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The electron transfer from cyclic organogermanium compounds to photo-excited Cgp in benzonitrile solution has been
investigated by the 532 nm-laser flash photolysis with observation of the transient absorption bands in the near-IR region.
The transient absorption band of the Ceq triplet state ("Cgo™) appeared at 730 nm immediately after nanosecond laser
exposure. With the decay of TCg™, the absorption bands of the radical anion of Cso appeared at 1070 nm, showing that
the electron transfer takes place from organogermanium compounds to "Ceo™. The efficiencies and rates of the electron-
transfer reactions vary with ring size of the germanium compounds.

It has been reported that photoexcited fullerenes act as
good electron acceptors in the presence of electron donors
such as aromatic amines and aliphatic amines.' In the case
of Cgp and Cry, the initial steps of the photoinduced electron-
transfer reactions have been investigated by photochemical
techniques such as transient absorption spectroscopy by mea-
suring the quenching rates of the triplet states of Cg and C7¢
in the visible regions. By these methods, it was found that
the electron transfer takes place via the triplet state of Ceg
(TCep™) and Cy9 (TC7™*) in polar solvents.** In our previ-
ous papers, we reported that the observation of the transient
absorption spectra in the near-IR region was useful to con-
firm the electron transfer of these fullerenes, because the
absorption band of the anion radical of Cgy (Cgp~*) could
be observed in this region.”'® From the rise of Cgp~°, the
participation of the singlet state or exciplex was confirmed in
addition to the participation of TCg™ to the electron transfer.

For polysilane and polygermane with degree of polymer-
ization of 30—50 as donors,'"'? we observed that photoin-
duced electron transfer took place producing their cation
radicals and Cgp~®. On the other hand, for the low-molec-
ular-weight analogues such as disilane and digermane, the
photoinduced electron transfer to Cgy was not observed. In
this report, we examine whether cyclic organogermanium
compounds with low ionization potentials (IP’s)'*—'> act as
photoinduced electron donors with respect to Cgp or not.
The germanium compounds used in this study are shown in
Scheme 1. We expected that the ringsize might affect the
efficiency and rate of the electron transfer.

Experimental

Ceo of 99.9% purity was obtained from Texas Fullerenes Corp.
Cyclic organogermanium compounds shown in Scheme 1 were
prepared in the manner described elsewhere.'®™'® The Cgo and
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organogermanes were dissolved in benzonitrile. In the case of
(Ph,Ge),, benzene and benzonitrile solvent mixture [1/1 (volume
ratio)] was used because of low solubility of (Ph,Ge)s in benzoni-
trile. The solution was deaerated with Ar bubbling before measure-
ments.

The solution was excited by a Nd : YAG laser (Quanta-Ray, GCR-
130, 6 ns fwhm) at 532 nm. A pulsed xenon flash lamp (Tokyo
Instruments, XF80-60, 15 J, 60 ms fwhm) was used for the probe
beam, which was detected with a Ge-APD module (Hamamatsu,
C5331-SPL) after passing through the photochemical quartz vessel
(10 mm x 10 mm) and a monochromator (Ritsu, MC-10N).!? The
output from Ge-APD was recorded with a digitizing oscilloscope
(HP 54510B, 300 MHz). The steady-state UV-visible absorption
spectra were recorded with a Hitachi U-3400 spectroscope. All
experiments were done at 20 °C.

Scheme 1.

Results and Discussion

Figure 1 shows the transient absorption spectra in the near-
IR region obtained by the laser flash photolysis of Cgp with
532-nm light in the presence of cyclo-[(i-Pr),Ge]s (0.01
moldm™3) in benzonitrile. The transient absorption band
at 730 nm appearing immediately after laser exposure is at-
tributed to the triplet—triplet absorption band of TCgp*.!*—2?
With the decay of TCgo™®, new absorption bands appeared in
the region of 950—1200 nm. The absorption band at 1070
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Fig. 1. Transient absorption spectra obtained by 532 nm-

laser flash photolysis of Csp (2.5x10™* mol dm™) in the
presence of cyclo-[(i-Pr),Gels (1072 moldm™>) in deaer-
ated benzonitrile. (O) 0.25 ps, (@) 2.5 ps.

nm is characteristic of Cgo~*.>'” The appreciable absorption
band due to the cation radical of cyclo-[(i-Pr),Gels was not
observed in the wavelength region in Fig. 1.

The observed time-profiles of the absorption bands are
shown in Fig. 2. The decay of *C{; at 730 nm is acceler-
ated in the presence of cyclo-[(i-Pr),Gels (0.01 mol dm3).
The absorption intensity of C¢op~* at 1070 nm increases until
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Fig. 2. The absorption intensity-time profiles obtained by

532 nm-laser flash photolysis of Cep (2.5x10™* moldm ™)
in deaerated benzonitrile. (a) In the absence and (b) in the
presence of cyclo-[(i-Pr)2Gels (1072 mol dm™3) at 730 nm
and (b’) at 1070 nm.
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Electron Transfer from Organogermanes to TC60*

about 1 us accompanied by the decay of TCgo™. From these
rises and decays, it is evident that Cgp~* is produced via
TCgo™ which accepts the electron from cyclo-[(i-Pr),Ge], as
shown in Scheme 2. The rate constant (kg) of the forward
electron- transfer reaction from cyclo-[(i-Pr),Ge]4 to TCeo*
was evaluated from the rise-curve of Cgy™® to be 3.5x 108
mol~! dm? s~!, which is in agreement with the value evalu-
ated from the decay curve of TCgp™* (3.4x 103 mol~! dm? s~ )
within an estimation error of 5%. In Scheme 2, the interac-
tion of Cgp with organogermanium compounds in the ground
state was not taken into consideration, because no appre-
ciable change was observed in the absorption bands of Cg
on mixing with organogermanium compounds except cyclo-
(Mes,Ge)s.

For laser excitation of Cgp in the presence of cyclo-
(Me;,Ge)s or cyclo-(Me,Ge)g, Coo~* appeared similarly with
the decay of TCgy™* in benzonitrile. The ks,’s evaluated from
the decay rates of TCgo™* are summarized with the IP of ger-
manium compounds in Table 1. The efficiencies of Cgp™*
formation via TCg™ were evaluated from the maximum con-
centration of Cgo~® and initial concentration of TCgy™* using
observed absorbances and the reported molar extinction coef-
ficients at 0.01 mol dm—3 of germanium compounds.'’?!24
Since [Cso~*V[TCgo™*] is dependent on the concentration of
added germanium compounds, the efficiency of Cgo™* for-
mation in Table 1 is not always same as the quantum yield
for electron transfer via TCqo*. There was found a tendency
for the efficiency of Cgp~* formation and the kg to decrease
with Ge-ring size.

The back electron transfer rate was evaluated from the
decay of Cgp~* after reaching the maximum intensity after
the rise. The time-profile and the second-order plot for the
decay of Cgp~* are shown in Fig. 3 for the reaction system
of Cg and cyclo-[(i-Pr),Ge]s. The slope of the second-order
plot is referred to kyei/€, which was estimated to be 1.5 % 100
cm~!s~!. On substituting the reported ¢ value at 1070 nm
in a polar solvent (12000 mol~! dm? cm™"),*?¥ the ky.; was
calculated to be 1.8 10'° mol~! dm? s~!. The ky, thus eval-
uated was greater than the value calculated on assuming a
diffusion-controlled limit (5x 10° mol~! dm? s~) by a factor
of about 3. The deviation from the second-order decay ki-
netics as seen in insert of Fig. 3 indicates that other reactions
may accompany the back electron transfer. In a later section,
we will point out the adduct formation between Cgp~* and
cyclo-[(i-Pr),Gels** or its fragments.

In the case of cyclo-(Ph,Ge),, because of its low solubility
in benzonitrile, the photoinduced electron transfer reaction
was examined in a mixed solvent of benzonitrile—benzene

+ [eyclo-(RoGe)al

l kper

Ceo + [cyclo-(RyGe)ql

Ktet

n = 3,4,5,6 in polar solvent

Scheme 2.
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Table 1. Efficiency of Cso~* Formation by Photo-Induced Electron Transfer ([Cso™*1/["Ce0*1)? and the Rate
Constants for Forward (kg (via TCeo™)) and Backward Electron Transfer (kve,) .
Ge-compounds® Py Solvent®” [Ceo™°1 ket ket
eV [TCe0*1 mol ™! dm® s™! mol ™! dm?® s7!
c-[(Mes),Gels 542 BN (0.50)" 1.3x10° —=8
c-[(i-Pr)2Gels 572 BN 0.23 3.4x 108 (1.8 x 10"
BN:BZ(1: 1) 0.14 2.0x 108 (3.6 x 10'%M
c-(Phy,Ge)s 580  BN:BzZ(1:1) 0.10 1.9x 10 9
c-(Me,Ge)s 5.74 BN 0.10 4.3 %107 2.2 x10°
c-(MexGe)s 585 BN 0.03 3.8x 107 —=
Me—[Ph(Me)Gels,-Me 532  AN:BZ(1: 1) (0.30)" 2.3x 108 —
a) [Ceo*1/[TCeo*] refers to [Ceo™*Imax/[T Ceo™* linitial at [cyclic-(Ry;Ge)n]=10"2 moldm—3 using the observed ab-
sorbances and £ values; £ of TCg* (16100 mol~!dm3cm~') and & of Cgo—® (12100 mol~!dm3 cm=1).172D
[Ceo~*W[TCeo*] is not same as quantum yield, because it depends on [cyclic-(R,Ge)n]. b) The kye values were
calculated from kpe/€ at 1070 nm.  ¢) c¢-(RoGe)y refers to cyclic-(R,Ge)n.  d) IP values are cited from Refs. 13 and
14.  e) BN; benzonitrile, BZ; benzene, and AN; acetonitrile.  f) For cyclo-[(Mes),Ge]s, exciplex route is ca. 50% and
triplet route is ca. 50%. For Me-[Ph(Me)Ge]s,—Me, the excited singlet route is 15% and triplet route is 85%.12) g) The
appreciable decay was not observed up to 20 us.  h) The reaction rates for other than back electron transfer reaction may
be included. i) The absorption intensity of Cgp ™ is too low to estimate kpet/£.
solution, the characteristic purple solution of Cgy changed
1070nm into a faint brown solution, suggesting some interactions
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Fig. 3. Decay of the absorption band due to Cep~* at 1070
nm in deaerated benzonitrile. Insert: The second-order plot
for the decay of Cep~°.

(1:1 volume) having a permeability of 14.%> To evaluate the
solvent polarity effect, the photoinduced electron transfer
of cyclo-[(i-Pr),Ge]4 was examined in benzonitrile-benzene
(1:1 volume), in which the kg was compatible with that
in benzonitrile (Table 1). In the 4-member ring germanium
compounds, the electron-transfer rates were not influenced
much by solvent polarity with changing the permeability
from 25.7 (benzonitrile) to 14 [benzonitrile-benzene (1:1
volume)]. The efficiency of the electron transfer, however,
was slightly decreased in the less polar solvent (Table 1).
In benzonitrile-benzene (1:1 volume), the k¢, for cyclo-
(Ph,Ge), is similar to that of cyclo-[(i-Pr),Gels. This im-
plies that the phenyl substituents does not vary the electron-
transfer rate compared with aliphatic groups such as isopro-
pyl group.

For a cyclic germanium compound with a 3-member ring,
cyclo-[(Mes),Ge]s was available as an electron donor.'*—'®
When cyclo-[(Mes),Ge]; was mixed with Cgg in benzonitrile

between Cgy and cyclo-[(Mes),Gels in the ground state. The
steady-state UV and visible spectra are shown in Fig. 4. The
broadening of the absorption bands in the visible region and
the absorption tail extending to near-IR region were observed
on mixing them (Fig. 4B).

By laser flash photolysis of the solution containing Ceg and
cyclo-[(Mes),Ge]; with 532 nm, the characteristic transient
absorption band due to Cgy~* appeared with the decay of the
absorption band of TCg* at 730 nm as shown in Fig. 5.

The efficiency of the electron transfer evaluated by the
relative intensity of the absorption band at 1070 nm to that
at 730 nm for cyclo-[(Mes),Ge]; was the greatest among
the organogermanium compounds examined in this study.
The rise-time profile of Cg™® seems to be two steps in
Fig. 5; the initial fast rise and later slow rise. The initial
fast electron transfer may take place via the exciplex that
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Fig. 4. Steady-state absorption spectra of (a) Cep (1.0x 10~
moldm™), (b) Ceo (1.0x10™* moldm™>) and cyclo-
[(Mes)2Gels (2.5 x 10~ mol dm—*) before light-irradiation.
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Fig. 5. Transient absorption spectra obtained by 532 nm-
laser photolysis of Ceo (2.5x10™* mol dm™) and cyclo-

[(Mes),Gels (2.5%x107 mol dm™?) in benzonitrile. (O)
0.25 ps, (e) 2.5 ps. Insert: Time profiles.

was formed by the excitation of the complex in the ground
state (Scheme 3).2® The latter slow electron transfer takes
place via TCqp*, which is photoexcited from uncomplexed
Ceo (Scheme 2).

The decay rate of TCg™ in the presence of cyclo-
[(Mes),Gel; was faster than other reaction systems such as
cyclo-[(i-Pr),Gels. The decay rate of TCgp™ by electron trans-
fer with cyclo-[(Mes),Gel; was compatible with the slow rise
rate of Cgp~—*, although the initial rise curve of Cgy~* over-
lapped with the fast rise via exciplex. The kg evaluated from
the decay rate of TCqy™ for cyclo-[(Mes),Ge]; was also the
greatest among the kg evaluated in this study. By curve-
resolving the rise curve of Cgp~°, about a half of C¢y~* for-
mation was attributed to the triplet route and the remaining
half to the exciplex route in the case of cyclo-[(Mes),Ge]s.

In Table 1, the efficiency of the Cgp~* formation vs. initial
concentration of TCey™ decreases with increase in the ring
size, which is in accord with the increasing order of the IP
values of the cyclic germanium compounds. The efficiency
of the electron transfer increases with the increasing order
of the ki;. In the case of linear polygermane,'® the photoin-
duced electron transfer takes place both via SCg™ (probably
exciplex) and via TCeo™; the former contribution is 15% and
the later is 85% in a mixed solvent of acetonitrile and ben-
zene (1:2 volume) with a permeability of about 14. For
cyclic organogermanium compounds and polygermane, the
IP value less than about 5.5 eV seems to be a criterion for
the contribution of the singlet route or the exciplex route.

In the photoinduced electron-transfer reaction between Ceo
and p-phenylenediamine with low IP (6.8 eV),”® the kg, was
evaluated to be about 5x 10° mol~! dm? s—!,® which is about

Ceo + cyclo-[(Mes),Ge]s === Ceo 5 Cyclo-[(Mes),Gels |

T

Electron Transfer from Organogermanes to TC60*

25 times greater than the observed kg, for cyclo-[(i-Pr),Gelas.
This suggests that the g-electron donors such as cyclic ger-
manium compounds and polygermane have different factors
to control the electron-transfer rates and efficiency from that
of aromatic s7-donors. One of the factor is the bulkiness of
the substituents along the o-bond backbones, which hinders
the penetration of the o-electron to TCeo ™.

The kpee’s were not always estimated for all reaction sys-
tems, because of the difficulty in observing Ceo ™ *-decay
in the longer time scale than 50 ps in the near-IR region.
The large kyer from Cgo™* to cyclo-[(i-Pr),Gels*® may be
attributed to the simultaneous side reactions, because this
kper Was greater than those of the Cp™*® and aromatic amine
systems.”® The stability of cyclo-[(i-Pr),Gels** in polar
solvents may be less than the aromatic amines.

After repeated laser photolysis of Cgp in the presence of
germanium compounds, the purple solution changed into a
brown solution, indicating that reactions take place between
them. One example is shown in Fig. 6, which indicates the
appearance of new absorption bands at 425, 480, and 600
nm due to the new adduct formation.” =" The absorption
region of the adduct is similar to Cep, suggesting that the 7-
system of Ceg is not changed very much; this implies that one
double bond or two double bonds of Cgq served in the adduct
formation. Because we used the photolysis light at 532
nm, which excites only Cgp, it is certainly indicated that the
adduct formation takes place after the electron transfer via the
excited states of Cgp. As successive reactions, it is considered
either the direct coupling reaction occurs between Cgp™*
and cyclo-[(i-Pr),Gels*® or the indirect coupling reaction
occurs followed by the fragmentation reactions of cyclo-[(i-
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Fig. 6. Changes of absorption spectra of Ceo (1.0x10™*

mol dm™?) and cyclo-[(i-Pr),Gels (1072 mol dm™>) with ir-
radiation (each spectrum is measured after 200 times-pulses
of 10 mJ at 532 nm).

hv (532 nm)

———{Coo y cyclo-[(Mes),Gels|”

CT-complex

k 1
bet Ceo™ + cyclo-[(Mes);Gel;"

Scheme 3.
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Pr),Gels*®. Analysis of the structures of the products is in
progress.
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