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ABSTRACT: A soluble conducting polymer, poly(N-methyl isoindole), was prepared by chemical
and electrochemical oxidation of N-methyl isoindole. The polymer structure was proposed from
the IR and elemental analyses. The conductivity of the polymer was measured to be in the range
of 1075~10"* S/cm depending on the extent of doping. The electrochemical properties were also
studied by examining the cyclovoltammographs of the polymer. This polymer was soluble in DMF
or DMSO, and the electrochemical properties of the solution cast film were almost identical to
those of the film freshly prepared. Furthermore, poly(N-methyl isoindole) showed good electrochro-
mic property by changing its color from golden yellow in reduced state to dark green in oxidized
state. We have prepared a unique electrochemical UV cell to study the in situ spectroelectrochemi-

cal properties of poly(N-methyl isoindole).

Introduction

A logical strategy in designing stable conducting
polymers is to incorporate a heteroaromatic ring
into the monomer, since electrochemical oxidation
of heteroaromatic monomers such as pyrrole,! thio-
phene?® pyridazine® and isothianaphthene® has
given stable and highly conductive polymers. Re-
cently, increased attention has been focused on the
synthesis of soluble and processable polymers due
to interests in their potential applications.

Theoretically, soluble conducting polymers can
be prepared by blocking or lessening the formation
of inter-chain cross-linking. The electropolymeri-
zation is believed to generate a radical active center
preferentially in the middle of chain rather than
at the growing chain end, for instance, at the 3-po-
sition for polypyrrole or at the 5-position for poly
(isothianaphthene) (PITN), which makes the cross-
linking between chains possible and leads to in-
solubility. In order to prepare a soluble conducting
polymer, therefore, it is essential to minimize the
cross-linking between chains by deactivating or
blocking the possible cross-linking sites or by activat-
ing the normal polymerizaticn propagation sites.
In this respect Chandrasekhar ef al.® have recently
reported a method of preparing soluble poly(iso-
thianaphthene) (PITN) wig direct electrochemical

oxidative polymerization of
thene.

The preparation of poly(N-alkyl isoindole) was
firstly reported in a patent by Yoshida ef al” In
their patent, however, some properties such as solu-
bility and spectroelectrochemical property of those
polymers were not mentioned. In this paper we
wish to report the preparation of poly(N-methyl
isoindole) (PMIN) and its novel properties such as
solubility and electrochromic property.

dihydroisothianaph-

Experimental

Materials. All the organic reagents and sol-
vents were used after the appropriate purifying pro-
cedures.! N-Methyl isoindole (I) was prepared by
reducing N-methyl phthalimidine with lithium alu-
minum hydride as described in literature.’ 'H-NMR
(8, ppm, in CDCly): 3.8(s, 3H), 6.85(s, 2H), 6.6~7.5
(m, 4H). The monomer (I) was unstable and oxi-
dized rapidly by air to give a contaminated brown
product and thus should be stored in a refrigerator
below —20 C under N, atmosphere.

Measurements and Instruments. Cyclovolta-
mmograph CV-27 (Bioanalytical System Inc.) was
used in electrochemical polymerization and other
electrochemical studies. UV-visible absorption spec-
tra for electrochromic study were obtained by using
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Table I. Results of Chemical Polymerizations of Poly(N-methyl isoindole) with Various Oxidizing Agents

Monomer Solvent Oxidant Temp. Time Conversion?
(mmol) (ml) (mol eq.) ) (h) (%)
7.6 CH:Clx(20.0) FeCl4(1.5) 25 48 71.1
7.6 CH,C1»(20.0) (NH),5,042.0) 25 48 744
7.6 CH.Cl»(20.0) AlCL,/CuCly(2.0) 25 48 65.8
“Based on monomer weight.
Table II. Conductivities of Polymers in Various Oxidation States
Method of Conductivity’ Method of Conductivity’
preparation” Dopant (S/cm) preparation® Dopant (S/cm)
A - 43X10°5 C | 14X107*
A I3 80X107* D I- 6.8x107*
A Dedped” <10 B E Br- 6.1x10°°
B Iy 2.7%10* E L 1.6X 10744

“A, Chemical polymerization by FeCl;; B, Chemical polymerization by (NH,).S;0s; C, Chemical polymerization
by AICL/CuCly; D, After solvent-casting from polymer solution in DMF and iodine doping; E, Electrochemical

Polymerization.
*Measured by four point probe method.

‘Dedoped by reducing the polymer with hydrazine hydrate vapor.

“Electrochemical doping in MeCN solution of 0.1 M Lil

GuidedWave Model 260 spectrophotometer. Condu-
ctivity measurements were made using four point
probe method with pressed pellets and films.!* Sca-
nning electron micrographs of the polymer film
were observed by JSM 840A (JEOL) after coating
the sample with carbon or gold.

Chemical Polymerization of N-Methyl iso-
indole. 7.6 mmol of (I) was stirred with 1.5~2
equivalent of ferric chloride or ammonium per-
sulfate in 20 mL of dichloromethane for 2 days at
room temperature. As soon as the oxidant was
added, the reaction mixture became dark green and
the black precipitate was formed. After solvent evap-
oration, the precipitate was washed with water sev-
eral times and extracted in a Soxhelet apparatus
with acetonitrile. The resulting polymer was dried
in a vaccum oven at 40 T for 24 h. The results
of the chemical polymerization are shown in Table
L

Electrochemical Polymerization of N-Methyl
isoindole. The electrochemical oxidation of (I)
was performed in a typical 3-component cell equip-
ped with Ag/AgCl reference, platinum counter and
tin oxide conducting glass or platinum working elec-
trode. N-Methyl isoindole (0.06 mol/L) was poly-
merized on the working electrode in acetonitrile
containing an appropriate electrolyte (0.1 mol/L) by
sweeping the potential between —0.3 and 0.55 V
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at a scan rate of 50 mV/sec. The solution was deoxy-
genated by bubbling dry N; for 20 min prior to
the polymerization. The black film deposited on the
working electrode was then washed with water and
acetonitrile repeatedly. After drying in a vaccum
oven, the black film was peeled off from the elec-
trode and subjected to the characterizations such
as SEM, conductivity measurement, etc. The elec-
trochemical polymerization at a constant current
density of 1 mA/cm?® gave similar results,

Doping and Conductivity Measurements.
Iodine doping was performed by standing the poly-
mer samples in a sealed glass tube containing a
few iodine crystals for 24 h, followed by a subse-
quent removal of excess iodine in a vaccum oven
until no conductivity change was observed. The po-
lymer was dedoped by treating it with hydrazine
hydrate as described in the literature.® The results
of the conductivity measurements are listed in
Table IL

Structure Analyses. Elemental analyses and
IR spectra were taken for the polymer samples of
doped and undoped states (Table III and Figure
1). Gel permeation chromatography of the chemical-
ly prepared polymer was taken in DMF solution.
The number average molecular weight and the dis-
persity of the polymer were calculated to be about
2,200 and 7.14, respectively. Electrochemically pre-
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Table III. Results of Elemental Analyses of

Polymers
Method of Dopant
preparation” X" Observed Result’
A FeCl, (CoHz15Now) X oo
A I (CoHz.48Noes)X Doss
A Dedoped® (CoH77N106)X o
E Br (CoH752Nooa)(X oz

?A, Chemical polymerization by FeCl;; E, Electroche-
mical polymerization in MeCN solution of 0.1 M LiBr.
*Empirical formula was calculated to be C¢H;p..N, by
assuming 17 pyrrole rings per chain.

“Polymer as prepared.

“Dedoped by reducing the polymer with hydrazine hy-
drate vapor.
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Figure 1. IR spectra (KBr pellet) of (A) iodine-doped
poly(N-methyl isoindole) and (B) N-methyl isoindole.

4000

pared polymer film was peeled off from the plati-
num electrode and taken into scanning electron
microscope as shown in Figure 2.

Solubility. PMIN was soluble in DMF or
DMSO, partially soluble in chloroform or acetone
and insoluble in water or methanol. The conductiv-
ity did not change significantly if doped again after
the solution casting of the polymer.

Electrochemical Properties. Cyclic voltam-
mogram of the electrochemically prepared polymer
was obtained in the acetonitrile solution of 0.1 M
LiBr. The electrochemical cell was a typical 3-com-
partment cell, in which platinum was used as work-
ing and counter electrodes with respect to the
Ag/AgCl reference electrode.

Spectrochemical Properties. The reflectance
spectra of the polymer were examined i sify in
a 3-compartment electrochemical cell as shown
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Figure 2. Scanning electron micrograph of poly(N-
methyl isoindole) film prepared by electrochemical po-
lymerization (X 2,000).
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Figure 3. Schematic diagram of electrochromic meas-
urement cell.

CONDUCTING
POLYMER

schematically in Figure 3. Lights from the source
and to the detector were delivered by two optical
fibers which were connected to the GuidedWave
Model 260 spectrophotometer. Distance between
the probe and the working electrode was 1 cm.
Circular platinum plate (diameter of 0.5 cm), gold
wire and Ag/AgCl were used as working, counter
and the reference electrode, respectively. Chemical-
ly prepared polymer was coated on the working
electrode by evaporating 0.01 M DMSO solution
(thickness 6~15 pm). Electrochemically prepared
polymer was synthesized as a thin film on a plati-
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Figure 4. Cyclovoltammograms of N-methyl isoindole
during polymerization (electrolytic solution, 0.06 M N-
methyl isoindole and 0.1 M LiEr in MeCN; sweeping
rate, 50 mV/sec; ref. electrode, Ag/Ag(Cl): on (A) Pt
and (B) SnO, glass.

num plate which was used as the working electrode
directly. UV/Vis spectra of the polymers were ob-
tained in situ at various doping levels using CV-
27 BAS potentiostat. The chronospectra correspond-
ing to the potential steps of -—15 and 04 V were
also examined at 900 nm.

Results and Discussion
Preparations of Poly(N-methyl isoindole).
The monomer, N-methyl isoindole (I) was prepared

as described in the literature’ by reducing N-
methy! phthalimidine'' with excess LiAlH.. The crude
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product was purified by washing several times with
cold ethyl ether. The monomer was polymerized
by chemical oxidation with various oxidizing agents
such as ferric chloride, ammonium persulfate or
cupric chloride. The results of the chemical poly-
merization were shown in Table 1. The conductiv-
ities of polymer were measured to be 2.3~4.3X10°¢
S/cm, which rose to 2.7~80X10"* S/cm when
doped with iodine. Elmental analyses showed that
the polymer was partially doped with the oxidant
to the extent of 10 mol% when prepared and the
extent of doping increased to 56 mol% after iodine
doping. When the polymer was treated with hydra-
zine vapor, the conductivity was descreased to 10~ %
S/cm, which means that the hydrazine treatment
dedoped the polymer as indicated by elemental
analysis results.

Electrochemical oxidation of N-methyl isoindole
was also performed using various electrolytes, such
as tetraethylammonium fluoroborate, tetraethyl-
ammonium perchlorate, tetrabutylammonium per-
chlorate, lithium perchlorate, lithium iodide, lithium
bromide and other conventional electrolytes. Among
them only lithium bromide gave satifactory film de-
position on the working electrode. The cyclovoltam-
mogram of the monomer (Figure 4) showed that
the oxidation of monomer occurred at 0.2 V. Galvano-
static polymerization was more suitable for large
scale preparations, while the film prepared cyclovol-
tametrically was more suitable for electrochemical
studies. When the polymer was deposited on the
platinum working electrode as a film thicker than
55~60 um the film was successfully peeled off from
the electrode surface. The conductivity of this film
was measured to be 6.1X10°* S/cm and the elemen-
tal analysis revealed that 32 mol% of the polymer
was doped with bromide.

Indentification of Polymer Structures. Ac-
cording to the general mechanism of heteroaromatic
conducting polymer,'*!® the polymer structure was
proposed as in Eq. 1. IR spectrum of the polymer

// _\\\ N
< _[og | —
N N N
CHy Chy /" ChHy /n

showed the aromatic C-H stretching of 1,2-disubsti-
tuted benzene ring (1505, 745 cm™'), which was
not present in the monomer structure. The charac-
teristic C=C stretching (1690 ¢cm™?) of the pyrrole
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Figure 5. Various resonance structures proposed for poly(isothianaphthene) and poly(N-methyl iscindole).

moiety in the isoindole ring was decreased in the
polymer due to its quinoidal structure and most
of other characteristic bands of the monomer were
shifted slightly. This is consistent with the struc-
tural change that the monomer experiences when it
is incorporated into polymer chain as showin in
Eq. 1. Moreover, the results of the elemental ana-
lyses were also in agreement with the structure as
shown in Table IIL

The molecular weight distribution of the polymer
was determined by GPC. The number average mol-
ecular weight was 2,200, which corresponds to the
17 monomeric units and the highest observed mol-
ecular weight was about 20,000 (153 rings). The
electrochemically prepared polymer showed the
similar analytical results in IR spectra and elemen-
tal analysis, which also confirms the structure. Fur-
thermore, it is generally believed that the electro-
chemical polymerization of heteroaromatic mono-
mers such as pyrrole, thiophene or isothianaph-
thene proceeds via a scheme shown in Eq. 12 ©
PMIN has the similar structure to poly(isothianaph-
thene) with respect to the monomer structure
where the sulfur atom is replaced with N-methyl
nitrogen. In the literatures®*~* various resonance
structures have been proposed for poly(isothiana-
phthene) as shown in Figure 5, which also should
be the case for poly(N-methyl isoindole). As a mat-
ter of fact, while the monomer (I) was extremely
unstable to air and moisture, the resulting polymer
was so stable that the conductivity was slightly de-
creased on exposure to air for several weeks probaly
due to the many resonance structures contributing
to the polymer stability. At the beginning of the
polymerization, a powder-like continuous film was
formed, which adhered tightly on the electrode sur-
face and could not be peeled off. However, after
the galvanostatic polymerization at 1 mA/cm® for
2 h, a brittle free-standing film was obtained. As
shown in Figure 2, the solution-side of the film
was covered with small particles which had smooth
surfaces. The sizes of the particles were from 0.1
ym to 0.5 um, which is smaller than those (30~60
um) of polypyrrole prepared at the same condition.

Solubilty. Poly(N-methyl isoindole) was com-
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pletely soluble in DMF or DMSO at room temper-
ature. In other solvents such as acetone and aceto-
nitrile the polymer was partially soluble. The conduc-
tivity was not changed significantly after the repeti-
tive solution casting processes. The solution cast
polymer had similar electrochemical and spectroe-
lectrochemical properties to the freshly prepared
polymer.

The main problem in applying the conducting pol-
ymers to the practical use exists in that it is diffi-
cult to process them in ordinary manner because
only a few conductive polymers are known to be
soluble or fusible.®"' It is, however, generally be-
lieved that if we are able to block or minimize poss-
ible cross-linking between the chains, the soluble
conductive polymer can be prepared. There could
be two possible approaches to block or minimize
the cross-linking. One is to deactivate the cross-link-
ing site, for example, the 3-position of polypyrrole
or the 5-position of poly(isothianaphthene). Another
is to activate the normal polymerization sites which
should lead to polymers with considerably less
cross-linking. In the present case, we believed that
both the activation of the normal polymerization
site and the deactivation of the cross-linking sites
were achieved owing to the aromaticity of isoindole
ring and the electronegative property of nitrogen
atom exerting an orienting effect.

Electrochemical Property. As shown in Fig-
ure 3, the cyclovoltammogram of N-methy! isoin-
dole in acetonitrile solution containing 0.1 M of
LiBr revealed that the oxidation of monomer began
at 0.2 V. The anodic and cathodic peaks of the poly-
mer were found at 0.42 and 0.35 V. The polymer
film deposited on the electrode was transferred into
the acetonitrile solution containing 0.1 M LiBr and
the electrochemical properties were studied by the
cyclovoltammograph. The cyclovoltammogram of
poly(N-methyl isoindole) at various scanning rates
is shown in Figure 6. Since the anodic peak cur-
rents varied linearly with the scan rate, it was ob-
vious that the electroactive species were absorbed
in the polymer film. The anodic and cathodic peaks
of the polymer at 0.43 and 0.38 V appeared more
clearly than those obtained during the polymeriza-
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Ic-0.35mA

Figure 6. Cyclovoltammograras of poly(V-methyl iso-
indole) at various sweeping rates (electrolytic medium,
0.1 M LiBr in MeCN; ref. electrode, Ag/AgCl; working
electrode, Pt wire): (A) 10, (B) 20, (C) 40, (D) 60, (E)
80, and (F) 100 mV/sec.

volts
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Figure 7. Cyclovoitammograms of poly(N-methyl iso-
indole) after 1st, 50th and 100th cycles (sweeping rates,
50 mV/sec; electrolytic medium, 0.1 M LiBr in MeCN;
ref. electrode, Ag/AgCl): on (A) Pt and (B) SnO; glass.
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Figure 8. Cyclovoltammogram of poly(N-methyl iso-
indole) prepared by chemical polymerization (electro-
lytic medium, 0.1 M LiBr in MeCN; sweeping rates, 50
mV/sec; ref. electrode, Ag/AgCl; working electrode,
Pt).

tion. The redox cycle was reversible in the respect
that the anodic and cathodic current peaks were
adjacent to each other and the shape of the cyclo-
voltammogram was not changed considerably even
after 100 cycles as shown in Figure 7. The cyclovolt-
ammogram of chemically polymerized PMIN is
shown in Figure 8. The polymer was cast on the
working electrode from 10 wt% DMF solution of
polymer. The chemically prepared polymer had the
electrochemical properties similar to those of elec-
trochemically prepared polymers. The broadening
of the peaks was observed, which was probably
caused by the wide molecular weight distribution
of the chemically prepared polymer.
Spectroelectrochemical Properties. The
electrochromic switching measurements were car-
ried out in a small three-electrode cell (Figure 3),
which was designed to measure the in situ reflect-
ance spectra by placing two optical fiber probes per-
pendicular to the working electrode. The polymer
film was prepared on the platinum working elec-
trode with a thickness of 6~15 um either by elec-
trochemial deposition or by solution casting of the

Korea Polym. j., Vol. 1, No. 1, 1993



Synthesis and Characterization of Poly(N-methyl isoindole)

(&)

Absorption (A.U.)

(Vo va. Ag/AgCT) 02v

PR SO DU S ST A S J ST W S [ SN S A N S

350 500 700 900
Wavelenglh (nm)

B)

Absorphon (A.U.)

(vois va. Ag/AgCY)

PR B 1 a1
350 500 700 900
Wavelength (nm)

PP TP U

Figure 9. Absorption spectra of poly(N-methyl isoindole)s prepared by (A} electrochemical and (B) chemical
polymerization at various potenrials (electrolytic medium, 0.1 M LiBr in MeCN; sweeping rates, 50 mV/sec; ref.

electrode, Ag/AgCl; working elsctrode, SnO, glass).
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Figure 10. Chronospectra of reflectance at 900 nm
corresponding to the 10 sec interval potential steps
of —05 and 0.4 V (vs. Ag/AgCh).

chemically prepared polymer. The in situ optical
absorption spectra of electrochemically prepared
polymer and chemically prepared polymer at vari-
ous potential from 0.2 to 0.5 V were shown in
Figure 9a and 9b, respectively. The two absorption
spectra showed no remarkable differences. Sharp
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reduction of maximum absorption peak at 435 nm
was observed when the potential was gradually
changed from 0.2 to 0.4 V. This was consistent with
the result that the oxidation of the polymer began
at some voltage between 0.2 and 0.4 V as shown
in Figure 6. The chronospectra at 900 nm corre-
sponding to the 10 sec interval potential steps of —0.5
and 04 V are shown in Figure 10. The response
time of the color change was calculated 1o be 2
sec for the first 10 cycles. The cyclability which
was defined as the number of cycles at 70% de-
crease of the initial absorption was about 600.

Conclusions

We have prepared a novel conducting polymer,
poly(N-methyl isoindole) and explored its properties
by various analytical techniques. The polymer struc-
ture was proposed from the IR and elemental analy-
ses. The conductivity of this polymer was measured
to be in the range of 1075~10 * S/cm depending
on the extent of doping. The electrochemical prop-
erties were also studied by examining the cyclo-
voltammographs of the polymer. This polymer
was soluble in DMF or DMSO and the electrochemi-
cal and electrical properties were not affected
significantly by the solution casting processes. Fur-
thermore, poly(N-methyl isoindole) showed good
electrochromic property by changing its color from
golden yellow to dark green. We have prepared a
electrochemical UV cell and studied the in sifu spec-
troelectrochemical properties of poly(N-methyl
isoindole). Poly(N-methyl isoindole) showed a good
characteristics of processable conductive polymers
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such as solution processability, reversible electro-
chemical properties, electrochromic properties, etc.
Currently, we are exploring other N-alkyl isoindole
derivatives and detailed study including them will
be published later.
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