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Photoinduced electron-transfer processes betwgg@#and 2-naphthols have been studied by nanosecond
laser flash photolysis. Quantum yield®") and rate constantkd) of electron transfer from naphthols to

the excited triplet states ofggand Go have been determined by observing the transient absorption bands in
the wide wavelength (UVVis/NIR regions), where the naphthoxy radicals, triplet states, and anion radicals

of fullerenes appear. Botb andke were increased by the addition of trimethylpyridine (Py), indicating

that Py promotes the electron-donor ability of naphthols. Tkg (L0~ decay with second-order kinetics in

the absence of Py, suggesting charge recombination of free ion radicals. In the presence of Py, on the other
hand, the initial decays of &7/C7¢"~ obey first-order kinetics, suggesting that back electron transfer takes
place within the ion radicals bridged via Py.

Introduction OH

OH
Fullerenes acts as electron acceptors without any electron-

withdrawing functional group. It is well-known that the

electron-accepting abilities ofggand Go in the ground state 2-NOH
are further increased by photoexcitation of the fullerenes with
visible light2=7 Thus, photoinduced electron transfer processes HOOH
of fullerenes are an important subject, as good models for O
charge-separation systems. Time-resolved measurements have
led to better understanding of general features of electron-
transfer mechanisms. So far, various kinds of electron donors, BN(OH)>
including aromatic amines, afford usually reversible electron-
transfer systems for fullerenés’

In the case of phenols and naphthols with low electron-donor
ability, it has been reported by Linschitz and co-workers that  Cgo and Go were obtained in a purity of 99.9% and 99.5%,
photoinduced electron transfer tasgdakes place only when  respectively, from Texas Fullerenes Corp. Commercially avail-
pyridines are added to polar solutidnhis phenomenon was  able 1,1-bi-2-naphthol (BN(OHy) (Aldrich Co. Ltd.) was used
shown to be coupled electreiroton transfer by Linschitz et as received. Optically active BN(Okvas used to try to obtain
al® the optically active adduct betweegd7oand BN(OH} under

In our previous paper about naphthylamine and binaphthyl- various conditions. 2-Naphthol (2-NOH) and dihydroxynaph-
amine, we reported that the electron-transfer efficiencies to the thalenes (N(OH) of the highest grade were used. Trimeth-
triplet states of G and Go (3Ceg* and 3Cr¢*, respectively) from ylpyridine (Py), benzonitrile and benzene were of the highest
perpendicular binaphthylamine are significantly different from grade commercially available.
those of planar naphthylamine suggesting some kind of steric  Cgo/C7o Was selectively excited by 532 nm light from a Nd:
effect on the electron-transfer proc@ss the present study, YAG laser (Quanta-Ray; 6 ns fwhm) with 7 mJ pulse energy.
we measured the transient absorption spectra for the systemd-or the transient absorption spectra in the short time seal® (
Cs0/C70 with 2-naphthol, dihydroxy-naphthalenes, and 1,1-bi- u«s), a Si-PIN photodiode (306600 nm) and Ge-APD (600
2-naphthol (Scheme 1) over wide wavelength regions and time 1400 nm) were used as detectors to monitor the transmitted light
scales to reveal the various aspects controlling electron-transferfrom a pulsed Xe-lamp (150 W¥2For longer time scaleX(10
processes in the presence and absence of pyridine. Especiallyys), an InGaAs detector was used to monitor the light from a
pronounced effects of pyridine addition have been found on continuous Xe-lamp% The solution of Gy (or Czo) and
the backward electron-transfer processes in addition to thenaphthols was deaerated by Ar bubbling for 15 min before
acceleration of the forward electron-transfer rates. measurements.
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Figure 1. Steady-state absorption in the BVis region G, (0.1 mM), Wavelength (nm)
BN(OH), (4 mM), and their mixture in the presence of Py (0.5 M) in  Eigyre 3. Transient absorption spectra obtained by 532 nm laser
benzonitrile. photolysis of Go (0.1 mM) in the presence of BN(OKJ3 mM) and
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Figure 2. Transient absorption spectra obtained by 532 nm laser
photolysis of Go (0.1 mM) in the presence of BN(OKJ20 mM) in 03 Fsnom,]
Ar-saturated benzonitrile. Inset: time profile®)(1 us and ©) 10us. x1mM
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The steady-state UVvis absorption spectra were measured 3 o
with a JASCO/V-570 spectrophotometer. The circular dichroism 0l
(CD) spectra were measured on a JASCO/I0015 spectropo- 0 1 2 3 4
larimeter. Steady-state photolysis was carried out with a Xe- 00 , | BN(OH),] /mM

Hg lamp (150 W); the wavelength region of light was selected -1 0 1 2 3 4

by cut-off filters. All experiments were carried out at 2G. Time /ps
Figure 4. (A) Decay profiles offCsg* at 740 nm with changing BN-
Results and Discussion (OH),. Inset: pseudo-first-order plot. (B) Rise profiles af,C at 1070

. . . nm with changing [BN(OH). Inset: pseudo-first-order plot in the
Steady-State U\-vis SpeCtra.AS Biczok et al. pOInted out, presence of Py (0.5 M) in Ar-saturated benzonitrile.

the absorption spectra of naphthols in the UV region were .

changed considerably on addition of Py, indicating the interac- 3~ #/3~ * PR ot

tion between naphthols and B3The vis absorption spectra of Coo'/"Cro* + NOH w00 /G +NOH™ (1)

Cso and BN(OH) in the longer wavelength region are shown

in Figure 1. In the absence or presence of Py, appreciable change Wwith 532 nm laser-light excitation of gin the presence of

was not observed between the absorption spectrum of the mixed3N(0H)2 and Py (Figure 3), the absorptionsc* at 740 nm

system and the synthesized spectrum. Also, no spectral changgvas quickly quenched, concomitantly with appearance of the

was observed for other naphthols angh €ystems nor for & absorption band of g~ at 1070 nm. As shown in the inserted

on addition of naphthols in the absence or presence of Py. Thes&ime-profile of Figure 3, the absorption intensity at 1070 nm

observations indicate that ground-state interaction betwegn C  pegins to rise immediately after the laser pulse, corresponding

Croand naphthols is negligibly small regardiess of the presencetg the quick decay ofCsg*. It is revealed that Py accelerates

of Py. ) the electron-transfer rate from BN(OHip 3Cgg* very much;
Photoinduced Electron Transfer.Laser flash photolysis of & ' gonor abilities of naphthols are increased in the presence

Cso With 532 nm light in the presence of BN(OHR0 mM) in of Py as shown by Biczok et &

deaerated benzonitrile produced the transient absorption spectra . . .

in the vis/NIR region as shown in Figure 2. The transient r;::ngszafyprafss sfﬁg\?\(/)n Ii?lcg?ajfevllll,tb\h I[EBa’::'goggl elln ::ﬁve of

absorption bapd at 740 nm is _attribute(_j to the tripteiplet EC + in the r)(/asence of BN(OgH)WaS f.itted with aysin le

(T—T) absorption 0fCgg*. 1113 With the slight decay o¥Csg*, 60 ne p 9

a new weak absorption band appears at 1070 nm with a shoulderexmnentlal Kas)- The second-order rate constait)(was

at 900 nm, which are assigned to the absorptionggfG* From obtalneq from.the I|near. dependencekef on [BN(OH)] as

the time profiles (inset of Figure 2), the decay®kq* at 740 §howq in the inset of Figure 4A. The obtainkgvalues are

nm and the rise of &~ at 1070 nm observed on addition of listed in Table 1.

relatively high concentration of BN(OK{20 mM) seem to be The rates of g~ rise increase with [BN(OH) in benzoni-
almost mirror images. These observations clearly indicate thattrile as shown in Figure 4B. Each rise curve was fitted with a
the electron transfer occurs from BN(GH 3Cso* (eq 1), in single exponential, yieldings; without taking the slow decay

which naphthols are written as NOH. Fofg@n the absence of ~ of Cgg"™ into consideration. The second-order rate constant
Py, a similar slow electron-transfer process was confirmed from (where subscript A representgfC) was obtained by plotting
NOH'’s to 3C7¢* (980 nm)® yielding Go'~ (1380 nm)ié kist vs [BN(OH)] (Figure 4B). The obtaine&ts values are in
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TABLE 1: Quenching Rate Constants kq), Quantum Yields
(®et"), Electron-Transfer Rate Constants Ke), Second-order
Back-Electron-Transfer Rate Constants kpe?"d), and
First-order Back Electron-transfer Rate Constant (Kpet*s) in
Benzonitrile2

fullerene/ Ked Koe2"Y KoedsY

NOH/Py M™tsib @ M-istc M-1lgtd st
Cs0o/2-NOH 1.4%x 10° 0.20 2.8x 10 1.7 x 10°
Cesd/2-NOH/Py 7.2x 10° 1.00 7.2x 10® 1.6x 10° 3.4x 10
Cs0/2,3-N(OH), 1.5x 10° 0.23 3.5x 10° 2.2 x 10
Cs0/2,3-N(OH)Y/Py 1.5x 1(° 1.00 1.5x 10° 1.8 x 10!° 3.2 x 10
Ceo/2,7-N(OH) ~ 9.9x 10F 0.23 1.3x 10° 2.2x 10°
Cs0/2,7-N(OHY/Py 1.1x 1¢° 1.00 1.1x 1(° 1.5x 10° 2.9x 10
Coo/BN(OH), 2.0x 10° 0.13 2.8x 10F 2.1x 10°
Cso/BN(OH),/Py  9.7x 1(® 0.68 6.6x 10° 2.3x 10° 1.2x 10
C70/2-NOH 7.1x 10° 0.26 1.8x 10° 2.6 x 1(°
C7o/2-NOH/Py 8.4x 10 1.00 8.4x 10° 2.6 x 10° 4.3x 10¢
Ci/2,3-N(OH)  2.9x 10° 0.49 1.4x 10° 1.6x 101
C70/2,3-N(OHY/Py 1.2x 1¢° 1.00 1.2x 10° 5.2 x 10'° 9.8 x 10*
Cr/2,7-N(OH) ~ 9.8x 10f 0.32 3.1x 10° 3.2x 10°
C70/2,7-N(OHY/Py 1.0x 1¢° 1.00 1.0x 10° 7.9x 10° 2.6 x 10
C70/BN(OH), 8.5x 10° 0.23 1.9x 10° 2.3x 10°
C7;/BN(OH),/Py  1.2x 1®° 0.60 7.2x 10® 5.0x 10° 1.2x 10

aEach value conatins estimation error5%. @ Thek, values were
evaluated from the decay &€s*/3Cr*. ° ket = ky®e', ©ea = 12000
M-t cm ! at 1070 nm for G, **? andea = 4000 Mt cm™* at 1380
nm for G¢~.16 er = 16100 Mt cm™t at 740 nm for*Cec*,*®ander =
6500 Mt cm™* at 980 nm for®Cyg*. 1316
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Figure 5. Dependence of [§~]/[3Csc*] on [BN(OH),] and [2-NOH]
in the absence and presence of Py (0.5 M) in Ar-saturated benzonitrile.

good agreement with the correspondikgvalues within the
experimental errors.

The efficiency of electron transfer viCso or 3C7o° can be
estimated by the quantity Eg~1/[3Cec*] (or [C7¢~)/[3C7¢*]) as

El-Kemary et al.

in the acceptor abilities betweersgaand Gy, the @’ values
of Cyp are slightly higher than those ofggfor both BN(OH)
and 2-NOH in the absence of Py, suggesting thaisa slightly
stronger acceptor thans§&

The rate constant for electron transfkg)(can be evaluated
from the relation ket = ®e'kq.2217 In the presence of Py, the
ket values increase by a factor of ca. 1000 compared with those
in the absence of Py. Thky values in the presence of Py
(Table 1) are slightly smaller than the diffusion controlled limit
(kgitt = 5.6 x 10° M~1 s71in benzonitrile)!8 In the absence of
Py, theke; values for all the naphthol donors are similar ((t.4
3.5) x 1® M~1s71). In the presence of Py, on the other hand,
theke; values for BN(OH) and 2-NOH ((7-8) x 18 M~1s71))
are smaller compared with those for N(QH)((1.0—1.5) x
10° M~ s71). This further supports that N(OK$ become
stronger electron donors than 2-NOH and BN(@H) the
presence of Py.

From these observations, three types of description by
equations are possible for the interaction between NOH'’s and
Py in the neutral and ion radical states, as described below.
Equation 2 considers the interaction with NOH and Py to be
weak, leaving the proton of NOH still near the O-atom. Equation
3 represents a strong interaction between the proton of NOH
and the N-atom of Py, moving the proton to the Py side.
Equation 4 shows a weak interaction before electron transfer,
but strong interaction after electron transfer.

3Ceo°Crt + NOH—qu)%» Ces /Cre~ + NOH =Py

)

3C,1°C, " + NO™—PyH' % Cog /Crg™ + NO'—PYH"
et (3)

%Ceo*/°Crpt + NOH—Py% Ceo /Co~ + NO'—Psz |
et 4

Since the characteristic absorption due toNgd not appear

on mixing NOH with Py, the strong interaction like N©PyH"
(equation 3) is not necessary to take into consideration. As
shown in Figure 3, the transient spectra in the shorter wavelength
region (306-400 nm) display new absorption bands at 350 and

evaluated by the maximal and initial absorbances and reported390 nm due to the naphthoxy radical interacting with Py like

ea ander, which refer to molar extinction coefficients o6&

or Cz¢~ and3Cgo* or 3Cgg*, respectively*1-16 In Figure 5,
the ratios of [Gy~]/[3Cso’] are plotted against [BN(OH) or
[2-NOH] in the presence and absence of Py in benzonitrile. The
efficiencies increase with [BN(OH)) or [2-NOH] reaching a
plateau, from which the quantum vyieldbg") for electron
transfer via’Cgo” was estimated (Table 1). Th values for
Cyowere obtained similarly. In the absence of PysofQ/[3Cso']

and [G¢J/[3C70] reach plateaus at higher concentrations of
NOH'’s, more than 20 mM; thé¢ values are less than 0.23
for Cso and 0.26 for Go. In the presence of Py, thke values
increase by a factor of ca. 5. For botlo@nd Go, the @
values of BN(OHj) are lower than those of 2-NOH by a factor
of ca. 0.6, which is particularly interesting in regard to molecular
structure of donors. A possible explanation of this observation
is that the approach of perpendicular BN(QHY almost
spherical fullerenes is hindered, while planar 2-NOH easily
contacts the fullerene molecules in the excited statesthe
absence of Py, thé¢ value for Go¢/BN(OH), is lower than
that for Gso/2-NOH. The®¢," values for GyN(OH),'s are higher
than those for @/2-NOH and Go/BN(OH),. As for difference

as BN(OH)(0)—PyH" 819 along with the decay 0¥Cso* in
this region. In the case of 2-NOH in the presence of Py, a sharp
absorption peak appeared at 350 nm after the decagqgf,
which is assigned to 2-NGPyH".8219Thus, eq 4 seems to be
more appropriate representations than equation 2.

From the RehmWeller relation, free energy of electron
transfer AG®) for the systems witlket = (1.1-3.5) x 1° M~
s1 can be estimated to be ca. 10 kcal/ffoDn addition of
Py, theke values increase up to (0.64.5) x 10° M1 s,
suggesting thahG° becomes more negative tharll0 kcal/
mol.2! This indicates that the oxidation potentials of NOH’s are
decreased by 20 kcal/mol on addition of Py, which is in
agreement with the observation by Biczok etfalhis suggests
that Py attracts proton from NOH'’s, resulting in the increase in
the electron-donating ability of NOHPy.

The contribution of the singlet states offC70 (*Ce*/ 1C7¢%)
to Cs0~/C70~ formation need not to be considered, because the
rise of G~ is slow, as shown in the inserts of Figures 2 and
3.

Solvent Effect on Photoinduced Electron Transfer.In a
less polar solvent such as a mixture of benzene and benzonitrile
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Figure 6. Decay profiles over long time scale of in the presence

of equimolar BN(OHY)'* in benzonitrile; (a) in presence of Py (0.5 M)
and (b) in absence of Py. Inset: (a) First-order plot in the presence of
Py and (b) second-order plot in the absence of Py.

(1:1 in volume), the transient absorption spectra fgyKIOH’s/

Py or GoY/NOH’s/Py are similar to those in neat benzonitrile.
The @ values andk values are similar to the corresponding
values in benzonitrile. In the absence of Py, on the other hand,
the decays 0fCg0*/3C7¢* and rises of Gg~/C¢~ are too slow

to observed clearly, suggesting that thevalues are far less
than those in benzonitrile. This is reasonable on the basis of
the Rehm-Weller curve?®in which theke values for fullerenes/
NOH’s/Py with sufficiently negativeAG® are less sensitive
toward a decrease in solvent polarity than those for fullerenes/
NOH'’s with positive AG®.2!
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Figure 7. Steady-state photolysis in the WWis region of deaerated

benzonitrile solution containinge¢g (0.2 mM) and BN(OH)2 (3 mM)
with light of | > 330 nm in the presence of Py (0.5 M).

In the latter stage, this type of complex may dissociate in to
the free ion radicals; thus, the later part of the decay is consistent
with the second-order back electron transfer in the absence of
Py (see thég,.£"values in Table 1). Comparing the.tstvalues
of BN(OH), with those of 2-NOH and N(OH) the former is
smaller than those of the latter (Table 1). This supports the
conclusion that the ion pairs produced from fullerenes/BN@DH)
Py are looser than those of others due to the perpendicular two
OH groups.

In the case of 2,3-N(OH)the ky,e£" values are larger than
kairr for both Gsp and Gy in the presence and absence of Py,
which suggests thatgg™ and G¢~ are interacting with (2,3-

In nonpolar solvents, such as benzene, neither the rise of N(OH),)*" or more precisely with (2,3-N(QO°—(PyH"),). This

Cs0"/C70~ nor the decay ofCgg*/3C7g* was observed on the
addition of BN(OH) or 2-NOH, even in the presence of Py,
indicating that electron transfer i&s0*/3C7¢* does not occur.
Back Electron Transfer. Figure 6 shows the time profiles
of Cgo"~ on the long-time scale; dg~ begins to decay slowly
after reaching each maximal concentration at-80 us. This
decay can be attributed mainly to the back electron transfer from
Ceo"~ to BN(OH)™, because extra reactions such as an adduct
formation were not observed by repeated 532 nm laser irradia-
tion of Cso/C7o in solutions containing BN(OHJ2-NOH and
Py. The back electron-transfer rate constarkigé(?) were
evaluated from the decay time profiles 0§sC/C7¢"~, which

type of interaction is characteristic to vicinal diol (2,3-N(Q};)
but not distant diol (2,7-N(OH) and perpendicular diol (BN-
(OH)y).

Steady-State PhotolysisWhen Go was selectively excited
with 1 > 400 nm in the presence of BN(OHand Py (0.5 M)
in deaerated benzonitrile, no spectral change was observed in
steady-state UV/vis spectra. BN(O#f) (or BN(O)O'—
(PyH"),) produced by electron transfer Vi@sg* may return to
BN(OH), by back electron transfer with equimolagf. On
the other hand, when short wavelength light{ 330 nm) was
used to excite both & and BN(OH}), a spectral change was
observed as shown in the steady-state-¥i6 spectra (Figure

obey second-order kinetics in the absence of Py. From the slope7). An increase in the absorbance at 434 nm clearly suggests a

of the second-order plot in the inset of Figure 6, kgg?"Yea
value was evaluated. Thie£" values were evaluated by
substituting the reporteds values as listed in Table 1. In
benzonitrile, thekye" values are close to the diffusion
controlled limit kgir = 5.6 x 10° M~1 s71 in benzonitrile)!®

Cso-adduct formatior??23 In order to disclose the adduct
structure, the CD spectra were measured after 90 min irradiation
of a deaerated benzonitrile solution afy@nd an optically active
BN(OH), in the presence and absence of Py. However, no-CD
signal was observed, which suggests that the adduct does not

which also supports that the solvated ion-radicals encounter afterinclude an optically active BN(OH)moiety. Probably, the

moving freely in the polar solution in the absence of Py
(equation 5).

. 2nd
[ NoH] + 4 Ket

solvated

[Cso] NOH + G

solvated (5)

In the presence of Py, an interesting observation is that the
initial part of the decay of g /C;¢"~ obeys first-order kinetics,

adduct is HCg. The structure analysis of the adduct by mass
spectra was complicated, because of low yield. These findings
indicate the importance of the direct irradiation of BN(QH)
from which H-atoms are generated followed by the addition to
Cso- Surprisingly, no adduct formation was observed fop C
even by the direct irradiation of NOH'’s.

Conclusions

whereas the latter part seems to obey second-order kinetics

(Figure 6). This suggests that the initial stage of back electron
transfer takes place within the ion palralthough benzonitrile

is polar enough to solvate the ion radicals, Py plays a role to
connect Gy /Cz¢~ with NOH" as schematically illustrated
below:

solvated + [Cw] s’ol‘valcd + Py (6)

The efficiencies and rate constants of photoinduced electron
transfer from 2-NOH, N(OH)s and BN(OH}) to the excited
triplet states of fullerenes were greatly increased on addition of
Py. In both the presence and absence of Py,®ké values
were decreased on going from planar 2-NOH and N@QH)
perpendicular BN(OH) Addition of Py affects the mechanism
of back electron transfer, suggesting that Py (or Pyplays a
role of bridging G¢"~/C7¢"~ with NOH** (or NO'—PyH™).
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