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ABSTRACT: Polyaniline, poly(aniline-co-o-aminobenzyl alcohol), and poly(o-aminobenzyl alcohol) have
been synthesized and characterized by a number of techniques including X-ray photoelectron spectroscopy
(XPS), 'H nuclear magnetic resonance spectroscopy (‘H NMR), thermogravimetry (TG), differential scanning
calorimetry (DSC), and ultraviolet—visible absorption spectroscopy (UV-vis). Conductivities of the HCI-
doped polymers ranged from 10! S cm™ for polyaniline to 10 S cm™ for poly(o-aminobenzyl alcohol).
Copolymer compositions show that aniline and o-aminobenzyl alcohol have similar reactivities. The substituted
polymers exhibited enhanced thermal stability and hydrogen-bonding interactions. The results were
rationalized based on the effect of the -CH;OH substituent on the polymer structure.

Intreduction

Electrically conducting organic polymers are a novel
class of synthetic metals that combine the chemical and
mechanical attributes of polymers with the electronic
properties of metals and semiconductors. They breach
the traditional view of mutual exclusion between plastics
and electrical conductivity, and their development has
spurred intense interdisciplinary research in the last 15
years, !5

A wide variety of polyenes, polyaromatics, and poly-
heterocycles have been investigated in the search for
conducting polymers.®~® Among these polymers poly-
aniline has been described as “the conducting polymer for
technology”.1® It is relatively inexpensive, readily syn-
thesized by simple procedures, and exhibits good thermal
and environmental stability. As a result, polyaniline and
its derivatives can be used as an active electrode mate-
rial,!}12 in microelectronics,!314 and as an electrochromic
material.!>16 The use of substituted polyanilines is mainly
to increase the processibility of the polymer, but this
approach usually results in a lowering of conductivity.!”-2
Recent methods to improve the processibility of doped
polyaniline include the preparation of the polymer in a
colloidal form?! and the careful control of molecular weight
by the addition of dianiline in predetermined proportions.??

Not all applications require conducting polymers with
high conductivity in the region of 10-10° S cm™. The
semiconducting range of 10™-10"! S cm™! can be used as
antistaticand EMIshielding materials.?%% Qur laboratory
has been focusing on the preparation and characterization
of polymers based on derivatives of aniline for this type
of application as well as for the following reasons:

1. They give information on structure-property rela-
tions that govern the conductivity and stability of poly-
aniline.

2. They possess improved processibility.

3. They can act as a basis for the synthesis of new
functionalized polymers.

4. They have reduced toxicity as compared to poly-
aniline.

We report in this paper the chemical syntheses of
homopoly(c-aminobenzyl alcohol) (POABAL) and its
copolymers with aniline. Spectroscopic characterization
of the insoluble doped polymers and soluble polymer bases

* To whom correspondence should be addressed.
t Department of Physics, National University of Singapore.

0024-9297/93/2226-0144$04.00/0

has been carried out by XPS, UV-vis, IR, and NMR
techniques. Oxidative thermal stability has been assessed
by TG/DSC measurements. We have also been able to
determine the compositions of the copolymers by three
independent methods.

Experimental Section

Chemicals. Aniline (Aldrich) was distilled and stored under
nitrogen in the dark prior to polymerization. Reagent-grade
o-aminobenzyl alcohol (Aldrich) and sodium peroxodisulfate
(NagS;0g; Merck) were used as purchased.

Chemical Preparation of Homopolymers. Polyaniline
(PAN) and poly(o-aminobenzyl alcohol) (POABAL) were syn-
thesized chemically by oxidative coupling of the monomers in
aqueous protonic acid solutions, using Na;S;05 as the initiator.

An aqueous solution of 4,76 g (20 mmol) of Na;S20; in 50 mLL
of 1 M HCI was added dropwise, with vigorous stirring, to a
100-mL solution containing 20 mmol of aniline (1.86 g) or
o-aminobenzyl alcohol (2.46 g) in the same protonic acid medium
overaperiod of 30 min. The temperature of the reaction mixture
was maintained at 0-5 °C by an ice bath, and the polymerization
was allowed to proceed for 4 h. The pH of the reaction medium
was maintained at ~0.1-1.0. The control of temperature is
importantin the case of POABAL to avoid oxidation of the alcohol
to the acid. The polymer powder formed was filtered under
suction, rinsed with ca. 100 mL of the cold corresponding acid,
and dried under dynamic vacuum for 24 h to yield the corre-
sponding conducting polymer salt.

The homopolymer bases were prepared by stirring the freshly
filtered polymer salts in 100 mL of 0.1 M aqueous NaOH at 0-5
°C for 2 h. The powders were filtered off under suction, rinsed
with cold deionized water until the pH of the filtrate was ~7,
and dried under dymamic vacuum for 24 h.

Preparation of Copolymers. Three poly(aniline-co-o0-ami-
nobenzyl alcohol) copolymers (PANAL) with different comono-
mer feed ratios were synthesized chemically in an analogous
manner to the homopolymers using HCI as the acid medium.
Experimental details are provided in Table I.

Elemental Analysis. The polymer samples were analyzed
by the Microanalytical Laboratory using a Perkin-Elmer Model
2400 C, H, N analyzer. The chlorine and sulfur contents were
determined by the oxygen flask method.

X-ray Photoelectron Spectroscopy. The vacuum-dried
polymer powders were mounted onto a VG sample holder using
double-sided adhesive tape. Core-level spectra were obtained
on a VG ESCA/SIMSLAB MK II spectrometer with a Mg Ko
radiationsource (1253.6eV). All bindingenergies werereferenced
to the peak in the C 1s envelope, defined at 285.0 eV, to
compensate for surface charging effects. Spectral deconvolution
was carried out using Gaussian component peaks with constant
full widths at half-mazimum (fwhm) for all components in a
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Table I
Experimental Details for the Copolymerization of o-Aminobenzyl Alcohol

sample aniline

o-aminobenzyl alcohol

mole fraction of
o-aminobenzyl alcohol in feed

feed ratio aniline:
o-aminobenzyl alcohol

PANAL21
PANALI11
PANALI12

R R R R
N"—@ NH)——<< >—Nu=<:>=rm>r cr
¥ Iy
n

Figure 1. General structure of the copolymer.

1.24 g (13.3 mmol)
0.93 g (10.0 mmol)
0.62 g (6.7 mmol)

0.82 g (6.7 mmol)
1.23 g (10.0 mmol)
1.64 g (13.3 mmol)

particular spectrum. Surface elemental stoichiometries were
obtained from peak area ratios corrected with the appropriate
experimentally determined sensitivity factors and are subjected
to £10% error.

Thermogravimetry. The polymers were subjected to oxi-
dative thermal degradation studies on a Du Pont Thermal Analyst
2100 system with a TGA 2950 thermogravimetric analyzer
module. The analyses were carried out from room temperature
to 750 °C at a linear heating rate of 10 °C min! and a dynamic
air flow of 75 cm® min-1, Finely divided samples of about 10 mg
were used.

Differential Scanning Calorimetry. DSC studies of the
polymers were performed on a Du Pont Thermal Analyst 2100
system with a DSC 2910 module. The analyses were carried out
from room temperature to 350 °C at a linear rate of 10 °C min™,
Nitrogen at a flow rate of 75 cm® min™! acted as the purge gas.
Finely divided samples of about 5 mg were used.

Infrared Spectroscopy. IR spectra of the polymer bases
wererecorded on a Shimadzu IR-470 infrared spectrophotometer.
The spectra were measured at room temperature (30 °C), with
the polymer samples dispersed in KBr disk pellets.

Nuclear Magnetic Resonance Spectroscopy. 'H NMR
spectra of the polymer bases were recorded on a Bruker ACF 300
FT-NMR spectrometer operating at 300 MHz. Deuterated
dimethyl sulfoxide (DMSO-de) was used as solvent and tetra-
methylsilane (TMS) as an internal reference. Dilute solutions
of the polymers (~1% w/v) were used to ensure maximum
dissolution.

Ultraviolet-Visible Absorption Spectroscopy. UV-vis
solution spectra of the polymer bases were measured on a Hewlett
Packard Model 8452A diode array spectrophotometer. The cell
temperature was maintained at 25 °C by a Hewlett Packard Model
8909A temperature control unit. Dilutesolutions of the polymers
in N-methyl-2-pyrrolidone (NMP) were used.

Electrical Conductivity Measurement. Conductivity mea-
surements were carried out on a four-point probe connected to
a Keithley voltmeter constant-current source system. The
polymers tested were in the form of compacted disk pellets 12.7
mm in diameter and ~0.5 mm in thickness. Conductivities were
calculated based on the average of at least 10 pairs of consistent
readings taken at different points on the pressed pellet.

Results and Discussion

The general structure of the homo- and copolymer salt
is given in Figure 1 where R = H or CH,OH depending
on the polymer composition and y varies from 0 to 1 with
the oxidation state of the polymer. The bulk elemental
compositions of the chemically prepared polymers are
shown in Table II. The carbon content is slightly higher
than that predicted theoretically, and this is probably due
to the presence of oligomers and oxidation and degradation
products which are not removed by the washing process.
The hydrogen content, especially in the polymer salts, are
much higher than expected. This can be attributed to
water molecules bound to the polymers which are not
extracted by vacuum drying, as well as moisture that is
absorbed by the dopants during the handling of the
polymers under high relative humidity conditions (>70%).
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Figure 2. IR spectra of (A) Pan-Base, (B) PANAL11-Base,
and (C) POABAL-Base.

Table I1
Surface and Bulk Stoichiometries and Conductivities of
Homo- and Copolymers

atomic ratios found in
bulk atomic ratio found on
surface (XPS)
(atomic ratios expected)

Cé.10H7.60N1.00Clo.4780.14
Cs.3200.50N1.00Clo.41S0.01
{C6.0000.00H5.00N1.00Clo.5080.00)
Cé.77Hs.01N1.00Clo.46S0.10
Cs.0800.68N1.00Clo.33S0.01
(Ce.2300.33Hs5.67N1.00Clo.5080.00)
C1.16H3.26N1.00Clo.2S0.17
C1.6001.31N1.00Clo.30S0.11
(Ce.5000.50He6.00N1.00Clo.5080.00)
Cr.40Hs.65N1.00Clo.3380.22
Cs.4301.55N1.00Clo.2180.12
(Ce.6700.67Hs.33N1.00Clo 5050.00)
C1.76Hs.84N1.00Clo.4780.07
C10.602.14N1.00Clo.2580.04
(Cr.0001.00H7.00N1.00Clo.5080.00)

conductivities
polymer (S em™)

PAN-HC]

1.4 x 10!

PANAL21-HCI
6.6 X 1072

PANAL11~-HCl1
2.2x10°°

PANALI12-HC]
1.6 X 108

POABA-HCI
14 X108

The IR spectra of the PAN-Base, PANAL 11-Base,
and POABAL-Base areshownin Figure 2. Allthree bases
show a broad absorption band centered between 3300 and
3400 cm! due to the overlap of N-H and O-H stretching
vibrations. The quinoid and benzenoid stretchings at 1580
and 1480 cm™., respectively,?’ are about 10 cm™! lower than
expected, indicating a certain degree of residual doping in
the polymer bases.?® Therelativeintensities of these bands
are a measure of the oxidation state of the polymer. Itis
thus evident that under identical polymerization times,
introduction of the -CH2OH group increases the level of
oxidation. This is further supported by the significance
of the C=N stretching shoulder at 1630 cm™.2" The most
important trend, however, is the emergence and increasing
intensity of the band at 1010 cm™ with increasing
substitution. On the basis of the spectrum of benzyl
alcohol,? this has been attributed to the C-O stretching
of the alcohol side chain. The absence of any detectable
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Figure 3. 'H NMR spectra of (A) PAN-Base and (B) POABAL-
Base in DMSO-ds.

C=0stretching absorptions suggests that negligible side-
chain oxidation has occurred.

The substitution patterns of the aromatic rings can be
deduced from the C-H in-plane and out-of-plane bending
bands in the region 750-1100 cm=1,25 Absorptions at 1100
and 820 cm~! (PAN-Base) suggest 1,4-disubstitution, while
those at 1100, 880, and 810 cm~! (POABAL-Base) indicate
predominantly 1,2,4-trisubstitution.

'H NMR spectra of PAN-Base and POABAL~Base are
shown in Figure 3. PAN-Base has a multiplet peak at
6.6-7.4 ppm which has been assigned to aromatic?® and
amine protons.3® The correspoonding multiplets in PO-
ABAL-~Base are spread over a wider range (6.5-8.0 ppm),
inaccordance with the deshielding of the aromatic protons
by the inductive effect of the CH;OH group. For the
substituted polymers, the triplet at 5.16 ppm (removed by
addition of D;0) and the doublet at 4.49 ppm are assigned
to the hydroxyl and methylene protons in the side chain,
respectively. In addition, a very small peak at 9.94 ppm
due to the aldehydic proton is observable, which arises as
aresult of side-chain oxidation during the polymerization
process. It should also be noted that carboxylic protons,
which may also be formed, are not detectable by NMR
spectroscopy due to the base treatment of the polymers.
The integrated intensities for POABAL-Base are close to
the expected value of 3.5:1:2 for aromatic and amine:
hydroxyl:methylene protons, suggesting that side-chain
oxidation is minimal.

UV-vis solution spectra of the polymer bases in NMP
areshown in Figure4. Thespectra all consist of two major
absorption bands. The first band at 320-328 nm (3.87-
3.78 eV) is assigned to the —r* transition based on earlier
studies on polyaniline®! and is related to the extent of
conjugation between phenyl rings in the polymer chain.
It exhibits a hypsochromic shift from 328 nm (3.78 eV) for
PAN-Base to 320 nm (3.87 eV) for POABAL-Base,
implying a decrease in the extent of conjugation and an
increase in the bandgap. This can be attributed to the
possible steric repulsion between the bulky -CH,OH
groups and hydrogens on adjacent phenyl rings, which
causes the increase in the torsional angles between the
rings so as to relieve the steric strain.
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Figure 4. UV-vis spectra of (A) PAN-Base, (B) PANAL11-
Base, and (C) POABAL-Base.
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Figure 5. C 18 XPS spectra of (A) PAN-HC], (B) PANAL11-
HC], and (C) POABAL-HCL

The second absorption band is assigned to the “exciton”
transition caused by interchain or intrachain transfer.32
This band has been found to be sensitive to the overall
oxidation state of the polymer.333¢ It shows a hypsochro-
mic shift from 636 nm (1.95 eV) in PAN-Base to 584 nm
(2.12 V) in POABAL-Base, implying an increase in the
oxidation state of the polymer with increasing substitution,
in good agreement with IR results.

XPS core level spectra for C 1s, N 1s, and C 12p are
shown in Figures 5-7 respectively. The surface stoichi-
ometries of the polymers which have been determined
from elemental peak areas corrected by the appropriate
sensitivity factors are shown in Table II. While the
chlorine and sulfur contents agree reasonably well with
the elemental analysis results, the carbon content appears
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Figure 6. N 1s XPS spectra of (A) PAN-HCI, (B) PANAL11-
HC], and (C) POABAL-HCIL.
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Figure7. C12p XPS spectra of (A) PAN-HC], (B) PANAL11-
HC], and (C) POABAL-HCL

to be exceedingly high. This has been attributed mainly
to hydrocarbon contamination of the surface which occurs
invariably in any XPS analysis.35 Higher than expected
oxygen contents are also observed, and this is probably
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Table III
Quantitative Area Ratio Analysis of C 1s Peak Components

C-N*(288.3eV)/ C-0(286.3eV)/ OC=0 (289.2 eV)/

polymer C-N (285.6eV) C-N(285.6eV) C-N (285.6eV)
PAN-HC! 0.33 0.00 0.00
PAN21-HC1 0.27 0.17 0.01
PAN11-HC1 0.29 0.25 0.01
PAN12-HCI 0.27 0.31 0.01
POABA-HC1 0.23 0.45 0.05

due to contributions from bound water, polymer hydrol-
ysis, and residual oxidant.%

The C 1s envelopes of the polymers have a similar shape,
with a tail toward the high binding energy indicative of
the long-range disordered conjugation present. On the
basis of previous XPS studies on polymers,3537 the C 1s
peak can be deconvoluted into six environments: C-C or
C-H (284.6 eV); C-N or C==N (285.6 eV); C-0 (286.5eV);
C-N**+ (287.2 eV); C-N* (288.3 e¢V) and OC=0 (289.2
eV). By assuming that the hydrocarbon contamination
only affects the peak at 284.6 eV and correcting for the
area of the 289.2 peak due to the absorption tail (by a
subtraction of the corresponding percentage peak area of
PAN synthesized under similar conditions), the peak areas
for the carbon environments can be used to calculate their
relative atomic ratios. The results are presented in Table
III. The extent of side-chain oxidation to the carboxyl
group has been estimated to be less than 10% for the
majority of the polymers.

The N 1s spectra of the polymer bases consist of a
symmetrical peak. On protonicacid doping, the line width
is reduced and a high-binding-energy shoulder appears.®
The peak can be deconvoluted into four environments as
follows: -N=(398.5eV);~NH-(399.7 eV);—*NH- (401.2
eV) and —*NHo~ (402.5 eV). The first two assignments
are made based on previous XPS studies on leucoemer-
aldine and emeraldine base, while titration® and sec-
ondary ion mass spectrometry?® on polyaniline have
confirmed protonation of both nitrogen species.

It can be seen from Table IV that, for the doped polymer
salts, the total proportion of positively-charged nitrogen
(N*) is inversely proportional to the amount of ¢-ami-
nobenzyl alcohol in the copolymer. This lowering in the
degree of doping is believed to have a detrimental effect
on the conductivity of the polymer. Analysis of the total
imine:amine ratio confirms the oxidation level state
variation as found in the IR studies.

The C 2p spectra can be resolved into three spin-orbit
doublets (Cl 2p3/2 and Cl 2p;/;) separated by 1.5 eV
with an area ratio of 2:1. The Cl 2p3,2 peaks lie at 197.5,
199.0, and 200.5 eV and are assigned to imine ionic Cl-,
amine ionic Cl-, and covalent —Cl from ring substitution
or molecular HC], respectively.!! Ring substitution via
1,4-addition of HCl to oxidized quinoid units has recently
been substantiated by studies on pernigraniline base.4?
The S 2p spectra show a peak centered at 169.0 eV which
is characteristic of a sulfate environment SO42-or HSO .43
Itis important to note that significant amounts of residual
sulfur from the oxidant are detected in the HCl-doped
polymers. No attempt was made to rationalize the O 1s
spectra due to the uncertainty in the nature of the oxygen
environments.

The total anion (Cl~ + S):N* ratio is approzimately 1:1
for the chemically synthesized polymers, indicating that
sulfur exists predominantly as HSO, so as to maintain
charge balance. This balance suggests the localization of
unit positive charge on the protonated nitrogen and is
consistent with the concept of polyaniline being a nitro-
genonium ion polymer.+
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Table IV
Quantitative Area Ratio Analysis of N 1s, Cl 2p, and S 2p Peak Components
polymer N*(401.2,402.5eV) -N==(298.5eV) -NH-(399.7eV) Cl (197.5,199.0eV) -Cl(200.5eV) (CI-+ S)/N*

PAN-HCI 0.34 0.04 0.63 0.88 0.12 1.12
PANALZ21-HCI 0.28 0.07 0.65 0.84 0.16 1.04
PANALI11-HCI 0.31 0.08 0.61 0.75 0.25 1.10
PANALI12-HCI 0.27 0.06 0.67 0.66 0.34 0.95
POABA-HCl 0.24 0.15 0.61 0.71 0.29 1.01
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Figure 8. TG curves of (A) PAN-HCI and (B) POABAL-HCI
in air.

TG curves for the polymers PAN-HCI] and POABAL-
HCl are shown in Figure 8. The thermal degradation can
be roughly divided into three main weight-loss steps.45-47
The first weight loss from room temperature to ca. 190 °C
(for polymer salts) and ca. 150 °C (for polymer bases) is
due primarily to the expulsion of absorbed water and free
acid from the polymer matrix. The second weight loss
from 190 to 350 °C has been attributed to the loss of the
acid dopant. The undoped POABAL-Base also experi-
ences a weight change at this temperature range, suggesting
that some simultaneous elimination process also occurs in
the substituted polymers. This is likely to be the de-
composition or rearrangement of the side chain. The third
weight loss from 350 to 700 °C is caused by the oxidative
thermal breakdown of the polymer backbone. It is
interesting to note that both the onset of this final step
and the temperature of maximum rate of decomposition
are about 50-100 °C higher for POABAL as compared to
PAN.

The enhanced stability of POABAL may be rationalized
by the proposed structure shown in Figure 9. Adjacent
-CH;OH units undergo a heat-induced condensation,
expelling water and forming ether cross-linkages, which
stabilize the polymer against oxidative thermal decom-
position.

DSC curves of the same two polymers are shown in
Figure 10. Itis of great interest to note the very different
modes of thermal responses between the two polymers.

H H

n n

Figure 9. Condensation reaction to form an ether linkage
between polymer chains.
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Figure 10. DSC curves of (A) PAN-HCI and (B) POABAL-

HCL

PAN-HCl shows a broad endothermic peak of energy 192.3
J g1 at 140-190 °C corresponding to the elimination of
water and acid dopant, as well as an endothermic peak at
ca. 280 °C which was previously assigned to a maorpho-
logical change in the polymer.8 POABAL-HC], on the
other hand, exhibits an exotherm between 100 and 175 °C
which is likely to be a composite of a number of events:
the exothermic inter- and intramolecular hydrogen bond-
ingin POABOL asshown in Figure 11; the energy required
to expel the H;0; and the possible evolution of energy due
to new ether bond formation. More work is needed to
resolve the different processes to determine the temper-
ature at which they occur and the nature of the competing
overlapping transitions. An endotherm is also observed
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Figure 11. Proposed mechanism for H-bonding in POABAL.

Figure 12. Plot of Fy against f; (X, microanalysis; O, XPS; A,
NMR).

around 250-275 °C. This can be attributed to morpho-
logical changes described earlier for PAN-HCI within the
polymer matrix although no visual changes were detected
under the hot-stage microscope. No T base-line shift was
observed in the present samples although Wei et al.4?
recently reported T} in the range of ~105-200 °C for a
PAN-base film containing ~0-16% of NMP.

It is well established that, for many copolymers, the
composition is different from that based on the monomer
feed and is dependent on the reactivity ratio of the
monomers. The determination of this copolymer com-
position is important to see how each component affects
the overall properties. Inthe present work, the copolymer
composition F; (defined as the mole fraction of o-ami-
nobenzyl alcohol units in the copolymers) has been
determined by threeindependent methods: (1) XPS (from
the ratio of C-0 + C==0 to C-N); (2) microanalysis (from
the fraction of excess C after correction for contamination
by the linear interpolation method);.(3) tH NMR (from
the ratio of the peak area of methylene + hydroxyl to
aromatic + amine protons).

The relationship between F; and the feed composition
f1 (defined as the mole fraction of 0-aminobenzyl alcohol
units in the monomer feed) is shown in Figure 12. All the
points lie close to the diagonal line F; = fi, suggesting
similar monomer reactivities for both aniline and o-ami-
nobenzyl alcohol. The results are consistent with the
proposed mechanism for the polymerization of aniline and
its derivatives,® which involves the formation of aniline
dimers (rate determining) and subsequent growth of the
polymer chain via an electrophilic substitution reaction.
While the steric effect of the -CH;OH group may hinder
the initial step, the dimers once formed undergo coupling
with the monomers depending on their reactivities toward
electrophilic substitution, which are governed by electronic
factors. The CH,;OH group is only slightly electron
withdrawing by a secondary inductive effect (o1 = +0.10).5!
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As such, the reactivity of o-aminobenzyl alcohol toward
electrophilic substitution should not differ greatly from
that of aniline. This conclusion is in agreement with the
experimental results.

Conclusion

Conducting homopolymers and copolymers based on
aniline and o0-aminobenzyl alcohol have been synthesized
chemically. Characterization of the polymers by a host of
techniques supports their proposed structures and shows
that negligible oxidation of the side chain occurs under
the described experimental conditions. The decrease in
conductivities is due mainly to the steric effect of the -CHy-
OH substituent which lowers the conjugation asindicated
by the hypsochromic shifts in the #—=* transition in the
UV-vis spectra. This is supported by the XPS results
which show that the total proportion of positively-charged
nitrogen (N*) varies from 34% for the most conducting
PAN-HCI homopolymer to 24% for the least conducting
POABAL. The NMR shifts, the proposed hydrogen-
bonding interactions, and the copolymerization behavior
can be attributed to the electronic effect of the -CH,OH
group. The significant increase in thermal stability is a
direct result of the intermolecular interactions induced
by the substituent group.
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