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We have investigated table salt and other alkali metal chloride monomers, CIM, and (distorted) cubic tetramers,
(CIM)4, with M = Li, Na, K, and Rb, using density functional theory (DFT) at the BP86/TZ2P level. Our objectives
are to determine how the structure and thermochemistry (e.g., CI-M bond lengths and strengths, oligomerization
energies, etc.) of alkali metal chlorides depend on the metal atom and to understand the emerging trends in terms
of quantitative Kohn—Sham molecular orbital (KS-MO) theory. The analyses confirm the high polarity of the CI-M
bond (dipole moment, VDD, and Hirshfeld atomic charges). They also reveal that bond overlap derived stabilization
(approximately —26, —20, and =8 kcal/mol), although clearly larger than in the corresponding F—M bonds, contributes
relatively little to the (trend in) bond strengths (=105, =90, and —94 kcal/mol) along M = Li, Na, and K. Thus, the
CI-M bonding mechanism resembles more closely that of the even more ionic F—M bond than that of the more
covalent C—M or H—M bonds. Tetramerization causes the CI-M bond to expand, and it reduces its polarity.
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going from molecular systems to the solid statéere, we ‘

focus on table salt and other alkali metal chloride molecules M—Cl
and clusters (CIM)(M = alkali metal), which occur in hot

vapors of these materiadsStructural and thermochemical 1 2 3
data about these species are still incomplete in spite of
various pioneering experimenmdland theoreticdl® inves-
tigations. It is known that particularly compact and stable
clusters (XM) arise for the so-called magic numbens:=

4, 6, 9, 12, 15, and 18 These clusters exist in various
isomeric forms that may be in thermal equilibrium with each

N

Cl—M

Earlier theoretical studies have shown that the clés(
the lowest-energy structure for (CINand (CIK), followed
by the ring @), which is higher in energy by-515 kcal/
mol, depending on the level of theot§fade70.Eor the less
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polar (CILi), species, the cubd) is disfavored with respect
to the ring @) but only by less than 1 kcal/mé!.

The purpose of the present study is twofold. In the first
place, we aim at a better understanding of the nature of highly
polar chemical bonds. Previously, it was shown that the
C—M and H—M bonds have substantial covalent character,
i.e., stabilization deriving from bond overlap, whereas such
covalence nearly disappears in the ionicNF bond which
instead gains stabilization predominantly through the elec-
tronegativity difference across the boRddere, we wish to GGA density functional method. This complements the
clarify the relative importance of these covalent (bond available experimental and theoretical data, which are scarce,
overlap) and ionic features (electronegativity difference) in and it enables a systematic analysis of the trends. In this
the bonding mechanism of the alkali metal chloride-®I context, we note that experimental information on the
bond which is of intermediate polarity between, on one hand, tetramers is completely missing. For the tetramers, we focus
the C—M and H-M bonds and, on the other hand, the on the cubic isomer, which is in general not a perfect but a
bond. To this end, we have undertaken a detailed investiga-distorted cube. In (CILi) for example, the lithium atoms
tion of alkali metal chloride monomers CIM and tetramers constitute an inner cluster that is surrounded by four chlorine
(CIM)4 with M = Li, Na, K, and Rb using the generalized atoms, one on each face of the tetrahedral metal cluster (see
gradient approximation (GGA) of density functional theory Figure 1, left), similar to the situation for the organometallic
(DFT) at the BP86/TZ2P level of theot?The polar C-M (CHaLi) 4.100
bonds are analyzed in the framework of the Ket8ham )
molecular orbital (KS-MO) model using a quantitative bond 2- Theoretical Methods
energy decompositioft. 2.1. General ProcedureAll calculations were performed using

A second objective is to obtain a set of consistent structural the Amsterdam Density Functional (ADF) progré#ithe numerical
and thermochemical data for alkali metal chloride monomers integration was carried out using the procedure developed by
CIM and tetramers (geometries, V1 bond strengths, Boerrigter, te Velde, and Baerents! The molecular orbitals (MO)

tetramerization energies), all obtained with exactly the same Were expanded in a large uncontracted set of Slater type orbitals
(STOs) containing diffuse functions, which is of triplequality

for all atoms and has been augmented with two sets of polarization
functions: 3d and 4f on Cl, Li, and Na; 4d and 4f on K andRb.
In addition, an extra set of p functions was added to the basis sets
of Li (2p), Na (3p), K (4p), and Rb (5p). The 1s core shell of
lithium, the 1s2s2p core shells of chlorine, sodium, and potassium,
and the 1s2s3s2p3p3d core shells of rubidium were treated by the
frozen-core approximatiokd An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent the
Coulomb and exchange-correlation potentials accurately in each
SCF cyclet2h

Energies, geometriéd,and frequencié4 were computed using
the generalized gradient approximation (GGA) of DFT at the BP86
level®> All open-shell systems were treated with the spin-
unrestricted formalism.

(ClLi)y

Figure 1. Structures (to scale) of alkali metal chloride tetramers for lithium
and rubidium (for numerical results, see Table 1).
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Bond enthalpies at 298.15 K and 1 atkH>9g) were calculated charges. The VDD atomic charg®,VPP is computed as the
from electronic bond energiedE) according to eq 1, assuming  (numerical) integrdf’ of the deformation densithp(r) = p(r) —
an ideal gad® In eq 1, AEyans 208 AErot20s and AEi, o are the >eps(r) in the volume of the Voronoi cell of atom A (eq 5). The
Voronoi cell of atom A is defined as the compartment of space
AHa05 = AE + AByrans 2051 AFror208 T AByipo bound by the bond midplanes on and perpendicular to all bond
A(AE,jp 0208 T A(PV) (1) axes between nucleus A and its neighboring nuclei (cf. the Wigner

) ) ) Seitz cells in crystals}®©In eq 5,p(r) is the electron density of the
differences between products and reactants in translational, rota-

tional, and zero point vibrational energies, respectivAlAE,ib)20s

is the change in the vibrational energy difference as one goes from Q"= _Loronoi catiofa P(F) — ZBPB(r))dr (®)

0 to 298.15 K. The vibrational energy corrections are based on our

frequency calculations. The molar work tefx(pV) is (An)RT (e.g., molecule andy gps(r) the superposition of atomic densitigg of

for two fragments combining to one molecule = —1). Thermal a fictitious promolecule without chemical interactions that is

corrections for the electronic energy are neglected. associated with the situation in which all atoms are neutral. The
2.2. Bond Energy DecompositionThe overall bond energE interpretation of the VDD charg@,"PP is rather straightforward

is made up of two major components (eq 2). In eq 2, the preparation and transparent. Instead of the measurement of the amount of charge
_ associated with a particular atom @,VPP directly monitors how
AE = ABprep T+ ARy @ much charge flows, due to chemical interactions, outfP° >
0) or into @QaYPP < 0) the Voronoi cell of atom A, that is, the

energyAE,pis the energy needed to deform the separate molecular =/ - .
region of space that is closer to nucleus A than to any other nucleus.

fragments from their equilibrium structure to the geometry that they
attain in the overall molecular system. The interaction en&gy; 3 Results and Discussion
is the energy released when the prepared fragments are brought
together into the position they have in the overall molecule. Itis  3.1. Structures. 3.1.a. MonomersThe computed BP86/
analyzed for our model systems in the framework of the KS-MO TZ2P geometries are summarized in Table 1 and Figure 1.
model using a Morokuma-type decomposition into electrostatic The C—M bond distance in the diatomic alkali metal
interaction, Pauli repulsion (or exchange repulsion), and (attractive) chloride monomers increases systematically from 2.077 to
orbital interactions (eq 3} The termAVes; corresponds to the 5 434 t0 2.769 to 2.878 A along M Li, Na, K, and Rb
AE,, = AV, + AEp,;+ AE, 3) respectively. Note that the increase in bond Ieng_th i_n every
step becomes smaller as one descends the periodic table.
classical electrostatic interaction between the unperturbed charge This trend agrees well with earlier theoretical widrk!8.9abd
distributions of the prepared (i.e., deformed) fragments and is and microwave and electron diffraction (ED) experiméht&
usually attractive. The Pauli-repulsiod\Ep,,, comprises the which also yield a monotonic increase of the-® bond
destabilizing interactions between occupied orbitals and is respon-alOng ClLi, CINa, CIK, and CIRb. The experimental bond
sible for the steric repulsion. The orbital interactiafE,; in any lengths ar(,a howéver ,systematica.llly shorter bya% than
MO model, and therefore also in Kofugham theory, accounts our BP86/TZ2P and most other theoretical values. The CI-
for electron-pair bonding, charge transfer (i.e., deracceptor )
(SD) bond lengths of Langhoff et &.are somewhat closer

interactions between occupied orbitals on one fragment with '
unoccupied orbitals of the other, including the HOMOUMO to our BP86/TZ2P results with values that are smaller by

interactions), and polarization (emptgccupied orbital mixingon ~ 2—3%.
one fragment due to the presence of another fragment). In the case 3.1.b. Tetramers.Tetramerization causes the-&¥ bond
of open-shell fragments, the bond energy analysis yields, for to expand by approximately 0.29 A for all the alkali metals
technical reasons, interaction energies that differ consistently onstudied (see Table 1). Thus, the-@i bond in the Tq
the order of a kcal/mol from the exact BP86 result. To facilitate a symmetric alkali metal chloride tetramers increases mono-
straightforward comparison, the results of the bond energy a”a|y5i5tonically if one descends the periodic table from 2.369 (Li)
were scaled to match exactly the regular BP86 bond energies. to 2.727 (Na) to 3.046 (K) to 3.163 A (Rb), similar to the
The orbital interaction energy can be decomposed into the monomers but at somewhat larger values t'han in the latter
contributions from each irreducible representafivof the interact- The chloride tetrahed is | than th tal cluster f )
ing system (eq 4) using the extended transition state (ETS) scheme € chioride ,e rahedron 'S, arger an the meta (?us ertor
developed by Ziegler and Radik: aI_I four alkal_| r_net_als_ studied (l_.e., _GCI > M—M; see
Figure 1). This is similar to the situation for the correspond-
AE, = ZAEr (4) ing methylalkali metal tetrame§2® However, it differs
strikingly from the situation for alkali metal fluoridé& In
the case of the latter, the I5 also larger than the Mluster

int

2.3. Analysis of the Charge Distribution.The electron density
distribution is analyzed using the Voronoi deformation density

(18) Bickelhaupt, F. M.; van Eikema Hommes, N. J. R.; Fonseca Guerra,

(VDD) method®19and the Hirshfeld scherfffor computing atomic C.. Baerends, E. Drganometallics1996 15, 2923,
(19) See also: (a) Fonseca Guerra, C.; Bickelhaupt, F. M.; Snijders, J. G.;

(16) Atkins, P. W.Physical ChemistryOxford University Press: Oxford, Baerends, E. Them—Eur. 31999 5, 3581. (b) Fonseca Guerra, C.;

U.K., 1982. Handgraaf, J. W.; Baerends, E. J.; Bickelhaupt, FIMComput. Chem.
(17) (a) Morokuma, KJ. Chem. Phys1971, 55, 1236. (b) Kitaura, K.; 2004 25, 189. Voronoi cells are equivalent to WigneSeitz cells in

Morokuma, K.Int. J. Quantum. Cheni976 10, 325. (c) Bickelhaupt, crystals; for the latter, see: (c) Kittel, Gtroduction to Solid State

F. M.; Nibbering, N. M. M.; van Wezenbeek, E. M.; Baerends, E. J. Physics Wiley: New York, 1986.

J. Phys. Chenil992 96, 4864. (d) Ziegler, T.; Rauk, Anorg. Chem. (20) Hirshfeld, F. L.Theor. Chim. Actdl977, 44, 129.

1979 18, 1558. (e) Ziegler, T.; Rauk, ATheor. Chim. Actal977, (21) Mann, J. B.; Meek, T. L.; Allen, L. CJ. Am. Chem. So200Q 122

46, 1. 2780.
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Table 1. Structures (in A) of Alkali Metal Chloride Monomers and

Tetramers
system method CiM M—-M CI-Cl ref
CILi BP86/TZ2P 2.077 this work
HF 2.036 9a
B3LYP/6-31HG* 2.024 9b
B3LYP/6-31HG(2df,p)  2.023 9b
MP2/6-31HG* 2.023 9b
MP2/6-31H-G(2df,p) 2.037 9b
CI(SD) 2.033 9a
exptl: microwave 2.02067(6) 3f
(ClLi), BP86/TZ2P 2.369 2.922 3.690 this work
CINa BP86/TZ2P 2.434 this work
HF 2.389 4f
HF 2.389 9a
VWN 2.386 4ab
LDA 2.33 4a
B3LYP/6-31HG* 2.383 9b
B3LYP/6-31HG(2df,p)  2.375 9b
MP2/6-31Gtpol 2.384 9d
CI(SD) 2.366 9a
exptl: microwave 2.3606(1) 3g,h
exptl: microwave 2.3609 9c
exptl: electron diffractioh 2.359(8) 9c
exptl: electron diffractioh 2.388(8) 9c
(CINa), BP86/TZ2P 2.727 3.545 4.123 this work
HF 2.680 b b 4f
VWN 2.640 b b 4b
LDA 2.58 b b 4a
MP2 2.624 b b 4f
CIK BP86/TZ2P 2.769 this work
HF 2.739 9a
B3LYP/6-31H-G* 2.698 9b
B3LYP/6-31HG(2df,p)  2.698 9b
MP2/ECP 2.690 8
CI(SD) 2.697 9a
CCSD(T) 2.678 9c
exptl: microwave 2.6666(1) 3h,i
exptl: microwave 2.6668 9c
exptl: electron diffractioh 2.669(8) 9c
exptl: electron diffractioh 2.703(8) 9c
(CIK), BP86/TZ2P 3.046 4167 4.439 this work
HF 3.079 b b 9c
MP2 2.961 b b 9c
CIRb BP86/TZ2P 2.878 this work
HF 2.876 9a
MP2/ECP 2.799 8
CI(SD) 2.829 9a
exptl: microwave 2.78670(6) 3j
exptl: microwavé 2.7869 9c
exptl: electron diffractioh 2.784(4) 9c
exptl: electron diffractioh 2.817(4) 9c
(CIRby, BP86/TZ2P 3.163 4336 4.603 this work

aRepresents. values.? Not specified in reference.

for Li and Na (i.e., FF > M—M); however, it issmaller
than and inside the Mcluster for the heavier alkali metals
Kand Rb (i.e., FF < M—M). Likewise, the corresponding
alkali metal hydrides have thestbutside a central lylcore
for M = Liand Na (i.e., H-H > M—M), but it is inside the
M, cluster for the large M= K and Rb (i.e., HH <
M—M).%%¢ This difference in the behavior along +Rb
between the alkali metal chloride and the methyl alkali metal only a limited comparison can be performed between the
tetramers, on one hand, and the alkali metal fluorides andtrends we find along L+Rb with those of other theoretical
hydrides, on the other hand, suggests a larger steric demandgtudies along Na and K. The HF and MP2 vaftde$ —139.7

of a Cl or CH; group as compared to F and H.

Bickelhaupt et al.

and two LDA geometries for (CINg)The trends that evolve
from both the HartreeFock and MP2 (CIM) structures
agree with ours; i.e., the €M bond elongates from Na to
K, and for both metals, the Mcluster is smaller than and
surrounded by the @ltetrahedroidM—CI—-M < 90° (not
shown in Table 1).

3.2. Thermochemistry. 3.2.a. MonomersThe thermo-
chemical results of our BP86/TZ2P calculations are collected
in Tables 2 (monomers) and 3 (tetramers). Homolytic
dissociation of the CtM bond in alkali metal chloride
monomers (i.e., CIM— CI* + M*) is favored over heterolytic
or ionic dissociation (i.e., CIM—~ CI~ + M™) for all alkali
metal chloride monomers with heterolytic bond dissociation
enthalpies (BDE= —AH in Table 2) being 1.21.5 times
higher than the homolytic ones. This is because charge
separation is energetically highly unfavorable in the gas
phase. The GtM bond strength decreases markedly if one
goes from lithium to the heavier alkali metals and is more
or less constant along the latter. For example, the homolytic
BDE is —105.2,—90.4, —93.9, and—93.6 kcal/mol when
M = Li, Na, K, and Rb (se&\Hyomoin Table 2).

The results of our BP86/TZ2P computations agree well
with those of experimental and other theoretical studies,
which all find a sizable decrease in homolytic bond strength
going from Li to Na followed by only slight changes along
Na—Rb (see Table 2). For example, the homolytic bond
dissociation energieAEnomo at CI(SD) are—111.2,—97.1,
—99.4, and—98.7 kcal/ mol with Li, Na, K, and Rb as
compared t0-105.2,—90.2,—93.7, and—93.3 kcal/mol at
BP86/TZ2P. The corresponding experimental thermochemi-
calDg values are-111.8,—97.5,—101.2, and-100.8 kcal/
mol.

3.2.b. Tetramers. The tetramerization enthalpies of the
alkali metal chlorides (i.e AHraassociated with the reaction
4CIM — (CIM),, see Table 3) become systematically less
stabilizing if one descends the periodic table, i.e., from
—134.1 (Li) to—123.7 (Na) to—120.2 (K) to—116.0 kcal/
mol (Rb). These tetramerization enthalpies are all signifi-
cantly more stabilizing than the corresponding values for
methyl alkali metal molecules GM (AHera = —120.3,
—73.5,—82.5, and—87.1 kcal/mol for Li, Na, K, and RBP
and less stabilizing than those of alkali metal fluorides FM
(AHera= —169.1,—156.1,—144.8, and-135.8 kcal/mol)->
The tetramerization energy decreases much more pro-
nouncedly going from Li to Na in the case of the methyl
alkali metals than for alkali metal fluorides and chlorides.

There are no experimental tetramerization energies for
alkali metal chlorides, and theoretical d&i&f:"are provided
only for sodium and potassium chloride (see Table 3). Thus,

and —151.4 kcal/mol for Na and K for the tetramerization

We are not aware of any experimental data on the energyAE.y,are 14 and 25 kcal/mol more stabilizing than
geometry parameters of alkali metal chloride tetramers. This the BP86/TZ2P value. Note that the MP2 value is even more
prevents a comparison of structural trends found by us with stabilizing than the one obtained at VWN, which is known
experiment. Other theoretical wdfk is also limited to
Hartree-Fock and MP2 geometries for (CINegnd (CIK),
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to cause overbinding. This comparison suggests that our
approach may somewhat underestimate and the ab initio
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Table 2. Homolytic and Heterolytic C+M Bond Strength (in kcal/mol) of Alkali Metal Chloride Monomers

bond energigs bond enthalpies
monomer methatd AEnomo AEnetero AHhomo AHhetero ref

CILi BP86/TZ2P —105.2 —150.8 —105.2 —150.8 this work
HF —110.5 9a
B3LYP/6-31H-G* —153.0 9b
B3LYP/6-311-G(2df,p) -154.2 9b
MP2/6-311G* —155.6 9b
MP2/6-31H-G(2df,p) -153.9 ob
CI(SD) -111.2 %a
exptl: flame photomet®y —110.5+ 3.0 3k
exptl: thermochemic8l -111.8 3l
exptH —152.0 9b
exptd —153.3 9e

CINa BP86/TZ2P —90.2 —131.1 —90.4 —131.3 this work
HF —94.1 9a
HF —135.1 49
B3LYP/6-311+G* —131.2 9b
B3LYP/6-311-G(2df,p) -132.6 9b
MP2 —154.0 49
CI(SD) —-97.1 %a
exptl: flame photometdy —97.5+2.1 3k
exptl: thermochemic8l —-97.5 3l
exptd -132.6 9b
expth -132.6 9e

CIK BP86/TZ2P —93.7 —114.2 —93.9 —114.4 this work
HF —95.7 9a
B3LYP/6-31HG* —114.7 9b
B3LYP/6-311G(2df,p) -115.7 9b
CI(SD) -99.4 9a
exptl: flame photomet®y —99.6+ 2.1 3k
exptl: thermochemicél -101.2 3l
exptk -117.8 9b
exptH —118.0 9e

CIRb BP86/TZ2P —93.3 —109.0 —93.6 —109.3 this work
HF —94.5 9a
CI(SD) -98.7 %a
exptl: flame photomet®y —-101.5+2.1 3k
exptl: thermochemical —100.8 3l
expth —113.4 9e

aEnergy and structure obtained at the same level of thédgectronic energies at 0 K.Enthalpies at 298.15 K! D, values. ZPE for CILi, CINa, CIK,
and CIRb are calculated to be 0.9, 0.5, 0.4, and 0.3 kcal/mol, respectively, at BP86/T2ZP.

Table 3. Tetramerization Energies and Enthalpies (in kcal/mol) of decrease in polarity and an increase in covalent contributions
Alkali Metal Chloride Monomers to the bonding if compared to the—f bond% Sill,
monomer methad ABer®  AHeerd ref however, the nature of the €M bond resembles more
ClLi BP86/TZ2P -136.6 —134.1  thiswork closely that of the FM bond® than that of the more
CINa 5E/?6/TZZP —gg-% —123.7 2“(;3 work covalent G-M and H—M bonds!®¢ In the first place, for
zZp —139. . . .
HF/CEP-31G* ~146.9 4h all four alkali metals, the CtM bond is characterized by a
VWN/pwd —144.3 4b rather weak mixing between the chlorine,380O and the
BP86/VWN/pw  —136.5 4b alkali metalns AO in the 3p + ns electron-pair bonding
B3LYP/CEP-31G* —134.4 4h . bution3
MP2/tzp _1514 ad MO. In terms of Gross Mulliken contributiort$,the latter
CIK BP86/TZ2P —122.4 —120.2  this work is approximately 93% 3p+ 4% ns (see Figure 2). This
Mp2 —142.9 4c strong polarization toward the halide atom is essentially the
CIRb BP86/TZ2P —1185 —116.0 this work . 10d :
same as that in the-AV bonds!®@whereas the corresponding
2 Energy and structure obtained at the same level of thédEjectronic methyl alkali metal G-M bonds are significantly less

energies at 0 K¢ Enthalpies at 298.15 K Plane wave basis with kinetic-

energy cutoff ofE. = 20.1 Ry. polarized toward the methyl fragment (approximately 70%

23 + 25% ns)10ab
computations overestimate the tetramerization energies. The 3.3.b. Charge Distribution. Second, the metal atomic
trend in MP2 value’$® of AEeu, along Na and K agrees charge in CIM increases along Li, Na, and K and, only slight-
with ours; i.e., the tetramerization energy decreases if onely so, from K to Rb according to both the VDD and Hirshfeld
goes to the heavier alkali metal. method (see Table 4). The VDD method, for example, yields
3.3. Analysis of the C-M Bond in Alkali Metal values 0f+0.500,+0.590,+0.642, and+0.662 e along the
Chloride Monomers. 3.3.a. Orbital Mixing. The electronic
structure analyses of the alkali metal chlorides confirm the (22) The description of the MO in terms of fragment MO coefficients
high polarity in combination with a predominantly ionic instead of Gross Mulliken contributions yields the same picture, but

/ - it has the disadvantage of not being normalized; that is, the figures
CI—M bonding mechanism. They reveal however also a do not add up to 1 (or to 100%).
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Figure 2. Orbital interaction diagram for CIM with Gross Mulliken
contributions at BP86/TZ2P of the*GInd M fragment orbitals to the €IM
electron-pair bonding MO for M= Li, Na, K, and Rb.

Table 4. Metal Atomic Charge (in e) and Dipole Momeat(in D) of
Alkali Metal Chloride Monomers and Tetramérs

ClLi CINa CIK CIRb (ClLi)s (CINa) (CIK)s (CIRb)
VDD 0500 0.590 0.642 0.662 0.289 0422 0.459 0.458
Hirshfeld 0.527 0.579 0.639 0.646 0.303 0.404 0.467 0.477
n 7.197 8.94% 10.788 11.20% 0 0 0 0

a At BP86/TZ2P. Experimental dipole moments from ref 3&xperi-
mental: 7.1289(10) Dt Experimental: 9.0020(5) D!Experimental:
10.2688(10) D¢ Experimental: 10.510(5) D.

series Li, Na, K, and Rb. In agreement with this and the
increasing C+M bond length, the dipole momentincreases
steeply at first and then more moderately= 7.2, 8.9, 10.8,
and 11.2 D along Li, Na, K, and Rb (Table 4). These-Wl

dipole moments are somewhat larger than those of the 3p,|np,0

corresponding FM bonds (6.511, 8.293, 9.510, and 9.877
D, respectively, along Li, Na, K, and RB¥ The main reason
for the larger dipole moments in alkali metal chlorides is
the longer distance in €IM than F—M bonds and not a
larger atomic charge.

3.3.c. Bond Energy DecompositionThird, in line with
the weak C+M mixing, the covalent stabilization due to
3p, + ns overlap is much smaller than the ionic stabilization
received from the dropping of the meta electron into the
chloride 3p. The ionic stabilization is related to the
electronegativity differencAy indicated in4. It is equal to

~Ay (ionic)

3p, " ;éb;nd (covalent)

4

the difference in orbital energie$3p,) — ¢(ns) which, for
CI—M bonds, amounts te-156.8 (Li),—161.4 (Na),—170.6
(K), and —175.3 kcal/mol (Rb) (see Table 5 and Figure 3).
The reason why the €IM bond is weaker than the-FM
bond? is that this ionic term in the orbital interactions
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Figure 3. Energies (in eV) of the SOMOs of alkali metal, chlorine,
fluorine, hydrogen, and methyl (in the geometry it adopts ilGHadicals,
computed at BP86/TZ2P.

Table 5. Analysis of the C+M Bond between Cland M in Alkali
Metal Chloride Monomers

Cl-Li Cl-Na CIK CI-Rb
Bond Energy Decomposition (in kcal/mol)
AE, —-126.2 —103.7 -—105.1 —105.2
AE, —4.0 -1.6 -1.6 -1.5
AEgi —130.2 -—105.3 -—106.7 —106.7
AEpauii 54.1 37.0 30.6 30.8
AVeistat -29.1 -219 176 174
AEin = AE —-105.2 —-90.2 —93.7 —933
Fragment Orbital OverlafCI|MO
Bgns] 0.32 0.26 0.23 0.22
BpsInsd 0.20 0.18 0.13 0.12
0.26 0.21 0.17 0.16

Fragment Orbital Energy Difference and Interaction
Matrix ElementCI|F|M(in kcal/molp<

Bp|FInsd —449 —405 —26.4 c
Bps|FIns@[e(3ps) — €(ns)] -129 -10.2 —-4.1 c
23Bp,|FIns[e(3py) — €(ns)] —25.8  —20.4 -8.2 c
€(3py) — €(ns) -156.8 —161.4 —170.6 —175.3
sum —182.6 —181.8 —178.8

Fragment Orbital Population (in Electrons)
Cl
3ps 1.88 1.84 1.87 1.89
3p; 1.90 191 191 1.90
M
ns? 0.06 0.11 0.07 0.06
np-° 0.07 0.04 0.02 0.02

a At BP86/TZ2P. See section 2.2 for explanation of energy tePriigith
n=2, 3, 4, and 5 for M= Li, Na, K, and Rb, respectively¥. Computed
with the fully converged SCF density of CIM. Cannot yet be computed for
Rb, for technical reasons.

becomes less stabilizing in the former bond due to the smaller
difference in orbital energies or, in other words, because of
the smaller C+-M than F—M electronegativity difference (see
Figure 3).

The covalent bond overlap-derived stabilization (Sggy
in 4) of our electron-pair bonding 3p+ ns combination with
respect ta&(3p,) is, in second order (and neglecting the effect
of other occupied and virtual orbitals), given Bp,|F|ns/
€(3p,) — €(ns), that is, the interaction-matrix element squared
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and divided by the difference in orbital energie$he C-M Table 6. Monomer-Monomer Bond Energy (in kcal/mol)

bond interaction-matrix element o= Bp,|F|nsEbetween Decomposition for Alkali Metal Chloride Tetramérs

the two SOMOs decrease from44.9 to —40.5 to —26.4 (CILi)4 (CINa) (CIK)4 (CIRb),
kcal/mol along M= Li, Na, and K (see Table 5 is the AEq; —66.3 —41.7 —34.5 —35.3
effective one-electron Hamiltonian or Fock operator evalu- i\E/Pau" éég-i - 8876-14 718515-23 718389-6
ated with the fully converged SCF density of the molecule). g™ 1572 1422 _133.4 _126.6
TheseFyong Values are somewhat larger than those for the  AEye 20.6 16.3 11.0 8.1
corresponding FM bonds [i.e.,—27.4 (Li) to —27.4 (Na) ABetra —136.6 —126.1 1224 —1185
to —15.3 kcal/mol (K)1° but still smaller than those of the a At BP86/TZ2P.

corresponding €M bonds in methyl alkali metal molecules
[i.e., —66.5 (Li), —60.9 (Na), and-43.7 kcal/mol (K)]0ab for the positively charged lithium because this atom is most
The trend inFpongvalues is directly related to the same trend compact and approaches most closely the negatively charged
in CI—M bond overlap integral§ng Which decrease from  chlorine atom. Unfortunately, the above “charge effect” on
Cl—Lito CI—Rb (see Table 5) as the metasl AOs becomes  AE,; cannot be straightforwardly quantified.
more diffuse and extended along this series, leading to a Heterolytic Bond Dissociation.Finally, another criterion
smaller optimum overlap at a longer equilibrium bond for classifying the C-M bond as mainly ionic is the reduced
distance®* Thus, the additional CtM bond overlap-derived intrinsic preference for dissociating homolytically as com-
stabilization for the two electrons in 3g- ns, thatis, 2times  pared to dissociating heterolytically (vide supra). To enable
Bp,|FIns@[e(2p,) — €(ns)], amounts to-25.8,—20.4, and a quantitative comparison with other bonds, we have
—8.2 kcal/mol along M= Li, Na, and K (see Table 5). computed the ratio 0AEneterd AEromo &S @ measure for this
The sum of these estimations of ionic and covalent preference using bond energy values from Table 2. The
stabilization, i.e.€(3p,) — €(ns) + 23Bp,|F|nsFe(2p,) — e- AEneterd AEnomoratios of CILi, CINa, CIK, and CIRb are 1.4,
(ns), is nearly constant, namely182.6,—181.8, and-178.8 1.5, 1.2, and 1.2, respectively. These values are essentially
kcal/mol along M= Li, Na, and K (see Table 5). This has equal to those for the corresponding ¥ bonds (1.4, 1.4,
to be compared with the orbital interaction&,; from our 1.2, and 1.2 for FLi, FNa, FK, and FRH¥ but they are
guantitative bond energy decomposition (see Table 5). Theysignificantly smaller than thé\Enewerd AEnomo ratios of the
are smaller and show a large decrease from-1i30.2 kcal/ corresponding €M bonds of the methyl alkali metal
mol) to Na (-105.3 kcal/mol) and are practically constant, monomers (3.9, 5.0, 4.9, and 5.0 for-Ci, C—Na, C-K,
thereafter, along NaRb. This trend imPAE,; is also conserved ~ C—Rb)!%and that of the €H bond in methane (3.8) which
in the trend in overall bond strengikE (see Table 5). The is in general considered a classical covalent b8h@hus,
relatively constant value of the bond energy and orbital the C—M bond behaves, just as the-M bond, clearly more
interactions along CtNa, CHK, and CRb is in line with ionic than the G-M bond (and the €H bond) also in the
the correspondingly small and counteracting changes in thesense that heterolytic dissociation (as compared to homolytic
basic bonding parameters discussed above. dissociation) has become energetically much less unfavor-
The pronounced decrease of orbital interactiafs; (and able. In this context, it is also interesting to note that our
thus the bond strengthEnomg from Cl—Li to CI—Na may analyses do confirm the classical picture that the heterolyti-
be partially ascribed to the loss of the small, stabilizing cally dissociating C+M bond becomes weaker along #
contribution of the lithium 2pAO (see Figure 3). However, Li, Na, K, and Rb because of an increasing bond distance
the main reason is probably the drastic reorganization in theand thus weaker electrostatic attraction between theaGdl
charge distribution as this highly polar bond is formed from M point charges (not shown in Table 5; values for @,
two neutral atoms. This phenomenon, which is normally left H—M, and F-M bonds can be found in refs 16l).
out in qualitative MO considerations, causes a destabilization In conclusion, the GtM bond is not only highly polar in
of the bonding electron-pair as each of the two electrons goterms of its charge distribution, it is also mainly provided
from an initially neutral atom (Cl and M) to a situation in by the ionic bonding mechanism associated with the metal
which they occupy the 3pA0 in a strongly anionic chlorine  electron dropping into the chlorine 380MO. Bond-overlap
atom. This destabilization is balanced by the proximity of derived stabilization plays a smaller role although it has been
the strongly positively charged metal atom which stabilizes found to be larger than in the correspondingV bonds.
the excess negative charge on chlorine. This stabilization is  3.4. Analysis of Monomer-Monomer Interaction in
most effective, leading to the strongest orbital interactions, CIM Tetramers. To understand the stability of the alkali
metal chloride tetramers toward dissociation into the four
(23) Alhbrig_ht, Tm-; Burdett, J. Kk Whangbo, Mrbital Interactions in monomers, we have analyzed the interaction between these
(24) 'Cl'hgngﬁtlellbc;n%ydigltg\rqvczc;rlsblir?g%ases along-Rb because of the monor_ner_s in the tetramer. T_he decomposition of the tet-
increasing number of metal core shells that enter into Pauli repulsion ramerization energy, shown in Table 6, reveals that the
with closed shells on the methyl fragment. For a discussion on how g|ectrostatic attraction VeisriS the dominant bonding force.
the interplay of bonding and repulsive orbital interactions determines . .
bond lengths, see for examples: (a) Bickelhaupt, F. M.; DeKock, R. This term decreases from207.4 (CILi) to —187.1 kcal/
L.; Baerends, E. J. Am. Chem. So2002 124, 1500. (b) Bickelhaupt, mol (CINa) and then more moderately t6184.2 kcal/mol
F. M. Baerends, E. Jangew. Chem.Int, Ed. 2003 115 4315. (o). thereafter it increases slightly te189.9 kcal/mol

Bickelhaupt, F. M.; Baerends, E.Angew. Chem., Int. EQ003 42, ) -
4183. (CIRDb). This correlates well with the €M bond length,
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which increases more strongly from Li to K causing the oligomers) but also is ionic in terms of its bonding mecha-
electrostatic interactions to become weaker. From K to Rb, nism: the stabilization associated with the-®4 bond is
the CM bond expands only slightly (from 2.769 to 2.878 predominantly caused by the transfer of an electron from a
A, see Table 1) and the increase in charge separationhigh-energy SOMO on the electropositive M to a low-energy
eventually causes a slight increaseANgjsat SOMO on CI. The covalent term in the bonding mechanism,
The orbital interactionAE,; between the CIM monomers, that is, the stabilization that derives from the-GA bond
although much smaller thaf\Veisia; are still important for overlap, is much less important, although it is clearly larger
the cohesion between the monomers, with values rangingthan in the M bonds. Furthermore, the fact that the-Gl
from —66.3 kcal/mol for the lithium chloride tetramer to bonds are weaker than the correspondingM-bonds but
—34.5 kcal/mol for the potassium chloride tetramer (Table stronger than the corresponding—@® bonds is entirely
6). Note that these orbital interactions do not involve the determined by the trend in the ionic bonding term, i.e., the
formation of an electron-pair bond. They are mainly provided trend in electronegativity difference across the metal
by donor-acceptor interactions of occupied—y and ClI element bond which decreases alongMr > CI-M >
lone-pair orbitals (mainly located on CI) with unoccupied C—M. The origin of the larger dipole moments in alkali
0*ci—w orbitals (mainly located on M) of the monomers. metal chlorides than fluorides is the longer-@ll bond and
Consequently, tetramerization reduces the charge separatiomot a more strongly polarized bond orbital. Finally, tetramer-
because the doneacceptor orbital interactions cause charge ization causes the €M bond to expand, and it reduces its
transfer from Cl to M. This is also confirmed by the VDD polarity.
and Hirshfeld atomic charges, which are consistently smaller
in (CIM)4than in CIM (see Table 4). The same phenomenon
has also been observed for the corresponding alkali meta
fluorides, hydrides, and methyl alkali metal systéffis! The
net interaction energ\E;,; between CIM monomers de-
creases steadily from157.2 to—126.6 kcal/mol along L+
Rb. This trend is preserved in the overall tetramerization
energies and enthalpies (see Tables 3 and 6).
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