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Abstract

Electroabsorption spectra of a mixture of tetraphenylporphyrin (TPP) and fullergg)ed@@ed in a polymer film have been measured for
both free-base porphyrin and its zinc analog with different concentrationgoT e absorption band whose peak is located in a wavelength
region longer than the peak of the Soret band of TPP appears, as the concentragign@i@ses. This band is attributed to the absorption of
a complex composed of TPP angyCElectroabsorption spectra show that a charge separation occurs upon photoexcitation to the absorption
band of the complex located near the Soret band of TPP.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction patterns and complementary electron donor—acceptor prop-
erties make them the excellent candidates for the construction
The study of non-covalent supramolecular aggregates hasof multi-component supramolecular systems displaying pho-
exposed a promising area of investigation in the interdis- toinduced electron transfer and/or energy tran§erl4]
ciplinary research. The salient feature of such structures isOne of the most conspicuous features in the chemistry
their ability to offer a suitable environment for the electron- of fullerene is its small reorganization energy, especially
and energy-transfer processes that allow the conversion oftowards electron-transfer reaction, which has expedited much
solar energy to electrical or chemical enerfdy2]. Such the initial attempt of mimicking the reaction in photosynthetic
aggregation phenomena together with their concomitant reaction center by preparing a number of porphyrin-fullerene
energy- and electron-transfer processes have attractedinked dyads and triadgd 5-20] On the other hand, a num-
immense attention not only because of their pivotal role in ber of observations based on the complex formation and
some biological systems, such as natural photosynthesis, butocrystalization between porphyrins and fullerenes and their
also their outstanding contribution in material scief8er]. derivatives have been reported recefili—31] Boyed et al.
Largew surfaces of both porphyrins (flat) and fullerenes have concluded that the van der Waals attraction (dispersion
(curved) coupled with their spectroscopic and electrochemi- forces) between a curvedsurface of fullerene and a planer
cal features, such as strong ground-state absorption throughar surface of porphyrin is very favorable for a supramolecular
out UV-vis spectral region, characteristic luminescence recognition, in contrast to the traditional prerequisite of
matching a concave host with a complementary convex guest
* Part of the special issue of “Molecular Interaction and Energy Tansfer”. [22]. Besides thfases, cyclic dimers _Of free__base porphyrin ,and
* Corresponding author. metalloporphyrin are found to form inclusion complexes with
E-mail address: nohta@es.hokudai.ac.jp (N. Ohta). fullerene where the charge-transfer interaction plays a partial
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role together with the van der Waals interact[82,33]. In and with a lens having a focal length of 20cm, and then
most of these observations, a complex formation betweendirected through a 10 mm apertuseBBO prism (JDSU
porphyrin and fullerene is characterized by the gradual shift CASIX). The resulting polarized light was passed through
of the Soret absorption band in the longer wavelength region. the sample, which is placed in front of the photomultiplier
In the present study, we have observed the gradual shiftand on the rotary stage which can provide different angles
and broadening of the Soret absorption band of tetrapheny-between the polarization direction of the incident beam and
porphyrin, TPP, (both free and metal base) when the concen-the direction of the electric field applied to the sample.
tration of fullerene (Gp) mixed with a constant concentration The dc component of the transmitted light intensiiyas
of porphyrin (0.5 mol%) is increased from 0.5to 2mol% ina recorded by the personal computer following the analog-to-
poly(methyl methacrylate) (PMMA) film. We have attributed digital conversion. The ac component synchronized with the
this consequence to a complex formation between TPP andsinusoidal ac voltage applied to the sampid)(was detected
Cso. In order to investigate the electronic properties of this at the second harmonic of the modulation frequency of 40 Hz
complex, the effect of external electric fields on the absorp- by using a lock-in amplifier (SR 830, SRS). A function gener-
tion of the complex has been examined in a PMMA film, ator (SG-4311, Iwatsu) combined with an amplifier was used
based on the measurements of the electroabsorption spectrto obtain the applied ac voltage. The field-induced change in
(plots of the field-induced change in absorption intensity as absorption intensityAA) as a function of wavelength was
a function of wavelength/wavenumber). obtained withl and AI;, AA=Allln101. The field-induced
change was multiplied by,22 to convert it to an equivalent
dc voltage. The applied field strength hereafter is denoted by
2. Experimental F, which was determined as the applied voltage divided by
the sample thickness.
Commercially available free-base tetraphenylporphyrin
(Wako Junyaku), zinc-tetraphenylporphyrin (Kanto Kagaku)
and fullerene (Tokyo Kasei), detonated byTHPP, ZNTPP 3. Theoretical background
and Gy, respectively, were used without further purification.
Commercially available PMMA (Aldrich) was purified by Stark spectroscopy monitors spectral changes induced by
precipitation with a mixture of methanol and benzene and by an electric field in optical absorption and emission spectra
extraction with hot methanol. The concentration of ZnTPP of a molecule. When an external electric field is applied to a
or HoTPP doped in a PMMA film was fixed to be 0.5mol% molecular system or molecular ensemble, the energy level
in the ratio to the monomer unit of PMMA, while the con- of each molecule may be shifted, giving rise the spectral
centration of o was 0, 0.5, 1.0 or 2.0 mol% in a monomer shift and/or broadening whose magnitudes depend respec-
unit of PMMA. Hereafter, the sample of a mixture of{C tively on the change in molecular polarizabilith¢) and
having a concentration df (=0, 0.5, 1.0 or 2.0mol%) and  the change in dipole momeni ) between the ground state
porphyrin (0.5 mol%) is denoted by ZggtX) or HoCgo(X) and the excited state. The theory of electric-field effects on
for ZnTPP and HTPP, respectively. Hereafter, the monomer molecular spectra in condensed phase has been developed
of free-base teraphenylporphyrin and its zinc compound is in detail by Liptay and co-workerf36,37] According to
designated as #M and ZnM, respectively. Note thatJ¥l the theory, the field-induced change in absorption intensity
and ZnM correspond to #Cgo (0) and ZnGg (0), respec- (AA) of randomly oriented and spatially fixed molecules in
tively. rigid matrices, such as a PMMA polymer film, is given by
A certain amount of toluene solution of PMMA containing  [36,38}
each mixture was poured onto an ITO-coated substrate by a )
spin-coating Fechnlque. Then, the polymer film was dried in AA() = (FF)? {AA(U)_I_Bvd[A(v)/v] +Cvd [A(W)/V] }
vacuo to eliminate toluene completely, and a semitransparent d dv?
aluminium (Al) film was deposited on the dried polymer film (1)
by a vacuum vapor deposition technique. Al and ITO films

were used as electrodes. The thickness of the pOlymer f”mSWhereF isthe externa”y app“ed electric fieldjs the energy
was determined by using a thickness measurement systemn wavenumber, angdis the internal field factor. The coef-
(Nanometrics, M3000). ficients A, B and C depend on the molecular parameters,
All the optical spectra were measured at room tempera- sych as the transition polarizability and hyperpolarizability,
ture and under the vacuum condition. Steady-state absorptionand the difference in polarizability and in permanent electric
spectra were measured using spectrophotometer (U-3500dipole moment between the ground and excited electronic

Hitachi). Electroabsorption (E-A) spectra were measured states for a particular electronic transition concerned. B and
using electric-field modulation spectroscopy with the same ¢ are given by the following equations:

apparatus as mentioned elsewhi@# 35] Briefly, the con- .
verging light beam from JASCO FP 777 spectrofiuorometer 5 _ Aw/2 + (Aay — Ad)(3 cog x — 1)/10 @
was collimated with a pinhole having a diameter of 1.4 mm hc
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_ _ H,TPP + C
W {5+ (3 co¢ 530;)6(23 cog x — 1)} @) 0

whereh represents Planck’s constant andepresents the
speed of light. HereA u andAw are the differencesinelectric = <
dipole moment and molecular polarizability tensor, respec-
tively, between the ground and excited states, which are given
by:

C=(a

absorption

Ap=|Apl, Ax=3Tr(Ae) @)

Aam denotes the diagonal componentgvef with respect to

the direction of the transition momentijs the angle between

the direction ofF and the electric vector of excitation light,
andé is the angle between the directionAjt and the tran-
sition dipole moment. Setting to magic angle x =54.7)
vanishes the angle dependence in the expression of B and C,

allowing to obtainAa andAp in a direct way. Atthe magic g 1 apbsoprtion spectra (a) and E-A spectra (b) 6TFP (HsM), Ceo

—HoM
HaC(0.5)

------- HaCy()

=== H2Co(2)

—-=-Cy, (2 mol %)

1 1 1 1
300 400 500 600 700
Wavelength (nm)

AA (x103)

angle ofy=54.7, B and C terms are reduced as: and HCso(X) (X=0.5, 1.0, 2.0 mol%) doped in a PMMA film in the region
Ao7/2 of 300—700 nm. The concentration o FPP was 0.5 mol%. The absorption
B = (5) spectrum of g was obtained with a concentraion of 2 mol%. Applied field
hc strength was 0.75 MV crt. The thickness of the sample film is normalized
5 5 to be 0.25.m.
C=(AnY 550 (6)

Thus, the second derivative contribution to the Stark effect that the intensity at 331 nm in#@so(X) is only due to Go

yields information about the change in dipole moment and that the sh_ape of the absorption spectrumg@ﬁ@not
between the ground state and photoexcited state of theaﬁe(:ted by a mixing of HITPP. The rg;ultlng spectra arqund
molecule. It is worth mentioning that from the angle depen- :Ee Sl;)ret bt(_;md of H;PP ar;jlhpwn;:lg. 2, together V:'th
dence of the second derivative contribution (in &), the feHaTsF?lngl(r)]n sbpecdrurr]n ORH, |(.je., If morlt(_)medr spec drumth
angles betweenA u and the transition moment can be deter- ofH2 - 1€ band shap€ and peak position depend on the
mined. On the other hand, if the change in molecular polariz- Ceo concentration, suggesting that th? subtracted spectra of
ability is significant upon photoexcitation, the first derivative H2Ceo(X) are regarded as a superposition of the spectra of the

contribution, i.e., the term B is dominant in the Stark shift

line shape. Further, the zeroth derivative contribution must olf@
be considered as the Stark effect for the optical transition, ' — LM
if the transition moment of the molecule is perturbed by the R e A HaCe0(0.5)
external electric field. B e A N HaCe0(1)
oal /S \aw N H2Cg0(2)
4. Results and discussion 02
0.0 | L = =
Absorption spectra of mixtures of MIPP and Gy, 400 420 0 460 480
i.e, HpCs0(0.5), HoCp0(1.0) and HCgo(2.0), are shown in Wavelength (nm)
Fig. 1a, together with the absorption spectra fTI*P and
Cso doped in a PMMA film. The thicknesses of the prepared 1.0 (b)
samples were not the same, and the absorption spectra in o8 L —ZnM
Fig. 1are obtained by normalizing the thicknes to be Q&% ' e ZnCe0(0-3)
As mentioned below, the absorption spectra e€kh(X) or < 067 4 R T ZnCo(1)
ZnCgp(X) are considered to be a superposition of the spec- e S ZnCe0(2)
tra of TPP, o and complex formed between TPP angh.C 02
As the concentration of £ increases, the intensity of the e 1 ) |
absorption band at 331 nm increases (&g 1), but its 00700 420 440 460 480

peak position is independent of thggZoncentration, indi- Wavelength (nm)
cating that the band with a peak at 331 nm is assigned to Fi0 2. Absoro tra of Koeo(X) () and ZnGa(X) (b), obtained b

H : H H . 1g. 2. sorption spectra o 0 a) an Nigo , opbtaine y
Ceo [39’401 Since the absorptlon intensity obMPP is very a subtraction of the absorption spectrum @b @ the wavelength region

small at 331 nm, the absorption spectrum @b @Was sub- _around the Soret band of porphyrin, together with the spectrumbf&hd
tracted from the observed absorption spectra by assumingznm. The maximum intensity is normalized to unity in every case.
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Fig. 3. E—A spectra of bCs0(X) (left) and ZnGo(X) (right) obtained by a subtraction of the E—A spectrum gj i@ the wavelength region around the Soret
band of porphyrin, together with the E-A spectra eMHand ZnM. The applied field strength was 0.75 MVt 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 likdadZnM.

H>M and complex formed between,HPP and Gp. In the spectrum of each mixture by employing the similar method
present study, we have focused our attention to the absorptioras used in the normal absorption spectra; the subtraction fac-
bands located near the Soret band of TPP. tor was determined by using the E-A signal @@t 331 nm.

Similar experiments, as well as the analyses, were alsoThe extracted E—A spectra around the Soret band of TPP are
done for the mixture between ZnTPP anghChe absorp- shown inFig. 3for both HCgo(X) and ZnGo(X), together
tion spectrum of gg was subtracted from the ones observed with the E-A spectra of kM and ZnM. Note that the E-A
for ZnCgo(X). The subtracted absorption spectra of Zs(&) spectra of HHM and ZnM are given by the first derivative
near the Soret band of ZnTPP are also showikign 2b, of the absorption spectrum in shape ($€g. 3), indicat-
together with the absorption spectrum of ZnM. The spectral ing that the change in molecular plarizability is significant
shift and broadening are more pronounced in the mixtures of upon optical transition in TPP monomer. Absorption spec-
HoTPP with G than those of ZnTPP andsg This is con- tra, as well as E-A spectra for both HPP and ZnTPP, and
sistent with the experimental observation of Sun et al., who for their mixtures with Gg were measured both under the
pointed out that gp binds free-base porphyrin more strongly magic angle cindition and under the normal incidence con-
than metaleted porphyri29]. The interaction between por-  dition in yx, i.e., x=54.7 and 90 in Egs.(2) and (3) Note
phyrin and fullerene is regarded as largely dominated by the that the E—A spectra shown Kigs. 1 and 3wvere obtained
van der Waals interaction, which may be influenced by other with y =54.7. The absorption and E—A spectra, both for the
subtle interactions, such as electrostatic interaction or chargesnonomer (HM or ZnM) and for the mixture (KICgo(X) or
transfer interaction. The incidence of the stronger CT for ZnCgp(X)), show only the increase in intensity on going from
H,TPP in the present study suggests that the electrostaticthe normal incident condition to the magic-angle condition,
attraction between the electron-rich 6:6 ring-juncture bond as shown inFig. 4. Note that the E—-A spectra observed at
of fullerene and the electropositive-dl center of porphyrin the magic angle give the molecular paramet&rg @ndAc)

largely enhances the van der Waals interactionimPP/Gg in a direct manner (see Eg&) and (6). Apparently, the
system. E-A spectra of both bCg0(X) and ZnGo(X) in the Soret
E—A spectrawere obtained fopBgo(X), ZNCso(X), HoM, absorption region gradually change with an increase of the

ZnM and G doped in a PMMA film. The results for  Cgg concentration (seEig. 3), indicating the external elec-
H2Cs0(X), HoM and Gsp are shown irFig. 1b. The E—A spec- tric field effect on the absorption spectrum of the complex
tra both of Go and of HTPP doped in a PMMA film are the  formed between TPP and;g

same as the ones reported previo(i88,40] The E-A spec- By comparing the spectral features obEo(X) and

tra of HoCgo(X) or ZnGso(X) are regarded as a superposition ZnCgp(X) at different concentrations ofgg with those of

of the spectra of TPP, §g and complex between TPP and HyM and ZnM, it can be easily envisioned that the absorp-
Cso. The E-A spectrum of gy was subtracted from the E-A  tion band of the complex is located contiguous to the Soret
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Fig. 4. Absorption spectra (a, c) and E—A spectra (b, d) #84d(1) (a, b) and Zngy(1) (c, d) observed with the magic angle (dotted line) and with(80lid
line) for x.

band of the porphyrin monomer. Accordingly, the absorp- Gaussian curves, each of which gives the same shape at dif-
tion and E—A spectra of $3Cg0(X) and ZnGo(X) shown in ferent concentrations ofggwere obtained, i.e., Gand G in

Figs. 2 and 3are regarded as a superposition of the TPP H>Cgo(X) and G’ and G’ in ZnCgp(X), as shown irfFig. 5.
monomer and the complex spectra. The absorption spec-The relative intensity betweem@nd G or between @ and
trum, as well as the E-A spectrum of the complex, was G,’ was the same at different concentrations g @ sum
extracted and simulated by using the following assumptions: of these two Gaussian curves, i.e; (8G2) in H2Cgo(X) and

(1) absorption and E-A spectra of the monomer species which(G;" + G2') in ZnCgo(X), was supposed to give the absorption
exist in HhCs0(X) and ZnGo(X) are the same in shape as the spectrum of the complex. The simulated absorption spectrum
ones of BM and ZnM irrespective of the difference &f of the complex, as well as its first and second derivatives, is
and the subtraction of the monomer spectrum from the mix- shown inFig. 5.

ture yields the spectrum of the complex; (2) absorption and  E—A spectra of the complex between TPP agglate con-
E-A spectra of the complex which exists in€ko(X) and sidered to be obtained by subtracting the E—A spetrum of the
ZnCgp(X) are independent of theggconcentration; (3) the  TPP monomer from the spectrum 0$€5o(X) or ZnCgo(X).
mixture spectrum can be reproduced by a linear combination At first, the subtraction of the E—A spectum oM or ZnM

of the monomer spectrum and some Gaussian curves. Twowas done by assuming that the E-A spectrum of the TPP

HCe0(2) ZnCe0(2)
c
(a) 06l ©
03
— observed —— observed
04
<
0.1f ----M+G1+G2 02
0.0 - 0.0
L (b

02f (b) 0.3 05
—_ complex & ~02 ’“
ME 0.1} 00 S ,,,2 @2
X ¥ e 0.0 %
> N> > 0.0f N>
= s B0 .
< 03202 05 3
C0.1F ceedCldv o ° o

2 -0.2
o2k .d Cldv -0.6 10
20 21 22 23 24 25 2.1 22 23 24 25

Wavenumber (x10* cm™) Wavenumber (x10”* cm™)

Fig. 5. Absorption spectrum of ¥#s0(2) and ZnGp(2) where the absorption spectrum ofpGvas subtracted, and its decomposition to the TPP monomer
spectrum (M and K) and two Gaussian shapes, &d G in the leftand G’ and G’ in the right (a, c). Extracted absorption spectra of the complex formed by

TPP and Gp, i.e., C (=G + Gp) and C (=G1’ + G'), and their first and second derivative spectra (b, d). The sum of the monomer spectrum and two Gaussians

is also shown by a broken line in (a) and (c).
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monomer is independent of thggXoncentration; 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 foMbr 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;,#&» in
H2Cs0(X), as mentioned below. The simulation was done by
assuming that the second derivative of C (=G5p) is dom-
inant and that the contribution of the first derivative of C is
minor (seeFig. &), and then the simulation was done by
assuming the equal contribution for both the first and second
derivatives of C (se€ig. €c). 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

HyCen(2)

021 (@ 1.0
— 00 05 ~
= S
E 02 00 2
< <
< 4L O E-AofHpCep(2) o5 3

—E-A of HoM

0.6 = 1 1 1 1 1 = -1.0

02 (b)
g 0.0
e 3 extracted E-A
< 2 | ——simulation
& - cONtributed dC/dv

(0.4 f---contributed 4°C/dv’
® O extracted E-A
< o |——simulation
< ----- contributed dC/dv

i 2 2

i contributed d"C/dv

k== 1 ] 1 1

02 @
-’é- 0.0
® o022
< O E-A of complex
< 04} 2 2 mp

— g ], Y
0.6 b 1 1 1 1 I

2.1 2.2 23 24 2.5

Wavenumber (x 1074 cm'l)

Fig. 6. (a) E-A spectraboth ofd€s0(2) where the E-A spectrum otgwas
subtracted and of #M, (b) and (c) E-A spectrum of the complex between
H>TPP and Gp extracted by assuming that the E-A spectrum of the TPP
monomer is independent on the concentrationgf @gether with the spec-
trum simulated by a sum of the first and second derivative components given
in the figure, (d) E-A spectrum of the complex extracted by subtracting the
monomer E-A spectrum multiplied by a weighted factor, together with the
second derivative of the absorption spectrum of the complex. Simulation
was done in (b) with a dominant contribution of the second derivative and a
minor contribution of the first derivative of the absorption spectrum, while
the simulation was done in (c) with the equal contribution for both the first
and second derivative components.
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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 ofddy(X) or ZnGso(X)
as a function of the g concentration; HTPP (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 tggcOn-
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. 1(6G,) in H2Cgo(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
Fig. 6d. The weighted factor used for the subtraction is plot-
ted inFig. 7 against the concentration ot The weighted
factor increases monotonically, as the concentrationggf C
increases. As shown fRig. 6d, the extracted E—A spectrum
of the complex is very similar in shape to the second deriva-
tive, and the magnitude afu for the absorption band of the
complex located around the Soret band of TPP was evalu-
ated to be 3.3 D with Ed6). This value was obtained with a
Lorentz field correctionfin Eq. (1) was assumed to be 1.87
[41]. The angle between . and the direction of the transi-
tion dipole was evaluated to be 7®ased on the analysis of
the angle ) dependence of the E-A spectrum (see(B)).

The analysis of the E—A spectra of ZgfX) was done by
a similar fashion to the one mentioned above foCkh(X).

Fig. 8 shows the results for Zngg(2). Fig. 5represents the
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Fig. 8. (a) E-A spectra of ZnM and Zpg{2), (b) extracted E—A spectrum
of the complex formed by a mixture of ZnTPP angpCand the second
derivative of the extracted absorption spectrum of the complex.

absorption spectrum of Znr@g(2) together with the simulated
constituents; M G;” and G’, where M is the contribution
of the monomer absorption, i.e., ZnM, and’@nd G’ are

two Gaussian curves whose peaks are located respectively to
the shorter and longer wavelength regions relative to the pea
of ZnM. As shown inFig. 5 a sum of these two Gaussian
curves, i.e., C(=Gy’ + G') is attributed to the absorption

spectrum of the complex between ZnTPP anrd. @s in the
case of HCgp(X), the E-A spectrum of Gshown inFig. 8o

was extracted by subtracting the E-A spectrum of ZnM from
the E—A spectrum of Zng(2), where the weighted factor
was chosen in such a way that the extracted E—A spectrum

5. Conclusion

E-A spectrum of the complex formed betweepTRP
or ZnTPP and g 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 momeniA() 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 angh cated near the
Soret band of TPP. The magnitude of the change in dipole
moments for the complexes obAPP and ZnTPP with g
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 arrg¢], where the nonzero
value of Au was attributed to the photoinduced charge trans-
fer along the linked porphyrin array. The angle between the
transition dipole andAu has been evaluated to be°7id
the complex of HTPP +Go and 65 in the complex of
ZnTPP + Go by comparing the E-A spectra obtained with
the magic angle and with 9@or .
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