10842 J. Phys. Chem. A999,103,10842-10845

Photophysical Studies of 1,2-GH>

Angelo F. Benedetto, Sergei M. Bachilo, R. Bruce Weisman,* Jamie R. Nossal, and
W. Edward Billups

Department of Chemistry, Rice Umirsity, Houston, Texas 77005
Receied: August 11, 1999; In Final Form: October 7, 1999

Photophysical measurements have been made on ;##2;Ghe most stable isomer of the simplest,C
derivative. This dihydride’s electronic absorption spectrum is more diffuse than that.dR€ shifts in the
fluorescence and phosphorescence emission spectra show that excitations to the lowest singlet and triplet
electronic states require approximately 8% less energy in 4d-Ghan in Go and that the &-T; gap of
1,2-GoH, is ca. 310 cm?® smaller than that of the parent fullerene. The dominant peak in the dihydride’s

Tn < T; near-infrared absorption spectrum falls at 1050 nm. Compared to the corresponding transition of
Cyo, this absorption feature is broadened, red-shifted by 75 nm, and reduced in peak molar absorptivity by a
factor of 2. Derivatization of & to form 1,2-G¢H, accelerates jldecay by more than an order of magnitude,
giving an intrinsic triplet lifetime of 2.0 ms at room temperature. The rate constant for triplet deactivation
through ground state self-quenching is near X.60’ M~1 s1, or approximately twice that of &

Introduction was applied to . A solution of Gg (23 mg, 0.027 mmol) in

d freshly distilled benzene (30 mL) was degassed by bubbling
argon through it for 1 h. A 10-fold molar excess of anhydrous
hydrazine (8.8 mg, 0.27 mmol) in methanol (10% v/v) was

The photophysical properties of fullerenes have attracte
continuing attention since the first isolation o§dCFor basic
researchers, fullerenes form an intriguing new class of com- . - . . :
pounds to investigate and understand, while applied researcheré‘dcIed in four portions over 36 h while the mixture was stirred
hope to find or enhance special properties that may lead to under argon. The crimsonygsolution gave way to a dark brown

improved photodynamic therapy, solar energy harvesting, optical %Odu:é rrr]nxture. W'tr."n 24hh Of. the initial hydrazmctja a.dﬁmon'
limiting, or other uses. In both of these pursuits, chemical ter reaction time, the mixture was extracted with water

derivatization is an important tool. It is therefore necessary to (3 x 100 ml.‘) and brine (3« 100 mL). and the organic layer
study the effects of chemical modifications on fullerene pho- was then dried over '\.’LSO“' Evaporgtlon of the solvent gave
tophysics. 20 mg of a dark reddish-brown solid.

A|though a number of 6‘0 derivatives have now been Analysis and purification of the prOdUCt mixture was ac-
photophysically characterizéd? very little is known aboutthe ~ complished by HPLC with a Regis Buckyclutcher | stationary
changes in basic photophysical properties caused by derivatizingPhase€, 70:30 toluene:hexane isocratic mobile phase, and UV
higher fullerenes. To investigate this area, we have studied detection at 330 nm. The major product of the reaction appeared
CroH>, the simplest adduct of g and the prototype of a large  as a single band with a small leading shoulder. These products
class of Gy derivatives. In the 1,2-isomer of this dihydride, Were collectively separated from the crude reaction mixture and
which is found to be the most stable by experiment and ab initio identified as Go dihydrides by FD-MS. Analysis byH NMR
calculations, hydrogen atoms are added to adjacent carbon (tolueneds, 250 MHz) confirmed their isomeric identities (1,2-
atoms at a fusion of two of the six-membered rings that surround C7oH2: AB quartet at 4.25, 4.17, 3.73, and 3.65 ppm; 5,6-
a five-membered ring at the;&molecule’s “pole”. Gohas 10 ~ CroHz: singlet at 3.86 ppm). The isomeric mixture was
equivalent [6,6] bonds of this type. The remaining three types separated by further HPLC runs to give a pure sample of the
of [6,6] bonds in Gy are in local environments with less major 1,2-GeH, product.
curvature and show lower reactivitieg.or samples of the 1,2- For studies in toluene solution, the collected HPLC fraction
isomer of GoHy, we have measured the ground state absorption was evaporated at room temperature and then redissolved in
spectrum, quantum vyield for singlet oxygen generation, fluo- toluene that had been purified by sequential distillation from
rescence and phosphorescence spectra, transient absorptiobiAlH 4 and BOs. Benzeneds (Cambridge Isotope Laboratories,
spectrum, and triplet kinetics data. The results indicate that the 99.6%) was used without further purification as a solvent for
triplet quantum yield of 1,2-¢H, remains nearly unchanged induced absorption measurements in the near-infrared, where
compared with the ¢ parent compound, some of its excited its freedom from G-H stretching overtones gave adequate
state energies are markedly lowered, and jtddcay is strongly ~ transparency. Oxygen was removed from fluid solutions by

accelerated. approximately 12 cycles of freezpump—thaw degassing with
) ) agitation. To prepare solid film samples, a solution of 172-2
Experimental Section in toluene was mixed with a toluene solution of poly-methyl

To synthesize the samples, the general procedure describednethacrylate (PMMA). After the resulting viscous mixture was

previously for the reduction of & by anhydrous hydrazifie ~ applied to a glass substrate, the solvent was evaporated by
exposure to air for 1 or 2 days (in darkness) followgdLth of

* Corresponding author. Fax: 713-285-5155. E-mail: weisman@rice.edu. vacuum-drying at room temperature. Films produced in this way

10.1021/jp9928412 CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/12/1999




Photophysical Studies of 1,2,, J. Phys. Chem. A, Vol. 103, No. 50, 19980843

40000 p—M —— — T T T T ' i T

[ ilC in toluene 8 '

_ AT 296 K 1 I C,oH, ]
£~ 30,000 I 6
= [ i i ]
- / —CsoH, \
g - : 4
£ 20000 S RVIANT i \ ]
: _ N— .

P

[ ‘L K
10,000 =

0 " " " n s " " i
300 400 500
Wavelength (nm)

Figure 1. Ground state absorption spectra of 1,2+ (solid line)
and Gy (dottted line) in toluene solution at 296 K. The absorptivities
in the Go spectrum are taken from ref 8.

had thicknesses in the 16@00 um range and showed UY
visible absorption spectra very similar to that in fluid toluene
solution. For low-temperature measurements, film samples were
mounted in a cryostat (Oxford Optistat-DN) whose sample e
chamber was evacuated and back-filled with dry nitrogen gas. 0 . .
A digital controller (Oxford ITC-601) stabilized the sample at
selected temperatures within the range from 77 to 320 K. 0 S0 100 150 200
Ground state UV-visible absorption spectra were recorded Delay (us)
on a Cary 4 or GBC 918 spectrophotometer set for 1 nm figyre 2. Time-resolved 1270 nm oxygen luminescence from optically
resolution. We determined molar absorptivities by taking the excited, air-saturated solutions of 1,248, and G in toluene at 296
spectrum of a sample solution and then weighing the solute thatK. The traces have been vertically scaled to compensate for absorption
remained after evaporating a measured volume to dryness. Fodifferences at the excitation wavelength.
samples that are unstable to heating, such a$iC this
procedure avoids concentration errors that would occur when
preparing standard solutions by weighing out solid samples that
contain residual solvent. For luminescence and induced absorp
tion measurements, our samples were optically excited by
nanosecond-scale 532 nm pulses from a Nd:YAG laser system
(New Wave MiniLase Il). The pulse energy incident on the
samples was between 0.1 and 1 mJ, and the irradiated area varie
between 0.1 and 1.0 émSample luminescence was collected
at 90 with lenses, spectrally selected by a monochromator (ISA
Triax 180) containing gratings with 600 and 1200 grooves/mm,
and detected with a biased silicon photodiode. After preampli-
fication, the detected signals were averaged over multiple
excitation pulses by a digitizing oscilloscope (Tektronix TDS-
430A). An IBM-compatible computer controlled the oscil-
loscope and monochromator through a GPIB interface. The
detection system’s time resolution was limited by the pream-
plifier to 0.7 us. For induced absorption measurements, the same
detection system was used in conjunction with probe light from
a tungster-halogen lamp driven by a highly regulated power
supply. In this configuration, the excitation and probe beams
were aligned collinearly through sample cells of 1 or 5 cm path
length.

Emission intensity at 1270 nm (arb. units)

o

greater line broadening from accelerategl -S S; internal
conversion. The dihydride spectrum shows maxima at 399 and
461 nm plus shoulders near 342, 537, and 680 nm. These
features are consistent with an earlier, lower resolution spectrum
lacking absorptivity calibration that was included as Supporting
Information in a paper by Spielmann et®al’lhe peaks in our

pectrum are blue-shifted by ca. 7 nm compared to those shown

y Henderson et al. for 1,2+H- in a toluene/hexane mixed
solvent? We also note that our spectrum is very similar in shape
to that reported for the-quinodimethane 1,2-monoadddct,
suggesting that major features ofg@dduct electronic spectra
depend only weakly on the addend’s chemical properties.

As is the case for £,1° many of its derivatived! and Gg,12
optical excitation of 1,2-&H- leads to the efficient population
of the lowest-lying triplet state (J. In the presence of dissolved
oxygen, these triplet states (like those of most organic molecules)
are efficiently quenched by an energy transfer process that leaves
the oxygen molecules in low-lying excited singlet staféstom
the very short (300 ns) triplet lifetimes of;6and 1,2-GoH in
air-saturated toluene solutions, it is clear that oxygen quenching
completely dominates all other triplet decay channels under these
conditions. The concentration of excitédg O, molecules is
therefore proportional to the initial concentration of fullerene
triplet states. The excited oxygen concentration may be moni-
tored through the intensity of luminescence near 1270 nm.
Figure 1 shows the visible and near-ultraviolet absorption Figure 2 shows such time-resolved oxygen luminescence signals,

spectrum of ground state 1,2¢E, in toluene solution. For adjusted for the relative sample absorptions at 532 nm, measured
comparison, we also plot a spectrum ofoGn which the from air-saturated solutions of,€and 1,2-GoH, under the same
absorptivities have been scaled to match values from a carefulconditions. From the very similar emission intensities, and taking
study that used solvent-free,dxrystals® The two compounds  the quantum yield of triplet formation to be 1.00 fofg? we
show transitions with similar molar absorptivities throughout deduce thatr for 1,2-GoH, is 0.99+ 0.02.
this range. However, the ultraviolet absorption spectrum of 1,2-  Luminescence spectra were measured for Lg4£and Go
CroH: is noticeably broader than that of4:-probably reflecting samples in PMMA films at and below room temperature. The

Results and Discussion
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: o following 532 nm excitation. The corresponding induced spectrum of
i . ] Cyo in solid PMMA is drawn for comparison (dotted line). Peak
04 ! . absorptivities for the film samples were assumed to match those
I J 1 measured in solution.
0.2 ' - fullerene. These changes represent approximately 8% of the
00k -< . i excited states’ energies. In addition, the gap betweean@ S
i I N T SR UUU I origins is reduced by ca. 13% to approximately 2115 tin

600 700 800 900 1000 1,2-GoHz.
Also included in Table 1 are the results of semiempirical

Wavelength (nm) quantum chemical calculations of the vertical &nd S
Figure 3. Emission and absorption spectra of 1,2+ (top frame) transition energies. These calculations were performed using
and Go (bottom frame). Emission samples were in oxygen-free PMMA  the PM3 module of Hyperchem 5.1. After full optimization of
films at 140 and 200 K, respectively; absorption samples were in toluene 4,4 ground state geometry, a Cl calculation using 14 occupied

solution at 296 K. Dotted curves show prompt emission (fluorescence), . . . .
thick solid curves show delayed emission (phosphorescence), and thinand 14 unoccupied orbitals gave the energies of electronically

solid curves show absorption. The emission spectra have been normal€Xcited states. The computed transition energies;tanti §

ized to the same peak height for comparison, but their shapes have nodiffer from the experimental values by only-5%, and they
been corrected for wavelength-dependent instrumental sensitivity. correctly reflect our observation that these energies decrease
Absorption spectra have been scaled to show their relation to py approximately 1000 crd in going from Gg to 1,2-GoHa.

fluorescence spectra. This decrease seems to result from the shape of the LUMO,
TABLE 1: Energies (in cm-?) of the Lowest Excited Singlet which, unlike the HOMO or most nearby orblyals,. is concen-
and Triplet States of 1,2-GoH and Cyo, As Found from trated near the equator, away from the derivatization sites.
Emission Spectra (exp) and Quantum Chemical Calculations Derivatization to form the dihydride therefore raises the LUMO
(calc) energy much less than that of the HOMO, resulting in a smaller

compound AEex(S1 — So) AEcaidS1—S0) AEex(T1—S0) AEcaidT1i—So) HOMO-LUMO gap and lower excitation energy. However,
1.2-GoHa 13 725+ 20 14 434 11 61a 20 11486 these PM3-CI calcula_t|ons (in contrast to CI results using
Cno 15 015+ 20 15 298 12 59@ 45 12 488 ZINDO/S) do not predict the reduced gap betweerad T,
difference  —12904+ 30 —864 —980+ 50 —1002 that is observed in the dihydride.

Further information about the energies of excited states can
dotted curves in Figure 3 show the emission spectra detectedbe obtained from transient absorption spectra. Figure 4 shows
promptly (within our instrumental time resolution) after 532 nm induced absorption spectra, as measured at delays of many
excitation. We identify this emission ag S S fluorescence. microseconds, in room-temperature 1,2+ samples dissolved
In cooled samples at longer delays, we observe a much weakeiin solid PMMA and in benzenés. Little difference in spectral
emission whose time dependence matches the induced absorpshape is seen between these two solvents. The data, which are
tion kinetics described below. We assign these delayed emissionsincorrected for ground state depopulation, show a superposition
to Ty — S phosphorescence and plot their spectra as solid of positive-going |, < T1 absorptions and negative-going
curves in Figure 3. All emission spectra are uncorrected for S; < S bleaching features. In particular, the sharp dip at 680
instrumental response and have been normalized to the same&m matches the longest-wavelength transition seen in the ground
peak height in the figure. At higher sample temperatures, we state absorption spectrum. Features to the red of 700 nm
also observe thermally activated delayed fluorescence. Thosetherefore arise only from triplettriplet absorptions. The
findings will be described in a separate repdrt. dominant band in this region is the broad feature peaking at

Taking the shortest-wavelength distinct feature of each 1050 nm. Presuming that this transition correlates with the 975
luminescence spectrum to represent the origin transition, we nm peak in the T — T; spectrum of G, formation of the
obtain energies of the;Sand T; states of 1,2-@H, and Go dihydride shifts the dominant red triptetriplet band 75 nm to
relative to the corresponding electronic ground states. Theselonger wavelengths. This 8% reduction in transition energy,
excitation energies are shown in Table 1. Both thead T, which matches that found in fluorescence and phosphorescence,
energies of 1,2-gH, are lowered significantly, by ca. 1290 implies that the upper triplet electronic state of the dihydride is
and 980 cm?, respectively, compared to those of the parent lowered in energy by 785 cmrelative to T, and by 1765 cmt
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0.4 T r T T T v r . Y Cro. We find that the electronic absorption spectrum is more
diffuse for the dihydride. Both the fluorescence and phospho-
rescence spectra of the dihydride show red shifts relativedgo C
indicating that the lowest singlet and triplet electronic excitations
require approximately 8% less energy in 1,245 than in Go.
Semiempirical quantum calculations suggest that this reduction
arises from the lower electron density of the LUMO than the
HOMO at the derivatization sites. The spectroscopie§ gap

is ca. 310 cm! smaller in 1,2-GoH,. We find the quantum yield

for triplet state formation in 1,2-¢gH- to be nearly 1.0, the same
as for Go. Triplet—triplet absorption measurements reveal a
dominant near-infrared transition peaked at 1050 nm. Compared
to the corresponding triplet transition of&this feature is much

0.58 uM 1,2-C;H, in toluene

@
w

Induced absorbance (mAU)
= =
— )

0.0 broader, reduced by ca. 50% in peak molar absorptivity, and
: . :1 é é red-shifted by 75 nm. These effects are similar to those observed
" i on forming [6,6] adducts of &, except that their T T,
Delay (ms)

spectral shifts occur in the opposite direction. The intrinsic
Figure 5. Induced absorbance kinetics measured at 1050 nm for a lifetime for triplet state decay of room-temperature 1,2+G
0.58uM solution of 1,2-GoH; in toluene at 296 K following 532 nm s 2 0 ms, more than an order of magnitude shorter than that of
excitation. The path length was 5 cm. Points show measured datac .\ This acceleration of triplet decay on derivatization is several

(thinned for clarity), and the solid curve shows a best-fit kinetic tim reater than tvpically observed for anal dducts of
simulation representing concurrent first- and second-order decay. In es greater than typically observed for analogous acducts o

the simulation, the initial decay was 41% second-order and the first- Ceo- We also find that the rate constant for triplet self-quenching

order decay constant was 543's is approximately twice as large in 1,24, as in Go. Further
experimental and theoretical research will be needed to explore

relative to §. We note that analogous derivatization ofpC  the variations in & photophysical properties with adduct

causes the dominant triptetriplet absorption band to shiftin ~ properties and derivatization site, and to systematically under-

the opposite directiok:1®The 1050 nm T~ T1 band of 1,2- stand these properties on the basis of molecular electronic

C70H2 is noticeably broader than the 975 nm band e, @nd structure.

comparative measurements show that its peak molar absorptivity

is reduced by approximately 50% from that ofQo 1650 dr Acknowledgment. We are grateful to R. J. Parry for
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5 shows results for a 0.58M solution in toluene at 296 K.
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