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ABSTRACT: The electrochemical properties of carbazole-, 2,7-dimethoxycarbazole-, 3,6-dimethoxycarbazole-,
2,7-dihydroxycarbazole-, and 3,6-dihydroxycarbazole-containing poly(/N-acylethylenimines), code named p4,
p274, p364, p27(OH)4, and p36(0OH)4, respectively, and the corresponding model compounds, code named
4CN, 274CN, 364CN, 27(OH)4CN, and 36(OH)4CN, were studied by cyclic voltammetry (CV). The model
compounds were studied in 0.1 M TEAP/CH,CN. Polymers p4, p274, and p364 were studied as dissolved
species in 0.1 M TBAP/CH,Cl, and as coated materials on a Pt electrode surface in 0.1 M TEAP/CH,CN,
while p27(OH)4 and p36(OH)4 were studied only as immobilized materials in 0.1 TEAP/CH3CN. The redox
potentials of the surface-coated polymers were almost identical with those of their respective model compounds.
Polymer p4 underwent cross-linking to form 3,3’-dicarbazyl links and p27(OH)4 showed irreversible CV
characteristics and broad peak widths and separations. These agreed well with the oxidation of the respective
model compounds 4CN and 27(OH)4CN to form dimer for 4CN and oligomer for 27(0OH)4CN. Model compound
274CN showed highly irreversible CV waves, whereas 364CN and 36(OH)4CN showed reversibility. CV waves
for the surface-coated p274, p364, and p36(OH)4 showed symmetrical shapes, small peak separations, and
peak currents proportional to the scan rate; however, their half-widths were larger than the theoretical value
of 90/n mV. During continuous CV scans, the electrode coated with p4, p274, or p364 displayed gradually
diminishing redox currents and increasing peak separations. In contrast, CV waves for p27(OH)4 and p36(OH)4
remained reproducible after many scans. CV waves for p4, p274, or p364 dissolved in 0.1 M TBAP/CH,CI,
showed overpotentials after only several scans; green deposits formed on the electrode surface. Anodic currents
increased constantly even with the deposits on the electrode, indicating that the oxidized materials may be
semiconducting materials. The cathodic current for p4 increased and reached a constant value, while that
of p364 or p274 increased initially and disappeared after about 15 cycles. The disappearing cathodic current
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was attributed to formation of the respective strongly associated perchlorate salts.

Introduction

Electrochemistry has played a very important role in the
field of organic metals. The most prominent example is
the discovery of the first group of organic superconductors,
namely salts of bi(tetramethyltetraselenafulvalene) cation
radical with anions such as PFy", AsFg~, ClO,", and so
forth.! Electrochemical doping is a simple and elegant
technique and has been used extensively for the prepara-
tion of conducting polymers. For example, polyacetylene
has been doped into a p- or n-type conductor by an elec-
trochemical process.? Another interesting example is the
electrochemically formed polypyrrole films® which can be
switched reversibly between the insulating (reduced) state
and the highly conducting (oxidized) state by applying
appropriate potentials.

The versatility of electrochemistry also shows in the
current interest in chemically modified electrodes.’ Of
particular importance are electrodes coated with elec-
troactive polymers because of the ease of preparation and
the wide range of applications such as electrocatalysis, solar
energy conversion, electrochromic bilayer film devices, and
so forth. The polymer-modified electrodes can be prepared
by (1) physical adsorption (dip® or spin coating” from
polymer solution), (2) surface cross-linking of reactive
moieties in a polymer,? or (3) surface polymerization of
monomers to form polymeric films (such as polypyrrole).
The electrooxidation of poly(N-vinylcarbazole) (PVK)
reported recently by Japanese workers® falls into the
second category since carbazole cation radicals are highly
reactive and undergo dimerization at the 3,6-positions'®
to give cross-linked material containing 3,3’-dicarbazyl.
They reported room-temperature conductivities (ogrr) as
high as 6 X 10~ (Q cm)™ for the 50% oxidized material.

*To whom all correspondence should be addressed.
*Present address: Therm-0-Disc, Mansfield, OH 44907.

Similar results were reported earlier by Block et al., who
oxidized PVK with tris(p-bromophenyl)ammonium hex-
achloroantimonate.!! These findings are stimulating since
they demonstrate the possibility of producing good sem-
iconducting pendant group polymers in general and car-
bazole-containing polymers in particular.

It is well established that the charge, electron, and/or
hole migration in PVK-type materials is controlled by a
hopping mechanism between traps. PVK happens to
provide a matrix for efficient charge migration—more
efficient than most non-carbazole-based polymers.'?
Therefore, we decided to work on carbazole derivatives of
poly(N-acylethylenimines) as the precursors for semicon-
ductors. The reasons for choosing poly(N-acylethylen-
imines) were described in earlier publications.!?

Although good semiconductivity (1072 Q'cm™) was
predicted for the fully oxidized PVK,!! this material is
undoubtedly highly cross-linked and impossible to process.
Thus the application of this material is limited. A direct
way of solving this problem is to develop polymers that
will not undergo cross-linking when oxidized, in other
words to produce redox-reversible carbazole-based poly-
mers by blocking the 3,6-positions on the carbazole ring.
For this work we chose oxygenated carbazole derivatives,
namely 3,6-dimethoxycarbazole, 2,7-dimethoxycarbazole,
3,6-dihydoxycarbazole, and 2,7-dihydroxycarbazole, as the
pendant groups on the poly(N-acylethylenimine) back-
bone. The cation radicals of these carbazoles are stabilized
by the electron-donating oxygen functional groups. Fur-
thermore, the oxygen functional groups at the 3,6-positions
should directly block the reactive sites, while those at the
2,7-positions should sterically hinder the coupling reaction.
In this paper, we report a qualitative electrochemical study
of these carbazole polymers.

All polymers and model compounds are designated with
the abbreviated symbols shown in Figure 1. For instance,
poly[N-(9-(2,7-dimethoxycarbazolyl))-5-pentanoyl)-
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Figure 1. Coding for polymers and model compounds.

ethylenimine] and its hydroxy analogue are referred to as
p274 and p27(0OH)4, respectively, where 2 and 7 indicate
the position of the oxygen functional groups, 4 indicates
the number of methylene groups attached to the carbazole
nitrogen, and (OH) is used when the functional groups are
hydroxyl. Only the number of methylene units on the side
chain will be used for the unsubstituted carbazole-con-
taining polymers, that is, polymer p4. The model com-
pounds were code named accordingly.

Experimental Section

Measurements. All electrochemical measurements were made
with a Princeton Applied Research (PAR) Model 173 potentiostat,
Model 175 universal programmer, and Model 179 digital cou-
lometer. Cyclic voltammograms were recorded on a Hewlett-
Packard Model 7046A X~Y recorder. All measurements were
performed in a single-compartment three-electrode cell. The
working electrode was a large cylindrical platinum gauze electrode.
The counter electrode was a platinum wire. The reference
electrode was a lithium chloride saturated calomel electrode
(LSCE) which was isolated from the cell by a salt bridge.

Electrochemical measurements on the model compounds were
done in 0.1 M TEAP/CH3CN; the model compound concentra-
tions were 2.0 mM. The polymers were studied as 2.0 mM so-
lutions, based on the concentration of carbazole groups, with 0.1
M TBAP in CH,Cl,. In some cases the polymers were precoated
on the electrode according to the following procedure. The Pt
working electrode was dipped into and removed quickly from a
0.1% (0.1 g/100 mL) of the polymer solution, p4, p274, or p364
in CHyCl, or p27(OH)4 or p36(0OH)4 in DMF. The coated
electrode was dried in a vacuum oven at 100 °C for 2 h for the
hydroxy polymer and 10 min for the methoxy polymer. The cyclic
voltammetric study of these coated electrodes was carried out in
0.1 M TEAP/CH;CN.

Results and Discussion

Electrochemical Study of 4CN and p4. The cyclic
voltammetry (CV) trace of 4CN illustrated in Figure 2
shows oxidation-reduction behavior similar to that re-
ported for N-alkylated carbazoles by Nelson et al.l> They
demonstrated that the oxidation of carbazole as well as
N-alkylcarbazoles exhibits the characteristics of a classical
ECE mechanism as shown in Figure 3. The cation radical
(A*) formed during the initial oxidation peak at 1.37 V
dimerizes. The dimer loses two protons to give the 3,3’-
dicarbazyl (B), which is oxidized to the cation radical (B*-)
and then to the dication (B?*) at the potential required
for the oxidation of the carbazole group. The two one-
electron reduction waves shown in Figure 2 are due to the
reduction of B%* first to B*. and then to B. The second
anodic scan shows the oxidation of B, which has not yet
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Figure 2. Cyclic voltammogram of 4CN at 1 V/s.
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Figure 3. Oxidation mechanism of N-alkylated carbazole.

diffused away from the electrode surface, to B*. at +0.98
V, and then to B?* at a higher potential. The small re-
duction peak at +0.12 V corresponds to the reduction of
the protons released in the coupling reaction.

The cyclic voltammogram of p4 deposited on the
working electrode from 0.1% polymer/CH,Cl, is given in
Figure 4a, which shows a CV response similar to that seen
in the model compound, 4CN. The carbazole groups are
oxidized at +1.27 V and couple quickly and irreversibly
to form the dicarbazyls, which are responsible for two
reduction waves seen in the reverse scan. The subsequent
scan shows only the presence of the dimeric species, as
indicatd by the relatively equal oxidation and reduction
currents. This implies that most of the carbazole units
have been dimerized in the first sweep. In other words,
complete cross-linking occurred after only one scan. In
successive scans the peak currents dropped gradually. This
may be due to the formation of strongly associated B?*
and/or B*. perchlorate salts whose counterion diffusion
from the film is slower than the experimental time scale.
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Figure 4. (a) Cyclic voltammograms of p4 deposited on an
electrode at 200 mV/s. (b) Cyclic voltammograms of p4 dissolved
in 0.1 M TBAP/CH,Cl, at 500 mV/s.

Figure 4b shows electrochemical waves for p4 dissolved
in 0.1 M/TBAP/CH,C}, with the potential scanned re-
peatedly between —0.3 and +1.5 V. Formation of dicar-
bazyl can be seen after the first anodic scan. The gradually
increasing redox peak currents in the beginning scans may
be due to the growing deposit on the electrode surface.
However, reduction peak currents corresponding to the
dicarbazyls become constant after the first ten scans. This
suggests that formation of the B** and/or B*- perchlorate
salts on the Pt surface is initially slow and becomes faster
as salts deposit on the electrode. The peak current cor-
responding to the oxidation of carbazole groups, on the
other hand, continues to increase. The higher current
could be because deposition per cycle increases with in-
creasing surface area of the electrode. This salt should be
a good semiconductor, as in the case of oxidized PVK,
because insulating deposits result in the decrease of the
electrochemical current.’>¢ Similar to many organic
semiconductors, the semiconductivity in this case may
involve electron hopping among the redox centers. As the
salts grow, the Pt electrode becomes a semiconductor,
which has a much higher resistance than bare Pt, and thus
causes the overpotentials seen in the later scans.

Electrochemical Study of 274CN and p274. The very
complicated cyclic voltammogram of 274CN shown in
Figure 5 indicates irreversible reaction. The major oxi-
dation peak of 274CN appears at +1.06 V, which is +0.3
V lower than that for 4CN, followed by a small anodic peak
at +1.70 V. The major reduction peak occurs at +0.84 V
and is accompanied by many small shoulders. This sug-
gests that there is more than one product. The oxidized
274CN appears as a dark green mateial strongly adsorbed
on the electrode surface. Similar CV response is observed
in the second sweep with higher current. Figure 6 depicts
the 2,7-dimethoxycarbazole cation radical (C*) and its
possible resonance forms. This cation radical should be
more stable than the carbazole cation radical because of
the steric effect and the resonance stabilization of the
methoxy groups. It could be oxidized further to the di-
cation at +1.7 V. These ionic species could be very sus-
ceptible to nucleophilic attack by trace amounts of water
or other basic impurities to give various products. How-
ever, coupling reaction of C*- may be important since the
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Figure 5. Cyclic voltammograms of 274CN at 500 mV/s.
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Figure 6. Possible resonance forms for 2,7-dimethoxycarbazole
cation radical (C*.).
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controlled-potential electrolysis of 274CN showed an n
value of 2.5. Also the small cathodic peak at +0.12 V
suggests the production of protons during the oxidation.
No further attempts were made to characterize this system
due to its complexity.

Successive CV scans of p274 dissolved in 0.1 M
TBAP/CH,Cl, are shown in Figure 7a. The redox current
increases in the first several cycles, but the cathodic current
drops to a constant value by the 10th cycle. This may be
due to the fast rate of growth of the cation radical and/or
dication perchlorate salts, which resist further reduction.
The anodic peak current increases continuously, though
a small decrease can be seen from the 7th to 11th cycles,
indicating that the condensed perchlorate salts may be
semiconducting. But the rapid development of the large
overvoltage as compared to the case for the carbazole
system suggests higher resistivity for the oxidized p274
than the oxidized p4. The peak at 0.2 V may be due to
the reduction of protons, which formed in the various
coupling reactions, on the polarized electrode.

Results so far all indicate an irreversible process for
p274; however, some reversibility was found for the sur-
face-immobilized p274. Theoretically, the CV character-
istics of a reversible electrochemical reaction for a sur-
face-confined reactant are (1) symmetrical CV waves, (2)
linear proportionality of the peak current with scan rate
(v), (3) small peak potential separation (i.e., AE, ~ 0V),
and (4) a value of 90.6/n mV (25 °C) for the half-height
peak width (AE, ;) of an n-electron process.”* The CV
waves of immobilized p274 (Figure 7b) at scan rates of 100,
200 and 500 mV/s have the first three features but show
large peak widths in the range 350-500 mV which increase
at higher scan rate. The broadening of the surface waves
has been reported for many polymers having redox-re-
versible pendant groups'® and has been attributed to
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Figure 7. (a) Cyclic voltammograms of p274 dissolved in 0.1 M TBAP/CH,Cl, at 500 mV/s. (b) Cyclic voltammograms of surface-coated
p274. The inset shows a plot of anodic peak current against scan rate. (c¢) Multisweep cyclic voltammograms of surface-coated p274

at 500 mV/s.

various factors, such as a difference in the spatial distri-
bution of the redox centers, a distribution of species with
different redox potentials for the electroactive units,” and
repulsive interactions,?? depending on the particular sys-
tem. In the case of p274, repulsive interactions between
the oxidized species should be important since C*. is
relatively stable and thus may have a long lifetime. The
broad peaks of p274 could alsc be due to the formation
of a small amount of dimeric groups and/or so-called
mixed-valence aggregates such as (C),*-, since the model
compound 274CN shows irreversible behavior. In some
tetrathiafulvalene (T'TF)-containing polymers, mixed-va-
lence species (TTF),*- were reported to be responsible for
the broad redox waves. In the successive scans of immo-
bilized p274 (Figure 7¢), the redox peak currents drop
constantly and the anodic and cathodic peaks gradually
drift apart. This may be due to gradual formation of the
strongly associated perchlorate salts from the electrode
surface outward. As soon as the salts in the inner layers
form, the electrode becomes passivated, resulting in ov-
erpotentials in the following scans. This again suggests
that oxidized p274 has a high resistance compared to the
oxidized carbazole polymer, because there was no over-
potential found in the oxidized thin carbazole polymer film
(Figure 4a). The quasireversible CV waves of immobilized
p274 are very different from the irreversible behaviors of
274CN and p274 in solution. This is interesting and un-
derstandable since the electroactive groups on the coated
surface are less mobile and the possibility of reacting with
each other is thus reduced.

Electrochemical Study of 27(OH)4CN and p27-
(OH)4. The cyclic voltammogram of 27(0OH)4CN, as de-
picted in Figure 8a, is somewhat similar to that of 274CN
in shape and very complicated. There is an anodic peak
at 1.03 V in the forward scan, followed by a major cathodic
peak at 0.8 V in the reverse scan. The number of electrons
transferred was 2.5. During the electrolysis, a gray pre-
cipitate was produced quickly. The broad peaks shown
by the material’'s NMR spectrum (Figure 9a) suggests that
it may be an oligomer. The peaks shown in Figure 9a are
labeled, from the downfield peaks upward, as peaks a-g
and their approximate intensity ratios are 1:1:1:2:1:2:3,
respectively. (For comparison, the NMR spectrum of
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Figure 8. (a) Cyclic voltammogram of 27(OH)4CN at 500 mV/s.

(b) Cyclic voltammograms of immobilized p27(OH)4 at 500 mV/s.
Inset shows a plot of anodic peak current vs. scan rate.

27(OH)4CN is given in Figure 9b.) These spectra are not
enough for a complete identification of the structure;
nevertheless, they provide some important information.
First, note the approximately equal intensity of the aro-
matic proton peaks, peaks a and b. If there is no reaction
of the carbazole ring, the intensity ratio for peaks a and
b should be 1:2 as is that for 27(0OH)4CN. Therefore, a
coupling reaction may be taking place via 3,6 ring sites.
It is also likely that the oxidized 27(OH)4CN is associated
with the tetraethylammonium cation (Et,N*), since there
are peaks, peaks d and g, due to the protons of the ethyl
groups on a quaternary nitrogen. The intensity ratios show
there are two oxidized 27(OH)4CN units associated with
one Et,N*. Based on these analyses, a postulated structure
for this product is given in Figure 9a, where the protons
are labeled with the same letters as the corresponding
peaks, assuming that the coupling reaction is via the 3,6-
positions. The absence of an isolated peak for the phenoxy
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Figure 9. (a) NMR spectrum of the oxidized 27(OH)4CN in
Mey,SO-dg.  (b) NMR spectrum of 27(OH)4CN in acetone-dg.

proton could be rationalized by the possibility that it is
overlapped by the peak due to the protons on the meth-
ylene group attached to the carbazole nitrogen.

The cyclic voltammogram for the surface-deposited
p27(OH)4 in 0.1 M TEAP/CH;CN at a scan rate of 500
mV/s is given in Figure 8b. As in previous examples, the
redox peak potentials for p27(OH)4 are essentially the
same as those of its model compound 27(OH)4CN. The
redox waves are reproducible even after many cycles and
the anodic peak current is proportional to the scan rate.
But the CV waves are far from symmetrical and very
broad, indicative of irreversible behavior. Based on the
results for the oxidation of 27(OH)4CN, it is reasonable
to assume that the very broad anodic waves are due pri-
marily to the coupling reactions of the pendant groups.
However, the reproducible CV waves suggest oxidized
p27(0OH)4 could be a reversible material.

Phenoxy-type systems, such as aminophenols, phenols,
hydroquinones and so forth, generally show very compli-
cated electrochemical reactions. For example, redox re-
action of p-benzoquinone/hydroquinone, which involves
an apparent direct exchange of two electrons and two
protons, is not yet fully understood and has been the object
of some recent investigations.”? The phenoxy-type systems
are generally studied in buffered aqueous solution because
the reaction paths are highly pH dependent. Moieties such
as 2,7-dihydroxycarbazole could be regarded as a phenol,
an aminophenol, or a heterocyclic hydroquinone; therefore
its electrochemical reactions should probably be studied
in a buffered solution for a better understanding. How-
ever, no further effort was made to study this system,
because the next two systems showed reversibility.

Electrochemical Study of 364CN and p364. As ex-
pected, 364CN showed reversible CV characteristics. The
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Figure 10. (a) Cyclic voltammograms of 364CN at 500 mV/s.
(b) Multisweep CV waves of p364 dissolved in 0.1 M TBA/CH,Cl,.
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Figure 11. Important resonance forms for 3,6-dimethoxy-
carbazole cation radical (D*.).

CV waves of 364CN (Figure 10a) are highly reproducible
and show an anodic peak at +0.96 V and a cathodic peak
at +0.90 V. The peak separation of 60 mV fits nicely with
the theoretical value for a one-electron-transfer reaction.
Similar to earlier cases the oxidized solution of 364CN was
light green, which disappeared in the cathodic scan. Unlike
those previous examples, however, there was no deposit
on the electrode surface during the CV cycles and con-
trolled-potential electrolysis. This reversible behavior can
be attributed to the stable cation radical D*., which has
many resonance forms as depicted in Figure 11 and very
low charge density at the 1 and 8 ring sites.!’

The continuous CV scans of p364 dissolved in 0.1 M
TBAP/CH,Cl, are illustrated in Figure 10b. The cathodic
peak current increases to a maximum value, which then
drops gradually in successive scans as the cathodic peak
potential moves toward more negative values. This may
be a result of the formation of the perchlorate salt (D*.
Cl0O,), which polarizes the electrode and causes overvol-
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Figure 12. (a) Cyclic voltammograms of surface-coated p364 at different scan rates. Inset shows a plot of anodic peak current vs.
scan rate. (b) Multisweep CV waves (7th to 11th cycles) for surface-coated p364 at 200 mV/s. (¢) CV waves for a thicker film of p364

deposited on an electrode surface.

tages in both cathodic and anodic waves. The continuous
decrease in the cathodic current indicated that the rate
of D*. Cl0, formation is increasing. The anodic currents
though remain relatively constant from the 10th to 13th
cycles but increase quickly from the 14th cycle on. This
increase in anodic current could be due to the increasing
electrode surface area, due to the growing D*.Cl0Q,", and
indicates that oxidation is still going strong on the pas-
sivated surface. A small peak starts to appear in the 9th
cycle at ca. 0 V and moves gradually to more negative
values. These peaks could be due to the reduction of
protons, which were produced from a side reaction between
D*. and water or other impurities.!%2

The cyclic voltammograms of surface-coated p364
(Figure 12a) show some reversibility. First, peak-to-peak
separations are essentially zero at scan rates of 50, 100, and
200 mV/s, as expected for a reversible surface-confined
redox reaction. In addition, the anodic peak current is
directly proportional to the scan rate. One feature of the
CV waves is not in accord with the criteria for an immo-
bilized reversible reactant. According to theory the width
at half-height of either the cathodic or anodic wave should
be about 90 mV; however, peak half-widths in this case are
in the range 200-350 mV and increase with increasing scan
rate. The broad anodic peaks in the initial scans could be
a result of repulsive interaction and/or formation of
mixed-valence species. Further, the cathodic waves are
initially narrower than the anodic waves (AE, , = 200 and
300-500 mV, respectively). After several scans (Figure 12b)
the latter begin to decrease in height and become much
broader. It is possible that the oxidized centers near the
surface form D*- ClO," first, which then cause overpoten-
tials in subsequent scans. Condensation of the cation
radical salt also reduces the repulsive force and results in
sharper anodic waves (AE,,, = 200 mV).

Figure 12c shows the CV behavior at slow scan rates of
surface-coated p364, cast from 5% p364/CH,Cl; in 0.1%
TBAP/CH;3;CN. The increase in AE, ; and AE,, is due to
higher resistance which may in turn i)e due to very slow
counterion diffusion rate through thicker films, as reported
for thick films (ca. 400 nm) of TTF-containing polymers.’

The third cycle at higher scan rate, 20 mV /s, shows even
higher AE,. Formation of the cation radical salt in this
case is reflected by the rapid drop of the cathodic current.

Electrochemical Study of 36(OH)4CN and p36-
(OH)4. Cyclic voltammograms of 36(OH)4CN dissolved
in 0.1 M TEAP/CH,CN are shown in Figure 13a. These
CV waves are very poorly resolved at scan rates lower than
500 mV/s, indicating irreversibility. This may be because
of many reaction intermediates, perhaps due to the in-
volvement of protons in the reaction, similar to the p-
benzoquinone/hydroquinone couple. This couple is a 2e7,
2H™* process, which has nine possible species as represented
in the nine-membered square scheme shown in Figure
14,72 and shows irreversible behavior in aprotic solvents.?®
Despite the apparent irreversibility of 36(OH)4CN, its
anodic current shows Nernstian characteristics; that is, the
peak current is proportional to the square root of the scan
rate (Figure 13a, inset). Based on a possible 2e-, 2H*
process, a simplified reaction scheme for 36(OH)4CN is
given in Figure 15.

CV waves for surface-coated p36(OH)4 in 0.1 M
TEAP/CH;CN are given in Figure 13b. Except for the
first cycle, all waves show reproducibility, symmetry, and
no peak sesparation. The overpotential in the first cycle
may be due to the high resistance in a newly coated
electrode, which will absorb electrolyte after the first cycle
and become conductive. It is also possible that the starting
p36(OH)4 is more difficult to oxidize as compared with the
deprotonated intermediates shown in Figure 15. In ad-
dition, the peak current is proportional to the scan rate.
However, the half-height peak widths, about 350 mV for
the anodic wave and 225 mV for the cathodic wave, are
higher than the theoretical value, 45 mV for a 2e” reaction.
These large peak widths could be due to repulsive inter-
action etc. factors discussed earlier. But the main factor
in this system could be formation of many intermediates
during oxidation. It is interesting to note that CV waves
for p36(OH)4 are closer to ideal than those of 36(OH)4CN.

Overall Considerations
The electrochemical properties of the model compounds
are summarized in Table I. Among these compounds,



Macromolecules, Vol. 19, No. 3, 1986

Poly(N-acylethylenimines) 527

0.80

1 L

i
10 20 30

{scan rate)1/2 {mV/sec)

200 m¥/sec

500 m¥/sec ———

1000 mV/sec ———

L | b 1

1.5 1.0 0.5 0.0

E/V vs.

(b)

e —_—
100 200 300 400 500
scan rate (m¥/sec)

LSCE

Figure 13. (a) Cyclic voltammograms of 36(OH)4CN at different scan rates. Inset shows a plot of anodic peak current vs. square
root of scan rate. (b) Cyclic voltammograms of surface-coated p36(OH)4. Inset shows a plot of anodic peak current vs. scan rate.
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Figure 15. Simplified reaction scheme of p36(OH)4 or 36-
(OH)4CN.

4CN, 274CN, and 27(OH)4CN are clearly irreversible while
364CN and 36(OH)4CN show some reversibility. The AE,
for 364CN is 0.06 V, which corresponds to a 1e™ reaction,
if reversible. However, an n value of 2.3 was found when
364CN was electrolyzed until almost zero current and an
n value of 1.5 was found when the electrolysis was stopped
at the onset of a steady-state current. The n value of 1.5
instead of 1.0 could be due to impurities in the system,
since a similar molecule, namely N-ethyl-3,6-dimethoxy-

Table I
Electrochemical Data for the Model Compounds

(Epe (Epo AEL°
compd A% A% V  nvalue®

4CN 1.37 3.1

274CN 1.06 082 0.24 2.5

364CN 096 0.90 0.06 1.5

27(0OH)- 1.03 080 0.23 2.5
4CN

36(OH)- 088 0.84 0.04 2.0¢
4CN

®AE, = (E,), - (E,).. The n value was determined by using
controlled-potential electrolysis of 1.0 X 102 M solutions of carba-
zoles in 0.1 M TEAP/CH; at 100 mV higher than the respective
(Ep),. Low steady-state currents, which were different for each
compound, were observed at these n values. ¢Steady-state current
dropped to zero.

remarks

green deposit

green deposit

green solution at (E),
gray deposit

green solution at (E,),

Table I1
Electrochemical Data for the Surface-Confined Polymers®

(Bpa (B, AE,P
\ \Y

polymer \4 AE, )5, mV remarks
p4° 1.27 cross-linked
p274¢ 1.02 0.98 0.04 450-550  quasi-reversible
p364¢ 0.98 0.95 0.03 300 reversible
p27(OH)4 1.05 0.87 0.18 large irreversible
p36(OH)4  0.89 0.87 0.02 225-345  reversible

¢Data based on electrode dip-coated from 0.1% polymer/
CH,Cl,. YAE, = (E,), - (E,)),. °Data based on the initial scan.

carbazole, had an n value of 1.01 at the onset of a
steady-state current as reported by Nelson et al.l® Com-
pound 36(OH)4CN shows the expected n value of 2.0, AE,
of 0.04 V, and irreversible CV waves at the scan rates
investigated.

The cyclic voltammetric properties of the surface-coated
polymers are listed in Table II. The most noteworthy
feature of Table II, as compared with Table I, is the almost
identical redox potentials of the polymers and those of the
respective model compounds. These results suggest the
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absence of substantial electronic interactions between the
electroactive centers within the polymers. Similar ob-
servations have been reported for polymers such as poly-
(vinylferrocene),?* poly(nitrostyrene),?> and some TTF-
containing polymers’ coated on electrode surface. This
similarity demonstrated that the predictability of redox
potentials, which was first found for monolayers of elec-
troactive reagents covalently bound at the electrode sur-
face, also holds for surface-coated thin polymer films. Such
predictable properties would enable one to design new
materials with desired electrochemical properties.

Although the peak separations for polymers p274, p364,
and p36(OH)4 are relatively small, their half-height peak
widths are considerably larger than the theoretical value
of 90/n V for an n-electron reversible reaction. This in-
dicates that electronic interactions exist, although not
substantial enough to cause different redox potentials
between the polymers and the corresponding model com-
pounds. As already mentioned in the discussion, broad-
ening of the surface waves is frequently seen in various
polymers for various reasons. The broad waves for p274
and p364 could be due to repulsive interactions based on
the following rationale. At early stages of the oxidation,
oxidized groups will be surrounded by neutral groups,
which can donate partial charge to them. The potentials
required to oxidize these neutral groups surrounding the
oxidized groups would be higher than those needed for
oxidizing free groups. Therefore, electroactive groups with
different oxidation potentials are created and lead to
broadening of the anodic peaks. Similarly, broad cathodic
peaks result.

During continuous CV scans, the electrode coated with
polymer p4, p274, or p364 showed gradually decreasing
redox currents and increasing overvoltages, and hence peak
sepatations. On the other hand, CV waves for electrodes
coated with p27(OH)4 or p36(OH)4 remained unchanged
after many ¢ycles. These results may be due to formation
of strongly associated cation radical and/or dication per-
chlorate salts in the former case. In the latter case, the
.oxidized hydroxycarbazoles are neutral and do not form
salts with electrolyte ions.

CV waves for p4, p274, or p364 dissolved in 0.1 M
TBAP /CH,Cl, showed overpotentials quickly after several
scans, along with green deposits on the electrode surface.
The anodic current increased constantly in spite of the
overpotentials, indicating that oxidation was still going
strong on the deposited electrode. This increase in anodic
current indicates that the green deposits may be con-
ducting materials, since insulating deposits result in the
drop of anodic current.'® As the CV scans continued, the
cathodic peaks for p274 and p364 shifted to more negative
potentials, while the cathodic peak potential for p4 re-
mained unchanged. This may imply that oxidized p4 is
a better semiconductor than oxidized p274 and p364. The
semiconduction mechanism probably involves electron
hopping among the redox centers. The cathodic peak
current of p4 increased gradually to a constant while the
cathodic peak currents of p274 and p364 increased to a
maximum value and then dropped to small values after
about 20 cycles. Formation of strongly associated cation
radical salts may occur to a larger extent in the oxidation
of p274 and p364 than that of p4, resulting in the disap-
pearing cathodic current for the former two. This is un-
derstandable, since oxidation of p4 gives cross-linked
material, which should have an irregular structure and thus
prevent the growth of a regular packed ion radical salt.
The regular structure of the poly(N-acylethylenimine)
backbone may favor formation of crystailine (or highly
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associated) ion radical salts in the oxidation of p274 and
p364.

The solution CV behaviors of p4, p274, and p364 ob-
served in our study are very similar to that found in the
electrochemical growth of conducting (FA),*- X~ salts,
where FA = fluoranthene and X~ = PFy", SbFy, AsFg,
ClO,, and BF,, reported by Enkelmann et al.?’ The
multisweep CV of FA in 0.1 M TBA*X /CH,C), had the
following features: (1) an increasing anodic current, which
was attributed to the growing coverage of conducting
(FA);X on the electrode; (2) a diminishing cathodic cur-
rent, because the crystallized (FA),X did not reduce easily;
(3) overpotentials, which were attributed to the larger
resistance of (FA),X as compared to the bare Pt electrode.
This larger resistance resulted in a higher overvolate
necessary to continue the growth process. This finding
suggests the possibility that the oxidized polymer salts
could be crystalline, especially in the cases of p274 and
p364, because (FA),X can be grown as single crystals or
polycrystalline materials depending on the potential set-
ting. Therefore, future work will focus on the conductivity
as well as the crystallinity and morphology of the oxidized
polymer salts.
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Regioselectively Modified Stereoregular Polysaccharides. 8.
Synthesis and Functions of Partially 3-O-Octadecylated
(1—6)-a-D-Glucopyranans
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ABSTRACT: Ring-opening copolymerization between 1,6-anhydro-2,4-di-O-benzyl-3-0O-octadecyl-3-D-
glucopyranose (1) and 1,6-anhydro-2,3,4-tri-O-benzyl-8-D-glucopyranose (2) was carried out in the presence
of PF; initiator at ~-60 °C. The reactivity of monomer 1 was high, and stereoregular homo- and copolymers
of high molecular weight were obtained. Debenzylation of the copolymers with sodium metal in liquid ammonia
produced (1—6)-a-D-glucopyranans having a 3-O-octadecyl group, the degree of substitution (DS) of which
was up to 0.22. The following findings on properties of the polysaccharides were obtained. (1) The poly-
saccharides were hydrolyzed by a dextranase. (2) An organic solute magnesium 1-anilino-8-naphthalenesulfonate
was bound to a hydrophobic region of the polysaccharides in water, indicating that the polysaccharides formed
a micellar conformation. (3) Flexible membranes of the polysaccharides (DS 0.07-0.22) could be cast from
dimethyl sulfoxide solutions. (4) The polysaccharides (DS 0.01-0.05) could be incorporated into liposomes
by anchoring the long hydrocarbon chains into the lipid layer of the liposomes, and the resulting poly-
saccharide-coated liposomes could be isolated. The anchoring effect of the hydrocarbons and the conformation

of the polysaccharides on the liposomes are discussed.

Well-defined polysaccharides having both membrane-
forming abilities and recognition functions are of interest
as a polymeric model of glycolipids. Glycolipids occurring
in cell membranes are composed of oligosaccharides and
lipids and play an important role in cellular recognition.!
Glycolipids and their analogues were synthesized and in-
corporated into cell membranes, and the resulting artificial
assemblies proved useful for investigations of various
cellular phenomena.??® Incorporation of synthetic glyco-
lipids into a cell-membrane model, liposome, is also ex-
tensively investigated, especially for the application of a
drug delivery system that employs carbohydrate moieties
as recognition markers to target specific organs.*® For this
purpose, a strengthening of the liposomal structure is re-
quired, and synthesis of polymerized glycolipid models*!!
and surface coating of liposomes with polysaccharides!?1%
have been attempted. Polysaccharide-coated liposomes
were reported by Sunamoto:14'® naturally occuring poly-
saccharides such as dextrans, pullulans, and amylopectins
were modified with long-chain fatty acids and assembled
into liposomes. It was found that these polysaccharide-
coated liposomes were effective for stabilization of lipo-
somes and also for targeting.

In this paper, 3-O-octadecylated (1—6)-a-D-gluco-
pyranans capable of forming polysaccharide-coated lipo-
somes and polymeric membranes have been prepared ac-
cording to Scheme I: ring-opening copolymerization be-
tween 1,6-anhydro-2,4-di-0-benzyl-3-0-octadecyl-3-D—
glucopyranose (1) and 1,6-anhydro-2,3,4-tri-O-benzyl-3-p-
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glucopyranose (2) followed by debenzylation of the re-
sulting copolymers. Polysaccharide synthesis via ring-
opening polymerization of anhydro sugar derivatives is a
useful method of preparing various polysaccharides of
well-defined structures.'®'® The required amount of long
hydrocarbon chains could be introduced into (1—6)-a-D-
glucopyanans regioselectively and at relatively uniform
intervals. 3-0O-Octadecyldextrans thus obtained are a
biodegradable and hydrophilic-hydrophobic (amphiphilic)
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