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ABSTRACT In this article, we report in situ fabrication of meso-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) nanostructures with
excitonic absorption on glass substrate. The exposure of TPPS thin film coated on a glass plate to HCl vapor resulted in the formation
of nanostructures of TPPS. The formed TPPS nanostructures on glass plate were characterized by UV-vis, steady state emission
spectral techniques, atomic force microscopy, and high resolution transmission electron microscopy (HR-TEM). A new sharp and
intense absorption band (excitonic band) at 490 nm was observed for TPPS nanostructures on glass plate. Protonation of tertiary
nitrogen atoms of TPPS ring by HCl molecules leads to the formation of nanostructures of J-aggregates of TPPS on glass surface. The
height of the TPPS nanostructures was found to be 50-170 nm with an average width of 100 nm. HR-TEM images showed that the
formed TPPS J-aggregates consist of tiny nanorods. The size of the nanostructures was tuned successfully by varying the concentration
of TPPS used for thin film preparation.
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1. INTRODUCTION

Porphyrin nanostructures attracted researchers in re-
cent years because of their applications in various
fields including molecular electronics and photovol-

taics (1-3). Supramolecular structure by means of self-
assembly of porphyrin molecules facilitates to mimic the
natural phenomenon such as photosynthesis (4). In natural
photosynthetic systems, the tetrapyrrole derivative, chloro-
phyll, is often self-organized into nanoscale superstructures
that perform many of the essential light-harvesting and
excited state energy and electron transfer functions (5-8).
The light-harvesting rods of the chlorosomes of green-sulfur
bacteria are composed entirely of aggregated bacteriochlo-
rophyll (5-8). Aggregates which exhibit a red shift with
respect to the monomer absorption band are termed as
J-aggregates, and those which have a blue shift are referred
as H-aggregates (9). Dye molecules are self-assembled with
dipole-dipole interaction in J-aggregates with a “head-to-
tail” manner while in H-aggregates they have a “face-to-face”
manner (9, 10). The synthetic compound, meso-tetrakis(4-
sulfonatophenyl)porphyrin (TPPS) has been the most studied
compound for J-aggregate formation since it forms J-ag-
gregates simply under acidic conditions and also in the
presence of alkaline earth metal ions, monoamines, surfac-

tants, and cationic porphyrins (11-17). The morphology and
internal structure of TPPS J-aggregates were studied in detail
by various researchers (3, 4, 6, 11, 12, 18). It was proposed
that the TPPS molecules were stacked in head-to-tail fashion
in linear arrays. These arrays are placed together in a parallel
manner in a nanorod (3, 6, 18). In some cases, several tiny
nanorods compile to form a bundle of nanorods (3, 6, 18).
For practical applications, the formation of nanostructured
TPPS aggregates on solid substrates is more attractive
because it can be useful for the fabrication of organic solar
cells (19), nonlinear optical materials (20), sensors (21), and
light mediated charge storage devices (22, 23). To date, few
reports have been published for J- and H-aggregates of water-
soluble TPPS on solid substrates by layer-by-layer assembly
(11, 24, 25) and casting (18) methods. The structure of the
obtained thin film is very important to influence the sensing
capability in gas sensors (26). The nanostructured thin film
will offer more surface area and, hence, enhancement in the
sensitivity toward gases (26). In a recent report, interaction
of surface plasmon with an excited molecule using TPPS
J-aggregate was studied (27). This study opens a new avenue
to understand the photophysical properties of molecules in
the excited state. Therefore, it is necessary to obtain pure
TPPS J-aggregates without any additives on the surface for
such studies. It is also emphasized that the film obtained
without any additives is important to increase the sensitivity
of the gas sensor devices (26, 28). It is interesting to study
the in situ fabrication of nanostructured TPPS J-aggregate on
solid surface without any additives like excess mineral acids,
amino acids, and ionic liquids. Very recently, we reported
the aggregation of water insoluble meso-tetramesitylporphy-
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rin (MTMP) on solid substrate (29). When compared to TPPS
J-aggregates formed in solution, no sharp J-band was ob-
served for the MTMP J-aggregates (18). In this article, we
wish to report the in situ fabrication of nanostructures of
water-soluble TPPS with excitonic absorption (18) on glass
substrate. The formation of nanostructured TPPS aggregates
with excitonic absorption was confirmed by spectral, atomic
force microscopy (AFM) and high resolution transmission
electron microscopy (HR-TEM) techniques. We have suc-
cessfully adopted our new approach (29) to fabricate the
TPPS nanostructures with excitonic absorption in situ with-
out any additives. This may put forward the improvement
of the fabrication of photoresponsive nanodevices.

2. EXPERIMENTAL SECTION
TPPS was purchased from Fluka and was used as supplied.

UV-vis spectra were recorded using a Perkin-Elmer UV-vis
Lambda35 spectrophotometer. Fluorescence spectra were re-
corded using a Perkin-Elmer LS 55 model fluorimeter. The TPPS
J-aggregate was excited at 490 nm for fluorescence measure-
ments. A thin film of TPPS on glass plate was prepared using
0.01 M TPPS in a 9:1 ethanol and water mixture by the spin
coating method. A clean glass plate was placed on a rotating
plate with 3000 rpm and 0.1 mL of 0.01 M TPPS added
dropwise. The TPPS coated plate was dried at room temperature
in nitrogen atmosphere. The setup for exposure of TPPS thin
film to HCl gas is shown in Supporting Information Figure S1.
Standard dry HCl gas (19 ppm) diluted with nitrogen was used
for J-aggregate formation. The thin film was exposed to HCl
vapor for 1 min and then flushed with nitrogen gas for 30 s to
remove excess HCl vapor. AFM images were obtained using the
MultiMode V Scanning Probe microscope (SPM) for TPPS coated
glass plates before and after exposure to HCl vapor. HR-TEM
images were obtained using a JEOL JEM 3010 operating at 200
kV.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Nanostructures of TPPS

on Glass Plate. A clean glass plate was coated with TPPS
of 10 nm thickness (Figure 1A). To obtain the nanostructures
of TPPS, the glass plate containing TPPS thin film was
exposed to HCl vapor. Figure 1B shows the AFM image of
TPPS thin film after exposure to HCl vapor. One can observe
the formed nanosized aggregates on the surface in contrast
to TPPS thin film.

The 3D view (Figure 1B) indicates that the nanostructures
of TPPS aggregates are grown vertically in contrast to TPPS
thin film (18). From Figure 1B, the height of the nanostruc-
tures of TPPS was found to be 50-170 nm (also see
Supporting Information Figure S2 and Figure S3) with the
average width of 100 nm. The close 3D view of Figure 1B
reveals that bundles of small nanorods of TPPS are as-
sembled together in a parallel manner to form a bigger sized
nanostructure (Figure 2). To confirm the presence of tiny
nanorods in the nanostructures of TPPS, HR-TEM images
were taken and are shown in Figure 3.

Figure 3A shows the TEM image of TPPS thin film after
exposure to HCl vapor. Similar to AFM image as shown in
Figure 1A, nanosized aggregates were observed. The magni-
fied view of the top edge of the TPPS nanostructure in Figure
3A reveals the presence of tiny nanorods of TPPS with a size
of ∼40 nm. The images obtained from AFM (Figure 2) and
TEM (Figure 3) confirm the presence of small sized nanorods
are held together in the nanostructures.

3.2. Spectroscopic Investigation of TPPS Nano-
structures. The TPPS nanostructures formed on glass
substrate were characterized by spectroscopic techniques
(1, 3, 10, 30). The absorption spectrum of TPPS thin film on

FIGURE 1. Top down and 3D AFM images of (A) TPPS thin film and (B) TPPS thin film after exposed to HCl gas.
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a glass plate shows a Soret band at 405 nm and Q bands at
520, 559, 606, and 677 nm (Figure 4A curve a). The Soret
band was blue-shifted by 8 nm in contrast to TPPS in water
(4B curve a) (31). Such behavior may be due to H-aggregates
of TPPS in a condensed state on glass substrate (11, 32).
When the TPPS thin film was exposed to gaseous HCl,
surprisingly, new sharp and intense absorption bands at 490
nm (J- or excitonic band) and 703 nm (Figure 4A curve b),
characteristicofTPPSJ-aggregates,wereobserved(1,3,10,30,33).
The observed spectral feature at 490 nm is very similar to
TPPS J-aggregates in solution (Figure 4B) (18).

Figure 5 shows the emission spectra of a TPPS thin film
before and after exposure to HCl gas. After exposure to HCl
vapor, the formed nanostructures have a characteristic
emission of TPPS J-aggregate at 728 nm (34). The appear-

ances of excitonic absorption at 490 nm and emission at 728
nm suggest that the formed nanostructures after the expo-
sure of TPPS thin film to HCl vapor are TPPS J-aggregates.

From the microscopic and spectroscopic evidence, it is
proposed that the formation of nanostructured aggregates
on the surface is due to the molecules in the TPPS thin film
after protonation by HCl vapor moved to form aggregates
on glass plate. It has been shown that the porphyrin mol-
ecules are mobile on solid surfaces (33, 35). The driving force
behind this movement and in situ formation of nanostruc-
tured aggregates of TPPS molecules is the appearance of a
strong electrostatic attractive force between positively charged
tertiary nitrogen atoms in the ring of protonated TPPS
molecules and negatively charged peripheral sulfonato
groups. When TPPS thin film was exposed to HCl vapor,
protonation occurs on the tertiary nitrogen atoms of the
TPPS ring similar to protonation in solution phase (1, 3,
10, 32). In our previous report, the nanostructured ag-
gregates of meso-tetramesitylporphyrin (MTMP) was formed
on the basis of electrostatic interaction between protonated
(positively charged) nitrogen atoms of porphyrin and inter-
calated chloride ions between the MTMP molecules (29), but
in the present study, the electrostatic attraction between the
protonated nitrogen atoms and peripheral sulfonato groups
leads to the formation of nanostructured aggregates. Com-
pared to MTMP (29), this kind of interaction offers the TPPS
molecules to slip over each other perfectly as proved by the

FIGURE 4. (A) Absorption spectra of (a) TPPS thin film on glass plate, (b) TPPS thin film after exposure to gaseous HCl. Inset: Expanded view
of Q bands of curve a. (B) Absorption spectra of (a) 10 µM TPPS in water, (b) mixture of equal volumes of 10 µM TPPS and 0.6 M HCl, and (c)
10 µM TPPS with excess HCl.

FIGURE 2. Magnified view of nanostructures of TPPS on glass plate.

FIGURE 3. HR-TEM images of (A) nanostructures of TPPS (a thin film
of TPPS on copper grid exposed to HCl vapor) (B) magnified view of
the top edge of one such nanostructure of TPPS.

FIGURE 5. Fluorescence spectrum in the region of 700-750 nm of
(a) TPPS thin film and (b) TPSS thin film after exposure to HCl vapor.
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appearance of the excitonic band at 490 nm in the absorp-
tion spectrum (Figure 4A curve b).

Further, we have tuned the size of the nanostructures by
changing the concentration of TPPS solution used for the
formation of thin film. By lowering the concentration of TPPS
solution, the thickness of the thin film was decreased to 3
nm. This thin film forms nanostructures of 20 nm height and
50 nm width (Supporting Information Figure S4) on expo-
sure to HCl vapor. These results indicate that the length and
size of the nanostructures were successfully tuned by varying
the concentration of TPPS used for the thin film formation.

4. CONCLUSION
In conclusion, we have demonstrated the in situ fabrica-

tion of nanostructures of TPPS with an excitonic absorption
induced by HCl vapor on solid substrate without any addi-
tives. AFM, HR-TEM, and UV-vis and emission spectral
techniques confirmed the formation of nanostructures of
TPPS on glass substrate. A sharp excitonic or J-band absorp-
tion at 490 nm was observed for nanostructures of TPPS
J-aggregates formed on solid surface. The height of the
formed TPPS nanostructures was found to be 50-170 nm
with the average width of 100 nm. The formed TPPS
J-aggregates consists of tiny rods of ∼40 nm in size. Further,
the size of the nanostructure was successfully tuned by
varying the concentration of TPPS solution used for the thin
film formation.
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