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Photophysical and photochemical properties of the singlet and triplet excited states of monochloropentaphe-
nylfullerene [Go(CsHs)sCl, MCPPF] have been characterized in two different solvents, benzene and benzonitrile,
using two complementary transient absorption techniques, namely picosecond laser flash photolysis and
nanosecond electron pulse radiolysis. Sing#étglet and triplettriplet absorption spectra have been recorded.

The quantum yield of triplet formationp¢ = 0.45+ 0.05) and the intrinsic lifetime of the triplet & 100

4+ 10 us) have been determined. Apart from the intrinsic decay of the triplet to the singlet ground state,
another two processes, namely-T annihilation and quenching by the ground state, make important
contribution towards the overal triplet decay rate. Weak charge transfer (CT) complexes are formed between
MCPPF and the electron-rich amines diphenylamine (DPA) and triphenylamine (TPA) in benzonitrile solution.
On laser excitation, the CT complex undergoes charge separation, but the radical ions undergo very fast
geminate recombination to form the triplet state of MCPPF.

Introduction Laser Flash Photolysis. For picosecond laser flash pho-
) ) ) tolysis experiments, the second (532 nm, 5 mJ) or third (355
The unique structure and properties of the newly discovered nm, 3 mJ) harmonic output pulses of 35 ps duration from an
fullerene [Go], its availability in macroscopic quantities of  active-passive mode-locked Nd:YAG laser (Continuum, Model
ultrahigh purity, and its possible applications have created 501-c-10) used for excitation and continuum probe pulses in

immense interest in the preparation of newer derivativéShe the 400-920 nm region were generated by focusing the residual
functionalization of fullerene has been developed rapidly, and fyngamental in the KD/D;O mixture (50:50) The probe was
a large number of g derivatives have been synthesiZeé? delayed with respect to the pump pulse gsinl mlong linear

Many of these derivatives have promising applications in motion translation stage, and the transient absorption spectra at
n_onl_|r_1ear optics, opto_electromc_s, and b|olqg|cal sciences. A (ifferent delay times (up to 6 ns) were recorded by an optical
significant difference in the optical absorption spectra of the mytichannel analyzer (Spectroscopic Instruments, Germany)
functionalized fullerenes reflect the change in their electronic jnterfaced to an IBM-PC. At the zero delay position the probe
structure from that of the parent fulleretie’® Consequently,  |ight reaches the sample just after the end of the pump pulse.
the photophysical and photochemical properties of the func- Transients surviving beyond 50 ns were studied by monitoring
tionalized fullerenes too are expected to be affected significantly. thejr absorption using a tungsten filament lamp in combination
Therefore, to find possible applications for these derivatives in \ith a Bausch and Lomb monochromator (f/10, 38O nm),
different fields of science, it is important to have a detailed Hamamatsu R 928 PMT, and a 500 MHz digital oscilloscope
understanding about their photophysical and photochemical (Tektronix, TDS-540A) connected to a PC.

prope.rties. With.this objective, the phqtc;physical and photo- ~ p e Radiolysis. High-energy (7 MeV) electron pulses of
chemical properties of recently syn.thes&enhono'chlo.ropen- 50 ns duration generated from a linear electron accelerator were
taphenylfullerene (MCPPF) are being reported in this paper. seq for pulse radiolysis experiments. The details of the pulse

radiolysis setup have been described elsewHeiEhe transient
Experimental Section species produced were detected by monitoring the optical
. o . bsorption. The absorbed dose was determined by using the
Spectroscopic grade benzene and benzonitrile were obtaine erated KSCN solution with &= 21 520 drd mol-t cm-2 for
from Spectrochem, India and were used without any further 1 5q e/ of apsorbed dose (t@value is the number of radicals
purification. MCPPF was prepared at the School of Chemistry, or molecules produced per 100 eV of absorbed energye @nd

Physics and Environmeqtal SCieF‘.Ce' 'Unversity of Susse'x, UK the molar absorptivity at 500 nm for the transient (SEN)
The method of preparation, purification, and characterization

of it has been reported elsewhéreAll other chemicals were
of Analar grade purity. lolar gradeJNIndian Oxygen, 99.9%
purity) was used to deaerate the samples prior to pulsed Steady State Studies.Figure 1 shows the optical absorption
experiments. Steady state optical absorption spectra werespectrum of MCPPF in cyclohexane. It exhibits a broad

Results and Discussion

recorded on a Hitachi 330 spectrophotometer. absorption band in the region 26@00 nm with two peaks at
232 and 255 nm and shoulders at 340 and 390 nm. The
* To whom correspondence should be addressed. absorption spectrum of g in cyclohexane has also been
lghabha_ Ato;‘néc Research Centre. provided in Figure 1 for comparison. The absorption peaks of
nlverS|ty (o) ussex.
8 Also affiliated as the Honorary Professor with the Jawaharlal Nehru Ceo at 213, 260, 330, and 405 nm are very sharp as compared
Centre for Advanced Scientific Research, Bangalore, India. to the broad absorption bands of MCPPF in the UV region. In
® Abstract published irdvance ACS Abstractuly 1, 1997. the 450-600 nm region, G shows a broad low-intensity
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Figure 1. Optical absorption spectra of MCPPF (1) angh @) in
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Figure 3. Transient optical absorption spectra obtained on laser flash
photolysis (a) and pulse radiolysis (b) of a-hturated solution of
MCPPF in benzene.

The characteristics of the transient species of MCPPF were seen
to remain unchanged in different solvents (e.g. benzene,
benzonitrile) and at different excitation wavelengths (eg 355,
532 nm). The molar absorptivity 3MCPPF at 880 nm was
determined by comparing its absorbance with that of the
benzophenone triplet at 525 nm in acetonitride= 6500 +
400 dn? mol™* cm™1) formed on photoexcitation of their
solutions with the same ground state absorbance at 355 nm.
Under these conditions, the molar absorptivity!MICPPF at
880 nm was determined to be 90801000 dn¥ mol~t cm™1.,
The molar absorptivity of the g singlet in benzene at 885 nm
has been reported to be 6300 dmol~! cm~1.18

Figure 3a shows the transient optical absorption spectrum
obtained by laser flash photolysisle{ = 355 nm) of a
N,-saturated solution of MCPPF (8.5 1075 mol dnv3) in
benzene recorded 200 ns after the laser pulse. It exhibits a broad
absorption band withhmax= 670 nm. The entire spectrum was
observed to decay by following first-order kinetics (a detailed
analysis of the kinetics is provided later). Confirmation that
the spectrum is due ®MCPPF has been obtained by complete
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guenching of its absorption in the presence of oxygen and also

by p-carotene leading to the formation of the triplet of
Figure 2. Transient optical absorption spectra obtained on laser flash g-carotene (see later).

photolysis fex = 355 nm) of a N-saturated solution of MCPPF in - . .
benzene at 0 ps (curve 1) and 6 ns (curve 2) after the laser pulse. Insek By Pulse Radiolysis. The_ trlpllet state of a solute an qlso
e generated on pulse radiolysis of a$aturated solution in

shows the decay of the transient absorption monitored at 880 nm. ’ ] - .
benzene. The radiolysis of benzene produces its triplet of very

absorption band. However, MCPPF has negligible absorption high energy (353 kJ mot) and with high yielct* The triplet
in this region only with a tail extending up to 600 nm. Also it State of benzene can transfer its energy to that of another solute
is important to note that the absorption coefficient of MCPPF having Er < 353 kJ mof*, generating the triplet state of the
has been reduced Considerably Compared to that @f C latter. Pulse radiolySiS of aj\Baturated solution of MCPPF
throughout the wavelength region 20650 nm. Hence itis (9.5 x 107 mol dm3) in benzene (doses 47 Gy per pulse)
evident that the electronic structure of the paregfr@olecule  Showed a transient absorption band withx = 670 nm (Figure
has been considerably distorted due to substitution. 3b). The transient absorption was seen to be efficiently

Formation of Excited States. By Laser Flash Photolysis. ~ duenched by oxygen. Although this transient spectrum is very
Curve 1 in Figure 2 represents the transient absorption spectrumsimilar to that obtained by laser flash photolysis of MCPPF in
obtained on laser flash photolysis of a-Baturated solution of ~ Penzene in the 556750 nm region, the former shows an
MCPPF in benzene, immediately after the 35 ps laser pulse ofincreased absorption below 550 nm. This might be due to
355 nm. This spectrum may be assigned to the singieiglet formation of some adducts, which could not be characterized
(S1 — S.) absorption of MCPPF. It shows very broad overlap- at present, by high-energy electron irradiation.
ping absorption bands extending throughout the visible to near Energy Transfer Studies. The conclusive evidence for the
IR region (456-900 nm), which can be compared with that of formation of a triplet state has been obtained by energy transfer
the excited singlet state of¢g!8-21 However, in the present  to or from a known triplet which is already well characterized.
case the singlet spectrum is broader than thatggf. CTime- Energy Transfer frodMCPPF toS-Carotene. 5-Carotene,
resolved studies showed a growth of the transient absorption atwhich is known to have zero intersystem crossing yield due to
670 nm and a decay in the region 79820 nm. Curve 2 in direct photoexcitation, forms the triplet statBr(= 88 kJ
Figure 2, which shows the spectrum obtained at 6 ns after themol=%) only by T-T energy transfer from another triplet of
laser pulse, can be provisionally assigned to the lowest excitedhigher energy® Also the T-T absorption of the3-carotene
triplet state of MCPPF3MCPPF). The decay of the transient triplet has a very high molar absorptivity (1:310° dm® mol~!
absorption was monitored at 880 nm, and the lifetime of cm™2) at 515 nn#324 On laser flash photolysis of aMaturated
IMCPPF obtained was 1.6 0.2 ns (inset of Figure 2). The solution of MCPPF (4x 1074 mol dnm3) in benzene, the
absorption maxima o!MCPPF is seen to be blue shifted by transient absorptioni(= 670 nm) was observed to decay faster
ca. 70 nm as compared to that of the triplet state gf'€22 on addition of3-carotene (4x 107 mol dnr3). Simulta-
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Figure 5. Transient optical absorption spectrum obtained on pulse
radiolysis of a N-saturated solution gi-terphenyl (1x 102 mol dnm3)
containing MCPPF (2« 107 mol dn13) 15 us after the pulse. Inset
shows the growth ofMCPPF monitored at 670 nm.
Time/ us
iphenyl tripl SMCPPF w rmin 21
Figure 4. T—T absorption decay on pulse radiolysis pferphenyl gr$13 ?nglfi S‘ift to°MC as dete ed to be 52 1%
(1 x 102 mol dm™3, 2 = 460 nm) in the presence of 0 (a), 0.3 (b), . )
0.8 (c), 1 (d), and 2« 104 mol dnm () MCPPF. Inset shows the The triplet state of anthracene has an energy level of 178 kJ
variation ofkepswith the concentration of MCPPF used in the quenching mMol™ (A = 430 nm,e = 71500 dni mol~* cm™?%).224 No
experiment. transfer of energy from the pulse radiolytically generated triplet

of anthracene tSMCPPF or vice versa could be observed by

neously, the absorption at 515 nm, which is characteristic of us. This suggests that the triplet energy level of MCPPF is
the triplet state of3-carotene, was observed to grow. These close to 178 kJ mol, which is slightly higher than those of
studies suggest that the 670 nm band (Figure 3), formed onCso and Go (151 and 148 kJ mol).
laser flash photolysis of MCPPF in benzene, is due to its triplet  Quantum Yield of SMCPPF. Using the values of extinction
state and that its energy level is higher than thgt-carotene. coefficient for singlet and triplet absorptions at 880 and 670

The molar absorptivity GIMCPPF at 670 nm was determined "M, respectively, the quantum yield of triplet formation can be
from the energy transfer experiments following the method €asily calculated by comparing their absorbance values at these
suggested by Amouyal et #. The value was found to be WO wavelengths, as shown in Figure 2. The quantum yield
25 000 drd mol~ cm1 after applying the necessary corrections vValue was determined to be 0.450.05. The absorbance of

for the participation of other processes apart from the energy "MCPPF at 670 nm, formed on pulse radiolysis ofaditurated
transfer proces® solution of MCPPF (8.6< 105> mol dn3) in benzene at various

The energy transfer {6-carotene from the pulse radiolytically de?;\j CrSIf:) \Evzt:)slgglc(jlitggrtopt:jésg)a,isvgagz determined, and
produced triplet state of MCPPF was also investigated in-a N Decay Kinetics ofMCPPE. The déca i(inétics AMCPPE
saturated benzene solution of MCPPF, and the molar absorp- y ’ y

. . 1 was seen to be extremely sensitive to the concentration of
t'VIt_yl at 670 nm has been determined to be 20 006 drol MCPPF used and also to the laser intensity used for excitation,
cmLThe value is in reasonably good agreement with that

determined from laser flash photolysis experiments, and an"€ the concentration oPMCPPF produced. Hence it is

o expected that, in addition to the normal first-order decay of
average value of the molar absorptivity®CPPF can be taken 4 :
as 22 000L 2500 dnf mol- cm-L. Hence the molar absorp- MCPPF to the ground state (eq 1), other possible processes

e . . . contributing to the decay cMCPPF might be triplettriplet
tivities of both the singlet and triplet states of MCPPF are higher P :
than those of & (6300 and 12 000 dfmol% cm-L, respec- annihilation (eq 2) and quenching of ttd CPPF by the ground

tively).12 state MCPPF (eq 3).

Energy Transfer to MCPPFThe energy transfer processes 3 ke
from the triplet state of higher energy donors, epgterphenyl MCPPF— "MCPPF (1)
(Amax = 460 nm,er = 90 000 dnd mol~t cm™, Er = 244 kJ K
mol~1) and biphenyl fmax = 360 nm,er = 27 100 dni mol-1 *MCPPF+ *MCPPF— 2'MCPPF (2)
cml, Er = 274 kJ mot?),2324 to SMCPPF have also been
studied. The triplets gb-terphenyl or biphenyl were generated 3MICPPF+ 1MCPPFE 2'MCPPF A3)

on pulse radiolysis of a Nsaturated solutions in benzene. For

these studies, the concentration of the donor was kept>at 1  The rate constants for-IT annihilation kr7) and self-quenching
102 mol dnm2 and that of the acceptor MCPPF was varied (krs) have been determined as follows:

from (0—2) x 1074 mol dnT3. Under these conditions, only The self-quenching rate constaktd) for the photolytically
the triplets of the donors were initially produced, which in turn  generatedMCPPF was determined by monitoring its decay at
transferred energy to the acceptor. The decay of the donor triplet670 nm for various concentrations of MCPPF [(8&6) x 10-°

was monitored as a function of MCPPF concentration. The mol dm 3] using the same laser energy for excitation. The life
pseudo-first-order decakdg of thep-terphenyl triplet became  time of 3MCPPF increased from 13.1 to 6% when the
faster as the concentration increased (Figure 4), suggestingconcentration of MCPPF was reduced from &610°5 mol
energy transfer froni(p-terphenyl) to®MCPPF. The energy  dm3to 0.5x 1075 (Figure 6). The rate constants thus obtained
transfer rate was determined from the plotkgfs vs MCPPF were plotted against the concentration of MCPPF (inset of
concentration (inset of Figure 4), and the value was calculated Figure 6). The quenching rate constaktsf thus determined,

to be 6.1x 10° dm®mol~ts™%. Time-resolved spectrarecorded from the slope of the least square fit line, was %.8.0° dm?

at 15 us after the pulse showed the formation CPPF mol~* st The value of the rate constant obtained by
(Figure 5).The rate constant for energy transfer from the extrapolation of the least square fit line up to zero concentration
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Figure 6. Decay traces for the transient absorption due to the triplet Fi 7 Ti ved . ical ab . btained
monitored at 670 nm with a MCPPF concentration of @.805 (1) igure 7. Time-resolved transient optical absorption spectra obtaine

and 8.6x 10-5 mol dnT3 (2). The inset shows the plot of the observed O 1aser flash photolysis of MCPPF (6:510“ mol dm™) + TPA (1

triplet decay rate vs the concentration of MCPPF. mol dnT?) in benzon_itrile fecorded ato (1), 66 (2)’ and 900 ps_(3)
after the pulse. The inset is the transient absorption decay monitored

at 880 nm (a) and 670 nm (b).
of MCPPF was found to be 0.9 10* s, which can be taken @ ®)

as the value okr, the triplet decay rate constant. The inverse
of kr should be the actual lifetime & 110us) of SMCPPF in 0.625 dnf mol-L, respectively for the MCPPFDPA complex.

the absence of reactions 2 and 3. Similar studies have been carried out with triphenylamine (TPA)

The triplet-triplet annihilation rate constantk{f) was as the donor, and the values @y andK are 9.3x 10 dm?
determined by monitoring the decay WICPPF as a function  mol-1 cm~1 and 0.3 dri mol2, respectively. In benzene, the

of laser pulse energy at a fixed concentration of MCPPF (8.6 changes in the absorption spectra of MCPPFE on addition of DPA

These values are found to be 4.6710° dm® mol~t cm~1 and

x 107° mol dm9). The concentration ofMCPPF initially  or TPA were very small. The charge separation is facilitated
formed was determined by comparing the absoit;ancialof thepy the higher dielectric constant of benzonitrile, and therefore,
benzophenone triplet at 525 nm £ 6500 dnf mol~* cm™) the relatively stronger complex is formed in benzonitrile rather

with that of SMCPPF at 670 nm formed on photoexcitation of than in benzene.
their solutions with the same ground state absorbance at 355
nm. The lifetime ofMCPPF increased from 12.4 to 21u2
when the®MCPPF concentration decreased from &.1076 to
1.3 x 10°° mol dnm3. The value okt thus determined from

Time-Resolved Studies. The dynamics of charge transfer
in the excited CT complex was investigated by picosecond laser
flash photolysis on excitation at 532 nm, which does not excite
. the amine directly. Biphotonic ionization of these amines was
the slope of the Ilnt_aar plot of the observed rate constant vs ;o4 avoided by keeping the laser energy low. Blank experi-
*MCPPF concentration was % 10° dm® mol™* s+ . ments with the solutions containing only amines in benzonitrile
The self-quenching rate constaktd) for the pulse radiolyti-  \ere also performed under similar conditions to ensure that

cally (dose= 52 Gy per pulse) generateMCPPF was  cation radicals were not formed via biphotonic ionization of
determined by monitoring the decay ®ICPPF at 670 nm for  the amines.

various concentrations of MCPPF [(%9.0) x 10-5mol dnv3].
The value ofkrs and the lifetime were determined to be X8
108 dm® mol~! s~ and 95us, respectively. The triplettriplet
annihilation raterr) was determined to be s 10° dm® mol—!

Figure 7 shows the time-resolved transient absorption spectra
obtained on picosecond laser flash photolysis of the MCPPF
TPA complex. The spectrum recorded immediately after the
1 laser pulse (curve 1) was seen to be different from that obtained
s™'in the dose rate range 2463 Gy per pulse. The values of g 556r flash photolysis of MCPPF in benzonitrile solution.

krs, krr, and the intrinsic lifetime «) determined in pulse e former, in spite of its broad feature, can be characterized
radiolysis and Iasgr flash photolysis experiments are in reason-p, 1o distinct bands with maxima at ca. 670 and 880 nm. The
able agreement with each other. transient absorbance at 880 nm was seen to follow first-order
Formation of Charge Transfer Complexes. Steady State  kinetics with a lifetime of 130+ 25 ps to decay to a longer
Studies. The optical absorption spectrum of MCPPF (107 |ived transient species (curve a in the inset of Figure 7). This
10~ mol dm3) in benzonitrile showed increased absorption jifetime value is much shorter than the lifetime (1.6 ns) of the
in the region 356-550 nm on addition of 1 mol dn? singlet state of MCPPF. Hence the red band can be assigned
diphenylamine (DPA). DPA in benzonitrile has very little ejther to !MCPPF* being quenched by TPA or to the anion
absorption att > 400 nm. G, which has a high electron  radical of MCPPF (MCPPF), which undergoes geminate
affinity (2.6—2.8 eV)?°is known to form a charge transfer (CT)  recombination with its counterion, TPA formed due to charge
complex with electron-rich amines in the ground stdte. separation in the excited state of the CT complex. However in
Therefore, the increased absorption on addition of DPA may the |atter case we should observe the absorption due to*TPA
be due to the formation of a ground state CT complex (eq 4) too. The absorption spectrum of free TPAs known to have
between MCPPF and DPA. Considering the formation of a 1:1 3 maxima at 620 nm in benzonitrile soluti#h.However, in
complex in the ground state, the Benekiildebrand equation  our earlier studies on the charge separation process ingthe C
was applied to determine the molar absorptivitija) and the  TpA complex, we have observed an absorption peak due to the

equilibrium constantK) for the complexDA.28 Ceo—TPA** radical ion pair in benzonitrile at ca. 660 r#h.
Hence the absorption peak observed here at 670 nm, which is
MCPPF+ DPA— MCPPE ™ —DPA’" (4) ca. 50 nm red shifted with respect to the absorption maximum

(A) (D) (DA) of free TPA™, can be assigned to TPAin the radical ion pair
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to be higher for MCPPF than that o§& These properties along
with the very long lifetime £100us) of the triplet promise its
use as an important material for the optical limiting switch which
is currently being investigated in our laboartory. We have also
investigated its electron transfer reactions with electron-rich
aromatic amines, which have not been siginificantly affected
due to substitution.
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