next sections, the resulting multichromic
materials that show up to five different colors (dark orange,
orange-yellowish, brown, blue and blue-grayish), are promising
materials for organic electronic displays. Hence, an in-depth
characterization of poly(3-ethyl-2-(2-thienyl)-1H-pyrrole),
poly(2), and poly(3-n-propyl-2-(2-thienyl)- 1 H-pyrrole), poly(3),
is performed including cyclic voltammetry, thermogravimetry,
spectroelectrochemistry, colorimetry and atomic force micros-
copy measurements.
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Results and Discussion

Synthesis of Monomers 2 and 3. The parent monomer, 2-(2-
thienyl)-1H-pyrrole, 1, was prepared and characterized as
described in previous papers.*** To the best of our knowledge,
the work was the first where this monomer was synthesized
and exhaustively described.?® 3-Ethyl-2-(2-thienyl)- 1 H-pyrrole,
2, and 3-n-propyl-2-(2-thienyl)-1H-pyrrole, 3, were synthesized
from 1-(2-thienyl)-1-butanone oxime and 1-(2-thienyl)-1-pen-
tanone oxime and acetylene in the presence of the KOH/DMSO
system using the modified Trofimov reaction (Scheme 1).>>~%®
Details of the synthesis and monomer purification are reported
in the Experimental Section.

Derivative 2 was previously prepared from 1-(2-thienyl)-1-
butanone oxime and acetylene (atmospheric pressure, 100 °C,
7h, 52% yield).w‘30 Later,>' this monomer was also synthesized
in the yield of 34% from 1-(2-thienyl)-1-butanone oxime and
dichloroethane as synthetic equivalent of acetylene (NaOH,
DMSO, 120 °C, atmospheric pressure, 7 h).

In this work, to optimize the reaction (to shorten reaction
time and minimize KOH content) we have developed a pressure
synthesis (acetylene under initial pressure 14 atm was used and
the reaction was carried out in autoclave). Under pressure the
solubility of acetylene in the reaction mixture and, hence, its
concentration therein considerably increase, and therefore the
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reaction is progressively accelerated. As a result, the reaction
time was 5—30 min instead of 7 h in the former work.

The milder temperature conditions and shorter reaction time
as well as lower concentration of the strong base catalyst allow
the monomer to be prepared in higher purity.

The mechanism of the pyrrole ring construction was proved?’
to involve the O-vinyl oxime prototropic isomerization to the
vinyl ether of the hydroxyl amine derivative which further
undergoes [3,3]-sigmatropic rearrangement to the imino alde-
hyde. The latter is ring-closed to the hydroxyl pyrroline, which
further is dehydrated and aromatized to the pyrrole (Scheme
2).

Also the one-pot three-component version of this reaction
(Scheme 3) starting directly from ketones, hydroxylamine and
acetylene in the KOH/DMSO system elaborated recently has
been significantly modified.**?

Electrochemical Characterization of 2 and 3. The redox
behavior of monomers 2 and 3 has been studied using cyclic
voltammetry from a solution of 1073 M substrate in dry
acetonitrile and 0.1 M LiClOy as supporting electrolyte (vs Ag/
AgCl). Under these conditions, both monomers gave two
irreversible oxidation processes (Figure 1).

Both oxidation processes appear at similar values; for
instance, the first oxidation process of 2 and 3 (Ej,x = +0.84
V and +0.80 V) presents a difference of ca. 40 mV, and the
second oxidation process (Exx = +1.19 V and +1.18 V) occurs
basically at the same value. These processes may be assigned
to the oxidation of the pyrrole and thiophene rings, respectively.
Electrochemical behavior of derivative 1 has been previously
reported (Ejon = +0.86 V and Ejo, = +1.30 V).'S Derivatives
2 and 3 present a similar electrochemical behavior to 1. Similar
trends were found for short alkyl substituted 3,4-propylene-
dioxithiophene®* and 3,4-ethylenedioxythiophene derivatives.*

Electropolymerization of 2 and 3 to Poly(2) and
Poly(3). Both monomers 2 and 3 were electropolymerized, under
the same conditions used for the cyclic voltammetry experi-
ments, by repetitive potential scanning over the first oxidation
process (from 0 to +1 V) at 50 mV/s leading to blue-grayish
films on the working electrode.

Figure 2 displays the successful electropolymerization of 2
and 3 on a Pt working electrode where an increase in current is
observed after successive scans. This effect is indicative of the
deposition of an electroactive polymeric film on the electrode.
Electrodeposition efficiency for poly(2) and poly(3) was studied
by comparing the amount of electroactive polymer deposited
with a set number of repeated scans.>® The electrodeposition
process of poly(3) occurs at a higher rate than poly(2) as it is
observed for the anodic current response in Figure 2 leading to
a more deep colored film.

In each case, prior to further characterization and to eliminate
the possibility of charge trapping, the as-made polymers were
completely dedoped in a 0.1 M LiClO4 monomer-free aceto-
nitrile solution. Cyclic voltammograms of films corresponding
to the completely dedoped polymers were recorded in a
monomer-free acetonitrile solution leading to a quasi-reversible
oxidation process at +0.35 V for poly(2) and +0.32 V for
poly(3) (Figure 3). The doping level determined as described
by Arbizzani et al.>” was found to be 31% for poly(2) and 26%
for poly(3), which is common in conducting polymers.>® *'

The redox processes of the polymers poly(2) and poly(3)
appear at lower oxidation values than those corresponding to
the monomer, as a consequence of the increase in conjugation
along the polymeric chain.** Interestingly, dedoped poly(1)
presents an oxidation process at +0.68 V (vs Ag/AgCl), which
is higher than those for the polymers bearing ethyl and n-propyl
side chains. For understanding of this behavior is important to
evaluate both the electron donation and steric effect. In general,
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the electron donation of the side chain will reduce the oxidation
potential (alkyl groups act as weak electron donors) but the steric
effect will increase the oxidation potential. In our case, due to
the length of the alkyl chain, the steric effect is not too notable
and, therefore, the electron donation effect will be greater than
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Figure 1. Cyclic voltammogram of monomer 2 (solid line) and 3 (dotted
line) in acetonitrile; 1073 M substrate, 0.1 M LiClOy4 using Pt sheet as
working electrode and auxiliary electrode, and Ag/AgCl as reference
electrode.
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Figure 2. Electrodeposition of poly(2) (a) and poly(3) (b) on Pt sheet;
Ag/AgCl as reference electrode and Pt sheet as counter electrode, 1073
M acetonitrile solution of the substrate, 0.1 M LiClOj at a scan rate of
50 mV s~ L
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the steric effect (the known linear correlations between the pKr
value of substituted pyrroles with the inductive constant & of
the substituent in the pyrrole ring, including alkyls in position
3, supports this assumption),** leading to a reduction in oxidation
potential.** A theoretical quantum chemical study is reported
later supporting the experimental findings.

A linear relationship between the maximum peak current
(E1ox) and the scan rate is observed in the inset of Figure 3 for
poly(2) and poly(3) with a correlation factor R > 0.999. This
linear fit confirms that charge transport through the film is not
diffusion limited as well as the stability to p-doping.***>

Thermogravimetric Analysis of Poly(2) and Poly(3). Ther-
mogravimetric analysis (TGA) of poly(2) and poly(3) was
performed under dynamic N, atmosphere. For comparison, TGA
experiments were also performed for electrochemically synthe-
sized PEDOT and poly(pyrrole) (PPy).

Current(mA)

Current (a.u.)

blue-greyish
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Figure 3. Cyclic voltammogram of poly(2) (dashed line) and poly(3)
(solid line) using indium tin oxide (ITO) plastic sheet as working
electrode, Ag/AgCl as reference electrode, Pt sheet as counter electrode
and 0.1 M LiClO; in acetonitrile at a scan rate of 100 mV s~!. Inset:
Plot of scan rate (mV/s) vs current (mA) for poly(2) (O) and poly(3)
(2) in a monomer free solution.
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Figure 4. High-resolution TGA of PPy (O), PEDOT (O), poly(2) (<)
and poly(3) ( x) under nitrogen atmosphere. Heating rate: 10 °C/min
from 20 to 1000 °C.
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Figure 5. UV/vis/NIR spectroelectrochemistry for poly(2) on indium
tin oxide (ITO) plastic; Pt wire counter electrode, Ag/AgCl reference
electrode, LiClOy4 supporting electrolyte (0.1 M): (a) —0.8 V; (b) —0.2
V; (c) —0.1 V5 (d) 0 V; (e) 0.2 V; (f) 0.8 V. Inset: Absorption spectra
for poly(2) dedoped (solid line) and monomer 2 in acetonitrile (dashed
line).

Figure 4 displays the high-resolution TGA curves of the
different polymers at a heating rate of 10 °C/min, from room
temperature to 1000 °C.

An initial weight loss is observed for all the polymers between
room temperature and about 150—170 °C, that can be assigned
to the loss of variable amounts of solvent or water loosely
bonded to the polymer chains.*® The percentage assigned to the
solvent/water loss is in the range of 4—8%.

The polymers were stable up to 200 °C where the first
significant weight loss was observed. This weight loss can be
tentatively attributed to the lack of dopant as it is explained in
similar research work based on conducting polymers.*”*® After
the dopant loss step, all the polymers show a constant decrease
of weight due to the degradation of the polymer backbone. The
residue of the different polymers at 800 °C was 34% for poly(2),
39% for poly(3), 7% for PEDOT, and 19% for PPy.

Spectroelectrochemical and Electrochromic Properties
of Poly(2) and Poly(3) Films. The absorption spectrum of
monomer 2, together with that of the corresponding polymer,
is represented in Figure 5, inset. The absorption maxima in the
UV/vis/NIR spectra of monomers 2 and 3 were similar
(302—303 nm in acetonitrile) and close to that of monomer 1
(306 nm in dichloromethane). The electrochemically deposited
polymers, poly(2) and poly(3), on ITO plastic as-grown
exhibited a Ay in the range of 459—463 nm and a weak peak
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Figure 6. Multichromic behavior of poly(3) at +0.8 V (blue-grayish),
+0.2 V (light blue), 0 V (light brown), —0.1 V (brown), —0.2 V (dark
orange), and —0.8 V (light orange).

centered at 708—715 nm arising from the doped state of the
polymers. These films were fully dedoped for 1 h, and the
corresponding UV/vis/NIR spectra were recorded showing no
sign of the second band corresponding to the polaron charge
carriers.

The difference between the Am. corresponding to the
monomer and the corresponding polymer for derivatives 2 and
3, which is higher than 100 nm, is indicative of increased
conjugation length in the polymer. This is a typical trend in
conducting polymers.'®

Spectroelectrochemical study of poly(2) and poly(3) was
carried out by varying the voltage with 0.1 V steps between
+1.0 and —0.8 V. In order to perform the experiment, an optical
transparent electrode cell was employed using a traditional 3
electrode setup. Therefore, the corresponding polymer was
deposited on ITO plastic to study the changes in the optical
properties upon application of different potentials. Both poly-
mers revealed multicolor electrochromism exhibiting several
colored states: orange-yellowish, dark orange, brown, blue and
blue-grayish upon oxidation, showing both cathodic and anodic
coloring electrochromism (Figure 6). An in-depth colorimetry
study is reported in the next section.

Figure 5 depicts the different profiles observed at each
potential (—0.8, —0.2, —0.1, 0, +0.2 and +0.8 V) which are
related with the range of colors obtained. The absorption
maximum for poly(2) in the reduced state at —0.8 V was found
to be 464 nm corresponding to the —x* transition. Upon
oxidation, the intensity of the 7—u* transition decreases while
the polaron broad absorption band at longer wavelength
(centered at 700 nm) increases in intensity. This band emerges
at —0.1 V and increases in intensity up to +0.2 V. From +0.2
V to +0.8 V, it presented no significant changes. However, the
band at 464 nm disappears upon further oxidation at +0.8 V.
An isosbestic point is observed at 548 nm. Very similar behavior
is observed for poly(3), so no further information is given.

The as-grown polymers exhibit a blue-grayish color, and each
film is evaluated from +1 to —0.9 V in order to study the range
of colors in a wider interval of potentials. At +0.8 V both
polymers exhibit the blue-grayish color which passes to a light
blue color at +0.2 V. The polymer turns into a brown
intermediate state at 0 V before obtaining a dark orange reduced
state at —0.2 V, to finish in an orange-yellowish color at —0.8
V. Although both polymers presented multichromism, poly(3)
presented brighter colors in comparison to poly(2) for polymeric
films of similar thickness (~100 nm). These different colors
have also been corroborated with the cyclic voltammetry of the
corresponding polymeric films (see Figure 3). This multicolor
property from a single material may have significant implications
for device applications since several colors are desirable from
a single electroactive material.

The optical contrast of poly(2) and poly(3) was determined
for different polymer thicknesses in order to obtain the optimum
thickness which will lead to the maximum optical contrast. The
contrast is given as the transmittance difference between the
reduced and oxidized states and is reported as AT %. Figure 7
shows the evolution of the optical contrast vs film thickness.

The optical contrast (AT %) varies from ~22% to 29.5% for
poly(2). After 2 electrodepositing scans (corresponding to a film
thickness of ~14 nm), poly(2) presented an optical contrast
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Figure 7. Plot of optical contrast (AT %) vs film thickness (nm) for
poly(2) (O) and poly(3) (H).

higher than 22%. This value was practically constant at 4 and
6 scans (48 and 78 nm, respectively), giving the maximum
optical contrast at 8 cycles (102 nm) and finally decreasing after
10 cycles (112 nm). Surprisingly, poly(3) showed negligible
optical contrast for a film prepared at 2 electrodepositing scans
(22 nm), while a polymeric film prepared at 4 scans (36 nm)
gave an optical contrast of 18.4%. The optical contrast observed
for poly(3) varies from 18 to 30%. It is noteworthy that both
polymers presented the maximum optical contrast (AT % =
30%) for a polymeric film prepared electrochemically after 8
electrodepositing scans. As a reference, the unsubstituted
polymer poly(1) presented a maximum optical contrast of 35%
after 6 electrodepositing cycles.'®

The coloration efficiency defined as the change in optical
density per charge passed through the film during the bleaching
process was 107 cm?/C for poly(2) and 108 cm?/C for poly(3)
(surface area employed in the measurements: 0.75 cm?). For
comparison, poly(bithiophene) electrochemically prepared on
ITO glass exhibited a coloration efficiency of 110 cm%C*’ and
PEDOT 183 cm?C.>

In order to study the kinetics of the electrochromic behavior
of poly(2) and poly(3), the polymers were switched by repeated
potential steps between their oxidized (+1 V) and reduced (—0.9
V) states. In these studies, the optical contrast of the polymer
film was monitored as a function of time at the wavelength
corresponding to the maximum optical contrast (464 nm).
Quantification of switching time was performed by defining a
change in 90% of the total absorbance span (Figure 8). The
optical response in poly(2) was 2 s for the oxidation process
(blue-grayish) and 4 s for the reduction process (orange-
yellowish) while poly(3) needed 3 s to be oxidized (blue-grayish)
and it was reduced in only 1 s (orange-yellowish).

Poly(3) showed a faster bleaching process in comparison with
the coloring process, which means a faster kinetics of dopant
ion diffusion in the reduction process than for the reverse
process. On the other hand, poly(2) showed a faster coloring
process, due to faster kinetics of dopant ion diffusion in the
oxidation process. However, both polymers present fast switch-
ing time in the range of a few seconds, and the slight discrepancy
in the time required to achieve 90% of the coloring and
decoloring states may be due to the conditions of electrodepo-
sition and the resulting thickness of the polymeric films.

Colorimetry Study of Poly(2) and Poly(3). The colors of
poly(2) and poly(3) were determined by performing colorimetry
measurements. CIE 1976 L*a*b* color spaces and CIE 1931
Yxy recommended by the commission internationale de
I’Eclairage (CIE)*" were used as the quantitative scale to define

Macromolecules, Vol. 41, No. 19, 2008

04 04
z B 03
<= B
< £ b)
0,3 a) <
0.2
02 : : .04 : :
time (s) time (s)
75+ 0
70- H ih f‘ il W i
65+
&
S e
< |
<
551
50-
45 ; . : y :
0 100 200 300 400 500
time (s)

Figure 8. Optical switching studies for poly(2) (a) and poly(3) (b and
¢) films monitored at 464 nm in 0.1 M LiClO4/acetonitrile.

Table 1. CIE xy and L*a*b* Color Spaces for Poly(2) and
Poly(3) as a Function of Applied Potential

polymer  potential (V) L* a* b* X y
poly(2) 1 27.57 —1.58 0.80 0.3312  0.3397
0.8 23.07 370 —597 03179 0.2978
0.2 2798 —7.80 —0.81 0.3025 0.3432
0 34.26 3.67 1454  0.4002 0.3805
—0.1 33.28 9.79 1511 0.4239 0.3703
—0.2 3191 13,57 2521 04754 0.3928
—0.8 35.94 745  21.16 0.4329 0.3924
poly(3) 1 324 —475 -—1.1 03139  0.3363
0.9 35.2 —5.78 845 0.3468 0.3755
0 32.8 1.5 10.9 0.381 0.373
—0.1 33.6 485 237 0.4372  0.4087
—0.3 434 773 425 0.4769  0.4362
—0.5 40.6 16.4 343 0.4885 0.4018

the colors. The attributes of color, hue (a), saturation (b) and
luminance (L), were measured in situ at the oxidized, intermedi-
ate and reduced states in addition to states in between, and the
results are summarized in Table 1.

Colorimetry measurements for poly(2) and poly(3) were taken
every 100 mV in the active range (+1 to —0.9 V). In
electrochromic polymers, the L*a*b* data are normally ac-
complished by recording the Yxy color space coordinates at
different potentials. The data obtained are often plotted using
CIE 1931 color coordinates to visually depict the path of the
material’s color change during potential switching. Figure 9
depicts the CIE color space plots for poly(2) (results for poly(3)
were very similar so they are not shown).

The color corresponding to the oxidized state is located in
the light blue region. As the polymer is reduced, it moves to
the brown and orange regions. Very similar results were obtained
for poly(3).

Morphology of Poly(2) and Poly(3) Films by AFM. Thin
films of poly (2) (~14 nm) and poly(3) (~22 nm) showed, as
prepared, a roughness mean square (rms) of 4.4 and 2.2 nm,
respectively, as determined by profilometry.

Films electrodeposited on ITO plastic corresponding to
poly(2) and poly(3) were studied by AFM using the same
conditions previously employed for poly(1).'® Since poly(2) and
poly(3) presented multichromic behavior as a function of
potential, the polymeric films were studied at three different



Macromolecules, Vol. 41, No. 19, 2008

09

09

Figure 9. CIE chromaticity diagram showing the (x,y) color coordinates
of poly(2) films deposited on ITO. The numbers in the graph correspond
to 1 (as grown, blue-grayish), 2 (+1 V, blue-grayish), 3 (+0.8 V, light
blue), 4 (0 V, light brown), 5 (—0.1 V, brown), 6 (—0.2 V, dark orange)
and 7 (—0.8 V, light orange).

potentials: +1 V (blue-grayish), 0 V (light brown) and —0.5 V
(dark orange).

Figure 10 displays the 3D and 2D AFM topography images
for both polymers in the oxidized, neutral and reduced states.
Both polymers presented different morphologies at each redox
state (oxidized, neutral and reduced state). When comparing
poly(2) and poly(3) to each other at the same redox state, the
morphology is quite different.

The main conclusions obtained from the AFM measurements
are as follows: (1) poly(2) presented a much rougher surface in
comparison to poly(3); (2) the morphology for both polymers
in the oxidized state (+1 V) is sharp; (3) upon reduction, the
polymer’s surface was smooth. Surprisingly, the morphology
evolution of poly(2) and poly(3) films is different from that
reported previously for poly(1). '® The potential influence of
stereochemistry (conformations) on the observed morphology
is investigated in next section.

Quantum Chemical Calculations of 2-(2-Thienyl)-1H-pyr-
role Derivatives. In view of the remarkable difference in the
morphologies and the electrochromic behavior of poly(2) and
poly(3) when compared to those observed for poly(1), vide
supra, it was justified and highly desirable to examine the
influence of the alkyl substituents in the pyrrole ring on the
stereochemistry (conformations), charge distribution and ioniza-
tion potentials of monomers 1—3. To reach these goals, we have
employed high-level ab initio calculations. Complementary to
the title compounds, three other members from this series,
namely, 3-methyl-, 3-i-propyl- and 3-#-butyl-2-(2-thienyl)-1H-
pyrrole, were also investigated. Geometry optimizations, theo-
retical conformational analysis and calculation of Mulliken
charges were performed at the B3LYP/6-311G* level, while
ionization potentials were calculated as the energy differences
between the neutral molecules and the related radical cations
at the MP2/6-311G** level of theory (Table 2).

The monomer derivatives under study consist of two moieties
having different electron-releasing ability, i.e. they should
demonstrate two different ionization energies as well as two
different oxidation potentials. Therefore, a stepwise ionization
and electrochemical oxidation are expected to be observed for
each monomer. For pyrrole, experimental (8.3 eV)** and
calculated (8.10, 7.89, 8.09 eV by HF, OVGF and ADC(3),
respectively)®® values of ionization potential indicate that
ionization potentials calculated in this work correspond to the
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ionization of the pyrrole moiety of the monomers (Table 2). At
the same time, for thiophene the experimental (9.0 eV) and
calculated values of ionization potentials imply that the ioniza-
tion of the thiophene moiety of the monomers will occur at
around 9 eV, being actually the second ionization potential.
Consequently, the first oxidation process (Ejox = +0.84 V for
2 and +0.80 V for 3) relates to the oxidation of pyrrole moieties
to deliver the radical cation A, which then further recombines
to dimer B (Scheme 4). Although there are two competitive
reaction pathways in the electropolymerization of thiophene and
pyrrole (through o and 3 positions), the reactivity of the o and
p positions is about 95/5, which is in good agreement with the
proposed structure of the dimer.**

It is noteworthy that for all compounds under study except
for 3-t-butyl-2-(2-thienyl)- 1 H-pyrrole two conformers, skewed
s-cis and skewed s-trans, both with considerable out-of-plane
deviations, were localized on the rotational potential energy
surface, as illustrated below for the parent member of this series,
2-(2-thienyl)-1H-pyrrole, 1:

C
s-Cis s-trans

Apparently, there is a notable difference in the conformational
behavior of 2 and 3 as compared to 1, resulting in an increased
population of the s-cis conformer in the former two compounds.
On the other hand, the non-coplanarity of the rings (out-of-
plane deviations, @) is increased in 2 and 3 as compared to 1,
and these both trends are even more pronounced in 3-z-butyl-
2-(2-thienyl)-1H-pyrrole having the most bulky alkyl substituent
at position 3 of the pyrrole ring.

For the latter, only one orthogonal conformer with the
dramatic out-of-plane deviation of ¢ = 83° has been localized
and, as a result, the Mulliken charges were more negative on
nitrogen and more positive on sulfur in this compound, relative
to other members of this series, which is due to the decreased
7t,-conjugation between the pyrrole (;7-donor) and the thiophene
(7T-acceptor) rings, see Table 2. However, the vertical ionization
potential of 3-z-butyl-2-(2-thienyl)-1H-pyrrole is only slightly
increased with respect to other compounds.

Present theoretical results are in line with the early confor-
mational study of unsubstituted 2-(2-thienyl)-1H-pyrrole.>* The
latter was shown to exist as the equilibrium mixture of s-cis
and s-trans conformers, both with the considerable out-of-plane
deviations, separated by a barrier of ca. 1.5 kcal/mol, as follows
from the HF, MP2 and B3LYP calculations with small basis
set.

From the present computational results, even a more clear-
cut electrochromic behavior for poly(3-#-butyl-2-(2-thienyl)- 1 H-
pyrrole) as well as for polymers with longer-chain substituents
at the position 3 could be expected. Experiments are currently
under way to confirm these theoretical predictions.

Taking into account the predominant conformations of starting
monomers 2 and 3 it is conceivable that the resulting polymers
poly(2) and poly(3) will have the chain conformations with
preferred s-cis disposition of the sulfur and nitrogen atoms,
which is due to the unfavorable steric interactions of alkyl
groups with the diffuse hybridized sulfur lone pair in the minor
s-trans conformations of poly(2) and poly(3) as compared to

poly(1).
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Figure 10. AFM morphology for poly(2) at +1 V (A), 0 V (B) and —0.5 V (C) in 3D (left) and 2D (right) images and for poly(3) at +1 V (D),

0V (E) and —0.5 V (F) in 3D (left) and 2D (right) images.

Table 2. Results of the Quantum Chemical Calculations of
3-Alkyl-2-(2-thienyl)-1H-pyrroles

Mulliken charges (eu)

vertical
mole out-of-plane ionization
fraction deviation ¢ potential
alk conformer (%) (deg) gN qs 1(eV)
H s-cis 49 32 —0.70 0.23 8.02
s-trans 51 29 —0.70 0.25 7.99
Me s-cis 72 34 —-0.71 0.23 7.92
s-trans 28 34 —-0.71 0.27 7.88
Et  s-cis 69 38 —0.71 0.23 7.96
s-trans 31 41 —0.70 0.28 7.95
n-Pr s-cis 65 46 —0.70 0.24 8.01
s-trans 35 47 —0.69 0.27 7.98
i-Pr s-cis 69 42 —0.71 0.23 7.99
s-trans 31 46 —0.70 0.27 7.98
t-Bu orthogonal 100 83 —0.76 0.33 8.13
Scheme 4
R
:| 2H* R
PNy PN NN N
5 N s N N s
H H H
syn/anti A syn/anti/syn/anti B
Conclusions

A new multichromic polymeric series resulting from elec-
tropolymerization of 3-alkyl-2-(2-thienyl)-1H-pyrrole derivatives
has been described. Contrary to poly(2-(2-thienyl)-1H-pyrrole),
poly(1), showing dual orange-to-black electrochromic behavior,
poly(3-ethyl-2-(2-thienyl)-1H-pyrrole), poly(2), and poly(3-n-
propyl- 2-(2-thienyl)-1H-pyrrole), poly(3), showed multicolor

electrochromism (both cathodic and anodic) exhibiting several
colored states: blue-grayish (+0.8 V), light blue (+0.2 V), light
brown (0 V), brown (—0.1 V), dark orange (—0.2 V) and light
orange (—0.8 V).

These new electroactive polymers have been thoroughly
characterized by spectroelectrochemical, thermogravimetric,
colorimetric and atomic force microscopy techniques. Quantum
chemical calculations were performed to examine the influence
of the alkyl substituents on the stereochemistry (conformations),
charge distribution and ionization potentials of 3-alkyl-2-(2-
thienyl)-1H-pyrrole derivatives. Based on such calculations,
interesting electrochromic behavior is expected for poly(3-z-
butyl-2-(2-thienyl)-1 H-pyrrole). Experiments are in progress to
confirm this theoretical prediction.

Experimental Section

General. All starting chemicals were purchased from Aldrich
Chemical and used without further purification. Pyrrole was
distilled before use. NMR spectra were recorded on a Bruker
DPX 400 spectrometer (400.13 MHz, 'H; 101.61 MHz, *C) with
HMDS as an internal standard. IR spectra were obtained on a
Bruker IFS 25 instrument. UV/visible measurements were carried
out in a Jasco V-570 spectrophotometer. The electrochemical
characterization was performed in a typical three electrode set-
up using an EC-Laboratory MPG Biologic multipotentiostat
employing both Pt sheet and ITO as working electrodes, Pt sheet
as counter electrode and Ag/AgCl as reference electrode. The
experiments were carried out in 1073 M monomer solution in
acetonitrile and 0.1 M LiClOy acetonitrile solution as supporting
electrolyte. Electrochemical films from precursors 2 and 3 were
obtained after successive scanning over the first oxidation process
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leading to a thin film which switches from blue-gray to yellow-
orange film upon reduction.

AFM images of the films were obtained with a Molecular
Imaging “PicoPlus” atomic force microscope operating in acoustic
mode for the solution side of thin films of poly(2) and poly(3) on
ITO substrate, in both the oxidized and reduced states. Colorimetry
was carried out with a Minolta CS1000 spectroradiometer. The
thickness and roughness (rms) of the films were determined using
an Ambios XP1 profilometer. Thermogravimetric experiments were
performed on a High-Res TGA Q500.

Becke’s three-parameter hybrid functional™ (where nonlocal
correlation is provided by Lee, Yang and Parr correlation func-
tional®>®) and MP2 (second-order perturbation theory of Mgller and
Plesset) levels using the 6-311G* and 6-311G** basis sets of Pople
and co-workers®” with GAMESS code®® compiled on Quantum
chemical calculations were performed at the DFT-B3LYP (density
functional theory using LINUX (Kernel 2.6.16) platform).

Synthesis of Monomer 2 from 1-(2-Thienyl)-1-butanone
Oxime and Acetylene. 1-(2-Thienyl)-1-butanone oxime (5.0 g, 29.5
mmol) and KOH+0.5H,0 (1.92 g, 29.5 mmol) were dissolved under
heating (90—95 °C) in DMSO (75 mL). The solution of potassium
oximate thus obtained was placed into a 0.25—1 steel rotating
autoclave. Then acetylene was released to remove air and the
autoclave was charged with acetylene again from a cylinder at room
temperature (initial pressure: 14 atm). The autoclave was heated
upon rotating (95—100 °C) for 20 min (acetylene pressure reached
its maximum: 20—25 atm, and the pressure dropped rapidly due to
the reaction of acetylene with ketoxime). The reaction mixture, after
cooling to room temperature, was diluted with a 3-fold volume
excess of ice water and extracted with diethyl ether (5 mL x 5).
The ether extracts were washed with cold water (5 mL x 3) to
remove dissolved DMSO. Then the mixture was dried over K,CO3
overnight, ether was removed and the residue (5.01 g) was analyzed
by '"H NMR. Crude product contained (\H NMR) 68% of 3-ethyl-
2-(2-thienyl)-1H-pyrrole 2 and 32% of 3-ethyl-2-(2-thienyl)-1-
vinylpyrrole 4. For isolation of pure 2 column chromatography
(basic Al,O3) was applied. First, 4 was eluted with hexane, and
then, 2 was eluted with the system hexane—ether (20:1). After
evaporation of solvents, 1.95 g (37% yield) of pure 2 was obtained
as a viscous green liquid, np? 1.6681 (literature 1.6675>7). Found
%: C 6791, H 6.22, N 7.83, S 18.20. Caled % for C;oH;NS: C
67.76, H 6.25, N 7.90, S 18.09. '"H NMR (9, CDCl3): 8.02 (1H, br
s, NH), 7.14 (1H, dd, H-5', 3J4—s 4.9 Hz, *J3_5 0.9 Hz), 6.99 (1H,
m, H-3"), 6.91 (1H, m, H-4"), 6.65 (1H, m, H-5), 6.14 (1H, m,
H-4), 2.64 (2H, q, *Jcm—cn3)- PC NMR (0, CDCly): 135.7 (C-2'),
127.3 (C-4"), 123.9 (C-2), 123.0 (C-5"), 122.2 (C-3"), 122.0 (C-3),
117.6 (C-5), 109.9 (C-4), 19.6 (CHp), 15.1 (Me). IR (film, cm™'):
3416 (NH), 1525, 1036, 696 (thiophene ring), 1578, 1511, 1375,
696 (pyrrole ring). UV/vis (MeCN): Anax 304 nm, 1g & 4.06.

One-Pot Synthesis of Monomer 2 from 1-(2-Thienyl)-1-bu-
tanone, Hydroxylamine and Acetylene. Hydroxylamine hydrochlo-
ride (0.90 g, 13 mmol) was dissolved in DMSO (50 mL) in a 100
mL flask equipped with a magnetic stirrer, and then NaHCO; (1.09
g, 13 mmol) and 1-(2-thienyl)-1-butanone (2.00 g, 13 mmol) were
added upon vigorous stirring. The intense evolution of CO, was
observed. The mixture was allowed to stand for 2 h at 70—80 °C
until the reaction completed and the remaining CO, was blown
out with a nitrogen flow. Then the mixture was placed into a 0.25
L steel rotating autoclave, the KOH+0.5H,O (0.85 g, 13 mmol)
was added and acetylene was fed from a cylinder at room
temperature (initial pressure: 14 atm). The autoclave was heated
(95—100 °C) for 30 min (acetylene pressure reached its maximum
20—25 atm, then the pressure dropped rapidly due to the reaction
of acetylene with ketoxime). The reaction mixture, after cooling
to room temperature, was diluted with a 3-fold volume excess of
ice water, neutralized with CO, (gas) and extracted with dichlo-
romethane (5 mL x 5). The dichloromethane extracts were washed
with water (5 mL x 3) to remove dissolved DMSO, then the
mixture was dried over K,COj; overnight, dichloromethane was
removed and the residue (1.91 g) was analyzed by GLC or 'H NMR.
Crude product contained ("H NMR) 72% of 3-ethyl-2-(2-thienyl)-
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1H-pyrrole 2, 14% of 3-ethyl-2-(2-thienyl)-1-vinylpyrrole 4 and
14% of 1-(2-thienyl)-1-butanone O-vinyloxime 6. For isolation of
pure 2 column chromatography (basic Al,03) was applied. First, 4
and 6 were eluted with hexane, and then, 2 was eluted with the
system hexane—ether (20:1). After evaporation of eluents 1.07 g
(47% yield) of 2 was obtained.

Synthesis of Monomer 3 from 1-(2-Thienyl)-1-pentanone
Oxime and Acetylene. 1-(2-Thienyl)-1-pentanone oxime (5.0 g,
27.3 mmol) and KOH*+0.5H,0 (1.77 g, 27.3 mmol) were dissolved
under heating (90—95 °C) in DMSO (75 mL). The solution of
potassium oximate thus obtained was placed into a 0.25 L steel
rotating autoclave and acetylene was fed from a cylinder at room
temperature (initial pressure: 14 atm). The autoclave was heated
(95—100 °C) for 5 min. The reaction mixture, after cooling to room
temperature, was diluted with a 3-fold volume excess of ice water,
neutralized with CO, (gas) and extracted with diethyl ether (5 mL
x 5). The ether extracts were washed with cold water (5 mL x 3)
to remove dissolved DMSO, then the mixture was dried over K,CO3
overnight, the ether was removed and the residue (4.83 g) was
analyzed by 'H NMR. Crude product contained ("H NMR) 77%
of 3-n-propyl-2-(2-thienyl)-1H-pyrrole 3 and 23% of 3-propyl-2-
(2-thienyl)-1-vinylpyrrole 5. For isolation of pure 3 column
chromatography (basic Al,O3) was used. First, 5 was eluted with
hexane, and then, 3 was eluted with the system hexane—ether (20:
1). After evaporation of solvents 2.26 g (43% yield) of pure 3 was
obtained as a red viscous liquid, np?° 1.6310. Found %: C 69.27,
H6.72, N 7.43, S 17.00. Calcd % for C;;H;3NS: C 69.07, H 6.85,
N 7.32, S 16.76. 'H NMR (0, CDCls): 8.09 (1H, br s, NH), 7.18
(1H, dd, H-5', 3Jy_s 4.7 Hz, *J3_s 0.9 Hz), 7.02 (1H, m, H-3"),
6.98 (1H, m, H-4"), 6.73 (1H, m, H-5), 6.15 (1H, m, H-4). 3C
NMR (6, CDCl3): 135.9 (C-2"), 127.4 (C-4"), 123.2 (C-2), 122.6
(C-5"), 122.4 (C-3"), 119.6 (C-3), 117.6 (C-5), 110.7 (C-4), 28.8
(CHy), 24.2 (CHp), 14.2 (Me). IR (film, cm™!): 3414 (NH), 1525,
1041, 693 (thiophene ring), 1579, 1511, 1378, 693 (pyrrole ring).
UV/vis (MeCN): Apax 304 nm, Ig & 3.96.
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