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We have theoretically investigated the one- and two-photon absorption properties of Cg and C4, using the
ZINDO method. From the results it is suggested that the one-photon absorption spectra are in agreement with the
experimental observations. It is found that the maximum TPA cross section of C is more than twice that of Cgg,
which is consistent with the experimental results. A notable point is that the TPA process of Cg is different from

that of Co aswell as other ordinary conjugated molecules.
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Introduction

Cage-like carbon clusters, fullerences, are the subject
of wide interdisciplinary interest in materials science.
Cso Was first found in the laser desorption mass spec-
troscopy of carbon in 1985, but the discovery of mass
production of fullerences by Kratchmer et al.? in 1990
opened the field to a large number of new workers in-
terested in this class of materials. Amongst the various
kinds of fullerences, Cgy and Cy are the most abundant
and have been extensively studied. The three-dimen-
sional cage structure® of fullerence provides plenty of
delocalized w electrons, which is of particular interest
for the nonlinear optical response. Many researchers
have examined theoretically and observed experimen-
tally the superconductivity, magnetic ordering, photo-
physical and excited-state kinetic properties and optical
limiting properties.*® However, less attention has been
paid to the two-photon absorption (TPA) properties of
Cso and C. The TPA process considered here involves
the simultaneous absorption of two photons, and the
transition probability for absorption of two identical
photons is proportional to 1%, where | is the intensity of
the laser pulse. The TPA phenomena of materials have
now received more and more consideration for the po-
tentiallby practical applications such as upconverted
lasing,”® optical power limiting,”** photodynamic ther-
apy,* and three-dimensional (3D) microfabrication.***°
These applications have stimulated research on the de-
sign, synthesis and characterization of new molecules
with large TPA cross sections. On the basis of the ob-
servations by Albota et al.," it was found that those
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molecules having large TPA cross section contain both
donors and acceptors that are connected to each other
via conjugated polyenes. Later on, there appeared sev-
eral ways to optimize the nonlinear optical (NLO) char-
acteristics of such a chromophore, such as increasin

the strength of the donor and acceptor groups'’™*
modifying the nature of the conjugated bridge**® and
increasing the conjugated length of the bridge. In con-
trast to the extensive investigation on the structure-TPA
relationship of the dipolar and quadrupolar molecules,
recently, reports on the TPA property of the octupolar
molecule with multi-branched structure became more
and more®% Most of the studied molecules possess
one-dimensional structure or two-dimensional structure,
but the researches on the TPA properties of
three-dimensional fullerences such as Cg and Cy are
lacked. It is known that Cg and Cz exhibit large
third-order NLO response and the TPA cross sec-
tion d(w) of materials can be directly related to the
imaginary part of the third-order optical susceptibility.
According to this relationship, one can anticipate that
Ceso and Cy should have large TPA cross sections. So in
this paper, we studied the TPA properties of Cgo and Cyg
theoretically using the ZINDO method and analyzed the
differences between them.

Theoretical methodology

The TPA process corresponds to simultaneous ab-
sorption of two photons. The TPA efficiency of an or-
ganic molecule, at optical frequency w/2m, can be
characterized by the TPA cross-sectiond(w) . It can be
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directly related to the imaginary part of the second hy-
perpolarizability y (-w; w, @ — «) by:*°

2
5@ =T iy (0 - @ @

where 7 is Planck’s constant divided by 21, nisthe
refractive index of medium, c isthe speed of light, L isa
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local field factor (equal to 1 for vacuum).

The sum-over-states (SOS) expression to evauate
the components of the second hyperpolarizability v
can be induced out using perturbation theory and den-
sity matrix method. By considering a power expansion
of the energy with respect to the applled field, the Vi
Cartesian components are given by #
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where P(i, j,k,|;~w,; @, @, @) is a permutation
operator defined in such away that for any permutation
of (i,j,kl), an equivalent permutation of (—w.; w1, wy,
w3) is made simultaneously; w,= w+ wt « is the
polarization response frequency; w,,w,,w,; indicate
the frequencies of the perturbing radiation fields (con-
sidering the degenerate TPA, w= w~= w and wz=—
w); i, ], kand | correspond to the molecular axes x, y and
z, m, n and p denote excited states and o, the ground
state; y; is the j(=X,y, z)th component of the dipole
operator; (| ) =(m] ;) — (o] o))
(h/2m)wme is the transtlon energy between the m and
0 dstates and I, is the damping factor of excited
state m. Considering that the higher the excited state is,

and the shorter the lifetime is, the I isexpressed as
follows:™
w
o= 008X 7 (3)
wln

To compare the calculated 6 value with the experi-
mental value measured in solution, the orientationally
averaged (isotropic) value of y is evaluated, which is
defined as

1
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In principle, any kind of self-consistent field mo-
lecular orbital procedure combined with configuration
interaction can be used to calculate the physical values
in the above expression. In this paper, the B3LY P/6-31G
method was firstly used to calculate molecular equilib-
rium geometry. Then, the property of electronic excited
state was obtained by single and double electron excita-

tion configuration interaction using ZINDO program.
Furthermore, UV-Vis (ground-state one-photon absorp-
tion) spectra were provided for predicting TPA proper-
ties. Then according to the formulae (1) to (4), the sec-
ond hyperpolarizability y and TPA cross section d(w)
of Cgo and C; were calculated.

Results and discussion

Ceo is a fascinating, beautiful molecule of high
symmetry. Twelve pentagons and twenty hexagons are
arranged in a soccer-ball-like structure of about 1 nm
diameter that belongs to the icosahedral point group .
As far as Cy is concerned, its rugby-ball shape can be
envisioned either by adding a ring of ten carbon atoms
or, equivalently, adding a belt of five hexagons around
the equatorial plane of Cgo molecule which is normal to
one of the fivefold axes and suitably rotating the two
hemispheres of Cg by 36° so that they fit continuously
onto the belt hexagons, and its molecular symmetry is
Dsh. In contrast to Cgo, Which has only one unique car-
bon site, C7o molecule has five inequivalent sites. Hence
Ceo has two unique bond lengths but Cy has eight dis-
tinct bond lengths. The geometry of Cg and Cyy has
been optimized by B3LYP/6-31G method. The result
indicates that the independent bond lengths of Cg are
Re6=0.1397 nm and Rs=0.14601 nm, in excellent
agreement with the neutron powder diffraction experi-
ment.”® As regard to Cr, its optimized geometric pa-
rameters are depicted in Figure 1 and listed in Table 1.
One can see that our calculation is in accord with the
valuesin literature.?’

For Cg, Table 2 lists four lowest-lying transitions
whose oscillator strength is up to zero and the elec-
tronically allowed transitions with none-zero oscillator
strength. In terms of Cyq, the electronically allowed
transitions with oscillator strength bigger than 0.01 are
tabled in Table 3. Orbitally forbidden bands can aso
appear weakly in solution spectra due to reduction of
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Figurel Labelsof the optimized geometry of Cy.

Table1l Optimized geometric parameters for Co (bond lengths
in 10! nm and bond anglesin (%))

Parameter  Value valuein Parameter  Value valuein
Ref. 28 Ref. 28
1 14584 1.4608 c 106.97 106.79
2 1.3990 1.3788 d 120.03 120.07
3 14541 1.4553 e 108.53 108.38
4 1.3902 1.3643 f 119.82 120.04
5 14553 1.4702 g 107.98 108.22
6 14394 14174 h 12143 121.24
7 14238 1.4136 i 121.27 12157
8 14762 1.4859 j 118,57 118.53
a 119.74  119.59 k 116.17 115.78
b 120.21 120.34

Table 2 The calculated and observed one photon absorption
spectra of Cg

sym.  2%nm f 2B finm Strength
Ty 538.8 0.00 591

Ty 534.0 0.00 568

G, 522.1 0.00 540

Hy 469.5 0.00 492

T 354.0 0.01 365 weak
T 295.7 0.06 328 medium
T 245.0 1.08 256 strong
T 229.9 1.02 227 shoulder
T 208.3 7.34 211 strong

2 From Ref. 29.

local symmetry resulting from solute-solvent interac-
tions. Thusit can be seen that the disagreement between
theoretical calculations and experimental observationsis
understandable. The gained strong peaks are in good
agreement with observed values® and also consistent
with the previous results of our group.?

Now we turn our attention to the calculation results
of TPA properties of Cgy and Cz. According to expres-
sions (1)—(4), we compiled a program to calculate the
third-order optical susceptibility y and the TPA cross
sectiond(w). The absorption of light by matter is a
consequence of the interaction of an electromagnetic
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Table 3 The calculated and observed one photon absorption
spectra of Cy

Sym. 29Mnm f WePinm  Strength
S = 485.6 0.05 469 medium
I 390.8 0.13 378 medium
= 3815 0.12

I 360.7 0.06

= 332.1 0.08 359 medium
n 313.0 0.05 331 medium
= 310.8 0.01 313 weaker
= 298.6 0.01

n 289.3 0.03

= 277.7 0.01

B 267.2 0.13

B 263.3 0.36

n, 262.2 0.53

n 254.9 0.03

) 248.1 0.07

B 244.1 0.02

) 2438 0.05

= 240.9 0.03

) 234.1 0.26

N 226.3 8.30 236 strong

= 225.7 1.17

n" 2233 1.55

= 208.0 6.04 215 strong

n 2014 1.06

= 190.0 0.15

2From Ref. 29.

field with optically induced electric dipoles in a mole-
cule. For the molecule like Cgg that has central symme-
try, a change in the parity between the initial and final
states (wave functions) is required for every photon in-
volved in the transition for electric dipole transitions.
Thus the selection rule for TPA is different from that of
OPA. One change of parity is required for a one-photon
transition, while two-photon transitions must have ini-
tial and fina states with the same parity. Because the
ground state of Cg is Ay sSymmetry, according to the
selection rule, we select all excited states with g sym-
metry as possible TPA final states to calculate TPA
cross sections. The frequency dependent curve of TPA
cross sections for Cgp is shown in Figure 2. However,
for the molecule without a center of inversion symmetry
such as Cyg, every state is of mixed parity and hence all
electronic states involving any number of photons are
allowed. So we consider every state as the possibility of
being the TPA final state to depict the TPA spectrum of
Co (displayed in Figure 3). As can be seen in Figure 2,
for Cg, a 518 nm, the TPA cross section gives a maxi-
mum, 995.7 X 10~ cm*s/photon. The result is in good
agreement with the observed result of Refs. 30 and 31.
The states corresponding to the peak TPA cross section
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Figure3 TPA spectrum of Cyo

have lHg symmetry, which isin line with the standpoint
mentioned in Ref. 31. With regard to C;, as shown in
Figure 3, the TPA spectrum is much more complicated
than that of Cg There are four TPA peaks in the Figure
3 compared with only one TPA peak in the TPA spec-
trum of Cg. Because the reduced symmetry of Co a-
lows at most for doubly degenerate states while Cgp al-
lows five-fold degeneracies, the number of possible
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TPA final states of C; is more than that of Cg. In the
four peaks of TPA spectrum of C;, the maximum TPA
cross section value is 2757.5X10>° cm*s/photon at
408.6 nm and the corresponding excited state is A"
symmetry. This maximum TPA cross section of Cog is
about 2.7 times larger than that of Cg. It is suggested in
the Refs. 32 and 33 that the third-order optical suscepti-
bility y of Czg is more than twice that of Cgo. On the ba-
sis of the direct proportiona relationship between the
imaginary part of the third-order optical susceptibility
and TPA cross section, one can dope out that the differ-
ence between the TPA cross sections of Cgg and Cqg is
more than twice. Obviously, our calculations arein good
agreement with the experimental observations. This dif-
ference results from the fact that electron transfer within
alarger volume favors the maximum TPA cross section
of molecule.

It is interesting to point out another difference be-
tween Cg and C;o on the TPA process. For ordinary
conjugated molecules, the position and relative strength
of the two-photon resonance are to be predicted using
the following simplified form —three-state approxima-
tion of the SOS expression:'®%

MaMS, o

2

(Es—Eon/2)
where M;; is the transition dipole moment from the
state i to j; E; isthe corresponding excitation energy,
and the subscripts 0, k and n refer to the ground state S,
the virtual intermediate state S, and the TPA final state
S, respectively. This formula can considerably facilitate
a search and design of new molecules with strongly en-
hanced TPA, because it is a simple relationship between
the TPA cross section value and some usual linear ab-
sorption parameters. For ordinary conjugated molecules
with large TPA cross sections, the intermediate state of
TPA (namely the final state of OPA) should locate lower
than the final state of TPA. However, for Cg, the inter-
mediate state of TPA corresponding to the first strong
OPA peak appears to be higher state than the final state
of TPA (displayed in Figure 4 (a)). Asto Cyo, the similar

the virtual intermediate state of TPA

- -A_ -l T T T T (the 122th excited state)

the final state of TPA
(the 102th excited state)

the ground state

(a)

] the final state of TPA
\ (the 218th excited state)

= = = the virtual intermediate state of TPA
(the 181th excited state)

the ground state

(b)

Figure4 Sketch map of the two-photon absorption of () Cgpand (b) Cro.
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TPA process to the ordinary conjugated molecules with
large TPA cross sections is exhibited and shown in Fig-
ure 4 (b), that is, the TPA intermediate state (the first
strong OPA peak) lies lower than the final state of TPA.
This distinctness can be explained by analyzing the re-
lationship between the OPA and TPA parameters in two
fullerences. As far as Cg is concerned, the first OPA
with oscillator strength equal to 0.01 is 365 nm, which
is shorter than the maximum TPA wavelength 518 nm.
With respect to Cp, the maximum TPA peak appears at
408.6 nm, which is shorter than 485.6 nm—the first
OPA with oscillator strength up to 0.05.

Conclusion

In this paper, we have performed the theoretical re-
search on the TPA properties of Cgo and Cyo. The calcu-
lated TPA cross section peak of Cz (2757.5%<10
cm’»s/ photon) is about 2.7 times as large as that of Cgo
(995.7 X 10 *° cm’g/photon), which is in line with
results in literatures. It is notable that, the TPA proc-
esses of both are entirely different on the basis of the
concept of three-state approximation of the SOS expres-
sion. The interesting differences are attributed to the
dissimilitude in the contrastive relation between OPA
and TPA parameters of Cgo and Coo.
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