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Enhanced nonlinear optical response of an endohedral metallofullerene
through metal-to-cage charge transfer
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A new mechanism for increasing the third-order nonlinear optical susceptikifity, is described

for endohedral metallofullerenes. A two to three orders of magnitude increase in the nonlinear
response is reported for degenerate four-wave mixing experiments conducted with solutions of
Er,@Cg, (isomer ll)) relative to empty-cage fullerenes. A value 8.7x 10" %2 esu is found for

the molecular susceptibilityy,,,x, of EL,@Cg, compared to previously reported valuesgf
=3x10 3 esu andy,y,x=4x10 *esu for Cgy. The results confirm the importance of the
metal-to-cage charge-transfer mechanism for enhancing the nonlinear optical response in
endohedral metallofullerenes. @998 American Institute of Physid$s0003-695(98)02122-6

Since the initial discoveryand development of a tech- graphite rods containing a graphite/metal-oxide mixture. The
nique for macroscopic preparatfolf the archetypal and resulting soot contains both empty-cage fullerenes of varying
most abundant fulleren€4,, a wealth of fullerene-based cage size and primarily the endohedral metallofullerenes
structures have been produced including higher fullerene€r@Cg, and Ep@Cg, (three isomers Separation of
charge-transfer complexes, fullerene derivatives, supercorkr,@Cg, is achieved in a multistep automated HPLC proce-
ducting exohedral-doped fullerenes, and carbon nanotubedure that utilizes Buckyclutcher and Pentabromobenzyl
One of the most intriguing fullerene classes is the endohedrdPBB) derivatized silica gel columns. The inclusion of the
fullerene in which the spheroidal molecular structure is em+PBB chromatographic phase in the separation protocol al-
ployed to encapsulate a small number of atdore to fouy  lows the entire separation process to be automated in contrast
internal to the cagé:® Until recently, the difficult separation with previous procedure’S. Three distinct chromatographic
process of endohedral fullerenes had limited their availabilityfractions are identified by mass spectroscopy agakrg,
to submilligram levels. Consequently, initial studies of theseindicating multiple isomers of this structure. In the final pass,
materials had primarily been restricted to electron paramaga single homogeneous chromatographic peak for the latter
netic resonancdEPR and linear spectroscopyUV-vis). eluting fraction, Es@Cg, (isomer 1ll), was obtained utilizing
EPR measurements demonstrated that, for the case bbth the PBB and Buckyclutcher columns. The material uti-
La@Cg,, the La atom transfers three electrons to thelized in this study is purely that identifi€tias isomer lIl.
fullerene cage and resides in the3 oxidation staté®  The negative-ion mass spectrum for this sample is shown in
Metal-to-cage transfer appears to be a common feature dfig. 1. An expansion of the mass range centered at b3%9
transition metal-containing endohedral metallofullerenesis consistent with the predicted isotope distribution for
Meanwhile, nonlinear optical studies of empty-cd@g and  Ern,@Cg,. The total yield of E@Cg, is greater than 1% of
C,o have shown that these materials possess both large third
order susceptibilitieg®)(— w,; w1, w,,w3)% 8 (~10" 1t esu
compared to a nonresonant value of 50 1 esu for a poly-
diacetylene polymet for examplé and strong optical limit-
ing behaviort®~*? We report here the first nonlinear optical
measurements of an endohedral metallofullerene and find
a dramatic enhancement in the third-order nonlinear optical
response. Degenerate four-wave mixingDFWM)
experiments on solutions of the endohedral metallo-
fullerene Ey@Csg, (Fig. 1) show that the metal-to-cage
charge transfer provides a mechanism for increasing
X3 (— w4;01,0,,0w3) by orders of magnitude relative to
empty-cage fullerenes. ST SO - S ud .. ‘

The EL@Cg, sample was separated and purified using 1000 1250 1300
an automated high performance liquid chromatography iz
(HPLC) apparatus that yields mU|t1igr;ni”igr6-1m-quamities of FIG. 1. Negative-ion mass spectrum for purified,@Cg, (isomer )
pure endohedral metallofulleren€s® The initial endohe- sample. The minor impurity peak at 1382 is due tOBZEr@:BZ_ The

dral fullerene-containing S_OOt was _Obtained using  th€omputer-generated structure shown in the inset is illustrative and may not
Kratschmer—Huffman electric arc burning method on coredeflect the specific cage symmetry and metal sites of th@Ey, isomer.
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FIG. 3. DFWM signal as a function of incident intensity for X.40™* M
Er,@Cg,in CS,, Cg,in CS,, and pureCS,; solvent. The solid curves are
cubic fits for the E§@Cg, andCS, data.

FIG. 2. Absorption spectra of E®Cg, and the corresponding empty-cage
structureCg, in CS,.

the initial soluble soot which is larger than is typically found
for La, Sc, and Y extracts.

The absorption spectrum of F®Cg, (isomer lll) is
compared to that o€g, in Fig. 2. The endohedral fullerene
shows enhanced absorption features near 650 and 900
that result from the charge transfer from the metal to t
fullerene cage. The endohedral fullerene also possesses
absorption tail to longer wavelengths in comparison with th
empty-cage structure. In botBg, and Es@Cg,, there is a
very weak residual absorption at 1064 nm, the wavelength
which the DFWM measurements are made. Fluorescen
measurements have also been reported in purifie& A ] ] )
Er,@Cag,. The characteristic Bf emission in the 1500 nm Figure 3 shows the DFWM signal intensity observed for

—4
region further demonstrates the occurrence of metal-to-cagd® C reference and the 2410™" mol/l Er23@082 solu-
charge transfer. tion together with fits to the data of the for&l>, wherel is

We anticipated the endohedral metallofullerene chargéhe incident intensity. A signal dependence on the incident

transfer to have a dramatic effect on the nonlinear opticalnt€nsity with an alternate exponent would be an indication
response. It has been shown previously that optical excitatioff Undesired mechanisms in the DFWM process, such as
of conjugated molecules can lead to enhancement (03-)photon absorpt|02n. The DFWM signfgroportional to
YO(—w,:wy,0,,05) by orders of magnitude. This has | Xxyyl — @; 0,0, — )|] of the most C(_)ncentrated solutions
been demonstrated in both third-harmonic generatiofl€creases by as much as 50% relative to [iLig solvent
measurementé of a naphthalocyanine and in DFWM indicating a very large, neganve_ molecular susceptibility
measurement&™® of a linear polyene. Within the molecular Yxyy{ — @;@,®,— w) for EL@Cg, (isomer I1l). For a large
orbital description, the metal-to-cage charge transfer can baUmber of concentrations, the signal is measured as a func-
considered similar to the effect of optical excitation of thetion of the incident intensity and is fit tq a cubic to_obtaln the
corresponding empty-cage fullerene. In both cases, electron&yyd ~ @; @, @, — ) value of the solution according to
are placed into the lowest unoccupied molecular orbital A | ale??
(LUMO), though in the metallofullerene there are no corre- C(—ww,0,— )=\ [— <—ar>
sponding holes produced in the highest occupied molecular Arer\1—€
orbital (HOMO) as there are in optical excitation. The
ground state of the endohedral metallofullerene therefore can
be considered to resemble an excited state of the empty cagehereA andA,; are the coefficients of the cubic fit for the
The DFWM experiments are made in the standardsample andCS, reference, respectively,is the sample path
phase-conjugate geomethyusing the 1064 nm fundamental length, anda is the absorptivity. The value used for the
wavelength of aQ-switched Nd:YAG laser. The three inci- CS, reference for orthogonally polarized beams is
dent beams are focused &2 radii of 550 um, and the x\) (—w;0,0,—0)=3.6x10 *esu?® and the path
probe beam is at an angle of 5° with respect to the forwardengths and refractive indices of the sample and reference are
pump beam. A beam splitter is used to direct the signal beartaken to be equal. Figure 4 illustrates the linear decrease of
(counterpropagating to the probe beatm a photodiode to the Solution)()((‘;’,)y)g(—w;w,w,—w) with increased concentra-
measure its intensity. The maximum energy of the countertion. From this linear dependence and the relationship
propagating pump beams is 3 mJ each, corresponding to an @)
intensity of 20 MW/cri. The sample solutions, with a maxi-  Xsolutiol ~ @3 ®,®, ~ ©) = Xsolvenf — @;@,®, ~ ®)
mum concerltzation of 0.32 mg @982 in 0.8 ml of +NFy(— 00,0, —®), (2)
CS, (2.9x10 * molll), are contained in 5 mm path length
spectrophotometer cells. For even the most concentrated sethereN is the number density of solute molecules dnid

lutions, the internalreflection-correctedtransmittance was the local field factor §2+2)/3 (n is the refractive index
Downloaded 20 Aug 2005 to 128.173.176.189. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

greater than 93% at 1064 nm. In our measurements, the
pump beams are vertically polarized while the probe and
signal beams are horizontally polarizéthus measuring
nh;?;,)yx(—w;w,w,—w)]. This configuration ensures that nei-
hdher thermal nor population gratings contribute to the
QIIIZWM signal, since we are interested in the electronic con-
dribution to () (— w; »,0,— ).?“**This is particularly im-
portant since the samples have a small absorption at 1064 nm
forresponding to a molar extinction coefficiert of
1M tcm™t and an absorptivityr of 0.15cm! at the
ighest concentration.

XX~ w;0,0,- o), (6h)
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4.0 ments are currently underway to measure the nonlinear opti-
cal response at these longer wavelengths in both solutions
35 and pure BEX@Cg, films as well as in other endohedral met-

allofullerenes.
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