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Novel cluster anions LF~ and LeF~ with alkalide character have been studied in the present paper. In
contrast to a typical neutral alkalide,;Ei" contains a F anion instead of the neutral ligand and forms an
alkalide anion FLi*Li~. In addition to a F anion ligand, LiF~ contains a Lit superalkali cation instead of

the alkali metal cation and a 41 superalkali anion instead of the alkali metal anion, and this alkalide anion
can be denoted by TEis"Lis~, which is supported by NBO charge results. The results indicate thatthe F
anion can polarize not only the Li atom but also thg tuperalkali to form alkalide anions with excess
electrons. For LF, two linear structures'E" and3=* states) are obtained. ForgEi", the structure of the

1A, state is a trigonal antiprism capped by the @&ion with C3, symmetry, while the structure of th@'

state is a slightly distorted trigonal antiprism wia symmetry. Due to the excess electrons on the alkali
metal and superalkali anions (Liand Lk™), the alkalide anions LF~ and LkF~ have large first
hyperpolarizabilitiesffo = 1.116x 10*—1.764x 1P au). For the spin multiplicity effect on electric properties,

in these two alkalide anions, the values of the static electric properties, especially the first hyperpolarizabilities,
of the high spin states are larger than the corresponding values of the low spin states. For the substitution
effect of superalkali atoms, in the two singlet states, as thsuperalkalis substitute the Li atoms, the value

of the mean of polarizability increases, while the values of dipole moment and the first hyperpolarizability
decrease.

Introduction wrapping around the other Li atom. Therefore;Hi can be

Great has b hieved in the stud i considered as an alkalide anionlfFtLi~.
reat progress has been achieved in the stucy on noninear Superalkalfi is a type of superatofrwith lower ionization

optical (NLO) materials in recent yea3r$:.o_r example, Wu and potential (IP) values than those of alkali atoms, and therefore it
other groups reported the '\.”‘O properties of metal qlu@t(.e.rs. is easily polarized to form excess electrons. Thedlister is
Nak_ano and cp-workers studied the second hyperpolgrlzabl_lltlesone of the superalkalis with a low IP valdftHere we use two

of different spin state _moleculéand explored the rel_auonshlp Liz superalkalis instead of the Li atoms in the alkalide anion
between spin multiplicity an(_j the_ ??Cond hyperpolarizabifty, LioF~ to form LigF. In LigF—, the F anion polarizes the near
zﬁglf\?ﬁﬁfﬁggg;}giﬂiﬁc’;ﬂ:ﬁSﬁ’g;&'ﬁi Ior: gﬁfgr'gciitscv%ﬂgsed'superalkali Li forming a superalkali cation kf and an excess

; ’ ' electron which wraps around the far superalkay lorming a

it has been reported that a loosely bound excess electron Car%uperalkali anion lg-. This cluster anion lgF- can also be
bring a very large first hyperpolarizability. considered as an alk.alide anionlfsLiz™.

leale e valeres lontron of mh kel merat stom. s polarsac IS Paper, we choose the siructures with alkalde characters
! P F-Li*Li~ and FLis"Liz~ to demonstrate that an alkali metal

ey s U (s a5 band L) can be chemical doped wih an
atom to form an alkali metal anion pBecause of the small electron anion to form an alkalide anion. These alkalide anions, like the
: typical alkalides, contain excess electrons wrapped around an

?nfg?;yaﬁmeoﬁlkﬁt“tgnﬁga:oa;gg' g‘;u?‘)écisﬁg%ggn d%%%nn::l:;lé O|alkali metal atom or a superalkali atom. Due to the existence
9 Y ’ of the excess electrons wrapped around thednd L~ anions,

that an alkalide has a large first hyperpolarizability due to the the alkalide anions kF- and LgF- possess large first hyper-

existence _Of the qusely bourld excess glgcfron. ) polarizabilities. The aims of this investigation are mainly to
In a typical alkalide, the ligand polarizing an alkali metal giscyss the relationships between structures, spin multiplicity,

atom to form the excess electron is usually an organic molecule, g static electric properties, especially the static first hyper-

e.g,, crown ethef3® and calyx[4]pyrrol€® In our previous  poiarizability, and to reveal a new possible clue to designing

papers, the small inorganic molecule hiind its clusters new materials with large first hyperpolarizabilities.
are used as the ligands of alkalides. These ligands are all neutral

systems. In this investigation, we chose an anioas$-the ligand

of alkalide. In the cluster anion tf~, the F~ anion polarizes Computational Details

one Li atom to form a LT cation and an excess electron In the presence of an applied electric field, the total energy
of a molecular system is a function of electric field strenyth.
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first hyperpolarizability) are defined as the coefficients in the : ;
Taylor series expansion of the energy in an external electric FJ 9 0

field:

1 1

whereEC is the energy without applied electric field; is a
component of applied electric field, and, o, and gjx are b)
respectively the components of dipole moment, polarizability,
and first hyperpolarizability. The total dipole moment, the mean
of polarizability, and the first hyperpolarizability are defined

by the following formulas:

to = + ) + )
0= (0, + ay, + o,)/3

Bo= (ﬂxz + ﬁyz + ﬁ22)1/2

where

B = Bt Pyt Brad

By = 2Byt By B

Br=2Boat Byt o)

e)
aug-cc-pVTZ level for the singlet states and at the UMP2/aug- Figure 1. Optimized structures of bF~ and L&F". (a) The'=" state

In this paper, all calculations are carried out at the RMP2/

of Li,F~, (b) the3=* state of LiF~, (c) the'A; state of LiF, (d) the

cc-pVTZ level for the high spin states, inclucing the optimized A" state of LiF-, and (e) the structure of &irom ref 9

geometric structures of tF~ and LiF—, and their harmonic

vibration frequencies, natural bond orbital (NBO) charges,  tpei1a, state of LiF~ is a trigonal antiprism structure capped

yert|cal detach_ment energies (_VDEs), and static electric proper- by a F~ anion. Both the smaller top face LiL1i2—Li3 with

ties. Qur previous papers indicate that, with reasonable COM-| i j distance of 2.731 A and the larger bottom face +i4

putation costs, the MPZ results are very close to those obtained ;5 _| is with Li—Li distance of 3.403 A of this trigonal

from the more sophisticated correlation methods (for example, 4xtinrism are regular triangles. The six lateral edges of this

_MP4(SDQ} ar_1d QCISBé)' The aPp“ed ele_ctnc_ field strength trigonal antiprism are 2.984 A in length. From a comparison

in the c.alculqtlon. of static electric properties is 0.008 au. AII with the octahedron structure of thesldlustert! the effect of

calculations in this work were carried out using the Gaussian -, the structure of lsican be shown: (1) The top face Ll

03 program packag¥. Li2—Li3 becomes smaller. (2) The bottom face Lili5—Li6

becomes larger. (3) The distance between the top face and the

bottom face is shortened. (4) The twosltiiangles of the top
Geometries.For Li;F~ and LisF—, the structures with alkalide  and bottom faces become regular triangles from isosceles

character are optimized at the RMP2/aug-cc-pVTZ level for two triangles. The F anion locates over the center of the regular

low spin statesE" for LioF~ and!A; for LigF) and at the triangle Lil—Li2—Li3 with three equal Li-F distances of 1.817

UMP2/aug-cc-pVTZ level for two high spin state&{ for A. The symmetry of this structure s,.

LioF~ and’A’ for LigF~), and all real frequencies are obtained Compared with théA; state, the structure of tHé\' state is

(see Figure 1). For the low spin singlet state gfti the UMP2 slightly distorted. The F anion is slightly away from the

method is also used. The two optimized structures by the UMP2 connecting line of the centers of the triangles £L1i2—Li3

and RMP2 methods are identical and closed-shells. For the twoand Li4—Li5—Li6, and consequently the top and bottom faces

high spin states, the UMP2 method is used and the expectationdistort and become two isosceles triangles from regular triangles.

values ofS are repectively 2.00 for th& " state of LpF~ and With increasing of spin multiplicity from 1 to 7, the distance

12.00 for the’A’ state of LiF; thus their spin contaminations  between the Fanion and the top face LiiLi2—Li3 is slightly

are very small. The selected distances between atoms areshortened by about 0.025 A and the distance between the top

collected in Table 1. and bottom faces (which is approximately estimated by the
As can be seen from Figure 1 and Table 1, ¥5e and3>* distance between the centers of the two faces X1 and X2, see

states of LiF~ are both linear structures, and the-& distances Table 1) is lengthened by 0.299 A. Meanwhile, the average Li

are 1.653 A for the both two structures. The-Li distances Li distance of the top face is lengthened, while the average Li

in LioF~ are 3.190 A for thé=+ state and 3.514 A for th&&* Li distance of the bottom face is shortened. The symmetry of

state. With increasing of spin multiplicity from 1 to 3, the-Li this structure iCs, and the plane +Lil1—Li4 is the plane of

Li distance is lengthened by 0.324 A. symmetry.

Results and Discussion
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TABLE 1: Selected Distances (in A) in Geometric Structures of LiF~ and LigF~ at the MP2/aug-cc-pVTZ Level
Li2—F Lil—Li2 Li4—Li5
Lil—F Li3—F Lil—Li3 Li2—Li3 Li4—Li6 Li5—Li6 F—X12 X1—X22
LioF~ =+ 1.653 3.190 1.653 3.190
DX 1.653 3.514 1.653 3.514
LigF~ 1A, 1.817 1.817 2.731 2.731 3.403 3.403 0.903 2.378
A 1.851 1.799 2.680 2.899 2.876 3.368 0.878 2.677
LigP 2.813 3.514 2.813 3.514

aX1is the Lil atom for LiF~ and is the center of LilLi2Li3 for lsF—; X2 is the Li2 atom for LiF~ and is the center of Li4Li5Li6 for L.
b Reference 11.

TABLE 2: Natural Bond Orbital (NBO) Charges, Vertical Detachment Energies (VDESs), and Static Electric Properties (Dipole
Moment uo, Polarizability o, and the First Hyperpolarizability fo) of Li,F~ and LigF~ Calculated at the MP2/aug-cc-pVTZ

Level

NBO charges
F M*a M-a VDE (eV) o (au) oo (au) Bo (au)
LioF~ =+ —0.978 0.770 -0.792 1.19 2.397 369.2 3.19810
D —1.041 0.389 —0.348 0.66 4.544 563.5 1.76410°
LigF~ 1A, —0.947 0.834 —0.888 1.13 1.940 1003.1 113610
A —0.969 0.461 —0.493 0.69 2.910 1256.2 1.7131C°

aM = Li for LiF~; M = Lis for LigF.

Here, we consider the kisubunits of the top and bottom
faces as two superalkalis according to ref 7d and then #te Li
cluster anion can be denoted bylsLis. From a comparison
of the structures of LF~ and LiF~, the substitution effect of
Lis superalkali is shown to be that both the® (M = Li for
LioF~ and M= Lis for LigF~) distance and the MM distance
are significantly shortened as theslsuperalkalis substitute the
Li alkali metal atoms (see Table 1). For example, for the two
singlet spin states¥* for Li,F~ and!A; for LigF™), the X1
distance (0.903 A) of IgF~ is shorter by 0.750 A than the
corresponding L+F distance (1.653 A) of LF~ and the X1
X2 distance (2.377 A) of IgF~ is shorter by 0.813 A than the
corresponding Li-Li distance (3.190 A) of thé=* state of
Li,F~. These differences in structures can affect the properties,
especially the static first hyperpolarizabilities.

Alkalide Character. The natural bond orbital (NBO) charges
and vertical detachment energies (VDEs) ofH-i and LisF~
are calculated at the MP2/aug-cc-pVTZ level, and the results
are collected in Table 2.

For LioF~, the Lil atom is polarized by the Fanion forming

an excess electron and shows significant positive charge (0.770

for the I=* state and 0.389 for th& " state). The Li2 atom is

wrapped around by the excess electron and shows significant

negative charge—0.792 for the'=" state and—0.348 for the
33t state). This demonstrates the existence of an alkali metal
anion Li~, and the cluster anion tf~ can be considered as an
alkalide anion FLi"Li.

For LigF—, the Liz superalkali of the top face is polarized by

F~ anion forming an excess electron and shows positive charge

(0.834 for the!A; and 0.461 for the’A’ state), which
demonstrates the existence of a superalkali catigh Dihe Lis

(3=T) state. For LiF~, the negative charge of &i of the low
spin (tA,) state is larger by 0.395 than that of the high spin
(A" state.

As the Li~ superalkalis substitute the Li atoms in the
alkalides with the F anion as the ligand, the negative charge
on M~ slightly increases. For the two singlet statés™(for
LioF~ and'A; for Li¢F™), negative charge on thegdisuperalkali
anion in the L§F cluster is slightly larger by 0.096 than that
on the Li~ anion in the LjF~ cluster.

The molecular orbitals (HOMO, HOM®©1, and HOMG-
2) of LioF~ and LgF~ are plotted in Figure 2. As can be seen
from Figure 2, the electron clouds of the four structures are
polarized by the F anions and move toward the end alkali metal
atom or superalkali M (M= Li for Li,F~ and M = Liz for
LigF™). These molecular orbitals show that the &nion has
the ability to polarize the valence electron on not only one alkali
metal Li atom but also on kisuperalkali to form an excess
electron. In thel=" state of LiF~ only the electron cloud of
HOMO is polarized, while in théA; state of LsF~ the electron
clouds of HOMO, HOMG-1, and HOMG-2 (it is like a face)
are all polarized. This is why the negative charge on the Li
superalkali anion in théA; state of LiF~ is larger than that on
the Li~ anion in the'=" state of LpF~. Similarly, in the3Zt
state of LpF~ only the electron clouds of HOMO and HOM&L
are polarized, while in théA’ state of LiF~ the electron clouds
of HOMO, HOMO-1, and HOMG-2 are all polarized. This
causes the negative charge on thg lduperalkali anion in the
A" state of LiF~ to be larger than that on the Lianion in the
33+ state of LpF—.

The vertical detachment energies (VDES) offfi and LisF~

superalkali of the bottom face is wrapped around by the excess@ré rather small (see Table 2). Their values are respectively 1.19

electron and shows negative charged(888 for thelA; state
and—0.493 for the/A’ state), which demonstrates the existence
of a superalkali anion ki. Thus L&F~ can be further denoted
by F Lis*Lis™. By an analogy with the alkalide aniormEi*Li~,

eV of the!'=" state and 0.66 eV of th&&" state for LpF—, and
1.13 eV of the'A; state and 0.69 eV of th@\’ state for LF—.
The values of VDEs of the two high spifX" and’A’) states
are much smaller than those of the two low sg(and!A;)

F-Lis"Lis~ can be considered as a new kind of alkalide anion States, which indicates that the excess electrons of the two high
from superalkalis. spin states are more diffuse than those of the two low spin states.
For the charges of different spin states, the amounts of The more diffuse electron may result in larger first hyperpo-

negative charge on M(M = Li for Li,F~ and M = Lis for larizabilities in the high states.

LieF") of low spin states are much larger than those of the high ~ Static Electric Properties. The static electric properties
spin states. For LF~, the negative charge of Liof the low (dipole momentsuo, mean of polarizabilitiesoy, and first
spin (=) state is larger by 0.344 than that of the high spin hyperpolarizabilities3q) of Li,F~ and LikF~ are calculated at
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Figure 2. Occupied molecular orbitals of = and LikF. (a) The
13* state of L, (b) the3=* state of LiF~, (c) the'A; state of LEF,
and (d) the’A’ state of LiF.

the MP2 levels with aug-cc-pVTZ basis sets, and the results
are listed in Table 2.

For two spin states of bF~, up = 2.397 au = 369.2 au,
andf, = 3.198 x 10* au for thel=" state, whileug = 4.544
au,ap = 563.5 au, angy, = 1.764 x 10° au for the3=" state.
Comparison of the results 8E* and3=* states indicates that

the values of the static electric properties, especially the static

first hyperpolarizability 5o, of the high spin 1) state are
significantly larger than the corresponding values of the low
spin (=T) state. The« value of the’=" state is 1.9 times larger
than that of thé=" state, and they value of the3=* state is
1.5 times larger than that of tHE™ state. FoiBo, the effect of
spin multiplicity is remarkable and the value of tf® state is
5.5 times larger than those of tRE™ state.

For two spin states of bk, uo = 1.940 aupo = 1003.1 au,
andfo = 1.116 x 10* au for the'A; state, whileup = 2.910
au, ap = 1256.2 au, an@y = 1.713 x 1(C° for the A’ state.
Like Li,F~, the values of the static electric properties of the
high spin {A") state are significantly larger than the corre-
sponding values of the low spifA;) state. The: value of the
A’ state is 1.5 times larger than that of th state, and the
0p value of the’A’ state is 1.3 times larger than that of the
state. Foifo, the effect of spin multiplicity is very remarkable
and the value of théA' state is 15.3 times larger than those of
the 'A; state.

Our results indicate that the static electric properties, espe-

cially the static first hyperpolarizability, of the high spin state

J. Phys. Chem. A, Vol. 111, No. 28, 2005381

TABLE 3: Parameters of the Crucial Excited States for
Li,F~ and LigF~ by the CIS Method with the aug-cc-pVTZ
Basis Set

AE(eV) fo Bo (au)
Li,F~ =¥ HOMO— LUMO+1 1.3684 0.2320 3.198 10*
¥t HOMO — LUMO 0.8824 0.1287 1.764% 10°
LisF~ A; HOMO— LUMO 0.9021 0.1334 1.116& 10¢
‘A" HOMO—-1—LUMO+1 0.8765 0.1747 1.718 10°
HOMO — LUMO

is larger than the corresponding value of the low spin state for
the two alkalide anions kiF~ and LiF~, which is similar to
the conclusion of Nakano and co-work¥rg¢hat the second
hyperpolarizability of an open-sheft-conjugated system in-
creases with spin multiplicity.

Without the polarizing of the Fanion, the L cluster with
D4y symmetry (Figure 1) has a center of symmetry, sQ3igs
value is zero. By complexing with one Rnion, the new formed
cluster LgF~ with Cg, symmetry has no center of symmetry
for the A, state. Due to the polarizing of the Rnion, the L§
segment forms one §i superalkali cation and one {i
superalkali anion wrapped around by an excess electron. The
excess electron brings the larfevalue for the alkalide anion
LigF~. This shows that an alkali metal cluster can be chemically
doped with an anion to form an alkalide anion with an excess
electron. Due to the existence of the excess electron, the alkalide
anion can possess a large first hyperpolarizability. Further, this
supports a possible model of an alkali metal cluster adsorbed
on the ion crystal surface to produce a large NLO response.

Interestingly, the effects of the 4 superalkalis on the static
electric properties are found by a comparison of the results of
Lio,F~ and LkF~. For the two singlet states, the value of
LigF~ is smaller by 0.457 au than that of,Ei", theo, value of
LigF~ is larger by 633.9 au than that of &, and the3, value
of LigF~ is smaller by 2.082« 10* au than that of LiF~. This
indicates that the kisuperalkali substitution effects aye
decreasing,op increasing, andfy, decreasing. As the ki
superalkalis substitute the Li atoms, the VDE value slightly
decreases. This shows thagfET has the diffuser excess electron,
so it should have a largé¢t, value. However, thg, value of
LieF~ is smaller than that of LF.

In order to discuss this question, we use the two-level
model?

Bo= (3I2)Aufy AE®

where AE, fo, and Au are respectively the transition energy,
the oscillator strength, and the difference of dipole moment
between the ground state and the crucial excited state. In the
two-level expression, the third power of the transition energy
is inversely proportional to thé, value. Therefore, the transition
energy is usually the crucial factor. The order of transition
energiesAE for LioF~ and LiF— are estimated crudely by the
CIS method with aug-cc-pVTZ basis set and are shown in Table
3.

For the two singlet statedX" for Li,F~ and!A; for LigF),
the AE value of LpF~ is as 1.52 times larger than that ofET
and thefp value of LbF~ is 1.74 times larger than that ofd&i—.
Thus the ratio ofo/AES of LioF~ and LigF~ is about 1:2. IfAE
andfp produce the dominating contribution fl, the ratio of
the o values should be approximately 1:2. However, the ratio
of the o values is actually 2.87:1. This indicates that most of
the contribution tg3p is not from AE andfy but is from Agu.
According to the two-level model, the estimated ratio\pf of
LioF~ and LikF~ should be 5.74:1. Is this possible? Rarof
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Figure 3. Crucial excited states of the two singlet states gfLiand
LigF~. (a) The!=" state of LpF~ and (b) the'A; state of LiF.

LUMO +1

ground states, the value of B is much larger than that of
LigF~ with Lisz instead of Li. Then forAu, which is the

difference between ground states and crucial excited states, thé\f-?

value of LbF~ with the largeruo value of ground states is
possibly much larger than that ofd&i~. From Figure 3, in the
13+ state of LpF~ the crucial electron transition from HOMO
to LUMO++1 causes the electron cloud to significantly move
away from the end Li atom along the molecular axis, and the
large electron transfer possibly results in a largevalue. In
thelA; state of L§F~ the crucial electron transition from HOMO
to LUMO does not result in a significant electron transfer and
thus will not result in a largé\u value. This may be why the
Povalue of LiF~ is smaller than that of LF~ for the two singlet
states.

For the two high spin state&{" for Li,F~ and’A’ for LigF"),
the ratio offo/AE® of LioF~ and LF~ is about 1:0.7 and is
close to the ratio 0ffy (1:0.97), which may be a main reason
that theSo value for the3=" state of LyF~ is slightly larger
than that for the/A’ state of LiF.

This shows that in the alkalides with some ligands, such as

F~ anion, substituting lsisuperalkalis with Li atoms can increase
the o value via increasing thAu value. However, for other
ligands, if theAu values of the alkalides with superalkalis are
close to those with alkali metal atoms, th& value of alkalides
will be the crucial factor in the two-level model. Then it is
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