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The equilibrium geometries and UV.-visible spectra of a series of
donor-Cg, molecules were obtained by means of the AM1 and
INDO/CI method, on the basis of accurate geometric and elec-
tronic structures. The nonlinear second-order optical polariz-
abilities were calculated using the method INDO/SDCI com-
bined with the Sum-Over-States (SOS) expression. The calcu-
lated B (A =1.34 um) values are 28.81, 48.56, 57.33, 66.99,
70.85, 85.84, and 142.14 ( x 10-* esu) for the molecules A,
B, C, D, E, F and G, respectively. The frontier orbitals were
plot for the representative molecules in order to exhibit the in-
tramolecular charge transfer. The results indicate that intro-
duction of thienylethylene N ) can enhance the
S

NLO response and the dimethylaniline-substituted dithieny!-
ethylene-Cg(molecule G) possesses the largest NLO second-or-
der optical polarizability. The large p values can be attributed
to the charge transfer between the substituents and Cg, as well
as within the three-dimensional conjugated sphere of Cg.
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Introduction

The bulk preparation' of Cg and Cy clusters
(fullerenes) has stimulated a wide variety of experimental
and theoretical studies.?> We have successfully examined
the structures, UV-visible spectra and the nonlinear third-
order optical polarizabilities (7) of Cgp and C79.%7 By in-
troduction of substituents, the centrosymmetries of Cgo and
Cro are broken and the second-order optical nonlinearities
are induced. The charge separation in substituted Cgqg
which leads to enhancement of 3 value has also been dis-
cussed.’

In recent years, a number of electron donors such as
porphyrin, ferrocene, and N, N-dimethylaminophenyl
have been covalently linked to the Cg cage by different
synthetic procedures® in an effort to obtain efficient in-
tramolecular electron or charge transfer and to generate

* E-mail: Jikangf @ yahoo.com

al. 19a-

long-lived charge-separated states in these donor-acceptor
(D-A) molecular assemblies .7 Furthermore, nanocom-
posite materials containing fullerenes for optical application
have been synthesized to achieve the best control of
fullerene interactions in different environments and higher
fullerene dispersions in solid environments.!® Diekers et
recently pointed out that three types of dyads and tri-
ads involving a Cep moiety with various donor molecules
have been developed. Francis et al.'® reported that
fullerene bearing redox active groups which undergo re-
versible redox reactions may be more suitable for building
molecular charge storage devices than pristine fullerenes.
Although spontaneous intramolecular charge-transfer (ICT)
interactions have been claimed in some cases, cogent evi-
dences are still lacking, such as the relationship between
the ICT properties and the molecular structures. Based on
this idea, in an attempt to enhance intramolecular electron
or charge transfer, Liu et al .? synthesized a novel donor-
Ceo involving dimethylaniline-substituted dithienylethylene
(DADTE) as the donor part and investigated its optical
and electrochemical properties experimentally. But, few
theoretical studies on the nonlinear second-order polariz-
abilities of these compounds have been reported. In this
paper, we designed seven molecules (A, B, C, D, E, F
and G, see Fig. 1) based on acceptor-donor structures
with Cep as the acceptor, and thiophene, one or two
thienylethylene and/or dimethylaniline as donors. Their e-
quilibrium geometries were obtained with AM1 method,
and the UV-visible spectra were calculated by the INDO/
SDCI, on the basis of the optimized geometries and UV-
visible spectra. The nonlinear second- “order (NLO) optical
polarizabilities of all the designed molecules were calculat-
ed by INDO/SDCI-SOS tnethod. The calculated values of
B, are 28.81, 48.56, 57.33, 66.99, 70.85, 85.84,
and 142.14 ( x 10® esu) for the molecules A, B, C,
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Fig. 1 The series of investigated donor-Cgy molecules.
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D, E, F and G, respectively, indicating that introduction
of thienylethylene could enhance the NLO response. All
the calculations were intended to give a clear insight into
the molecular NLO response of the investigated molecules.

Theoretical method

The quantitative description of molecular NLO re-
sponse is derived from a power series expansion of the
molecular polarization upon interaction with an external
oscillating electromagnetic field

P; = ZaijEj + Zﬂlﬁ‘EjEk + Zyl'jklEjEkEl + "'(1)
i Iz I

Here, P; is the molecular polarization induced along the
ith axis, E; is the jth component of the applied electric
field, a is the linear polarizability, B is the first hyperpo-
larizability or the second-order polarizability, and ¥ is the
second hyperpolarizability or the third-order polarizability.
a, 8 and ¥ describe the responsivity of the molecule to
an electromagnetic perturbation and are constants for a
given molecular geometry and external electromagnetic
field. The 8 and 7 are responsible for second-harmonic
and third-harmonic generation. The Sum-Over-States
(SOS) expression for the individual components of the
second-order polarizability tensor has been given from per-
turbation theory?! as Eq. (2)
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where the summations are over the complete sets of eigen-
states |n > and In' > of the unperturbed molecular sys-
tem. The quantities rk, and rk, are matrix elements of the
ith components of the dipole operator between the unper-
turbed ground and excited states and between the two ex-
cited states, respectively; Ark = ri, - r:}g is the difference
between the excited-state and ground-state dipole mo-
ments; w, the frequency of the appmied electric field;
hiwng, the difference between the excited-state and the
ground-state energies. Although all 27 components of the
B tensor can be computed, only the vector component in
the dipolar direction (3,) is sampled by electric field-in-
duced second harmonic generation (EFISH) experiments .
B, is given by
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Bi = B +—;‘2(ﬁiﬁ + B+ Bi) i€ (%, 9, 2)
(4)

The all-valence INDO/CI (intermediate neglect of
differential overlap) technique was employed to provide
the transition dipole moment and the transition energy
needed in the SOS expression (2). In the computation,
17 highest occupied and 17 lowest unoccupied orbitals
were included in the single (S) excitation, in addition to



612 Nonlinear second-order polarizability

LIU et al.

two highest occupied and two lowest unoccupied orbitals in
the double (D) excitation. All together there were 335 ex-
citations in the CI calculations.

Results and discussion

Design of the molecules and the geometry optimization

Based on molecule A (Cg/pyrrolidine), by substitu-
tion with thienylene, dimethylaniline and thienyl-
dimethylaniline, molecules B, C and D are formed, re-
spectively; on the basis of molecule C, the introduction of
one or two thienylethylene results in molecules E or G;
similarly one thienylethylene were inserted in D to form
molecule F.

By using the AM1 method, the geometries of
molecules A—G were optimized. The equilibrium geome-
try of Cgp have been also obtained at the same level, and
the results are: Rg=0.1385 nm and Rs.s=0.1460 nm,
which were in good agreement with NMR experiment .??
Taking molecule G as an example, their optimized bond
length parameters are shown in Fig. 2(a). The pyrroli-
dine ring is fused with Cgp with a 6, 6-ring conjugation.
With the introduction of the additional groups, the
C(18)—C(28) bond becomes a single bond with bond
length (BL) of 0.1576 nm, compared with the 6,6-bond
length of 0.1385 nm. Thus C(18)—C(28) protrudes
from Cep sphere, which causes the entire surrounding C—
C bonds to be stretched. As shown in Fig. 2(a), the
bond lengths are 0.1525, 0.1527, 0.1525 and 0.1525
nm for the bonds C(28)—C(38), C(28)—C(31), C
(18)—C(17) and C(18)—C(10), respectively. In the
pyrrolidine part, the bond length of C(18)—C(61) is
0.1576 nm and that of C(28)—C(62) is 0.1554 nm. For
the other bonds in the Cgy part, the further the bond is
from the bond C(18)—C(28), the less the bond length is
changed, compared with the corresponding one in Cgp. As
shown in Fig. 2, the BL of C(49)—C(50) is 0.1385 nm
which is almost unchanged. The AM1 calculation shows
that the distance between C(18) and the center of the Cgq
sphere is 0.4090 nm, which is longer than 0.3525 nm in
the original Ceg, calculated at the same level.

The lateral figures and the label of molecule G are
shown in Fig. 2(b) which indicate that the DADTE part is
coplanar. Furthermore, all the double-bond linkages are
all-trans by the calculation results.

UV-vis spectra

The calculated wavelengths and oscillator strengths of
the UV-visible absorptions for molecules A—G are listed
in Table 1, as well as the experimental values of Cg for
comparison. In Table 1, only those data whose oscillator
strength is no less than 0.2 are listed for brief. Taking
molecule G as an example, we plot the whole UV-visible
spectrum, as shown in Fig. 3. The three characteristic

Fig. 2 (a) Optimized geometry parameters of compound G and
(b) optimized lateral view and the label of compound G.
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Fig. 3 The UV-visible spectrum of molecule G (the inset is the
enlarged section of the absorption between 256 nm and
437 nm).
absorption bands of Cg in the 200—350 nm region essen-
tially dominate the spectrum of the molecules A—D. For
molecules E—G, the three strong absorptions are located
at 210—219 nm, 223—241 nm and 252—257 nm re-
gions, corresponding to the previous calculated 209, 231
and 245 nm for Cey,® and in good agreement with the ex-
perimental 211, 227, and 256 nm, respectively.? From
molecules A to D, the absorptions in 210—219 nm and
252—257 nm ranges are red-shifted due to the substituent
structures changing from pyrrolidine, thiophene, dimethyl-
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Table 1 Calculated wavelengths and oscillator strengths for molecules A—G and experimental values for Cgp

Compd Wavelength (nm) and oscillator strength
A A(nm) 257 241 230 226 223 221 220 217 214 211 208
f 0.45 0.71 0.85 0.89 2.47 0.83 2.20 0.88 1.17 1.77 2.41
B A(nm) 252 241 240 230 223 223 222 222 221 217 214 211 209
f 0.45 0.63 0.52 0.88 0.8 0.68 1.33 0.8 1.78 0.50 0.74 1.48 1.58
c A(nm) 284 257 242 229 225 222 221 221 218 215 213 212 211 208
f 0.25 0.33 0.29 0.35 1.27 0.66 2.41 1.63 0.78 0.58 0.69 0.72 1.29 0.55
D A(nm) 338 257 251 243 229 227 224 221 221 220 219 219 212 212 211 210
f 0.26 0.20 0.32 0.49 0.40 0.41 1.26 1.86 1.42 0.94 0.72 0.52 1.07 1.44 0.50 1.18
E A(nm) 374 258 231 228 224 222 221 220 218 216 215 215 214 212 212
f 0.51 0.22 0.30 0.70 1.18 0.51 0.81 0.58 2.23 2.12 0.90 0.75 0.74 0.47 0.4
F A(nm) 431 424 257 256 252 242 225 222 220 220 218.4 218.2 217.7 217.0 216.9 216
f 0.55 0.67 0.23 0.26 0.30 0.33 1.32 0.81 0.57 1.08 1.50 0.78 1.41 0.59 1.65 2.52
G A(nm) 437(436)° 257 256 251 247 227 225 223 222 220 220 219 218 218 217 215
f 1.31 0.36 0.27 0.28 0.26 0.60 0.62 1.41 0.45 0.42 0.43 2.54 0.90 1.82 1.26 1.43
A(nm) 256 227 211
Coo

A(nm) 245 231 209

@ 436 is the experimental value;20 ®Lit. 23; ° Lit. 6.

aniline to thienyl-dimethylaniline. Upon introduction of the
larger moiety in the structure, a broad and intense absorp-
tion band developed in the region of 370—440 nm for
molecules E—G, which does not exit for pristine Cgg. For
molecules E—G, the A, was red-shifted. For example,
Amax of molecule G (substituted by DADTE) was 437 nm,
which is in good agreement with the experimental value of
436 nm. In later analysis, we found that this absorption
was connected with the charge transfer between Cg,
dimethylaniline and the dithienylenthylene.

NLO properties

On the basis of the optimized geometries and electron-
ic spectra, the nonlinear second-order optical polarizabili-
ties B;; and B, were calculated by use of the INDO/SDCI-
SOS method.

In the SOS expression [Eq. (2)] for 8, the summa-
tion is over the complete sets of eigenstates |g >, In>,
and | n’ > of the unperturbed system. They have to be
truncated in practical calculations for feasibility. In Eq.
(2), the denominator of each term includes wg,, @y, .
When n and n' increase, the energy differences between
the ground state and the excited states will increase,
i.e., the denominator will increase more and more. It
means that the contribution to 3 will become less important
when n and n' reach a certain value. Li et al.5 demon-
strated that 197 excited states were found to be sufficient
for effective convergence for Cgo. We considered that the
investigated molecules were more complicated than Cgp, so
it is necessary to include 335 configurations (SDCI) in the
calculations of 8. Fig. 4 illustrates the relationship be-
tween the number of the excited states involved and the
values of 8,(A =1.34 um), which indicates that 8, val-

ues converge when the numbers of excited states reach
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Fig. 4 Plots of 3 value versus the number of excited states for
molecules B—G.

250. The converged absolute value of A, is simplified as
B. The value of B is related to 8, the laser field frequen-
cy, (here A was taken at 1.34 ym) and the calculated
second-order optical polarizabilities are expected to be
mostly free of resonance enhancement (see the discussion
about dispersion in the latter section). The converged val-
ues of 3 are listed in Table 2;* as ‘well as values of 3¢ ob-
tained by taking A to be zero in the calculation. Cgo/Di-
ethylamino, which had been measured in experiment,?
was chosen for comparison. According to the substituent
strength in organic chemistry, diethylamino is almost the
same with dimethylamino as the substituent of molecule C.
Furthermore, for all the molecules the 3 value showed: 7
>B¢>Bs > Ba> B3> Pr>Pi. As we expected, the intro-
duction of thiophene (B) and dimethylaniline (C) leads to
larger second-order NLO responses, which is due to the
greater electron delocalization and donating effect, respec-
tively. For molecule D, the combined effects of electron
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Table 2 Calculated results of 3 (10~ esu) for the investigated compounds
Compd A B C D E F G Ceo/DEA,,,*
B (A=1.34 ym) 28.81 48.56 57.33 66.99 70.85 85.84 142.14  67+20 (A1 =1.91 ym)
Bo (1=0) 27.27 45.87 54.15 62.90 66.22 78.93 128.70
¢ see Lit. 24.

delocalization and donating results in larger NLO responsi-
bility than those of molecules B and C. From molecule C
to E and G, the molecules were inserted one thienylenthy-
lene in succession, which is equal to increasing conjuga-
tion bridge length and enlarging the conjugation extent,
and the values of 3 are 57.33, 70.85, 142.14 ( x10-%
esu), respectively, indicating that the group of thienylen-
thylene is a good conjugated bridge for NLO materials. For
molecules D and F, the same results can also be obtained.
Furthermore, the introduction of thiophene generally will
make the molecules possess high thermal and photochemi-
cal stabilities.> We will further discuss the original reason
micromechanically in the following.

Fig. 4 illustrates that 3 accumulates up to 250 excit-
ed states for all the investigated molecules. For molecules
B—D, only the high-energy excited states make contribu-
tions to 8, while for molecules E—G, not only the high-
energy excited states but also the low-energy excited states
make contribution to 3.

In 1957, Oudar®®?" developed the famous two-level
approximation as bellow

3e2k? WAy
B = 5, [W? - (2hw)?][W? - (hw)?] (3)

where w is the frequency of the laser field, W = kw, is the
transition energy from ground state to a specific excited

state n, f is the oscillator strength of the transition, and
Ap is the difference of dipole moments between the excit-
ed and ground states. Eq. (5) clearly indicates the contri-
bution of an excited state to 3. We took molecules B and
G as examples to illustrate the essential reasons for the
NLO response micromechanically.

For molecule B with thiophene as substituent, the
159th, 175th, 185th, 198th, 200th and 214th excited
states evidently contribute to 3 as shown in Fig. 4. Ac-

cording to the two-state approximation formula (5), the

contribution of these excited states to 3 are 3 x 10~%, 1 x
107%, 1x107%, 2x107%, 3x 10 * and 3 x 10~ esu
respectively. The 198th excited state is mainly a mixture of
HOMO - 14—LUMO + 2 and HOMO - 12—>LUMO + 13;
similarly the 200th excited state is mainly made up of HO-
MO - 14—LUMO + 1. In Fig. 5, we plot the orbitals of
HOMO - 14, HOMO - 12, LUMO + 1, LUMO + 2 and
LUMO + 13 to visually show charge transfer in molecule
B. It is obvious that the transition from HOMO - 14—LU-
MO + 2 and HOMO - 14—=LUMO + 1 are equal to the
charge transfer from the substituent to Cgy, while the tran-
sition from HOMO-12—LUMO + 13 can be considered as
the charge transfer within the Cg sphere. The result indi-
cates that the Cgp part acts as the acceptor, furthermore,
the charge transfer from the substituent to Cgy makes a
large contribution to the NLO response in molecule B.

LUMO+13

Fig. 5 Frontier orbitals of molecule B.
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For molecule G with DADTE as the substituent, Fig.
4 showed that the 14th, 206th, 211th, 212th, 215th and
220th excited states make considerable contributions to 3,
and according to the two-state formula, their contributions
to B are 7x107%, 2x 10730, 8x 1073%, 5x 10-3, 3 x
107 and 4 x 10~ esu respectively. The 14th excited
state, in the low-lying energy, is mostly made up of HO-
MO - 1—>LUMO + 2 and HOMO—LUMO + 3; and the
212th excited state, one of the high-lying energy excited
states, is mainly a mixture of HOMO - 11—LUMO + 12
and HOMO - 9—>LUMO + 16. The 14th excited state is e-
qual to the charge transfer between Cg and the sub-
stituent, while the transition of HOMO - 11—>LUMO + 12
and HOMO - 9—LUMO + 16 of the 212th excited state
can be viewed as the charge transfer within the Cg
sphere. In order to further specify the mechanism of the
NLO responsibility of molecule G, we also calculated the
net charge quantities of the ground and the 14th excited
state as shown in Fig. 6. Fig. 6 shows that for both
ground and excited states, Cgp possesses negative charge,
indicating that Cgo is the acceptor in the donor-Cep com-
pound. The charge transfer between the donor and accep-
tor, which is responsible for the NLO response, is due to
the conjugative effect between them.

ground state: 0.032
excited state: 0.029

ground state: -0.032
excited state: -0.029

Fig. 6 Net charge of the ground and the main excited state for
molecule G.

Taking molecule G as an example, we investigated
the dispersion of 8 (shown in Fig. 7). Fig. 7 displays the
relationship between the value of 3 and the applied field
7_
64
5-
4-
3-
24
1
0 [ ]

00 05 10 15 20 25

hw (eV)
Fig. 7 Calculated dispersion of 3, for compound G.

B (10728 esu)

in eV. The calculated data can be extrapolated to zero
static quantity 3 (0;0,0). We take A =1.34 pum (0.93
eV) in all calculations, and it is in the nonresonant area.

Conclusion

With the INDO/SDCI-SOS method, we calculated
the optical second-order nonlinearities of a series of donor-
acceptor compounds based on Cgy. The results show that

the introduction of the thienylethylene _@\/\) can
S

enhance the NLO response. Furthermore, with the sub-
stituent becoming larger, that is increasing the conjugation
length, both the low-lying excited states and the high-ly-
ing ones make contributions to the NLO response. In these
compounds, Cgp acts as the acceptor and charge transfers
occur during the NLO response.
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