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Structures, Stabilities, and Electronic and Optical Properties of G Fullerene Isomers
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The 2385 classical isomers and four nonclassical isomers of fullergriea@ been studied by PM3, HCTH/
3-21G/ISVWN/STO-3G, B3LYP/6-31G(d)//HCTH/3-21G, and B3LYP/6-31G(d)//B3LYP/6-31G(d).Cche

7mbr isomer, with a chain of four adjacent pentagons surrounding a heptagon, is predicted to be the most
stable isomer, followed b¥Z,,:4mbr which is 3.15 kcal/mol higher in energ,:0032 with three pairs of
adjacent pentagons is the most stable isomer in the classical framework. To clarify the relative stabilities of
Cs2 iIsomers at high temperatures, the entropy contributions are taken into account on the basis of the Gibbs
energy at the B3LYP/6-31G(d) level. Analyses reveal @almbr prevails in a wide temperature range. The
vibrational frequencies of the five most stablg @illerene isomers are also predicted at the B3LYP/6-31G-

(d) level, and the simulated IR spectra show important differences in positions and intensities of the vibrational
modes for different isomers. The nucleus-independent chemical shift and the density of states of the three
most stable isomers show that the squar€indmbr and the adjacent pentagons@g7mbr and C,:0032
possess high chemical reactivity. In addition, the electronic spectra and second-order hyperpolarizabilities
are determined by means of ZINDO and the sum-over-states mode. The intensity-dependent refractive index
y(—w; o, v, —w) atw = 2.3305 eV ofCs7mbris very large because of resonance with the external field.
The second-order hyperpolarizabilities of the five most stable isomers,&r€ predicted to be larger than

those of Go.

1. Introduction proposed; and the successful synthesis of its stable derivative
(4-Me-GsHy)2-Cs: indicated that nonclassical fullerenes with a
square can exist. The nonclassicah @llerene with a hep-
tagonal ring was investigated by Ayuela et dlhe nonclassical
Cs2 fullerenes and derivatives fromggare of general interest

%ecause of their close connection with the most abundant

fullerene Go. To our best knowledge, a systematic theoretical

study on G; fullerenes is absent, although a few investigations
have been reported 15 Therefore, full geometry optimizations

of all classical and some nonclassical isomers gfate carried

Tout in this study. To evaluate the temperature-dependent relative
stabilities of G, isomers, entropy contributions are taken into
Account on the basis of the Gibbs function under the condition
of interisomeric thermodynamic equilibrium. Finally, calcula-
tions are also performed for IR spectra, nucleus-independent
chemical shift (NICS), UV-vis spectra, and nonlinear optical
(NLO) properties for several of the most stablg; Somers.

Since the discovefyof the buckminsterfullerenedg along
with its macroscopic scale synthe3ifyllerene study as an
interdisciplinary field has attracted extensive atten&éihe
search for other fullerenes has been an active research are
resulting in much success forggand higher fullerenes. With
increasing size, however, the number of isomers rapidly
multiplies, and as a consequence of steric strain and the high-
temperature conditions of isomer formation, only pure “classi-
cal” fullerene isomers with pentagons and hexagons have bee
successfully isolated. In fact, most of the experimentally isolated
fullerenes are part of a subset having nonadjacent pentagons,
fact known as the isolated-pentagon rule (IPR)According
to this empirical rule, & is the first fullerene that is “stable”
after Gso because the intermediate fullerenas-&Cgg include
energetically unfavorable fusion of two pentagons within their
structures. For g3, three non-IPR isomers with minimal strain
have been proposédind one nonclassical structure with fused
square-pentagon units was also predicted to possess low 2. Computational Details
energy®11 Another nonclassical isomer with heptagen
hexagon units with even lower energy has also been pre-
dicted!213 Recently, Hou et al. studied the dimerization of

14
squarepentagorjal & H2-C62,_and Fz-Cez ) _ ... the semiempirical method PM3The geometries of the 81 most
Ce2 has 2385 isomers obeying the clf_;lssmal definitions with stable classical isomers from PM3, with relative energies within
only pentagons and hexagdttiiree of which have the smallest 5y caymo, are refined with HCTH[18]/3-21G//SVWN[19)/
number ofess (€5 = 3): 'the ””F”ber of pentagerpentagon STO-3G. All geometries of the first 24 most stable isomers from
fusions:® A Cz,-symmetric G, with one square was recently  pyc114/3151G//SVWN/STO-3G are refined with B3LYP[20)/
6-31G(d)//HCTH/3-21G and B3LYP/6-31G(d)//B3LYP/6-31G-

The geometry optimizations of all 2385 classical isomers
generated with the FULLGEN prograth,along with four
nonclassical isomers ofegfullerene, are performed first with
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functionals!® All geometry optimizations are carried out within
the Gaussian 03 quantum chemical pack&ge.

Upon the optimized structures predicted by B3LYP/6-31G-
(d) are carried out the harmonic vibrational analyses at the same
level of theory for the five most stable isomers 0§,C
Rotationat-vibrational partition functions are constructed from
the optimized structural and the vibrational frequencies with
rigid rotator and harmonic oscillator approximations, and no
frequency scaling is performed. Relative concentrations (mole
fractions), X, of theith isomer among then isomers can be
expressed through the partition functiogsand the ground-
state energieAH°; by a compact formuld?

q exp[~AH®, /(RT)]
% = 1)

Z g, exp[~AH?, /(RT)]
£

whereR is the gas constant aridis the absolute temperature.

Equation 1 refers to the relative ground-state energids;,

i.e., the enthalpies at the absolute zero temperature. Hence, the

conventional heats of formation at room temperatiih®; o,

in our calculations are converted to the heats of formation at

the absolute zero temperatutéi®, .. It is necessary to stress

that eq 1 is an exact formula that can be directly derived from

the standard Gibbs energies of the isomers, and it is strongly

temperature-dependetit. The chirality contribution is not

considered in our study. N = =
Upon the optimized structures predicted by B3LYP/6-31G-  Cr1310 Cr:1058 Cr1085  Cr:0901

(d) are carried out the NICS analyses at the same level of theoryFigure 1. Structures of the first 24 most stable isomers ef. C

for the three most stable isomers. In addition, we perform ) ) ) . )

ZINDO calculations on the electronic spectra for the five most g is obtained by insertion of a C2-unit into two adjacent 5,6-

stable G, isomers. The reliability of the ZINDO method has 'ing junctions of Go fullerene as described by Qian et'al.
been verifiecd?*~26 The UV—vis spectra and the second-order (Shown in Scheme 1B). The third most stable isoag0032

hyperpolarizabilities are predicted by ZINDO/SOh combina-  Which possesses the lowest energy among the classical isomers
tion with the sum-over-states (SOS) schef.In the UV— is about 13.52 kcal/mol higher in energy th@g7mbr. The
vis spectra and second-order hyperpolarizabilitigscalcula- classical isomer€,:0899 andC;:1077 possess slightly higher

tions, an active space of 28 occupied and 28 virtual orbitals ENergies than that &@,:0032, i.e., 0.75 kcal/mol and 2.43 kcall
(784 single-electron excitation configurations) plus the ground Mol higher in energy, respectively, while the othep Gomers

state are included. These calculations are performed upon the2re at least 11.07 kcal/mol higher in energy tiarD032. We
B3LYP/6-31G(d) optimized geometries. should note thatC,:7+4 is another nonclassical isomer by

inserting a C2-unit into an adjacent 6,6-ring junction @f (3ee
Scheme 1C). Th€::7+4 is 21.12 kcal/mol higher in energy
thanCs.7mbr, and another nonclassical isomer is not listed due
3.1. Relative Energies and Structures of g Isomers.The to its very high relative energy.
structures of the 24 most stable isomers in energetic order are The order of relative energies obtained with PM3 is distinctly
shown in Figure 1, and the relative energies predicted by severaldifferent from that based on B3LYP/6-31G(d)//B3LYP/6-31G-
methods are listed in Table 1. The numeric indices of tge C  (d), with the largest difference of 25.84 kcal/mol. The order of
classical isomers follow their order of appearance within each relative energies for the 24 isomers predicted by B3LYP/6-31G-
distinct symmetry from FULLGEN. (d)//[HCTH/3-21G agrees well with that based on B3LYP/6-
The relative energies of the 24Gsomers from PM3, HCTH/  31G(d)//B3LYP/6-31G(d). The order of a few isomers varies
3-21G//ISVWN/STO-3G, B3LYP/6-31G(d)//HCTH/3-21G, and (as listed in Table 1), and the largest difference of relative
B3LYP/6-31G(d)//B3LYP/6-31G(d) are listed in Table 1. energiesfAE.) obtained by these two methods is less than 3.74
B3LYP/6-31G(d)//B3LYP/6-31G(d) predicts the isomer labeled kcal/mol. In addition, the order of relative energies predicted
asCs7mbr, with a heptagon, to be the most stable isomer for by HCTH/3-21G//HCTH/3-21G is slightly different from that
Cs2, and the second most stable isomer was predicted @hbe based on B3LYP/6-31G(d)//HCTH/3-21G, with the larg&&
4mbr with a square that is 3.15 kcal/mol higher in energy. The less than 8.02 kcal/mol. These results suggest that the B3LYP/
two most stable isomers ofg&are, surprisingly, nonclassical  6-31G(d)//HCTH/3-21G method predicts the relative energies
fullerenes, which are heptagon-containing or square-containing better than those from the HCTH/3-21G//HCTH/3-21G method,
fullerene isomers. Both of them are formed through a C2-unit supporting B3LYP/6-31G(d)//HCTH/3-21G as a reliable and

3. Results and Discussions

addition into fullerene & (See Scheme 1). Isom€x:7mbr is efficient approximation for fullerene geometry and relative
formally a product of a C2-unit insertion into a hexagonal face energy predictios?
of Cgo, Which has been described by Ayuela et éhown in The gap between the highest occupied molecular orbital and

Scheme 1A). The conceptual approackCsadmbrwith a square the lowest unoccupied molecular orbital (HOMQUMO) and
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TABLE 1: Relative Energies of Cs; Isomers from PM3, HCTH/3-21G//SVWN/STO-3G, B3LYP/6-31G(d)//HCTH/3-21G, and
B3LYP/6-31G(dy

HCTH/3-21G B3LYP/6-31G(d) B3LYP/6-31G(d)
s PM3 /ISVWN/STO-3G /IHCTH/3-21G //B3LYP/6-31G(d) AEgas

Cs7mbr 3 1.61 0.00 (0.00) 0.00 (0.00) 0.00 1.38

Cau:4mbr 0 0.00 5.37 (5.77) 3.30 (5.55) 3.14 1.84

C»:0032 3 16.27 10.47 (11.61) 13.81 (10.63) 13.52 1.28
C1:0899 3 17.77 10.25 (11.58) 14.53 (10.31) 14.27 1.12
C1:1077 4 12.95 13.02 (15.21) 16.24 (12.96) 15.95 1.26
Cy7+4 0 21.98 24.10 (28.46) 22.05 (25.02) 21.12 1.82
C1:0743 4 26.23 21.52 (24.31) 25.03 (21.40) 24.59 1.65
C,:0094 4 33.16 20.39 (23.85) 25.40 (20.35) 24.91 1.49
C1:0795 4 29.13 24.24 (27.56) 28.17 (23.99) 27.66 1.38
C:0062 4 53.64 20.48 (27.48) 28.02 (20.40) 27.80 1.25
Cy1114 4 35.30 25.12 (27.74) 30.08 (25.08) 29.53 1.30
C,:0066 4 32.37 22.14 (30.14) 29.93 (21.91) 29.65 2.08
C1:1103 4 29.97 25.65 (29.68) 30.21 (25.57) 29.76 1.51
C1:0874 4 37.25 26.10 (28.81) 30.59 (25.99) 30.05 1.40
C2:0063 4 34.03 25.54 (30.95) 31.75 (25.33) 31.27 1.83
Cy:1732 4 44.01 27.65 (32.19) 33.59 (27.46) 31.43 1.29
C1:0958 4 32.03 27.57 (31.99) 32.06 (27.37) 31.62 1.48
C1:1982 4 45.93 24.64 (31.62) 32.07 (24.52) 31.70 1.28
C1:1035 4 51.83 26.85 (30.76) 32.88 (26.77) 32.44 1.06
C1:0724 4 34.73 28.84 (33.27) 33.33 (28.69) 32.80 1.46
C1:1310 4 40.33 27.61 (33.65) 34.18 (27.47) 33.97 1.46
C»:0061 4 55.90 27.22 (34.66) 34.85 (27.25) 34.58 1.07
C1:1085 4 42.14 29.27 (34.51) 34.42 (29.12) 35.71 0.95
C1:1058 4 45.38 27.96 (33.27) 34.73 (27.90) 36.18 1.13
C1:0901 4 54.31 29.15 (34.62) 35.40 (28.97) 39.14 1.34

aThe values in parentheses of the HCTH/3-21//SVWN/STO-3G and B3LYP/6-31G(d)//HCTH/3-21G columns are obtained from SVWN/STO-
3G and HCTH/3-21G, respectively. The relative energies are in kcal'matd the HOMG-LUMO gaps (AEgsp) are in eV.P ess: the number of
pentagor-pentagon fusions. AEg,; predicted by B3LYP/6-31G(d) based on the B3LYP/6-31G(d) geometries.

SCHEME 1: Conceptual Formation of Cs7mbr, Cy,:4mbr,
and C1:7+4 by Insertion of a C2-Unit into Ceg

The observed fullerenes belong to the subset of classical
isomers with isolated pentagons, which is only possible for cages
Cns With n = 60 orn = 70 + 2k for k = 0. In those cases
where is impossible to have all the pentagons isolated in a
fullerene cage, the most stable isomer corresponds to the
situation in whichess is as low as possible. This second rule is
known as the pentagon adjacency penalty rule (PAPR).
According to the PAPR, the isomer with the lowes§ should
be the most stable isomer, and the most stable classical isomer
(C,:0032) indeed possesses the lovas{ess = 3) value among
the classical isomers. In addition, as for the classical isomers,
the energetic costs are found to increase with the valwegsof
Hence, the sequence of relative energy for the classical isomers
is well explained with the PAPR.

3.2. Relative Concentration of G, Isomers.Energetics itself

B
- - - cannot predict relative stabilities in an isomeric system,
especially at high temperatures, as stability interchange induced

C by the enthalpy-entropy interplay is possible. This situation is
particularly pertinent to fullerene; hence, we include entropic
the ess of each isomer are also listed in Table 1. The HOMO  €ffects and evaluate the relative concentrations through the Gibbs
LUMO gap for the most stable isom&s7mbr is 1.38 ev free energy at the B3LYP/6-31G(d) level of theory up to 4000
predicted by B3LYP/6-31G(d), while the HOME&.UMO gap K. Considering the high computational cost of these calculations,
does not necessarily correlate with the relative stability of only the five most stable isomers with relative energies within
fullerene isomers as shown in Tables,:4mbr has a larger 20 kcal/mol are considered for equilibrium statistical thermo-
HOMO—-LUMO gap of 1.84 eV than that o&s7mbr. dynamic analyses in the present study. In Figure 2, the
Ayuela et al. describédthat stability of fullerenes with a  temperature evolution of the concentrations gf Somers has
heptagon is found to increase wiy, the number of pentagen been evaluated in order to gain a deeper insight into the relative
heptagon fusions: a simple recipe for the low-energy structure stability of Gs; isomers at different temperatures. It turns out
is therefore to minimizess and then maximizes,. These trends ~ that the nonclassicaCs:7mbr isomer prevails in the whole
suggest that a nonclassical fullerene might overtake the classicatemperature interval considered. Hence, @e/mbr isomer
structures in stability for some nuclearity whesg cannot be should be more thermodynamically stable than other isomers
zero while es; may be large for the minimal value aks. over a wide range of temperatures. As shown in Figure 2,
Therefore, it is not surprising that the most stable isomer of another nonclassical isoméZ,,:4mbr is also an important
Cs2 is the Ca7mbr isomer with a chain of four adjacent component and reaches its maximum at around 2600 K. In
pentagons surrounding a heptagon. addition, it should be mentioned that the classi€al0899
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100 TABLE 2: NICS(0) Values (in ppm) of Some Rings in the
90 4 Three Most Stable Isomers of G, Fullerene?
80 Cs:7mbr Gu:4mbr G:0032
70+ —e—(;Tmbr no. NICS(0) no. NICS(0) no. NICS(0)
60 —— C,Ambr 7 —6.5 6 —8.5 P 13.0

s so |——c,0032 5¢ 11.7 6 -85 5 13.0

= 4 50 13.3 6 —4.7 53 16.0

o Al —— (" :(1899

b =4 s 5 13.3 & —47 5 16.0
304 | ===l 5 29.3 4 28.9 5 24.0
20 4 v.__,._-.--"" AL i 52 29.3 5 24.0
(o s _ center -0.5 -5.6 2.0

od : aThe numbers 4, 5, 6, and 7 in the columns labeled “no.” refer to

0 1000 2000 3000 4000 the square, pentagon, hexagon, and heptagon, respectively. The
T ) superscript represents the rings as shown in Figure 1.
Figure 2. B3LYP/6-31G(d) relative concentrations of the five most

stable G, isomers. adjoined pentagons of the four adjoined pentagons. Che

4mbr isomer shows two intensive peaks in the region of the

100 ————— C—C stretching mode (1459 and 1468 tih Both of the two
80 peaks correspond to the stretching of the@bonds of adjoined
1 hexagons except for the hexagons surrounding the square. Both
601 Cs:Tmbr of the two nonclassical isomer€{7mbr and C;,:4mbr) have
40 weak oscillator strength (the maximal values are 16.00 km/mol
201 and 15.44 km/mol, respectively) among breathing modes. It
o JJL,ML A would be worthwhile to mention that th&,:1077 has weaker
401 IR intensity, and the intensities of the peaks of breathing modes
20 QMmW are stronger than those of the stretching modes;it077. In
~ M addition, the other two classical isome@:0032 andC;:0899)
3 88_ - possess similar IR spectra as shown in Figure 3. Nevertheless,
g 7 the IR spectra o€,:0899 is different fronC,:0032 in the region
é 601 C0032 around 1000 cm. There are two intensive peaks (950 ¢m
2 40 ' and 1012 cm?) in this region forC;:0899. Both of the two
g 20 M peaks correspond to the expanding of hexagons. These
g ol simulated IR spectra should be useful to identify thege C
1 isomers.
601 C:0899 3.4. Aromaticity and Chemical Activity. NICS can help to
401 predict the local aromaticity in & fullerene. Schleyer et al.
201 proposed using absolute magnetic shielding computed at the
ol ring center as a criterion to measure aromaticity of cyclic
201 Cr1077 structures, referred to as NICS: Significantly negative (i.e.,
N M - M«NMVU\N magnetically shielded) NICS values in the interior positions of
200 600 1000 1400 1800 rings or cages indicate the presence of induced diatropic ring
Frequency (cm™) currents or “aromaticity”, whereas positive values (i.e., deshield-

Figure 3. Simulated IR spectra for the five most stable isomers of ed) denote paratropic ring currents or antlarorr.]atlci’ﬁ/’l'.he
Cen. NICS values at the center [NICS(0)] of every ring as well as

the NICS 1 A above [NICS(1)] and below [NICS{)] each
isomer surpasses the classi€al0032 isomer around 2000 K;  ring center of the three most stablg.@Gomers are predicted.
however, all of the classical isomers possess low relative All data is listed in Table 2 and Supporting Information.

concentration. In conclusion, the results show t@aZmbr The heptagon is an aromatic ring because it possesses the
should be the dominant component during the generation of most negative value of NICS(0)-6.5 ppm) among all the rings
Cs2 and the classical isomers are less favored. of Cs7mbr. Five pentagons with large positive values of NICS-

3.3. Infrared Spectra. We also evaluate the harmonic (0) are all adjacent to the heptagon. The middle two of the chain
vibrational frequencies for the five most stable isomers within of four pentagons have the largest value of NICS(0) (29.3 ppm).
20 kcal/mol based on the B3LYP/6-31G(d) prediction, and the All 13 pentagons irCs7mbrare antiaromatic rings with positive
simulated IR spectra are presented in Figure 3. All the IR spectravalues of NICS(0). However, only 10 of 19 hexagons have a
can be divided into two regions: the first one (from 1000 to negative NICS(0) value. The small value of NICSQ.5 ppm)
1600 cnt?) corresponds to the-GC stretching modes and the at the cage center o€s7mbr suggests that the isomer is
second one (from 300 to 800 cA) mainly corresponds to the ~ nonaromatic.
breathing modes of the cages. Some main features of the spectra The square ring irCy,:4mbr is antiaromatic because of its
are summarized as below. First, among the breathing modespositive value of NICS(0) (28.9 ppm). All 10 pentagons have
the most stable classical isoméZ,{0032) presents the most a positive NICS(0) value. The four hexagons surrounding the
intensive peak at 691 cmy, andCy,:4mbr shows the weakest  square are nonplanar, and they have a positive NICS(0) value
peaks compared to the other four isomers. Second, the mosi(2.3 ppm) which is opposite to the value-Z.5 ppmj! for
stable isomers7mbr) shows the most intensive peak in the hexagons in . Cy,:4mbr displays aromatic character with an
region of G-C stretching mode (e.g., 1538 ch). The peak NICS(0) of —5.6 ppm at the cage center. In addition, the six
(1538 cn1l) corresponds to the stretching of-C bonds of pentagons with large positive values of NICS(0) are three pairs
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(a) Cs:7mbr
101
£ 8 (c) C2:0032
i o
> ] 33 LDOS(AIl AP) ——
& 41 ] LDOS(Every APy ——
g ] £
21 7 6]
5 g ]
0 7 4
p < i
o

LUMO(4.23¢¥.9.5%) LUMO+I(-3.34cV,28.6%)

HOMO(-5.43¢¥,28.7%) LUMO(-3.59¢¥,21.6%)
Figure 4. Total density of states (DOS), the local density of states (LDOS), and some frontier molecular orbits (FM@sjayfGz7mbr; b,
Cy:4mbr; ¢, C:0032). The two values in parentheses of the FMOs represent the energy levels (in eV) and the contribution of electron density from
the highlighted regions, respectively. The LDOSs refer to the heptagon and the sqGai&ribr and Cy,:4mbr, respectively. InC,:0032, “LDOS
(All AP)” represents the contributions of adjacent pentagons (AP) marked with a, b, and c in Figure 1. The blue line of “LDOS (Every AP)” refers
to the contributions of the AP marked with a and b, and the green line refers to the AP marked with c.

of adjacent pentagons in isom€:0032. Therefore, the six  adjacent pentagon pair (& b in Figure 1) has a large
pentagons are antiaromatic rings. The NICS value of the cagecontribution to the HOMO and LUMO (22.8% and 19.3%,
center inC,:0032 is 2.0 ppm. respectively). The contribution from another adjacent pentagon
To get an insight into the chemical activity of the first three marked with ¢ 0fC»:0032 (See Figure 1) to the HOMO and
most table isomers ofdz we analyze several HOMOs, LUMOs, LUMO (3.0% and 9.9%, respectively) is small. However, its
and the local density of states (LDOS) of some regions. As to contribution to the LUMG-1 is large (28.6%), and the
Cs7mbr, the contribution of electron density from the middle contribution to the HOMO-1 is larger than that to the HOMO.
two adjacent pentagons among these four surrounding theFrom the analyses above, the two pairs of symmetrically
heptagon is large in the HOMO and LUMO (see Figure 4a). identical adjacent pentagons (& b) should possess high
The contribution from these two adjacent pentagons to the chemical activity due to their large contributions to the HOMO
HOMO and LUMO is 48.0% and 32.3%, respectively. However, and LUMO in C,:0032.
these two pentagons offer less contribution to the HOMO-  3.5. Electronic Spectra and Nonlinear Optical Properties.
1(7.0%) and HOMO-2(7.1%). On the basis of the analyses The electronic spectra reflects the electronic structure of a system
above, these two adjacent pentagons should possess higland it helps to identify the structure of the system in experi-
chemical activity. ForC,,:4mbr, the contribution of electron  ments. Theoretical studies of NLO properties help to reveal
density from the square to the HOMO and LUMO [see Figure structure-property relationships and search promising NLO
4b] are 28.7% and 21.6%, respectively, suggesting that the materials. In this work, ZINDO/SOS is utilized to predict the
square irCy,:4mbr should possess high chemical activity. There electronic spectra and the hyperpolarizabilities for the five most
are two kinds (total three pairs) of symmetrically distinct stable G, isomers.
adjacent pentagons i@,:0032. The three pairs of adjacent Three different external field frequencies (w = 0.6491,
pentagons have large contributions to both the HOMO and 1.1653, and 2.3305 eV) are adopted to evaluate the second-
LUMO (48.7% and 48.8%, respectively) (see Figure 4c). The order hyperpolarizability of the five most stable isomers, and
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TABLE 3: Predicted Isotropically Averaged Values of the Third-Order Polarizability [Cof Cs, Using INDO/SCI with the SOS
Model (units: 10734 esu) in the Presence of External Field Frequencie®?

y(—3w; v, w, ) y(—2w; w, w, 0) Y(—w; 0, v, —w) y(0; —w, w, 0)

0.00 0.6491 1.1653 0.6491 1.1653 0.6491 1.1653 2.3305 0.6491 1.1653
Ceo 13.01 15.18 14.00 16.82 13.65 15.23 26.17 13.33
Ce2(Cs:7mbr) 16.79 20.39 29.26 18.56 3.03510* 18.02 27.33 1.974 1¢° 17.39 18.95
Co2(Cz:4mbr) 16.00 22.31 138.03 17.66 23.54 17.02 19.79 178.65 16.51 17.80
Ce2(C2:0032) 23.40 20.66 37.60 41.93 28.00 34.92 76.59 573.74 28.23 33.75
Ce2(C1:0899) 30.19 60.79 48.63 146.66 25.52 5952.90 56.96 291.93 281.11 31.03
Ce2(C1:1077) 18.74 12.33 28.21 15.55 23.47 23.34 39.21 223.49 20.76 21.98

a Cgo data are obtained from ref 28w/eV.

the predicted values are listed in Table 3 and are compared with
the corresponding values oggpredicted at the same level of
theory?* All y values [except for the(—3w; w, v, ) (0 =
1.1653 eV) 0fCy:1077] of the five most stabledgisomers at
different external field frequencies are larger than thosesgfC
The dc-electric field induced second harmonic generation (DC-
EFISHG) y(—2w; w, w, 0) atw=1.1653 eV for theCs:7mbr
isomer is remarkable, being about 1793 times larger than that
of Cego. It should be mentioned that there are large values of the
intensity-dependent refractive index (IDRI) @=2.3305 eV

for the five most stable isomers, whose enhancements are due
to resonance with the external field. Take Bg0032 isomer

for example: The IDRI (5.74« 10732 esu) is 22 times larger
than the statiey. The IDRI, y(—w; o, w, —o) (0 = 2.3305

eV) of Cs.7mbr due to resonance with external field, which is
7.55 x 107 times larger than that of §g,2* suggests tha€Cs
7mbr might be a potential NLO candidate.

To get an insight into the evolution of the averagely[]
with electron excitations, the static second-order hyperpolariz-
ability and the UV~vis spectra are plotted in Figure 5. The
static second-order hyperpolarizability of the five stable isomers UV-vis — 1:0899 |,
increases gradually with electron excitations up to 10 eV as = A /, ”””” o
illustrated in Figure 5, and it can be mainly divided into four 1 ]
regions, i.e., 4.0, 4.0-6.0, 6.0-8.0, and 8.6-10.0 eV. Take
C1:0899 for example: ThéyUincreases about 18.6 10734 0.51 J\ s
esu from the contribution of the electron excitation from 4.0 to e g2 Lm_.__w" W
6.0 eV, and it increases about 5<7 1073 esu in the region UV-vis — Ca:1077
from 8.0 to 10.0 eV. The statie of C;:0899 converges to 30.19 15 <y e
x 10734 esu, which is about 132% lager than that @f.(’he
second-order hyperpolarizabilities of the other three isomers are
presented in Table 3. These values are also larger than those of
CGO.

Oscillator Strength
<> (103%esu)

o~

4. Conclusions Energy (eV)

Using PM3 together with SVWN, HCTH, and B3LYP, we Figure 5. Electronic spectra of the five most stable,Gsomers

- - P _ predicted by ZINDO/SCI, and the isotropically averaged static second-
h_ave I_nvestlgated all the@clasgcal 'Somers and fpur nonclas order hyperpolarizabilityy Opredicted by ZINDO/SOS. The UV plot
sical isomers systematicallyCs7mbr with a chain of four is broadened by 0.05 eV.

adjacent pentagons surrounding a heptagon is predicted to

possess the lowest energy, and another nonclassical iSCgner,
4mbrwith a square, is the second most stable isomer. The mostof the chain of four pentagons possess high chemical reactivity.
stable classical isomer 5,:0032 with three pairs of adjacent  The square formed by insertion of a C2-unit intgy ossesses
pentagons. The relative stability under the interisomeric ther- high chemical reactivity irC,,:4mbr. The adjacent pentagons
modynamic equilibrium has been evaluated in terms of Gibbs are predicted to possess high chemical activit€0032. In
function. Cs:7mbr prevails in a wide temperature range. addition, ZINDO/SOS is utilized to determine the hyperpolar-
Simulated IR spectra for the five most stable isomers are alsoizabilities for the five most stableggisomers. The static second-
presented, and the most stable iso@eTmbr exhibits the most ~ order hyperpolarizabilities of £ isomers exceed that ofeg
intensive peak in the frequency range. The peak correspondsFurthermore, the intensity-dependent refractive index
to a breathing mode, while th€;:0899 isomer shows several Y(—w; o, w, —w) atw = 2.3305 eV is very large fo€s7mbr.
intensive peaks corresponding to the stretching-6f0onds. Note Added in Proof. After we submitted this manuscript,
The formation of a heptagon by insertion of a C2-unitintg C ~ Shao et af? reported a search for the most stable fullerenes
makes the new heptagon aromatic and makes the middle two(Css—Cgo and Gi1,—Ci20) with PBE1PBE/6-311G(d)//DFTB.
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