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Abstract

Free base porphyrin molecules form well-defined and ordered nanoclusters in mixed

solvents with absorption characteristics that significantly differ from those of the

monomer form.   These self-assembled crystallites in acetonitrile/toluene (9:1, v/v)

can be deposited as thin films on nanostructured TiO2 electrode using an

electrophoretic technique.  These porphyrin cluster assembly is highly photoactive

and capable of undergoing charge separation under visible light excitation.

Photoexcitation of the porphyrin film electrode assembly in a photoelectrochemical

cell with visible light produces relatively high photocurrent generation.  A maximum

photocurrent of 0.15 mA cm-2 and a photovoltage of 250 mV were attained using

I3
-/I- redox couple.  The electron flow to TiO2 electrode can be facilitated by

application of a positive potential.  An incident photon-to-photocurrent generation

efficiency (IPCE) of 2.0 % has been achieved at an applied bias potential of 0.2 V vs.

SCE.  The broad photoresponse of these crystallites throughout the visible range as

well as the ease of assembling them on the electrode surface opens up new avenues

for harvesting a wide wavelength range of solar light.
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Introduction

Self association or aggregation as a method of organizing molecules as

clusters of controlled size and shape is a simple and convenient method to design

organized assemblies.1,2  Of particular interest is the ability of such aggregates to

mimic the energy and electron transfer processes of the photosynthetic reaction center,

providing better understanding of the photosynthesis.3  Furhop et al.4 have

demonstrated that amphiphillic porphyrin aggregates in an aqueous solution in the

form of fibers, ribbons and tubules.  Hydrogen bonding, van der Waals interaction,

and hydrophobic effects are the major driving force to achieve such ordered assembly

of these molecules.4,5

The role of molecular aggregates as photosensitizers in color photography has

been well recognized.6  Both J- and H-type aggregates of organic dyes have been

demonstrated in sensitizing TiO2 and SnO2 films.7-9  We have previously highlighted

the role of dye aggregates as light harvesting assemblies to gather and transfer energy

to monomer dye molecules.10-12  Larger crystallites of organic semiconductors can

also undergo photoinduced charge separation and can participate in the photocurrent

generation.10-12

As the special pair in the light-harvesting bacterial complex LH2 has the

characteristic arrays of the bacteriochlorophyll,13 efficient molecular aggregation or

assembly has attracted special attention in the field of photoelectrochemistry of

organic dyes.14,15  It is well-known that porphyrin arrays linked with covalent or non-

covalent bond, which have strong interactions between porphyrin chromophores,

have broad absorption in all the visible light region.16-19  Thus, porphyrin
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chromophores in the form of aggregated clusters provide a convenient way to

increase light absorption throughout the visible region.  In this context, we developed

an electrophoretic deposition technique to deposit fullerene clusters in the form of

nanostructured thin film.20

We report herein the preparation of porphyrin clusters in mixed solvents and

their assembly as nanostructured films under application of a dc electric field.  The

porphyrin cluster film deposited on nanostructured TiO2 electrode shows improved

light harvesting efficiency as visualized from the enhanced photocurrent generation in

a photoelectrochemical cell.

   

Experimental Section

Electrophoretic Deposition of Porphyrin Clusters

Preparation of 5,15-bis(3,5-di-tert-butylphenyl)porphyrin) (H2P) has been

described elsewhere.21  Nanostructured TiO2 films were cast on an optically

transparent electrode (OTE) by applying a colloidal solution prepared from the

hydrolysis of titanium isopropxide.22  The air dried films were annealed at 673 K.

The TiO2 film electrode (OTE/TiO2) and an OTE plate were introduced in a 1 cm

path length cuvette and they were connected to positive and negative terminals of the

power supply, respectively.  A known amount (~2 mL) of H2P cluster solution in

acetonitrile/toluene (9/1, v/v) was transferred to a cuvette in which the two electrodes

(viz., OTE/TiO2 and OTE) were kept at a distance of ~6 mm using a Teflon spacer.

A dc voltage (500V) was applied between these two electrodes using a Fluke 415

power supply.  The deposition of the film can be visibly seen as the solution becomes
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colorless with simultaneous brown coloration of the TiO2/OTE electrode (H2P cluster

coated electrode will be referred to OTE/TiO2/(H2P)n).

The UV-visible spectra were recorded on a Shimadzu 3101 or a Cary 50

spectrophotometer.  Transmission electron micrographs  (TEM) of H2P clusters were

recorded by applying a drop of the sample to carbon-coated copper grid.  Images

were recorded using a Hitachi H600 transmission electron microscope.  AFM

measurements were carried out using a Digital Nanoscope III in the tapping mode.

Photoelectrochemical Measurements

Photoelectrochemical measurements were performed using a standard three-

compartment cell consisting of a working electrode and Pt wire gauze counter

electrode and saturated calomel reference electrode (SCE).  All photoelectrochemical

measurements were carried out in acetonitrile containing 0.5 mol dm-3 NaI and  0.01

mol dm-3 I2 with a Keithley model 617 programmable electrometer.  A collimated

light beam from a 150 W Xenon lamp with a 370 nm cut-off filter was used for

excitation of the H2P cluster films cast on TiO2 electrodes.  A Bausch and Lomb high

intensity grating monochromator was introduced into the path of the excitation beam

for the selecting wavelength.  A Princeton Applied Research (PAR) model 173

potentiostat and Model 175 universal programmer were used for recording I-V

characteristics.

Results and discussion

Self assembly of free base porphyrin in mixed solvents
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H2P is soluble in nonpolar solvents such as toluene, but less so in polar

solvents such as acetonitrile.  By controlling the proper choice of polar to nonpolar

solvent we can achieve a controlled aggregation in the form of nanoclusters.  The

ratio of polar-nonpolar mixed solvent as well as the mode of mixing is an important

factor in achieving desired size and shape of H2P clusters.  In our study we employed

a fast-injection method in which a concentrated solution of H2P in toluene is syringed

into a pool of acetonitrile.  Such a procedure produced transparent suspension of H2P

clusters.  Unless otherwise mentioned we maintained a final solvent ratio of 9:1 (v/v)

acetonitrile : toluene to prepare porphyrin nanoclusters.

The absorption spectra of H2P in neat toluene and in acetonitrole/toluene (9:1,

v/v) are compared in Fig. 1.

Fig. 1

While the structure of the Q-band of H2P clusters is maintained in the cluster form,

the Soret band becomes broader compared to its monomer form.  Furthermore, the

relative absorbance of the Q-band compared to that of the Soret band is increased in

H2P clusters.  These spectral differences indicate that the intermolecular interactions

in H2P clusters influence the electronic transitions in the Soret and Q-bands in a

different way.  Similar spectral differences were also highlighted for functionalized

porphyrin clusters prepared in mixed solvents. 8,9

Despite the broadening of the spectrum, little change could be seen in the lmax

values of the Soret and Q-bands.  The blue-shift observed in these bands is less than 5
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nm.  In molecular assemblies of J- and H- aggregate types, a significant change in the

lmax value of the absorption spectrum has been observed.8,9  Furhop et al. have also

shown that the spectral shifts are sensitive to the type ordered aggregation.4a  The

anionic porphyrin, meso-tetrakis-(4-sulfonatophenyl) porphyrin dianion forms highly

organized J- and H- aggregates  in mixed solvents or in polymer solutions.23

Fig. 2 shows TEM image of H2P cluster suspension dried on a carbon grid.

As the solvent evaporates these nanoclusters form a well-defined crystallites of mm

size domain.  The particle size and shape is also largely dependent on the ratio of the

mixed solvents.  The randomness in the shape is seen for the crystallites formed from

the solvent ratio of 3:1 (v/v) acetonitrile:toluene (Fig. 2a).  The electron micrograph

shows a sample of spherical and cylindrical shapes of crystallites.  On the other hand

the clusters from the solvent mixture of 9:1 (v/v) acetonitrile:toluene solution produce

fairly uniform size crystallites (Fig. 2b).  Upon closer examination one can reveal that

these crystallites are flat with a hexagonal symmetry.  The hydrophobic moiety of the

porphyrin moiety facilitates p-stacking, thus enabling a two dimensional growth

during crystallization.

Fig. 2

It should be noted that the H2P clusters prepared in mixed solvents are smaller in

dimension, and they form larger crystallites upon drying on a copper grid.  As solvent

evaporates on the grid, the secondary aggregation occurs in an orderly fashion to form

large crystallites.  These images demonstrate that porphyrin molecules form aggregated
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clusters,24-28 which have strong intermolecular interactions in the mixed solvent.  These

optically transparent clusters are stable at room temperature and they can be

transformed back to the monomeric form by diluting them with toluene.

Electrophoretic deposition of porphyrin aggregates

Unlike the slow evaporation of the cluster suspension on a copper grid (as

described in the previous section) electrophoresis provides a quick assembly of

clusters with no significant cluster growth.  We demonstrated this principle earlier

while depositing fullerene clusters on an electrode surface under the application of a

dc field.20  We adopted similar procedure to assemble H2P clusters on a conducting

glass electrode or OTE/TiO2 electrode using an electrodeposition method.  Under

application of a dc electric field (500 V), H2P clusters in acetonitrile/toluene (9:1,

v/v) become negatively charged as they are driven towards the positively charged

electrode surface.  At a lower dc voltage (< 450 V), the deposition hardly occurred.

With increasing time of deposition, the electrode turns brown in color exhibiting a

visual demonstration of deposition process.  We can also follow the growth of

deposition by recording the absorption spectrum of the transparent electrode at

different times of dc field application (Fig. 3).  The absorbance of H2P clusters

deposited in the form of film increases with increasing the deposition time while

maintaining the overall spectral shape of the Soret and Q-bands.  This further

ascertains the fact that the H2P clusters are assembled on the electrode surface in an

orderly fashion with no further changes in the aggregation.  The inset shows the

growth process as monitored from the absorption at 410 nm.  It is evident from this

growth trace that the deposition process can be completed in less than 10 minutes.
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Fig. 3

The spectrum in the Q band region exhibits a very broad absorption band due to the

intermolecular interactions in closely packed clusters of H2P film on OTE/TiO2.7-9

During the deposition of H2P clusters we also observe a small red-shift in the

absorption spectrum.  The lmax value of OTE/TiO2/(H2P)n obtained at the electronic

deposition time of 10 min is slightly red-shifted by 3 nm compared to the absorption

spectrum recorded after 0.5 min deposition time.  Such a red-shift may be due to the

aggregation of H2P on OTE/TiO2, which enables to harvest visible light more widely

across the visible light region.

The AFM image of electrophoretically deposited H2P film

(OTE/TiO2/(H2P)n ) is shown in Fig. 4a.  A closely packed assembly of H2P clusters

shows the usefulness of electrophoretic deposition in providing nanoporous

morphology to the film.  Such a nanoporous morphology also yields a high surface

area to the (OTE/TiO2/(H2P)n) film.

Fig. 4

These films are quite robust and can be washed with polar organic solvents.  A 3-D

AFM image in Fig. 4b further ascertains the nanostructured morphology of the

OTE/TiO2/(H2P)n has an uniform thin film.  A close packing of these clusters on TiO2

film is important for obtaining an efficient light harvesting  photoelectrode.
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From the AFM image in Fig. 4a and b it is evident that the H2P film consists

of fairly uniform size clusters with 50-100 nm diameter size.  This size domain is also

consistent with the particle size obtained from light scattering analysis of porphyrin

cluster suspensions.  This clearly shows that during the electrophoretic deposition we

are able to deposit the clusters without significant growth in particle size.  On the

other hand the electron micrographs shown in Fig. 2 indicates formation of  well-

defined microcrystallites.  These results demonstrate that the mode of deposition of

H2P is an important player in obtaining the desired morphology of the nanostructured

film.  If one desires to have a large surface area composed of small size clusters, as in

the case of a photosensitive electrode, it is desirable to quickly freeze these clusters in

the form of film (e.g., by employing electrophoretic deposition technique).  In

contrast to this quick deposition technique under the influence of a dc electric field,

slow evaporation of the solvent results in yielding ordered larger size crystallites.

Hence it is important to pay attention to the deposition technique as they control the

overall morphology of the  H2P cluster film on electrode surfaces.

Photocurrent generation

In order to evaluate the light energy harvesting aspects of H2P cluster films,

we assembled a photoelectrochemical cell with OTE/TiO2/(H2P)n as the photoanode.

Photocurrent measurements were carried out in acetonitrile containing I3
-/I- redox

couple (0.5 mol dm-3 NaI and 0.01 mol dm-3 I2 ) using visible light excitation (l >

370 nm).  Fig 5a shows the reproducible photocurrent response to the ON/OFF cycles

of illumination.  
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Fig. 5

In the presence of I3
_/I_ redox couple, a fairly good stability in the photocurrent was

achieved.  The short circuit photocurrent density is 0.15 mA/cm2, and open circuit

voltage is 250 mV under visible light irradiation (110 mW/cm2).  Blank experiments

conducted with OTE/TiO2 did not produce any detectable photocurrents under similar

illumination conditions.

Fig. 5b shows the I-V characteristics of OTE/TiO2/(H2P)n electrodes under the

visible light illumination.  A stable anodic photocurrent generation is seen at applied

potentials greater than -0.5 V vs. SCE.  With increasing positive bias the photocurrent

increases.  The application of positive bias makes the charge separation and charge

transport in the OTE/TiO2/(H2P)n electrode more efficient, thus resulting in an

improved photocurrent generation.  We did not scan beyond potentials greater than

+0.3 V vs. SCE since the electrochemical oxidation of iodide interferes with the

photocurrent measurement.

The photocurrent action spectra of OTE/TiO2/(H2P)n electrode at different

applied potentials are shown in Fig. 6.  The IPCE values were calculated by

normalizing the photocurrent values for incident light energy and intensity.29  The

action spectra show the maximum at 440 nm and 610 nm corresponding to the Soret

and Q-bands respectively.  This photocurrent response though broad in nature, match

the absorption spectrum of the H2P cluster film recorded in Fig. 2.  These results



12

further confirm that the photocurrent originates from the excitation of the H2P

clusters.

Fig. 6

A maximum IPCE value of 2.0 % was obtained for OTE/TiO2/(H2P)n at an

applied potential of 0.2 V vs. SCE.  Such an enhanced IPCE value as compared with

other two systems (no bias and 0 V vs. SCE) results from the increased transport rate

of charge carriers at positive bias potentials.  At a wavelength below 400 nm, direct

excitation of TiO2 film dominates and hence we couldn’t resolve the photocurrent

generation.

Mechanism of photocurrent generation

Efforts have been made in the past to employ porphyrin derivatives to sensitize

TiO2 electrodes.14,15,30-36  A monolayer assembly of porphyrins attached to TiO2 has

been found to be effective in generating photocurrent under visible excitation.  In the

present study, we have deposited a cluster assembly of H2P on nanostructured TiO2

film.  As shown in the previous section, these assembles are quite robust and absorb

quite strongly in the visible region.  The  mechanism with which the photocurrent is

generated in these films will either be (i) charge injection from the excited H2P

clusters into TiO2 nanocrystallites or (ii)  photoreduction of H2P clusters in presence

of iodide, followed by electron transfer from the reduced H2P clusters to TiO2

electrode.  If the later mechanism is true we should not observe any
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photoelectrochemical response when we exclude the electrolyte.  Fig. 7 shows the

photovoltage response of electrode under visible light irradiation.

Fig. 7

The fact that we observe photovoltage even in the absence of the redox couple,

suggests a charge injection mechanism to be operative as illustrated by the reactions

[eqns. (1)-(4)].  As discussed in the mechanism of photochemical solar cells14, the

photoexcitation of the sensitizer causes initial charge separation with electrons being

injected into the semiconductor particle.  Hence the observed photovoltage

corresponds to the photoinduced charge injection process.

OTE/TiO2/(H2P)n  + hn  ææÆ OTE/TiO2/(H2P)n*(S1) (1)

OTE/ TiO2/(H2P)n* ææÆ  OTE/TiO2/(H2P)n + hn' (2)

            OTE/TiO2/(H2P)n*ææÆ OTE/TiO2(e-)/(H2P)n
+ (3)

          2 OTE/TiO2/(H2P)n
+ + 3I- ææÆ  2 OTE/TiO2/(H2P)n

  + I3
- (4)

The excited state oxidation potential of H2P (1H2P*/H2P+ = -0.7 V vs. NHE) is more

negative than the TiO2 conduction band (ECB = -0.5 V vs. NHE),37 thus facilitating the

charge transfer from the excited state [eqn. (3)].  The oxidized H2P (H2P/H2P+ = 1.2 V

vs. NHE)38 counterpart reacts with iodide (I3
-/I- = 0.5 V vs. NHE)10b,11 to generate the

sensitizer [eqn. (4)].  The electrons transferred to the semiconductor nanocrystallites

are collected at the OTE surface and are driven to the counter electrode through an
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external circuit to regenerate the redox couple.  The scheme illustrated in Fig. 8

summarizes the photoinduced processes leading to the generation of photocurrent at

an OTE/TiO2/(H2P)n  electrode.

The IPCE values observed for the sensitization of TiO2 films by H2P clusters

is relatively low compared to the sensitized photocurrent generation using monomeric

forms of porphyrin derivatives. For example, the TiO2 electrodes modified tetra(4-

carboxyphenyl)porphyrin exhibit incident photon-to-current conversion efficiency

upto 55% at the Soret peak and 25-45% at the Q-band peaks.15b  On the other hand,

when TiO2 electrodes were functionalized with porphyrin dimers (zinc porphyrin  and

free base porphyrin) an energy transfer route was found to compete with the charge

injection pathway during the deactivation of zinc porphyrin.34  Such an energy loss

mechanism results in decreased IPCE performance as evident from the results

discussed in the present study.  Efforts are underway to incorporate electron donors

within the H2P clusters and improve the photoconversion efficiency of porphyrin

cluster based nanoassemblies.

Fig. 8

Conclusion

Nanostructured thin films of porphyrin clusters have been prepared by

assembling them on a TiO2 electrode under the influence of a dc field.  H2P

nanoclusters prepared in a acetonitrile/toluene mixed solvent exhibit a broad

absorption in the Soret and Q-band regions that are different from the monomeric
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H2P.  The nanostructured H2P film has a broader absorption in the visible region as

compared with H2P clusters in mixed solvent and exhibit remarkable photosensitivity.

Light energy harvesting application of these cluster film was demonstrated by

employing them as a photoanode in the operation of a photoelectrochemical cell.  The

ability to utilize a wide spectral range of the solar spectrum resulting from the

increased molar absorptivity in the visible region is a key feature of the porphyrin

cluster based photoelectrochemical cell.  Future efforts are aimed at improving the

photoconversion efficiency of these molecularly engineered nanoassemblies.
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Figure Captions

Fig. 1.  Absorption spectra of H2P in its monomer and cluster forms prepared in (a)

0.02 mmol dm-3 in toluene and (b) 0.75 mmol dm-3 in acetonitrile/toluene (9/1, v/v),

respectively .  The absorption peaks at the Soret band are normalized for comparison.

Fig. 2.  TEM images of H2P clusters prepared using different compositions of

acetonitrile and toluene in the ratio of (a) 3:1 v/v (0.75 mmol dm-3) and (b) 9:1 v/v

(0.75 mmol dm-3), respectively.

Fig. 3.  Absorption spectra of H2P clusters deposited on OTE/TiO2 electrodes;

deposition time: (a) 0.5 min, (b) 1 min, (c) 2 min, (d) 5 min, (e) 8 min, and (f) 10 min.

A dc voltage of 500 V was applied between OTE and OTE/TiO2 electrodes immersed

in 0.75 mmol dm-3 H2P cluster solution in acetonitrile/toluene (9/1, v/v).  The inset

shows the growth of the film as monitored from an increase in absorbance at 410 nm.

Fig. 4.  AFM images of H2P nanocrystallites deposited on TiO2 electrodes; (a) top

view and (b) side view.

Fig. 5.  (a) Photocurrent generation at an OTE/TiO2/(H2P)n electrode under

illumination of white light (l > 370 nm); electrolyte: 0.5 mol dm-3 NaI and 0.01 mol

dm-3 I2 in acetonitrile.  Input power; 110 mW cm-2.  (b) I-V characteristics of an

OTE/TiO2/(H2P)n electrode under illumination of white light (l > 370 nm);
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electrolyte: 0.5 mol dm-3 NaI and 0.01 mol dm-3 I2 in acetonitrile.  Input power; 110

mW cm-2.

Fig. 6.  Photocurrent action spectra (IPCE versus wavelength) of an OTE/TiO2/(H2P)n

electrode (a) with no applied bias potential and at an applied bias potential of (b) 0 V

and (c) 0.2 V vs. SCE.  The photoresponse of OTE/TiO2 electrode under no applied

bias is also shown for comparison (d).    

 Fig. 7.  Photovaltage generation at OTE/TiO2 and OTE/TiO2/(H2P)n electrodes in an

acetonitrile solution containing 0.1 mol dm-3 n-tetrabuthylammonium perchlorate

(TBAP) under deaerated and oxygenated conditions.

Fig. 8.   Energy diagram for photocurrent generation at an OTE/TiO2/(H2P)n electrode.
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Illustrated Contents Entry

e-

e-

TiO2 Porphyrin Cluster

Pt

e-

OTE

hn

I-/ I3-

OTE: Optically Transparent Electrode

Nanostructured thin films of porphyrin clusters prepared by assembling them on a
TiO2 electrode under the influence of a dc field exhibits remarkable photosensitivity
in visible region.


