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Photoinduced Electron Transfer between N, N, N', N'-Tetra-
( p-methylphenyl )-4, 4-diamino-1, 1’-diphenyl Ether ( TPDAE)
and Fullerenes (Cg/C5,) by Laser Flash Photolysis

ZENG, He-Ping* (& %)

Departmen of Chemistry , South China Normal University, Guangzhou, Guangdong 510631, China

The photoinduced electron-transfer reaction of N,N,N', N'-
tetra-( p-methylphenyl)-4,4’-diamino-1,1’-diphenyl ether (TP-
DAE) and fullerenes (Cg/Cy) by nanosecond laser fiash pho-
tolysis occurred in benzonitrile. Transient absorption spectral
Ineasurements were carried out during 532 nm laser flash pho-
tolysis of a mixture of the fullerenes (Cg/Cy) and TPDAE.
The electron transfer from the TPDAE to excited triplet state of
the fullerenes (Cg/Cy) quantum yields and rate constants of
electron transfer from TPDAE to excited triplet state of
fullerenes (Cg/Cp) in benzonitrile have been evaluated by ob-
serving the transient absorption bands in the near-IR region
where the excited triplet state, radical anion of fullerenes (Cg/
Cp) and radical cations of TPDAE are expected to appear.

Keywords photoinduced electron-transfer, N, N, N' , N’ -tetra-
( p-methylphenyl )-4, 4'-diamino-1, 1’-diphenyl ether ( TPDAE),
fullerenes (Cey/Cry)

Introduction

Photoinduced electron transfer (PET) is one of the
most interesting features of donor-acceptor systems for the
design and the construction of artificial molecular devices
for energy conversion and information processing which
have a number of potentially intriguing applications, in-
cluding sensitization of their photoconductivity and photo-
voltaic phenomena. The photoactive devices is based on
the photoinduced electron transfer between donor type or-

ganic compounds and acceptor molecules, such as
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fullerenes ( Cg/Cr) which have high electron affinity
(2.6—2.8 eV) and can readily form anions on electron-
chemical geduction.l Fullerenes are well known as an
electron acceptor in photoexcitation because of its sym-
metrical shape, large size and properties of its m-electron
system,? after observation of molecular ferromagnetism’® in
the tetrakis-bis-dimethyl-aminoethylene salt of Cg; as well
as the occurente of ultra-fast photoinduced electron trans-
fer within the dimethyl aniline-Cg complex .

Polyarylamines, a novel class of functional materi-
als’, which have received much attention, is one of strong
electron donors and an important class of compounds be-
cause they have unique optical properties, such as fluo-
rescence and phosphorescence. Furthermore, polyary-
lamines can form stable aminium radical cations and can
be used as building blocks for high-spin polyradical® and
conductor as well as the hole-transport layer in electrolu-
minescent device.” The title aromatic amine,
N,N,N', N'-tetra-( p-methyl-phenyl )4, 4’-diamino-1,
1'-diphenyl ether (TPDAE) has already been used for
thermal recording material .

In our study, intermolecular photoinduced electron
transfer in mixtures of fullerenes ( Cg/Cp) and TPDAE
is studied in benzonitrile, and photoinduced absorption
spectroscopy is used to show that the photoexcitation of
fullerenes (Cep/Crp) generates the corresponding triplet
state which is quenched in an electron reduction reaction
by TPDAE. It has attracted wide interest in many differ-
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ent scientific fields. We report herein the photoinduced
electron transfer processes between fullerenes (Cgy/Cro)
and N,N,N,N -tetra-( p-methylphenyl)-4,4’-diami-
no-1,1’-diphenyl ether (TPDAE) (Scheme 1) by laser
flash photolysis. Transient absorptions were observed in
near-infrared regions. Quantum yields and rate constants
of electron transfer from TPDAE to excited triplet state of
fullerenes (Cgy/Cr) in Ar-saturated benzonitrile have al-
so0 been evaluated.

Scheme 1 Molecular structures of TPDAE, Cg and Cy
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N,N,N' N’ .Tetra-(p)-methyl-phenyl-4,4-
diamino-1,1'-diphenyl ether (TPDAE)

Instruments and reagents

Ce and Cy were obtained from Texas Fullerenes
Corp with purity of 99.9% and 99.5%, respectively.
TPDAE was prepared by the method described in the lit-
erature . Benzonitrile used as solvents was of high perfor-
mance liquid chromatographic (HPLC) and spectropho-
tometric grade, respectively.

Ce (or Cyy) and TPDAE were dissolved in benzoni-
trile and the sample solutions were deaerated by bubbling
with argon gas before measurement. Oxygen-saturated so-
lution was produced by oxygen bubbling when the effect of
oxygen was under investigation.

The mixture solution of Cgy/Cyy and TPDAE was se-
lectively excited by a Nd : YAG laser (spectra-physics,
Quanta-Ray, GCR-130, FWMH, 6 ns) at 532 nm with a
laser power of 7 mJ per pulse. For the transient absorp-
tion spectra in the near-IR and visible region, a Ge ava-

lanche photodiode ( Hamamatsu photowice, B2834) was
used as a detector for monitoring light from a pulsed Xe
lamp. A Si-PIN photodiode ( Hamamatsu photonics,
S1722-02) was used as a detector to monitor the transient
light from a pulsed Xe lamp (150 W ) passing through a
rectangular quartz reaction cell (1 cm ) and monochro-
mater. Steady-state photolysis was carried out with a Xe-
Hg lamp (150 W) and steady-state UV/Vis absorption
spectra were measured with a JASCO/V-570 spectropho-
tometer. The sample contained in a 10 mm quartz cell
were deaerated with Argon bubbling before measurements.
All experiments were carried out at 22 C.

Results and discussion
Steady-state UV/Vis spectra

Steady-state UV/Vis spectra of Cg/Cp, TPDAE
and a mixture of Cgy/Cqyp with TPDAE in benzonitrile were
recorded between 380 nm and 750 nm as shown in Fig.
1.
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Fig. 1 Steady-state absorption spectra of TPDAE (1.0 mmol/L),
Ceo (0.1 mmol/L), Cx (0.1 mmol/L) and their mix-
ture in Ar-saturated benzonitrile.

The absorption spectrum of a mixture of Cg (0.1
mmol/L) (or Cy) and TPDAE (1.0 mmol/L) in ben-
zonitrile in Fig. 1 is a superimposition of the components,
suggesting that the mixture of Cg (or Cy) and TPDAE
does not have apparent interaction in the ground state un-
der the present concentration condition region employed in
the laser photolysis experiments. On laser photolysis at
532 nm, only Cg/Cy is excited, for lack of absorption of
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TPDAE at this wavelength.
Photoinduced electron transfer

Fig. 2 shows the transient absorption spectra in the
vis/NIR region obtained by the laser flash photolysis of
Ce (0.1 mmol/L) with 532 nm light in the presence of
TPDAE (1.0 mmol/L) in deaerated benzonitrile. The
transient absorption band at 720 nm appeared immediately
after the nanosecond laser pulse. The 720 nm band is as-
signed to the excited triplet state absorption of Cg
(3Ce™ ) .'° With the decay of 3Cgy*, a new absorption
band appears at 1080 nm with a shoulder at 920 nm,
which is assigned to the absorption band of Cg" = .!! In
the visible region, the transient bands that appeared im-
mediately after the laser pulse are attributed to 3Cey* .
The observed time profiles of the absorption bands are
shown in the inset of Fig. 2. The decay of 3Ce* at 720
nm, which did not show appreciable decay over a few mi-
croseconds without TPDAE, was accelerated in the pres-
ence of TPADE.
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Fig. 2 Transient absorption spectra obtained by 532 nm laser light
photolysis of Cgy(0.1 mmol/L) in the presence of PTADE
(2.0 mmol/L) in Ar-saturated benzo nitrile at 0.1 ps
(@) and 1 ps (0). Inset: time profile at 720 nm and
1080 nm.

With the decay of *Cg " , the absorption intensity of
Ceo ~ at 1080 nm increases, reaching a maximum at
about 0.1—1.0 ps. The decay of >Cey* and the appear-
ance of Cg' ~ are produced via *Cg”* by accepting an
electron from TPADE, indicating that electron transfer
takes place via *Cq " . By use of the molar absorption
coefficient (e1)of 3Ce* at 720 nm (16000 mol - L~!)13
the initial maximum concentration of 3Cey* ([3Cep* 1)
produced by a laser pulse is calculated. The maximum
concentration of Cg ™ ( [Cep" ™ Jmex) at 1 ps was also de-

termined using the reported molar extinction coefficients
(ea)of Cg ™ in benzonitrile (12000 mol-L~!) at 1070
am. 13

Similarly, the transient absorption spectra for Cp
(0.1 mmol/L) with TPDAE (1.0 mmol/L) in Ar-satu-
rated benzonitrile obtained by the exposure of the 532 nm
laser excitation are shown in Fig. 3. Immediately after
the laser pulse, the absorption band of *Cy* appeared at
980 nm instead of 1380 nm for Cx ~ .! The main ab-
sorption at 980 nm was quenched by the addition of TP-
DAE. The strong one at 700 nm can be assigned to the
TPDAE cation radical. As shown in the inserted time pro-
file of Fig. 3, the absorption intensity at 1380 nm begins
to rise immediately after the laser pulse followed by a slow
rise, which corresponds to the decay of 3Cp*.
[®Cro* Juax and [Cr ™ ] ax were calculated using the re-
ported e value (6500 mol+L~! at 980 nm)" and €, val-
ue (4000 mol-L~" at 1379 nm)."
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Fig. 3 Transient absorption spectra obtained by 532 nm laser pho-
tolysis of Cx (0.1 mmol/L) in the presence of PTADE
(1.0 mmol/L) in Ar-saturated benzonitrile at 0. 1 us (@)
and 1 ps (O). Inset shows time profiles at 700 nm, 980
nm and 1380 nm.

The effect of TPDAE concentration on the time pro-
files for the decay of *Cgy " is shown in Fig. 4. It is ap-
parent that the decay rate of 3Cgy” increases with [ TP-
DAE]. Each decay curve of 3Cg* in the prensence of
TPDAE is fitted with a single exponential, while weak
nondecaying absorption can be attributed to TPDAE radical
cations, which do not affect the kinetic analysis. The sec-
ond-order rate constant (k,) is obtained from the linear
dependence of ko, on [TPDAE] as shown in the inset of
Fig. 4. The obtained k values are also listed in Table 1.

The rising rates of Cg ~ increase with [ TPDAE] in



Vol. 20 No. 12 2002

Chinese Journal of Chemistry

1549

Table 1 Rate constants and quantum yields for electron transfer in
BN
Fullerene/  kq(mol~!- r " ka(mol™!s  kyu(mol™!-
TPDAX Les~1) * - LestD) L-s~1)
Co/TPDAE  1.7x10° 0.56 6.5x10®0  2.2x10°
Cno/TPDAE  3.32x10° 0.78 2.6x10° 3.82x10°
k,:kq-tpg
Y 3
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Fig. 4 Decay profiles of 3Cy* at 720 nm with changing PTADE,
Inset shows pseudo-first-order plot in Ar-saturated benzoni-
trile.

beneonitrile as shown in Fig. 5. Each rise curve was fit-
ted with single exponential, yields k., without taking the
decay of Cg" ~ into consideration. The second-order rate
constant kg was obtained by plotting k., vs. [ TPDAE ]
(Fig. 5).
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Fig. 5 Rise profiles of Cg~ at 1080 nm with changing PTADE,
Inset shows pseudo-first-order plot in Ar-saturated benzoni-
trile.

Absorption spectra of radical cation of TPDAE

It is well known that the chemical oxidation of small
aromatics by Lewis acids as the oxidant can generate cor-
responding radical cations.'® In order to examine the oc-
currence of TPDAE radical cations, absorption spectra of

oxidized TPDAE in Ar-saturated dichloromethane were
measured by stepwise addition of FeCl;. The new absorp-
tion band appeared, as shown in Fig. 6 after addition of
two equivalents of FeCl;. The new absorption maximum at
700 nm is assigned to cation similar to that of radical
cation of TPDAE. Fig. 6 shows the optical absorption
spectra of radical TPDAE.
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Fig. 6 Absorption spectra of radical cation of PTADE in Ar-satu-
rated dichloromethane.

Quantum yields and electron transfer rates

The efficiency of eleciron transfer via 3Cey* or 3Cp*
can be estimated by the quantity [ Ce ™ ]/[3Ce* ] or
[Co ™ 1/[3Cx* ] as evaluated by the maximal and initial
absorbance. The ratios of [ Cg ™ lmax/[3Ceo” Jmax and
[Crn ™ Jmax’[2Cro ™ lmax in benzonitrile are plotted against
the concentration of [ TPDAE] as shown in Fig. 7 . The
efficiencies increase at the beginning, then reach a
plateau, from which the quantum yield (®Y,) for electron
transfer to the triplet state is estimated. In Table 1, the
kq can be calculated from the dependence of first-order
decay rate of *Cg* on the concentration of TPDAE. The

constant value refers to the quantum yield of electron
transfer ( @Y, ) via® Cg" . The k., can be obtained from
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Fig. 7 Dependence of [Ce ™ 1/[3Ce* ] and [Cx = 1/[3Cp" ]
on [TPDAE] in Ar-saturated benzonitrile.
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the following equation, ke = kg x @I, The evaluated
@, and k., are summarized in Table 1. The P, values
for the reactions via 3Cy* are also evaluated in a similar
way. In the case of TPDAE, the k, and k., values based
on TPDAE concentration are also listed. The @7, values
are usually less than unity, indicating that some deactiva-
tion processes of the excited triplet states are competitive
to the electron transfer processes.

In order to confirm the electron transfer via >Cep* /
3Cxn" , oxygen was added to the solution of Cg/TPDAE.
In oxygen-saturated solution, the Cg = formation was
suppressed (Fig. 8 ). The decay of >Cg,* was accelerat-
ed on addition of oxygen to Cg (0.1 mmol/L)/TPDAE
(2.0 mmol/L) solution (Fig. 9), indicating that 3C60*
was quenched by oxygen due to energy transfer from
3Ce0" to oxygen, resulting in the suppression of the elec-
tron transfer reaction between >Cgy* and TPDAE. Al-
though the Cg" ~ formation was suppressed by adding oxy-
gen to solution, the decay rate of Cg'~ was not affected
by the oxygen concentration, which indicates that the

04 [TPDAE]=2.0 mmol/L
sk ) 720 nm
2 02t "} Argon
< '
0.1 . Oxygen
0.0 __: 1 1 1
0.0 0.5 1.0 1.5
t (us)

Fig. 8 Time profiles of absorbance obtained by 532 nm laser
photolysis of Cg(0.1 mmol/L) in the presence of TP-
DAE (2.0 mmol/L) in argon-saturated benzonitrile
and oxygen-saturated benzonitrile at 720 nm.
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Fig. 9 Time profiles of absorbance obtained by 532 nm laser pho-

reaction between Cg' ~ and oxygen does not take place.
This findingalso suggests that the photoinduced electron
transfer between Cg and TPDAE takes place via 3Cg* /

3070 x
Back electron transfer

Figs. 10 and 11 show the time profiles of Cg ™ and
Cn ~ on the long time scale. It is clear that the anion
radicals begin to decay slowly after reaching maximum .
This can be attributed mainly to the back electron transfer
from Cgq ~/Cp’~ to TPDAE, because extra reactions
such as adduct formation were not observed in the steady-
state absorption spectra after irradiation of Cgy/Cpy with
532 nm light in the presence of TPDAE. The decay time
profiles obey second-order kinetics. From the slope of the
second-order plot as shown in the inset of Fig. 10, the
back electron transfer rate constants ( k},,) were evaluated
as listed in Table 1. On the other hand, the second-order
plots are slightly bent, suggesting that ion radicals are not
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e i 400 "‘z
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Fig. 10 Decay profiles over long time scale of gy’ ~ in the pres-
ence of TPDAE in Ar-saturated benzonitrile. Inset shows
second-order plot.
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tolysis of Cg (0.1 mmol/L) in the presence of TPDAE  Fig. 11 Decay profiles over long time scale of Cx = in the pres-

(2.0 mmol/L) in argon-saturated benzonitrile and oxygen-
saturated benzonitrile at 1080 nm.

ence of TPDAE in Ar-saturated benzonitrile. Inset shows
second-order plot.
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always freely solvated and the back electron transfer may
occur within a solvent-separated ion pair in benzonitrile,

Acknowledgment -

Zeng He-Ping specially thanks Prof. Osamu lio of

Institute of Multidisciplinary Research for Advanced Mate-
rials, Tohoku University, for his very kind help during

his stay in Japan.

References

1 Xie, Q.; Cordero, E. P.; Echegoyen, L. J. Am. Chem.

2

Soc. 1992, 114, 3978.

William, R. M.; Koeberg, J. M.; An, Y.-Z.; Rubin,
Y.; Paddon-Row, M. N.; Verhoeven, J. W. J. Org.
Chem. 1996, 61, 5055.

Allemand, P. M.; Calabrese, J. C.; Malone, B. Science
1991, 252, 1160.

Sension, R. J.; Szanka, A. Z.; Smith, G. R.; Hochstrass-
er, R. M. Chem. Phys. Lex. 1991, 185, 179.

(a) Shirota, Y.; Kobata, T.; Noma, N. Chem. Lett.
1989, 1145.

(b) Ishikawa, W.; Inada, H.; Nakano, H.; Shirota, Y.
Chem. Leit. 1991, 1731.

(¢) Ueta, E.; Nakano, H.; Shirota, Y. Chem. Leit.
1994, 2397.

(d) Chen, T.-R.; Chen, J.-D.; Keng, T.-C.; Wang, J.-
C. Tetrahedron Lett. 2001, 42, 7915.

(e) Book, K.; Nikitenko, V. R.; Bassler, H.; Elschner,

10

11

12

13

14

15

16

A. Synth. Met. 2001, 122, 135.

(f) Schmitz, C.; Posch, P.; Thelakkat, M. ; Schmidt, H.-
W.; Montali, A.; Feldman, K.; Smith, P.; Weder, C.
Adv. Funct. Mater. 2001, 11, 41.

(g) Wolfgany, B.; Stenfan, B.; Anton, G. M. Org. Elec-
tron. 2001, 2, 1.

Stickley, K. R.; Selby, T. D.; Blackstock, S. C. J.
Org. Chem. 1997, 62, 448.

(a) Sakamoto, G.; Adachi, C.; Koyama, T.; Taniguchi,
Y. Appl. Phys. Len. 1999, 75, 766.

(b) Okai, T.; Aso, Y.; Otsubo, T.; Hori, J.-I.; Uchi-
ike, H. J. Chem. Soc. Japan 2000, 8, 567.

Tomohiro, K.; Naoto, Y.; Masanibu, T. JP 07276795
1995 [ Chem. Absir. 1995, 124, 189554b].

Suzuki, H.; Nakamura, T.; Seki, K. Chem. Ber. 1995,
128, 703.

Dimitrijevic, N. M.; Kamat, P. V.; J. Phys. Chem.
1992, 96, 4811.

Guldi, D. M.; Hungerbuhler, H. J.; Tamata, E.; Asmus,
K.-D. J. Phys. Chem. 1993, 97, 11258.

Arbogast, J. W.; Foote, C. S.; Kao, M. J. Am. Chem.
Soc. 1992, 114, 2277.

Arbogast, J. W.; Diederich, F. N.; Alvarez, M. M.;
Anz, S. J.; Whetten, R. L. J. Phys. Chem. 1991, 95,
11.

Nojiri, T.; Alam, M. M.; Konami, H.; Watanabe, A.;
Ito, O. J. Phys. Chem. A 1997, 101, 7943.

Lawson, D. R.; Feldhein, D. L.; Foss, C. A.; Dorhout,
P. K.; Elliott, C. M.; Martin, C. R.; Parkinson, B. J.
Phys. Chem. 1992, 96, 7175.

Fichou, D.; Horowitz, G.; Xu, B.; Gamier, F. Synth.
Met. 1990, 39, 243.

(F0202282 LU, Y. ].)



