7230 J. Phys. Chem. A999,103,7230-7235

Triplet-State Properties and Singlet Oxygen Generation in a Homologous Series of
Functionalized Fullerene Derivatives

Ferran Prat, Robert Stackow, Robert Bernstein, Wenyuan Qian, Yves Rubin, and
Christopher S. Foote*

Department of Chemistry and Biochemistry, bisity of California, Los Angeles, California 90095-1569
Receied: April 15, 1999; In Final Form: June 14, 1999

The main properties of the triplet states and the yields of singlet oxygen generation for a series of methano-
[60]fullerene adducts with increasing numbers of substituents were determined. The triplet properties
investigated are energies, triptdtiplet absorption spectra, extinction coefficients, and quantum yields. A
strong correlation is observed between several triplet properties and the topology of the fullerene core.
Successive fragmentation of the chromophore of the pargnteSults in higher triplet energies and lower
triplet quantum yields. In addition, singlet oxygen quantum yieltlg (vere determined for all adducts and
decrease as the area of the conjugated fullerene core decreases.

Introduction Experimental Section

Since their initial synthesis, the photophysical properties of = Materials. Samples of this series of methano derivatives (see
fullerene adducts have attracted much attentidn-unction- Scheme 1) were synthesized by a tether-directed functionaliza-
alization of fullerenes allows them to be used in a variety of tion strategy to be published elsewhé&té® The members of
applications. However, this alteration can modify properties that the series are: & (buckminsterfullerene)1j Ceo[C(COOEL})],
make fullerenes interesting from a photophysical standpoint. (2) e-Cgo[C(COOMe}],, (3) eface, e-edge, trans1-Ceo-
Extensive research has been devoted to several of thesdC(COOMe}]s, (4a) Don-all-e-Ceo C(COOEL)]4, (4b) Ce-all-e-
derivatives, with special emphasis on methano- and pyrrolidino- Ceo[C(COOMe}]4, (5) all-e-Cso[C(COOMe)]s, (6) Th-all-e-
[60]fullerene derivatives, mainly because of their ease of Cg[C(COOEt)]s. Ceo (purity > 99.5%) was obtained from
synthesig®12 While a wealth of information is now available ~MER Corp® Rubrene, benzalpyrene, anthracene, and fer-
for monoadducts, little is known about multiply functionalized rocene were used as purchased from Aldrich. Toluene (Optical
fullerenes, with the exception of selected photophysical and Grade) and iodoethane were purchased from Aldrich. Methyl-
redox propertie4:8:9.13.14¢9 Most reports agree that perturbation cyclohexane and 2-methyltetrahydrofuran were purchased from
of the fullerenexr system results in a substantial change in Fisher and used as received.
photophysical properties. Similar effects are observed in elec- Measurements.UV —vis absorption spectra were recorded
trochemistry: first reduction potentials become increasingly using a Beckman DU-650 spectrophotometer. Phosphorescence
negative with lower degrees of conjugatirThe triplet states  spectra were recorded using a SPEX-Fluorolog 2 spectrometer
of these compounds have not been thoroughly investigated, andequipped with a Hamamatsu R928 photomultiplier and a 1943D
a clear relationship between structure and triplet properties hasphosphorimeter in front-face mode using a flash lamp with 10
not yet been establishéd. us pulseg® These measurements were carried out at 77 K in a

The triplet quantum yieldgr) is near unity for Go.1® Previous mixture of 2:1:1 methylcyclohexane/2-methyltetrahydrofuran/
studies point to a substantial decrease in triplet quantum yield iodoethane (HFI) as the glass-forming solv&#tThe excitation
upon interruption of the fullerene coté® This study aims to ~ and emission slits were 8 and 2 mm, respectively. The signal
clarify the relationship between fullerene structure and triplet at each wavelength was the average of at least 200 flashes, and
properties by analyzing a complete homologous series of the final spectrum for each compound is the average of at least
fullerene adducts. This series comprises the parent compoundive successive spectra. Triplet energies were calculated from
Ceo and adducts formed by successive regioselective additionsthe initial onset of the observed phosphorescence b#nds.
of dialkylmalonate (“Bingel adducts”), with one to six addends  Triplet—triplet spectra, triplettriplet extinction coefficients,
attached to the § molecule at pseudo-octahedral sites. Each triplet quantum yields, and triplet energies (using energy
addition causes a [6,6] double bond in the original fullerene transfer) were determined using a transient absorption setup
core to be replaced by an annulated cyclopropane, resulting indescribed previousl§? The excitation light source is a Quanta-
successively smaller conjugated area. However, the conjugationRay DCR-2 Nd:YAG laser providing 532 or 355 nm pulses of
is not removed completely, since the cyclopropane ring is 6—7 ns width. A 75 W xenon arc lamp (Photon Technology
capable of some homoconjugation; thus, these adducts are notnternational) is used for the monitoring beam. Detection of the
expected to behave identically to other fullerene adducts without signal in the visible region was performed with a Hamamatsu
cyclopropane ringd’ Analysis of the change in photophysical R928 photomultiplier tube. The excitation wavelength for all
properties for this series should provide a greater understandingtriplet—triplet transient absorption experiments was 355 nm.
of the relationship between the fullerene structure and its Samples ofAsss ~ 0.4 in toluene were placed & 1 cmquartz
excited-state properties. cuvette and purged with argon for 30 min. Data were collected
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SCHEME 1
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SCHEME 2 Ground-State Absorption. Although the U\V~vis spectra
of the compounds under study are not directly related to the

3 1
cooR\ . nersystem U2 tripk_at state, and some have been published e_Isey\}ﬁ‘émey
COOR) = So ‘st °s* o So are included for completeness and are shown in Figure 1. In all
" ,n.e,;:“g;iig‘igf:ni .:2;’::."3;?5;;?;1 cases, the spectra agree with those that have been published.
The shapes of the spectra for the eight fullerenes suggest
So So significant and progressive changes in the chromophores

depending on the number of addends. Generally, successive

by a Macintosh lici using LabView 2 software and analyzed additions of malonate moieties result in the disappearance of
using Igor Pro 3.13. the longer wavelength bands in the visible portion of the

Energy-transfer experiments to observe quenching of the spectrum, as expected because of the smaller conjugated area
triplet state of fullerene addu@ were accomplished via the  of the productd?d Unlike non-cyclopropane monoadducts, the
transient absorption methods described above. The adduct wagingel adducts lack the weak band just above 700?dfihe
dissolved in tolueneAzss ~ 0.4) and deaerated under argon first observable result of functionalization of the fullerene is
for 30 min and the selected quencher added. Ad@uetas the loss of the valley at 435 nm. The two tetra-adddetsind
excited at 355 nm for energy transfer to bermpyrene and 4b show very different spectra, presumably as a result of the
ferrocene and at 532 nm for anthracene. The triplet decay wasdifferent geometries of the fullerene core. Wheréagresents
recorded at thémax Of the triplet-triplet spectrum of2, 710 a larger fused area divided into two tetrabenzopyracylene
nm, and the rate constant of quenching was extracted usingportions (vide infra)4b has a smaller, contiguous, fused area.
curve-fitting analysis. Detection of theg™ was performed This may account for the fact thatb absorbs at longer
using the same transient absorption setup as described beforewavelengths thata. Compound$ and6 show only weak end-
Detection was performed with an Applied Detectors ADC403HS absorption in the visible portion of the spectrum.
nitrogen-cooled reverse-bias germanium photodiode suitable for  Triplet Energies. The energies of the triplet states of the

use in the near-IR portion of the spectrum. . fullerenes were calculated from the onset of the shortest
Singlet oxygen quantum yields were determined by using the wavelength peak of the phosphorescence spectra (Figure 2). It
Ge photodiode to observe the 1268 nm emissiofGaf Air- was necessary to use a heavy-atom solvent glass at 77 K in

saturated toluene samples were excited at 355 nm. A siliconorder to detect significant phosphorescence from any of the

cutoff filter at 1100 nm and a 1270 nm interference filter were compound#! The majority of the compounds showed very weak

used to eliminate the fluorescence from the sample and scatteregphosphorescence in the visible or near-IR excepfl.fand4b,

laser light. Collection of the data was done at & @@gle to for which no signal could be detected. The calculated triplet

the laser beam and was enhanced by addition of a parabolicenergies are shown in Table 1.

mirror at a 2706 angle. Data were collected as described above. A previous study on cis, equatorial, and trans adducts reported
The stability of the fullerene adducts with respect to irradia- the phosphorescence of the fullerene derivatives to be indepen-

tion was tested. Samples were irradiated in a water bath gent of the functionalization, showing a single peak at ca. 825

maintained at room temperature using a 300 W xenon lamp. nm, regardless of the number or orientation of the substitifents.

Mono- and tris-adducts showed no change when monitored by Th;s signal could not be observed because of the limitations of

HPLC analysis under air. Mono- and bis-adducts showed no gy apparatus, whose sensitivity drops off dramatically after
change under an argon atmosphere. The fullerene adducts appe@po—820 nm.

stable to the experimental conditions. In our experiments with different (predominantly equatorial)

adducts, we observed that the degree of substitution has a
substantial effect on the energy of the triplet. The calculated
The compounds used are shown in Scheme 1. The photo-triplet energies show a strong correlation with the conjugated
physical processes studied are summarized in Scheme 2. Sincéused area of the fullerene core (Figure 3). Total conjugated
the malonate moieties are unreactive under the given conditions fused area was calculated by the summation of the areas of the
within this series all photophysical properties are attributed to remaining fused hexagons and pentagons in the fullerene
the fullerene coré1® derivative core by simple geometry. This trend is apparent not

Results and Discussion
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Figure 1. UV—vis spectra of the complete series. Dashed linesxdr@ except for G and1, which arex15.
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TABLE 1: Ej for Fullerene Derivatives in HFI at 77 K
Obtained from Onsets of Absorptions Shown in Figure 2

Figure 2. Phosphorescence spectra in 2:1:1 methylcyclohexane/2- ) ) )
methyltetrahydrofuranfiodoethane (HFI) at 77 K in front-face mode Figure 3. Energies of the triplet states observed experimentally as a
using a flash lamp with 1@s pulses followed by a 10s delay. The
excitation and emission slits were 8 and 2 mm, respectively.

properties, as will be discussed later.

compound onset, nm Er, kcal/mol

Ceo 7802 36.R2
1 800 35.7
2 710 40.3
3 675 42.4
4a 615 46.5
4b c

5 640 44.7
6 605 47.3

a An identical value was observed by Zeng et'af Calculated from
the data published by Asmus et al. and by Williams €t°alt Not
observed.
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eliminate the fluorescence ofsgand monoadducts?! Also, a

only for the triplet energies but also for most other triplet state pulsed lamp was used to excite the fullerenes, and a variable

delay was introduced between the pulse and the start of the
Several controls were performed to confirm the triplet signal acquisition to eliminate any residual fluorescence. In all

energies. The solvent used, HFI, has been shown to completelycases, increasing the delay resulted in a decrease of the signal
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Cso, Which is more easily reduced than the other addtcts.
Ferrocene quenches the triplet state gflilit does not produce
Cso~, as indicated by the absence of the 1070 nm transient
absorption corresponding to the maximum of the fullerene anion
absorptior?®> Formation of a contact ion pair not leading to
dissociation cannot be ruled out, and therefore, this experiment
is not conclusive. However, the weight of this combined
evidence suggests that the onset of the phosphorescence signal
at 710 nm for2 corresponds to the energy of the triplet at 40
kcal/mol.

20x10°

CGO

>0 O
wWnN =

Triplet —Triplet Spectra and Extinction Coefficients. Ex-
citation of the fullerenes at 355 nm generates the singlet state,
which undergoes intersystem crossing to the triplet state. The
m 4p) transient absorption of the triplet state can be observed using

flash photolysis in the microsecond range. For the mono-, bis-,
and tris-substituted adducts, the peak of maximum absorption
gradually shifts to the blue, while for the more derivatized
fullerenes, the pattern becomes more complicated. The hexa-
adduct6 does not present the common fullerene derivative bands
at ~700 nm and most likely has a completely different triplet
structure.

Ag, Mlem”

400 500 600 700 800
50x10° o

Triplet—triplet extinction coefficientsAer—1) were calculated
. using the energy-transfer meth#ftRubrene ¢2 uM, Er = 26
kcal/mol¥® was added to a sample ofgor fullerene adduct
in toluene. Selective excitation of the fullerene at 355 nm and
subsequent intersystem crossing cause formation of the triplet.
The energy is then transferred to rubrene (Scheme 3).

Ag, Mem”

400 500 600 700 800
A nm

Figure 4. Triplet—triplet absorption spectra. All sampleA & 0.4) SCHEME 3
were purged with argon for 30 min and excited at 355 nm. Spectra

were not corrected for ground-state depletion. 150 v 1gw 1SG 3g4

TABLE 2: Extinction Coefficients and Triplet Quantum 3es K0 g

Yields in Toluene S*—5,

compound Aer—1, M~1cm™? A(max), nm o1 5 Kt 4 s

Ceo 20 200° 750 1 S* + Ruly — 'S + "Rub*
1 17 496 725 0.95 i}
2 15807 710 0.79 *Rub*—- Rul,
3 15 085 695 0.69
4a 20914 680 0.42
4b 28 762 710 0.20
5 40 042 695 0.07 Quenching of the fullerene triplet and formation of the rubrene
6 20871 590 011 triplet can be easily monitored by flash photolysis. The fullerene

intensity, but identical spectra. Luminescence due to delayedtriplet was observed at itsIT Amax and the rubrene triplet is
fluorescence cannot be ruled out; however, this phenomenonobserved at 490 ni. The primary reference isdg(Aer—1 =
was not observed fordgwith this experimental setup. Finally, 20200 Mt cm™).28 The data gathered were corrected for
a series of energy-transfer experiments using transient absorptiodncomplete energy transfer using eq 1 and for fast decay of the
were performed with compourgito determine its triplet energy rubrene triplet using eq 2. The values from these equations were
unambiguously, since its phosphorescence spectrum is morelsed in eq 3 to calculate the final values/dr—r.
complex than that of the other compounds.

Anthracene and ben rene, with triplet energies of 42.5 _
and 41.8 kcal/mot2 did nzgjtrgfjench the tripFI)et state @g,fwhereas Py = kefRub]/(ke{Rub] + ko) @
ferrocene Er = 37.9 kcal/mol}® quenched it with an ap-
proximate rate constant &f, = 8 x 10° M1 s™%. This energy
transfer was observed as a quenching of the triplet lifetime of
the fullerene adduct using the transient absorption setup
described earlier. Subsequent curve-fitting analysis of the data

A . : AODRub 1
yielded the rate constants associated with observed energy AG(T_T)Rub:AE(T_T)S(—)(_) 3)
transfer. Ferrocene has been shown to quench the triplet state AODs J\Py,
of polycyclic aromatic compounds by energy transfer as the
sole mechanisr# Toluene was chosen as the solvent in order
to avoid possible competing electron transfer. To further confirm  Triplet Quantum Yields . Quantum yields for the triplet state
the absence of electron transfer from ferrocene2tdlash of the fullerene derivatives were calculated using the compara-
photolysis experiments were conducted between ferrocene andive technique of Bensasson et2&lThe intensities of the

AODg, = AODpg ) €4 2)
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Figure 5. Correlation of the triplet (a) and singlet oxygen (b) quantum yields with the fused area of the fullerene core.

TABLE 3: Singlet Oxygen Quantum Yields (®,) of the primary referencept, = 1). The results are summarized in

Fullerene Adducts in Toluene Table 3. As mentioned previously, these results set a lower limit

compound G 1 2 3 4a  4b 5 6 for the triplet quantum yield and are significantly more reliable
o 1 093 079 060 044 030 011 o0.16 than those calculated through the use of energy transfer and

comparative experiments.

By comparison of the values obtained for the triplet 404
guantum yields, it seems reasonable to conclude that the fraction
of triplet that generates singlet oxygen, S ¢a/¢r, is roughly
unity for all fullerene derivatives studied. Singlet oxygen
guantum yields show the best correlation with the total con-
jugated fused area in the fullerene core (Figure 5b), compared
to Er and ¢71. Remarkably,4a generates almost 50% more
SCHEME 5 singlet oxygen thadb, even though they both have the same

number of substituents. This difference shows the dramatic effect
of the position of the substituents on the photophysical properties
of fullerene adducts. According to Scheme 4, this difference
can be rationalized in terms of smaller fused areas. Because of
the orientation of the adduct moietiel presents two isolated
phenyl groups (shaded in Scheme 4), whededsas two equal
nearly half-fullerene fused structures. This feature is especially
important in6. This compound has no fused area, and all its
phenyl rings are connected to other phenyl rings by single bonds.
fThe final result is a linked biphenyl macrostructure with special
characteristics. I the phenyl rings are forced to be almost
coplanar, whereas in biphenyl the two rings are twisted with a
Aer_1(S) 1(S) = Aer_1(Cgo) D1(Ceo) (4) 45° dihedral angle, and therefore, little inter-ring conjugation
is possiblel3 However, the spherical nature of the fullerene cage
=1 andAer—7 = 20 200 Mt cm2 for Cg, and the value of forces the linked biphenyl units to bend around theécgybons
Aer_7 is taken from the previous experiment for the fullerene that connect both rings with a 38leviation from planarity, as
adducts'®>?® Results for both triplettriplet extinction coef- shown in Scheme 8.As a result, substantial conjugation occurs,
ficients and triplet quantum yields are summarized in Table 2. as confirmed by the relatively long wavelength absorption.

As in the case of the triplet energies, triplet quantum yields Furthermore, an additional source of conjugation can be
show a strong correlation with the structure of the fullerene core attributed to the cyclopropane rings. It is well known that the
(Figure 5a). These values @f are calculated indirectly from  pent bonds of cyclopropane exhibit somecharactet? This
the previous measurements Attt and therefore have an  phenomenon in fullerenes has been previously desc#9&a.
inherently Ia_rge error. However, they_ correspond We_II with the Conjugation between a cyclopropane-type bond and adjacent
valugs for s!nglet oxygen quantur_n yleld calculated in the next gouble bonds is maximum when they are copldias is the
section, which provide a lower limit for the triplet quantum e in these adducts. It is not unreasonable then to suggest
yields. that the singlet oxygen quantum yield ®(¢» = 0.16) results

Singlet Oxygen Quantum Yields The production of!O; . - . . - .
by the fullerene adduct was evaluated from the phosphorescencgrom this conjugation involving the eight phenyl rings plus

of singlet oxygen at 1268 n. For each compound, four additional conjugation due to the cyclopropane rings.
samples with different absorbances & 0.05-0.4) were As we examine adducts with fewer substituents, another
prepared and the intensity of singlet oxygen emission measuredPhenomenon (building of the corannulene structure up to the
The observed intensity is linear with the absorptivity of the pristine fullerene &) becomes more important and dominates
samples, and the ratio of the slopes of the plots is proportional the overall properties of the triplet state and subsequently its
to the ratio of singlet oxygen quantum yieldso@as used as  singlet oxygen generation capabilities.

SCHEME 4

transient absorption signals from optically matched samples o
fullerene adduct and dg were compared using eq 4 whepe
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Conclusions (12) Hirsch, A.Top. Curr. Chem1999 199, 1—65.
) ) ) (13) Boudon, C.; Gisselbrecht, J. P.; Gross, M.; Isaacs, L.; Anderson,
The triplet states of a complete series of fullerene Bingel H. L.; Faust, R.; Diederich, Fdelv. Chim. Actal995 78, 1334-1344.

adducts have been studied. The perturbation ofithgstem of ( )(1H4) Fﬁfflated W0f|:honl mé!tiply C)’Tdoﬁfoﬁf)anst?@f% th: follgvrzing-
. . a, Irscn, A.; Lampartn, 1.; Gigser, |.; Kartunkel, H. . AM. em.
the fullerene causes the photophysical properties to changeg: 1994 116 9385-9386. (b) Hirsch, A.; Lamparth, I.: Karfunkel, H. R.
substantially. Triplet energies, triplet quantum yields, and singlet Angew. Chem., Int. Ed. Engl994 33, 437-438. (c) Diederich, F.; Isaacs,
oxygen quantum yields show a very good correlation with the L.; Philp, D.Chem. Soc. Re 1994 23, 243-255. (d) Cardullo, F.; Seiler,

; ; ; P.; Isaacs, L.; Nierengarten, J. F.; Haldimann, R. F.; Diederich, F;
fused conjugated area in the fullerene core. Successive func Mordasini-Denti, T.; Thiel, W.; Boudon, C.; Gisselbrecht, J. P.; Gross, M.

tionalization of Go results in higher triplet energies and lower  pej,. chim. Acta1997 80, 343-371. (e) Pasimeni, L.; Hirsch, A.;
triplet and singlet oxygen quantum yields. The hexaad@uct Lamparth, I.; Herzog, A.; Maggini, M.; Prato, M.; Corvaja, C.; Scorrano,

shows a different behavior and does not follow the same patternG- J- Am. Chem. S0d.997, 119, 12896-12901. (f) Pasimeni, L.; Hirsch,
th ther derivati Thi b tributed to the di A.; Lamparth, I.; Maggini, M.; Prato, MJ. Am. Chem. Sod997 119
as the other dervatves. 1his can be attributed 1o the disap-15902-12905. (g) Diederich, F.; Kessinger, Rcc. Chem. Red.999 32,

pearance of the pyracylene substructure and the presence of thez7—545.

linked biphenyl cage and attached cyclopropane rings as theCh(15) tFOOltgéCsSEIectrO\? Tlransfﬁr;l M\e(lttag, lJégEd.;T%%%sgin Current
; ; ; emistry ; Springer-Verlag: New York, ;PP .

only source of conjugation beyond the phenyl rings. I.t has been (16) Hamano, T.. Okuda, K.: Mashino, T.; Hirobe, M.. Arakane, K.:

reported that other_h(_exaadducts possess very surprising photoryu, A.; Mashiko, S.; Nagano, Them. Commurl997, 21—22.

physical characteristids’* and such compounds will be the (17) Staley, S. WJ. Am. Chem. Sod.967, 89, 1532-1533.

subject of intensive study in the future. (18) Qian, W.; Rubin, Y Angew. Chemin preess.
(19) The MER Corp., 7960 S. Kolb Road, Tucson, AZ 85706.
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