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In recent years there is an increasing demand for the prepara-
tion of free-standing conducting polymer films as they can
provide new opportunities in several applications such as under-
standing of fundamental mechanical or electrical properties,
chemical or biosensors, ion-exchange membranes, organic elec-
tronics, polymeric batteries, artificial muscles, etc.? Among
various conducting polymers, polypyrrole (PPy) is widely sought
after due to its excellent stability under environmental condi-
tions, good conductivity, and biocompatibility.” The free-stand-
ing PPy films have mainly been prepared by following two
methods: (i) deposition onto the substrates by electropolymer-
ization or spin-coating, followed by peeling the films off the
substrates,* ¢ and (ii) segregating the PPy films prepared
at liquid/liquid interface, ie., chloroform/water along with
(NH,),S,04, an oxidant.” The first approach either requires
complicated equipment or suffers from damage during the
transfer process, especially for nanometer-thick, large-area films.
Similar problems occur while segregating the films grown at
liquid/liquid interfaces. Very recently, ultrathin free-standing
PPy films have also been prepared at an air/ionic liquid interface
through interface oxypolymerization.® In this Communication,
we report a novel one-pot fabrication strategy for the growth of
free-standing PPy nanosheets. In our process spontaneously
formed S$-(4- hydroxyphenyl)-10,15,20-triphenylporphyrin
(TPPOH) J-aggregate films at the air/aqueous FeCl, interface
acts as an in-situ template for the growth of PPy nanosheets.
Pyrrole (98%) was procured from Aldrich and distilled over
calcium hydride under reduced pressure prior to use. Anhydrous
FeCl; (LR grade) was purchased from Thomas Baker. The
organic solvents used were of analytical grade, and Millipore
water was used for washing and solution preparation. The
TPPOH was synthesized using the procedure reported earlier.”
The typical process employed for the growth of free-standing
PPy films is as follows. In a beaker, 60 mL of 0.1 M aqueous FeCl;
was taken, and in a steady state, a 200 #L solution consisting of
1 mM TPPOH and 0.01—1 M pyrrole prepared in dichloro-
methane (DCM) was slowly dropped using a micropipette. In
addition, pure TPPOH and PPy films were prepared by dropping
respectively 1 mM TPPOH or 0.1 M pyrrole solutions into
FeCl;. In all the cases, films were spontaneously formed at the
air/FeCl; interface. Pure TPPOH films were formed within 5
min, while formation of pure PPy films took more than 20 min.
All the films were mechanically strong and were lifted easily onto
glass substrates. Prior to the characterization, all the films were
thoroughly rinsed using Millipore water. Since TPPOH dissolves
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in DCM, therefore TPPOH/PPy bilayers were washed using
DCM to obtain free-standing PPy films. The formation kinetics
of TPPOH/PPy bilayer films was studied by lifting them onto
glass substrates from an air/FeCl; interface after various time
intervals and washing them using DCM. It was found that no
residue was left on glass substrates for films lifted after <10 min,
and it is only after this period, PPy films were left on the glass
substrate. These results indicated that while TPPOH film is
formed very quickly, the kinetics of interfacial polymerization of
PPy is rather slow. The PPy films prepared without and with
TPPOH would hereafter be referred as PPy-1 and PPy-2,
respectively. These films were characterized by UV—vis spec-
troscopy (Jasco) and Fourier-transform infrared spectroscopy
(Bruker 80 V). Surface morphology of the films was imaged using
scanning electron microscopy (SEM) (TESCAN, TS5130MM).
The electrical conductivity of the films was measured at room
temperature using a Keithley meter (model 6487).

Figure 1a shows the photograph of the TPPOH/PPy bilayer
formed at the air/FeCl; interface when a solution of 1 mM
TPPOH + 0.1 M pyrrole was spread onto the surface of FeCl,
solution. The blue color of the TPPOH/PPy bilayer is due to the
characteristic color of TPPOH. The SEM image of PPy sheet
(i.e., PPy-2 films) obtained after washing TPPOH/PPy bilayer in
DCM is shown in Figure 1b. The thickness of the PPy-2 films was
found in the range 120—140 nm, and the morphology, as shown
in Figure 1c, consists of densely packed long PPy nanothreads.
The thickness of the nanosheet however could be tailored by
changing the pyrrole concentration. It was found that by
increasing the pyrrole concentration from 0.01 to 1 M, the
thickness of the nanosheet increases from 50 to 250 nm. How-
ever, at very high pyrrole concentrations, the SEM images, as
shown in Figure 2, indicate that the film morphology turned to
granular, which overlay nanosheets. On the other hand, the
morphology of pure TPPOH and PPy-1 films, as shown in parts d
and e of Figure 1, respectively, are remarkably different as
compared to that of PPy-2 films. TPPOH films exhibit highly
dense morphology that consists of square (size: ~2 um) and
lamellar structure, whereas the morphology of PPy-1 film is
porous and granular in nature. In the following we demonstrate
that the dense morphology of PPy-2 films as compared to that of
PPy-1 films arise due to a template action of TPPOH films.
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Figure 1. (a) Photograph of the TPPOH/PPy bilayer formed at the air/
FeCl; interface film prepared using 0.1 M PPy solution. SEM images:
(b) PPy-2 film obtained after washing TPPOH/PPy bilayer in DCM;
(c) magnified image of PPy-2 film; (d) J-aggregate film of TPPOH; and
(e) PPy-1 films that is formed without TPPOH.

Figure 2. SEM images of PPy-2 film prepared using 1 M PPy solutions.
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Figure 3. UV—vis spectra of TPPOH solution in dichloromethane and
TPPOH film formed at air/aqueous FeCl; interface. Inset shows a
schematic of the J-aggregate formation, where d is the slipping distance.

First of all, we investigate the origin of dense and lamellar
morphology of pure TPPOH films (see Figure 1d). Aggregation
is a well-known phenomenon for molecules with a flat and
extended 7-electron systems like TPPOH, in which monomeric
units stack into edge-to-edge (J-aggregate) and/or face-to-face
(H-aggregate) configurations.'” In order to investigate the type
of aggregation in TPPOH, we have recorded the transmission
absorption spectra of the TPPOH films and TPPOH monomer
solution (prepared by dissolving TPPOH in DCM), and the
results are shown in Figure 3. It is seen that the absorption
spectra for TPPOH film is relatively broad as compared to that of
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Figure 4. (a) FTIR spectra of PPy-1 and PPy-2 films. Inset shows the
FTIR spectra in the 1450—1650 cm ™" region with intensity normalized
with respect to 1483 cm ™' peak. (b) UV/vis spectra for PPy-1 and PPy-
2 films.

TPPOH solution, suggesting the occurrence of an incoherent
interaction in the surroundings of the dense film. For TPPOH
film, the Soret band appears at 466 nm (along with a shoulder at
436 nm) as compared to the 418 nm observed for the free base
monomers. Similarly, the weak Q-bands at 514, 549, 588, and
694 nm observed for monomers are replaced by an intense single
band at 705 nm. Observed red-shift of both Soret and Q bands
confirms the formation of J-aggregates (note: H-aggregation
results in the blue-shift)."' In the case of TPPOH film, the
J-aggregation possibly occurs due to hydrogen bonding between
the hydroxyl group of one molecule (attached at para position of
phenyl ring) and N—H bonds at porphyrin core of adjacent
molecule, as schematically shown in the inset of Figure 3. The
presence of strong high-energy absorption shoulder of the
B-band (ie., at 436 nm)—usually assigned to the orthogonal
transition dipole to the aggregation axis—suggests that the
slipping distance (d) is quite short."" Theoretically estimated
value of d in the case of TPPOH is found to be 0.75 nm.
Therefore, the J-aggregation of TPPOH with small slipping
distance can yield lamellar structure as experimentally observed
in Figure 1d. As mentioned earlier, the TPPOH films are formed
within 5 min, and this is attributed to the presence of Fe>", which
is known to induce J-aggregation at a very fast rate.'* Therefore, it
is established that the J-aggregation of TPPOH films occurs at a
very fast rate. Considering the experimental fact that formation of
pure PPy film (ie., PPy-1 formed without TPPOH) takes about
20 min, it is apparent that in the case of TPPOH/PPy bilayer the
quickly formed TPPOH film at air/FeClj; interface acts as an in-
situ template for the growth of PPy nanosheets. The template
action is obtained as the N—H group of pyrrole rings forms
hydrogen bonding with porphyrin core of the J-aggregates, which
provides directionality for pyrrole polymerization in the form of
nanothreads, as observed in Figure lc. Closely packed nano-
threads leads to the formation of a mechanically strong PPy
nanosheets. In order to further confirm that J-aggregate film of
TPPOH only acts as template and does not incorporate into PPy-
2 films, we have recorded the FTIR spectra, as shown in Figure 4.
It has been found the FTIR spectrum of the PPy-2 nanosheets is
almost identical to that of PPy-1 films, which exhibit all char-
acteristic peaks of polypyrrole,"~'* i.e., symmetric (1567 cm ")
and antisymmetric (1483 cm™ ") ring stretching modes, C—N
(1313 em '), C—C (1408 cm™ '), C—H in-plane bending

4584 dx.doi.org/10.1021/ma2002849 [Macromolecules 2011, 44, 4583-4585



Macromolecules

COMMUNICATION TO THE EDITOR

2x107 lodine-doped
1x107
<
= 04
o
3 -1x1071
-2x1071
2 0 1 2
Bias (V)

Figure 5. Current—voltage characteristics recorded for the PPy-2 films
in pristine state and after doping with iodine and HCI vapors for 1 h.

(1196 cm ™), polypyrrole main chain (1040 cm™ ') and ring
bending vibrations (778 and 924 cm™'). The absence of peak
corresponding to OH—a characteristic of TPPOH—confirms
that TPPOH does not incorporate into the PPy-2 films.

Our experimental results show that PPy-2 films are superior to
PPy-1 films in terms of improved conjugation length. First
evidence to this comes from the FTIR intensity ratio (I;ss7/
I1483), which is reported to be inversely proportional to the
conjugation length.16 The data presented in the inset of
Figure 4a, therefore, clearly show an enhanced conjugation for
PPy-2 films, which is in accordance with their dense morphology.
The second confirmation of improved conjugation length comes
from the UV—vis spectra, as shown in Figure 4b. PPy-2 films
shows absorption peak at 424 nm (corresponding to the 77—
transition of the PPy chain'”), while for PPy-1 films the peak
occurs at 355 nm. A red-shift in the absorption peak observed for
PPy-2 films confirms their enhanced conjugation length. Another
notable feature of the UV/vis spectra is the absence of broad
absorption peak at around 600 nm, which has been observed in
doped PPy due to the polaron transition.'” This indicates that
both PPy-1 and PPy-2 films are undoped. This is further
confirmed by the conductivity measurements, which were found
to be quite low, i.e, S x10 ®and 3 x 10> S/cm for PPy-1 and
PPy-2 films, respectively. Typical current—voltage characteristics
recorded for PPy-2 films in pristine state and after exposing to
iodine and HClI vapors for 1 h each are shown in Figure S. It has
been found that the conductivity improves by 30 times on
exposing to HCI and ~150 times on exposure to iodine, clearly
indicating that conductivity of PPy-2 films can be tailored by
appropriate doping. The investigation of charge transport prop-
erties of Ppy-2 films as a function of doping level and temperature
is underway and will be reported later. Most importantly, PPy
nanosheets showed no change in conductivity when kept in air
for more than 6 months, indicating their stability in air.

In conclusion, we have demonstrated a novel strategy for the
one-pot fabrication of free-standing PPy-nanosheets by dropping
200 uL solution, consisting of 1 mM porphyrin derivative
(TPPOH) and 0.01—1 M pyrrole (Py), to 0.1 M aqueous FeCl;
solution kept in a beaker. TPPOH/PPy bilayer is found to form
spontaneously at the air/FeCl; interface, which after washing in
dichloromethane yielded in free-standing PPy-nanosheets. UV/
vis and FTIR studies show that TPPOH quickly forms J-aggre-
gate films at the air/FeCl; interface, which acts as in-situ template
for the growth of PPy-nanosheets. The advantage of our method
is that it is very simple and does not require sophisticated
instruments for obtaining the free-standing polypyrrole films

with dense morphology. In fact, this approach can be used for
preparing nanosheets of other conducting polymers as well.
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