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degrade after repetitious cycling if the anodic return po-
tential was extended to 1.0V. Under these conditions, the
waves due to PV-Fc disappeared, although the film was
still on the electrode and the frequency of the QCM did not
indicate loss of polymer from the electrode. In addition,
the film becomes reddish brown in color under these con-
ditions, suggesting the presence of inorganic iron species,
most likely oxides. In the presence of Fe™(CN)¢*~ or
Fe'(CN);*>~ the small amounts Fe®* produced by repeated
excursions to +0.7V may be trapped to form PB com-
plexes. It should be noted that PB films are generally be-
lieved to insert K* ions upon reduction in order to main-
tain electroneutrality (12, 13). However, we have not
observed any evidence for an increase in mass upon reduc-
tion of these films. If K* ion was exclusively involved with
the exchanged ferro(ferri)cyanide and NO;~ with unex-
changed redox-active PV-F¢ sites, a frequency decrease
upon oxidation of 80 Hz could occur only if 33% of the film
was exchanged. Since the cyclic voltammetry indicated
complete disappearance of the PV-Fc waves, this does not
seem likely.

Our previously reported RRDE studies indicated that
the bimolecular reaction rate of Eq. [1] decreased with in-
creasing [Fe'™(CN)s*]. This was attributed to partitioning of
the multiply charged anion into the positively charged
films, resulting in electrostatic cross-linking and de-
creased activity of the PV-Fe redox sites. However, the
RRDE studies did not indicate the dramatic changes de-
scribed here since the films in the RRDE investigations
were not cycled for prolonged periods and low Fel'(CN)g*"
concentrations were used (<0.5 mM) where exchange was
slow. QCM experiments corroborate this behavior as the
exchange process was significantly attenuated at lower
concentrations; in 0.1 mM solutions, the exchange rate was
slower by approximately an order of magnitude. Never-
theless, the exchange phenomenon demonstrates that cau-
tion must be exercised when investigating reactions in-
volving these films. It was recently reported that
PV-Fc¢/PV-Fc* films could be used more reliably as refer-
ence electrodes in the presence of Fel'(CN)s* if the films
were extensively cross-linked (14) compared to untreated
PV-Fc films (15). Our results suggest that cross-linking
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probably may inhibit exchange of ferro(ferri)cyanide into
the film as well as electron transfer.
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The Spectroelectrochemical Determination of “Formal Potentials
and n-Values” of Some Electrochemically Formed Conducting
Poly(heterolene) Films
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ABSTRACT

UV-VIS spectroelectrochemistry has been used to determine the formal potentials and n-values of electrochemically
polymerized conducting poly(heterolene) films. Ten polymeric compounds obtained from the monomers with different
number of heterolene units, substitutions, and varying number of oxygen and sulfur moieties were studied. Trends for the
change of formal potential values vs. the electronic excitation energies were obtained and discussed in several groups of
related polymers. The effects of the number of rings and substitutions in monomer units on the spectral and electrochemi-

cal behavior of the polymers were investigated.

In recent years, spectroelectrochemistry employing op-
tically transparent electrodes (OTE) has provided novel
and convenient means for quantitative examination of
electrode processes and determination of “the formal po-
tentials and n-values” of redox systems (1-3). It has been
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demonstrated that conducting polymers exhibit changes
in their optical spectra in the presence of a dopant depend-
ing on the applied potential (4,5). Electrochemically re-
versible anion incorporation by several conducting poly-
mers has been described (6) and continues to be of interest.
The spectroelectrochemical determination of “the formal
potentials and n-values” of certain new materials, such as
electroactive aromatic poly(imides) has also been reported

(.
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In the present work, electrochemical and spectroelectro-
chemical approaches have been employed to study the
redox chemistry of some electrochemically grown poly-
heterolene thin films in order to determine their “formal
potentials and n-values” and to investigate the possible re-
lated effects of certain parameters such as the degree of
substitution, number of rings; presence of oxygen in the
ring(s) and steric hinderance.

The results presented in this paper constitute a partial
extension of our previous studies (8-12). It should be noted
that the spectroelectrochemical approach reported here is
similar to what was independently reported by Park and
his co-workers (13).

Experimental

The starting materials (as listed in Table I) for the poly-
mers studied were synthesized by the coupling of Grig-
nard compounds with the appropriate bromoheterolene
(14-17), except for 3-methyl thiophene which was pur-
chased from Aldrich Chemical Company, Milwaukee, Wis-
consin. Tetrabutylammonium tetrafluoroborate (TBAFB)
was supplied by Southwest Analytical Chemicals, Austin,
Texas, and was used as electrolyte. HPLC-grade aceto-
nitrile, water content of 0.02% and an ultraviolet cutoff at
190 nm, was obtained from Fisher Scientific Company,
Cincinnati, Ohio, and was kept over molecular sieves Type
4A of Fisher Scientific Company, Cincinnati, Ohio, for at
least 48h prior to use as solvent. All the synthesized
starting materials and commercially obtained chemicals
were used without any further purification. All the stugiies
were conducted in 0.1M TBAFB in acetonitrile.

A PAR Model 173 Potentiostat/Galvanostat mounted
with a plug-in PAR Model 176 Current-to-Voltage Con-
verter (Princeton Applied Research, Princeton, New Jer-
sey) and a Model CV-1B Cyeclic Voltammetry Unit (Bioan-
alytical Systems, Incorporated, West Lafayette, Indiana)
with a Hewlett Packard Model 7004B X-Y recorder and a
Fluke 8000A Digital Multimeter were employed for elec-
trochemical preparations and measurements.

Table 1. The list of polymers studied and their starting compounds

Representative Name of the

No. Formula Starting Compound
3-Methyl thiophene
1 7\ ;
ST M
2-2'-Bithienyl
“ NN
" /n
2-2'-Theenyl furan
111 NN
0" /n
3-Ethyl-2,2"-bithieny!
w G\ A\
n
s 3-Ethyl-3-methyl, 2,2"bithienyl
v 7N 7N
n
/\ 3,3-Drethyl-2,2"-bithienyl
vi 7NN
n
2,2':5-2"-Terthienyl
viz 7\ 7\ 7\

4'-Ethyl-3-3"-dimethyl-2,2":5',2"-ter thienyl

2-2145',2% 5", 2-Tetrathienyl

4H-Cyclopenta(2,[-b: 3,4-bdithiophene
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The spectrometric studies were performed using either a
Perkin-Elmer Lambda 5 or a Varian Techtron Model 635
LC UV-VIS spectrometer with a Fisher Recordall, Series
5000 x-t recorder.

The polymeric films were grown galvanostatically using
a current density of 2 mA/em? at room temperature
(20°-22°C) and atmospheric medium. Initial concentration
of the starting compound was 50 mM, and the duration of
electropolymerization was 60s for all the cases. Under the
conditions mentioned above, the anode potential attained
a constant value. A simple one-compartment glass cell was
employed. The working electrode (OTE) on which the
films were grown was a high-transmission, 87.0-90.0%T, n-
doped tin oxide half-wave coated glass, 1 mm x 8 mm x 40
mm (NESA glass, PPG Industries), with a nominal 50 nm
SnO, film thickness, provided by Donnelly Corporation,
Holland, Michigan. A 35 cm? platinum sheet was used as
the auxiliary electrode. All the potential values were re-
ferred to a (3M) Ag/AgCl electrode. After synthesis, the
films grown on the NESA glass were thoroughly rinsed
with solvent and were soaked in batches of fresh electro-
lyte solution for 15 min before further experiments. The
polymer films were cycled repeatedly between —0.2 and
+1.1V until a constant voltammogram was obtained, just
prior to spectral and/or electrochemical measurements.

A matched pair of 10 mm pathlength rectangular Supra-
sil cells (160-2600 nm) for spectral use were obtained from
Fisher Scientific Company, Cincinnati, Ohio. The OTE was
held on a slotted PTFE block fitted at the bottom of the
cell mentioned above such that its surface bearing the
polymer film was perpendicular to the light beam in the
spectrometer. Pt wire auxiliary and (3M) Ag/AgC1 refer-
ence electrodes were inserted into the same cuvette so as
not to interfere with the light beam. The spectral measure-
ments were carried out in double-beam mode where the
reference cell contained a matched cuvette with a blank
OTE in electrolyte. In the absence of the anolyte, the dou-
ble-beam configuration gave a flat spectrum indicating
that the absorbances by tin oxide-coated glass electrodes
were effectively compensated. The applied potential on
film was successively increased from 0.0 to about +1.1V
with intervals of normally 100 mV; however, after the cur-
rent started to increase as indicated by the cyclic voltam-
mogram, smaller steps down to 5§ mV were employed as re-
quired, since the spectral features at this region showed
significant changes within such small voltage variations.
Following the application of each potential value, absorp-
tion spectrum was recorded at the region of 300-760 nm
after the equilibrium was reached as indicated by a con-
stant absorbance at a fixed wavelength, conveniently
measured at Apnay, and a constant current as observed. Near
the positive extreme potential values, normally at about
+0.9V, fresh batches of electrolyte were used in order to
alleviate the effect of soluble and insoluble particles leav-
ing the OTE surface.

Results and Discussion

For the sake of brevity, the roman numerals in Table T
representing the polymeric compounds will be used
throughout the discussion. All the potential values are vs.
Ag/AgCl electrode. “E° and n values” have been calcu-
lated, using the absorbance values of the reduced species
at its Amay, for increasing applied potential by employing
the method described elsewhere (2). However, in the pres-
ent study, the analyte is a solid film in contrast to the cases
in literature (1-3) where solution in proximity of the elec-
trode surface was investigated. Initial concentration of the
reduced form, R, or the total concentration of the polymer
present was found from the absorbance peak value at 0.0V;
equilibrium concentration values for both reduced and ox-
idized forms, R and O, were calculated from the decreasing
absorbance value and its difference from the initial total
value, respectively, as the potential was successively made
more positive. For each polymer, the changes in the back-
ground of the absorption band were considered and the
absorption measurements were made by drawing a line
between the minimum absorbance points at both sides of
the peak, and measuring the difference between the peak
value and the corrected background.
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Table 1. N\, E.', n-values and colors of the polymers studied
Reduced form® Color®

No.# Amax, LM E",V n Reduced form® Oxidized form?
I 510 0.62 0.30 dark red blue
1I 484 0.92 0.30 red blue-gray
111 448 0.68 0.21 brown green
v 475 0.90 0.30 red blue
\'2 420 0.81 0.29 gray-green blue-violet
VI 413 0.78 0.52 yellowish green blue
VII 356 0.85 0.23 pale yellow orange-red
VIIT 375 0.78 0.42 pale yellow orange
X 340 0.79 0.23 yellow greenish blue
X 550 0.43 0.32 brown black-gray

aSame numbers as in Table I.

bApparent transmitted colors to human eye under white-light illumination on tin oxide-coated glass.

“The species at 0.0V vs. Ag/AgC1 electrode.
9The species at nearly +1.0V vs. Ag/AgC1 electrode.

The reduced species at around 0.0V is expected to beina
rather chargeless form. As the applied potential becomes
more positive, the polymer gradually acquires a positively
charged character; meanwhile, incorporation of the
anion(s) present in the solution takes place. Therefore, the
reduced and the oxidized species should be regarded as
the forms at the two extremes of applied potentials, rather
than a physically separable and conventional redox
couple. Bearing this statement in mind, the role and the
significance of the “E° and n-values” should be viewed as
operational with a rather experimental importance. Where
all the experimental conditions are kept similar for each
polymeric compound in the series, as in the present study,
“E°’ and n-values” should serve as very convenient criteria
for the comparison of the structural effects such as num-
ber of rings, presence of oxygen as the heteroatom, and
steric hinderance. Evaluation of the certain trends in any
closely related series of polymers can serve as a powerful
tool for a better understanding of the chemical and physi-
cal behaviors imparted by these compounds. For instance,
a relatively positive E* value for a certain species in the
series indicates a more unfavorable process for removing
electrons and imparting a positive charge to the polymeric
compound. The “n-values,” on the other hand, represent
the experimentally found number of electrons transferred
per unit represented by the starting compound.

“E° and n-values,” together with peak wavelengths of
the reduced species and the colors of the oxidized and re-
duced forms, have been presented in Table II. A typical

Eapp ! V (vs. Ag/agch)

O,Gk
s L L It L

12 08 -04 00  Ge 08 12 1%

log [O1/(R]

Fig. 1. The plot of applied potential against log([OJ/[R]) for poly(3-
ethyl-2,2’-bithienyl) film.

plot employed for the calculation of n-values from the
slope and E® values from the intercept is illustrated in Fig.
1. Linear regression was used in all the cases, and the cor-
relation coefficients for the lines had a range of 0.962-1.000.
Occasionally, at positive potential values near +1.0V,
measurement of the absorbance values became relatively
difficult owing to the changing and sloping background,
yielding scattered results. In such cases, only the values in
the region where absorbance of the reduced species
changed smoothly were employed. Representative spectra
and a cyclic voltammogram for the polymer (IV) are given
in Fig. 2 and 3, respectively.

At sufficiently high positive potentials, an elevation of
the spectral background was observed for all the cases, as
in Fig. 2, g and h. Almost simultaneously, the gradual in-
crease in the anodic current was stabilized as shown in Fig.
3. A visually observed color change accompanied these
two events described above when the film was cycled
through the same potential range under the same condi-
tions out of the spectrometer using the white light illumi-
nation for convenient observation. In the present study, at
such high potentials the polymeric films all acquired a
grayish color character and became physically more vul-
nerable such that even the slight vibrations caused partial
flaking-off from the surface. In the initial stages of experi-
ments, this behavior presented a nuisance and an impor-
tant cause of inaceuracy and an irreversible behavior for
the film. However, using a fresh batch of electrolyte prior
to application of the new potential value has completely
eliminated this problem. Accompanied by this improved

0.6

Absorbance
o
N

0.2

700

500

300
A,nm

Fig. 2. Absorption spectra of poly(3-ethyl-2,2'-bithieny!) film ot vari-
ous applied potentials: a-0.0, b-0.60, ¢-0.69, d-0.75, ¢-0.77, £-0.79,
g-0.90, and h-1.1V.
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E/V (vs. Ag\AgCl)

Fig. 3. Cyclic voltammogram of poly(3-ethyl-2,2'-bithienyl) film.
Scan rate is 50 mV/S.

physical behavior, the elevation in spectra was signifi-
cantly reduced. Therefore, on the basis of these observa-
tions, such as grayish color and elevation of spectral back-
ground, it may be suggested that at sufficiently high
positive potentials as the anions in the medium are incor-
porated into the polymeric films, they cause some morpho-
logical as well as chemical changes, possibly resulting in a
certain stress in the structure to cause many tiny cracks
imparting the gray color analogous to a spectral neutral
density filter. While the polaron and bipolaron states
should be responsible for some spectral changes (18), the
physical effects described above were also found to play a
role. When the absorbance values were calculated con-
sidering the elevated backgound, the data points were
fairly consistent with the rest of the line for an E,;, vs. log
((OMR) plot. The role of using a fresh electrolyte each time,
although not fully understood at this stage, has proved ex-
perimentally convenient for the purpose of this study.
Similarly, cycling the film several times following its prep-
aration resulted in more reproducible results and denser,
more adherent films.

During the synthesis and selection of the polymerics
compounds as listed in Table I, formation of meaningful
subseries were planned so as to conveniently investigate
the effect of certain structural parameters. One such sub-
series can be evaluated on the basis of the number of thio-
phene units in the starting compound. It can be observed
from Table II that as the number of units increases, the
peak wavelength shifts to smaller wavelengths. This trend
is the reverse of that given for a related series of starting
compounds (15). While this observation by itself may be in-
teresting, it should be remembered that once the poly-
meric compounds are formed, they are now new species
which will not necessarily show the similar trends as those
shown by their starting compounds.

Further investigation of the E° values in Table II in rela-
tion to the number of rings in the series of starting com-
pounds reveal another trend. As the number of rings in-
creases, E° values become less positive, excluding (I). The
averages of E* values for two- and three-member groups,
namely, (IT), AV), (V), and (VI), (VII) and (VIII), and a single
value for (IX), are 0.85, 0.82, and 0.79V respectively. This
behavior is similar to what was reported before (15) where
oxidation potentials, obtained by the peak potentials of cy-
clic voltammograms, showed a decreasing trend with the
increasing number of rings in a series of related mono-
mers. In an analogous manner, with the higher number of
rings, the delocalization and thus stabilization of the de-
rived radical cations is facilitated, causing less positive E*'
values in this study. However, it should be noted that the
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values above were not found to be significantly different
by statistical evaluation and thus more data are required
for conclusive statements, since the use of and the deci-
sions by statistical tests are not very meaningful for such
small sets.

The effect of oxygen heteroatoms were studied for the
first time. When “E°’ values” from Table II are compared, it
can be observed that the polymer (II) which does not con-
tain oxygen has a value of +0.92V, where the polymer (ITI)
with an oxygen atom in one of its rings has a value of
+0.68V, less positive than the former. In another study, a
similar trend has been found; the increased number of ox-
ygen heteroatoms resulted in lower oxidation potential
values for block copolymers from oligomers containing
thiophene and furan rings (14).

The investigation on unsubstituted polymers (II, VII,
and IX) has shown that as the number of thiophene units
in the starting compound increases, higher delocalization
possibilities, and thus better conjugation, result in lower
E° values. While this is an expected behavior, the decrease
in E* values are accompanied by an increase in the elec-
tronic transition energies, a trend contrary to some other
studies on fused-ring systems (19). A group of polymers
with increasing substitution (I1, IV, V, and VI) also had de-
creasing E® values with increasing electronic transition
energies. Linear plots of E° values in volts vs. the elec-
tronic transition energies in eV, had correlation coeffi-
cients of —~0.940 and —1.000 for the aforementioned groups
of unsubstituted (I1, VII, IX) and increasingly substituted
(I1, IV, V, VI) polymers, respectively. For the group con-
taining the polymers II, IV, V, and VI, the increasing sub-
stitution will reduce the degree of conjugation owing to
the steric hinderance and lower coplanarity. On the other
hand, the positive induction effect also influences delocali-
zation possibilities and prediction on these combined ef-
fects becomes difficult.

Another notable observation was a relation between the
degree of morphological order and the value of Ay, In the
group of II, VII, and IX, the increasing number of the thio-
phene units in the starting compound results in less or-
derly, less compact polymerization due to longer oligo-
mers, and successive blue shifts are observed. In the group
of I1, IV, V, and VI, as the degree of substitution increases,
less orderly polymerization is expected owing to steric
hinderance and lowered coplanarity, where blue shifts are
also observed. As a support for this argument, the A
value for (X) was found to be 550 nm, showing a consider-
able red shift compared to the other two-ring compounds.
The free rotation is not allowed for the starting compound
of (X); therefore, an orderly polymerization is expected, ac-
companied by a red shift. Although certain trends have
been observed, the relationship between the degree of con-
jugation, electronic transition energy, and E° values are
difficult to predict and explain at this stage of the studies.

One noteworthy observation from Table II has been that
relatively large n-values were found for the highly strained
structures (VI) and (VIII), 0.52 and 0.42, respectively. It
may be suggested that in these cases, because of the high
steric hindrance and thus low coplanarity among the units,
each individual ring has been independently subjected to
oxidation, consequently resulting in a high n-value.

Conclusion

In the present work, a spectroelectrochemical approach
was employed to study some novel conducting poly-
(heterolene) films. Electrochemistry alone may not be suf-
ficient in many cases as the cyclic voltammograms of some
polymer films often show broad waves and very narrow
spikes of uncertain origin (12, 20). Employing spectroelec-
trochemistry along with the electrochemical technigues,
useful correlations and trends can be sought regarding the
behavior of these polyheterolene films. Although the “E*
and n-values” obtained in this study are operational terms,
the trends obtained should be very useful in behavior
characterization of some series. In this study, it has been
shown that the poly(heterolene) films with various ring
numbers, heteroatoms, and substitutions behave differ-
ently. These different behaviors can be utilized for several
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analytical and/or industrial applications, such as develop-
ment of novel sensors based on the electrochromic and
electrochemical properties of these films. E®’ values are in-
dicative of the potential ranges in which these films can be
used in a reversible manner without being destroyed. The
results, and the approach used in this paper can be em-
ployed in order to establish strategies for the synthesis of
novel conducting polymers which continue to be a signif-
icant and challenging area of interest.
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ABSTRACT

A Rb-p"-alumina solid electrolyte was developed by the exchange of Na-p’-alumina in RbCl and was used in concen-
tration cells to measure the activity of Rb in liquid Rb-Bi alloys. Values of AG, AH, and AS are reported for the temperature
range 600-883 K. All were highly negative, indicating strong interaction between Rb and Bi in the melt. The excess stabil-
ity was found to have two peaks, one at the 1:1 composition and the second near the stoichiometric 3:1 ratio. Liquidus
points on the phase diagram were measured over most of the composition range.

The group of binary alloys known as “ionic alloys” has
received considerable attention in the past decade because
of their unusual properties in the liquid state. Their electri-
cal, optical, magnetic, and thermodynamic properties indi-
cate a tendency toward nonmetallic behavior at the 1:1
composition and/or the stoichiometric composition (i.e., at
the atomic fraction ratio equal to the ratio of the valences
of the elements). The best known example of this group is
Cs-Au, but alloys formed by other alkalis with the electro-
negative metals Sn, Pb, Sb, Bi, etc., show similar behavior.
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The thermodynamic properties of such alloys containing
Na and K have been studied electrochemically in the past
with glass electrolytes or more recently with g alumina (1,
2). Na-B-alumina is an excellent Na-ion conductor with
very low electronic conductivity over a wide temperature
range. It has good thermal stability and is chemically inert
to most metals. Furthermore, it can be exchanged with
other monovalent cations to form, for example, Li-, K-, and
Ag-ion conducting electrolytes. Na-g-alumina has also
been exchanged to form Rb-g-alumina but in single-crys-
tal form only (3). In the present study we used g"-alumina,
a structural modification of B-alumina, for making poly-



