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The photophysical properties of a novel 1,2,3,4,5,6-hexasubstituted fullerene deritaitve &xamined in

this study. In addition to the ground state absorption spectrufiy wle report its triplet-triplet absorption
spectrum and molar extinction coefficienidr—1), as well as the triplet quantum yield¢), lifetime (z7),

and energyty). The saturation of a single six-member ring on the fullerene cage results in significant changes
in the triplet state properties as compared to that of pristige The triplet-triplet absorption spectrum
shows a hypsochromic shift in long wavelength absorption, and both the triplet state lifetime and the triplet
quantum yield are decreased. The triplet energy was found to be similar to that bf &idition, the quantum

yield (®,) of singlet oxygen generated lywas calculated and is found to be significantly less than in the
case of Go.

Introduction

Functionalized fullerene derivatives have attracted much
attention in recent years for their widespread application in
photovoltaic devices and as potential photodynamic therapeutic
agents:~® The poor solubility of pristine € in polar solvents
has made functionalized derivatives preferable alternatives in
biological application® 5 and in materials scienéé:1” One
of the strongest motivations for the functionalization afy C
comes from the rich photophysical and electrochemical proper-
ties that result by controlled manipulation of the conjugated
fullerene core. The saturation of two carbons at a time exposes
a wide variety of interesting chromophores with condensed and
linearly conjugateds-electron topologies that possess the 1
curvature of the g surface. Previous reports have shown that
small perturbations in the system give similar photophysical
properties as those of pristine fullerene, but a larger number of
substitutions result in more significant chand&=? In light of
the large number of applications for these novel compounds,
there has been widespread effort to elucidate the relationship
between the structure of these derivatives and their photophysical
propertiesi®—34

the first well-characterized example of a fullerene substituted
at all carbons of a single six-member ri#fgThis novel fullerene
architecture has a unique substitution pattern not examined in
any previous reports, which formally represents the chromophore
at the end of a nanotube. The structurd diunctionalized with

A triso-homobenzene moiefif, %% is a tris-adduct with all six
carbons around a single six-member ring substituted. Several
) other tris-adducts with different architectures have been reported,
Prat et al. have reported a homologous series of methano-,nq significant effects on the photophysical properties have been

fullerenes, showing that the number of perturbations ofithe  gho\yn to depend on the type of substituents and their location
system at different sites within the fullerene framework cause ,, the fullerene cage. THe; (all €) adduct exists as an orange-

systematic changes in the triplet state propefié¢ley et al. red solid36bthe D5 (all-trans-3) adduct is cherry-re#cand the
have examined the effect of the pattern of substitution on Cs, (alltrans4) adduct has a unique olive-green colés.

phqtop.hysi(‘:‘al properties with several water-soluble fullerene pgrein we report the triplet state properties (Table 1) and singlet
derivatives’ By measuring singlet oxygen production from a oxygen photosensitization of a dark-brown 1,2,3,4,5,6-hexa-

set of sequential functionalizations, Hamano et al. have also g hstituted @, derivative, with substitution at all carbons of a
highlighted the effects of substitution patterns, as well as changessing|e six-member ring.

in photophysical properties due to the type of add8ct.
In a recent report, Chuang et al. described the synthesis ofExperimental Section
the 1,2,3,4,5,6-hexasubstituted fullerene derivatlygyhich is Materials. Synthesis of the 1,2,3,4,5,6-hexasubstituted C

derivative () is reported elsewher&. 2,3-Benzanthrancene

; Cor responding author. mgg@chem.ucla.edu. (purity > 99%), toluene (spectrophotometric grade), anthracene
University of California, Los Angeles. . o 0

* California State University. (purity > 98%), and rubrene (98%) were purchased from

8 Deceased June 13, 2005. Aldrich Chemical Co. Deuterated toluene was obtained from
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TABLE 1: Triplet State Properties of Hexasubstituted
Fullerene 1

property value
Er 33 kcal/mol= Er < 38 kcal/mol
er (224 0.1) x 1 M~*cm™ (670 nm¥
r 18+ 1us
Ko (1.56+ 0.15)x 1°®M~ist
@1 10, (355 nm) 0.67 0.03!
P10, (355 nm) 0.65+ 0.03
P10, (532 nm) 0.55+ 0.03
Sh (355 nm) 0.97+ 0.02
kq (202) not measurable

aAll experiments were conducted in spectrophotometric grade
toluene or toluenels at room temperature and excited at 355 nm or
532 nm with a concentration df where absorbance at the excitation
wavelength isAexc =~ 0.3. Reported values are averages of three or
more measurementsDetermined using the energy transfer method
with rubrene as a referenceln argon-purged solutions and void of
any quenchers! Calculated using the comparison method with &
reference® Determined in air-saturated conditions with sample con-
centrations from absorbance (OB)0.1-0.5, using G as standard.
f Determined in air-saturated conditions with sample concentrations from
absorbance (OD¥ 0.05-0.2, using G as standar®® Sy = PA/Pr.
S is the fraction of the triplet state dfthat forms singlet oxygen by
energy transfer! No observed quenching of singlet oxygenbyp to
2.98 x 1075 M.

Cambridge Isotope Laboratoriesgd&>99.5%) was obtained
from MER Corporatiorf! Perylene (98%) was obtained from
Sigma Chemical Company. Benafijyrene (98%) was obtained
from Fluka. All chemicals were used as received except for

anthracene, which was recrystallized from acetone prior to use.

Measurements.Samples ofl were prepared in spectropho-
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benzanthracene. The quenching rate of the triplell afias
monitored at a local maximum in the triptetriplet absorption
at 365 nm. The absorbanc&@D) of the triplet of rubrene was
measured at 490 nnief = 26.0 kcal/mol Aer—t (490)= 26 000
M~tcm1)43 and at 670 nm fod in experiments to determine
the triplet molar absorption coefficient.

Singlet oxygen quantum yield was determined by measuring
the singlet oxygen near-infrared luminescence at 1268 nm using
a North Coast liquid nitrogen cooled germanium photoditfde.
Air saturated samples df were dissolved in toluends and
excited at either 355 nm or 532 nm using the laser photolysis
setup described above. Scattered laser light was eliminated using
a silicon cutoff filter at 1100 nm and a 1270 nm interference
filter. Singlet oxygen luminescence was measured orthogonal
to laser excitation. Data output from the detector was collected
using a LeCroy 9350 oscilloscope coupled to a Macintosh G4
computer using Labview software. Decay traces were averaged
over 20-40 laser pulses.

Results and Discussion

The photophysical processes relevantltare summarized
in Scheme 1. Excitation df with UV light generates the singlet
excited state'(l*), which is followed by intersystem crossing
to the lower lying triplet state3(*) and a relatively efficient
internal conversion to the ground staigS. The triplet state
can be deactivated by decay to the ground stifedr it can
transfer its energy to a lower triplet energy quencti@ys) by
collisional energy transfe The triplet state, ¥1*) can also
transfer its energy to triplet molecular oxygeé®$) to generate
singlet oxygen 10,). The triplet state ofl can be selectively

tometric grade toluene, with an absorbance at the excitation attained through energy transfer by excitation of an external

wavelength ofAgss ~ 0.3. Solutions were purged with argon
for 30 min. There was negligible change in the concentration
of the solution after purging and was verified by noting only a
slight (~0.02) increase in absorbance at the excitation wave-
length.

UV —vis absorption spectra were obtained using Hewlett-
Packard 8453 and Beckman DU-650 spectrophotometers.

Time-resolved measurements, triplet decay kinetics, triplet
triplet spectra, triplettriplet extinction coefficients, triplet

photosensitizer (Sens) with higher triplet energy. Similar to other
fullerene derivatives, the main pathway of deactivation of the
singlet excited-state is population of the triplet state by
intersystem crossingi{st = 0.67 £+ 0.03). Given that there is
no observable fluorescence, the quantum yield of internal
conversion is estimated aB4® ~ 0.33. In this study we have
focused on the characterization of the triplet state photophysical
properties by nanosecond laser flash photolysis.

UV —Vis Spectroscopy.The ground state absorbance spec-

guantum yields, and triplet energies, were obtained by transienttrum of 1 exhibits drastic differences compared to the-this

absorption methods described previou€\Briefly, measure-

ments were obtained by excitation of argon-purged solutions
at 355 nm using a frequency tripled Quanta Ray DCR-2 Nd:
YAG laser (3-20 mJ/pulse). Transient absorption was monitored

absorption spectrum ofdg(Figure 1). The characteristic peak
at 330 nm and the forbidden transition between 420 and 650
nm exhibited by pristine g5 are no longer present in the
spectrum ofl. The broad absorption bands with maxima at

using a probe beam from a Hanovia 100-W xenon lamp passed~550 and~600 nm are absent. Compouddexhibits small

through a Jarrell-Ash 82-410 monochromator (28®slits) and

absorption bands at 430 and 480 nm. In contrast to the absence

detected using a Hamamatsu R928 PMT. Data output from the of long wavelength absorptions bys6> 1 also shows some

PMT was collected using a LeCroy 9350 oscilloscope coupled
to a Macintosh G4 computer using Labview software. Kinetic
curves were averaged over-300 laser pulses.

Triplet energies and triplet extinction coefficients were

absorbance in the red portion of the spectrum. The absorbance
spectrum ofl shows spectral similarities to adris-epoxidated
fullerene derivative, 03, reported by Tajima et al., which is
proposed to be substituted at all six carbons on a single six-

determined by energy transfer experiments. Energy transfer wasmember ring of the fullerene cad® Specifically, bothl and

observed by quenching the triplet statelaind monitoring the

the tris-epoxidated derivative show a sharp absorption at 430

decay kinetics using transient absorption. Solutions of adduct nm, a small shoulder at 480 nm, and some long wavelength
1in toluene Ass5 2~ 0.3) were placed in 1 cm quartz cuvettes absorption. The ground state absorbance spectrulisolso

with a selected quencher at increasing concentrations. Thesimilar to a tris-substituted methanofullerene reported by Foote
solutions were purged under argon for 30 min and were etal®®and a 1,2,3,4-tetrahydrofullerene reported by Bensasson
measured under identical experimental conditions and laseret al?” Saturation of a single six-member ring of the fullerene
power. The quenching rate constant was determined using acage results in significant differences from the ground state
Stern-Volmer analysis, where the transient absorption traces absorption of pristine  but is not much different from spectra
were curve fitted to a monoexponential decay using Igor Pro exhibited by other multifunctionalized derivativés?®-34

3.1 software. Compountiwas excited at 355 nm in the presence  Triplet —Triplet Absorption Spectrum. The triplet-triplet

of quenchers rubrene, benafgyrene, perylene, and 2,3- absorption spectrum df is shown in Figure 2. The transient
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1, Sens 1, Quencher 10,
observed is attributed to the triplet stateldfecause itis readily  gCcHEME 2
qguenched by oxygen in air-saturated solutions and by triplet )

- . . 1 hv 1 isc 3
qguenchers in argon-purged solutions (see below). The triplet 1, 1* 1*
triplet absorption ofl is similar to those of other fullerene X
derivatives having two resolved UV absorbing peaks at 360 and S —— 1
430 nm. The long wavelength absorption bands are blue-shifted 0
compared to those indgwith a broad peak at 670 nm. This ky
significant blue shift in the long wavelength absorption is x4 Rub, ™ l10 + 3Rub*

consistent with previous reports of multifunctionalized deriva-
tives28-34 A tris-substituted methanofullerene reported by Guldi
and Asmu&® and ano-quinodimethane bisadduct by Nishimura
et al32 show hypsochromic shifts of long wavelength absorption
with respect to pristine § having peaks at 650 and 690 nm,

respectively.
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Figure 1. UV-—vis absorption spectra of (a) hexasubstitutegh C
derivative,1, and (b) Go recorded in toluene.
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Figure 2. Triplet—triplet absorption spectrum of hexasubstituted C
derivative,1, in toluene fexc = 355 nm).

Triplet Extinction Coefficient and Triplet Quantum Yield.

The triplet coefficient ofl was determined by energy transfer
experiment® using rubrene (Rup Scheme 2) as the energy
acceptor. The rate and extent of energy transfer was determined
by selective excitation at 355 nm using the Nd:YAG laser
photolysis setup. Excitation dfto the excited singlet statélf)

is followed by intersystem crossing to the triplet statg*),

The triplet state ofl can transfer its energy to rubrene, which
has a lower triplet energy, by collisional quenching (Scheme
2).

The triplet of rubrene3Rub*) observed at 490 nnEf =
26.0 kcal/mol, Aer—1 (490) = 26 000 Micm1)43 can be
attributed to energy transfer frothbecause rubrene does not
have significant absorbance at the 355 nm excitation wavelength.
The triplet state ofl (31*) was measured at 670 nm, and the
appearance of the rubrene tripléR(b*) was followed at 490
nm, where?1* does not have significant triplet absorbance. The
triplet coefficient was calculated and corrected for incomplete
energy transfer. The probability of energy transfier)(from
31* to rubrene (Ruk) can be calculated using eq 1, whéggs
the rate constant of energy transfer fréir to rubrene, [Rub]
is the concentration of added rubrefieand kp is the decay
rate constant ol in the absence of any quenchers. The triplet
molar absorption coefficient df is given by eq 2, wherdOD
is the signal intensity of the triplet at the observed wavelengths,
670 and 490 nm fof1* and 3Rub*, respectively.

k.{Rub]
= IGIRUB] T K @
B AOD, \[ 1
Aér_11=Aér_rpy m P_tr 2)

Figure 3 shows a SterrVolmer analysis of the quenching of
triplet 1 by rubrene. The change in the rate of decay of triplet
1 (inset a, Figure 3) was analyzed with respect to the amount
of added rubrene. When the concentration of rubrene (Rub) is
added so that there is 96% energy transfer, the observed triplet
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Figure 3. Stern-Volmer quenching analysis of the triplet statelof

in the presence of rubrene. Inset: Decay traces observed at local maxim
in the triplet-triplet absorption spectra of (&)in the absence of rubrene
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measured at 670 nm and (b) rubrene triplet generated by energy transfe
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qguenchers of varying triplet energies and measuring the rates
of energy transfer, one can bracket the approximate triplet
energy ofl. The triplet state ofl is efficiently quenched at a
diffusion controlled rate by oxygen in air saturated solutions of
toluene. Compoundl is quenched at slightly lower than
diffusion controlled rates by rubren&{( = 26.0 kcal/mol}3

and 2,3-benzanthracendsr( = 29.3 kcal/molf® with rate
constants of (4.6 0.3) x 10° M~1s71 and (2.6+ 0.2) x 10°
M~1s71, respectively. The rate of energy transfer to perylene
(Er = 35.4 kcal/moljis significantly lower, with a rate constant
of (5.8 & 0.35) x 10’ M~1s™1, Because the rate constant of
guenching is about 2 orders of magnitude below a diffusion-
controlled value, it can be estimated thatas a triplet energy
within 0—2 kcal/mol of perylene, that is, 33 kcal/msl Er (1)

< 38 kcal/mol¥?2 BenzoR]pyrene Er = 41.8 kcal/mol}® and
anthraceneHr = 42.5 kcal/molj® showed no quenching of

riplet 1. Reverse quenching experiments uslras a quencher

of the triplet of benzad]pyrene gave a quenching rate of (2.9

measured at 490 nm. Overlaid is the decay trace of a nearly completely® 0.2) x 10° M~1s™. From the results of these quenching

guenched triplet of (670 nm) to show the efficiency of energy transfer
in the presence of rubrene.

of 1 at 670 nm is almost completely quenched (short-lived
transient, inset b, Figure 3), and the triplet of rubrene is clearly
observed (long-lived transient, inset b, Figure 3).

The calculated triplet molar absorption coefficient fbis
21 600 M~Icmt at 670 nm, which is considerably higher than
that of G at 740 nm Qer—_1 (740) = 12 000 Micm1).43

Bensasson et al. have reported dihydro- and tetrahydrofullerene

derivatives with triplet molar absorption coefficients of 10 500
M~Icm™! and 4800 Mlcm™i, respectivel¥’ A series of
multifunctionalized fullerene derivatives reported by Foote et
al. had triplet molar absorption coefficients ranging from 15 100
M~lcm to as high as 40 000 Mcm™%, demonstrating the
relatively large variation of the triplet molar absorption coef-
ficient with different functionalization patterr38.

The triplet quantum vyield oflL was determined by the
comparative method and using the triplet coefficient determined
as described abové.The initial intensity of the triplet absor-
bance AOD) of optically matched solutions dfand Go were

measured under identical experimental conditions and laser

power. The triplet quantum yield@{) of 1 was calculated using
Ceo (AeT—1 (740)= 12 000 Micm™1, ¢t = 1)*3 as a reference
(eq 3)

Aér_r1¢ry  AOD;

3
AeT’Tvceo T.Ceo AODCGO ( )

The triplet quantum yield of was calculated to be 0.6% 0.03.

This quantum yield is consistent with other reports of multi-

functionalized fullerene derivatives that show a decrease in

triplet quantum yield with a decrease jinconjugation within

the fullerene cagé?30.32-34

Triplet Energies. The triplet energy ofl. was estimated by
energy transfer experiments. By monitoring the tripigiplet

absorption of a donor in the presence of increasing concentra-

studies, we conclude that the approximate triplet enerdyisf
33 kcal/mol=< Er (1) < 38 kcal/mol, which is close to that of
Cso (Er = 35 kcal/mol) and well below that of anthracene and
benzop]pyrene4347-49

Singlet Oxygen Quantum Yield. The quantum yield of
singlet oxygen generated by most fullerene derivatives is
lower than that of G, which is unity. Singlet oxygen is
generated by energy transfer from the triplet statetofground
state molecular oxygen and it gives a lower limit of the triplet
quantum yield of1.%° Previous reports on the photophysical
properties of multifunctionalized derivatives have shown that
disruption in ther conjugation system causes a decrease in the
singlet oxygen quantum yieR#:30:32-34 Several reported dihy-
drofullerenes have shown that substitution on two carbons results
in only a slight decrease in singlet oxygen generation. This
decrease in singlet oxygen quantum vyield is fairly systematic,
with increasing substitution resulting in decreasing singlet
oxygen quantum yield. Compouridgives us the opportunity
to study the effect of saturating all six carbons on one six-
member ring of the fullerene cage. The near-infrared phospho-
rescence of singlet oxygen at 1268 nm was measured using a
germanium photodiode detector and the Nd:YAG laser pho-
tolysis setup described previough Compoundl produces
singlet oxygen in toluenéds, with a quantum yield ofd, =
0.65+ 0.03 (355 nm) and 0.55% 0.03 (532 nm). At 355 nm,
the fraction of tripletl that photosensitizes singlet oxygeh,
= D A/P1 is nearly unity & = 0.97). Therefore, the triplet state
of 1 is an efficient photosensitizer of singlet oxygen, and it is
the efficiency of intersystem crossing tfthat limits singlet
oxygen generation. There was no measurable quenching of
singlet oxygen byl. When tetraphenylporphine (TPP) was used
as a photosensitizer of singlet oxygen and excitation at 532 nm,
wherel only has slight absorbance at the concentration$ of
tested, no quenching was observed even when addingto
a concentration of 2.9& 1075 M.

Conclusions

tions of quencher, one can measure the rate of energy transfer.

The quenching rate was determined by measuring the changes It is well-documented that increased perturbation of the
in the rate of decay of the triplet state of the donor. Energy conjugatedsz system results in systematic changes in the
transfer was confirmed by observation of the triplet state photophysical properties of fullerene derivativés’®* These
absorption of the quencher. Because energy transfer is monitoredproperties are affected by the number, structure, and substitution
by triplet—triplet absorption, the donor and acceptor must not pattern of the addend8:34 Saturation of a single six-member
have significant overlapping transient absorption at the observedring results in a large local perturbation in thesystem of Go.
wavelengths. The rate of energy transfer depends on the relativeThe triplet state photophysics of the first example of a
triplet energies of donor and quencher. By selectively using 1,2,3,4,5,6-hexasubstituteddCierivative examined in this study
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show that disruption of ther system of a single six-member
ring results in significant changes in triplet state properties,

Chin et al.

(20) Nakamura, Y.; Minowa, T.; Hayashida, Y.; Tobita, S.; Shizuka,
H.; Nishimura, JJ. Chem. Soc., Faraday Trank996 92 (3), 377-382.
(21) Ma, B.; Bunker, C. E.; Guduru, R.; Zhang, X. F.; Sun, Y.JP.

including a systematic decrease in the triplet state lifetime, triplet s “chem, 4997 101, 5626-5632.

guantum yield, and singlet oxygen quantum yield as compared

to those of pristine . The studied hexa-adduct shows a similar
blue shift in long wavelength triplettriplet absorption and

decreases in triplet quantum yield; these are similar to previous
reports on the photophysical properties of tris-adducts having

different substitution patterr?§:3 Although the triplet energy

of 1 was approximately the same as that @b @nd similar to
aneee derivative determined by pulsed radiolysis, the quantum
yield of singlet oxygen generated Ryis greater than those of

(22) Enes, R. F.; TomeA. C.; Cavaleiro, J. A. S.; El-Agamey, A,
McGarvey, D. JTetrahedron2005 61, 11873-11881.

(23) Bensasson, R.; BienvésE.; Fabre, C.; Janot, J. M.; Land, E. J.;
Leach, S.; Leboulaire, V.; Rassat, A.; Roux, S.; SetaCRem. Eur. J.
1998 4, 270-278.

(24) Williams, R. M.; Koeberg, M.; Lawson, J. M.; An, Y. Z.; Rubin,
Y.; Paddon-Row, M. N.; Verhoeven, J. \ll.Org. Chem1996 61, 5055~
5062.

(25) Kunieda, R.; Fujitsuka, M.; Ito, O.; Ito, M.; Murata, Y.; Komatsu,
J. Phys. Chem. B002 106, 7193-7199.
(26) Guldi, D.; Maggini, M.; Scorrano, G.; Prato, Nl.. Am. Chem. Soc.

K.

other reported tris-adducts where the addends are located inl997 119 974-980.

nonadjacent positior?8.This notion has suggested that a local
disturbance of ther-system preserves the electronic properties
of Ceo. An unusual pattern, theface,e-edge, trans-1 exhibits
an exceptionally low quantum yield for the generation of singlet
oxygen, which is an irregularity among all studied tris-adducts.
This derivative, however, shows a much higher triplet energy,
determined by phosphorescence at 77 K, th&hOur study of

(27) Bensasson, R. V.; Bienvenue, E.; Janot, J. M.; Leach, S.; Seta, P.;
Schuster, D. I.; Wilson, S. R.; Zhao, Bhem. Phys. Letl995 245 566—
570.

(28) Guldi, D. M.; Asmus, K. DJ. Phys. Chem. A997, 101, 1472~
1481.

(29) Palit, D. K.; Mohan, H.; Birkett, P. R.; Mittal, J. B. Phys. Chem.

A 1997, 101, 5418-5422.

(30) The values for triplet molar absorption coefficients have been

rounded off: Prat, F.; Stackow, R.; Bernstein, R.; Qian, W. Y.; Rubin, Y.;

1 lends further evidence, showing that the location of the addend Foote, C. SJ. Phys. Chem. A999 103 7230-7235.

significantly affects photophysical properties. Future studies of
the relationship between addition patterns and photophysical

properties will be necessary to address this interesting issue.
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