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Photoinduced Electron Transfer between Go/C7o and Zinc Tetraphenylporphyrin in Polar
Solvents
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Photoinduced electron transfer betweeq/C;o and zinc tetraphenylporphyrin (ZnTPP) in a polar solvent

has been investigated with a nanosecond laser photolysis method by observing the transient absorption bands
in the near-IR region. The transient absorption bands of §3€¢ radical anion (G /C7o' ") in the near-IR

region gave evidence of electron transfer for the system ZnTPP &@;6 In ZnTPP solution where &

and Go were photoexcited predominantly, electron transfer takes place from the ground state of ZnTPP to
the triplet states of §/Cyo (3Ces0*/3C7¢%). In the concentrated ZnTPP solution where ZnTPP was predominantly
photoexcited, the triplet state of ZnTPP donates the electron to the ground stat#Gaf, @roducing Gg =/

C;o~. The efficiency of electron transfer via ti€s0*/3C7o* route is higher than that vi&ZnTPP*,

Introduction Experimental Section

Both fullerenes and porphyrins are well-known as unique  Ceoand Go were obtained from Texas Fullerenes Corp. in a
compounds in photochemical and photophysical vietv&Vhen purity higher than 99%. Commercially available zinc tetraphen-
they are mixed, promotion of photoinduced electric conductivity YIPorphyrin (ZnTPP) was used after repeated recrystallization.
has been reported.To disclose the mechanism of the photo- The solutions of &/Cz and ZnTPP were deaerated with Ar
induced electron-transfer reactions, photochemical techniquesPubbling before measurements.
such as laser flash photolysis are uséfél. When fullerenes Ced/C70 and ZnTPP were excited by a Nd:YAG laser (6 ns
were mixed with high concentrated electron donors, forming fwhm; 10 mJ laser power) with 532 nm light at a constant power
the charge-transfer complexes in the ground state, electronof 7 mJ. The transient absorption spectra in the visible and
transfer takes place via the excipleXesVhen electron donors ~ near-IR regions were observed by the laser-flash photolysis
were connected with fullerenes by the covalent bonds with @pparatus with a pulsed xenon flash lamp as a monitor light,
appropriate length, electron transfer occurs via the excited singletWhich was passed through a rectangular quartz reaction cell (1

route® In dilute polar solution systems,¢& and G~ were cm) and monochromator. As a detector in the visible and near-
usually produced via their triplet staté€gg* and 3C-g*), which IR regions, a Ge avalanche photodiode module (Han_"lamatsu,
abstract the electron from the electron dorfors. C5331-PL) was employetf. The steady-state UWvisible

absorption spectra were measured with a JASCO V-570

For porphyrins in nonpolar solvent, it is reported that energy spectrophotometer. All experiments were carried out £t23

transfer predominantly occurs from triplet states of porphyrins
to Ceo/Cro, from which the energy levels of the loweso*/
3Cz0* were evaluated; the lowest triplet energy level of zinc
tetraphenylporphyrin (ZnTPP) is slightly higher than those of  Steady-State UV and Visible Spectra The steady-state
3Ce0*/3Cro*.” On the other hand, it is also reported that a stacked UV —visible spectra of & and ZnTPP are shown in Figure 1.
film of porphyrin and g acts as a highly effective solar cell, The absorption spectrum of the mixture was identical with the
suggesting photoinduced electron transfer between them. superposition of the absorption of the components, suggesting
However, no clear evidence of the photoinduced electron trans-no appreciable interaction in the ground state in benzonitrile
fer has been reported yet between porphyrin aggGz in under the dilute concentration range used for laser flash
solution. The evidence of electron transfer can be given by photolysis in this study. Both compounds have considerable
the direct observation of the ion radicals. For such highly absorption intensity in the wavelength region at 532 nm, which
conjugated molecules such ago@nd Gy, the transient ab-  was used as the excitation wavelength. The molar extinction
sorption bands such ass¢C/C7¢~ are expected to appear in  coefficient €) of Csg at 532 nm was twice that of ZnTTP. Thus,
the near-IR regiof1° In the present paper, we elucidate the we can control the excitation molecules by their concentrations.
photoinduced electron-transfer mechanism between ZnTPP and Similarly, the UV—visible spectra of g and ZnTPP show
Cs0/Cr0and disclose that both ZnTPP angh/Cro play important no appreciable change in the visible region between the mixture
roles in the excited states in electron transfer. In addition, the spectrum and synthesized spectrum. Although a slight change
effect of the central metals such as Cu and Ni includingsH was observed in the UV region between them, the change might
investigated. It is also interesting to compare the mechanismbe small, taking their high values in this region. Thevalues

and efficiency of the photoinduced electron transfer between at 532 nm were almost same fordand ZnTPP.

phthalocyanine witRCegg* and *C7¢* as reported in our previous Transient Absorption Spectra. Figure 2a shows the
papert! transient absorption spectra ogdobserved by the 532 nm

Results and Discussion
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Figure 1. Steady-state absorption spectra in the UV and visible region
in benzonitrile: (a) G (0.05 mM); (b) ZnTPP (0.05 mM); (c) mixture

of C70 (0.05 mM) and ZnTPP (0.05 mM); (d) synthesized spectrum of
curves at b overlapping with curve c.
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Figure 3. Transient absorption spectra obtained by 532 nm laser
photolysis of Go (0.25 mM) in the presence of ZnTPP (0.075 mM) in
deaerated benzonitrile. The inset shows time profiles at (a) 980 nm
and (b) 1380 nm.

confirmed by Figure 2. The contribution &Es0* to the Geg™~
formation is not clear because the transient absorption band of
3Cgo* at 750 nm was overlapped with that ®nTPP*. Since

the intensity of the 740 nm bandQgs* + 3ZnTPP*) relative

to that of the 850 nm bandZnTPP*) in Figure 2c is rather
similar to that ofZnTPP* (Figure 2b)3Css* may decay quickly,
suggesting the contribution 8€4¢* to the formation of Gg'~.

In the case of &, it would be expected that the contribution
of 3C;¢* becomes clear, since the transient absorption band of
3C;0* appears in a longer wavelength region than that of
8ZnTPP*16 Under the condition of [g] (0.25 mM) > [ZnTPP]
(0.075 mM) in polar benzonitrile, the transient absorption spectra
obtained by the 532 nm laser light exposure are shown in Figure
3. The new absorption bands at 980 nm was attributed to
3C70*16 and weak absorption at 850 nm $@nTPP*1* The
initial concentrations of the triplet states were calculated to be
0.02 mM for3Cy¢* and 0.007 mM for3ZnTPP* by using the
reportede values!#1® Thus, the contribution ofZnTPP* to
electron transfer may be negligibly small.

With the decay ofC;¢*, a new absorption appears at 1380
nm, which was ascribed to/£.1° The concentration of £~
at 2.5us ([*C70*] max) Was also calculated to be about 0.013 mM
using the reporteda value after correction of the absorption
tail of 3C7¢* at 1380 nm!°® The time profiles for the decay of
3C70* are shown in Figure 4; under the constant €oncentra-
tion, the decay rates ofCso* increase with the ZnTPP

Figure 2. Transient absorption spectra obtained by 532 nm laser concentration. Assuming a pseudo-first order relation under the

photolysis: (a) G (0.2 mM), (b) ZnTPP (0.2 mM), and (c)e(0.2
mM) in the presence of ZnTPP (0.2 mM) in deaerated benzonitrile.
The inset shows time profiles.

condition of [ZnTTP] &0.05 mM) > [3C7¢*] max (ca. 0.02 mM),
the second-order rate constant for the quenchingCeg* by
ZnTPP, which is denoted &s°PS was evaluated. The rise rates

excitation in deaerated benzonitrile. The transient absorption of C7¢~ also increase with [ZnTPP] as shown in Figure 4. By

band at 740 nm was assigned®@yg*, 13 which decays slowly
for 4 us in the absence of O The maximum concentration of
3Ce0* ([3Ce0*] max) Produced by a laser pulse was calculated from

the curve-fitting of these rise curves with a single exponential,
the first-order rate constants were evaluated. From the pseudo-
first-order plot, the second-order rate constant for the rise of

the maximal absorbance to be 0.02 mM by using the reported Cz¢~ by ZnTPP ka9 was obtained. Sinceka®s is in

€ = 16 100 cmt! M~113 By the laser excitation of ZnTPP in

agreement wittkr°PSwithin experimental and estimation errors,

deaerated benzonitrile, the transient absorption bands (Figurethe ka°s value is listed in Table 1. Under similar conditions
2b) appeared at 850 and 750 nm, which were attributed to ([ZNTPP]> [3Cs¢*] may), theka®PSvalue for®Ceg* was evaluated

8ZnTPP**4whose maximum concentratiofZhTPP*}nay) Was
also calculated as 0.09 mM & 8500 cnt! M~1).14 By the
excitation of the mixture solution ofdg (0.2 mM) and ZnTPP

(Table 1).
The quantity [Go"~]max/[3C70*] max Which is the efficiency of
C;o~ formation via®Cy¢* by electron transfer, can be evaluated

(0.2 mM) (Figure 2c), an extra transient absorption band because both quantities were observable in the near-IR region.

appeared at 1080 nm, which can be ascribedsto @Cs0" ] max

When [Gg~Imal[3Cr6*] maxis plotted against [ZnTPP], {8 Ima

= 0.02 mM)? Since the 850 nm band decays, showing a mirror [3C7¢*] max increases with [ZnTPP] as shown in Figure 5.

image with respect to the rise o§&", 3ZnTPP* may contribute
to the formation of G&~. Since absorption bands of ZnTPP
are expected to appear at 58860 nm!® ZnTPP™ was not

Usually, [Go" Imad[3C7d*] max Shows a saturation curve with
respect to [ZnTPP], yielding the quantum yiede; for Cz¢"~
formation via3C;g*. 17
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Figure 4. Decay profiles of JCs¢*] at 980 nm and rise profiles of
[C7e7] at 1380 nm with changing [ZnTPP] (mM). The inset shows
pseudo-first-order plots.

From Figure 5®¢ via 3C;¢* is evaluated to be about 0.35
for 3C;¢*/ZnTPP. This implies that 35% 01C7¢* is converted
to C;¢~, while 65% of3C;¢* is deactivated without forming
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Figure 5. Dependence of [ ])/[3Cz*] on [ZnTPP] for [Cyg >
[ZnTPP], and [Go~)/[3ZnTPP*] on [Gq] for [ZnTPP] > [Cyq.
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low @, which may be ascribed to the higher oxidation potential
of CUTPP Eox = 0.90 V vs SCE}2 The ®¢; Vvia 3C;¢* is similar

to that via3Cgg* with respect to ZnTPP; thes®,, values for
ZnTPP are smaller than those for zinc phthalocyanine (ZnPc)

Cz¢~. Therefore, the mechanism of the electron-transfer processby a factor of ca/,.!* This is caused by the low oxidation
is as shown in Scheme 1. The electron-transfer rate constantpotential of ZnPc Eqx = 0.4 V vs SCE}!

(keg) Via 3C7¢* was calculated by the relation @bekas (=7.7

x 108 M~1 s71), which is in accord with that calculated by
Deko%5t0 be 9.8x 108 M1 57117 The ® andke values are
listed in Table 1. The remaining part {1®¢) can be attributed
to the deactivation processes 3;¢* by excess ZnTPP such

After reaching maximal concentrationy¢Z begins decaying
(inserted time profile at 1380 nm in Figure 3). The decay obeys
second-order kinetics in benzonitrile, yielding a slopekf
ea = 9.5 x 10° st cm, wherekye refers to the back electron-
transfer rate constant. By substitution of the repoeteéP kpet

as energy-transfer, charge-transfer, and collisional quenchingwas evaluated to be 3.8 10° M~* s7%, which is close to the

processes.

The contribution of3C;¢* to C;¢~ formation was also
confirmed, since g~ formation was suppressed almost com-
pletely on addition of @into solution!’®¢ This implies that
O (about 1 mM in Q-saturated solution in benzonitrif€)
quenches®Cz¢* more quickly than ZnTPP (0.1 mM) does
because both rate constants are ca 10° M~1 s71,

In the case of electron transfer from ZnTPP@ag*, the @

diffusion-controlled limit in benzonitrile (4.& 10° M~1 s71).
Second-order kinetics suggests that the back electron transfer
takes place between the free ion radiédl€On the other hand,
although a small amount of£~/Ces"~ was formed {Pe(3C7g*/

3Cs0*) < 0.05] in benzene, fg~/Ceo~ decayed quickly within

1.5 us obeying first-order kineticsk{st = (5—8) x 10° s71],
indicating that the back electron transfer takes place within the
ion pair of the ion radical$®

value was approximately evaluated because of overlap of the Under the conditions of excess in ZnTPP (0.4 mM) compared

absorption of3Csg* with 3ZnTPP* as shown in Figure 2.
Separation ofCgs* with 3ZnTPP* at the 740 nm band was
performed using the reportedvaluest* For electron transfer

from CUTPP to°Ceg*, the @ and ket values were evaluated,
since the absorption bands3uTPP* did not disturb the decay
of 3Cso* and appearance ofg~ (Table 1). For NiTPP, the

guenching ofCgg*/C7¢* took place predominantly without the
appearance of 7 /Cyo"".

with Cyo (0.1 mM), the transient absorption spectra are shown
in Figure 6, where the absorption band*@hTPP* at 850 nm
appears accompanying a shoulder at 760 nm. In addition, the
weak absorption band &C;¢* appears at 980 nm. From the
initial absorption intensities,3ZNnTPP*}ax = 0.07 mM and
[3C76*] max= 0.008 mM. With the decays of these triplet states,
the absorption of &'~ appears at 1380 nm up to{€ Jmax=

0.01 mM, which is a higher concentration than initi&C{g*].

The free-energy change of the electron-transfer process fromThus, it is certain that the electron transfer forming Ctakes

ZnTPP t03C70*/3Cso* (AGq Via 3C7¢*/3Cqg*) was calculated to
be —48 + 5 kJ/mol from the RehmWeller relation'® employ-
ing the lowest triplet energies 8€7¢*/3Cgo* (T1 = 1.50 eV)2°
reduction potentials of £/Cso (Ered = —0.50 V vs SCE}!
oxidation potential of ZNTPPE,x = 0.71 V vs SCEf? and
Coulomb energy= 0.06 eV in benzonitrilé® The AG, (via
3C70*/3Cq0*) value is far negative, suggesting thatvia 3Co*/
3Cq0* should be close to the diffusion-controlled limkyf). In
the case 0fC;¢*/3Ceqo*, however, the reported values for
Cs0/C70 are usually less thakg by a factor of'/s.517 Thus,
the estimatedk; values of ca. 199M~1 s~1 for ZnTPP may be
reasonable. In Table k¢ for CuTPP is small because of the

place via’ZnTPP*. The weak absorption &€;¢* decays quite
quickly, indicating that some amount of¢" is produced via
3Cz¢* as shown in Scheme 1. By use @f¢(3C;¢*) = 0.35,

about a half of Gy~ is formed via3C;g*.

The time profiles are shown in Figure 7. The decay rate of
3ZnTPP* was increased by the addition ofpQndicating that
electron transfer takes place fré@nTPP* to Goin the ground
state (Scheme 2). This supports the proposed mechanism by
Hwang and Mauzerall in their study of vectorial electron transfer
in a lipid bilayer8ab The triplet route was also confirmed by
the depression of £~ formation in the presence of 70
With an increase in [g)] from 0.025 to 0.2 mM, the first-order
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TABLE 1: Electron-Transfer Rate Constants for Electron Transfer and Quantum Yields in Benzonitrile

reaction ka%Ps(M~1s71)2 Dy ket (M~1s1)P
8Cs0* + ZNTPP— Cy¢~ + ZNnTPP* 2.2x 10° 0.35 7.7x 108
8Ce0* + ZNTPP— Cgg"~ + ZNTPP™ 43x 10° 0.26 1.1x 10
3Ceo* + CUTPP— Cg¢~ + CUTPP" 2.1x 10° 0.13 2.7x 108
8ZNTPP*+ Cyo— ZNTPP" + Cro 4.7 x 10° 0.3C° (0.15y 7.0x 1084
8ZnTPP*+ Coo— ZNTPP* 4+ Ce¢™ 4.0x 10° 0.2# (0.12y 4.8 x 10°d
SH,TPP* + Cgo— HoTPP T + Cog™ 1.1x 10 0.26° (0.13y 1.4 x 1084

akaobs refers to the second-order rate constant for the riseegf /C70~. P ket refers to the electron-transfer rate constant evaluated from the
relation ofke = ®eka® ©Observedde was evaluated on the basis ofsfC/Cr0" Imal[ZZNTPP*Jnax O [Ceo Imax[*H2TPP*]max, Which contains
both @ via 3ZNTPP* and®¢ via 3Cs*/3Cyo*.  The @ values in parentheses are corrected ones kanalues were calculated using corrected
Dot

®) 0.25ps SCHEME 2
Kot ZnTPP*" + Ceg”/C7o”
hv k; +Cg0/C10 > Zn 60 7
znTPP 1ZnTPPr —22 3ZnTPPe 2 T Pat [
5320m
Te.” PP+ Ceo/Cro

energyT1(3ZnTPP*)= 1.59 e\?* andEy of ZnTPP (0.71 V vs
SCE)%2 The estimatedAGy (via 3ZnTPP*) is far negative,
suggesting thate: ((2ZnTTP* + C70/Cg0) should be close tkyi;
in the case of &/Cso, ca. 16 M~ s71is reasonable. In Table
1, the values ofb via 3ZnTPP* are about half ob via 3Cgg*/

A Absorbance

1 ) (l
800 1000 1200 1400 3C7¢* (Scheme 1). NeverthelesdGy (via 3ZnTPP*) is less
wavelength (nm) negative tham\Gy (via 3Ceg*/3C70*), which may be caused by
Figure 6. Transient absorption spectra obtained by 532 nm laser the Marcus inverted regiolt. The smallke for *H2TPP*/Ce
photolysis of ZnTPP (0.4 mM) in the presence oh@.1 mM) in compared with3ZnTTP*/Cso may come from the higher
deaerated benzonitrile. The inset shows time profiles. oxidation potential of HTPP [Eox = 0.95 V vs SCE# than

Eox for ZnTPP by 0.2 V, since the triplet energy obHPP is
the same as that of ZnTPP.

The back electron transfer was also followed by the decay
of Cy¢~ after reaching the maximum. From the second-order

kist x 105, 571

[
£ plot yielding kpefea (1.5 x 108 51 cm2 for Crg), ket Was
g evaluated to be 6.& 10° M~1 s71. Thekpe should be almost
;A’ 01 o.2 the same irrespective of the formation routes of the ion radicals,
< [C70] mM which is proved in this study within the experimental errors.
-5’."’""*.‘4.
- %‘:«w Concluding Remarks
I N@% The photoinduced electron transfer takes place in a mixture
0 5. 10 18 of Ceo/Crp and ZnTPP via their lowest triplet states in polar
time, ys solvent. The direction of electron transfer depends on their
Figure 7. Decay profiles ofZnTPP* at 850 nm with change of {g}: concentrations. Under the condition ofgffC70] > [ZNTPP],
(2) 0.05, (b) 0.1, (c) 0.15, and (d) 0.20 mM. The inset shows a pseudo- 3C44*/3C7¢* abstracts the electron from ZnTPP. On the other
first-order plot. hand, under the condition of [ZnTPP] [Ced/Crq], 3ZNTPP*

) donates its electron toggCyo, in addition to the3Cgo*/3C7¢*
rate constants evaluated from the decayAfTPP* increase.  route. The former has a higher efficiency 0fgC/Crg~

From the pseudo-first-order relationship, the rate constant for formation than the latter. Since fullerenes and ZnTPP have
the quenching ofZnTPP* by Gyo (kr°™) was evaluated to be  intense absorptions in the wide WWisible region, these

2.4x 1°M~ts™% Similarly, from the dependence of the rise  compined systems can be used as efficient solar-energy conver-
rate of Gg™~ on the concentration of 4, the second-order rate  gjon systems.

constantk,°P9 was evaluated. The rate constants@mTPP*/
Ceo and *H2TPP*/Gso were evaluated with the same method  acknowledgment. The present work is partly defrayed by
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