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Small clusters of group 1 metal complexes with hydrogen fluoride molecules M(NF} Li, Na, and K,

are studied with the ab initio molecular orbital method. The trimer MgH&)mMs aCs, cluster, in which the

metal atom is ionized and the ejected electron is trapped on the top of three equivalent HF molecules. The
optimized geometric structure of Li(HEp almost identical with that of the ion pair t(HF)sCl~ by replacing

a CI™ anion with an ejected electrde™} ; thus Li(HF) can be described as(HF)s;{e"}. The entity{e"}

is trapped under the electrostatic field created by three HF bond dipoles; and at the same time, the HF bonds
are polarized and weakened. A triplet anfan} (HF)sLi t(HF):{ e} is stable and is a possible anion unit of
electrides.

1. Introduction clusters reported, some simple but interesting isomers are found
for a water dimer anion db,.® and for a water trimer anion of
D319 In the Do, dimer anion, the electron is trapped between
two nonhydrogen bonded water molecules as {Q&1} (H,0);

four of the OH bonds of the two water molecules are equivalent.
The D3, trimer anion has a similar structure except that six OH
bonds of three water molecules equivalently surround the
electron{e}. The trimer anion of (Op){ e} (HOHOH,) is also
found? In these anions, the electrge™} plays a role of glue

to hold the water molecules. These dimer and trimer anions are
much less stable than the linear dimer and trimer anions of the
dipole bound type; and they are expected not to be detected in
the normal experimental conditions. In 2002, Bowen and co-
workers observed two isomers of hydrogen fluoride trimer
Ianions (HF)~1 13in the photoelectron spectra. With help of the
computational study, they assigned the band at 0.24 eV to a

More than a decade ago, Fuke and co-workarsl Hertel
and co-workersstudied the size dependence of the ionization
threshold energy (ITE) of group 1 metal atom complexes with
water molecules, M(ED),. Their remarkable findings are the
convergence of ITE to a nearly equal energy &t 4 for all of
M = Li, Na, and Cs; the converged values are almost
independent of the metals. Hashimoto and co-workersnd
Tsurusawa and Iwald studied the clusters with the ab initio
molecular orbital methods. In these computational works, it was
concluded that the electron is ejected from the metal atom in
the clusters oh = 4 and is surrounded by a few OH bonds of
water molecules, although it was not possible to definitively
identify the isomers of the clusters experimentally observed.
Iwata and Tsurusawa reviewed both experimental and theoretica

studie$ in which they emphasized the similarity in the structure linear chain dipole bound anion, and the band at 0.43 eV was

of the electron ejected from the metal in the clusters 4 . )
with that of the excess electron in some of the small water cluster ?‘Ss'gned to an isomer of (FH§}(HFHF), where the electron

anions®10 Both an ejected electron in the metavater com- IS trappgd between an HF moleculg and a.dimer {HR)their
plexes and an excess electron in the water anions are stabilize(?alcmat'ons' the_y also found thik, trimer anion, and excluded .
by the surrounding OH bonds, in most cases more than two it from the candidates because of less stability. The electronic
OH bonds of two or three (or more) water molecules. The structure and the nature of the excess elecfrer} in these .
electron is trapped in the electrostatic field created by a few clusters surrounded by water molecules or by hydrogen fluoride

OH bond dipole moments. Their structures can be denoted asmolecules are the same. The electfan} is trapped in an

- : . e electrostatic field created by the surrounding multi-bond dipoles
OH){e"} (OH).. The interesting characteristics found are that : .
Ehe ZS{H l];énds)l directing to thg electrge} are lengthened (OH or FH), and at the same time, the localized electron glues

and their calculated harmonic frequencies are downward shifted those dipoles by polarizing the OH or FH bonds. In retrospect,

as the OH bonds in the hydrogen bonding system. Because O’ibefore our work on (Ob){e }(H.0), Gutowski and Skurski

this similarity, Iwata and Tsurusawa called the bond between .f'rSt repprte_d such anion of .(FI{-IQ_.}(HF) and discussed the
the OH and the{e-} an electron-hydrogen bond. In these interaction in terms of the dispersion forteAfter the paper

clusters, in most cases, the water molecules form the hydrogenOf Bowen and co-workers, the computational studies for larger

— 5,16 it
bond networks which mostly determine the geometric structure (HF){e7} (HF) are reported._ . Iq addmpn, although the_
of the cluster; and as a result, the OH bonds surrounding theauthors are not aware of the similarity, the linear hydrogen halide

_ . anions of XHe }HX (X = CI, Br) studied by Rauk and
electron{e"} are not equivalent to each other. Armstrond’ have the similar electronic structure; and two

There are numerous theoretical papers for the water anions,h drogen halide molecules are alued by the excess electron
one of them includes extensive works for hexamer anion isomers' ™~ %09 9 y

by Kim’s group!'? Among various types of water anion {e’}.
y group g yp In these clusters, the entity denoted above{by} has no

T Part of the “Roger E. Miller Memorial Issue”. central positive charges_, at all. The crystal palled electr_ides has
* E-mail: iwatasue@hiroshima-u.ac.jp. such an entity as a unit of the crystal lattiéés?° A typical
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Figure 1. Geometric structures and the singly occupied molecular orbital (SOMO) of Li(t8€e text on the boundary of SOMO. The numbers
in the square brackets ars¢Sur{0.5), IsoVo(0.5)/A3. For a free Li atom, they are [0.039, 30.2].

organic electride is C§15-crown-5){ e~} reported by Dyd8 Li3a  [0,053,14.1] Na 3-a  [0.051, 14.6]
Hosono and co-workers found a more complex inorganic
electride [CasAl2g064{€ }4, which has unique electric and
magnetic propertie¥. The F center in the alkali halide crystals

is known to be such entities as defe€s.

In the present paper, we show a new type of neutral clusters
M(HF),, M = Li, Na and K, which have a similar structural
entity of the excess electrde} ejected from a metal atom. It
is demonstrated that the trimer'fHF)s{ e~} is a good candidate
of a part of the unit of new electride crystals.

In our literature search, no papers for the clusters M{HF)
were found, except for a paper of an accurate ab initio study of
a Li—HF complex?? which only discusses the nature of the weak Li*(HF),CI"
molecular interaction.

2. Computational Methods
The geometry optimization was carried out with the UHF fi |

K 3-a [0.053, 14.0]

MP2/6-311-+(d,p) level of calculations. The harmonic fre-
guencies were also evaluated with the same level. Gaussian 03
was used in the calculations. All of the structures shown in the
figures are confirmed to be at the local minimum by evaluating
the harmonic frequencies. After the spin projection, the expecta-
tion value of is 0.750 for most of the clusters. Figure 2. Comparison of geometric structures ©f, isomers of Li-
To determine a proper value for drawing the iso-value surface g;';); Na(HE);, "’I‘(n? K(I—éF)gsandoo; 'OI” L\;F(HOF?%@]' The numbers in
of molecular orbital (MO)¢;, a program,IsoMOSurf is quare brackets arsgSur(0.5), IsoVol0.5)/AT
developed? For a givenxe (1 > X, > 0), FunctionlsoMOSur-
f(xe, ¢;) returns a valuésoSurfxe), which is determined to satisfy
the condition

in the sum. Previously, we calleldoVo(0.5) for the singly
occupied MO SEM (singly occupied MO, SOMO, extension
measuref. MOLDEN was used to draw the iso-value surface
inside of surt inside of surface in the figures?®

Inside of surface,

= [ dr|gy|” = Z B,(rdl*s (1)

3. Results and Discussion

where the volume integral is approximated by a sum of the  3.1. Cs, Form Isomer of M(HF)3;, M = Li, Na, and K.
densities¢;(ri)|2 at thekth cuber, times the volume of cube, Figures 1 and 2 show the optimized structures of MH)d

and the sum is taken from the largest valugggi)|2. To draw the SOMOs. The metalF distances andigoSur{0.5), Iso-

the MO surfacelsoSur{xe) is input to MOLDEN or to the other ~ Vo0l(0.5)] for SOMO are given in the figures. The surfaces of
utility programs. The volumésoVolxe) inside of the surface  SOMO show the characteristics of the electronic structure of
can be easily evaluated by counting the number of cubes takenthe clusters. The Fermi contact terms of the nuclei also are a
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TABLE 1: Characteristics of Some of the Clusters Li(HF), and K(HF),

ratio of Fermi contact AVIE/eVP ARYZIAC AvYFiem-1d BE/kJ molt

term Fin custe?Fatom IEctuster— |Eatom Reuster— R cluster _ =0l CP corf (uncorr.)
Li_ 1 0.704 —0.60 0.012 —236 —15.73 (-21.55)
Li_2-a 0.397 —-0.81 0.016 —355 —41.11 (-55.15)
Li_2-b 0.638 —0.29 0.024 —518 —43.23 (-55.66)
Li_3-a 0.045 +0.41 0.044 —1068 —83.34 (-107.75)
Li_3-b 0.142 +0.15 0.063 —1353 —76.93 (-101.22)
Li_4-a 0.032 +0.55 0.038 —921 —104.08 (129.95)
Li_4-b 0.027 —-0.12 0.052 —1204 —124.40 (158.77)
K1 0.823 —0.40 0.004 —81
K_2-a 0.613 —0.66 0.005 —108
K_2-b 0.760 —0.16 0.013 —283
K _3-a 0.070 +0.43 0.038 —916
K_3-b 0.284 +0.34 0.038 —902

2 Calculated Fermi contact term for an isolated atom: 0.227 for Li and 0.865 fotdfization energy (IE) for an isolated atom: 5.34 eV (515.2

kd/mol) for Li and 4.24 eV (409.1 kd/mol) for KR5Y = 0.917 ¢ s

= 4191.6 cm?® ©Counterpoise corrected binding energy. See text.

good measure of the character of SOMO, and in Table 1, the FH bonds. We may call this type of electron “an electron bound

ratio FinciustefFatom IS given for Li and K complexes. The
SOMOs of Li(HF)[Li_1] and of Li(HF}[Li_2-a and Li_2-b]

by the surrounding multi-dipole moments”, which should be
differentiated from the dipole bound electron. The electron is

are characterized as the sp hybridized orbital, and the reductionmuch more tightly bound under the electrostatic field of the

of the Fermi contact terms on the Li atom can be explained by
the hybridization. For M= Na and K, the similar clusters to
[Li_1], [Li_2-a], and [Li_2-b] are found. Because of the larger
size of the metal atoms, the N& (K—F) distances are 2.388
(2.752) A for [M_1] and 2.341 (2.736) A for [M_2-a].

A drastic change in the electronic structure is found in Li-
(HF)3[Li_3-a], shown in Figure 2. There is almost no electron
on the Li atom, as seen in Figure 2 and in the ratio of the Fermi
contact term given in Table 1. The cluster [M_3-a] as
symmetry for M= Li, Na, and K. The SOMO electron is located
outside of the framework of the clusterfi(HF)z;, and the cluster
can be described ast(HF):{ e}, where the sigde~} denotes
that the electron in the SOMO is separated far away from the
atomic nuclei; the electrofe™} forms a nearly isolated entity.
The large coefficients of SOMO are found on the diffuse basis
functions of all of the constituent atoms. In the previous works
for the M(H,O), clusters’ we confirmed that the basis sets used
can describe the ejected electd@1}. As is seen in Figure 2,
Na"(HF);{e"}[Na_3-a] and K(HF);{e }[K_3-a] have the
similar geometric and electronic structures witH (HF)s{e"},
except for the metalF distances. In the M(HR)clusters, the
group 1 metal atom is ionized at= 3, which is in contrast to
the M(H,O), clusters, in which the metal atom is ionized for
> 4577 The other difference from the M@®), clusters is the
symmetric structure of M(HE) three HF molecules are
equivalent to each other. In most cases of the M} clusters,
two OH bonds of a water molecule do not interact equivalently
with the {e7} because of the hydrogen bond network among
water molecules.

3.2. Electron—Hydrogen Bond. The structure of theCs,
isomer [M_3-a] clearly indicates that three equivalent HF
molecules support the electra} ejected from the metal atom.
The interaction between tHe"} and the HF molecules is the
electron-hydrogen bond, similar to the ierhydrogen bond in
halogen-water clusters X(H20), (X = F, Cl, Br, and 1)?6-28
So the entity{e"} in LiT(HF);{e"} can be replaced with a
halogen anion; in Figure 2, the optimized structure 6{IHF);Cl~
is shown for comparison. The remarkable similarity between
the structures of Li(HF)s{ e} and Lit(HF)sCl~ can be noticed,;
for Lit(HF)s{e }, R(Li—F) = 1.899 A, R(H—F) = 0.961 A,
angle(H-F—Li) = 97.1°, and the corresponding values for
LiT(HF)CI~ are 1.895 A, 0.966 A, and 94.5

In the Cs, isomer M (HF)x{ e}, an electrof{ e} is captured

surrounding multi-dipole moments than the well-known dipole
bound electron, so that it behaves similar to the halogen anion
as shown in Figure 2.

The structure surrounding the ent{tg} also resembles the
structures found computationally in the anions of @i} (H.O)
of Dan, {913 €7} (H20) of D3y, >0 (FH) €7} (HF) of Dey!®, and
(E{ e }(HF) of Dan.2® In these anion clusters, no hydrogen
bonds exist between water molecules and between hydrogen
fluoride molecules. The excess electrper} glues the sur-
rounding water molecules and hydrogen fluoride molecules.
Similarly, the ejected electrofe™} in Li"(HF)x{e"} glues the
hydrogen fluoride molecules; if the electron is removed (ion-
ized), the remaining cation becomes a plabaion Li™(HF)s.

The interaction between the electrfer} and the H of HF and
of H,O is so strong that it can be called a ‘bond’. So, we first
used electrorthydrogen bond for such bonds betwden} and
H—O in M(H;O).,%7 and later in water cluster anions
(HZO);.Q’]‘O

As in the ordinal hydrogen bond, the-® and FH bonds
directing to the electrofie”} are lengthened, and the harmonic
force constants of the bonds become smdllEhe fourth and
fifth columns of Table 1 show the largest changes among the
bond lengths and among the harmonic frequencies in each
cluster. We may compare them with the changes in the planer
cation Lit(HF); from a free FH, wheré\ARyr = 0.009 A and
Avye = —125 cntl. The large lengthening oRye and the
extreme downward shift afyr in Lit(HF)s{ e} imply that the
antibonding orbitaby,- does have a contribution to the SOMO,
which can also be seen in Figure 2.

Among 12 intermolecular vibrational modes, the highest 3
modes (747, 747, and 635 cinfor LiT™(HF):{e7}) exhibit the
unigue motions; the metal atom and three F atoms do not move
at all, and only three hydrogen atoms move to change the angles
Li—F—H. It seems that three FH molecules are bending against
the electrof{ €7} . They have a relatively large transition dipole
moment for the infra-red absorption spectrum. The similar
modes are found in E{HF)3Cl~; the corresponding frequencies
are 1028, 882, and 882 cth

3.3. Other Isomers of M(HF),, n = 2, 3, and 4.In Figure
1, the structures of isomers Li(HE)Li(HF)3, and Li(HF), are
shown. The similar isomers are found for Na and K clusters.
The difference in the geometry is for the met&l distances.

by a strong electrostatic field created by the three equivalent The calculated binding energies are compared in Table 1. They
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Figure 3. Geometric structures and two SOMOs for the triplet adier} (HF)sLi T(HF):{ €} and{e } (HF)sLi "(HF)x{ e} HF. The numbers in the
square brackets aréspSur{0.5), IsoVo(0.5)/A3.
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are evaluated with the counterpoise (CP) correéfitmremove As shown in Figure 1, two isomers are found for Li(HHAp

a part of the basis set superposition error (BSSE). In applying [Li_4-a], an isolated FH molecule caps on the top of [Li_3-a],
the traditional CP correction to the present systems, there areforming aCs, cluster. It is confirmed that the cluster is stable
two problems. (1) Except for Li(HF), the clusters consist of by evaluating the harmonic frequencies. The isomer [Li_4-b]
more than two molecular units. As discussed by Valiron and is more stable than [Li_4-a], because of the strong Li
Mayer3° the proper counterpoise procedure for the clusters interaction with a FH molecule located at the other side of
requires the evaluation of the many-body BSSE. (2) To evaluate (HF)s{e}.

the CP correction, we have to identify the monomer units. What  The other isomer of M(HF){e"}, in which four HF are
are the proper monomers infiiHF)s{ e} ? In the present study,  equivalently coordinated to the metal ion, was looked for in
simply a Li atom and a HF molecule are assumed to be vain for M=Na and K. The initial model structure of4C
monomer units. In the table, the uncorrected energies are alsccollapses to a structure similar to [Li_4-b].

given. . o _ o 3.4. lonization Energy. In Table 1, the changes in the
For Li(HF),, the asymmetric isomer [Li_2-b] is slightly more  ionization energy are given. For= 1 and 2, the ionization
stable than the symmetric [Li_2-a], antsoVo[(0.5) of energy decreases with similar to the watergroup 1 metal

[Li_2-b] is substantially smaller than that of [Li_2-a]. The clusters M(HO),2 But for the clusters having the ejected
changesARyr and Avye given in Table 1 for [Li_2-b] are for electron{e}, the ionization energies increase from a free metal
one of the FH bonds, which interacts with the electron entity atom: 5.75 eV for Li(HF) [Li_3-a] from 5.34 eV of a Li atom
{e7}. Although the ratioFin ciustefFatom SUggests that the odd  and 4.67 eV for [K_3-a] from 4.24 eVia K atom, calculated
electron resides on the metal’s orbital, one of the FH molecules with the same level of theory. This is contrasted with the
forms the electrornhydrogen bond, which contributes to  experimentally and theoretically found facts for the watgnoup

stabilizing the cluster and to shrinking the electron ertéy} . 1 metal clusters M(kD),, in which the ionization threshold
For Li(HF)s, the symmetricCs, isomer [Li_3-a] in Figure 2 energies (ITE) fom = 4 are nearly the same values for the
is definitely more stable than the-2 1 type isomer [Li_3-b]. group 1 metald:?2 The increase of the ionization energy in

Similar to theCg, isomer [Li_3-a], the hydrogen atoms of two ~ MT(HF)s{ e} might result from the stong electrostatic field from
FH molecules in the isomer [Li_3-b] strongly interact with the the three HF molecules and the metal ion. The tightness (or
ejected electron; one of the HF molecules is simultaneously diffuseness) of the electron cloy@} is a good measure of
hydrogen bonded to the other FH which is coordinated to the the electrostatic field where the electron is trapped. The volume
metal. It is the FH bond of this molecule that is the longest and I1soVo[0.5) for M (HF)x{e"} is 14 A3 while the smallest for
weakest in Table 1. The rat, custefFatomindicates that there  the clusters M(BHO), (n < 6, M = Li and Na) examined in the
is a part of the odd electron on the metal, but at the same time, previous worR is 26 A3 with the same level of approximation.
IsoVol0.5) is the smallest in Figures 1 and 2. Two dipole From the experimental point of view, the increase of the
moments of the separately located HF molecules create theionization energy is unfavorable for detecting these clusters.
strong electrostatic field to trap the electron. Because the clusters are neutral, to mass-select the clusters, the
Because a HF molecule has only a single hydrogen donor ionization is required; and as was for M{®l),, the measurement
site and a single hydrogen acceptor site, the number of possibleof the ITE is the best suited experiments. But if the ionization
isomers for M(HF) is limited, which is contrasted with the energy for the cluster is larger than the reference atom, it might
clusters M(HO),. Because a water molecule has two sites of be difficult to identify the cluster. Photoelectron spectroscopy
hydogen donor and acceptor, the possible choices of hydrogenmight be a possible way with an electreion coincidence
bond networks increase with No other forms of the isomers  technique, because the ion"{HF); is very stable, not dissoci-
of M(HF), are foundn < 3. ated after the photoionization.
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