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Photoinduced Electron Transfer from Phthalocyanines to Fullerenes (g and Cyo)
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Photoinduced electron transfer between fullereneg &0d Gg) and phthalocyanines such as tetea-
butylphthalocyanine (\TBPc) and its zinc derivative (ZnTBPc) in solution has been investigated with
nanosecond laser photolysis method by observing the transient absorption bands in the visible/near-IR regions.
By the predominant excitation of fullerenes with 532 nm laser light, slow rises of the transient absorption
bands of phthalocyanine cation radicals and fullerene anion radicals were observed instead of the decays of
the excited triplet states of fullerene$C§s* and TC;¢*) in polar solvents. Electron-transfer from the
phthalocyanines t6Cqso* or TC7¢* was confirmed. The quantum yield of the electron transfer™Ga* is

higher than that vidCs*; ZNTBPc acts as stronger electron donor thaBPc. In nonpolar solvent, energy
transfer from'Ceg* (and "Cy¢*) to the phthalocyanines occurs predominantly as confirmed by the consecutive
appearance of the triplet states of the phthalocyanines.

Introduction SCHEME 1
Fullerenes such asggand Gowere known to accelerate the MG chy
photoinduced electric conductivity when they are added into CcHy

some molecules such as phthalocyanines and porphyfins.

solutions and polymer films, the mechanisms of the photoin-

duced electron-transfer reactions of fullerenes have been e N=N /7N
investigated by photochemical techniques such as laser flash Hsc*°\<:i&q e
photolysis?=1? In the mixture system of & (or Czo) with -
electron donors in polar solventsgdZ and G¢~ were usually N=- N CHa
produced via their triplet state&Gso* and "C7¢*) which abstract

the electron from the electron donors such as aromatic amines

when the concentrations of electron donors are appropriately HaG—C

dilute20-22 For the Go compounds connected with chro- HaG CHg

mophores by the covalent bonds, photoinduced electron transfer
takes place via the singlet state of the chromophbrés.

In nonpolar solvent, whenggand Go were photoexcited in .
the presence of chromophores with low lying triplet state, it is ZNTBPc. Thus, we can expect to disclose the roles of the
reported that energy transfer occurs from the triplet states of €xcited states of & and Go in electron transfer.

Cso (or Crg) to the chromophores. From these findings, the

lowest energies ofCgg* and TC;g* were evaluated. In polar Experimental Section

solvents, on the other hand, it would be anticipated that

photoinduced electron transfer takes place betwezg* (or

TCs¢*) and the chromophores such as phthalocyanines an

porphyrins. But it is difficult to confirm the electron transfer

1 *

e s ot Scton LT USn ey ier as UG An oloertal anayss

trans%er by observin)é formations of the anion radicals gf C Of CagHaNsZn wass as follows: Anal. Caled: C, 68.19; H, 3.81;
N, 17.67; Zn, 10.33. Found: C, 68.11; H, 4.13; N, 17.30; Zn,

Cro (01?)01;/2%3_) which are observable in the near-IR 1 46~ pyrity of commercially available tetrert-butylphtha-
reglon: . . . locyanine (HTBPc) was checked with TLC and found to be
In the present report, phthalocyanines in solutions have beenhigh purity. The solution of & (or Cr) and ZnTBPc (or
mvestlgated with nanosecond_ laser ph_oto|y5|s_ _methOd by H,TBPc) was deaerated with Ar bubbling before measurements.
observing the transient absorption bands in the visible/near-IR Ceo and Gowere selectively excited by 532 nm light from a
; ; rab R 60 0
;Tgéor;'in'gs(g.?g]ggcgﬁglg?& V(\jlgrfvrgg\llc;y?gr:TBPCL)jtglspzthhown Nd:YAG laser (6 ns fwhm) with 7 mJ power. For the transient
Y absorption spectra in the visible region, a photomultiplier tube

in Scheme 1, because of their high solubility in the solvents ; N
such as benzonitrile and benzene which dissolve alsaf was used as a detector for the continuous Xe-monitor light (150
: . . . W). In the near-IR region, a Ge-APD detector was employed
Croin considerable amount. It is noticeable that 532 nm laser . : .
light is absorbed by & and Go, but not by HTBPc and to monitor the transmitted light from a pulsed xenon-flash lamp
9 y o y (150 W), which was passed through a rectangular quartz reaction
" Tohoku University cell (1 cm) and monochromaté#3” The steady-state UV/vis
* Miyagi National College of Technology. absorption spectra were measured with a JASCO/V-570 spec-
€ Abstract published irAdvance ACS AbstractSeptember 15, 1997.  trophotometer. All experiments were carried out at’23

M=H,; HoTBPc, M=2Zn; ZnTBPc

Ceo and G were obtained from Texas Fullerenes Corp. in a

dpurity of 99.9% and 99%, respectively. Zinc teteatbu-
tylphthalocyanine (ZnTBPc) was prepared according to the

method described elsewhere and purified through silica gel

S1089-5639(97)01473-4 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. Steady-state absorption spectra in the UV and visible region Wavelength (nm)

in benzonitrile: Go (0.25 mM), Go (0.3 mM), HTBPc (0.05 mM), Figure 3. Transient absorption spectra obtained by 532 nm laser
and ZnTBPc (0.05 mM) in 2 mm cell. photolysis of Go (0.3 mM) in the presence of ZnTBPc (0.2 mM) in
benzonitrile. Insert: time profiles.
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Figure 2. Transient absorption spectra obtained by 532 nm laser Time (us)
photolysis of Go (0.3 mM) in the presence of ZnTBPc (0.2 mM) in Figure 4. Decay profiles of Cs*] at 980 nm with changing
benzonitrile. Insert: time profiles. [ZnTBPc]: (a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 mM. Insert: pseudo-

first-order plot.
Results and Discussion

Steady-State UV and Visible Spectra.The steady-state UV
and visible spectra of &5, Cyzo, H.TBPc, and ZnTBPc in
benzonitrile are shown in Figure 1. Since both ZnTBPc an
H,TBPc have not appreciable absorption intensity at 532 nm,
Cso and Go were predominantly excited by 532 nm laser light. N o . 9
The spectrum of the mixture ofgg(or Crg) with ZnTBPc (or 1O "Ceo™. Thf '”'tl"i" concentratlgon 0f Ceg* was 0.016 mM
H,TBPC) is similar to the synthesized one, suggesting that (¢ = 16 000 Mt cm™*at 750 nmy:® The maximal (l:onc_elntra-
appreciable charge transfer interaction does not exist in theton of C6031 42“ 4us was 0.008 mM¢ = 12 000 M cm™* at
ground state under the concentration range (@3 mM), 1070 nm)* ) ) ) )
where the laser experiments were performed. In benzene, The decay rate ofCs* increases with an increase in the
similar spectra were obtained. concentration of ZnTBPc as shown in Figure 4. Each decay

Transient absorption spectra obtained by the 532 nm lasercurve obeys first-order kin_etics, showing the Iinear_line in_ the
light exposure on & in the presence of ZnTBPc in benzonitrile ~ Plot of IN(Absorbance) vs time; the slope of the plot is the first-
are shown in Figure 2. The absorption band appearing at 9g00rder rate constankgs). The decay kinetic may satisfy the
nm immediately after the laser exposure was attributed to PSeudo-first-order condition, since [ZnTBPe][TCr¢*]. The
TCy¢*.38-41 With the decay of the absorption band ¢, kirst Values increase with [ZnTBPc] as shown in the inset of

new absorption bands appeared at 850 and 1370 nm, which aré:igure 4; this slope yields the second-order rate constant WhiCh
assigned to ZnTBPt 4243and G¢— 2834 respectively. Since IS denoted aksecond. The ksecond values are summarized in

the weak absorption band at 750 nm tends to increase with time, Table 1 for Go and Go as triplet sensitizers and ZnTBPc and
this band is also attributed to ZnTBP @243 H,TBPc as electron donors in benzonitrile and benzene.

The time profiles (inset in Figure 2) show that ZnTBPc The rise rates of g~ increase with the concentration of
(850 nm) and @~ (1370 nm) begin to rise with the decay of ZnTBPc in benzonitrile as shown in Figure 5. Immediately after
TC,0* (980 nm). The initial fast rise of &'~ may be ascribed  the laser pulse, each absorption intensity increases from absor-
to the absorption tail ofC7¢*. Incomplete decay ofC¢* after bance= 0 at time= 0, which denies the contribution of the
5 us may be due to the absorption tail ofC. The initial fast electron-transfer process from the singlet state. Each rise
concentration of Cz¢* was calculated to be 0.025 mM by using  curve was fitted with a single exponential, yieldikgs;. The
the reportede value (6500 M! cm=1 at 980 nm)144 The kiirst is plotted with [ZnTBPc] as shown in insert of Figure 5, in
maximal concentration of £~ at 2.5us was also calculated ~ Which the slope gives the second-order rate conskagbnd'.
to be about 0.019 mM after subtraction the absorption tail using Table 1 includes thksecond values which are in agreement with

Cso'~ increase with the decay 6€40*. The absorption intensity

at 750 nm did not decay completely, because the absorption
¢ dueto ZnTBPt" may be overlapping. The rise curves agfC
and ZnTBP¢" seem to be mirror image of the decay curve of
TCeo*, indicating that both ZnTBP¢ and Gy~ are produced

€ = 4000 M1 cmt at 1370 nn¥2 the correspondingfsecond Values within the experimental and
Similar transient absorption spectra were obtained by the 532 estimation errors.

nm laser light exposure oneggin the presence of ZnTBPc in By the 532 nm laser exposure ofsfCin the presence of

benzonitrile (Figure 3). The absorption band appeared at 750ZnTBPc in nonpolar benzene, the transient absorption band of

nm was attributed t6Cgg*. 4548 With the decay of Cgo*, the TCs0* was observed at 750 nm, but the absorption bands due to

absorption bands appeared at 850 and 1070 nm, which areZnTBPc* and Gg¢~ were not observed in the near-IR region

assigned to ZnTBPt and Gg'~, respectivel\t>11.2831 |nset (Figure 6). The negative absorbance in the shorter wavelength

in Figure 3 shows the time profiles, in which ZnTBPand region than 750 nm may be due to the depletion of ZnTBPc.
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TABLE 1: Rate Constants and Quantum Yields for Electron Transfer and Energy Transfer

ksecont] kseconﬂA kell kenl

fullerene donor solvent M-1s) M-ts) Deie Dent (M~ts) (M~ts)
Cso ZnTBPc BN 1.6x 10 2.2x10° 0.50 0.50 8.0« 107 8.0x 10°
Bz 2.1x 10° b 0.00 1.00 b 2.1x 10°

H,TBPc BN 3.0x 1¢° 3.2x 10° 0.18 0.82 5.4¢ 10° 25x 10°

Bz 2.8x 10° b 0.00 1.00 b 2.8x 10°

Cro ZnTBPc BN 1.7x 10 1.7x 10 0.75 0.25 1.3 1¢° 40x 1C°
Bz 1.8x 10 b 0.00 1.00 b 1.8x 10

H,TBPc BN 3.5x 1¢° 3.6 x 10° 0.20 0.80 7.0« 10° 2.8x 10°

BZ 1.8x 1 b 0.00 1.00 b 1.8x 1¢®

a Abbreviations are as followssecond, Observed second-order rate constant for decalCef* and TCro*; ksecond; Observed second-order rate
constant for rise of 6~ and Gg¢~; ®er, quantum vyield for electron transfe®en, quantum yield of energy transfer obtained byd§ly); ke, rate
constant for electron transfer frohCs¢* and TCrg* (=®ert Ksecond); @andkens, rate constant for energy transfer frd@s* and "Crg* (=Pent Ksecond)-
BN, benzonitrile and BZ, benzen&Anion radicals were not observed.
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Figure 5. Rise profiles of [Go] at 1070 nm with changing [ZnTBPc]:  of ZnTBPc to the formation ofZnTBPc* is small; the initial
(a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 mM. Insert: pseudo-first-order plot. absorbance of 0.02 due T@nTBPc* was observed by the 532
nm excitation of 0.3 mM of ZnTBP in the absence afpdn
(®0.25 . 750 nm the case of HTBPc in benzene, the transient absorption bands
due to™H,TBPc* were observed in the region of 1100200
nm in addition to 480 nm?:52
From these findings, the observed reactions are illustrated as
r Scheme 2, in which ZnTBPc and,FBPc are abbreviated as
(©) 2.5 Pc. In benzene, energy transfer froiBsg* (and TCy¢*) to
0.0]- — — proe-00aT A== 0pr-a0-0-00— ZnTBPc (and HTBPc) takes place without electron transfer.
L ) In the literature, electron transfer from aromatic amine¥g*
1000 1200 was observed in benzene only when the aromatic amines were
Wavelength (nm) high concentration; forward electron transfer takes place within
Figure 6. Transient absorption spectra obtained by 532 nm laser ca. 10 ps and the back electron-transfer finishes within ca. 100
photolysis of Go (0.3 mM) in the presence of ZnTBPc (0.3 mM) in  ps10.15.16 |n our case, since the concentrations of ZnTBPc and

0.2

A Absorbance
=4
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T
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800

benzene. Insert: time profile at 750 nm. H,TBPc were low, electron transfer vRCsg* would not be
S anticipated.
SApsoonm The contribution of Cgg* (or TC7¢*) to electron transfer was
i E“ /’*‘* confirmed, since the formation ofgg~ (or Czg~) was sup-
04 (®025s o pressed almost completely on addition of iBto benzonitrile
35— solution containing ZnTBPc. This implies th#sg* (or SCrg*)

(O)2.5ps . 2
Time (49 changes t8Cs* (or TCrg*) by intersystem crossing befof€qs*

(or SCs¢*) accepts an electron from ZnTBPc. Since the
intersystem-crossing rate constant fré@ag* (or SC7¢*) to TCeg*

(or TC7¢¥) is as fast as ca. ¥ 10° s™1, maximum concentration

of ZnTBPc (0.3 mM) cannot compete with the intersystem
crossing, even if the diffusion controlled limit (ca>510° M~1

s 1) is expected for the electron-transfer rate constant between

T T I
Figure 7. Transient absorption spectra obtained by 532 nm laser Ceq* (0r °Cyo*) and ZnTBPc. TCq* (Or "Cyo*) thus formed is

photolysis of Go (0.3 mM) in the presence of ZnTBPc (0.3 mM) in  duenched efficiently by ©(ca. 5 mM in Q-saturated solution),
benzene. Insert: time profile at 500 nm. interrupting electron transfer from ZnTBPc (0.3 mM).

The efficiency for the formation of &~ (or C;¢'™) via TCgo*
Since the decay of Ce* was accelerated on addition of (or TCy¢*) by electron transfer can be evaluated by quantity of
ZnTBPc, the reactions other than electron transfer may take [Co")/[TCs0*] (or [C 70"]/[ TC70*]) On substituting the observed
place. In the visible region, the transient absorption band absorption intensities and the reportedalues. This is one of
appeared at 500 nm with the decay'@s¢* (Figure 7). The the merits to observe the transient absorption spectra in the near-
new absorption band at 500 nm was ascribetZior BPc* 50,51 IR region. On plotting [Ge J/[TCz¢*] against [ZnTBPc],
The fast rise of the absorption intensity at 500 nm was attributed [C;¢~]/[TC7¢*] increases with [Pc's] as shown in Figure 8,
to the absorption band 8Cs¢* having considerable absorption  usually [Go~]/[TC70¥] shows a saturation with respect to [Pc’s],
intensity in this region. Contribution of the direct excitation yielding the quantum yiel®e(TC7¢*).535* They are also listed
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Figure 8. Dependence of [ 1/["Ce*] and [Cr¢7)/["Cz*] ON
[ZnTBPc] and [HTBPc] in benzonitrile.

£ 40
20
g 0.10} <20
5 0 0 s 10 15
2 R,
Soosp /7 w i,
{7 b omaniny
l"; %""“A—
0.00 Lt . . :
0 5 10 15
Time (us)

Figure 9. Decay profiles of G~ and G¢~ in benzonitrile. Insert:
second-order plot.

in Table 1;®" values are less than unity even in benzonitrile.

Nojiri et al.

TABLE 2: Rate Constants for Back-Electron Transfer in
Benzonitrile2

fullerene donor Koefea (cm s73) Kpet (M~1s71)
Cso ZnTBPc 5.6x 1¢° 6.7 x 10°
H,TBPc 3.0x 10° 3.6x 10
Cro ZnTBPc 1.8x 10° 7.2x 10
H,TBPc 8.5x 1P 3.4x 10

aen = 12000 M1 cm™ at 1070 nm for G~ 3! andep = 4000
M~t cm™t at 1370 nm for Gy=.32

SCro* + ZnTBPC

% Kisc

TCs0* + ZnTBPC

Cro” + ZnTBPc"

Kent C70 + 1ZnTBPc*
PN e—

Crno +T, Kent
70 ZnTBPc* "ot .

P Cpo" + ZnTBPc*
el A ———

hv(532nm)

kbet

in benzene Czo + ZnTBPc in benzonitrile

Figure 10. Schematic illustration of energy diagram fofod@ZnTBPc.
The rates of radiative and nonradiative decayRé* are represented

askpd.

This indicates that some other reactions take place competitivelyvalues ofkye are close to the diffusion controlled limit. The

with the electron-transfer reaction. In the case @fZnTBPc,

values ofkyet for both HTBPCc™/Cgss~ and HTBPct/C¢~ are

a weak absorption band appearing at 500 nm was observed eveslightly slower than those for ZnTBPdCe~ and ZnTBPE'/

in benzonitrile, indicating that energy transfer froi@;¢* to

Cro~. Although the efficiencies of electron transfer from

ZnTBPc occurred with the same time of electron transfer. For H.TBPc to Gy (and Go) are lower than those of ZnTBPc, the

ZnTBPc, ®¢' for Cyg is higher than that for . Compared
with H,TBPc, @’ for ZnTBPc is high for both & and Go.

From Scheme 2, the electron-transfer rate constanGgt
(or TC7¢*) ket was calculated by the relatid@; = Peit"Ksecond
(or ®eif"ksecond).>37%° On the other hand, the energy transfer
rate constant vidCeg* (or TC7¢*) kent Was calculated by the
relationkent= (1-®eit") Ksecond OF [(1-Pert”) Ksecond']. They are
listed in Table 1. Thek values of Gy are greater than those
of Cgo both for ZnTBPc and BTBPc. Theke: values of
ZnTBPc are greater than those ofTHBPc. These trends are
almost in accord withDey.

The kent Values in benzonitrile are smaller than those in
benzene, which is mainly controlled by @ ®¢;"), because
the observedsecond Values are similar in both solvents. This
implies that even in polar medium, free-energy chany&
for electron transfer is only slightly more negative than that of
energy transfer.

AGy's of electron transfer from ZnTBPc fCeg* and TCrg*
were calculated to be 18.4 and—17.7 kcal ML, respectively,
from the Rehm-Weller relatiot® by employing the reported
lowest triplet energies Tq) of TCg*/ TCy¢*, %1457 reduction
potentials Ereq) of TCeg*/ TC7¢*,%861 and the oxidation potential
(Eox)®2 of ZnTBPc and Coulombic energy (0.085 eV in
benzonitrile). The negative values&6, predict thake; values
are close to diffusion controlled limit in benzonitrile. The
estimatedke; values are smaller than the diffusion controlled
limit by a factor of'/4,—/s. Such smalke values are in accord
with the reported tendency for electron transfer of fullerées.

After reaching maximum concentration;¢C and ZnTBPt"
in benzonitrile begin to decay slowly (Figure 9) with obeying

lifetimes of the ion radicals of FBPc/Go and HhTBPc/Gyg
are longer than those of ZnTBPeiCand ZnTBPc/G.

Conclusion

Photoinduced electron transfer vi€sg* and TCrzg* from
ZnTBPc and HTBPc was confirmed by observing the transient
absorption spectra of their ion radicals in near-IR region. The
energy diagram is schematically illustrated as shown in Figure
10 for ZnTBPc/Gy. In polar solvent, the ion radicals {&~
and ZnTBPc'] are stabilized by solvation; the energy level of
the ion radicals is lower than that 8nTBPc*, while the ion
radicals in benzene may be upper level than TAeTBPc*.
The medium effects may be important to perform efficient
photoinduced electron transfer in these system.

For ZnTBPc/Gy, the energy level of the ion radicals is similar
to that ofT7ZnTBPc*. In the case of JTBPc, energy transfer
occurs in preference to electron transfer even in polar solvent.
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