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ABSTRACT: Poly(1,2-diaminobenzene) (1,2-DAB) and poly(1,3-diaminobenzene) (1,3-DAB)
have been synthesized by using ammonium persulfate as oxidizing agent in the
presence and in the absence of the following metal ion salts: CuCl,, NiCl,, and
CoCl,, with different HCI concentrations. The products showed a different content of the
metal ion depending on the HCI concentration. The polymers were characterized by
Fourier transform infrared (FTIR), ultraviolet-visible (UV-Vis) spectroscopy, thermal
analysis, and electrical conductivity. The polymerization yield depended on the pres-
ence of metal ions that can react as oxidizing reagents and/or catalysts. The polymer-
ization mechanism depended on the position of the substituent. For poly(1,2-DAB) a
ladder-type structure was obtained, and for poly(1,3-DAB) one similar to that of
polyaniline. The thermal stability increased as the metal ion content in the polymer
matrix increased. The electrical conductivity of the polymer did not depend on the metal
ion content in the polymer. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85: 25642572,

2002
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INTRODUCTION

Conductive polymers and particularly those with
metal ions show very useful redox and electrical
properties for a wide application fields.'~®

The functionalization by metallic complexes of
bipyridyl type,”® porphyrins,'®!! tetraazaan-
nulene,'®!3 metallated cyclam,'*® phthalocya-
nine,'®!” and phenanthroline'® has been investi-
gated as a way to incorporate the metal cations
into the polymers. Usually the ligands are diffi-
cult to synthesize as they need multistep synthe-
sis and also very expensive.

The electrosynthesis of poly(1,2-DAB) films
with various functions depending on the electrol-
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ysis conditions has been reported. These func-
tions include electrochemical diode properties,'?
electron transfer mediation catalysis,'® and pro-
tection metal corrosion (anthiphoto corrosion).2%2!
The incorporation of metal cations into polymers
is important for the potential applications, but it
is very difficult due to the repulsion interactions
between the metal and the radical cations of the
polymer.

In an attempt to improve the conductivity, sta-
bility, and other properties of the polymers, we
have been investigating and found that poly-
(aminophenol)s and poly(amino benzyl alcohol)s
have incorporated metal ion into the polymer ma-
trix, changing significantly some properties of
these polymers.?2

The aim of this paper deals with the synthesis
of poly(1,2-diaminobenzene) and poly(1,3-diami-
nobenzene) under different experimental condi-
tions, and to investigate their ability trapping



metal ions such as copper, nickel, and cobalt dur-
ing the synthesis. Thus, the metal ions may in-
teract with donor amino groups of polymers. The
effect of metal ions on thermal stability, concen-
tration of HCI, and electrical conductivity of the
polymer with and without metal ion was investi-
gated. Moreover, the effect of the substituent on
polymerization was also investigated.

EXPERIMENTAL

Reagents

The monomers (Merck, Stuttgart, Germany) were
purified by recrystallization. 1,3-Diaminobenzene
(1,3-DAB) was from ether/ethanol (10:1, v:v), and
1,2-diaminobenzene (1,2-DAB) from CH,Cl, with
charcoal. The metal salts CuCl, X 2H,0, NiCl,
X 6H,0, and CoCl, X 6H,0 were obtained in an-
alytical grade from Merck.

Synthesis of Polymers

Synthesis of the Polymers with Ammonium
Persulfate

The amount of 2.0 g (18.5 mmol) of 1,3-DAB
was dissolved in 42 mL of 1M HCl. The amount of
4.22 g (18.5 mmol) of ammonium persulfate dis-
solved in 8.4 mL 1M HCI drop to drop under
stirring was added. The mixture reaction was
stirred for 4 h at 18°C. It was filtered and washed
with 1M HCI. The polymer was dried for 2 days at
50°C. 1,3-DAB was also polymerized as described
above, but at different concentrations of HCl and
in the presence of CuCl, (37.0 mmol) (NiCl, or
CoCl,). The metal salt was added in solid state
after the addition of the monomer. All the poly-
mers were washed with HCI at the same concen-
tration used for polymerization. Poly(1,2-diami-
nobenzene)s were synthesized as above, but in the
presence and absence of metal ion, at different
concentrations of HCI, but at higher temperature
(40°C).

Synthesis of the Polymers with Copper(ll) Chloride

The amount of 2.0 g (18.5 mmol) of monomer
1,3-DAB was dissolved in 40 mL 10 *M of HCI.
The amount of 6.31 g (37.0 mmol) of CuCl,
X 2H,0 dissolved in 10.4 mL 10~ *M of HCI were
added under stirring at 18°C. The mixture of re-
action was stirred for 4 h at 18°C. It was filtered
and washed with hot 10~ *M HCI. The polymer
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was dried at 50°C until constant weight. P1,2-
diamino benzene was also polymerized as above
but using CuCl,, X 2H,0 as oxidizing agent, but
with 1M HCIl and 10~ *M HCI at 40°C.

Characterization

Fourier transform infrared (FTIR) spectra were
obtained from KBr pellets with a Magna Nicolet
550 spectrophotometer. The ultraviolet-visible
(UV-Vis) spectra were recorded with a Lange
Model CADAS 100 spectrophotometer, using a 1
cm cell and DMSO as solvent.

The quantification (weight %) of the metal ions
incorporated into the polymers was done by treat-
ment with HNOg (D = 1.5 g/mL), calcinating the
solid sample, solubilizing with dilute HNO;, and
determining the metal concentration by atomic
absorption spectrometry (AAS) using an Atomic
Absorption Spectrometer, Perkin Elmer 3100.

The amount (weight %) of total chloride in the
polymers for the ASTM standard method?® was
determined. Electrical conductivity was mea-
sured on an Elchema Electrometer using pellets
and the four-probe method. Pellets were obtained
by pressing at about 24,000 psi the finely ground
polymer.

Thermograms were recorded under nitrogen
with the Polymer Laboratories STA 625 Thermal
Analyzer.

The yield (weight %) of the polymers were cal-
culated considering the mass of monomer used.

RESULTS AND DISCUSSION

Table I shows the yield of the polymers synthe-
sized in the presence and in the absence of metal
ions with ammonium persulfate as oxidizing
agent at different concentrations of HCI. In the
absence of metal ions, by decreasing the concen-
tration of HCI used during polymerization, the
yield increased only for poly(1,3-DAB). It is pos-
sible to attribute to this to effect of position (2 or
3) of amino substituent.

When poly(1,3-DAB) was synthesized with am-
moniun persulfate in the presence of metal ions,
the polymerization yield increased (see Table I).
The effect of the HCl concentration (without
metal ions) is very strong for polymerization of
1,3-DAB but not for that of 1,2-DAB. By the pres-
ence of metal ions, there is no important effect of
the HCI concentration (from 10! to 10 °M) on
the polymerization yield. These monomers were
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Table I Polymerization Yield (%) of Polyaniline Derivatives

Yield (%)
Poly(1,2-DAB) Poly(1,3-DAB)

HCl Absence Presence Presence Presence Absence Presence Presence Presence
[M] of ions of CuCl, of NiCl,, of CoCl, of ions of CuCl, of NiCl,, of CoCl,

1 55 44 41 34 27 39 36 37
101! — 48 26 19 — 83 50 54
1072 — 38 11 30 — 81 50 52
104 56 56 18 37 62 79 54 50
106 — — 17 31 — — 56 58

only treated (in absence of persulfate) with NiCl,,
CoCl,, and CuCl, in acid medium. After one week
of reaction, only polymerization products with
CuCl, were observed. However, these ions can
also act as catalysts and/or oxidizing reagents
during the polymerization with ammonium per-
sulfate. In the case of poly(1,2-DAB), the polymer-
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ization yield decreased when it is synthesized in
the presence of metal ions. Treating of 1,2-DAB
only with CuCl, and aqueous HCIl (<10 M), a
green product was easily decanted. This product
showed an absorption at 430 nm (in DMSO),
which means a strong monomer—Cu(Il) interac-
tion. This green complex is less stable when the
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Figure 1 FTIR spectra of poly(1,2-DAB) synthesized with (a) ammonium persulfate
in 107*M HCI and (b) ammonium persulfate in the presence of CuCl, in 10~*M HCL
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Figure 2 FTIR spectra of poly(1,3-DAB) synthesized with (a) ammonium persulfate

in 10~*M HCI and (b) CuCl, in 10~ *M HCI.

concentration decreases and time and tempera-
ture are increased, yielding a product after 4 h of
reaction. The diminution of yield of poly(1,2-DAB)
was observed when it is synthesized with ammo-
nium persulfate in the presence of metal ion. This
is attributed to the interactions between the
amino groups in positions 1 and 2 with the metal
ions which delay the polymerization.

Figure 1 shows the FTIR spectra of poly(1,2-
DAB) synthesized with ammonium persulfate in
10~ *M HCI in the presence and in the absence of
CuCl,,.

The absorption signals between 900 and 700
cm ! are attributed to C—H out-of-plane bending
modes. These bands correspond to the substitu-
tion pattern of the di-, tri-, or tetrasubstitution

aromatic ring. The absorption bands at 1526 and
1622 cm ! are characteristics of the stretching
vibration modes of C—C bonds of the aromatic
ring. Moreover, the absorption band at 1622 cm !
corresponding to stretching C=N?*"2¢ was ob-
served. This signal has also been observed with
polyaniline.?*~2¢ The absorption signal at 1689
cm ! may be ascribable to the stretching C=0 of
quinone.?”?8

All FTIR spectra of poly(1,2-DAB) synthesized
in the presence of nickel(Il) and cobalt(I) are
similar to those of Figure 1(a), except those poly-
mers synthesized with ammonium persulfate in
presence of copper ions and concentration of HCI
lower than 1M [see Fig. 1(b)]. In this case, the
absorption band attributed to C=0 was not ob-
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Figure3 UV-Vis Spectra of (a) poly(1,3-DAB) synthe-
sized with CuCl, in 10~*M HCI and (b) poly(1,2-DAB)
synthesized with ammonium persulfate in 10 *M
HCl—both in DMSO.

served. Moreover, when the content of copper(Il)
in the polymer was increased (see Fig. 8) there
was a tendency to shift at lower frequency the
associated bands of C=N and C—C of the aro-
matic rings (1622 cm ™ ').

L

Figure 2 shows the FTIR spectrum of poly(1,3-
DAB). The stretching band of C=N bonds (and
C—C aromatic rings) at 1620 cm ™! is more in-
tense than that of poly(1,2-DAB) [see Fig.1(a)l.
All the FTIR spectra of poly(1,3-DAB) synthe-
sized with ammonium persulfate in the presence
and in the absence of metal ions are similar to
that of Figure 2(a). The absorption band of C=0
was not observed as occurred for poly(1,2-DAB).
However, the C=0 formation can be avoided by
the presence of metal ions during polymerization.

Figure 2(b) shows the FTIR spectrum of poly(1,3-
DAB) synthesized only with CuCl,. Here, the sub-
stitution pattern corresponds to di-, tri-, and/or tet-
rasubstitution, and it is different (particularly in
the zone of C—H out-of-plane bending modes) to
series of polymers synthesized with ammonium per-
sulfate [see Fig. 2(a)l. This could corroborate that
the polymers are structurally different when they
are synthesized with different oxidizing agents.
Moreover, FTIR spectrum [see Figs. 2(a) and 1(a)]
shows that 1,3-diaminobenzene is polymerized in a
different way than that of 1,2-diaminobenzene.

Poly(1,3-DAB) compounds synthesized with
ammonium persulfate in the presence and in the
absence of metal ions were insoluble in organic
solvents. The UV-Vis spectrum of poly(1,3-DAB)

el N N "
| ] |
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Figure 4 (a)Ladder structure type of poly(1,2-DAB) (ref. 32); (b) lineal structure type

of poly(1,3-DAB).
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Figure 5 Thermogram of poly(1,2-DAB) synthesized with (a) ammonium persulfate
in 10~*M HCI (0% ion); (b) ammonium persulfate in the presence of CuCl, in 1M HCI
(0.07% copper); (c) ammonium persulfate in the presence of CuCl, in 10~*M HC1 (7.64%
copper); (d) CuCl, in 10 *M HCI (15.7% copper); (e¢) ammonium persulfate in the
presence of NiCl, in 107 M HCI (0.30% nickel); (f) ammonium persulfate in the
presence of CoCl, in 10~M HCI (3.03% cobalt).

is shown in Figure 3(a), showing two absorption
signals at 320 and other broad band at 600 nm.
Poly(1,2-DAB) shows absorption bands at 274 and
450 nm [see Fig. 3(b)]. The solution of poly(1,3-
DAB) is blue. UV-Vis and FTIR spectra are char-
acteristics of polyaniline.??~3!

Chiba et al.3233 reported the electrochemical
synthesis of poly(1,2-DAB) and postulated a lad-
der structure type [see Fig. 4(a)]. The FTIR spec-
trum obtained by them is similar to those ob-
tained chemically by us.

On the other hand, 1,3-diaminobenzene was po-
lymerized chemically as Pani yielding a lineal struc-
ture, with some branches [see Fig. 4(b)]. These re-
sults demonstrate that the position of the substitu-
ent influences the polymerization mechanism.

Figures 5 and 6 show the thermograms of
poly(1,2-DAB) and poly(1,3-DAB) respectively.
As the copper(Il) ions content increases in the
polymer, the thermal stability also increases

[see Fig. 5(a—d)]. A similar effect was observed
with Ni(II) and Co(II) [see Figs. 5(e) and 6(f)].
With cobalt(II) the weight loss is close to 11% at
300°C and without metal ion the same weight
loss occurred at 120°C. In general, the thermal
stability did not depend on the HCI content into
the polymer. Poly(1,3-DAB) has a slightly higher
thermal stability than that of poly(1,2-DAB) [see
Figs. 5(a) and 6(a)l. On the contrary, for the
poly(1,3-DAB), as the metal ion content increases in
the polymer, no significant change in the thermal
stability was observed (see Fig. 6). Only when the
polymer has a high copper ion content (23.0%), is
the thermal stability increased. This was only ob-
served when the polymer was synthesized with
CuCl,, [see Fig. 6(d)].

The thermograms of poly(1,3-DAB) containing
nickel(II) or cobalt(II) are similar to those of Fig-
ure 6(a). The thermal stability did not vary due to
the low metal ion content.
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Figure 6 Thermogram of poly(1,3-DAB) synthesized with (a) ammonium persulfate
in 10~*M HCI (0% metal); (b) ammonium persulfate in the presence of CuCl,, in 1M HCI
(0.18% copper); (c) ammonium persulfate in the presence of CuCl, in 10~*M HC1 (3.1%
copper); (d) CuCl,, in 10~*M HCI (23.0% copper).

Figure 7 shows the metal ion incorporated (%)
into the polymers at different HCI concentrations.
Poly(1,2-DAB) is able to trap a higher percentage
of metal ion in all HCI concentration ranges used.
Moreover, the metal ion content is higher as the
HCI concentration is decreased. When both poly-
mers (1,2-DAB and 1,3-DAB) are synthesized
only with CuCl, as oxidizing agent, polymers with
a high content in copper ions are obtained, 15.7%
with poly(1,2-DAB) and 23.0% with poly(1,3-
DAB) respectively.

Table IT shows the electrical conductivity val-
ues at room temperature of poly(1,2-DAB) and
poly(1,3-DAB). In Pani, the percentage of C1™ is a
measure of the acid doping whose content in-
creases significantly the electrical conductivi-
ty.3*3¢ On the contrary, basic poly(1,2-DAB)
shows an electrical conductivity of 0.43 X 107° S
cm ! and by acid doping (15.2% of C17), the elec-
trical conductivity did not vary. This polymer syn-
thesized in 10 *M HCI has a chloride content

lower than 1% and the value of the electrical
conductivity is very small. On the contrary, in
poly(1,3-DAB) in their base form, the electrical
conductivity increased from 0.64 up to 410 (640
times). This is due basically to the similar behav-
ior of Pani. When poly(1,3-DAB) was synthesized
at low HCI concentrations (10~ %M), its electrical
conductivity value (0.48 X 107° S cm ™ ') is similar
to that of the polymer in the base form synthe-
sized in 1M HCL.

For poly(1,2-DAB) and poly(1,3-DAB) synthe-
sized in presence of CuCl,, the percentage of chlo-
ride is high but no important changes in their
electrical conductivity with respect to the basic
polymers were observed.

Due to fact that the poly(1,2-DAB) synthesized
with CuCl, as oxidizing agent has a molar ratio
Cu/Cl™ = 0.57, the chloride percentage corre-
sponds to electroneutrality of Cu(II) ions but not
to the acid doping. The same occurs for poly(1,3-
DAB) synthesized with CuCl, as oxidizing agent
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Figure 7 Metal ion incorporated (%) vs concentration of HCI used in the synthesis of

poly(1,2-DAB) and poly(1,3-DAB).

in 107*M HCl, whose molar ratio is Cuw/Cl™
= 0.55.

The polymers containing Ni(II) and Co(II) ions
did not increase significantly their electrical con-
ductivity.

CONCLUSIONS

Polyaniline derivatives have been synthesized
with a higher yield by the presence of metal ions
in their synthesis. The polymerization mecha-

nism depended on the substituent position. For
poly(1,2-DAB) and poly(1,3-DAB), a ladder struc-
ture and one similar to that of polyaniline were
obtained, respectively. Thermal stability of these
materials can be increased according to metal ion
content.

The electrical conductivity behavior did not de-
pend strongly on the metal ion content.

To elucidate the true structure of these poly-
mers and the action of the metal ions during the
reaction, it is necessary to carry out other stud-
ies.

Table II Electrical Conductivity of Poly(1,2-DAB) and Poly(1,3-DAB)

Polymer HCI [M] Oxidizing Agent® Cl™ (%)® o (Sem™1) x 10°
Poly(1,2-DAB) 1 P 15.2 0.46
0.43 (basic)
107+ P <1.0 1.20
104 Cu(Il) 15.4 0.48
0.49 (basic)
1 P + Cu(l) 6.15 0.34
1 P + Ni(I) 15.9 0.62
1 P + Co(II) 15.9 0.65
Poly(1,3-DAB) 1 P 12.1 410
0.64 (basic)
104 P <11 0.48
104 Cu(ID) 23.2 0.45
1 P + Cu(l) 17.6 15.0
1 P + NiII) 15.0 86.0
1 P + Co(II) 14.3 40.0

2 The total chloride was measured by method Volhard, using ASTM standard method.

P P = amonnium persulfate.
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