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ABSTRACT: The polymerization of aniline intercalated into montmorillonite clay was monitored by in
situ UV—vis—NIR and resonance Raman spectroscopies and in situ small-angle X-ray scattering. In the
initial stages of the polymerization, it is observed the PANI—ES polaronic band at 750 nm in the UV—
vis—NIR spectrum and also the characteristic PANI-ES resonance Raman spectrum (excited at 632.8
nm), which indicate that the head-to-tail coupling reactions between anilinium radical cations are
occurring. Nevertheless, the resonance Raman spectrum excited at 488.0 nm presents bands at 1211,
1370, 1455, and 1608 cm™!, assigned to the benzidine dication species, which suggests that tail-to-tail
coupling reactions are also occurring. In the final stages of polymerization, the presence of electronic
absorption bands at 670 and 620 nm indicates the formation of new chromophoric species, which is also
confirmed by its peculiar resonance Raman spectrum at 632.8 nm wavelength. The in situ SAXS results
show that, during the anilinium polymerization in aqueous clay suspension, the interlayer spacing is ca.
19 A. XRD diffraction pattern and SEM images of the powder PANI-MMT nanocomposites indicate that
the polymerization occurs mainly between the clay layers, and the basal spacing is ca. 13.2 A. While the
IR spectra of nanocomposites show only bands due to PANI-ES-like segments, resonance Raman and
nitrogen XANES techniques lead to the presence of PANI-ES-like chains, benzidine segments, azo bonds,
and phenazine-like rings in the structure of the confined conducting polymers. The XPS technique detects
only PANI-ES segments of the polymeric structure, suggesting that on the external surface and/or on
the edge of clay crystal they are predominant in the chains.
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Introduction

Poly(aniline) (PANTI) and its derivatives are one of the
most studied conducting polymers due to their photo-
conductivity, electrocromic, and electronic properties,
together with their higher stability in air when com-
pared to other conducting polymers.1~3 These amazing
properties have made possible to use PANI in solar cells,
displays, lightweight battery electrodes, electromagnetic
shielding devices, anticorrosion coatings, and sensors.*~¢
A promising way to control and enhance the PANI bulk
properties is to organize the polymeric chains in the
nanometer regime.”’ 1 Some ways to achieve nanostruc-
tured PANI involve the synthesis in micelar media, 114
the template-guided polymerization using porous sur-
faces,’® and the polymerization inside the cavities of
porous inorganic or organic hosts.1672% In the last case,
the nanocomposites can enhance the electronic, me-
chanical, chemical, and optical properties of the con-
ducting polymer.23-25

Among the different types of porous inorganic hosts,
smectite clays have received great attention when the
PANI confinement is desirable.26 Clay minerals such as
montmorillonite (MMT) are layered silicates, able to
exchange cationic ions and intercalate neutral molecular
species between the interlayer regions. There are sev-
eral studies reported in the literature concerning the
PANI-MMT nanocomposites.?’ 3¢ Using mainly FTIR
and EPR techniques, the formation of emeraldine salt

* Universidade de Sao Paulo.
¥ Universidade Estadual de Campinas.

form of PANI (PANI-ES) between the layers is pro-
posed.30-33

Some others conducting polymers have been synthe-
sized in the nanospace of the clay interlayers, such as
poly(pyrrole),35~39 poly(o-methoxyaniline),** poly(2-ethy-
nylpyridine),*! and poly(thiophene).3?42 Although sig-
nificant progress has been made in developing these
nanocomposites, more research is necessary to charac-
terize the structure of intercalated conducting polymers
and to determine the main factors that can be controlled
in the synthesis of these materials.?*

Our group is interested in monitoring the polymeri-
zation of aromatic amines and diamines intercalated
into clays and characterize the structure of the inter-
calated polymers through spectroscopic techniques.
Resonance Raman scattering is one of the most powerful
techniques in the structural investigation of conducting
polymers, since it is possible to select each chromophoric
segment present in the polymeric chain.? In the case
of PANI, resonance Raman effect permits to monitor
modifications in its chain units after solvent and
thermal treatments.44~46

With the use of resonance Raman technique, we have
demonstrated, in a preliminary work, that the structure
of intercalated PANI in PANI-MMT nanocomposites
is different from that of the free polymer, also showing
benzidine (1,4-diaminebiphenyl) and N=N segments.3*
Recently, we have shown that free poly(benzidine) and
its nanocomposite with MMT have similar structure.*’

The goals of this work are to investigate the aniline
polymerization reaction when intercalated between clay
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layers and also to characterize the dried powder isolated
after reaction. In situ UV—vis—NIR, micro-Raman, and
in situ small-angle X-ray scattering (SAXS) were used
to monitor the polymerization of aniline intercalated
into MMT. The characterization of powdered poly-
(aniline)—MMT nanocomposites was performed by X-ray
diffraction (XRD), scanning electronic microscopy (SEM),
resonance Raman (RR), FTIR, X-ray photoelectron
(XPS), and X-ray in the N K-edge absorption (XANES)
spectroscopies.

Experimental Section

(a) Preparation of Polymer—Clay Nanocomposite by
in Situ Polymerization. Swy-2 montmorillonite (MMT, from
the Clay Minerals Repository) was treated with sodium
chloride and size fractionated to obtain the homoionic Na*
form, free of main impurities.

The experimental procedure for intercalated aniline in MMT
was adapted from ref 33. A total of 230 mL of an aqueous
suspension of 2.6 g of MMT was thermostatized at 80 °C and
then slowly dropped into 20 mL of a stirred aqueous solution,
containing 0.16 mol/L of aniline (Merck, previously distillated
under vacuum) and 0.30 mol/L of HCI (Merck). After stirring
for 6 h at 80 °C, the suspension was filtered, and the anilinium-
MMT form (An*-MMT) was washed with deionized water until
the excess of An" was eliminated. The An"-MMT material was
dried under dynamic vacuum and kept in a desiccator.

The An"™-MMT polymerization was conducted in two pH
conditions: (a) at pH 2, adjusted by addition of aqueous HCI
solution, and (b) at pH 5, the natural value of the aqueous
suspension containing An*-MMT and ammonium persulfate.

2.6 g of An*-MMT solid was resuspended in 100 mL of
deionized water, and 20 mL of suspension was used in the
polymerization experiment as follows: deionized water was
added to the suspension up to the final volume of 100 mL; the
pH was adjusted to 2 by the addition of 1 mol/L. aqueous
HCI solution. Afterward, 1 mmol of ammonium persulfate
(MERCK) was added, and the suspension was stirred for 24 h
at room temperature. The suspensions were filtered, and the
isolated dark green solids were dried under dynamic vacuum
and stored in a desiccator. The elemental analyses (C, H, N)
of the samples show that the An* concentration in An*-MMT
is about 3.5 g/100 g, and the amounts of polymer in PANI—
MMT are approximately 2 g/100 g and 2.8 g/100 g for
composites prepared at pH 2 and pH 5, respectively.

(b) Preparation of Poly(aniline) Forms. The emeraldine
salt and base forms of PANI (PANI-ES and PANI-EB,
respectively) were prepared according to the procedure de-
scribed by Mac Diarmid et al.*® The pernigraniline base form
(PANI-PB) was prepared through oxidation of PANI-EB,
following the procedure described in the literature.*?

(¢) Instrumentation. Resonance Raman spectra at 632.8
nm exciting radiation (from He—Ne laser, Spectra Physics,
model 127) at 457.9, 488.0, and 514.5 nm exciting radiation
(from Ar* laser Omnichrome model 543-AP) and also at 782.0
nm exciting radiation (from Solid State Laser) were recorded
in a Renishaw Raman imaging microscope (system 3000),
containing an Olympus metallurgical microscope and a CCD
detector. Each laser beam was focused on the sample in a
roughly 1 um spot by a x80 lens. Laser power has always been
kept below 0.7 mW at the sample to avoid sample degradation.

Raman data, during the intercalated anilinium polymeri-
zation, were obtained by taking samples from the reaction bath
at different times. These samples were roughly dried in air
(ca. 15 min) over a microscopic slide, and then the spectra were
acquired. FT-Raman spectra of solid samples were recorded
in an RFS 100 FT-Raman Bruker spectrometer, using the
1064.0 nm radiation from a Nd:YAG laser.

The Raman spectra of Janus Green B (Merck) were recorded
in a Jobin-Yvon U1000 spectrometer, fitted with a photomul-
tiplier tube (RCA C31034-A02) coupled to a photon counter
(EG&G PARC). The laser lines 514.5 and 488.0 nm (from Ar™*
Coherent Innova 90-6) were used, and laser power at the
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sample has typically been 100 mW. A circular rotating cell
was used to avoid laser degradation of the sample.

The FTIR spectra were obtained by using a BOMEM MB-
100 instrument with a resolution of 4 ecm™!, and the samples
were dispersed in KBr pellets. The UV—vis—NIR spectra were
obtained in a Shimadzu UVPC-3101 scanning spectrophotom-
eter, using an integration sphere attachment. The XRD
patterns of nanocomposite films were obtained in a Phillips
MPD-1880 diffractometer, using Cu Ko radiation.

The XPS measurements were done by using characteristic
Ko radiation from an Al anode to excite the samples and a
100 mm mean radius hemispherical analyzer operating with
a constant passing of energy of 44 eV, resulting in a 1.6 eV
fwhm for the Au 4f line. A small quantity of each sample was
pressed between two stainless steel plates to form a thin
conglomerate fixed to the sample holder with double-faced
conducting tape. The analyses were done at a base pressure
of 5 x 107 mbar, and charging effects were corrected by
shifting the spectra, so that the C 1s line was at 284.6 eV.

The small-angle X-ray scattering (SAXS) experiments were
conducted at the National Synchrotron Light Laboratory
(LNLS), Campinas, Brazil, by using a monochromatic X-ray
beam (1 = 1.488 A), which also focuses the beam horizontally,
and a position-sensitive X-ray detector to record the scattering
intensity. The in situ SAXS monitoring of An*-MMT polym-
erization (a total of 0.52 g of An*-MMT solid has been
resuspended in 100 mL of deionized water) was done by using
a cell with mica windows.?® The parasitic scattering intensity
(mainly produced by the cell windows) was subtracted from
the total experimental intensity. The SAXS curves were
normalized with respect to (i) the decreasing intensity of the
incoming synchrotron beam and (ii) the SAXS intensity
produced by solvent (water) has been measured and subtracted
from the total scattering intensity before the analysis.

The XANES spectra were obtained by using the facilities of
the National Synchrotron Light Laboratory (LNLS), Campi-
nas, Brazil. The spherical grating monochromator beamline
(the spectral resolution E/AE of spherical grating is better than
3.000) has a focused beam of, roughly, 0.5 mm? spot, and the
spectra were recorded in total electron yield detection, with
the sample compartment pressure at 107® mbar. Measure-
ments were done with the sample surface normal to the beam.
All energy values in the N K-edge spectra were calibrated by
using the first resonant peak in the N K-edge XANES
spectrum of potassium nitrate.’! The used standard com-
pounds have been phenazine (Merck), phenosafranin (Aldrich),
Janus Green B (Merck), oxazine (Aldrich), Nile Blue (Merck),
Titangelb (Titan Yellow/Merck), Congo Red (Merck), Methyl
Orange (Merck), Gentian Violet (Merck), N,N'-diphenyl-1,4-
phenylenediamine (Merck), and hidrazinium dichloride (BDH).

SEM images of the samples, recovered by 16 nm of sputtered
gold film, were recorded through a low-vacuum scanning
electron microscope (SEM, JSM-5900LV) and operated with
a high-tension voltage of 10 kV.

Results and Discussion

The An™-MMT polymerization, using persulfate an-
ions as oxidant, has been conducted in two pH condi-
tions: (a) at pH 2, the experimental condition normally
used to obtain free PANL,*® and (b) at pH 5, the natural
value of the aqueous suspension containing An*-MMT
and ammonium persulfate. The last condition has been
used because the interlayer in smectite clays, such as
MMT, is very acidic,52 which could promote the PANI
formation in the protonated form (i.e., PANI-ES), mak-
ing the external acidity unnecessary.

Figure 1 shows the in situ UV—vis—NIR spectra of
aqueous suspension of anilinium-MMT (An*-MMT) at
pH 2 recorded at different polymerization times. Sig-
nificant spectral changes have occurred during the
polymerization: after 2 h, the bands at 750 and 440 nm
grew and reached their maximum at 4.5 h, while the
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Figure 1. In situ UV—vis—NIR spectra of aqueous suspension
of An*-MMT at pH 2 (A) and pH 5 (B) after the addition of

the oxidant agent. Recorded times (in h): a, 0; b,-0.5; c,-1; d,
2; e, 2.5; 1, 3.5; g, 4.5; h, 5; i, 18.5; j, 20; k, 22.

bands at 670 and 620 nm started to appear after 3.5 h
and reached their maximum intensities after 18.5 h.
There was a continuous shift of the band at 440—405
nm with time. The absorption at 750 nm is a charac-
teristic band of the radical cation of PANI-ES, formed
by head-to-tail coupling of the anilinium radical cat-
ions.?® The band at 440 nm has been attributed to this
species or to benzidine dication, formed by tail-to-tail
coupling reactions of anilinium radical cations.5*% The
correct assignment will be elucidated by resonance
Raman data.

The bands at 670 and 620 nm are not observed in the
characteristic free PANI UV—vis spectrum and indicate
the presence of new chromophoric segments in the
intercalated polymeric structure. The tail (ca. 1020 nm)
of the band localized in the near-IR appeared after 4.5
h and reached its maximum intensity after 18.5 h. This
tail has been assigned to delocalized free charge carriers
present in secondarily doped PANI?® and poly(diphen-
ylamine), PDPA,*¢ and indicates that the nanocavities
of clay can impose an extended conformation on the
intercalated polymeric chains. The evolution of the in
situ UV—vis—NIR spectra for the polymerization at pH
5 was similar to that at pH 2, but the relative intensity
of the band at 670 nm was lower than the one observed
in the spectra at pH 2, indicating that the formation of
the new chromophoric segments are favored in more
acidic medium. At this point, it is important to empha-
size that at external pH 5 the polymerization also
occurs.

Another way to monitor the polymerization of
An"-MMT is by resonance Raman spectroscopy. Figure
2 shows the resonance Raman (RR) spectra for two
exciting radiations and the corresponding optical images
for different polymerization times. In the initial stages
(ca. half an hour), for both pH conditions, the samples
were heterogeneous (see images in Figure 2) and the
sample dark points have RR spectra, while the clear
points present high fluorescence due to MMT.

The RR spectrum excited at 632.8 nm radiation
presents characteristic bands of PANI-ES radical cation
(at 1167, 1318/1339, and 1625 cm™1!) and dication (at
1481 and 1582 ¢cm™1).57 These data confirm that the
band at 750 nm in the UV—vis—NIR spectra of the early
stages of the polymerization is due to this kind of radical
cation segment. However, the RR spectrum excited at
488.0 nm wavelength is not the characteristic spectrum
of free PANI-ES at the same exciting wavelength. The
bands at 1211, 1370, 1455, and 1608 cm™! can be
assigned to the benzidine dication, formed by tail-to-
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tail coupling reactions.585? Since benzidine dication
bands were enhanced at 488.0 nm exciting wavelength,
the electronic band at 440 nm, observed in the in situ
UV—vis—NIR spectra of the early stages of the polym-
erization, can be attributed to this dication species.
These results indicate that two kinds of coupling reac-
tions have occurred simultaneously and that they are
the same for both pH conditions. The samples become
homogeneous after ca. 12 h (see Figure 2), and the RR
spectra at the two exciting wavelengths are completely
different from those obtained at the early stages of
polymerization and stayed constant along the polym-
erization. These spectra are different from those char-
acteristic of free PANI-ES and from the spectra of free
or confined poly(benzidine) in MMT.*” We have recog-
nized this material as a new type of poly(aniline)—MMT
nanocomposite.34

For the first time, SAXS was used to monitor the
evolution of the basal spacing of clay during the
intercalated anilinium polymerization. It is well-known
that the degree of clay swelling in water depends on the
concentration of clay, the nature of the interlayer cation,
and the layer charge density.?® Figure 3 shows the SAXS
data obtained for the An*-MMT suspension at two pH
conditions for different times, after the addition of
ammonium persulfate.

A broad peak has been observed at ca. 20 ~ 4.5°,
which confirms that the clay concentration has not been
enough to delaminate the clay and that the basal
spacing is about 18.8 and 19.3 A in pH media 2 and 5,
respectively. Considering the clay thickness of 9.6 A, the
gallery height is 9.2 and 9.7 A. The SAXS data 1ndlcate
that the water forms three layers of molecules inside
the MMT galleries.®! So we can visualize a heavily
hydrated interlayer region containing An* ions with
lesser freedom degrees than in aqueous solution (Scheme
1). Other important information from the SAXS experi-
ment was that the gallery height was not changed
during the polymerization.

To identify the structure of the confined conducting
polymer, the poly(aniline)—MMT nanocomposites were
isolated and dried, and their powders were character-
ized by several spectroscopic techniques.

XRD has been used to confirm the intercalation of the
An™ and to obtain the gallery height of intercalated
polymer as a powder. Figure 4 shows the XRD pattern
of MMT clay before and after An* intercalation and
after polymerlzatlon at the two pH conditions. The
doo1 basal spacing was of 12.8 A (Na+- MMT), 13.5 A
(An*- MMT), 13.2 A (PANI-MMT prepared at pH 2),
and 14.1 A (PANI-MMT prepared at pH 5). The
changes in the basal spacing of MMT confirm the An*
intercalation and polymerization.

Considering a_clay thickness of 9.6 A, the gallery
height is of 3.6 A (pH 2) and 4.5 A (pH 5) for powder
PANI-MMT nanocomposites. The differences between
doo1 values of PANI-MMT prepared at pH 2 and pH 5
can be associated with the differences in the hydration
degree of the clay. It is worthwhile noting that the great
difference between the values of interlayer distances of
powder PANI-MMT nanocomposites obtained by using
XRD and those measure by SAXS during the interca-
lated An™ polymerization in aqueous suspension (see
Scheme 1).

We have used the SEM technique to investigate the
morphological aspects of PANI-MMT nanocomposites
(Figure 5). It is possible to notice that the morphologies
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Figure 2. Resonance Raman spectra (for two exciting radiation) and optical images of dried aliquot of aqueous suspension of
An"-MMT recorded at different times after the addition of the oxidant agent: A and B, after 0.5 and 12 h.

of PANI-MMT nanocomposites (images C and D) are
similar to that of the clay (image A), but very different
from that of free PANI (image B). This result shows that
the polymerization occurs mainly between the clay
layers, thus corroborating the XRD data.

Figure 6 shows the FTIR spectra of Nat-MMT,
AnT-MMT, free PANI-ES, and PANI-MMT prepared
at pH 2 and pH 5. As can be seen, the clay bands
dominate FTIR spectra (vs;—o at ca. 1044 cm™1), making
the analysis of this spectral region difficult. In the
An"™-MMT spectrum the band at 1497 ecm™! can be
assigned to the v¢—y stretching, while bands at 2860 and
2925 cm~! can be attributed to the vyx_p stretching
modes of the NH3" group,%? confirming the presence of
An™ in the MMT clay.

Comparing spectra D and E (PANI-MMT nanocom-
posites) to that of the free PANI-ES, it is noticed that
the bands at 1239, 1300, 1472, and 1556 cm™! in the
last spectrum have their counterpart band in D and E
spectra, indicating that although the external pH are
different the same kind of polymerization is occurring
inside the gallery height. The absorption bands at 1635
cm~! and the broad band at 3430 cm ™! in the Na*-MMT
spectrum have been assigned to bending and stretching
modes of adsorbed water, respectively.63 These bands
are observed in the An"™-MMT and PANI-MMT pre-
pared at pH 5 but are not seen in the spectrum of
PANI-MMT prepared at pH 2. The absence of this band
in the last spectrum made it possible to observe the
bands at 3440 and 3527 em™!, which have their coun-
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Figure 3. In situ SAXS curves of aqueous suspension of
An*t-MMT at pH 2 (A) and pH 5 (B) after the addition of the
oxidant agent.

terparts in the PANI-ES spectrum and are assigned
to vN—mu stretching modes.5” These results show that the
bands in the IR spectra of PANI-MMT nanocomposites
can be associated with segments originated from head-
to-tail coupling reactions.

Figure 7 shows the RR spectra of the powder
PANI-MMT synthesized at pH 2 and at pH 5 for
several excitation wavelengths and the RR spectra of
PANI-ES for comparison purposes. Some notable
spectral differences are observed in the RR spectra of
PANI-MMT nanocomposites excited at 632.8 nm in
relation to the PANI-ES spectrum excited at the same
wavelength.

In a preliminary work,3* the bands at 1179, 1201,
1264, 1347, and 1390 cm™! in the spectrum of
PANI-MMT were associated with the bands at 1175,
1200, 1270, 1320, and 1380 cm™! observed in the spectra
of poly(diphenylamine), PDPA, excited at 632.8 and
514.5 nm. This correspondence has been attributed to
the presence of radical and dication segments of ben-
zidine in the structure of PANI-MMT, indicating that
intercalated anilinium radical cation species are in-
volved in a tail-to-tail coupling.%* Also in the previous
communication, the weak band at 1449 cm~! in the spec-
trum of PANI—MMT nanocomposite excited at 488.0 nm
was attributed to vN—x stretching mode, in comparison
with other azo compounds.3* This band can also be seen
in the spectra of the nanocomposites excited at 514.5,
488.0, and 457.9 nm wavelengths (Figure 7) and in the
spectrum excited at 488 nm after 12 h of polymerization
(Figure 2). This observation reinforces that, during the
synthesis, there are head-to-head coupling reactions and
azo bonds have been formed. The band at 1449 cm™!
was also observed in the Raman spectra of free and
intercalated poly(benzidine) into MMT.47

Nevertheless, in the preliminary study, some spectral
features have not been completely explained, such as
(i) the new bands at 620 and 670 nm in the UV—vis—
NIR spectra of PANI-MMT nanocomposites are not
observed in the spectrum of free PANI and PDPA; (ii)
the high relative intensities of the bands at 1201 and
1264 cm™! in the PANI-MMT Raman spectrum excited
at 632.8 nm, which are not expected, since these bands
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are very weak in the PDPA spectrum at this exciting
wavelength; (iii) the slight mismatch in the frequency
between the corresponding band in the PANI-MMT
spectrum and those of PDPA (as the bands at 1347 and
1320 ecm™1); and (iv) the absence of bands in the RR
spectra of PDPA, which could be associate with the
bands at 1412 and 1630 cm™! in the spectra of
PANI-MMT. These four points are puzzling features
that demand further investigation.

In the spectroscopic monitoring of the thermal be-
haviors of free PANI and free PDPA, chromophoric
segments, having high resonance Raman condition at
632.8 nm excitation wavelength, were detected. These
segments were identified as phenazine and/or oxazine-
like rings, formed due to cross-linking or reaction with
oxygen during the thermal treatment.*® Phenazine-like
rings were also been identified in free poly(benzidine)
and in poly(benzidine)—MMT.4’

Taking all these considerations into account, we have
tried to find standard compounds, having azo groups
together with phenazine or oxazine-like rings in their
structures, giving out vibrational and electronic signa-
tures similar to those of the PANI-MMT nanocompos-
ites. The best standard azo dye found was the Janus
Green B (JGB). Figure 8 presents the UV—vis—NIR
spectra of JGB in aqueous solution at pH 0 and in
N-methylpyrrolidone (NMP) and the RR spectra at
different excitation wavelengths of the dye in the solid
state. The components at 620 and 670 nm of the broad
absorption band of the dye can be observed in the last
spectra of PANI-MMT in Figure 1. Also, the frequen-
cies and relative intensities of the dye bands at 1179,
1201, 1347, 1400, and 1628 cm™! in the RR spectrum
at 632.8 nm exciting radiation (Figure 8B) are in good
agreement with those of PANI-MMT nanocomposites
at the same radiation (Figure 7). Therefore, this result
indicates that a phenazine-type ring is another kind of
segment present in the polymeric structure. It is worth
noting that the 620 and 670 nm bands that appeared
in the in situ UV—vis—NIR spectra (Figure 1) are
associate with chromophoric segments (having a N=N
azo bond plus a phenazine-like ring) and that these
segments have only appeared after ca. 3 h of polymer-
ization and are more evident for the composite prepared
at pH 2.

Considering the vibrational data, the intercalated
polymeric structure presents segments formed by head-
to-tail coupling reactions of anilinium radical cations
(radical cation, dication, and reduced moieties of 1,4-
phenylenediamine repeat units), which are present in
free PANI-ES. Also, there are segments formed by tail-
to-tail coupling reactions of anilinium radical cations
(dication of benzidine repeat units), together with azo
bonds and phenazine-like segments. These segments
have been presented in Scheme 2.

To understand the variation of PANI-MMT Raman
spectra with the exciting radiation (Figure 7), it is
necessary to consider all the resonance Raman condi-
tions of each segment in the polymeric chains. At 632.8
nm, the bands of phenazine-like rings are in resonance,
but when the wavelength of the exciting radiation
increases or decreases, the spectra of PANI-MMT
nanocomposites become more similar to those of free
PANI-ES. For 1064 and 457.9 nm exciting wavelengths
(Figure 7), the majority of the bands in the spectra of
the nanocomposites has their counterpart in the spec-
tra of free PANI-ES, which means that, at these
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Scheme 1. Schematic Representation of Intercalation and Polymerization Processes of An" Ions into MMT
Galleries

Aqueous Suspension Dried

v} _tetrahedral sheet "
: octahedral sheet

tetrahedral sheet -

18.8 A

Clay layer

l Oxidative
Polymerization

Clay layer

18.8 A

Intensity/ a.u.

L__-/\«-———'“/L — T
12 16 20 24 28 32 4 8 12
20/Degrees

Figure 4. X-ray diffractionpatterns of powder samples: Na*-
MMT (A), An™-MMT (B), PANI-MMT prepared at pH 2 (C),
and PANI-MMT prepared at pH 5 (D).
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exciting wavelengths, the chromophoric segments that
are in resonance condition are those present in free
PANI-ES.

The PANI-MMT nanocomposites spectra at 457.9 nm
excitation wavelength show bands at 1191 and 1613
cm~!, which can be assigned to the vibrational modes
of benzene rings of the reduced 1,4-phenylenediamine
repeat units,5” while the bands at 1328, 1367, and 1623
cm~!, in the PANI-MMT spectra at 1064 nm, can be
assigned to radical cation of the 1,4-phenylenediamine
repeat units.?” It is worth emphasizing the high relative
intensities of the bands at 1495 and 1582 cm™! in the
PANI-MMT spectra at 1064 nm, which are character-
istic dication bands of PANI—-ES, and suggesting a great
amount of this segment in the confined polymeric chain.

The observed Raman bands of PANI-MMT nanocom-
posite, prepared at pH 2, and their counterpart bands
in the spectra of PANI-ES, PDPA, and JGB dye are

Clay layer

Clay layer

. Isolated Solid

() @O Ea) A0 (a)

i ot
= =
= N
+ pur
z <

A —————

Clay layer
HO—=""U0

Clay layer

13.5A

A

PANI-MMT

Clay layer

presented in Table 1. A tentative assignment of the
bands based on those of PANI-ES 576566 of phena-
zine,%~71 and of azobenzene’ is also presented. No
attribution of the vibrational bands of JGB was found
in the literature.

A technique that can be used to distinguish different
types of nitrogen is the X-ray absorption in the N K-edge
(XANES).” Henning et al.”*~76 have demonstrated the
viability of using the XANES technique to characterize
the different oxidation states of nitrogen atoms in the
PANTI chain. To use this spectroscopy to improve our
knowledge of the polymeric chains in PANI-MMT
nanocomposites, XANES spectra of compounds with
nitrogen in different chemical states must be measured.
As can be seen in Figure 9, the energy values change
very little with the type of nitrogen atoms (see structural
formula in Scheme 3), although a general correlation
between band values and the kind of nitrogen atoms
can be taken from the XANES spectra. The spectra of
the compounds, having an imine nitrogen ring, =N—,
present a low-energy band in the 398.2—398.3 eV
(spectra A—E of Figure 9). For compounds having
positively charged imine nitrogen in the phenazinic ring
or in quinoid segments, IN"=, a band appears in the
399.4—399.6 eV (spectra B—E and K). In azo dyes
spectra (C, F—H), there is a band in the 398.7—398.9
eV that can be assigned to —-N=N-— azo bonds.

Following the assignment proposed by Henninget
al.,’® the band in the 400.4—400.7 eV, observed in
spectra A—C, can be assigned to delocalized imine
groups. In compounds having amine nitrogen, —NH—,
there is a band in the 401.8—402.7 eV. In the spectrum
of hidrazinium dichloride, the band at 404.6 ¢V can be
assigned to protonated hydrazinic nitrogens, NoHg2 .
Table 2 lists the bands of the standard compounds, and
a tentative assignment of the bands is presented.

Figure 10 shows the XANES spectra of PANI-MMT
nanocomposites synthesized at pH 5 and pH 2 (spectra
D and E, respectively) and the XANES spectra of free
PANI-EB, PANI-PB, and PANI-ES, spectra A, B, and
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Figure 5. SEM images of samples: Na™-MMT (A), PANI-ES (B), PANI-MMT prepared at pH 5 (C), and PANI-MMT prepared

at pH 2 (D).
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Figure 6. FTIR spectra of solid samples dispersed in KBr
pellets: Nat-MMT (A), An*-MMT (B), PANI-ES (C), PANI—
MMT prepared at pH 2 (D), and PANI-MMT prepared at pH
5 (E).

C, respectively. A tentative assignment of the peaks in
the spectra of the free PANI forms based on Henning
et al.”® is also presented in Table 2. The bands at ca.
398.5 and 398.9 eV in the spectrum of PANI-MMT
prepared at pH 5 and pH 2 can be assigned to
—N= imine nitrogens of phenazine-like rings and to
—N=N- azo bonds, respectively. This result confirms
the presence of phenazine-like rings and azo bonds in
the nanocomposites, corroborating the resonance Raman
data. The band at 398 eV in the PANI-MMT prepared
at pH 5 can be assigned to —N= imine nitrogens of
quinoid segments. The band at 399.2 eV in the spectra
of PANI-MMT prepared at pH 2, not resolved in the
spectrum of PANI-MMT prepared at pH 5, has the
counterpart band at 399.1 eV in the PANI-ES spectrum
(part C in Figure 10) and can be attributed to radical
nitrogens. The band at 399.9 eV can be assigned to
positively charged imine nitrogens, while the bands at
400.4 and 401.9 eV can be attributed to delocalized
imine and amine nitrogens, respectively. Maybe the

band at 403.0 eV in the PANI-MMT nanocomposites
spectra could be associated with hydrazinium nitrogens
groups in the polymeric chains. However, the band at
404 eV is also observed for compounds that do not have
hidrazinium nitrogens (Figure 9A—C,H,J).

X-ray photoelectron spectroscopy has been largely
used for characterizing the nitrogen oxidation states of
PANI.77-80 Figure 11 shows the characteristic N 1s XPS
spectra of PANI-EB and PANI-ES. The lines at 398.1,
399.3, and 400.8 eV in the PANI-EB spectrum can be
assigned to imine (=N—), amine (—NH—), and radical
(—=N*"=) nitrogens, respectively. The lines at 399.2 and
401.3 eV in the PANI-ES spectrum are due to amine
and radical nitrogens, respectively.”” The spectrum of
PANI-MMT nanocomposite prepared at pH 2 (Figure
11C) presents three lines at 399.2, 400.8, and 402.8 eV.
The weak line at 399.2 eV can be assigned to the amine
nitrogens and the 400.8 eV to radical nitrogens, while
the line at 402.8 eV, which does not have a counterpart
in the PANI-EB and PANI—-ES spectra, can tentatively
be assigned to protonated amine nitrogens.”®" The
presence of radical cations in the PANI-MMT nano-
composite samples has also been shown by EPR mea-
surements.3*

It is known that in the XPS signal the majority of the
information comes from the first three atomic mono-
layers, which means that only the polymeric chains on
the external surface or on the edge of clay crystal
contribute to the XPS signal of PANI-MMT nanocom-
posite. Therefore, the low values of N/Si ratio (0.026,
the Si peak has not been shown) obtained for the
PANI-MMT suggest that only a small fraction of
polymer is on the external clay surface, which is in
agreement with the SEM images (Figure 5).

The absence of peaks in the PANI-MMT XPS spec-
trum which can be assigned to nitrogen atoms of the
phenazine-like rings and azo units suggests that these
segments are not present in the polymeric chains on the
external surface (basal surface and the edges) of the
clay. Some reason for the preferential localization of
chains, having head-to-tail segments on the basal
surface or on the edges of the clay particles, can be the
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Figure 7. Resonance Raman spectra of powder samples of PANI-MMT prepared at pH 5 (A), PANI-MMT prepared at pH 2

(B), and PANI-ES (C), obtained at several excited radiations.
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Figure 8. UV—vis-NIR spectra of solutions of Janus Green
B azo dye in NMP (A), aqueous acidic solution (B), and
Resonance Raman spectra of Janus Green B azo dye in a solid
state obtained at several exciting radiations. The dye molec-
ular structure is also shown.

easier access of the oxidizing agent. This observation is
consistent with spectroscopic data at the initial stages
of An*-MMT polymerization, which show that
PANI-ES is formed and phenazine-like rings plus
N=N bonds are absent.

From the characterization results, it has been possible
to state that the intercalated polymeric chain is different
from that of PANI-ES. The formation of these new
structures, not common in the absence of the clay, could
be a consequence of the confinement of the monomers.
The An™ can assume some different orientations inside
the gallery height and the electric field between the

sheets can change the An™ electronic distribution. These
effects, together with smaller degree of freedom for An*
imposed by the gallery height (ca. 9.5 A), are important
factors to be considered when trying to rationalize the
difference between the free and the confined monomer
polymerization mechanisms.

In Scheme 2A, the possible parallel reaction pathways
for the free aniline polymerization in acidic medium
giving PANI-ES are presented. The head-to-tail cou-
pling reactions occur with higher frequency than the
others.%4 Only in strong acidic medium are the benzidine
and its dication the major product.’* The absence of
hydrazo segments has been attributed to the rearrange-
ment that NV,N'-diphenylhydrazine undergoes in acidic
medium, leading to benzidine.%*

The ensemble of spectroscopic data, obtained in this
study, allows us to infer that PANI-ES-like chains are
present in the structure of PANI-MMT nanocompos-
ites. Benzidine segments have also been detected, and
its formation can be explained by considering the acidity
inside the gallery. The electronic absorptions at 620 and
670 nm indicate that azo bond and phenazine-like
segments are present in the confined polymeric chain
(see Scheme 2B). It is worth emphasizing that only after
3 h of polymerization these chromophoric segments have
been detected, which suggests that benzidine segments
can participate in its formation. The experimental
evidence of this participation is the decrease of the
characteristic RR spectrum of benzidine dication after
this polymerization time. Considering all these results,
one possible reaction pathway for their formation is
presented in Scheme 2B.

We have mentioned above some possible reasons
responsible for the intercalated PANI formation with
distinct structure compared to the free polymer. Several
clay properties should be important when a polymeri-



Macromolecules, Vol. 37, No. 25, 2004

Aniline Polymerization into Montmorillonite Clay 9381

Scheme 2. Schematic Representation of Probable Chromophoric Segments Present in Intercalated PANI Chains
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swelling ability, isomorphic substitution (tetrahedral or
octahedral sheet), redox properties of cations in inter-
layer and intralayer region, purity, etc. External pa-
rameters such as pH, oxidant agent, ionic strenght,
solvent, and temperature should also influence the
polymerization pathways. We have only used Swy-2
montmorillonite in the Na* form as precursor, but other
clays could be investigated in order to stress the role of
host properties in aniline condensation in the galleries.
For example, recently a very interesting work was
reported about the influence of a set of clays with
different iron content and localization in the pyrrole
adsorption and polymerization.?® In the present study,
some external parameters (as pH and polymerization
time) were varied, but other ones could be investigated
in order to get the influence in the final characteristic
of the PANI—clay systems.

The determination of the polymeric structure of
PANI-MMT nanocomposites is important considering
the many possible applications of these materials. It is
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expected that the conducting polymer intercalation in
matrices as clays produce a better chain alignment or
orientation compared to the bulk polymer in order to
enhance, for example, the electric conductivity.23:29
(Other properties such as thermal and mechanical can
also be enhanced.?”) The literature has show that in
general the intercalation of electroactive polymers (in
clays and some other hosts) produces materials with a
lower electrical conductivity than the nonconfined poly-
mer.”2628 In a previous work?® we showed that the
PANI-MMT electrical conductivity is about 1073 S
cm™!, a value similar to those reported in the litera-
ture.3® Some authors have claimed that the particles
containing intercalated conducting polymer could be not
connected among them, consequently decreasing the
electrical transport.”33:35 So the electrical response could
be increased if an excess of polymer outside the particles
is present. Probably, there is a monomer/host ratio
where the compromise between the confinement effect
(i.e., polymer chain alignment) and the electrical contact
of the particles is maximized. Other reasons can be
pointed out for the low conductivity of intercalated
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Table 1. Raman Bands in PANI-MMT Spectra and Their Associated Bands in PANI-ES, Janus Green B Azo Dye,
and PDPA

exciting wavelengths (nm)

457.9 488.0 514.5 632.8 782.0 1064.0 tentative assignt
1630 Ph ring®
[1628]¢ [1628] [1628]
1623 1623 vC—C (SQ)
(1619) (1619) (1621)
1613 1618 1618 vC—C (B)
(1613) (1615) (1615)
1585 1585 1585 1583 1582 vo—c (Q)F
(1578) (1580) (1596)
1565 ve—c (SQ)
(1567)
1515 1515 1515 1515 AN-H
(1503) (1513) (1509)
1487 1495 ve-N (Q)
(1477) (1482) (1491) (1506)
1449 1449 1449 VN=N
[1441]
1412 1412 1412 1412 Ph ring
[1400] [1400] [1400]
1390 1390 1390 1390 vo—c BZ2+d
{1380} {1380} {1380} {1380}
1347 1347 1347 Ph ring
[1347] [1347] [1347]
1336/1368 1330/1367 ve-n (SQ)
(1308/1333) (1308/1333) (1316/1336) (1321/1340) (1323/1352)
1264 1264 1264 1264 1266 ve-n (B),
(1250) (1250) (1250) (1251) (1264) Ph ring
[1303] [1303] [1303]
1242
(1231)
1201 1201 Ph ring
[1202] [1202] [1201]
1191 1195 Bo-u (B)
(1182) (1182) (1182) (1182)
1179 1179 1179 1179 Ph ring
[1179] [1179] [1179]
1170 fe-u(Q)
(1163) (1166) (1171)
(1154) fe-u (SQ)

@ Standard compounds bands: (...) PANI-ES; [...] JGB; {...} PDPA. ® Ph: phenazine ring vibrations. ¢ SQ, B, and Q: abreviations of
semiquinone, benzenoid, and quinoid segments of PANI—-ES. ¢ BZ2+: abreviation of dication benzidine.
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Figure 9. N-K XANES spectra of solid samples of phenazine
(A), phenosafranin (B), Janus Green B (C), Nile Blue (D),
oxazine (E), Congo Red (F), Methyl Orange (G), Titangelb
(Titan Yellow) (H), hidrazinium chloride (I), N,N'-diphenyl-
1,4-phenylenediamine (J), and Gentian Violet (K).

electroactive polymers. For PANI—clay composites in
particular, the low electrical response was attibuted to

the increase in the charge carriers localization and
decrease in the conjugation length of the organic chain.23
The data reported in this paper show that other param-
eters could be also considered. Perhaps the appearance
of chromophoric groups as phenazine and azo in the
PANI carbonic chain decreases the length of conjuga-
tion. At this time it is not possible to evaluate exclu-
sively the role of the chromophoric segments observed
in PANI-MMT in its electrical conductivity since other
parameters (the poor electrical contact among the
particles for example) can be operating. Our results have
shown that to overcome the formation of such groups it
is necessary to control the polymerization time and the
pH of the suspension (and/or the clay acidity). However,
as discussed above, other clay properties and external
parameters should be systematically investigated. We
believe that the data here reported are important to
guide future works focusing on the preparation of
PANI—clay composites with interesting properties.

Conclusions

The oxidative polymerization of anilinium in MMT
occurs in a gallery height having about 9.5 A, and the
initial products are PANI-ES and benzidine dications.
New chromophoric segments appear as the polymeri-
zation proceeds. The electronic bands at 670 and 620
nm and an intense RR spectrum at 632.8 nm are
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Scheme 3. Schematic Representation of Chemical Structures of the Standard Compounds
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Table 2. N-K XANES Bands of Standard Compounds PANI-ES, PANI-EB, and PANI-PB

Compounds R Energy/ eV
N1sD>n*
=N-  =N-_ + 0+
Qubeid Prenicoran- N Ne one N#-
PANI-EB 397.7 -- -- - -- 400.6 402.7 --
PANI-PB 397.7 -- -- - -- 400.6 - --
PANI-ES -- - -- 399.1 - - 4027 --
Phenazine - 3982 -- - - 400.6 - --
Phenosafranin -- 398.5 - -- 3994  400.7 ~402 -
Janus Green B -- 398.3 398.7 - 3996 4004 ~402 -
Nile Blue - 3983 -- - 3996 - ~402 --
Oxazine - 398.3 -- - 3996 -~ 401.8 --
Congo Red -- - 398.7 -- -- - 4025 -
Methyl Orange -- - 398.7 -- -- -~ 402.0 -
Titangelb - -- 398.9 - -- 4004 401.5 --
Hidrazinium -- - - -- -- - -- 404.6
chloride
N,N’-diphenyl-1,4- - - - - - - 402.0 -
phenylenediamine
Gentian Violet -- - - -- 399.6 - 4018 -

fingerprints of these segments. The XRD diffraction
pattern and SEM images of the powder PANI-MMT
nanocomposites indicate that the polymerization occurs
mainly between the clay layers. The gallery height is

3.6 and 4.5 A for powder PANI-MMT nanocomposites
prepared at pH 2 and pH 5, respectively. The IR spectra
of nanocomposites present only bands due to PANI—
ES-like segments. Resonance Raman, nitrogen XANES
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Figure 10. N-K XANES spectra of solid samples of
PANI-EB (A), PANI-PB (B), PANI-ES (C), and PANI-MMT
prepared at pH 5 (D) and pH 2 (E).
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Figure 11. N 1s XPS spectra of solid samples of: PANI-EB
(A), PANI-ES (B), and PANI-MMT prepared at pH 2 (C).

spectra of free PANI-ES, PANI-EB, and PANI-PB,
and standard compounds have been compared to those
of PANI-MMT nanocomposites, leading to the pres-
ence of PANI-ES chains, benzidine segments, azo
bonds, and phenazine-like rings in the structure of
confined conducting polymers. XPS technique detects
only PANI-ES segments of the intercalated polymeric
structure, suggesting that they are adsorbed on the
external surface and/or on the edge of clay crystal.
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