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ABSTRACT: Two kinds of films, named A and B, ofpolydiphenylamine (PDPA) electrochemically synthesized have been 
characterized by ex situ resonance Raman, FT-IR and UV-Vis-NIR Reflectance spectroscopies. The ex situ RR spectra of the 
films showed differences, that were rationalized assuming the predominance of the diphenosemiquinone aminoimine structure 
in the film A, while in the film B the diphenoquinone diimine segments were predominant. The variation of the nature of the 
film adsorbed on the electrode with the applied potential has been monitored by means of the in situ resonance Raman 
technique. The bands characteristics of the diphenosemiquinone aminoimine moiety are dependent on the laser power employed, 
being converted to diphenoquinone diimine and diphenyl diamine segments. This result was confirmed by FT-IR spectra of 
the film A after heating. The thermal behavior of the films was monitored by thermogravimetry (TG), derivative 
thermogravimetry (DTG), and differential scanning calorimetry (DSC). 
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Raman spectroscopy has been extremely useful in the 
structural characterization of conducting polymers. 1 
Polyaniline is one of the best conducting polymer in
vestigated by vibrational spectroscopy. By means of 
resonance Raman spectroscopy it was possible to un
derstand the nature of the chromophoric species and 
the relationships between structure and conductivity in 
this polymer.2 - 4 The resonance Raman spectroelectro
chemical study of polyaniline selectively deuterated in 
the ring or in the nitrogen allowed a consistent normal 
coordinate analysis of this polymer to be performed. 5 

In order to increase the thermal and oxidation stability 
of polyaniline without degradation of its conductivity, 
incorporation of substituents in the rings or modification 
of its chains are strategies that have been used. 6 This is 
the case of polydiphenylamine (PDPA) which has been 
substantially less studied than polyaniline. 

The first study of PDPA focused on the details of its 
chemical preparation and thermal stability, 7 as well as 
on its ability to inhibit the thermooxidative damage of 
different polymers. 8 It is well known that PDPA can also 
be electrochemically synthesized from the monomer by 
a 4,4' C-C phenyl-phenyl coupling mechanism leading 
to a structure with alternating amine and p-diphenylene 
units. 9 •1° Concerning its characterization the ex situ IR 
technique was the most employed aiming at the de
termination of the type and degree of polymeriza
tion.10· 11 Guay et al. have studied the electrochromic 
properties of PDPA and rationalized their in situ UV
Vis results and FT-IR measurements in terms of the 
presence of polarons and biporalons. 12 Recently, Chan 
et al. synthesized poly(4-aminobiphenyl) both chemical
ly and electrochemically and compared their properties 
using various techniques. 13 

The first stages of the electrochemical oxidation of 
diphenylamine (DPA) have been monitored by in situ 
resonance Raman and reflectance spectroscopies. 14 In 
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that previous work it was confirmed that the dimer 
formed was N,N'-diphenylbenzidine (DPB), Figure 1, 
and the characteristic vibrational bands of the di
phenylbenzidine radical cation (DBP+ ·) and dication 
(DPB2 +), Figure 1 were assigned. The resonance Raman 
effect of each species and the experimental conditions for 
the interconvertion between the diphenosemiquinone 
aminoimine and the diphenoquinone diimine structures 
in the dimer were determined. 

Nevertheless, a spectroscopic characterization and 
stability study of the diphenosemiquinone aminoimine 
and diphenoquinone diimine segments in the PDPA 
backbone is not available in the literature. In the present 
work two kinds of PDPA films have been characterized 
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Figure 1. Schematic structure of the monomer, dimer, and its 
radical cation and dication. 
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Figure 2. Ex situ resonance Raman spectra of: (a), polymeric film A; 
(b), polymeric film B (.l.0 = 514.5 nm). 

by ex situ resonance Raman, FT-IR and reflectance 
techniques, aiming at the identification of these segments 
in the polymeric films. The dependence of the nature of 
PDPA film adsorbed on an electrode on the applied 
potential was monitored by in situ resonance Raman 
spectroscopy. The effect of the laser power on the Raman 
spectra of the films was also examined. The thermal 
behavior of the PDPA films was monitored by FT-IR 
spectroscopy and TG/DTG and DSC techniques. 

EXPERIMENTAL 

Diphenylamine (Merck) was purified by double recrys
tallization from petroleum ether. Acetonitrile (Merck) 
and tetraethylammonium tetrafluoroborate, Et4 NBF 4 , 

(Aldrich) were used as received. 
Electropolymerization was performed in a single com

partment cell fitted with 1.0 cm 2 Pt (99 .99%) plate as 
working electrode, a large Pt sheet as auxiliary elec
trode and a saturated calomel electrode (SCE) as the 
reference electrode. The electrolyte solution was 0.1 M 
DPA and 0.1 M Et4NBF 4 in deaerated acetonitrile. The 
polymerization of DPA was carried out by continuous 
cycling the potential between 0.0 and 1.5 V until a charge 
of 25 C cm - 2 was reached. The polymer synthesized on 
the electrode surface was obtained in two forms: i) the 
film A obtained by taking the working electrode out from 
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Figure 3. Ex situ reflectance spectra of: (a), polymeric film A; (b), 
polymeric film B. 

the cell at 1.0 V and ii) the film B obtained by holding 
the electrode potential at 0.0 V for approximately 30 min, 
during which the reducing current was reduced to zero. 
The as-synthesized polymer films were purified with 
acetonitrile in a Soxhlet device for about 1 h, to remove 
the excess of electrolytes. The polymers were dried in 
vacuum for 12h. 

The electrochemical equipment was a potentiostat
galvanostat PAR 273 EG&G connected to a HP7090A 
system. 

Thermogravimetric (TG) and derivative thermogravi
metric (DTG) curves were obtained with a thermobalance 
model TGA 50 (Shimadzu), using platinum crucibles with 
ca. 2 mg of the sample, under dynamic air atmosphere 
(30 mL min - 1) and heating rate of 10°C min - 1 . 

Differential scanning calorimetry (DSC) curves were 
obtained with DSC 25 cell from Mettler system TA 4000 
Series using aluminium crucibles with ca. 2 mg of the 
sample, under dynamic nitrogen atmosphere ( 50 mL 
min - 1) and heating rates of 20 or 10°C min - 1 . 

The Raman spectra were acquired on a Spex 
Triplemate-1877 fitted with an OMA-III multichannel 
detection system. The excitation wavelength was the 
514.5nm Ar+ laser line with 30mW at the sample. The 
scattered light was detected perpendicular to the laser 
beam and the spectral slit width was 10 cm - 1 . The 
spectroelectrochemical cell used for in situ RR ex
periments has been described elsewhere. 15 

The IR spectra were recorded on a Bomen DA 3.16 
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using pressed KBr disks. To study the effect of tem
perature on the polymeric films by IR spectroscopy, a 
KBr disk of the sample was placed into a furnace and 
heated for ca. 30 min at the desired temperature. The hot 
sample was allowed to cool inside a desiccator and the 
spectrum was obtained at room temperature. 

The ex situ reflectance spectra of film A and B adsorbed 
on ITO electrodes were obtained on a Guided Wave 
(model 260) spectrometer equipped with a silicon
germanium detector, coupled to a personal computer. 
The background was the spectrum of the bare ITO 
electrode. 

RES UL TS AND DISCUSSION 

Figure 2 shows the ex situ Raman spectra of the films 
A and B excited with the 514.5 nm wavelength. As can 
be seen in the ex situ reflectance spectra of film A and 
B, Figure 3, this excitation wavelength is within the 
absorption region of the films and so provides the res
onance Raman condition. 

Comparing the wavenumbers of the spectra, shown in 
Figure 2, with those of the DPB and its radical cation 
and dication, presented in Table I, it can be seen that 
the frequencies are very similar and consequently they 
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can be used for analyzing the polymer spectra; also the 
inter-ring vibrational mode can be selected as one of 
the best band to characterize the presence of diphenyl 
diamine (Figure 1, DPB), diphenosemiquinone amino
imine (Figure 1, DPB+ ") and diphenoquinone diimine 
(Figure 1, DPB2+) segments in the PDPA films. The 
bands at 1380 and 1280cm- 1 , assigned to the inter 
ring C-C stretching of the diphenoquinone and di
phenyl structures, respectively, were only observed in the 
spectrum of film B. In the spectrum of film A the band 
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Table I. Characteristic Raman frequencies of 
N,N'-diphenylbenzidine (DPB) and its 

radical cation and dication14 

Raman frequencies/cm - 1 

Assignment• 

Ring vC-C 
Ring vC--C 
vC-N 
Inter ring vC--C 
pc-H 
pc-H 
PC-H 

DPB 

1610 (10) 
1591 (sh) 
1238 (l.0) 
1285 (2.8) 
1200 (2.2) 

1607 (10) 
1582 (8.5) 
1538 (4.2) 
1329 (5.6) 
1205 (5.3) 

DPB2+ 

1572 (10) 
1416 (7.0) 
1362 (5.0) 
1218 (7.0) 
1204 (7.0) 
1177 (5.4) 

• Approximate description; relative intensities in parenthesis. 
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Figure 4. In situ resonance Raman spectra of a polymeric film adsorbed on a platinum electrode in 0.1 M Et4 NBF 4 + H 3CCN for the applie_d 

potentials indicated in the Figure, ).0 = 514.5 nm, with a power ca. 30mW. * Solvent bands. The insert shows the voltammograms of a polymenc 

films where the arrows indicate the potentials where the spectra were obtained. 
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Figure 5. Ex situ resonance Raman spectra of the film A as a function 
of the exposure time. A0 =514.5nm with a power of: (a), 30mW; (b), 
80mW; (c), 300mW. 

at 1324 cm - 1 was assigned to the same vibrational 
mode but for the diphenosemiquinone structures. This 
result shows that in the film B there is a predominance 
of diphenoquinone and diphenyl type rings while in the 
backbone of the film A there is more diphenosemiqui
none rings. This result is confirmed by the ex situ reflec
tance spectra of film A and B (Figure 3) since the absorp
tions in the 1000-1400nm (1.24-0.88eV) region are 
characteristic of free-carrier excitation. 16 •17 The strong 
increase of the background in this region in the spectrum 
of film A in comparison with that of the film B, is an 
indication of the higher concentration of diphenosemi
quinone rings in the film A. 
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Figure 6. TG/DTG curves in dynamic air atmosphere and heating 
rate of I0Kmin- 1 . (a), film A; (b), film B. 

Another indication of the higher oxidation state of 
the film B when compared to film A is the assymmetry 
of the 1200 cm - 1 band (PC-H) in the resonance Raman 
spectrum of film B (Figure 2). The reason is that in the 
in situ resonance Raman spectrum of the oxidized di
mer (DPB2+) there are three bands at 1218, 1204, and 
1177 cm - l while in the radical cation dimer (DPB + ") 

only one band is observed at 1205 cm - l (see Table I). 
The asymmetry of the 1200 cm - 1 band could thus result 
from the overlapping of the bands at lower wavenumbers. 

Figure 4 shows the in situ resonance Raman spectra 
of a POPA film adsorbed on a platinum electrode in a 
0.1 M Et4NBF 4 acetonitrile solution. The insert is a 
typical voltammograms of a polymeric film showing the 
potentials where the spectra were taken. During the 
positive scan, at less positive potentials (0.6 V) the 
strongest bands are due to the solvent and only weak 
features at 1613 (C-C stretching mode in diphenoic 
type rings) and 1195 cm - t (C-H in-plane bending in 
the same type of ring) are from the polymer. At 0.8 V 
bands of the polymer are enhanced and the 1208, 1325, 
1540, and 1607 cm - l bands of the diphenosemiquinone 
aminoimine structures and also the 1220 (shoulder at 
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Figure 7. DSC curves in dynamic N 2 atmosphere and heating rate of 20Kmin- 1 : (a), film A; (b), film B. DSC curves of the film A in the 
temperature range of 20-90°C in dynamic N2 atmosphere and heating rate of l0Kmin- 1: (c), first heating; (d), second heating. 

this potential), 1368, 1422, and 1583 cm - 1 bands of 
diphenoquinone diimine segments are observed. At 1.0 V 
the characteristics bands of diphenoquinone structures 
at 1180, 1220 cm -l (C-H in-plane bending), 1368 (inter
ring C-C stretching), 1422 (ring C-N stretching), and 
1570 cm - 1 (C-C ring stretching) predominate. Dur
ing the reduction, at 0.6 V the spectrum presents the 
strongest bands at 1208, 1321, and 1604cm- 1 charac
teristic of the diphenosemiquinone aminoimine segments. 
The spectrum bleaches completely during further re
duction (0.4 V). These results are very similar with those 
obtained by Lapkowski et al. for polyaniline in aceto
nitrile solution. 18 

Comparing the ex situ Raman spectra of films A and 
B, Figure 2, to the in situ Raman spectra in Figure 4, 
some information about the stability of the structures in 
the films can be obtained. The film B was formed when 
the synthesis was terminated in a reduction region of the 
potential. At this region, the in situ spectra showed only 
bands of the diphenosemiquinone aminoimine and/or 
diphenyl diamine structures. Nevertheless, the ex situ 
spectrum of film B showed bands characteristic of the 
diphenoquinone diimine structures. This difference could 
be explained considering that the sample was probably 
oxidized when exposed to the atmosphere. This effect 
has already been observed in reduced samples of poly
aniline by Kuzmany et al. 2 As already mentioned the 
synthesis of film A is accomplished when the potential 
reaches 1.0 V. In its ex situ Raman spectrum the most 
proeminent bands were due to the diphenosemiquinone 
aminoimine structure while the in situ Raman spectrum 
at 1.0 V showed bands characteristic of diphenoquinone 
diimine structures. This result is explained considering 
that, after disconnecting the electrode, the protonated 
diphenoquinone diimine structures are converted to di
phenosemiquinone diaminoimine structures in the poly
meric matrix, through an internal oxidation-reduction 
reaction. 19 

Figure 5a shows time dependence of the Raman spectra 
of film A excited by 30mW with the 514.5nm line. No 
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spectral changes were observed and these spectra are 
characteristic of a polymeric film with high concentration 
of diphenosemiquinone structures. As the power of the 
laser excitation is increased (80 mW), Figure 5b, the 
broadening of the bands at 1205 and 1320cm- 1 and 
the appearance of the weak features at 1380 cm - 1 in
dicates the formation of diphenoquinone like structures. 
The intensity of the band at 1380 cm - 1 has a little in
crease with time and simultaneously the intensities of the 
bands at 1320 and 885 cm - 1 decrease; a shoulder at 
1280cm- 1 is also observed. For high laser power, ca. 
300 mW, (Figure 5c) the same changes occur and the 
observation of the bands at 1380 and 1280cm- 1 con
firms the formation of diphenoquinone and diphenyl 
structures. So the increase of the laser power for the 
514.5 nm excitation wavelength induces a conversion of 
diphenosemiquinone aminoimine units into dipheno
quinone diimine and diphenyl diamine segments. 

The thermal behavior of the films A and B was 
evaluated using the TG/DTG and DSC techniques. 

Figure 6 presents the TG/DTG curves of the samples. 
For film A, the TG curve shows a four step weight-loss 
process with DTG peaks at 62, 190, 410, 550, and a 
shoulder at 570°C, having a percentage of weight-loss of 
1.8, 14.9, 35.3, and 46.6 respectively. In the film B the 
TG curve also shows a four step weight-loss process with 
DTG peaks at 42, 200, 430, 570, and a shoulder at 600°C 
but the percentage of weight-loss are not the same as 
for film A probably because the slightly different com
position of the films. 

Figure 7 shows the DSC curves of the films A and B. 
The assymmetry presented by the first peak at 63.5°C in 
the DSC curve of film A, Figure 7a, may indicate that 
more than one thermal event is occuring. In order to 
prove this supposition another DSC curve, with a lower 
heating rate and with a higher amount of substance was 
obtained. This DSC curve is presented in Figure 7c and 
two peaks are observed at 30 and 68°C. In order to assign 
these peaks, the film A was re-heated and the second run 
gave the curve in Figure 7d. Since the first peak was not 

319 



H. de SANTANA, J. do R. MATOS, and M. L. A. TEMPERINI 

(cl 

., 
0 

.. .. .,. ., 
:!: 0 

., 

A 

B 

2000 1600 1200 800 cm-1 400 

::, 

IU 

w 
u 3 
z 
<{ 

(I) 2 

0::: 
0 
U) 

(I) 
2000 1600 1200 800 cm- 1 400 

<{ 

.. "' O> O>.,. 
:!: .. 

"! 

(al 

4 

3 

2 

2000 1600 1200 800 cm- 1 400 

Figure 8. Room temperature FT-IR spectra: (a), spectra of the film 
A; I, film without thermal treatment; 2, after heating the film up to 
I00°C; 3, after heating up to 170°C; 4, after heating up to 400°C; (b), 
spectra of the film B; I, film without heating treatment; 2, after heat
ing the film up to l 70°C; 3, after heating up to 400°C; (c), spectra of 
the films A and B after heating the films up to 600°C. 

observed in the curve of Figure 7d it was attributed to 
an elimination of volatiles and/or a relaxation of the 
polymeric chains in the film. The second peak at 72°C, 
which is observed during the two heating runs, can be 
assigned to a phase transition in the POPA film. 

The very weak peak at 200°C in the DSC curves of 
the films A and B can be correlated to the second 
weight-loss process in the TG curves of the films. It can 
be assigned to the sublimation of low-molecular weight 
fraction existing in the polymeric matrix since the per-
320 

centage of weight-loss in this event is equal to the per
centage of dimer and trimer obtained by gel per
meation chromatographic analysis of film A. 

The exothermic peaks between 380 and 500°C in the 
DSC curves of the films A and B correspond in the TG 
curves to the third process with a weight-loss of 35 and 
53%, respectively. This process can be assigned to the 
polymer degradation. This assignment is in agreement 
with the gel permeation chromatographic analysis of film 
A which gave 38% of higher oligomeric fraction (hexamer 
and undecamer). 

The fourth step, above 500°C in the TG curves of films 
A and B with 46.6 and 34.2% of weight-loss, respectively, 
can be attributed to the thermal decomposition of the 
electrolyte salt present in the polymeric matrix and to 
the burning of the elemental carbon formed in the third 
step. This assignment is also in agreement with the gel 
permeation chromatographic analysis of film A which 
gave a 40% of electrolyte salt in the polymeric mass. 

Figures 8a and 8b present the FT-IR spectra at room 
temperature of the film A and B as KBr pellets without 
(bottom spectra) and with a thermal treatment. Figure 
8c presents the room temperature spectra after heating 
the KBr pellets until 600°C. 

The IR spectra of films A and B without thermal 
treatment (bottom spectra of Figures 8a and 8b, re
spectively) are different, reflecting the difference in the 
amount of diphenoquinone diimine and diphenosemi
quinone aminoimine structure in each film. The bands 
at 1556, 1378, 1311, and 1238cm- 1 are higher in the 
spectrum of film A than in that of film B. Since our 
Raman results indicate that film A possesses more di
phenosemiquinone aminoimine segments one can tenta
tively assign these bands to such moiety. The band at 
1187 cm - 1 which presents a low relative intensity in the 
spectrum of film A (spectrum 1, Figure 8a) and me
dium intensity in the spectrum of film B (spectrum I, 
Figure 8b ), can be tentatively assigned to the dipheno
quinone C-H bending vibration. 

It must be noted that the relative intensities of the 
bands at 1084 and 1123 cm - l due to the electrolyte salt 
(Et4 NBF 4 ) are higher in the spectrum of film A; this 
was expected since the film A was removed of the 
electrochemical cell at a more positive potential than 
the film B. This result is in agreement with the percentages 
of weight-loss in the fourth process in the TG curves of 
films A and B, which is greater in the curve of film A. 

Comparing the IR spectra of the film B submitted to 
thermal treatment between 170 and 400°C, with the 
spectrum of the film without treatment (Figure 8b) no 
marked differences can be noted. Only the increase in 
the relative intensities of the bands due to the electrolyte 
at 1084 and 1123 cm - 1 is observed. This result is due to 
the loss of the polymeric mass when the temperature is 
increased. The increase in the relative intensities of the 
bands due to the electrolyte salt was also observed in the 
spectra of the film A after the thermal treatment (Figure 
8a). Nevertheless the heating of the film A induces a 
change in the relative intensities of the polymer bands. 
As the temperature is increased, the relative intensities 
of the bands at 13 78, 1311, and 1238 cm - 1 decrease, the 
band at 1556 cm - 1 disappears and the relative intensity 
of the band at l l 87 cm - l increases. It is noteworthy 
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that the spectra of films A and B after heating to 400°C 
are very similar, disregarding the bands of the electro
lyte, that are already present in the room temperature 
spectrum of film A. So it can be suggested that in the 
chains of film A there is a conversion of diphenosemiqui
none aminoimine segments into diphenoquinone diimine 
and diphenyl diamine structures with the increase in the 
temperature. The thermal conversion of polarons into 
bipolarons has already been observed in poly(p-phen
ylenevinylene ). 20 

The IR spectra of the films A and B after heating to 
600°C are very different from those of the films without 
thermal treatment, indicating their degradation. The 
apparent disagreement between the observation of the 
characteristic spectra of the polymers after heating to 
400°C and the value of 410°C for the degradation
temperature of the polymers in the TG/DTG curves is 
due to the procedure adopted in the case of the IR 
spectra. In the KBr pellets some of the polymeric mass 
can be stable above its degradation temperature due to 
the effect of the KBr matrix. 

CONCLUSION 

The results indicate that the nature of the adsorbed 
film is a function of the potential where the electro
chemical synthesis is terminated. Comparing the in situ 
and ex situ spectra of the polymers it was possible 
to infer about the stability of the charged segments in 
the polymeric matrix. For the 514.5 nm excitation ra
diation, the laser power induces the conversion of di
phenosemiquinone aminoimine structures to dipheno
quinone diimine and diphenyl diamine segments. The 
same reaction is also induced by thermal treatment. 
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