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Abstract

Electroabsorption spectra of a mixture of tetraphenylporphyrin (TPP) and fullerene (C60) doped in a polymer film have been measured for
both free-base porphyrin and its zinc analog with different concentrations of C60. The absorption band whose peak is located in a wavelength
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egion longer than the peak of the Soret band of TPP appears, as the concentration of C60 increases. This band is attributed to the absorptio
complex composed of TPP and C60. Electroabsorption spectra show that a charge separation occurs upon photoexcitation to the a
and of the complex located near the Soret band of TPP.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The study of non-covalent supramolecular aggregates has
xposed a promising area of investigation in the interdis-
iplinary research. The salient feature of such structures is
heir ability to offer a suitable environment for the electron-
nd energy-transfer processes that allow the conversion of
olar energy to electrical or chemical energy[1,2]. Such
ggregation phenomena together with their concomitant
nergy- and electron-transfer processes have attracted

mmense attention not only because of their pivotal role in
ome biological systems, such as natural photosynthesis, but
lso their outstanding contribution in material science[3–7].

Large� surfaces of both porphyrins (flat) and fullerenes
curved) coupled with their spectroscopic and electrochemi-
al features, such as strong ground-state absorption through-
ut UV–vis spectral region, characteristic luminescence

� Part of the special issue of “Molecular Interaction and Energy Tansfer”.
∗ Corresponding author.

E-mail address: nohta@es.hokudai.ac.jp (N. Ohta).

patterns and complementary electron donor–acceptor
erties make them the excellent candidates for the constru
of multi-component supramolecular systems displaying
toinduced electron transfer and/or energy transfer[8–14].
One of the most conspicuous features in the chem
of fullerene is its small reorganization energy, espec
towards electron-transfer reaction, which has expedited m
the initial attempt of mimicking the reaction in photosynth
reaction center by preparing a number of porphyrin-fulle
linked dyads and triads[15–20]. On the other hand, a num
ber of observations based on the complex formation
cocrystalization between porphyrins and fullerenes and
derivatives have been reported recently[21–31]. Boyed et al
have concluded that the van der Waals attraction (dispe
forces) between a curved� surface of fullerene and a plan
� surface of porphyrin is very favorable for a supramolec
recognition, in contrast to the traditional prerequisite
matching a concave host with a complementary convex g
[22]. Besides theses, cyclic dimers of free-base porphyrin
metalloporphyrin are found to form inclusion complexes w
fullerene where the charge-transfer interaction plays a p
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.06.019



178 Md. Wahadoszamen et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 177–184

role together with the van der Waals interaction[32,33]. In
most of these observations, a complex formation between
porphyrin and fullerene is characterized by the gradual shift
of the Soret absorption band in the longer wavelength region.

In the present study, we have observed the gradual shift
and broadening of the Soret absorption band of tetrapheny-
porphyrin, TPP, (both free and metal base) when the concen-
tration of fullerene (C60) mixed with a constant concentration
of porphyrin (0.5 mol%) is increased from 0.5 to 2 mol% in a
poly(methyl methacrylate) (PMMA) film. We have attributed
this consequence to a complex formation between TPP and
C60. In order to investigate the electronic properties of this
complex, the effect of external electric fields on the absorp-
tion of the complex has been examined in a PMMA film,
based on the measurements of the electroabsorption spectra
(plots of the field-induced change in absorption intensity as
a function of wavelength/wavenumber).

2. Experimental

Commercially available free-base tetraphenylporphyrin
(Wako Junyaku), zinc-tetraphenylporphyrin (Kanto Kagaku)
and fullerene (Tokyo Kasei), detonated by H2TPP, ZnTPP
and C60, respectively, were used without further purification.
Commercially available PMMA (Aldrich) was purified by
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and with a lens having a focal length of 20 cm, and then
directed through a 10 mm aperture�-BBO prism (JDSU
CASIX). The resulting polarized light was passed through
the sample, which is placed in front of the photomultiplier
and on the rotary stage which can provide different angles
between the polarization direction of the incident beam and
the direction of the electric field applied to the sample.

The dc component of the transmitted light intensity (I) was
recorded by the personal computer following the analog-to-
digital conversion. The ac component synchronized with the
sinusoidal ac voltage applied to the sample (�I) was detected
at the second harmonic of the modulation frequency of 40 Hz
by using a lock-in amplifier (SR 830, SRS). A function gener-
ator (SG-4311, Iwatsu) combined with an amplifier was used
to obtain the applied ac voltage. The field-induced change in
absorption intensity (�A) as a function of wavelength was
obtained withI and�I; �A =�I/ln 10I. The field-induced
change was multiplied by 2

√
2 to convert it to an equivalent

dc voltage. The applied field strength hereafter is denoted by
F, which was determined as the applied voltage divided by
the sample thickness.

3. Theoretical background

Stark spectroscopy monitors spectral changes induced by
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recipitation with a mixture of methanol and benzene an
xtraction with hot methanol. The concentration of ZnT
r H2TPP doped in a PMMA film was fixed to be 0.5 mo

n the ratio to the monomer unit of PMMA, while the co
entration of C60 was 0, 0.5, 1.0 or 2.0 mol% in a monom
nit of PMMA. Hereafter, the sample of a mixture of C60
aving a concentration ofX (=0, 0.5, 1.0 or 2.0 mol%) an
orphyrin (0.5 mol%) is denoted by ZnC60(X) or H2C60(X)

or ZnTPP and H2TPP, respectively. Hereafter, the monom
f free-base teraphenylporphyrin and its zinc compoun
esignated as H2M and ZnM, respectively. Note that H2M
nd ZnM correspond to H2C60 (0) and ZnC60 (0), respec

ively.
A certain amount of toluene solution of PMMA contain

ach mixture was poured onto an ITO-coated substrate
pin-coating technique. Then, the polymer film was drie
acuo to eliminate toluene completely, and a semitransp
luminium (Al) film was deposited on the dried polymer fi
y a vacuum vapor deposition technique. Al and ITO fi
ere used as electrodes. The thickness of the polymer
as determined by using a thickness measurement s

Nanometrics, M3000).
All the optical spectra were measured at room temp

ure and under the vacuum condition. Steady-state abso
pectra were measured using spectrophotometer (U-
itachi). Electroabsorption (E–A) spectra were meas
sing electric-field modulation spectroscopy with the s
pparatus as mentioned elsewhere[34,35]. Briefly, the con
erging light beam from JASCO FP 777 spectrofluorom
as collimated with a pinhole having a diameter of 1.4
n electric field in optical absorption and emission spe
f a molecule. When an external electric field is applied
olecular system or molecular ensemble, the energy
f each molecule may be shifted, giving rise the spe
hift and/or broadening whose magnitudes depend re
ively on the change in molecular polarizability (�α) and
he change in dipole moment (�µ) between the ground sta
nd the excited state. The theory of electric-field effect
olecular spectra in condensed phase has been dev

n detail by Liptay and co-workers[36,37]. According to
he theory, the field-induced change in absorption inte
�A) of randomly oriented and spatially fixed molecule
igid matrices, such as a PMMA polymer film, is given
36,38]:

A(v) = (fF )2
{

AA(ν)+Bν
d[A(ν)/ν]

dν
+Cν

d2[A(ν)/ν]

dν2

}

(1)

hereF is the externally applied electric field,ν is the energ
n wavenumber, andf is the internal field factor. The coe
cients A, B and C depend on the molecular parame
uch as the transition polarizability and hyperpolarizab
nd the difference in polarizability and in permanent ele
ipole moment between the ground and excited elect
tates for a particular electronic transition concerned. B
are given by the following equations:

= �ᾱ/2 + (�αm − �ᾱ)(3 cos2 χ − 1)/10

hc
(2)
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C = (�µ)2
{

5 + (3 cos2 ξ − 1)(3 cos2 χ − 1)
}

30h2c2 (3)

whereh represents Planck’s constant andc represents the
speed of light. Here,�µ and�ᾱ are the differences in electric
dipole moment and molecular polarizability tensor, respec-
tively, between the ground and excited states, which are given
by:

�µ = |��|, �ᾱ = 1
3Tr(��) (4)

�αm denotes the diagonal components of�α with respect to
the direction of the transition moment,χ is the angle between
the direction ofF and the electric vector of excitation light,
andξ is the angle between the direction of�µ and the tran-
sition dipole moment. Settingχ to magic angle (χ = 54.7◦)
vanishes the angle dependence in the expression of B and C,
allowing to obtain�α and�µ in a direct way. At the magic
angle ofχ = 54.7◦, B and C terms are reduced as:

B = �ᾱ/2

hc
(5)

C = (�µ)2
5

30h2c2 (6)

Thus, the second derivative contribution to the Stark effect
yields information about the change in dipole moment
between the ground state and photoexcited state of the
m en-
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Fig. 1. Absoprtion spectra (a) and E–A spectra (b) of H2TPP (H2M), C60

and H2C60(X) (X = 0.5, 1.0, 2.0 mol%) doped in a PMMA film in the region
of 300–700 nm. The concentration of H2TPP was 0.5 mol%. The absorption
spectrum of C60 was obtained with a concentraion of 2 mol%. Applied field
strength was 0.75 MV cm−1. The thickness of the sample film is normalized
to be 0.25�m.

that the intensity at 331 nm in H2C60(X) is only due to C60
and that the shape of the absorption spectrum of C60 is not
affected by a mixing of H2TPP. The resulting spectra around
the Soret band of H2TPP are shown inFig. 2a, together with
the absorption spectrum of H2M, i.e., the monomer spectrum
of H2TPP. The band shape and peak position depend on the
C60 concentration, suggesting that the subtracted spectra of
H2C60(X) are regarded as a superposition of the spectra of the

F y
a n
a
Z

olecule. It is worth mentioning that from the angle dep
ence of the second derivative contribution (in Eq.(3)), the
ngleξ between�µ and the transition moment can be de
ined. On the other hand, if the change in molecular pol
bility is significant upon photoexcitation, the first deriva
ontribution, i.e., the term B is dominant in the Stark s
ine shape. Further, the zeroth derivative contribution m
e considered as the Stark effect for the optical trans

f the transition moment of the molecule is perturbed by
xternal electric field.

. Results and discussion

Absorption spectra of mixtures of H2TPP and C60,
.e, H2C60(0.5), H2C60(1.0) and H2C60(2.0), are shown i
ig. 1a, together with the absorption spectra of H2TPP and
60 doped in a PMMA film. The thicknesses of the prepa
amples were not the same, and the absorption spec
ig. 1are obtained by normalizing the thicknes to be 0.25�m.
s mentioned below, the absorption spectra of H2C60(X) or
nC60(X) are considered to be a superposition of the s

ra of TPP, C60 and complex formed between TPP and C60.
s the concentration of C60 increases, the intensity of t
bsorption band at 331 nm increases (seeFig. 1), but its
eak position is independent of the C60 concentration, ind
ating that the band with a peak at 331 nm is assigne
60 [39,40]. Since the absorption intensity of H2TPP is very
mall at 331 nm, the absorption spectrum of C60 was sub
racted from the observed absorption spectra by assu
ig. 2. Absorption spectra of H2C60(X) (a) and ZnC60(X) (b), obtained b
subtraction of the absorption spectrum of C60 in the wavelength regio

round the Soret band of porphyrin, together with the spectrum of H2M and
nM. The maximum intensity is normalized to unity in every case.
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Fig. 3. E–A spectra of H2C60(X) (left) and ZnC60(X) (right) obtained by a subtraction of the E–A spectrum of C60 in the wavelength region around the Soret
band of porphyrin, together with the E–A spectra of H2M and ZnM. The applied field strength was 0.75 MV cm−1. The corresponding absorption spectrum is
shown by a solid line in every case, and the first derivative of the absorption spectrum is shown by a dotted line for H2M and ZnM.

H2M and complex formed between H2TPP and C60. In the
present study, we have focused our attention to the absorption
bands located near the Soret band of TPP.

Similar experiments, as well as the analyses, were also
done for the mixture between ZnTPP and C60; the absorp-
tion spectrum of C60 was subtracted from the ones observed
for ZnC60(X). The subtracted absorption spectra of ZnC60(X)
near the Soret band of ZnTPP are also shown inFig. 2b,
together with the absorption spectrum of ZnM. The spectral
shift and broadening are more pronounced in the mixtures of
H2TPP with C60 than those of ZnTPP and C60. This is con-
sistent with the experimental observation of Sun et al., who
pointed out that C60 binds free-base porphyrin more strongly
than metaleted porphyrin[29]. The interaction between por-
phyrin and fullerene is regarded as largely dominated by the
van der Waals interaction, which may be influenced by other
subtle interactions, such as electrostatic interaction or charge-
transfer interaction. The incidence of the stronger CT for
H2TPP in the present study suggests that the electrostatic
attraction between the electron-rich 6:6 ring-juncture bond
of fullerene and the electropositive NH center of porphyrin
largely enhances the van der Waals interaction in H2TPP/C60
system.

E–A spectra were obtained for H2C60(X), ZnC60(X), H2M,
ZnM and C60 doped in a PMMA film. The results for
H C (X), H M and C are shown inFig. 1b. The E–A spec-
t e
s -
t ion
o nd
C A

spectrum of each mixture by employing the similar method
as used in the normal absorption spectra; the subtraction fac-
tor was determined by using the E–A signal of C60 at 331 nm.
The extracted E–A spectra around the Soret band of TPP are
shown inFig. 3 for both H2C60(X) and ZnC60(X), together
with the E–A spectra of H2M and ZnM. Note that the E–A
spectra of H2M and ZnM are given by the first derivative
of the absorption spectrum in shape (seeFig. 3), indicat-
ing that the change in molecular plarizability is significant
upon optical transition in TPP monomer. Absorption spec-
tra, as well as E–A spectra for both H2TPP and ZnTPP, and
for their mixtures with C60 were measured both under the
magic angle cindition and under the normal incidence con-
dition in χ, i.e., χ = 54.7 and 90◦ in Eqs.(2) and (3). Note
that the E–A spectra shown inFigs. 1 and 3were obtained
with χ = 54.7◦. The absorption and E–A spectra, both for the
monomer (H2M or ZnM) and for the mixture (H2C60(X) or
ZnC60(X)), show only the increase in intensity on going from
the normal incident condition to the magic-angle condition,
as shown inFig. 4. Note that the E–A spectra observed at
the magic angle give the molecular parameters (�µ and�α)
in a direct manner (see Eqs.(5) and (6)). Apparently, the
E–A spectra of both H2C60(X) and ZnC60(X) in the Soret
absorption region gradually change with an increase of the
C60 concentration (seeFig. 3), indicating the external elec-
tric field effect on the absorption spectrum of the complex
f

Z f
H orp-
t oret
2 60 2 60
ra both of C60 and of H2TPP doped in a PMMA film are th
ame as the ones reported previously[39,40]. The E–A spec
ra of H2C60(X) or ZnC60(X) are regarded as a superposit
f the spectra of TPP, C60 and complex between TPP a
60. The E–A spectrum of C60 was subtracted from the E–
ormed between TPP and C60.
By comparing the spectral features of H2C60(X) and

nC60(X) at different concentrations of C60 with those o
2M and ZnM, it can be easily envisioned that the abs

ion band of the complex is located contiguous to the S
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Fig. 4. Absorption spectra (a, c) and E–A spectra (b, d) of H2C60(1) (a, b) and ZnC60(1) (c, d) observed with the magic angle (dotted line) and with 90◦ (solid
line) for χ.

band of the porphyrin monomer. Accordingly, the absorp-
tion and E–A spectra of H2C60(X) and ZnC60(X) shown in
Figs. 2 and 3are regarded as a superposition of the TPP
monomer and the complex spectra. The absorption spec-
trum, as well as the E–A spectrum of the complex, was
extracted and simulated by using the following assumptions:
(1) absorption and E–A spectra of the monomer species which
exist in H2C60(X) and ZnC60(X) are the same in shape as the
ones of H2M and ZnM irrespective of the difference ofX,
and the subtraction of the monomer spectrum from the mix-
ture yields the spectrum of the complex; (2) absorption and
E–A spectra of the complex which exists in H2C60(X) and
ZnC60(X) are independent of the C60 concentration; (3) the
mixture spectrum can be reproduced by a linear combination
of the monomer spectrum and some Gaussian curves. Two

Gaussian curves, each of which gives the same shape at dif-
ferent concentrations of C60 were obtained, i.e., G1 and G2 in
H2C60(X) and G1

′ and G2
′ in ZnC60(X), as shown inFig. 5.

The relative intensity between G1 and G2 or between G1′ and
G2

′ was the same at different concentrations of C60. A sum
of these two Gaussian curves, i.e. (G1 + G2) in H2C60(X) and
(G1

′ + G2
′) in ZnC60(X), was supposed to give the absorption

spectrum of the complex. The simulated absorption spectrum
of the complex, as well as its first and second derivatives, is
shown inFig. 5.

E–A spectra of the complex between TPP and C60 are con-
sidered to be obtained by subtracting the E–A spetrum of the
TPP monomer from the spectrum of H2C60(X) or ZnC60(X).
At first, the subtraction of the E–A spectum of H2M or ZnM
was done by assuming that the E–A spectrum of the TPP

F ption s omer
s ′ and G ed by
T cond d aussians
i

ig. 5. Absorption spectrum of H2C60(2) and ZnC60(2) where the absor
pectrum (M and M′) and two Gaussian shapes, G1 and G2 in the left and G1
PP and C60, i.e., C (=G1 + G2) and C′ (=G1

′ + G2
′), and their first and se

s also shown by a broken line in (a) and (c).
pectrum of C60 was subtracted, and its decomposition to the TPP mon

2
′ in the right (a, c). Extracted absorption spectra of the complex form

erivative spectra (b, d). The sum of the monomer spectrum and two G
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monomer is independent of the C60 concentration; the inten-
sity of the E–A spectrum of the monomer relative to the
absorption spectrum of the TPP monomer was assumed to be
the same as the one observed for H2M or ZnM. The extracted
E–A spectra thus obtained were tried to be simulated by a
linear combination of the zeroth, first and second derivatives
of the absorption spectrum of the complex, i.e., G1 + G2 in
H2C60(X), as mentioned below. The simulation was done by
assuming that the second derivative of C (=G1 + G2) is dom-
inant and that the contribution of the first derivative of C is
minor (seeFig. 6b), and then the simulation was done by
assuming the equal contribution for both the first and second
derivatives of C (seeFig. 6c). In both cases, the extracted
spectra could not be reproduced by a linear combination of
the first and second derivatives of the absorption spectrum of

F
s
H
m
t
i
m
s
w
m
t
a

Fig. 7. Plots of the weighted factor used in the subtraction of the E–A spec-
trum of the TPP monomer from the E–A spectra of H2C60(X) or ZnC60(X)
as a function of the C60 concentration; H2TPP (a) and ZnTPP (b).

the complex. Even when the first derivative of C is assumed
to be dominant, the extracted E–A spectrum could not be
reproduced (not shown). Thus, the extracted E–A spectra of
the complex which were obtained by assuming that the E–A
spectrum of the TPP monomer is independent of the C60 con-
centration could not be reproduced by a simulation.

A disagreement between the extracted E–A spectrum of
complex and the simulated spectrum could be reduced with
an increase of the weighted factor of the E–A spectrum of
the TPP monomer used for the subtraction. Actually, we
gradually increased the weighted factor, and in each time,
we tried to simulate the resulting E–A spectrum by a lin-
ear combination of the first and the second derivatives of the
absorption spectrum of complex, i.e., (G1 + G2) in H2C60(X).
By using such a try-and-error method, we could obtain the
E–A spectrum which could be reproduced quite well by
a linear combination of the first and second derivatives of
the extracted absorption spectrum of complex, as shown in
ig. 6. (a) E–A spectra both of H2C60(2) where the E–A spectrum of C60 was
ubtracted and of H2M, (b) and (c) E–A spectrum of the complex between

2TPP and C60 extracted by assuming that the E–A spectrum of the TPP
onomer is independent on the concentration of C60, together with the spec-

rum simulated by a sum of the first and second derivative components given
n the figure, (d) E–A spectrum of the complex extracted by subtracting the

onomer E–A spectrum multiplied by a weighted factor, together with the
econd derivative of the absorption spectrum of the complex. Simulation
as done in (b) with a dominant contribution of the second derivative and a
inor contribution of the first derivative of the absorption spectrum, while

he simulation was done in (c) with the equal contribution for both the first
nd second derivative components.

Fig. 6d. The weighted factor used for the subtraction is plot-
ted inFig. 7against the concentration of C60. The weighted
factor increases monotonically, as the concentration of C60
increases. As shown inFig. 6d, the extracted E–A spectrum
of the complex is very similar in shape to the second deriva-
tive, and the magnitude of�µ for the absorption band of the
complex located around the Soret band of TPP was evalu-
ated to be 3.3 D with Eq.(6). This value was obtained with a
L 87
[ i-
t of
t

y
a
F e
orentz field correction;f in Eq.(1) was assumed to be 1.
41]. The angle between�� and the direction of the trans
ion dipole was evaluated to be 70◦, based on the analysis
he angle (χ) dependence of the E–A spectrum (see Eq.(3)).

The analysis of the E–A spectra of ZnC60(X) was done b
similar fashion to the one mentioned above for H2C60(X).
ig. 8 shows the results for ZnC60(2). Fig. 5 represents th



Md. Wahadoszamen et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 177–184 183

Fig. 8. (a) E–A spectra of ZnM and ZnC60(2), (b) extracted E–A spectrum
of the complex formed by a mixture of ZnTPP and C60, and the second
derivative of the extracted absorption spectrum of the complex.

absorption spectrum of ZnC60(2) together with the simulated
constituents; M′, G1

′ and G2
′, where M′ is the contribution

of the monomer absorption, i.e., ZnM, and G1
′ and G2

′ are
two Gaussian curves whose peaks are located respectively to
the shorter and longer wavelength regions relative to the peak
of ZnM. As shown inFig. 5, a sum of these two Gaussian
curves, i.e., C′ (=G1

′ + G2
′) is attributed to the absorption

spectrum of the complex between ZnTPP and C60. As in the
case of H2C60(X), the E–A spectrum of C′ shown inFig. 8b
was extracted by subtracting the E–A spectrum of ZnM from
the E–A spectrum of ZnC60(2), where the weighted factor
was chosen in such a way that the extracted E–A spectrum
could be reproduced by a linear combination of the first and
the second derivatives of C′. The magnitude of�µ of the
complex between ZnTPP and C60 following excitation into
the band located around the Soret band of TPP was evaluated
from the analysis of the contribution of the second derivative
to be 3.0 D with a Lorentz field correction (see Eq.(6)). The
angle between�µ and the direction of the transition dipole
was evaluated to be 65◦ from the angle (χ) dependence of
the E–A spectrum. As already mentioned, there is no doubt
that the Stark shift of the Soret band of ZnM, as well as H2M
results from�α, in contrast with the complex between TPP
monomer and C60.

The weighted factor employed for the subtraction of the
E–A spectrum of the ZnTPP monomer was plotted against
t f
t
i
g sing
t am-
p lly
a -
t

5. Conclusion

E–A spectrum of the complex formed between H2TPP
or ZnTPP and C60 in the wavelength/wavenumber region
around the Soret band of TPP is very similar to the sec-
ond derivative of the absorption spectrum, indicating that the
change in dipole moment (�µ) is significant following the
optical transition of the complex. This indicates that a charge
separation occurs following excitation into the absorption
band of the complex between TPP and C60 located near the
Soret band of TPP. The magnitude of the change in dipole
moments for the complexes of H2TPP and ZnTPP with C60
has been evaluated from the E–A spectra to be 3.3 and 3.0 D,
respectively. The similar incident was observed in the case of
meso–meso linked porphyrin arrays[42], where the nonzero
value of�µ was attributed to the photoinduced charge trans-
fer along the linked porphyrin array. The angle between the
transition dipole and�µ has been evaluated to be 70◦ in
the complex of H2TPP + C60 and 65◦ in the complex of
ZnTPP + C60 by comparing the E–A spectra obtained with
the magic angle and with 90◦ for χ.
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