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Dynamic quenching processes of the excited states of Cgy with amine donors have been studied by changing donor
strength, donor concentration, and solvent polarity using steady-state and transient absorption and fluorescence spectro-
scopic techniques. Fluorescence quenching of Cgo by amines was observed, which suggests a dynamic quenching process
via the excited singlet state of Cgo ('Ce™®) in polar and nonpolar solvents. In polar solvents, electron transfer via the ex-
cited triplet state of Cgo (CCes0™) producing radical ions (Cgo®~ and amine®") was observed by the nanosecond laser flash
photolysis (ca. 6 ns laser pulse). When the donor concentrations are below 10-20 mmol dm~3, the concentrations of the
radical ions increased with the donor concentrations. With further increase of the concentrations of the donors up to 100
mmol dm~3, on the other hand, the yields of the radical ions generated via *Cgp* decreased. These findings indicate that
dynamic quenching of 'Cgy™ by amines increases with donor concentrations, resulting in a decrease of the intersystem
crossing path to 3Cgo*; thus, the yields of the radical ions generated via 3Cg)* decreased even in the highly polar solvent.
This implies that the radical ions generated by the dynamic quenching of 'Cgy™ may be quite short-lived, even in polar
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solvents, compared with the radical ions via 3Cgg*.

Structures and reactivities of fullerenes have attracted con-
siderable attention in a variety of research areas.!> Fullerenes
have high electron affinities and thus readily form anions by
electrochemical reduction.>* Especially, photo-excited fuller-
enes act as good electron acceptors in the presence of electron
donors.>™1> The contribution of the excited states of Cg to elec-
tron transfer can be controlled by the donor strength, donor con-
centration, and solvent polarity.”~!% In the presence of relatively
low concentrations of electron donors in polar solvents, photo-
induced electron transfer occurs via the excited triplet state of
Ceo CCgo™®), yielding long-lived free radical ions.'>~!8 Thermo-
dynamically, electron transfer via the excited singlet state of
Ceo ('Cgp™) is possible for the amine donors in various solvents.
Usually, however, the electron-transfer via 'Cgo* needs higher
donor concentration ([D]) than that via *Cgo*, because the elec-
tron-transfer rate via 'Cgo™ (kels[D]) has to be comparable with
or larger than the intersystem crossing rate constant
(kisc = (7.7-8.3) x 108 s71),1923 while the electron-transfer
rate via *Cep* (ke '[D]) competes with the slow decay rate of
3Ce0™ (kr = (2-5) x 10* s71).1124 Thus, if k.S is close to the
diffusion controlled limit (kgis), electron transfer via 'Cgo™ be-
comes apparent for the donor concentrations higher than 10-20
mmol dm 3.7 Therefore, it is quite interesting to investigate
the competitive paths in the photoinduced electron transfer
from 'Cgo* with that from 3Cg* by changing the donor
strength, concentrations, and solvent polarity.

In the present study, we employed Cgp and amines as elec-
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tron acceptor and donors, respectively. These systems make it
possible to excite selectively the acceptor (Cgp) by the 532
nm laser light, avoiding complexity of interpretation due to
the direct photo-ejection of electrons with the excitation of
amine donors. In addition, the absorption band of 3Cgy™* ap-
pears at 740 nm,'!2 which does not overlap with that of the
radical anion of Cgy (Cgo®~ at 1080 nm).'3"'7 By employing
the aromatic and aliphatic amine donors in Fig. 1, the transient
absorption bands of the radical cations would be anticipated to
appear in the wavelength region shorter than 650 nm, which
does not disturb the precise kinetic analyses of the transient ab-
sorption bands of 3Cep™ and Cgo*~ at 740 and 1080 nm, respec-
tively.

From the time profiles of the transient absorptions of 3Cg™
and Cgp®~ in the visible and near-IR regions, in addition to the
precise steady-state absorption and fluorescence spectra, we

[Nj N(CH,CHs), N(CH3),
N(CH3),
DABCO DEA
TMPD

Fig. 1. Molecular structures and abbreviations.
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discussed the effects of donor strength, concentration, and sol-
vent polarity on the bimolecular electron transfer process. We
also found here that the generation of Cgy®~ via 3Cgo* gradually
decreased with an increase in the donor concentration higher
than 10-20 mmol dm~3.

Experimental

Materials. Cego (>99.9%) was purchased from Texas Fullerene
Corp. Commercially available N,N-diethylaniline (DEA; Tokyo
Kasei Kogyo Co. Ltd), 1,4-diazabicyclo[2.2.2]octane (DABCO;
Kanto Chemical Co. Inc.), and N,N,N',N'-tetramethyl-p-phenyl-
enediamine (TMPD; Aldrich Chemicals) were used after purifica-
tions; they were purified by distillation, recrystallization, and sub-
limation, respectively. All solvents were spectroscopic or HPLC
grade.

Spectral Measurements. Nanosecond transient absorption
measurements were carried out using SHG (532 nm) of a Nd:YAG
laser (Spectra-Physics, Quanta-Ray GCR-130, fwhm 6 ns) as an
excitation source. For transient absorption spectra in the near-IR
region (600-1200 nm), monitoring light from a pulsed Xe lamp
was detected with a Ge-avalanche photodiode (Hamamatsu Pho-
tonics, B2834). Photoinduced events in micro- and millisecond
time regions were measured using a continuous Xe lamp (150
W) and an InGaAs-PIN photodiode (Hamamatsu Photonics,
G5125-10) as a probe light and a detector, respectively. Details
of the transient absorption measurements were described else-
where.!®!7 All the samples in a quartz cell (1 x 1 cm) were deaer-
ated by bubbling Ar gas through the solution for 15 min. Steady-
state absorption spectra in the visible and near-IR regions were
measured on a JACSO V570 DS spectrometer. Fluorescence spec-
tra were measured on a Shimadzu RF-5300PC spectro-fluoropho-
tometer.

Electrochemical Measurements. The cyclic voltammetry
measurements were performed on a BAS CV-50 W electrochemi-
cal analyzer in deaerated benzonitrile (BN) or o-dichlorobenzene
(DCB) solution containing 0.10 M tetrabutylammonium hexafluor-
ophosphate (BuyNPFg) as a supporting electrolyte at 100 mV s~
of scan rate. A conventional three-electrode cell employing Pt-
working and counter electrodes and an Ag/AgCl reference elec-
trode was used for the measurements. The redox potentials were
evaluated vs ferrocene/ferrocenium ion (Fc/Fct) as an internal
standard.

Results and Discussion

Steady-State Absorption and Fluorescence Studies. Ab-
sorption spectra of Cgo and the donors were recorded from 400
to 900 nm by changing the donor concentration (Fig. 2). In the
longer wavelength region (>420 nm), Cg, showed absorption
bands with peaks at 540 and 595 nm. The shapes of the absorp-
tion bands did not change significantly on the addition of excess
DEA and TMPD,” denying the existence of appreciable
charge-transfer interaction in the ground state.?®

Steady-state fluorescence spectra are also shown in Fig. 2;
fluorescence peaks of Cg appeared at 695 and 725 nm. Fluores-
cence intensity of Cgy decreased with an increase in the concen-
tration of DEA or TMPD without appreciable change in the
spectral shape of the main fluorescence peak region (650-800
nm). On the addition of 100 mmol dm—> of DEA or TMPD in
toluene, the fluorescence intensity of Cg at the peak decreased
by a factor of 1/3 or 1/5, respectively. No new fluorescence
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Fig. 2. Steady-state absorption and fluorescence spectra of
Cso (0.1 mmoldm™3) in the presence of (A) DEA and
(B) TMPD in toluene (mM = mmol dm~3).

band was observed in the 650-800 nm region. Addition of
DABCO also showed a similar behavior. These findings sug-
gest that the exciplex formation is rare between 'Cg* and
amine donors less than 100 mmoldm™3, which is in good
agreement with the recently reported results.”* In Fig. 2, the
weak fluorescence remained around 620 and 820 nm on addi-
tion of high concentration of DEA or TMPD, which may be re-
lated to the scattered light.

Stern—Volmer plots for the fluorescence intensities of Cgg in
the presence of amine gave straight lines, as shown in Fig. 3.
The observed linear relationships indicate that dynamic
quenching of 'Cg* predominantly occurs without formation
of charge-transfer complex in the ground state. From the
Stern—Volmer plots, the fluorescence quenching rate-constants
(kqs) can be evaluated using Eq. 1 and the reported intrinsic sin-
glet decay rate constant (koS) for Ceg:?

Io/Is = 1+ (kg® /ko®)[DI, (1

where Ity and I; refer to the fluorescence intensities in the ab-
sence and presence of amine donors (D), respectively. The
evaluated k, values for dynamic quenching of 'Ce* by
DEA, DABCO, and TMPD in various solvents are listed in
Table 1. In each solvent, the kqS values for DABCO, which is
an aliphatic bulky amine with high oxidation potential (Ey),
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are smaller than those for aromatic amines with low E, values
(Table 1). Among the aromatic amines, the kqs values for
TMPD are larger than the corresponding values of DEA. The
order of the k,° values is in accord to the donor strength of
amines, which is evaluated from the E,, values of donors in
BN and DCB. In each amine donor, the kqS values tend to in-
crease with the decrease in the solvent viscosity rather than
the solvent polarity, suggesting that the fluorescence quenching
processes occur near diffusion-controlled limits.?’

6

® C,/TMPD
ST ® C,y/ DEA
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Fig. 3. Stern—Volmer plots for the fluorescence intensities
(at 725 nm) of Cgp in the presence of DEA, TMPD, and
DABCO in toluene.
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The possible processes after photoexcitation to 'Cgy™ are
shown in Scheme 1 (reactions 2—-6), in which the intersystem
crossing (ISC) process to 3Cgp™* (reaction 2) competes with
the fluorescence quenching (qu[D]). As the fluorescence
quenching processes, two processes are possible: one route is
collisional quenching (kcqs) in reaction 3 and the other route
is electron transfer (k.>; reactions 4-6). After the electron-
transfer process, the radical ion-pair with singlet spin character
is produced, from which three processes are possible; the first
route is back electron transfer to the ground state within the rad-
ical ion pair (kpet Is'in reaction 4), the second route is back elec-
tron transfer to 3Cgo™ within the radical ion pair (kpeycr)'™ in re-
action 5), and the third route is dissociation into free radical
ions (kdisss in reaction 6). The fractions among reactions 2—6
may depend on the donor strength, donor concentration, and
solvent polarity.

Nanosecond Transient Absorption Measurements. Elec-
tron Transfer via 3C¢* with Donors in Polar Solvents:
Transient absorption spectra observed by the nanosecond laser
excitation of Cg in the presence of TMPD in BN are shown in
Fig. 4. At low concentrations of TMPD (<20 mmol dm™3),
3Cqp™ was observed at 740 nm immediately after the nanosec-
ond laser excitation (532 nm light). Accompanying the decay of
the 740 nm band of >Cgy*, the 1080 nm band due to Cg®~ grew
up. The absorption band near 600 nm can be attributed to the
radical cation of TMPD (TMPD*+).28

These observations indicate that intermolecular electron
transfer takes place via *Cgo* in polar solvents, as shown in
Scheme 2, when the concentration of amines is low. From
the inserted time profiles in Fig. 4, the produced Cgp*~ has a
lifetime longer than several microseconds, suggesting the for-

Table 1. Oxidation Potentials of Amine Donors (E,) in BN and DCB and Rate Constants for
Fluorescence Quenching of Cgg (kqs) in Various Solvents

Donor Ex®/V kg™ /mol~" dm? s~

BN® DCB® BN® DCB® TN®
DABCO 0.39 0.49 6.6 x 10° 5.7 x 10° 9.6 x 10°
DEA 0.13 0.15 1.4 x 1010 1.3 x 100 1.6 x 100
TMPD —0.14 —0.08 2.7 x 10'° 3.1 x 10'° 3.3 x 10'0

a) E,y is oxidation potential vs Fc/Fc™. b) Each value contains the experimental error of £5%; koS

(Ceo) = 7.7 x 108 s~! was employed in Eq. 1 in the tex

t.22 ¢) Solvent abbreviation, dielectric con-

stant (&) and viscosity (1)) are (benzonitrile = BN, & = 25.7, n = 1.24 cp), (o-dichlorobenzene
= DCB, & =9.93, n = 1.32 ¢p), and (toluene = TN, & = 2.38, n = 0.59 cp).”’
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Scheme 1. Possible quenching processes via 'Cgo* in the presence of donors (D).
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mation of free radical ions (reaction 9) in BN. From the pseudo-
first-order plots of the decay rate of *Cg* and rise rate of
Ce0°~, the rate constants for the quenching (qu) of 3Ceo™ with
amines were evaluated, as listed in Table 2. The ratios of the
maximal concentration of Cgy®~ to the initial concentration of
3C60™ ([Ce0* Imax/[>Coo™ lintiat) Were calculated from the ob-
served absorbance and reported molar extinction coeffi-
cients.'1132% The plots of [Cgo® Tmax/[>Ce0™ lintal Vs amine do-
nor concentrations show the saturation at ca. 20 mmol dm—> of
the amine donors. The saturated [Cep® ™ Tmax/[>Ceo™ lingal Values
can be put equal to the quantum yields (Pe7)'** for electron
transfer via >Cgy* (Table 2). The @, T values are all less than
unity, suggesting that the collisional quenching of 3Cgy* by

0.30

0.25

0.20

0.25

8 015

0.10

0.20

0.05

Lo d oy

@
Q
c
3 0'000.010.4 08 12
é 0.15 Time /us
o
% 0.10

0.05F

0.00 ' . ' .

600 800 1000 1200

Wavelength /nm

Fig. 4. Nanosecond transient absorption spectra of Cgg (0.1
mmol dm~3) in the presence of TMPD (1 mmol dm~3) at
100 ns (@) and 1.0 ps (O) after 532 nm laser light irradi-
ation in deaerated BN. Inset: Time profiles.
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amine donors occurs without electron transfer (reaction 7 in
Scheme 2). The rate constants for electron transfer (ke ') from
amines to 3Cgo™ were evaluated from the relation, ko' =
e Tky 14 Finally, the k" values were evaluated to be in
the range of (1.9-5.0) x 10° mol~! dm?s~!.

The kT value for TMPD, which is close to the diffusion con-
trolled limit in BN (kgifr = 5.3 x 10° mol~! dm3s~1),%7 is the
highest among three amines employed in the present study.
This is supported by the most negative free-energy change
(AG°T) via 3Cg*, which was calculated by the Weller equa-
tion (Table 2).3!

The absorption intensities of [Cep® ™ Jmax increase with the
concentration of TMPD up to ca. 20 mmol dm—3 in BN, while
[Ce0°~ Imax begins to decrease in concentrations of TMPD high-
er than ca. 30 mmoldm™, as shown in Fig. 5(A). At 100
mmol dm—3of TMPD, [Ceo® Imax is about 40% to maximal
[Co0° Imax at 20 mmol dm—> of TMPD.

Since Cg®~ is generated by the electron transfer via 3Cg™*
produced by the ISC process from 'Cgy*, the amounts of
[Co0° Imax must be proportional to [*Cé0* lintial, Which can be
calculated by koS (koS + qu[D]). As shown in Fig. 5(B), the
[Co0°® ™ Imax Values for C¢o—TMPD in BN decreased in concen-
trations higher than 20 mmol dm~ along the curve calculated
by kos/(koS +qu[D]). Thus, the decrease in the [Cgp® lmax
values along koS / (koS + qu[D]) suggests that dynamic quench-
ing of 'Cgy* takes place by the processes such as reactions 3
and 4 in Scheme 1, without generation of the radical ions ob-
servable in the time region longer than 6 ns (reaction 6 in
Scheme 1). The processes of reaction 5 can be excluded from
the main deactivation processes of a geminate radical ion-pair,
since the regeneration of 3Cg* would reproduce Cep®~ and
TMPD**t keeping [Ceo® lmax constant with increase in the
TMPD concentration, which would cause considerable devia-
tions from the calculated curve of Fig. 5(B).

If the generations of long-lived free radical-ions via 'Cg™

Table 2. Rate Constants for Quenching of 3Cg* with Amines (qu) and Free-Energy Changes
(AGe"), Quantum Yields (Pe"), and Rate Constants (k") for Electron Transfer from Amines

to 3C6()* in BN

Donor AGo,TY qu b) O ke T

/eV /mol~! dm?3 s~! /mol~! dm?3 s~!
DABCO —0.37 3.2 x 10° 0.60 1.9 x 10°
DEA —0.63 3.6 x 10° 0.69 2.5 x 10°
TMPD —0.90 5.4 % 10° 0.93 5.0 x 10°

a) The AG°," values were calculated from the Rehm—Weller equation (AG°¢T = Eo (D) —
Eea(Cgo) — Er — E.),>* employing the T;-energy level (Et) of 3Cgp™ (= 1.53 eV),!? the reduction
potential (Eq) of Cgo (—1.05 V vs Fc/Fc™),3* and E,. (Coulomb energy) (= 0.06 eV) in BN.'? b)
Each value contains the experimental error of +5%.
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Scheme 2. Possible quenching routes of *Cgy* in the presence of donors (D).
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are included, a monotonous increase in [Cgp®™ |max Would be
observable with an increase in TMPD. Therefore, the main rea-
son for the unusual decrease of [Cgp® ™ |max at higher donor con-
centration, even in highly polar solvents such as BN, is attrib-
uted to the fast back electron transfer within the geminate radi-
cal ion-pair keeping singlet spin character; i.e., ket ™ > kaiss®.
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Fig. 5. (A) Absorbance time profiles of Cgp®~ at 1080 nm at
various TMPD concentrations in deaerated BN. (B) Plots
of relative AAbs of [Cg® Jmax at 1080 nm and
koS /(ko® + kqS[D]) values against [TMPD] (= [D]); both
values are normalized at [TMPD] = 20 mmol dm3.
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Electron Transfer via 3Cg* in Intermediately Polar
Solvents. In DCB which has intermediate polarity (dielectric
constant (&) = 9.93) between BN (&, = 25.7) and toluene
(&5 = 2.38), transient absorption spectra similar to Fig. 4 were
observed, indicating electron transfer via 3Cg* producing
Ceo®~. The qu, ®.", and kg values are summarized in
Table 3. The qu value for TMPD is almost the same as that
in BN, while the qu values for DABCO and DEA are about
a half of these values in BN. The ®.' values for DABCO
and TMPD in DCB are smaller than those in BN by factors
of 20-40%. The ®.T value for DEA was much smaller (ca.
1/10) than those of TMPD and DABCO in DCB. Thus, the
ke T values in DCB are smaller than those in BN. In DCB, colli-
sional quenching without electron transfer via *Cgy™ takes
place more efficiently than in BN; especially, for DEA, 3Cgo*
was quenched predominantly by collisional quenching. Such
small T values in DCB were reported for other aniline deriv-
atives.®?

The time profiles of Cg°*~ at various DABCO concentrations
are shown in Fig. 6(A). For DABCO and TMPD, decreases in
[C60°~ Jmax With an increase in the donor concentration were ob-
served. Decay rates of Cgy®~ after reaching maxima in DCB are
faster than those in BN. Faster decay of Cg0®~ suggests appre-
ciable interaction between Cgy®~ and the donor radical cations
in such intermediate polar solvents; i.e., K’ et 50> Kics L.

Since [Co0® Imax and ko®/(ko® + kq°[D]) for the Cgo and
DABCO system in DCB decrease in concentrations higher than
20 mmol dm—3, as shown in Fig. 6(B), Cgy®~ is generated pre-
dominantly via 3Cgo* (Scheme 2). Thus, this observation also
suggests that fast back electron transfer (reaction 4) and colli-
sional quenching of 'Cgy™* (reaction 3) in Scheme 1 take place
in DCB; i.e., kbt > kaiss> and/or kcqs > koS,

Electron Transfer via 3Cg* in Nonpolar Solvents. For
TMPD in toluene, generation of Cgy®~ was also confirmed, as
shown in Fig. 7; however, the decay of C¢y®~ completed within
ca. 0.1-0.2 ps, which was as fast as the decay of *Cgo™. This
suggests that photoinduced electron transfer takes place pre-
dominantly via 3Cep* producing radical ion-pair (RIP), which
returns quickly to the neutral molecules in the ground states
as shown in reaction 8 in Scheme 2; i.e., Kpet'™ > kgiss | in tol-
uene.

In toluene in the presence of DABCO, the generation of
Ceo®~ via 3Cg* was also observed; the decay of Cgy®~ com-
pleted within 1.5 ps. [Cep® Imax increases until [DABCO] =
20 mmol dm~3, while [Cgp®~ ]max begins to decrease at concen-
trations higher than 20 mmoldm™3. The decreasing curve of
[Co0° Imax is in agreement with the calculated BCs0™ linitial by
ko® /(ko® + kg [D]).

Table 3. Rate Constants for Quenching of 3Ce0* (qu), and Free-Energy Changes (AG°"), Quan-
tum Yields (®"), and Rate Constants (ke ) for Electron Transfer from Amines to 3Cgo™ in DCB

Donor AG° ™™ qu b) &, TP ke T

/eV /mol~! dm?s~! /mol~! dm?s~!
DABCO —0.27 1.5 x 10° 0.51 7.6 x 108
DEA —0.61 1.9 x 10° 0.06 1.1 x 108
TMPD —0.84 6.0 x 10° 0.52 3.1 x 10°

a) AG°yT = Eo (D) — Ea(Ceo) — Er — E..3° b) Each value contains the experimental error of

+5%.
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Fig. 6. (A) Absorbance time profiles of Cey®~ at 1080 nm at

various DABCO concentrations (mM = mmoldm™) in
the presence of Cgy (0.1 mmoldm™2) in deaerated DCB.
(B) Relative AAbs of [Co* Imax and ko®/(ko® + kg [D])
values against [DABCO] (= [D]); both values are normal-
ized at [DABCO] = 20 mmol dm—3.

The qu, ®.T, and ke " values in toluene for three amine do-
nors are summarized in Table 4. In the cases of TMPD and
DABCO, fast electron transfer takes place even in toluene;
however, the ®.' values were not accurately evaluated, be-
cause the fast decay of >Cgy™ affects [2Cgo™* linitial> Since it takes
place within the laser light pulse duration.

In the case of DEA, evidence of electron transfer was not ob-
tained, since no absorption of Ce(°~ appeared in the 1000-1100
nm region even in the presence of high concentrations of DEA
up to 100 mmol dm™3 as shown in Fig. 8. The inset of Fig. 8
shows the decay time profile of 3Cgy™ in the presence of a high
concentration of DEA. From the slight increased decay rate of
3Ceo™, the bimolecular rate constant was evaluated to be 7 x
10° mol~! dm? s~!, which is an extremely slow quenching rate
constant of 3Cg™ compared with other electron donors in tol-
uene.'!-1

As shown in Fig. 9(A), an appreciable decrease in
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Fig. 7. Absorbance time profiles of Cg) (0.1 mmol dm~3) in
the presence of TMPD (1 mmol dm~3) at (A) 740 nm and
(B) 1080 nm in deaerated toluene. Inset: Fast-order plot.

[3Ce0™ linitia Was observed with an increase in concentration
of DEA in toluene, indicating the presence of some process
competitive with the ISC process (Scheme 1). The calculated
[*Ce0™ Tinitial bY koS / (koS + qu[D]) decreases with an increase
in [DEA], showing quite good agreement with the observed
change of [*Cgo™* linitial, as shown in Fig. 9(B). This finding in-
dicates that 3Cg* is produced predominantly via ISC compet-
ing with the quenching processes of 'Cg* by DEA without
forming prolong Ceo®~ in toluene.

Rehm-Weller Plots.  These qu values are plotted vs
AG®, as shown in Fig. 10, in which the qu values for TMPD,
DABCO, and DEA in BN, DCB, and toluene are almost along
the curve expected by Rehm—Weller plot as shown in Fig. 10.3
Collision between DEA and >Cg™ within a radius to quench the
excited triplet energy of Cgo in DCB is possible in the same way
for other amine donors in other solvents. When similar plots
were performed for the qu values, deviation was observed
for DEA in DCB, in which keq" > ke".

Back Electron Transfer. In toluene, the fast decay of
Ceo®~ resulting from recombination of TMPD*" with Cgy®~
produced via 3Cgy* obeyed first-order kinetics, as shown in
Fig. 7(B), indicating that back electron transfer occurs within
the radical ion-pair. Since the decay rate of Cgy®~ increased
with an increase in the decay rate of 3Cgy* under high TMPD
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Table 4. Rate Constants for Quenching of 3Ceo™ (qu) and Free-Energy Changes (AG°"), Quantum
Yields (e "), and Rate Constants (ke ") for Electron Transfer from Amines to >Cep™ in TN
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Donor AGoTY ky" O, ket

/eV /10° mol~! dm3 s~! /10° mol~! dm?3s~!
DABCO —0.07 3.6 x 1079 0.5)° (1.8 x 10%)9
DEA +0.21 7 x 100 (0)
TMPD -0.23 7.5 x 1099 0.3)° (2.3 x 10%)9

a) AG°"(TN) = AG°,T(BN) — AG®, where AG°¢"(BN) was calculated from the Rehm-Weller
equation (AG®" = Eox(D) — Erea(Ceo) — ET — E.),?® employing the T -energy level (Et) of 3Cgo*
(= 1.53 eV),!"! the reduction potential (Erq) of Cgp (—1.05 V vs Fc/Fc*),>* and E. (Coulomb energy)
(= 0.06 eV) in BN.'" AG°; was defined as AG°; = e?/(4nAEY)[(1/2R, + 1/2R_ — 1/R.)1/&, —
(1/2Ry + 1/2R_)1/&;], where R, and R_ are radii of the ion radicals of donors (2-5 A) and Cg
(4.7 A), respectively; R is the center-to-center distance between the two moieties (6-10 A); & and
&, are static dielectric constants of solvents used for the rate measurements and the redox potential
measurements, respectively. b) Each value contains the experimental error of £5%. c) Difficult to es-
timate [3Cgo™ Jinial, because of the rapid decay within the scattering of the laser light pulse (6 ns). d)
Each value contains the experimental error of +10%.
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Fig. 8. Nanosecond transient absorption spectra of Cgg (0.1
mmol dm~3) in the presence of DEA (100 mmol dm~3) at
100 ns (@) and 1.0 ps (O) after 532 nm laser light irradi-
ation in deaerated toluene. Inset: Time profile at 740 nm.

concentration, back electron transfer must take place as soon as
the radical ion-pair is produced; i.e., Ko™ > ke [[TMPD] in
the region of 50-100 mmoldm™> of TMPD. Table 5 lists the
kvt value for TMPD in toluene with the highest donor con-
centration; such a k’p ' value is still regarded as the lowest
limit. The k,e'® value in the order of 107 s~ suggests that
Cso* —TMPD*™ is present as a contact radical ion-pair. Simi-
larly, Cgp®~ for recombination with DABCO®™ also decayed
according to first-order kinetics; however, the K'pe's' value
for DABCO®" is one order smaller than that of recombination
with TMPD*". The bulkiness of DABCO may loosen the radi-
cal ion-pair even in toluene.

In DCB, the decay time profiles of Cg°*~ for recombination
with DABCO*™ (Fig. 6(A)) and that with DEA®™ produced via
3Cq™ obey a single exponential, similar to those in toluene.
The same k'pe % value for Ce¢p*"—~DABCO®* in DCB and tol-
uene suggests that DABCO®*"-Cg*~ in DCB is present as a
radical ion-pair similar to that in toluene. On the other hand,
the k'pe'™ value for Cgo® —DEA®*' is smaller than that for
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Fig. 9. (A) Time profiles of the absorbance at 740 nm of
3Cgo* in the presence of DEA at various concentration in
deaerated toluene (mM = mmol dm~3). (B) Plots of rela-
tive absorbance of [?Cgo* Jingar at 740 nm and kos / (kos +
qu[D]) values against [DEA] (= [D]). Both values are
normalized at [DEA] = 0.
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Fig. 10. Rehm-Weller plots for qu vs AG%T.

Ce0* -DABCO*" by a factor of ca. 1/10, suggesting that
DEA*®T—Cgqy®~ is present as a loose radical ion-pair such as
the solvent-separated radical ion-pair (SSRIP) in DCB. For
Cso* —TMPD** in DCB, the time profile of Cgy®~ consists of
two components, in which each component obeys first-order ki-
netics, as shown in the inset of Fig. 11(A). From the fast decay
component (0-1 us), the K bel 'St value was evaluated as 5.2 x
10° s~!, which is greater than that of DABCO in toluene, sug-
gesting that back electron transfer takes place within the con-
tact radical ion-pair. From the slow part (1-20 ps), the Kpe 't
value was evaluated as 2.4 x 10° s~!, which suggests back
electron transfer within SSRIP in DCB. These observations
indicate that there are two kinds of radical ion-pairs for
TMPD*t—Cg®~ in DCB.

In BN, the decays of Cgy®~ obey second-order kinetics (Fig.
11(B)), suggesting that the radical ions produced via 3Cgp™* are
separately solvated, yielding free radical ions. The bimolecular
back electron-transfer rate-constants (k'pe>™d) of the radical
ions produced via 3Ce0* were evaluated from the slope of the
second-order plots (k've>"/€) on substituting the reported mo-
lar extinction coefficients (&) for Cgo®~.?° The evaluated kpe 2™
values are summarized in Table 5. These values are close to the
diffusion controlled limit (kg = 5.3 x 10° mol~! dm? s~ 1%’
in BN.

It is also notable that the ket value for DEA®T—Cgo®~ is
smaller than those for DABCO®T—Cg®~ and TMPD*"—C¢y*~
in DCB, which may give a hint to interpret the extremely small
@, T and k. T. Collision between DEA and 3Cgy* within a radi-

PET of Cgp with Amine Donors
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Fig. 11. Long time decay profiles of Cg*~ at 1080 nm in the
presence of equimolar TMPD®* in (A) DCB and (B) BN.
Inset of (A): First-order plot for decay of Cg®~ in DCB.
Inset of (B): Second-order plot for decay of Cgp®~ in BN.

us to consume the excited triplet energy of Cgp in DCB is pos-
sible, but electron transfer is prohibited in DCB and toluene.
Since the radical ion-pair (DEA®T—Cgy®~) is the loosest in
DCB, there may be a specific reason that DEA can not approach
3Cgo™ within a radius between DEA and >Cgy* which would
lead to electron transfer.>* Such a specific behavior of DEA
in DCB was not observed in highly polar BN.

Table 5. Rate Constants (k'pe;>"™ and k" '*)® and Free-Energy Changes (AG°y.) for Back Electron

Transfer from Cgy®~ to D*+ P

Donor K'pei™™ (AG®per/eV) K'oet "™ (AG per/eV) Kvet"™ (AG®per/eV)
/mol~!dm?s~! in BN /s~!in DCB /s~'in TN
DABCO 5.0 x 10° (—1.13) 1.3 x 10° (—1.23) 1.6 x 10° (—1.43)
DEA 5.1 x 10° (—=0.97) 7.0 x 10* (—0.89) — (=177
TMPD 8.1 x 10° (—0.40) 5.2 x 10°9 (—0.66) 2.2 x 107 (=1.27)
24 x 1099

a) The reported € value (12000 cm™! mol~! dm?® for Cgp*~ at 1080 nm)?® was employed for the
calculations of k',e>"d. b) AGye values were calculated from AG®he = Eox(D) — Erea(Ceo) —
E. — AG° (see caption of Table 4).' ¢) From fast decay part. d) From slow decay part.
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(a) in toluene
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Fig. 12. Energy diagrams for three donors in three solvents.

Energy Diagrams. Energy diagrams for photoinduced
electron transfer are schematically illustrated in Fig. 12. For
all cases, *Cg™ is generated via 'Cgp* by ISC competing with
the quenching processes of 'Cgo™ (ks°[D]).

In toluene, electron transfer from DEA to 3Cgo* is endother-
mic; thus, the slow quenching of 3Cgo* predominates deactiva-
tion processes, generating the ground state of Cgp without for-
mation of the radical ion-pair. For DABCO and TMPD, the rad-
ical ion-pairs are produced via 3Cgy™ because of the exothermic
process; the radical ion-pair may be strongly contacting for
TMPD in toluene, as indicated by the quick first-order decay
of Cgo*~. In DCB, the electron-transfer process via 3Cgo* is al-
so exothermic; thus, electron transfer from DABCO and TMPD
to 3Ceo™ occurs effectively, generating a radical ion-pair. Elec-
tron transfer from DEA to 3Cgo* becomes also exothermic, al-
though the efficiency is low. In BN, the electron-transfer proc-
ess via 3Cg™ is further exothermic, giving high ®.," and large
ketT; since the radical ions are separately solvated in BN, the
radical ions persist as long as several hundred microseconds.

Thermodynamically, it is anticipated that electron transfer
via !Cgo™* is rather more favorable for these three amine donors
in all solvents than that via *Cey™. The free energy changes via
1Cs0™ (AG°¢S) are ca. 0.2 eV more negative than those via
3Ceo™ (AG°,T), since the energy difference between S; and
T, is ca. 0.2 eV.!! However, for all donors in all solvents, no
evidence for electron transfer via 'Cg* was observed by our
nanosecond transient absorption measurements using a laser
light pulse (6 ns). Even if electron transfer takes place via ' Cgp*
in polar BN, all processes via ! Cgy™ finished within nanosecond
time region less than ca. 6 ns; that is, kpe'™ 3> kb and
kbetznd > k/betznd~

In the case of DEA in toluene, the energy level of the radical
ion-pair is between the energy levels of 'Cgy™ and 3Cgp™. If a
short-lived radical ion-pair (Cgp*~, DEA® )4y is produced
via 1Cgp™, 3Cgo™ is possibly reproduced by rapid back electron
transfer within the radical ion-pair. If so, it would be anticipated
that the decrease in 3Cqy™ would not be observed. Thus, Fig.
9(B) indicates that the process via 'Cg* is attributed to pre-
dominant collisional quenching without electron transfer.

Comparison with Reported Observations. Interactions
between amines and Cg in the ground and excited states were
frequently reported in the literature, when the concentrations of
the amine donors are higher than 1000 mmol dm 3.2 In the
present study for the intermediate concentration region until
100 mmol dm~3, we clarified that appreciable interaction be-

tween amines and Cgp in the ground and excited states is absent.
When the concentrations of the amine donors are less than 10
mmoldm™, photoinduced electron-transfer processes via
3Cgo* have predominantly been reported.!!~!3

In non-polar solvents, fast electron transfer with quick back
electron transfer within the picosecond time scale was reported
for amine donor concentrations higher than 1000 mmol
dm—3;7? in this case, forward and backward electron transfer
may occur within the excited charge-transfer (CT) complexes.
Thus, it is impossible to directly compare these reported phe-
nomena with our observations, which were performed under
the conditions where such CT complexes are not appreciably
present in nonpolar solvent. In the intermediate concentration
region until 100 mmol dm~3, we obtained evidence that the rad-
ical ion-pairs are generated via 3Cg* with lifetimes observable
by nanosecond laser photolysis, while no trace of the radical
ion-pairs was observed via 'Cg* in time regions longer than
ca. 6 ns. These findings suggest that kpe '™ > K'be'* and/or
kcqS > koS

In polar solvents, on the other hand, photoinduced processes
in intermediate concentrations of donors have not been exten-
sively reported. From our observations in BN, we must consid-
er that Cg®~ generated via 'Cgp™ exists as a geminate radical
ion-pair, which quickly returns to neutral molecules in the
ground states. Thus, Cgy®*~ does not survive longer than the du-
ration of a nanosecond laser light pulse (6 ns). On the other
hand, the radical ion-pairs generated via 3Cgy™ have a long life-
time to dissociate into free radical ions, because of the triplet
spin character of the radical ion-pair. Thus, kaissS < kpe 't in
Scheme 1, while kgiss' > K'bet'™' in Scheme 2. Therefore, for
the observations of free radical ions with long lifetime in highly
polar BN, the spin character of the radical ion-pair plays an im-
portant role even in polar solvents.

Conclusion

On combination of fluorescence quenching experiments and
nanosecond transient absorption measurements, information
about intermolecular electron transfer from various amine do-
nors to 'Cep™ and to 3Cep™ has been obtained in various sol-
vents. With increases in concentrations of amine donors,
[Ce60° Imax Observed at times longer than 6 ns decreased even
in highly polar solvent. This decrease in [Cg0®~ |max clearly ac-
cords with the decrease in [?Ceo* linitia Via ISC from 'Ceo™,
which was consumed by amines. This suggests that the quench-
ing of 'Cgy™* with the amine donors does not contribute to the
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generation of persistent Cgy®~, even in highly polar solvents.
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