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ABSTRACT: We synthesized nanotubular poly(diphenylamine) (PDPA) by confining PDPA in the channels
of MCM-41 (with a possibility of tuning the pore size). A two-stage synthesis, comprised of adsorption of
diphenylamine (DPA) in the channels of MCM and subsequent oxidative polymerization to form PDPA,
was employed. Adsorption of monomer was done in two different media, sulfuric acid (SA) and
p-naphthalene sulfonic acid (NSA). DPA molecules form self-assembly with NSA inside the pores of MCM-
41. Polymerization proceeds differently in these two selected media. NSA provides an environment for
the formation nanotubular PDPA inside the pores of MCM-41. Results from nitrogen adsorption—
desorption measurements, X-ray diffraction analysis, scanning electron microscopy, FTIR spectroscopy,
and thermogravimetric analysis show the presence of PDPA in the channels of MCM-41. PDPA formed
inside the pores of MCM-41 was also removed from the pores. Field emission transmission microscopy of
PDPA extracted from the pores reveals the nanotubular morphology. FTIR spectroscopy, proton NMR
spectroscopy, and conductivity measurement were used to characterize the nanotubular PDPA. The
electronic state of nanotubular PDPA shows the confinement effect from MCM-41 that is different from

PDPA formed by the conventional method.

Introduction

Since the discovery of mesoporous molecular sieves
(MCM-41) by Kresge and Beck et al.,’:2 this field has
received much attention. The major driving forces for
continuing interest on these types of materials®~6 are
the application potentialities and varieties of synthetic
strategies available to prepare these types of materials.
Surfactant templation has been proved to be an effective
method for preparation. The procedure involves polym-
erization of a tetraalkoxysilane in the presence of a
surfactant such as cetyltrimethylammonium bromide
(CTAB). In water, the surfactant molecules can have a
highly ordered structure and keep the original ordered
structure even after polymer formation. Calcination or
solvent washing can remove the surfactant and leave
behind the silica-like polymer containing cavities or
mesopores that retain the shape of the absent surfac-
tant. Silica formed from the same starting materials
(templated in the presence of a surfactant that is
subsequently removed) has a periodic structure with
uniform pore sizes ranging from 15 to more than 100
A. The material termed MCM-41 possesses hexagonal
symmetry in the presence or absence of surfactant.

Many different synthetic methods have been formu-
lated and attempted for control of the size, shape,
orientation, and polymorphic structure’—? in MCM-type
materials. Various templates such as microemulsion,0
block copolymers,!! latex particles,!? colloidal crystals,!3
sponge-like polymer gels,* and bacterial superstruc-
tures!® have been attempted for modulating the peri-
odicity and regularity of the porous structure in MCM-
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41. Also, studies have been directed to tune the pore
size without affecting the structural stability of the
material.l® Use of surfactants with different hydropho-
bic chain lengths would induce several textural param-
eters for the mesoporous materials.

Inspired by the possibility of alignment of the encap-
sulated molecules into the host channels, different
nanostructured organic—inorganic composites based on
mesoporous hosts and carbon, polymer, metal, and
semiconductors have been investigated.l’-24 Recently,
efforts have been made on the synthesis of polyaniline
(PANI), polypyrrole nanofibers, or nanotubes by chemi-
cal or electrochemical oxidative polymerization of the
respective monomer. Encapsulation of nanosized con-
ducting polymer filaments into the channels of MCM-
41 hosts opened up the possibility of using mesoporous
materials for making nanometer-scale electronic de-
vices.25727 “Hard templates” such as aluminosilicate
MCM-4126 track-etched polymeric membranes and po-
rous alumina and “soft templates” such as liquid
crystalline phases,?® reverse microemulsion,? and mi-
celles?93!l were used to prepare PANI, polypyrrole
nanofibers, or nanotubes.

While using porous templates for making tubular or
fibrous conducting polymer, each pore in the template
acts as tiny reaction vessel having precise diameter and
length. This type of conducting polymer nanotube/
nanofiber can exhibit field emission properties for flat
panel displays.?2 Recently, conducting nanotubes/fibers
have been prepared by a templateless method using
organic dopants.33~36 Polymer nanotubes were formed
by the in situ polymerization of self-assembly of mono-
mer and organic dopant molecules.33-36

Synthesis of poly(diphenylamine), PDPA, a polymer
of an N-substituted aniline derivative, received atten-
tion owing to the difference in electrochemistry, con-
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Scheme 1. Self-Assembly of Diphenylamine and -Naphthelene Sulfonic Acid Inside the Pores of MCM-41 (A) and
Nanotubular Poly(diphenylamine) Formation Inside the Pores of MCM-41 (B)

o adsorbed / self assembled
hydroxyl exposed sites in the ——

channel in the channel of MCM-41

ductivity, and electrochromism?3’—3% than PANI. Syn-
thesis of PDPA in the microcavities of MCM has not
been attempted so far in the presence of an organic
dopant that would assist self-assembly of monomer
molecules inside the cavities/pores. Such a synthesis
would produce tubular conducting polymer with elec-
tronic properties that are different from the polymer
prepared by the conventional method. We believe that
the electronic properties of the conducting polymers can
be influenced by the confinement effect induced by the
inorganic host.*%4! Hence, preparation of PDPA inside
the channels of MCM-41, after self-assembly of the
monomer, diphenylamine (DPA), in a dopant that can
assist self-assembly in the pores, would produce PDPA
with different electronic properties.

We report here the synthesis of PDPA inside the
channels of MCM-41 through polymerization of the self-
assembly of monomer and organic dopant in the chan-
nels. f-Naphthalene sulfonic acid (NSA), with a hydro-
phobic naphthalene moiety and hydrophillic sulfonate
group, was used to generate self-assembly of dipheny-
lamine (DPA) inside the pores of MCM-41. The self-
assembly of DPA-NSA (Scheme 1), anchoring into the
pores of MCM-41, was polymerized to produce tubular
PDPA. X-ray diffraction (XRD) and N-adsorption mea-
surement were used to confirm polymer formation inside
the pores. FTIR spectroscopy and scanning electron
microscopy (SEM) were used to characterize PDPA.
Also, polymerization of DPA was performed with
another dopant, sulfuric acid (SA), that cannot form self-
assembly of monomer molecules in the pores. PDPA was
also prepared by conventional oxidative polymerization
in the absence of MCM-41. PDPA formed inside the
pores of MCM-41 was extracted from the pores and
characterized by proton ({H) NMR spectroscopy, FTIR
spectroscopy, and conductivity measurements. Field
emission transmission microscopy (FETEM) was used
to investigate the microstructure of the PDPA extracted
from the pores of MCM-41. The properties of nanotu-
bular PDPA formed inside the MCM-41 channel were
compared with PDPA formed by the conventional
method.

Experimental Section

Materials. DPA (diphenylamine), ammonium persulfate,
NSA (B-naphthalene sulfonic acid), TEOS (tetraethyl ortho-
silicate), 1-bromoeicosane, and triethylamine were obtained

from Merck and Fluka. Unless otherwise noted, all other
chemicals were reagent grade and used as received.

Synthesis of MCM-41. MCM-41 was synthesized using
ETAB (eicosanetrimethylammonium bromide) as surfactant
by the hydrothermal procedure.** ETAB was prepared by the
reaction of 1-bromoeicosane with triethylamine. A typical
procedure for the preparation of precursor gel is outlined here.
The surfactant was diluted with water and stirred for 10 min.
Ammonia and ethanol were then added successively under
stirring until a clear solution resulted. The surfactant solution
was added dropwise to an aqueous solution of TEOS. After
continuous and vigorous stirring for 210 min, a gel having the
composition 0.024:0.0024:0.14:2.568:1.284 TEOS:ETAB:am-
monia:water:ethanol was obtained. The gel was calcined in an
oven at 550 °C. We designate the calcined materials as MCM-
41. (Hexagonal packing for the MCM-41 was ascertained by
X-ray diffraction analysis.5)

Polymerization of Diphenylamine Inside the Pores of
MCM-41. A 0.5 g amount of MCM-41 was dispersed in a 10
mM solution of DPA in NSA or SA, and the mixture was
sonicated for 24 h with stirring. After sonication, MCM-41 was
filtered, washed three times with NSA or SA, and dried to get
DPA-NSA- or DPA-SA-loaded MCM-41 (designated as MCM-
41(DPA-NSA) or MCM-41(DPA-SA). MCM-41(DPA-NSA) or
MCM-41(DPA-SA) was placed in 20 mL of 0.5 M ammonium
peroxydisulfate and stirred for 2 h at 5 °C. A dark-green-
colored precipitate, NSA- or SA-doped poly(diphenylamine),
PDPA-NSA or PDPA-SA loaded MCM-41 (designated as MCM-
41(PDPA-NSA or MCM-41(PDPA-SA), was obtained after
stirring for a few minutes. MCM-41(PDPA-NSA) or MCM-41-
(PDPA-SA) was filtered, washed with distilled water, and dried
at 60 °C in a vacuum oven. Separate polymerization experi-
ments were carried out in similar conditions in NSA or SA
medium without having MCM-41 in the monomer solution.

Removal of PDPA from MCM-41 Pores. MCM-41(PDPA-
NSA) or MCM-41(PDPA-SA) was placed in aqueous ammonia
for 24 h and stirred to dedope the PDPA-NSA. The color of
the precipitate changed from green to blue during this process.
The blue-colored precipitate (MCM-41 loaded with neutral
PDPA) was filtered, washed with water, and dried in a vacuum
oven. MCM-41 loaded with neutral PDPA was put into 20 mL
of DMF and stirred for 48 h. The medium becomes blue
colored, showing the removal of neutral PDPA from the pores
of the MCM-41. The undissolved white mass (MCM-41) was
filtered, washed with DMF, and dried in a vacuum oven. The
blue-colored solution contains neutral PDPA extracted from
pores of MCM-41.

Characterization. MCM-41(DPA-NSA), MCM-41(DPA-
SA), MCM-41(PDPA-NSA), MCM-41(PDPA-SA), neutral PDPA
extracted from MCM-41, and PDPA prepared through the
conventional procedure were characterized by UV—vis spec-
troscopy (Shimadzu UV-2101 spectrophotometer) and FT-IR
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Figure 1. (A) Small-angle XRD patterns of MCM-41(PDPA-SA) (a) and MCM-41(PDPA-NSA) (b). (Inset) Wide angles. (B) Small-

angle XRD pattern of pristine MCM-41.

spectroscopy (Perkin-Elmer Lamda 9N-1062 spectrometer).
MCM-41(DPA-NSA), MCM-41(DPA-SA), MCM-41(PDPA-NSA),
and MCM-41(PDPA-SA) were subjected to Ny adsorption. The
microstructure of PDPA extracted from MCM-41(PDPA-NSA)
was investigated by means of a field emission transmission
electron microscope (FETEM) (JEOL, JEM-2000EX) with a
field emission electron gun operated at 200 kV. Ny sorption
(BET) measurements were carried out using a quantachrome
Autosorb-1 with nitrogen as adsorbate at 77 K. The samples
were degassed for 12 h at 300 °C in a vacuum before
measurement. X-ray diffraction patterns were collected em-
ploying a Dg-Advanced Bruker AXS diffractometer using Cu
Ko, radiation (A = 1.540 56A°) with (© — 20) geometry using
a scintillation counter (low-angle region). The morphology of
the samples was examined by scanning electron microscopy
(SEM) (Hitachi, S-4200). Thermogravimetric analyses (TGA)
were carried out using a TA instrument 951; ca. 0.10 mg of
the sample was placed in a quartz bucket and heated at a rate
of 10 °C/min in an Ny atmosphere. Proton (‘"H) NMR measure-
ments were carried out on a 400 MHz Bruker, Advance Digital
400. The room-temperature conductivities of the compressed
pellets of PDPA samples were determined using the conven-
tional four-point probe method (HP 4156A Semiconductor
Parameter Analyzer).

Results and Discussion

Evidence for Nanotubular PDPA Formation
Inside MCM-41. PDPA was formed inside the channels
of MCM-41 by performing polymerization of adsorbed
monomer in two different media, NSA and SA. We could
observe distinct differences in morphology, amount of
polymer formed, and electronic and thermal properties,
between MCM-41(PDPA-NSA) and MCM-41(PDPA-SA).

X-ray diffraction patterns of MCM-41(PDPA-NSA)
and MCM-41(PDPA-SA) (Figure 1A) depict that there
are distinct variations in the intensities of the peaks
corresponding to the ordered structure of MCM-41
(Figure 1B) upon confining PDPA in the mesopores, and
the intensity variations depend on the use of medium
for the synthesis of PDPA. Besides the significant
decrease in the intensity corresponding to the crystalline
peak of MCM-41, an additional peak is observed for the
presence of amorphous PDPA (Figure 14, inset).

Polymerization of DPA was done by initial sorption
of DPA inside the pores of MCM-41 in SA or NSA

medium and subsequent chemical oxidation of the
adsorbed DPA with peroxydisulfate. The physical/
chemical state of DPA inside the pores in the medium
of polymerization determines the morphology of PDPA.

The peak at 2.1°(20), which is a signature of the
highly ordered quasi-two-dimensional hexagonal lattice
of MCM-41,142-45 shows a significant decrease in in-
tensity from pristine MCM-41 (Figure 1B) upon confin-
ing PDPA. The extent of decrease in peak intensity at
2.1° shows dependence on the medium of polymerization
(Figure 1A) and signifies that the mechanism of PDPA
formation would be different in these two media, which
consequently determines the morphology of PDPA. We
envisage that the self-assembly of monomer (DPA)
molecules inside the pores of MCM-41 is possible and
can ultimately result nanotubular PDPA. On the con-
trary, such a self-assembly is not possible in SA; hence,
PDPA formed in SA is expected to be different. We
obtained evidence for the self-assembly of DPA inside
the pores of MCM-41 in NSA.

X-ray diffraction of MCM-41 adsorbed with DPA in
NSA shows an additional peak at 9.99° with a concomi-
tant decrease in the intensity of the peak corresponding
to crystalline MCM-41 (Figure 2). It is presumed that
the new peak corresponds to the self-assembly of DPA
molecules and the probable consequent ordered struc-
tures inside the channel of MCM-41. This is an indica-
tion of short-range ordering of an anion of NSA with
DPA to form self-assembly.*® Alternatively, the new
peak may be taken as an indication of the presence of
an extra channel second phase. XRD measurement of
MCM-41(DPA-NSA) was performed after repeated wash-
ing with water. Hence, the probability of the presence
of an extra channel phase may be considered as a
minimum. However, the additional peak could not be
witnessed with SA. Now the reason for self-assembly
of DPA with NSA in the pores of MCM-41 is explored.

The amine groups attached to the aromatic ring in
DPA provide the unshared electron pair to delocalize
and keep the electron as part of the aromatic ring. As a
result, the aromatic units can act as a donor site for
any electron-rich acceptor site. Hence, a donor—accep-
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Figure 2. Small-angle XRD patterns of MCM-41(DPA-SA)
(a) and MCM-41(PDPA-NSA) (b).

tor-type interaction is expected between the aromatic
unit and electron-rich SiOH groups of MCM-41. During
sorption of monomer, DPA is expected to be held within
the framework of MCM-41 through such donor—accep-
tor interactions.*” In acidic medium in the presence of
NSA, protonated DPA or salt form of DPA gets attached
to MCM-41 (Scheme 1) rather than the neutral DPA
molecules. Additionally, the amphiphilic character of
NSA due to the presence of the hydrophilic —SOsH
group and lipophilic —CioH; (naphthyl) groups and
coexistence of NSA with its salt of DPA provide the
possibility of micellar formation. With micelles consist-
ing of NSA-DPA salt attached to MCM-41, the shell of
micelles can be visualized (Scheme 1) to have a coexist-
ence of NSA anion and diphenylamine cation in the form
of electrical double layers.*¢ Now the hydrophobic part
of NSA can hold further layers of DPA, making a
monomer-filled micellar structure attached to the pores
of MCM-41. We envisage that this type of micellar
structure can act like a template to form a tubular
structure for PDPA. This type of micellar formation is
not possible in SA, and the difference is clearly reflected
on polymerization.49~51

There are differences in the amount of PDPA confined
between MCM-41(PDPA-SA) and MCM-41(PDPA-NSA).
The sorption of monomer and subsequent polymeriza-
tion were carried out under similar conditions in SA and
NSA. However, a weight increase of ~16% was noticed
for PDPA due to confinement in the pores of MCM-41
with NSA as the medium. In contrast, a weight increase
of ~5% was observed in the case of SA. This provides
further support that during sorption monomer (DPA)
molecules are held in a micellar configuration (Scheme
1) in NSA, which provides an environment able to have
more monomer concentrations than in SA.

Now it is important to know whether the formed
PDPA is confined in the pores or on the surface of MCM-
41 sphere. To obtain this information, MCM-41(PDPA-
NSA) and MCM-41(PDPA-SA) were subjected to Ny
adsorption—desorption studies. Figure 3 represents the
Ns adsorption—desorption isotherms for MCM-41(PDPA-
NSA) and MCM-41(PDPA-SA). The decrease in BET
surface area and pore volume (Table 1) for MCM-41-
(PDPA) (for both medium) in comparison with that of
pristine MCM-41 clearly shows that PDPA is predomi-
nantly present in the pores of MCM-41. MCM-41(PDPA-
NSA) shows a higher decrease in surface area (99%)
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than MCM-41(PDPA-SA) (88%). Otherwise, only 1%
pore volume of pristine MCM-41 was present after
entrapment of PDPA-NSA in the pores. However, nearly
12% of the pore volume was retained in SA. These facts
corroborate with the higher weight increase in NSA
(~16%) than in SA (~5%) upon confining PDPA in the
pores of MCM-41. A micellar environment with excess
monomer in the matrix of MCM-41 could produce a
tubular structure for PDPA in NSA and could fill the
pores to a greater extent. A similar decrease in pore
volume and specific surface area is observed after
entrapment of polymer2652 or enzymes.5?

To authenticate the tubular formation of PDPA, the
polymer was extracted from MCM-41(PDPA-NSA) and
the microstructure of the PDPA was examined by
FETEM. Figure 4 shows a typical cross-sectional high-
resolution (HR) TEM photograph of the PDPA extracted
from MCM(PDPA-SA). The TEM photograph clearly
provides evidence for the nanotubular morphology for
PDPA (Figure 3). PDPA nanotubes with a diameter of
20—30 nm and a length of 130—180 nm could be seen
(Figure 4).

On looking at the shapes of the Ny-adsorption—
desorption isotherm (Figure 3) of MCM-41(PDPA-NSA)
and MCM-41(PDPA-SA) it can be inferred that the pores
of MCM-41 are occupied differently with PDPA-SA and
PDPA-NSA. The textural difference between PDPA-SA
and PDPA-NSA in the pores of MCM-41 is reflected in
the adsorption hysteresis (Figure 3).

We used similar conditions to remove PDPA from the
pores of MCM-41. After removal of PDPA, pore size
measurements were made to obtain an idea about the
regeneration of pores. While PDPA- SA could be ex-
tracted completely to regenerate the surface area as
(251 m?%g) similar to pristine MCM-41 (229 m%g),
PDPA-NSA could not be removed fully. The MCM-41
after removal of PDPA-NSA shows 50% of the surface
area as that of pristine MCM-41. The above observation
also provides evidence for the tubular structure to
PDPA-NSA showing difficulty for removal.

Figure 5 presents the SEM photograph of MCM-41-
(PDPA-NSA) (Figure 5a) and MCM-41(PDPA-SA) (Fig-
ure 5¢) and MCM-41 after removal of PDPA from the
pores (Figure 5b and d). The spheres are held tightly
in MCM-41(PDPA-NSA), probably by the interconnected
tubular PDPA network (Figure 5a), as envisaged in
Scheme 1. Otherwise, MCM spheres are threaded into
tubular PDPA as noted in molecular necklace frame-
works.5* The spheres becomes less connected upon
removal of PDPA from the pores.

Evidence for entrapment of PDPA inside MCM-41
pores could be obtained from comparison of the FTIR
spectra of MCM-41(PDPA-NSA) (Figure 6), MCM-41-
(PDPA-SA) (Figure 6), and pristine (Figure 6, inset).
There are characteristic bands in the region 1300—1600
and 500—900 cm~! (Figure 6) which represent the
loaded PDPA in the MCM-41 pores. Typically, the band
around 1400 cm™! can be assigned to diphenosemi-
quinoaminoimine segments®”%% in PDPA (Scheme 2),
which is virtually absent in pristine MCM-41 (Figure
6, inset). Another band around 690 cm~! corresponds
to a C—H out-of-plane phase bending vibration of
substituted benzene rings.?> The presence of a band
around 1590 cm™! shows that PDPA is present in the
doped form (Scheme 2). The band around 1170 cm™!
corresponding to a C—H bending vibration of dipheno-
quinone overlapping with the strong bands around 1230
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Figure 3. Nitrogen adsorption—desorption isotherms for MCM-41(PDPA —SA) (A) and MCM-41(PDPA —NSA) (B). (Inset) After

removal of DPA/PDPA from the channels of MCM-41.

Table 1. BET Surface Areas, Pore Radius, Pore Volume, Cell Parameter, and Framework Thickness of Pristine MCM-41

and Confined with PDPA in the Channels

specific total pore average pore framework
surface area surface area volume radius thickness
sample (m%g) (m?2) (m?%g) (A9) ao= 2d100/~/3(A%) (ao-pore diameter)

pristine MCM-41 229 8.625 1.56 12.73 49.39 23.92
MCM-41(PDPA)* 23.6 0.794 0.201 17.04 46.76 12.68
MCM-41(PDPA)? 2.48 0.054 0.003 23.38 50.77 4.019
MCM-41(PDPA) 130 3.124 0.191 28.67 43.10
MCM-41(PDPA)? 251 1.156 0.348 27.72 49.16

@ MCM-41(PDPA-SA). ® MCM-41(PDPA- NSA). ¢ MCM-41 after removal of PDPA-SA. ¢ MCM-41 after removal of PDPA —NSA.

100 nm . _ _

Figure 4. FETEM photograph of PDPA extracted from the
pores of MCM-41.

and 1000 cm~! for Si—O—Si stretching.?6:57 Similarly,
the band that is predominantly observed around 3390
cm~! for PDPA-confined MCM-41, corresponding to
H-bonded NH stretching vibrations (Figure 6), sup-
presses the band around 3520 cm™! for the hydroxyl

group of silanol units.565747 The N—H bending vibra-
tions in PDPA overlaps with the Si—O stretching

overtone of MCM-41. The characteristic bands of PDPA
showed a decreased intensity on removing PDPA from
MCM-41 pores (Figure 6).

Thermograms of MCM-41(PDPA- NSA) and MCM-
41(PDPA-SA) (Figure 7) clearly show the presence of
PDPA. While MCM-41 exhibits thermal stability beyond
250 °C, the thermograms of MCM-41(PDPA- NSA) and
MCM-41(PDPA-SA) show thermal transitions associ-
ated with PDPA.58

Characterization of Nanotubular PDPA. The
nanotubular PDPA extracted from MCM-41(PDPA-
NSA) was further characterized for structure and
properties. It is important to note that extraction of
nanotubular PDPA from MCM-41(PDPA-NSA) involves
neutralization with aqueous ammonia. Hence, the nan-
otubular PDPA exists in neutral form.

FTIR spectra of nanotubular PDPA and neutralized
PDPA prepared through conventional polymerization
are presented (Figure 8). The nanotubular PDPA show
variations in the band position and pattern correspond-
ing to a C—H bending vibration of diphenoquinone units
(~1170 em™1), a stretching vibration of diphenosemi-
quinoaminoimine segments (~1400 em~1), C=C stretch-
ing of benzenoid rings (~1500 cm~1), and N—H stretch-
ing vibrations (~3400 cm™!), in contrast to neutral
PDPA prepared by the conventional method. Typically,
the peaks around 1170, 1400, 1500, and 3400 cm~! show
splitting with the appearance of a shoulder close to the
main peaks. We envisage that in the nanotubelar PDPA
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Figure 5. SEM photographs of MCM-41(PDPA-NSA) (a) and MCM-41(PDPA-SA) (c), after removal of PDPA-NSA from the pores
of MCM-41 (b), and after removal of PDPA-SA from the pores of MCM-41 (d).
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Figure 6. FTIR spectra of MCM-41(PDPA-SA) (a) and MCM-
41(PDPA-NSA) (b). (Inset) MCM-41 after the removal of
PDPA-SA from the pores.

there can be intermolecular interactions between po-
laronic (diphenosemiquinoaminoimine), (Scheme 2) and
bipolaronic (diphenoquinoneimine) (Scheme 2) forms.
This would cause the splitting of the respective peaks.

Scheme 2. Redox States of PDPA

MNeutral and reduced form of PDPA

Sl Veadaao¥s)

dipheno semiguino aminoimine (polaronic) form

%0 P o

diphenoguinone dimine (bipolaronic) form

% oY o 0]

The proton NMR spectrum of nanotubular PDPA,
neutral PDPA prepared by the conventional method,
and the monomer (DPA) are presented (Figure 9).
Clearly there is a difference in the splitting pattern of
the signal in the range 6.8—7.8 ppm that corresponds
to the double-substituted phenyl rings of PDPA between
nanotubular PDPA and conventional PDPA. Besides,
the signal corresponding to the amino proton in the
range 5.2—6.1 ppm, differences between nanotubular
PDPA and conventional PDPA also appear. These two
observations are consistent with the splitting pattern
of the bands that represent the C—H bending vibration
of diphenoquinoneimine (~1170 cm™1!), semiquinoami-
noimine (~1400 cm~1), and N—H stretching vibrations
(~3400 cm™1). These observations indicate that there
can be intermolecular interactions between bipolaronic
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Figure 8. FTIR spectra of PDPA extracted from the pores of
MCM-41 (a) and PDPA prepared by conventional polymeri-
zation (b).

and polaronic states of PDPA involving the amine and
imine units of PDPA.

The room-temperature conductivity of nanotubular
PDPA was found to be 8.9 x 107* S/cm. The conductivity
of neutral PDPA prepared by oxidative polymerization
was 2.23 x 1072 S/em. The lower conductivity for
nanotubular PDPA may be ascribed to the decreased
possibility of doping the PDPA chains by NSA ions. A
decreased proportion of NSA to DPA molecules may be
expected to be present in the self-assembly of DPA
inside the MCM-41. This could ultimately restrict the
extent of doping and resulting lower conductivity.

UV—vis spectroscopy was used to determine the
electronic state of PDPA-SA and PDPA-NSA confined
in MCM-41. Interestingly, the electronic states of PDPA-
SA and PDPA-NSA are different and correlate with the
textural variations between them. Figure 10 gives the
UV-—vis spectra of PDPA after removal from MCM-41
pores. PDPA-SA neutralized with aqueous ammonia
showed a shoulder around 320 and 470 nm for the
polaronic form of PDPA (Scheme 2). On the contrary,
the UV—vis spectrum of the neutralized form of PDPA-
NSA has a band around 570 nm which is characteristic
of the diphenoquininedimine form of PDPA or bipo-
laronic state of PDPA.39%5 Otherwise, PDPA-NSA formed
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Figure 9. 'H NMR spectra of 'PDPA extracted from the pores
of MCM-41 (a), PDPA prepared by conventional polymerization
(b), and diphenylamine(monomer) (c).
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Figure 10. UV—vis spectra of neutral PDPA after removal

from MCM-41(PDPA-SA) (a) and MCM-41(PDPA-NSA) formed

with different monomer concentrations (b, c).

by the self -assembly of monomeric units exists in the
bipolaronic state through the interband transition, even
after neutralization. The existence of such interband
transitions (between polaronon and bipolaron states) is
in accordance with the splitting of the bands corre-
sponding to diphenoquinonediimine and semiquinoami-
noimine as inferred from FTIR spectra of nanotubular
PDPA (Figure 8).

The presence of such a different electronic state for
PDPA-NSA formed inside pores of MCM-41 was further
verified. Toward this purpose, PDPA-NSA was prepared
through normal oxidative polymerization under condi-
tions similar to the those used for preparing PDPA
inside MCM-41 pores. Figure 11 presents the UV—vis
spectra of PDPA-NSA and neutralized PDPA prepared
through the conventional method. The neutralized
PDPA-NSA has a peak around 630 nm characteristic
of the polaronic form of PDPA. However, nanotubular
PDPA-NSA formed inside MCM-41 pores retains the
bipolaronic state even after neutralization with a band
around 570 nm. This shows that the electronic state of
nanotubular PDPA formed inside the pores of MCM-41
is retained even after removal from MCM-41. Such a
confinement effect induced from MCM-41 was not found
for PDPA-NSA formed outside the pores. Otherwise, the
electronic state of nanotubular PDPA formed inside the
pores of MCM-41 is different from that of PDPA formed
by conventional methods.40:4!
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Figure 11. UV—vis spectra of PDPA prepared by conventional
polymerization: (a) after neutralization with ammonia and (b)
doped with NSA.

Conclusions

Nanotubular poly(diphenylamine) was formed inside
the channels of MCM-41 by self-assembly of monomer
molecules in the pores prior to polymerization. This
approach can be successfully extended for the prepara-
tion of nanotubular polymers with other types of mono-
mers. The observed different electronic property for
nanotubular PDPA is the consequence of a confinement
effect induced by mesoporous host and adds interest to
take up further studies. The confinement effect can
originate from weak intermolecular interactions, elec-
tron interactions, or coordination effects that could
cause ‘docking’ of molecular units into the cavities of
molecular sieves. The surface curvature of pore walls
can also influence the confinement effect. Research
activities are underway to investigate the confinement
effect on the electronic state of the conducting polymer
formed inside the pores.
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