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Two new pyrrolidinofullerenes] and2, have been synthesized, and their photophysical properties have been
investigated. The pyrrolidinofullereriehas three phenyl groups attached to the 1, 2, and 5 positions of the
pyrrolidine ring. The pyrrolidinofullerene, on the other hand, has a flexible attachment with an
N-methylaniline end group and is the prototype of a fullereariline dyad. Singlet and triplet excited-state
properties of these two functionalized fullerene derivatives have been examined with picosecond and nanosecond
laser flash photolysis. The singlet and triplet excited states of these fullerenes exhibit characteristic absorption
bands in the vis-IR region of the spectrum. The functionalization gfvith pyrrolidine groups shift the
excited-state absorption maxima to the blue. Three different quenchgr§EMPO, and ferrocene, are
employed to investigate the reactivity of triplet excited states. The bimolecular quenching rate constants
determined for these quenchers were in the range ofx61¥P to 7.7 x 10° M~ s'.. The excited-state
interactions of these functionalized fullerenes are compared to thagof C

Introduction CHART 1

Design of covalently linked donetracceptor systems, which
can mimic photosynthetic reaction center and generate long-
lived radical pairs, employing photoinduced electron-transfer
reactions are of considerable interest (see for example;18f.1
The efficiency of charge separation and recombination in such
systems can be conveniently tuned by varying the redox
properties of the donor as well as the acceptor and also the
distance between them. The remarkable photophysical proper-
ties of fullerened;8 particularly their ability to undergo
multistel® 11 reduction, make them ideal acceptors for designing
such molecular dyads. 1 2

Fullerenes form charge-transfer complexes with electron ) )
donors such as aromatic ami#&35 but undergo nucleophilic ~ €lectrode materiaf® Photoinduced electron-transfer processes

addition reactions with aliphatic aminé&17 The free energy ~ IN Ceo-based dyads containing donors such as ferroéene,

change, calculated for electron transfer fibghi-dimethylaniline ~ Porphyrin?>?®and carotenoid etc. have also been reported
to 1Csp and3Cep, indicates that this is an energetically favorable N the literature. In this paper, we report the synthesis and the
processAG = —18.2 and—9.8 kcal mot?, respectively). The detailed investigation on the photoinduced electron transfer of

intermolecular photoinduced electron transfer in this system has@ novel Go derivative2 (Chart 1), covalently linked to aniline
been investigated by various grous151819using transient through_a semiflexible chgln. Thesg r_esults are compa_red with
absorption studies. More recently, Williams et?®#! have ~ the excited-state properties of a similar compouhdwhich
studied the intramolecular electron-transfer processesgin C  has three phenyl substituents on the pyrrolidine ring. The
aniline dyads possessing rigid spacers. Preliminary results onintermolecular electron-transfer studies betw&emdN,N-di-

the photophysical and electrochemical studies of a féw  Methylaniline (DMA) are also presented.
phenylpyrrolidinofullerenes, prepared through the 1,3-dipolar ) i

cycloaddition of azomethine ylides tog have been com-  Experimental Section

municated in a recent communicatith.Similar pyrrolidine Methods. All melting points are uncorrected and were
derivatives of Go have been used to modify Sp@lectrodes  determined on a Aldrich melting point apparatus. IR spectra
for the purpose of developing photoelectrochemically active \yere recorded on a Perkin-Elmer model 882 IR spectrometer
and the U\~visible spectra on a Shimadzu 2100 or GBC 918

T Also at the Radiation Laboratory, University of Notre Dame, and the spectrophotometer.'H NMR and 3C NMR spectra were
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore 560recorded on either a JEOL EX-90 or Varian VXR 500S
064, India (E-mail: ltrd.ren.nic.in).

¥ E_?n';i‘lf GTﬁ'i@m\;%%ﬁf :;dr_n&?:dﬂ'_c ™) spectrometer. Mass spectra were recorded on a JEOL JMS AX

8 E-mail: KAMAT.1@ND.EDU or http:/iwww.nd.edu/pkamat. 505HA mass spectrometer. The emission spectra were recorded
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SCHEME 1 NMR (CDCl;) 6 6.62-6.82, 6.9-7.82, and 7.9-8.02 (34 H,
CeHs m, methine and aromatic). Anal. Calcd forgdzaN2: C,
& @CsHs 95.02; H, 2.71; N, 2.21. Found: C, 95.80. H, 2.51; N, 1.93.
CeHs~ N\ _CeHs A CgHs o H Ceo Mol wt calcd for GooHzsN2 (MH™) 1264; found, 1264 (FAB).
b a B o Further characterization of this bis-adduct was not done, and it
was not used in the present studies.
8 4 Synthesis of the Fullerene-Aniline Dyad (2). A mixture
SCHEME 2 of Cs0 (90 mg, 0.1.2 mmol), the aldehydd32 mg, 0.12 mmol),
o andN-methylglycine (11 mg, 0.12 mmol) in toluene (90 mL)
CoHeN 2 coen o, ot H was stirred under reflux for 10 h. The reaction was cooled,
CRCERAY — veMsT Y —p VeI / .
CH,CH,OH CH,CH,Br oHZCHro@Q\ and removal of the solvent under reduced pressure gave a solid
5 s 7 0 residue, which was chromatographed over silica gel 121D
mesh). Elution with petroleum ether gave 30 mg (33%) of the
e unchanged 6. Further elution with a mixture (2:3) of toluene
CH, and petroleum ether gave 48 mg (58%) of the fulleremailine
2 <ty cg' aH adduct,2, mp> 400°C. UV Amax (CHCl3) 256 nm ¢ 115 000),
306 (35 700); IRvmax (KBr) 2932, 2861, 1739, 1600, 1507,
?) PBs/ CHCh 1463, 1427, 1249, 1172, 1035, 825, and 744 trH NMR
b) KCO3/ p—HOCgH4CHO / acetone, reflux 12 h (CDC|3) d2.85 (3 H, s, NCH), 3.0 (3 H, s, NCH), 3.6-3.8 (2
€) CHaNHCHZCO,H / toluene, heat O~y Moy CHa H, t, NCH,) 3.95-4.25 (3 H, m, OCH and CH pyrrolidine
{

d) Cgg, heat CeHs

8

ring), 4.8 (1 H, s, CH), 4.95 (1 H, d, CH pyrrolidine ring), and
6.5-7.8 (9H, m, aromatic)**C NMR (CDCk), 29.71, 39.16,
39.97, 51.92, 65.15, 68.96, 70.98, 83.13, 112.04, 116.46, 125.29,

on SLM-8100 and Spex-Fluorolog, F112-X spectrofluorometers 128.2,129.03, 129.14, 129.26, 130.49, 135.74, 135.78, 136.53,
equipped with a 450 W Xe lamp and a Hamamatsu R928 136.77,139.59, 139.90, 140.11, 140.15, 141.53, 141.67, 141.83,
photomultiplier tube. The excitation and emission slits were 4 141 95 141.99, 142.03, 142.07, 142.12, 142.24, 142.54, 142.67,
and 1, respectively. A 570-nm long-pass filter was placed 142 97, 143.13, 144.38, 144.61, 144.69, 145.14, 145.22, 145.27,
before the emission monochromator in order to eliminate the 145.33, 145.47, 145.53, 145.77, 146.09, 146.124, 146.20,
interference from the solvent, and no corrections were applied 146 26 146.30 146.33. 146.51. 146.78. 147.29 148.84. 153.58
for the fluorescence spectra. Quantum yields of fluorescence 53 62 154.09 156.35. 158.70° exact mol wt caled for

were measured by a relative method using optically dilute CrsH2oN,0 (M*) 1002.1732l; found, 1002.1725 (FAB high-
solutions (absorbance was adjusted to 0.1 at 470 nm, and th . '

emission intensity was measured at 713 nmjy, dissolved in
toluene ¢ = 2.2 x 10~%) was used as referent®e.Spectroscopy-

grade solvents were used for all measurements, and the solution

were purged with argon before use.

Starting Materials. The fullero-1,2,5-triphenylpyrrolidine
1 was synthesized through the 1,3-dipolar cycloaddition of the
azomethine ylide4 with Cgo as shown in Scheme 1. The
azomethine ylide4 itself was generated through the thermal
ring opening of 1,2,3-triphenylaziridind. The starting tri-
phenylazirdine3,2° mp 99 °C, was prepared by a reported
procedure. @ was purchased from SES Corporation. Syn-
thesis of the fullereneaniline dyad2 was achieved through
the sequence of reactions shown in Scheme 2.

Synthesis of Fullero-1,2,5-triphenylpyrrylodine (1). A
mixture of Gso (72 mg, 0.1 mmol) an@ (27 mg, 0.1 mmol) in
toluene (40 mL) was refluxed for 6 h. The reaction mixture

&esolution mass spectrometry).

Preparation of N-Methyl-(2-bromoethyl)aniline (6). To

n ice cold solution oN-methylN—(2-hydroxyethyl)aniline§)

2.25 g, 15 mmol) in dichloromethane (20 mL) was added;PBr
(4.05 g, 15 mmol), dropwise over a period of 1 h. The reaction
mixture was further stirred at room temperature for an additional
period of 3 h. The solvent was removed, and the crude product
was chromatographed on silica gel (D0 mesh) using a
mixture (1:10) of ethyl acetate and petroleum ether to give 1.9
g (60%) of 6. IR vmax (neat) 2929, 1605, 1510, 1373, 1351,
1278, 1214, 1175, 1097, 1035, and 996 ¢mMH NMR (CDCly),

0 2.95 (3 H, s, NCH) 3.2-3.6 (2 H, t, NCH), 3.6-3.9 (2 H,
t, CHp), and 6.6-7.5 (5 H, m, aromatic)**C NMR (CDCk) 6

146.45, 127.74, 115.42, 110.41, 52.83, 36.90, and 26.87; exact
mol wt calcd for GH1,NBr (M**) 213.0153; found, 213.0142
(FAB high-resolution mass spectrometry).

was cooled, and removal of the solvent under reduced pressure Preparation of N-Methyl-N-{(p-formylphenoxy)-2-ethyl} -
gave a solid residue, which was chromatographed over silica@niline (7). A suspension of the bromidé,(0.27 g, 1 mmol),

gel. Elution with petroleum ether gave 20 mg (28%) of the
unchanged 6. Further elution with a mixture (1:4) of toluene
and petroleum ether gave 30 mg (42%) of the monoadtluct
mp > ,400°C. IR vmax (KBr) 1601, 1500, 1543, 1450, 1265,
696 cnTL; UV Amax (CHCI3) 257 nm ¢ 123 000), 312 (38 000);
IH NMR (CDCl3) ¢ 6.68-6.82, 7.1-7.4, and 7.727.84 (17

H, m, methine and aromatic). Anal. Calcd fogH:7N: C,
96.94; H, 1.73; N, 1.41. Found: C, 96.63; H, 1.73; N, 1.21.
Mol wt calcd for GgoHigN (MH™) 992.1439; found, 992.1460
(FAB, high-resolution mass spectrometry).

Further elution of the silica gel column with a mixture (3:7)
of toluene and petroleum ether gave 20 mg (28%) of a bis-
adduct, mp> 400 °C. IR vmax (KBr) 1602, 1569, 1487, 695
cmL; UV Amax (CHCI3) 252 nm € 92 000), 312 (36 000%H

p-hydroxybenzaldehyde (0.24 g, 2 mmol), and potassium
carbonate (0.28, 2 mmol) was refluxed in acetone (15 mL) for
12 h. The reaction mixture was cooled, filtered, and concen-
trated under reduced pressure. The residue was chromato-
graphed on silica gel (166200 mesh) using a mixture (1:10)

of ethyl acetate and petroleum ether to give 0.2 g (80%J. of

IR vmax (Neat) 2934, 2759, 1696, 1602, 1476, 1262, 1161, 1028,
and 798 cm?; 'H NMR (CDCl) 6 2.95 (3 H, s, NCH), 3.6—

3.8 (2 H,t, NCH), 4.0-4.3 (2 H, t, OCH), 6.4-7.9 (9H, m,
aromatic), and 9.8 (1 H, s, CHOY¥C NMR (CDCk) 6 190.37,
163.67, 148.69, 131.90, 130.17, 129.30, 116.45, 114.74, 112.24,
96.15, 65.69, 51.79, and 39.17; exact mol wt calcd faHz-

NO, (M**) 255.1259; found, 255.1266 (FAB high-resolution
mass spectrometry).
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Figure 1. Absorption spectra of dyad (trace a) and model systein
(trace b), in dichloromethane. Inset shows the changes in the long-
wavelength absorption band of dyadh dichloromethane on addition

of TFA. The concentrations of TFA were (a) 0 mM and (c) 25 mM.

Picosecond Laser Flash PhotolysisPicosecond laser flash
photolysis experiments were performed with 355-nm laser pulses
from a mode-locked, Q-switched Quantel YG-501 DP Nd:YAG
laser system (output 1.5 mJ/pulse, pulse widtt8 ps)3® The
white continuum picosecond probe pulse was generated by
passing the fundamental output through g0fH,O mixture.

The output was fed to a spectrograph (HR-320, ISDA Instru-
ments, Inc.) with fiber optic cables and was analyzed with a
dual diode array detector (Princeton Instruments, Inc.), interfaced
with an IBM-AT computer. Time zero in these experiments
corresponds to the end of the excitation pulse. All the lifetimes
and rate constants reported in this study are at room temperatur
(297 K) and have an experimental error &f10%. The
deaerated dye solution was continuously flowed through the
sample cell during the measurements.

Nanosecond Laser Flash Photolysis.Nanosecond laser
flash photolysis experiments were performed with a Laser
Photonics PRA/model UV-24 nitrogen laser system (337 nm,
2-ns pulse width, 24 mJ/pulse) with front face excitation
geometry. A typical experiment consisted of a series-682

replicate shots per single measurement. The average signal wad!
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Figure 2. Fluorescence emission spectrum of (&) ¢ and (b) (- - -)
2 in methylcyclohexane at 77 K. (The excitation wavelength was at
400 nm.)

nm, with those of various other {66] closed fullerene deriva-
tives is indicative of the partial perturbation of the fullerene
core. This can be rationalized in view of the fact that
monofunctionalization of the fullerene core impacts the elec-
tronic structure and leads to a change of theymmetry of
pristine Gy, which converts into an effectiv€,,, symmetry.

Absorption spectra of both the compounds in the visible
region are significantly red-shifted and distinctly different from
that of pristine . To investigate the possibility of a ground-
state charge-transfer formation at longer wavelengths, trifluo-
roacetic acid (TFA) was added to dichloromethane solutions
of 2. Dyad 2 possesses a long-wavelength absorption band
around 702 nm in dichloromethane, and a hypsochromic shift
of 14 nm was observed upon addition of 25 mM of TFA (Figure
1, trace ¢). These changes can be completely reversed by adding
30 mM of pyridine to the above solution. These results indicate

She possibility of ground-state electronic interaction between

Cso and aniline in dya@ as the protonation of nitrogen inhibits
such a charge-transfer interaction. In the caselpfthe
absorption spectrum remains unaffected even after adding 250
mM of TFA. Similar effects were observed for oth&k
phenylpyrrolidinofullerene&?

Steady-State Fluorescence.The fluorescence emission
spectrum of1 in methylcyclohexane at 77 K exhibits a
aximum at 702 nm (Figure 2). Vibronic fine structure was

processed with an LSI-11 microprocessor interfaced with a VAX ©Pserved at 715, 725 (sh), 741, 754, 783, 806 (sh), and 824

computer. d
elsewheré!

Pulse Radiolysis. Pulse radiolysis experiments were per-
formed by utilizing 50-ns pulses of 8-MeV electrons from a
model TB-8/16-1S Electron Linear Accelerator. Dosimetry was
based on the oxidation of SCNo (SCN)*~, which in N;O-
saturated aqueous solutions takes place ®ith 6 (G denotes
the number of species per 100 eV, or the approximate micro-
molar concentration per 10 J of absorbed energy). The radical
concentration generated per pulse amounts t8j1x 107 M
for all the systems investigated in this study.

Details of the experimental setup can be foun

Results and Discussion

Absorption Spectra. The absorption spectra df and 2

nm. The structural pattern is in good agreement with other
monofunctionalized fullerene derivatives and with the mirror-
imaged UV-vis absorption features (see above). Since the
distribution of levels in the first-excited state, governing the
position of the absorption bands, resembles the distribution of
levels in the ground state, which is responsible for the position
of the fluorescence bands, fluorescence and absorption features
should be very similar. The experimental results show a good
mirror image, e.g., the absorption band-0*0, 701 nm) of

the longest wavelength and the corresponding emission band
(*0 — 0, 702 nm) of the shortest wavelength. This further
supports an unambiguous assignment of the @ transition
band.

The emission spectrum & in methylcyclohexane (Figure
2), for example, displays a similar *6> 0 band at 702 nm,

recorded in dichloromethane at room temperature are shown infollowed by some vibronic states emitting at 715, 725 (sh), 741,

Figure 1. Both show similar absorption properties in the UV

region with strong molar absorptivity at 211, 257, 310, and 430
nm. The close resemblance of the absorption pattednasfd

2, with absorption maxima at 701, 690, 680, 667, 655, and 636

754, 783, 806 (sh), and 824 nm. Although the emission pattern
is identical with1 and various monofunctionalized fullerene
derivatives, the relative emission yield of derivatés lower
compared to a model fullerene compound. Increasing the
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TABLE 1: Fluorescence Quantum Yields (Absolute and

Relative) of 1 and 2 in Solvents of Varying Polarity at 77 K
¢r x 10* (absolute)
solvents 1 2
methylcyclohexane 6.0 (100) 4.4 (100)
toluene 4.2 (95)
dichloromethane 3.8 (86)
toluene-acetonitrile (1:1) 1.9 (43)
. 20000
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Figure 3. Effect of addition of acetonitrile on the emission spectra of

dyad? in toluene solution. Acetonitrile v/v (a) 0%, (b) 10%, (c) 30%, g
(d) 50%. (Corrections for the changes in the absorbance at the excitation
wavelength (470 nm) have been made for determiwting
005 q
. . . A Bhgs “ - P
dielectric constant of the solvents resulted in a moderate .i}{-ﬁ. g
o . ; . X b 1500 pa = &
amplification of this decrease. This observation suggests, in & ADOD pa ¥ "'.\:jf
line with the earlier assumption, that intramolecular interaction ] s
between the photoexcited fullerene moiety and the aniline group (. S S — T
FO 750 T B85 ano 60

contributes to the overall deactivation process of photoexcited

2. The emission properties of tiephenyl-substituted pyrrol-
idinofullerene, 1, and the dyad2, have been investigated in
solvents of a wide range of polarity, and these results are

Wavelength, nm

Figure 4. Transient absorption spectra recorded following 355-nm laser
pulse (pulse width 18 ps) excitation of toluene solution containing (A,

summarized in Table 1. It is interesting to note tAa&xhibits top) 1 at delay times (a) 60, (b) 1500, and (c) 5000 ps and (B, bottom)
a solvent-dependent fluorescence whereas the emission properz at delay times (a) 60, (b) 1500, and (c) 4000 ps.
ties of 1 are independent of the dielectric constant of the solvent.

To investigate the effect of solvent polarity, the emission of 1 and 2 were thus completely abolished in solutions
properties of2 were studied in tolueneacetonitrile mixtures containing ethyl iodide (methylcyclohexane, 2-methyltetrahy-
of varying compositions (Figure 3). A marked decrease in the drofuran, ethyl iodide at 2:1:1 v/v). Instead, a new band
qguantum yield of fluorescenceg) was observed upon increas- appeared at 824 nm that is assigned to the phosphorescence
ing the polarity of the solvent. The reductive quenching of the emission. This finding implies a significant red shift of the
singlet excited state of fullerene by aniline moiety is responsible phosphorescence-related emission relative to pristyad <96
for the decrease in the fluorescence yield in polar solvents. Thenm) but is well in line with various monofunctionalized
fluorescence o2 is restored upon addition of TFA to the above derivatives.
solution. The protonation of nitrogen atom of the aniline group  Singlet Excited-State Properties. The excited singlet of
inhibits the electron-transfer process in the deracceptor pristine Go has an absorption maximum at 920 nm with a
system. Similar effects were earlier observed in fullerene lifetime of 1.2 ns, and the triplet excited state has an absorption
aniline dyads connected through rigid spat®&¥sand fullerene- maximum at 740 nm with a lifetime greater than 1@€P3-3%
ferrocene dyad%' Earlier studies on the photophysical prop- The time-resolved transient absorption spectra recorded follow-
erties of N-methylpyrrolidinofullerene have indicated that the ing 355-nm laser pulse excitation of the two functionalized
pyrrolidine ring nitrogen is not involved in the quenching fullerenes,1 and2, are shown in Figure 4 A,B. The spectra
procesg* In an earlier study we had found that of 1 (~6 x recorded immediately after 355-nm laser pulse (pulse width 18
104 is independent of solvent polarity and that the addition ps) excitation show the formation of singlet excited state with
of TFA does not affect its emission propert®sHowever, the a broad absorption maxima in the region of 880 and 890 nm
aniline group is a good quencher for the singlet excited fullerene. for 1 and 2, respectively. As the singlet excited state decays,
Independent fluorescence-quenching studies carried out witha new absorption band corresponding to the triplet excited state
dimethylaniline indicate that singlet excitécan be quenched  appears with an absorption maximum in the region of-690
with DMA with a bimolecular rate constant of 38 1010 M~1 700 nm. The intersystem crossing observed in the excited state
sL is quite efficient similar to the one observed for pristing.@

Steady-State Phosphorescenceéxternal heavy atom effect  should be noted that the functionalization @h@as a significant
is known to accelerate the transformation rate from the excited impact on the electronic and spectral properties of the excited
singlet to the excited triplet state. Fullerene related emissions state.
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The kinetics of excited-state transients was probed by
recording absorptiontime profiles at different wavelengths.
Few representative spectra and decay traces for the 2igael
shown in Figure 5A,B. The excited singlet lifetimes band
2 were obtained from the transient decay recorded at 880 and
890 nm, respectively. The corresponding triplets monitored at
700 nm showed a growth with a rate constant similar to that
obtained from the corresponding decay of the singlet excited
state. The lifetime of the singlet excited states as monitored
from these kinetic traces were 1.25 and 1.05 nslf@nd 2,

;_ﬁ'% n Time, ps

respectively. While the singlet excited lifetime @fis not

different from that of pristine g, the singlet excite@ had a

shorter lifetime. The decrease in lifetime observed in these 0.2

experiments is parallel to the decrease in fluorescence yield B
observed in higher dielectric media. Presence of a covalently 0.15 A

~—e—((2) dyad 2; benzonitril
— =0 =[b) dyad 2; toluen

ee@=-- 1 (c) dyad 2; dichloromethanel
% —
., (]

O =

attached aniline functionalizing group, which is a good electron
donor, prompts the possibility of an intramolecular quenching
with electron transfer.

It should be noted that the photoexcitatior2af benzonitrile 0.05
leads to decreased intersystem-crossing yield. The high dielec-
tric constant of the medium (e.qg., benzonitrile relative to toluene,
CHCl,, etc.) is thermodynamically supportive of intermolecular 1 2 3 4
electron transfer. Furthermore, the flexible nature of the linking Time, ns
Spacer enabes coformatonl reaagEents o 1 IETPur . 1) Tie-soled st absortonspckashon e

- h N decay of singlet and formation of triplet excited states following the
of these factors increase the thermodynamic driving force for 355-nm laser pulse excitation @ in toluene. (B) Absorptiortime
an intramolecular charge-transfer process and, in turn, allow profiles showing the decay of singlet dyad},in different solvents at
this route to compete with the fast intersystem crossing. The monitoring wavelength of 900 nm.
observed shorter lifetime of singlet excitedupports this view.

Suggestions have been made in the past thau@dergoes o .
charge-transfer interactions with electron-donating species suchd0 notindicate the presence of any charge-separated state. This
as amines in both the ground and excited sté%32 Similarly makes us conclude that either the contribution of intramolecular
charge-transfer complex formation has also been observed induénching to the overall decay is small or the charge-separated
fullerene-donor type dyad moieties. Earlier studies have shownPar recombines to yield triplet excited state as indicated in
that an excited fullerene-donor complex exhibits a broad rgactlon 3. 'Th.e possibility of formation of 'Fr|plet excited state
absorption in the 700900-nm regiot? However, in the via (ecomblnanon Qf charge-separated pair has_, been proposed
present case it was not possible to obtain clean evidence foré@rlier for Go—amine complexe$! By comparing the de-
such an excited charge-transfer complex formation because ofc'éased fluorescence yield &fin high dielectric media, we
the dominance of singlet and triplet absorption in this spectral €Stimate the contribution from reactions 3 and 4 to the overall
region. Also, the observation of an isosbestic point between decay to be around 30%. This sets the upper limit for the
the spectra of singlet and triplet excited states highlights the observed interaction between the two moieties in the excited

major contribution from these two species to the transient spectraState of the dyad molecule.

0.1

AOD (a.u.)

in Figure 4. Triplet Excited-State Properties. Nanosecond laser flash
In the case of excited singlet fullerene dyad suclase photolysis experiments were performed to investigate the triplet
expect several possibilities for deactivation including those €Xcited-state behavior dfand2 in various solvents. The time-
illustrated in reactions 44. resolved transient spectra recorded following 337 (or 355)-nm
laser pulse excitation are shown in Figure 6. The spectrum
Co—X + hv — 1(060_)()* — Cgp=X + hv' 1) recorded immediately after the laser pulse excitation shows

spectral characteristics similar to the long-term spectra in Figure
4. This suggests that the triplet formation be completed within

Y(Co—X)* — *(Cog—X)* 2 the pulse duration of the excitation pulse. These experiments
also enabled us to characterize the absorption bands of triplet
T R TN VA excited states in the 35@00-nm region. The spectral char-
(Coo=X) (Ceg X)) = (Coo=X) ©) acteristics of the triplet excited states are summarized in Table
2.
HCo—X)* = (Cog +*X™) =~ (Ceg—X) (4) The time-resolved spectra recorded in Figure 6 did not

indicate the formation of any other transients during the
The intersystem crossing is the major deactivation process indeactivation of the triplet excited state. The lifetimes of the
the case of pristine & and monofunctionalized derivatives. triplet excited states of the two title compounds were obtained
Presence of an electron donor such as the aniline gro@p in by fitting the decay traces to first-order kinetics. The lifetimes
adds the possibility of a rapid intramolecular electron-transfer of the triplet excited states dfand2 were in the range of 717
quenching of excited singlet, which competes with intersystem us. These lifetimes are shorter than the one reported for the
crossing and other deactivation processes. The fluorescencetriplet excited Go. Although self-quenching processes such as
quenching studies indicated in the previous section strongly excited-state annihilation and ground-state quenching processes
support this view. However, the transient absorption studies significantly shorten the lifetime of the excited state of
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Figure 6. Time-resolved difference absorption spectra recorded Triplet-State Quenching Reactions. To check the reactivity

following 337-nm laser pulse excitation of (A, top) 1 and (B, bottom) : . . . .
2in toluene. The spectra dfwere recorded at delay times () 0, (b) of the triplet excited states we studied the quenching reactions

21.6, and (c) 53.&s and those o at 0.25 and %s, respectively, in ~ With three different quenchers, viz.,P'EMPO, and ferrocene.

a nanosecond laser flash photolysis apparatus. The triplet decay at the corresponding absorption maximum was
) o recorded at different quencher concentrations. The bimolecular
TABLE 2: Excited-State Characteristics quenching rate constants were determined from the slope of
Si(Ama)  T(PS) Ti(Amay T (uS) the plots on basis of the the relationship= 1/rt + kq(Q),
Ceo (from refs 34, 35,37) 920 1200 400, 756100 where Q) is the quencher concentration angdis the lifetime
1 880 12504+ 100 690,370 1Z&1 of the triplet excited state in the absence of the quencher. The
2 890 1050+ 100 700 +1 quenching plots for various quenchers are shown in Figure 7.
The rate constants determined from these plots are summarized
in Table 3.

fullerenes’*—36 these processes alone cannot explain the short _
triplet lifetimes of pyrrolidinofullerenes. A significant desta- The oxygen quenching rate constants foand 2 are very
bilization of the fullerene triplet excited state was also evident Similar (~2.0x 10°M~*s™). As indicated in previous studies,
in corresponding measurements involving dyad Since the  fullerenes quite efficiently generate singlet oxygen by the
measurements of photoexcitécand 2 were conducted under  energy-transfer method (reaction 5).

similar experimental conditions, the reduced lifetime, with decay

rates typically in the order of 1.26 1(P s71, suggests quenching (3C60)—x* + 0, Ceg—X + 1o2 (5)

of the photoexcited fullerene moiety by the covalently attached
amine group. While the triplet quantum yield bfs similar to
that of pristine G (® = 0.95)343537the triplet quantum yield
for 2 was 30% smaller. (We independently measured triplet
quantum yield of G, 1 and2 by triplet—triplet energy-transfer
method using the squaraine dye as an accéproihus, the
lower triplet quantum yield observed f@rfurther substantiates

Similarly, in the case of ferrocene as a quencher, the rate

constants are nearly diffusion-controlled (387) x 1° M1

s™1). The deactivation of the excited triplet state proceeds via

electron transfer to ferrocene. However, lack of transient

absorbance from long-lived intermediates other than the triplet

the intramolecular quenching of the singlet excited state as anCited states makes it _diffi_cult o elucidate the_ mechanism of
electron-transfer quenching in the present experiments. It should

competing process to the intersystem crossing. b ted that A tudv of the int tion bet ited
In accordance with the accelerated picosecond dynamics, the € noted that previous study ot the interaction between excite

triplet yield of 2 in benzonitrile was appreciably smaller than triplet and ferrocer_le has ghown_that photoinduced electron
in toluene. As discussed in the radiolytic sectianradical transfer can occur in high dielectric medfa.

anion’s of monofunctionalized fullerenes have a fairly strong ~ The rate constants for the quenching by the stable nitroxyl
absorption around 400 nm, parallel to the coinciding absorption radical, TEMPO, were very similar for the two compountis,

of the triplet excited state (360 nm). The molar absorptivity of and2 (6.6 x 1°M~1s1and 5.3x 10° M1 s, respectively).

the latter is equal or lesser than the dominant* (¥> Tp*) The excited-state energy transfer to nitroxyl radical is unlikely
transition around 700 nm. The differential absorption changes in the present case since doublet energy for TEMR®7(kcal/
recorded for2 in benzonitrile indicate, however, a stronger mol) is significantly higher than the triplet excited stateslof
transition around 376380 nm. Furthermore, the noticeable and 2, which we expect to be in the range similar to that of
red-shift can be interpreted as the concomitant generation of1Csg* (37.5 kcal/mol). Therefore charge transfer between triplet
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Figure 8. Square-wave voltammogram bfn toluene:acetonitrile (3:1
v/v). (Scan rate= 100 mV/s; RE; SCE; WE, glassy carbon; CE, Pt;
supporting electrolyte, 0.1 M tetrabutylammonium perchlorate.)

-24

TABLE 4: Reduction Potentials (Ereq (MV) Vs SCE in
Toluene:Acetonitrile (3:1))

E: E> Es = Es
Csd? —360 —830 —1420 —2010 —2600
1 —648 —1060 —1676 —2100 —2250
2 —585 —1010 —1580 —1980 —2200

2In benzene, from ref 44.

excited fullerene and TEMPO seems to be the likely possibility.

(Co—X* + TEMPQT — {(Cgy)—X++*TEMPO'}
— Cg—X + TEMPO' (6)

The lack of observation of radical anions of fullerenes suggests
that the back electron transfer of the products is quite efficient
and results in regeneration of original reactants. Low dielectric
constant of the solvent is likely to favor such a back reaction.
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Figure 9. Transient absorption spectrum (near-IR) of (dand (B)2
obtained upon pulse radiolysis of 2:0 1075 M of the respective
functionalized fullerene derivative in a nitrogen-saturated solvent
mixture containing 80 vol % toluene, 10 vol % 2-propanol, and 10 vol
% acetone.

This radical is known to react quite rapidly withs§-Czo, and
Csqyielding the respective radical anions, e.ge'C, C;o'—, and
Cgs 4041 The same consideration is applied to study one-
electron reduction of functionalized fullerenes.

Under these reductive conditions, pulse irradiatiori @ind
2 (2 x 105 M) in a deaerated toluene/2-propanol/acetone
mixture (8:1:1 v/v) resulted in the formation of distinct and
characteristic absorption throughout the UV, visible and near-

Similar observations have also been made in the previous studiesg region. The spectra of the reduced form@ind2 are shown

involving the quenching ofCso* by various nitroxyl radicals?
Electrochemical Reduction. Fullerenes undergo multiple

in parts A and B of Figure 9, respectively. While the UV part
showed sharp bleaching around 320 nm, a range that corre-

reductions when subjected to electrochemical and chemicalspongs to a strong ground-state transition of the fullerene core,
methods. Up to five reversible reductions have been observedine yisible region is dominated mainly by maxima around 420

for Ceo. The square-wave voltammetry was employed to obtain m  More importantly, the differential absorption spectrum of
the reduction characteristics of the two functionalized fullerenes. (Cec™~) obtained upon pulse radiolysis bffor example, exhibits

An example of successive reduction peaks observed in they gistinct maximum at 1005 nm. This characteristic fingerprint
square-wave voltammogram dfis illustrated in Figure 8. We  for reduced fullerene species is blue-shifted to pristing C

also recorded cyclic voltammograms to cross-check the assign-1080 nm), but in close resemblance to the spectral features
ment of our peak positions and the reversibility of the reduction yecorded for thes-radical anion of N-methylpyrrolidino-
steps. The reduction potentials band2 are compared with  fylerene24a structural analogue df It is a general observation
that of pristine G in Table 4. The first reduction occurs in  that monofunctionalization leads to a significant blue-shift of
the range of—0.585 t0—0.65 V vs SCE, while the second  he corresponding radical anion bands, and thus, these features

reduction occurred in the region 61.01©0—1.06 Vvs SCE. = are ascribed to ther-radical anion formed in the general
Other reductions occurred at more negative potentials. It is rgaction.

evident from Table 4 that the functionalization of fullerenes
with pyrrolidine moiety has rendered them slightly more difficult
to reduce than the pristinegg
Pulse Radiolytic Formation of z-Radical Anions. Comple-

mentary to reductive triplet quenching, radical anions may be
produced via radical-induced reduction of the fullerenes. For
example, in an irradiated solvent mixture containing 80 vol %
toluene, 10 vol % 2-propanol, and 10 vol % acetone, the reduc- conclusions

ing radical is formed by hydrogen abstraction from 2-propanol.
radiolysig properties that differ from those of pristineslC The time-

(CH3),CHOH——— (CH,),"COH (7 at . :
) ) resolved radiation and photochemical studies have revealed
The same species derives from acetone upon electron capturgzformative details on the influence of functionalized groups
and subsequent protonation. on the photophysical properties of functionalizegh.CCom-
pared to N-phenyl-substituted pyrrolidinofullerene, the
N-methylaniline-functionalized fullerene dyad shows charge-

(CH,),"COH + Cy—X— (CH,),CO+ (Cyy ) —X + HT
9

Similarly, thes-radical anion absorption & exhibits a sharp
maximum at 1010 nm, nearly identical with

Pyrrolidinofullerenes exhibit singlet and triplet excited-state

(CH,),C=0+ e, + H"— (CH,),"COH (8)
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transfer interactions in the ground and excited states, which were (16) Hirsch, A.Synthesisl995 895.

dependent on the solvent polarity. The triplet quenchers such

as Q, TEMPO, and ferrocene interact with the triplet excited
states with bimolecular quenching rate constants ofs5 B0

to 7.7 x 10® M~1 s L. The functionalization of fullerenes with
pyrrolidine moiety has rendered these pyrrolidinofullerene
slightly more difficult to reduce than the pristingdC
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