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Abstract: An alkali-metal-doped effect on the nonlinear optical (NLO) property in new electrides is studied.
The electrides are formed by doping alkali atom Li into a fluorocarbon chain H—(CF,—CH,);—H. Six stable
structures of the Li,—H—(CF,—CH,)s—H (n = 1, 2) complexes with all real frequencies are obtained at the
MP2/6-31+G (d) level. Among these six structures, the largest first static hyperpolarizabilities (8) are found
to be 76 978 au, which is much larger than the S, value of 112 au for H—(CF,—CH;);—H. Clearly, the
Li-atom-doped effect on the first hyperpolarizability is dramatic. Three interesting relationships between
the structure and 5o value have been observed. (1) For the one-Li-atom-doped systems as well as for the
structures with two opposite Li atoms, the shorter the distance between the Li atom and difluoromethyl
group, the larger the fo value. (2) The S, values of the two-Li-atom-doped chains are much larger than
those of the one-Li-atom-doped systems, except for the case of cis-AB where the Li—Li distance (2.847 A)
is close to the bond length of the Li, molecule (2.672 A). (3) For the two-Li-atom-doped chains, the S,
value increases as the Li—Li distance increases. These relationships between the structure and f, value
may be beneficial to experimentalists for designing electrides with large NLO responses by using the alkali-
metal-doped effect.

Introduction The alkali-doped organic molecules, Li@cdfiyrrole?® and

In the investigation of high-performance nonlinear optical Li*(calix'pyrrole)M~ (M = alkali atoms have a large first
(NLO) materials, many valuable papers have been published hyperpolarizability go) (ranging from 10 969 to 35 934 au),
on different types of NLO materiafs. while the alkali-doped inorganic molecules; (INHz); M~ (M

Recently, several kinds of new NLO systems with an excess = alkali atoms)? have even largefo values (ranging from
electron have been investigatt@hose investigations demon- 70 295 to 185 805 au). It thus demonstrates that the alkali metal
strated that the excess electron plays a crucial role in the largedoping observably enhances the first hyperpolarizability.
first hyperpolarizability. For electridéand alkalided,the excess For conjugated polymer chains, people have great interest in

electron is formed by chemical doping (alkali atoms as dopant). the investigation of doping-enhanced NLO responses. Cham-
t Jilin University pagne et al" investigated the effect of charging on the second

+Kyushu University. hyperpolarizability of polyacetylene chains by explicit doping
§ Current address: Petascale Systﬁm Interconnect R&D Project, Conp}put alkali metal atoms. It has been shown that charging dramatically
ing & Communications Center, Kyushu University, 3-8-33-710 Momochi- _
hama, Sawara-ku, Fukuoka 814-0001, Japan. gnhances the _statlc electl_rc_)nlc and V|_brat|onal hyperpolarizabili
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M. B.; Maiorana, S.; Papagni, A.; Daul, C. A.; Weber, @nhem. Phys.
Lett. 2003 372 438-442. (m) Coe, B. J.; Harris, J. A.; Asselberghs, |.;
Clays, K.; Olbrechts, G.; Persoons, A..; Hupp
S. J.; Hursthouse, M. B.; Nakatani, Kdv. Funct. Mater.2002 12, 110.
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Figure 1. Geometrical structures of ki+H—(CR—CHy)s—H (n = 1, 2) by MP2/6-3%#G (d) method. Blue atoms are F, light gray atoms are H, dark gray
atoms are C, and pink atoms are Li.

compound. It has been estimated that lithiation of the benzeneLi[i/f_{i(c,szfl_egsg)ﬁﬁr&et:mf ! Saé%nr:]?gfegfat the MP2/

molecule may lead to an enormous increase of the seconds-31+G(d) Level

hyperpolarizabilit;f: chain  trans-AB AA BB A B cis-AB
Poly(vinylidene fluoride) (PVDF or PV§ is a partially F-C(A) 1.380 1.394

fluorinated polymer that possesses numerous desirable proper- 1.374 1415 1.398 1.406 1.410

ties® In this paper, we study the alkali doping effect of a polar 1.380 1402 1.405 1.405

chain H-(CR—CHz)s—H. For Lin—H—(CF—CHg)s—H (n = 1378 1A% 1Ao7 14D 1413 14l

1, 2), under the action of the lone pairs of two F atoms, the 2s 1.389 1.412 1.420 1.426

electron of the Li atom is ejected to become an excess electron F-Li(A) 2112 2221 2.074 2107 2.085 2117

and the transition energy of the crucial transition has a small g:g%g g:?g; 2:832 2.070 2.054 3‘3&?0

value of 1.295-1.901 eV, which is close to 1.3311.982 eV 2081 2054 2101 2.026

of the electrides Li@calix[4]pyrrof& and (HCN})Li.% Conse- Li—Li (A) 6.089 5507 5.422 2.847

quently, Li—H—(CR—CHy)s—H (n = 1, 2) have the electride

characteristics. And thus th# values for electrides ki-H— All of the calculati tormed with the GAUSSIAN 03
—CH)-—H (n=1. 2 me laraer an n n of the calculations were performed wi e
(CR—CHy)s ( , 2) become larger and depend upo program packagéThe dimensional plots of molecular orbitals were

the numbe_r a’.‘d S|'Fuat|0n of doped “thlum. atoms. In thls. WOT'." generated with the GaussView progfa(aussian, Inc., Pittsburgh,
anew design idea is proposed where the first hyperpolarizability 5y

can be greatly increased by the alkali atom doping into the polar

chain by forming an electride system. Results and Discussions

c tational Detail A. Equilibrium Geometries. The optimized structures of
omputational Detalls Lin—H—(CFo—CHy)s—H (n = 0, 1, 2) are shown in Figure 1.
The stable structures of JtH—(CF—CH)s—H (n = 1, 2) The important geometrical parameters are collected in Table 1.

complexes with all real frequencies are obtained using the MP2/6- When compared to +C bonds in H-(CF,—CHy)s—H, the
31+G(d) method (on basis set choice, see the Supporting Information). F—C distances near the Li atom are slightly elongated by 6-014
The first hyperpolarizabilities are evaluated by a finite-field approach 0.048 A in Li—H—(CR—CHy)s:—H (n = 1, 2). This shows

at the MP2 level. In our previous papéfs; the MP2 method has been  that the doping Li atom can affect the nearby & distances.
chosen for calculating the first hyperpolarizability. This is because, with g4, one-Li-atom-doped systems, two different structures are

reasonable computation costs, the MP2 results are also very close o, aineq Structure A is the Li atom close to the difluoromethyl
those obtained from the more sophisticated correlation methods (for

example, the QCISE). The 6-31-G (d) basis set is employed for the group, whereas in structure B the Li atom is farther away from

F, C, and H atoms, and the 6-3&6 (3df) basis set, for the Li atom. the difluoromethyl group. For Mo-Ll-atom-doped systgms, four
We have shown that the basis sets chosen in this work for our purposedifferent structures (AA, BB, cis-AB, and trans-AB) with three

are adequate. As one can see from Table S2 of the SupportingManners are obtained. In these manners, the two Li atoms, like
Information, although the size of basis set 6+&8(d) is less than half ~ two leaves, attach to the-HCF,—CH,)s—H chain as a trunk.

of that of 6-311+G (2d, 2p), theBo value (5995 au) obtained from  The structures AA and BB have two Li atoms attached on the
the 6-31-G(d) basis set is only 6.2% different from tfigvalue (5624 two opposite sides of the chain. Two opposite Li atoms are close
au) obtained from 6-31#+G(2d,2p) for structure A. For more details o the difluoromethyl group in structure AA but far from the

of the basis set effects on the first hyperpolarizability, readers are difluomethyl group in structure BB. In the structure trans-AB,
referred to Table S2 of the Supporting Information. The magnitude of two Li atoms sit on opposite sides of the chain; one is close to
the applied ele_ctrig _field i§ ch_osen as 0.001 au for the calculation of while the other one is far from the difluoromethyl group.
the hyperpolarizability, which is proven to be the most adequate value However, in the structure cis-AB, the two Li atoms are located

for the numerical differentiation. th ide of the chai
The static first hyperpolarizability is noted as on the same side ot the chain.

, (5) Raptis, S. G.; Papadopoulos, M. G.; Sadlej, &iys. Chem. Chem. Phys.
— (B2 2 2\1/2 200Q 2, 3393-3399.
Bo= B+ ﬂy +5) @ (6) For a comprehensive review of the properties of PVDF, see: Lovinger, A.
J. Poly(vinylidene fluoride) in Deelopments in Crystalline Polymers-1
h Bassett, D. C., Ed.; Applied Science: Oxford, U.K., 1982; pp-1283.
where (7) Frisch et alGaussian 03revision B.03; Gaussian, Inc.: Pittsburgh, PA,

3 8) Denr{ington, R., Il; Todd, K.; Millam, J.; Eppinnett, K.; Hovell, W. L.;
= =(... ) iik= illil ,R,; View, i .09; ichem, Inc.: Sh Mission,
Bi S(ﬁ'" +ﬁm + Bid ij,k=xy,z (K3|S| %%%3. GaussView, version 3.09; Semichem, Inc.: Shawnee Mission
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Table 2. First Hyperpolarizability 8o (au),? the Transition Energy x104 au
AE, and the Oscillator Strength  for Li,—H—(CF2—CHz)s—H 8- t’a“s'.AB
(n=1,2) 7
chain  trans-AB AA BB A B cis-AB 6 Py’ /
Li—Li (A) 6.089 5.507 5.422 2.847 ()
AE (eV) 12.497 1.295 1.359 1.367 1.814 1.817 1.901 51 0/
fo 0.3076 1.3180 1.6671 1.6083 0.2484 0.2510 0.4599 BO 4 0.
Px (au) 30.6 —15449 —19265 —2133 4916 3499 -—-1028
Py (au) —48 —22381 —10151 374 —3067 —1770 2372 3
B2 (au) —-96 72014 50386 39005—-1540 —3191 2639 2
Bo (au) 112 76978 54890 39065 5995 5056 3694 v?
11 .4
a1 au= 8.639 22x 1033 esu. ol e
2.847 5.422 5.507 6.089

For two Li-atom-doped systems, the-tlii distance is the
key point with great importance. The tLi distance (2.847
A) of the structure cis-AB is the shortest. As this is very close
to the Li—Li bond length (2.672 A) of the Limolecule? the
two doped Li atoms may form a HLi bond in the structure
cis-AB. In the two structures (BB and AA), the+tLi distances
(5.422 and 5.507 A) are medium and similar. The-Li
distance (6.089 A) is the longest in the structure trans-AB. It
will be shown in the following that the LiLi distance is an
important factor affecting th@, value in two-Li-atom-doped
systems.

B. Static First Hyperpolarizabilities. The electric properties
of Lin—H—(CFR—CH,)3;—H (n = 1, 2) calculated at the MP2
level are given in Table 2. From Table 2, the Li atom(s) doping
into the H-(CF,—CHp,);—H chain greatly enhances tfigvalue
by about 33-687 times. The order of thg, values is 76 978
(trans-AB)> 54 890 (AA) > 39 065 (BB)> 5995 (A) > 5056
(B) > 3694 au (cis-AB). It is also interesting to compare flge
values of Ly—H—(CFR—CHy)s—H (n = 1, 2) to the other
systems with largggy values. The range of thg, values of
Lin—H—(CF,—CHy)3—H (n=1, 2) (3694-76 978 au) is much
larger than that of the known electrides (HGNFC and
Li@calix[4]pyrrole?® (the range of th@, values is 338515 682
au) and close to that of the large don@cceptor polyenes
system&°2 (the range of thefy values is 8818152 502 au).
Furthermore, thé, value of the trans-AB (76 978 au) is about
2.5 times larger than that of the organometallic systentrBug
4,4-diethylaminostyryl-2,2bipyridine)?t (31 123 au}-°p

From Table 2 and Figure 2, th value is related to the Li
atom number and the Li atom position(s) for Li-atom-doped

Figure 2. Relationship between first hyperpolarizabilitigk)(and Li—Li
distances for Li—H—(CFR—CHy)s—H.

> 3694 au (cis-AB), which is consistent with the corresponding
order of the Li-Li distance to be 6.089 (trans-ABj 5.507
(AA) > 5.422 (BB)> 2.847 A (cis-AB). Thus, the relationship
between thg, value and relative positions of the two Li atoms
is presented; that is, thg, value of the structures with two
alternate Li atoms (trans-AB with larger £Li distance) is
greater than those of the structures with two opposite Li atoms
(smaller Li-Li distances for AA and BB). (4) Similar to the
case of (1), for structures with opposite Li atoms (the-Li
distances are almost the same in AA and BB), fh&alue of
structure AA with two Li atoms near the difluoromethyl group
is also larger than that of structure BB with two Li atoms far
from the difluoromethyl group.

From the “sum-over-states” (SOS) expression, Oudar and
Cheml&!1? established a simple link betwegly and a low-
lying charge-transfer transition by the two-level model. For the
static case ¢¢ = 0.0), the following two-level expression is
employed to estimatéy in the literature:213

Ap -1y

AE® @

Bo U

In the above expressiofiy is proportional to the difference of
dipole moments between the ground state and the crucial excited
state Au) and the oscillator strengthfo) but is inversely
proportional to the third power of the transition energygj.

From the two-level expression (eq 2), it is obvious that the

systems. Four interesting relationships between the structure andransition energy is the decisive factor in the first hyperpolar-
Bo value have been observed. (1) For the one-Li-doped systemsjzability.

the shorter the distance between the Li atom and difluoromethyl

group, the larger th¢go value (5995(A)> 5056 au (B)). (2)
The So values (39 06576 978 au) of two-Li-doped systems

The transition energie\g) of Li,—H—(CFR,—CH,)3—H (n
=1, 2) are estimated by the CIS method with the 6-&L(d)
basis set and listed in Table 2. From Figure 1 and Table 2, The

are much larger than those (5056 and 5995 au) of one-Li-dopedmolecular structure dependences of transition energy are shown.

systems, except for the cis-AB where the-Lii distance (2.847

A) is close to the Li-Li bond length (2.672 A) of the Li
molecule? (3) For two-Li-doped systems, tifl value increases
with increasing Li-Li distance as shown in Figure 2. The system
with a longer Li-Li distance has a more dispersive excess

(1) For the one-Li-atom-doped and opposite Li atom pair (AA
and BB) systems, the shorter the distance between the Li atom
and difluoromethyl group, the smaller thé. (2) TheAE values

of the two-Li-atom-doped systems are much smaller than those
of the one-Li-atom-doped systems, except for the case of cis-

electron cloud, and the larger the dispersion of the excessAB with the shortest Li-Li distance. (3) For the two-Li-atom-

electron cloud, the larger th& value it has. The order of the
o values is 76 978 (trans-AB} 54 890 (AA) > 39 065 (BB)

(9) Huber, K. P.; Herzberg, GMolecular spectra and Molecular Structure,
Vol. 4, Constants of Diatomic Molecules; Van Nostrand: New York, 1979.
(10) (a) Blanchard-Desce, M.; Alain, V.; Bedworth, P. V.; Marder, S. R.; Fort,
A.; Runser, C.; Barzoukas, M.; Lebus, S. and wortmannCRem—Eur.
J. 1997, 3, 1091. (b) Vance, F. W.; Hupp, J. 7. Am. Chem. S0d.999
121, 40474053.

doped chains, thAE decreases as thetLi distance increases.
The order ofAE values of Ly—H—(CFR,—CH,);—H (h =1,

2) is 1.295 (trans-AB)< 1.359 (AA) < 1.367 (BB) < 1.814

(A) <1.817 (B)< 1.901 eV (cis-AB). These transition energies

(11) Oudar, J. L.; Chemla, D. S. Chem. Phys1977, 66, 2664.
(12) Oudar, J. LJ. Chem. Physl977, 67, 446.
(13) Kanls, D. R.; Ratner, M. A.; Marks, T. Chem. Re 1994 94, 195.
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Figure 3. The 0.020 isosurfaces of HOMO instH—(CF—CHy)s—H (n = 1, 2).
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®
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are much smaller than the value of 12.497 eV for(@F— excess electron(s) may have very low-lying excited states to
CH,)s—H. Clearly, from eq 2, the order of th values for the bring such a larg#, value.

different structures is trans-AB AA > BB > A > B > cis- As a result, our investigation may evoke one’s attention to
ABin Lis;—H—(CR—CHp)s—H (n= 1, 2), inversely to the order  the design of new electrides with large NLO responses by using
of the AE values. the alkali-metal-doped effect.

For Li—H—(CFR—CHy)3—H (n = 1, 2), the magnitude of
the AE values of crucial transition is quite small. It is around ~ Acknowledgment. This work was supported by the National
1.295 to 1.901 eV, which is close to those of 1.331 to 1.982 Natural Science Foundation of China (No. 20573043 and
eV of the electrides Li@calix[4]pyrrof& and (HCN)Li.2¢ As 20503010) and also by the Research and Development Applying
shown in Figure 3 (the HOMO plots), the Li atom has a big Advanced Computational Science and Technology of the Japan
diffuse orbit and its valence electron is loosely bound in Science and Technology Agency (ACT-JST).
complexes. These complexes have the electride characteristics.
So naturally, Li-H—(CFR—CHjy)s—H (n = 1, 2) should have
large first hyperpolarizabilities.

In the present work, we have obtained a valuable description
of the first hyperpolarizabilities of li-H—(CF,—CHy)3—H (n
=1, 2). It indicates that the Li-atom-doped polar chain with JA068038K

Supporting Information Available: Complete ref 7, the basis
set effect of molecular geometries, and the basis set effects of
the first hyperpolarizability. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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