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Electrochemical Polymerization of Aniline and N-Alkylanilines
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ABSTRACT: N-Alkylanilines were electrochemically oxidized in H,SO, aqueous solution. The electrochemical,
spectroscopic, and electric properties of the oxidation products were investigated by comparing them with
those of polyaniline. Although the film-forming ability on the electrode surface decreases with the bulkiness
of the alkyl group, the solubility of the oxidation products increased with increasing the bulkiness of the alkyl
group. The oxidation products of N-ethyl-, N-propyl-, and N-butylaniline are almost soluble in THF. From
the GPC elution pattern showing the existence of high molecular weight components, formation of poly(N-
alkylaniline)s was confirmed. The electric conductivities of these polymers were decreased by the bulkiness
of the substituents. An increase in the conductivity accompanies the shift of the absorption bands in the
near-IR region to the longer wavelength and the significant changes of ESR signals.

Introduction

It has been known for a long time that.the electrolysis
of aniline gives stable oxidation products such as “aniline
black”, “emeraldine”, and “nigrosine™.!® Since electric
conductivity and electrochemical activity of these oxidation
products were elucidated, considerable attention has been
given to polyaniline,? which has been applied to various
devices. 014

The electrolysis of N-alkylaniline derivatives has been
also investigated. The formation of low molecular weight
products which are soluble in aqueous solution has been
reported.’™18 Recently, the formation of a filmlike product
was reported for substituted anilines.!® However, the
characterization of the oxidized insoluble components has
not been investigated by spectroscopic methods. It is
expected that the introduction of alkyl groups on the
polymer backbone induces some changes of the electronic
state and the solubility.??! In this paper, therefore, we
prepared the polymers of N-alkylanilines by electrochem-
ical oxidation and examined electric properties of the ox-
idation products on the basis of spectroscopic data. Dif-
ferent properties of the oxidation products among aniline
and N-alkylanilines will provide useful information about
the factors used to determine the various properties of
polyaniline and derivatives.

Experimental Section

Materials. N-Alkylanilines were electrochemically oxidized
by the galvanostatic method in 1 M N-alkylaniline aqueous so-
lutions containing 1 M H,S0, in the case of aniline, a 0.5 M
aqueous solution containing 0.5 M H,SO, was used because of
its low solubility. As N-alkylanilines, the methyl, ethyl, n-propyl,
and n-butyl derivatives (Tokyo Kasei) were used. The surface
of the Pt electrode was polished with 0.3-um Al,O; powder and
then washed with deionized water, EtOH, and trichloroethylene.

Measurements. A potentiostat/galvanostat (Hokuto HA-201)
and a function generator (Hokuto HB-103) were used for the
measurements of cyclic voltammograms and the chemical oxi-
dation of aniline and N-alkylanilines. Electrochemical potentials
were recorded versus a saturated calomel electrode (SCE). GPC
analyses were carried out by using Shodex columns A-802 and
KF-803 (Showa Denko) with THF eluent. Monodispersed
polystyrenes were used as standards in the GPC analysis. The
optical spectra (in the UV, vis, near-IR, and IR regions) of the
insoluble products were measured by the KBr pellet method. The
0.5 wt % sample was dispersed in KBr and compressed to under
600 kg/cm? The IR and near-IR spectra were measured by a
JEOL 100 type FT-IR spectrometer. The UV, vis, and near-IR

spectra were measured by a Jacso Ubest 30 type spectrometer.
The ESR measurements were carried out by a Varian E-4 ESR
spectrometer. The g value and spin density were determined using
the signal of DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical
as the standard. The intensity of the double-integral ESR spectra
for the 0.5 wt % sample concentration in KBr was compared with
that of DPPH with the same concentration to determine the spin
density. These ESR measurements were carried out under
vacuum in order to avoid the influence of the oxygen adsorption.
The conductivity of polymers was measured by the four-probe
method preparing pellets of oxidation products (diameter of 13
mm with a pressure of 400 kg/cm?). The conductivity of poly-
aniline was measured for the pellet prepared after pulverizing the
film. All these measurements were carried out at 22 °C.

Results

Electrochemical Oxidation of Aniline and N-Al-
kylanilines. Cyclic voltammetry of N-alkylanilines
showed oxidation peaks of N-alkylanilines at ca. 1.2 V
versus SCE and redox peaks of oxidation products at ca.
0.5 V. They were irreversible and irreproducible because
the oxidation products are soluble and easily eluted into
the bulk solution from the electrode. The deposition of
the film was hardly observed even by increasing the con-
centration of N-alkylanilines and H,SO, up to 1.0 M. For
alkyl derivatives with a smaller alkyl group such as N-
methylaniline, a slight amount of bluish green product
remained on the electrode surface. On the other hand, for
the electrolysis of unsubstituted aniline, stable polyaniline
films were deposited on the electrode surface, showing
reversible and reproducible cyclic voltammograms.5-913.14

In the early stage of the galvanostatic oxidation of N-
alkylanilines, a large portion of the blue products was
soluble in acidic aqueous solution as mentioned above.
With increasing reaction time, however, a precipitate ap-
peared in the solution. In order to collect enough oxidation
products of N-alkylanilines, the electrolysis had to be
performed in a concentrated solution, 1 M N-alkylaniline-1
M H,S0, aqueous solution. In the case of the electrolysis
of aniline, a 0.5 M aniline—0.5 M H,S0, aqueous solution
was used because of the relatively poor solubility.

Figure 1 shows the time dependence of potential versus
SCE for galvanostatic oxidation of aniline and N-alkyl-
anilines at 5 mA/cm? During the galvanostatic oxidation
of N-butyl- and N-propylaniline, the oxidation potential
increased rapidly as shown in Figure 1, whereas the oxi-
dation potentials of aniline, N-methylaniline, and N-
ethylaniline are constant at ca. 0.7 V. Cyclic voltammo-
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Figure 1. Change of potential with the reaction time for the
galvanostatic oxidation of aniline in a 0.5 M aniline~0.5 M H,SO,
aqueous solution and N-alkylanilines in a 1 M N-alkylaniline-1
M H,S0, aqueous solution at 5 mA/cm?% (a) Aniline, (b) N-
methylaniline, (c) N-ethylaniline, (d) N-propylaniline, (e) N-
butylaniline.
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Figure 2. GPC elution patterns for electrolysis products of aniline
and N-alkylanilines. Sample: 5 mg of oxidation product in 10
mL of THF. (a) Aniline, (b) N-methylaniline, (c) N-ethylaniline,
(d) N-propylaniline, (e¢) N-butylaniline.

s
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grams of N-alkylaniline showed anodic oxidation current
of N-alkylanilines in the range between 0.6 and 1.5 V.
Therefore, we set a cut-off potential of anodic oxidation
at 1.5 V in order to minimize the degradation of products
by further oxidation. Kobayashi et al. have reported that
polyanilines degrade by excess oxidation.?? The sudden
increase of the potential during the oxidation of N-butyl-
and N-propylaniline is attributable to the formation of
passive deposit on the electrode.

The solubility of the oxidation products changed with
the bulkiness of the alkyl group. Figure 2 shows GPC
elution patterns using THF as an eluent. Sample solutions
were prepared by dissolving 5 mg of the oxidation products
in 10 mL of THF. The oxidation products of N-butyl-
aniline were almost dissolved in THF. However, with
decreasing bulkiness of the alkyl group, the insoluble
residue increased. By the intensity of the elution peak in
Figure 2, it is possible to compare the solubility. The
oxidation products of N-methylaniline and aniline were
almost insoluble in THF. Figure 2 gives information about
the molecular weight of oxidation products. The highest
molecular weights for elution peaks of the oxidation
products of N-butyl, N-propyl, and N-ethylaniline are
20000, 8000, and 4700, respectively. Therefore, they can
be called poly(/N-butylaniline), poly(N-propylaniline), and
poly(N-ethylaniline). For insoluble polyaniline, we have
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Figure 3. Absorption spectra of polyaniline and poly(N-alkyl-
aniline)s. Sample: 0.5 mg/100 mg of KBr. (a) Aniline, (b)
N-methylaniline, (¢) N-ethylaniline, (d) N-propylaniline, (e)
N-butylaniline.

Table I
Electric Conductivity (o), Transition Energy of
Broad-Band Peaks (A ,,,), and Doping Density for
Polyaniline and Poly(N-alkylaniline)s

doping
density,
S0,*/mono-

sample g, S/cm A, €V mer unit
polyaniline 1.50 x 10! 0.341 0.20
poly(N-methylaniline)  2.09 X 107 0.806 0.37
poly(N-ethylaniline) 3.88 X 1076 0.893 0.15
poly(N-propylaniline)  1.79 x 10°¢ 0.899 0.13
poly(N-butylaniline) 5.25 x 1078 0.969 0.13

reported that polyaniline has a molecular weight higher
than 10 000, which became soluble after dedoping.?® The
insolubility of the oxidation products of N-methylaniline
also suggests their high molecular weight.

Characterization of Electropolymerized Products.
In Figure 3, the optical absorption spectra of polyaniline
and poly(N-alkylaniline)s dispersed in a KBr disk mea-
sured throughout the region of UV, vis, near-IR, and IR
are shown. The abscissa in Figure 3 is indicated by elec-
tronvolt units in order to compare the transition energies
in wide region. The optical absorption spectra of poly-
aniline and poly(/N-alkylaniline)s were characterized by the
broad absorption band in the region of low transition en-
ergy (IR and near-IR region, 0.2-1.0 e¢V) and also by the
absorption band at 2.95 eV (visible region near 420 nm).
With an increase of the bulkiness of the alkyl group, the
transition energy in the lower energy region increases as
shown in Figure 3.

The electric conductivity measured with the four-probe
method is summarized in Table I with the transition en-
ergy of the broad absorption band in the region of lower
energy. The conductivity increases with lowering of the
transition energy. The doping density of SO, calculated
from elemental analysis data is also shown in Table I. The
elemental analysis showed the following values: C, 57.89;
H, 4.48; N, 7.67; S, 5.18 for polyaniline; C, 54.74; H, 4.52;
N, 8.67; S, 7.73 for poly(IN-methylaniline); C, 68.55; H, 6.81;
N, 9.83; S, 3.40 for poly(NN-ethylaniline); C, 70.08; H, 7.00;
N, 9.57; S, 2.70 for poly(N-propylaniline); C, 69.99; H, 7.37,
N, 9.37, S, 3.21 for poly(N-butylaniline). These figures
show that the degradation hardly occurs.

Figure 4 shows ESR spectra of polyaniline and poly(V-
alkylaniline), which were measured using a powdered
sample without dilution. The line width of ESR spectra
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Figure 4. ESR spectra of polyaniline and poly(N-alkylaniline)s.
(a) Aniline, (b) N-methylaniline, (¢) N-ethylaniline, (d) N-
propylaniline, (e) N-butylaniline.

Table II
ESR Parameters of Polyaniline and Poly(N-alkylaniline)s

spin density,

unpaired
sample g electrons/g AH, G
polyaniline 2.0035 3.10 x 1020 0.70
poly(N-methylaniline) 2.0034 4.98 x 102 0.49
poly(N-ethylaniline) 2.0034 8.15 X 1020 0.98
poly(N-propylaniline) 2.0034 3.85 x 102 3.30
poly(N-butylaniline) 2.0034 2.96 x 102 4.85

increases with increasing the bulkiness on the alkyl group.
The line width, (AH), g value, and spin density were
summarized in Table II. The g values are similar to that
of DPPH, 2.0036. The line widths of polyaniline and
poly(N-methylaniline) are quite narrow even in comparison
with that of DPPH, which is a typical example for spin-
exchange narrowing (AH = 1.3 G). Figure 5 shows changes
in the intensity of the ESR signal of polyaniline and
poly(N-alkylaniline)s with microwave power. The change
of the intensity with the microwave power is quite different
among polyaniline and poly(N-alkylaniline)s. For example,
poly(N-methylaniline) shows saturation at lower micro-
wave power, whereas polyaniline does not show saturation
within 50 mW of the microwave power.

Discussion

In the early stage of the electrochemical oxidation of
N-alkylaniline, a large portion of products is soluble. The
further galvanostatic oxidation of N-alkylanilines gives
precipitates. However, in the case of N-butyl and N-
propylaniline, a sudden increase of the potential appeared
in Figure 1. This must be caused by the precipitation of
the oxidation products with low conductivity on the
electrode. The bulkiness of the alkyl group decreases the
electric conductivity of oxidation products as shown in
Table I. The precipitates for all derivatives include stable
radical cations as shown by the 2.95-eV (420-nm) peak in
Figure 3, since the radical cations of aromatic amines show
characteristic absorption at ca. 450 nm.?¢2" On the other
hand, the soluble blue products at the early stage of the
electrolysis were diamagnetic, suggesting the formation of
diimine structures. The ESR signals shown in Figure 4
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Figure 5. Change of the intensity of the ESR signals of poly-
aniline and poly(N-alkylaniline)s with microwave power. {a)
Aniline, (b) N-methylaniline, (¢) N-ethylaniline, (d) N-propyl-
aniline, (e) N-butylaniline.

also support the existence of the radical cations in the
precipitates. The g values of polyaniline and poly(N-al-
kylaniline)s are similar to that of DPPH, suggesting that
their radical sites exist at the N atom.

The enhancement of the solubility of the conducting
polymer by introducing substituents on the polymer
backbone is a common technique.?®2! In Figure 2, the
solubility of the oxidation products increased with in-
creasing the bulkiness of the alkyl group. In addition, the
elution peaks of GPC suggest that the oxidation products
of N-alkylaniline are not oligomers but polymers with high
molecular weight components in the range from 20000 to
4000. However, the conductivity decreased with increasing
the bulkiness of the alkyl group as shown in Table 1.

As one of factors determining the electric conductivity
of the polymers, we have to consider the doping density
of SO,*. The conductivity of poly(N-alkylaniline)s in-
creased with doping density calculated from elemental
analysis data (Table I). However, the difference of about
3 orders magnitude for the conductivity between poly-
aniline and poly(N-methylaniline) cannot be explained
only by the doping density because the electric conduc-
tivity of poly(N-methylaniline) with much dopant is still
lower than that of polyaniline with less dopant.

The transition energy of the broad-band peak in the
region of near-IR and IR shows correlation with the electric
conductivity in Table I. The electric conductivity increases
with lowering the transition energy. Polyaniline shows the
lowest transition energy of 0.341 eV and the highest con-
ductivity of 1.50 X 10! S/cm. The broad-band peak is
attributable to the transition from the valence band to an
impurity level, which is induced by defect formation in the
polymer. As a defect, the radical cation site which was
observed by ESR measurements can be anticipated. The
impurity level is located within the band gap of 4.00 eV,
which is shown as an absorption peak in Figure 3. At a
neutral state (fully dedoping state), a polyaniline film
shows only peak at 4.00 eV without the broad-band peak.
As an explanation for the energy diagram induced by de-
fect formation, solition,?®2° polaron,®® and bipolaron?®?
models have been proposed for conductive polymers. The
transition energy between the impurity level and the va-
lence band edge can be interpreted as the activation energy
for the carrier generation. For a homologous series of
conductive polymers, polyaniline and poly(/N-alkylaniline)s,
the transition energy correlates with the conductivity as
shown in Table I. When the transition energy decreases,
the carrier generation which induces the electric conduc-
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tivity increases. However, in the comparison with other
series of conductive polymers, the relationship is not ap-
plicable because there is another factor, the mobility of
the carrier, which relates closely to the chemical structure
of the polymer backbone. For example, the transition
energy of polyacetylene is 0.7 eV,® yet the conductivity
is much higher than that for polyaniline with a transition
energy of only 0.3 eV,

Another noticeable feature in Figure 3 is the band width
in the low-energy region. Polyaniline with high conduc-
tivity has absorption in the wide region from 2.00 to 0.2
eV. The band width decreases with decreasing the con-
ductivity, i.e., increasing the bulkiness of the alkyl group.
In contrast to polyaniline, poly(N-butylaniline) shows a
fairly narrow absorption near 1.00 eV. The width of the
absorption is concerned with the interaction among elec-
tronic states; i.e., the strong interaction broadens the
electronic level of the defect-induced states. The bulkiness
of the alkyl group must decrease the interaction because
the bulkiness in the polymer backbone hinders a planner
structure of the conjugated electronic state.

ESR parameters also give valuable information about
the correlation between the electric conductivity and the
polymer structure. The line width of the ESR spectrum
decreased with increasing the conductivity (Figure 4 and
Table II). The spin-exchange interaction is one of the
reasons for the narrowing of the ESR spectrum, which was
caused by the high density of spin as known for DPPH.
However, there is no correlation between the spin density
and the line width, AH, in Table II. Another reason for
the narrowing is the spin diffusion in the polymer back-
bone. With respect to the electric conductive poly-
acetylene, the narrowing of the ESR signal is explained
by the highly one-dimensional diffusive spin.®%" Recently,
Glarum and Marshall suggested the three-dimensional spin
diffusion in polyaniline based on the ESR line shapes.®®

However, the explanation by the highly diffusive spin
is not applicable to the case of polyaniline and poly(N-
methylaniline) because the line width of poly(V-methyl-
aniline) with the lower conductivity is narrower than that
of polyaniline with the higher conductivity. Therefore,
some additional reasons must be introduced. In Figure
5, the dependence of the intensity of the ESR signal on
the microwave power shows a significant difference be-
tween polyaniline and poly(N-methylaniline). For poly-
(N-alkylaniline), the saturation point of the intensity of
the ESR signal shifts to lower microwave power with de-
creasing the bulkiness of the alkyl group. However, with
the change of the substituent from methyl group to hy-
drogen atom, discontinuity was observed; polyaniline shows
no saturation point in the range under 50 mW. The sat-
uration phenomena of the ESR signal intensity with the
microwave power are closely related to the spin-lattice
relaxation, It was reported that the spin-lattice relaxation
time, T, for the polymers including polyacetylenes affords
useful information about molecular motion near the radical
center in polymers.3% The saturation at low microwave
power suggests long T, whereas that at high microwave
power suggests short 7;.414% It is expected that macro-
molecules with ridig structure show shorter 7'; than those
with flexible structure.** On the basis of above concept,
polyaniline has a shorter 7 and rigid structure compared
to poly(N-methylaniline), which has a longer T, and
flexible structure. The flexibility of poly(IN-methylaniline)
is due to the existence of a methyl group in the polymer
backbone, whereas polyaniline has a rather planar struc-
ture and conjugated electronic state. The difference in
polymer structures causes the significant difference of the
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electric conductivity between polyaniline and poly(N-
methylaniline).

The saturation point of the ESR signal of poly(N-al-
kylaniline)s shifts toward to higher microwave power with
increasing the bulkiness of the alkyl group as shown in
Figure 5. As an interpretation, one can consider that the
molecular motion near the radical center decreases with
increasing the bulkiness of alkyl group in the homologous
series of poly(N-alkylaniline)s.

Conclusion

By GPC analysis, it was suggested that electrochemical
oxidation products of N-alkylanilines have high molecular
weight components; thus, they are referred to as poly(NV-
alkylaniline). The conductivity decreased with increasing
the bulkiness of the alkyl group, which are closely corre-
lated with the spectroscopic data. Especially, the transition
energy of the broad absorption peak in the near-IR and
IR regions showed a correlation with the conductivity.
When the transition energy, which corresponds to the
activation energy for carrier generation, was decreased, the
conductivity increased. The line width of the ESR spec-
trum also showed a correlation with the conductivity.
When the line width decreased, the conductivity increased.
The saturation phenomena of the intensity of the ESR
signals with the microwave power suggested the significant
difference of the spin-lattice relaxation caused by the
difference in the polymer structure, which can explain the
difference in the conductivity between polyaniline and
poly(N-methylaniline) having similar line widths. Poly-
aniline has a more rigid structure than poly(N-methyl-
aniline) because of the conjugated planar structure.
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ABSTRACT: The AB monomers 4-[(4-hydroxy-2-methoxyphenyl)azo]benzoic acid (1), 4-[[4-[(4-hydroxy-
2-methoxyphenyl)azo]-2-methoxyphenyl]azo]benzoic acid (2), and 4-[(4-hydroxy-2-methoxyphenyl)azo]-3-
nitrobenzoic acid (3) containing dipolar p-phenyleneazo groups were synthesized and subsequently polymerized.
The monomers were polymerized by recently developed direct polycondensation techniques. The polyester
synthesized from 1 forms a red, transparent film. Monomer 2 did not polymerize, while 3 gave a powdered
polymer. A comblike polymethacrylate 9 containing dipolar p-phenyleneazo groups in the side chains was
also prepared by the free radical polymerization of 1-[3-methoxy-4-[(p-nitrophenyl)azo]phenoxy]hexyl me-
thacrylate (8). Polymer 9 showed a t, at 88 °C followed by decomposition at 255 °C; liquid-crystalline behavior
was observed in this temperature range. All the polymers were found to have little or no absorption at the
wavelengths of telecommunication interest. They may be useful as nonlinear optical materials.

Introduction

Polymers that possess high nonlinear optical activities
have seen a recent growth in interest.»> We have recently
synthesized AB polyesters that contain highly dipolar
quinodimethane units® or p-oxy-a-cyanocinnamate unitst
in the polymer main chain. These dipolar polyesters have
been shown to possess a high nonlinear optical effect.> We
have also previously synthesized polyesters containing
multiple p-phenyleneazo groups, which have strongly de-
localized = electrons.® The introduction of donor and
acceptor substituents in a push—pull arrangement to these
polymers through the diphenylazo group as shown below
would make them highly attractive as polymeric nonlinear
optical substrates.

o B,

Similarly, these dipolar units shown above in the main
chain can also be incorporated into the side chains of
comblike polymethacrylates. Methacrylate or acrylate
polymers containing dipolar azo groups in the side chains
have recently been demonstrated to have a large third-
order’ or second-order® nonlinear optical effect.

tC.S. Marvel Laboratories.
t Hoechst-Celanese Co., 86 Morris Ave., Summit, NJ 07901.
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Results and Discussion

We have now synthesized two types of polymers con-
taining dipolar p-phenyleneazo groups.

Polyesters Containing Dipolar p-Phenyleneazo
Units in the Main Chain. AB monomers containing
methoxy or nitro substituents on the p-phenyleneazo
groups were prepared by diazotization and coupling. These
monomers were polymerized by recent direct polycon-
densation techniques.

Synthesis of the Monomers. Monomer 1, 4-[(4-
hydroxy-2-methoxyphenyl)azo]benzoic acid, was prepared
by diazotization of p-aminobenzoic acid, followed by cou-
pling with m-methoxyphenol.

HBF,. NaNO,
}402c—<-_;>-—NH2 TR
OCH3
o
HOZC—Q—N; BF, ————
NaOH, 0 °C
OCH;

Hozc—©—N=N—©—OH

1

Monomer 2, 4-{[4-(4-hydroxy-2-methoxyphenyl)-2-
methoxyphenyl]azo]benzoic acid, containing two azo units
was also synthesized by diazotization and coupling as
shown in the following reaction sequence. The sequence
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