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Do Low-Coordinated Group 1-3 Cations M" "L, (M"* = K*, Rb*, Cs*, Ca?*, Sr2*,
Ba®t, S¢%*, Y%, La®t; L = NH,, H,0, HF; m = 1-3) with a Formal Noble-Gas Electron
Configuration Favor Regular or “Abnormal” ShapeE?
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The equilibrium structures of the complexes M™L,, (M™ = K*, Rb 1+, Cs*, Ca?*, Sr**, Ba?*, Sc**, Y**, La**; L = NH,,
H;0, HF; m = 1-3) have been computed ab initio by using quasirelativistic pseudopotentials and flexible, polarized basis
sets. Many of these species do not obey expectations based on the valence shell electron pair repulsion (VSEPR) rules or
simple electrostatic models. For m = 2 (except for K*) bent L-M-L arrangements are favored energetically over linear
structures. The energy gain upon bending increases along the series M™ = K*, Rb*, Ca?*, Cs*, Sr2*, Ba?*, Sc**, Y3+, La¥*.
The smallest angles (ca. 110°) and largest linearization energies (up to ca. 7 kcal/mol for La**(NH,),) are found with Ba?*,
Sc3*, Y**, and La*". Complexes of Ba** and La** with three NHa, H,0, or HF ligands exhibit a preference for pyramidal
over trigonal-planar arrangements although the pyramidalization energy is less than 1 kcal/mol. While the main reason
for the very small bending effects in the group 1 cations is the polarization of the cation by the field of the ligands, the participation
of d orbitals in covalent bonding contributions seems to be the major driving force for the group 3 cations. Both effects
probably are important for the group 2 cations. The observed angles in the M™L, complexes are considerably smaller than
those for the alkaline-earth metal dihalides, dihydroxides, or diamides; La**(HF), is more pyramidal than LaF;. These smaller
angles are due to decreased repulsion between neutral ligands as compared to anions and to reduced #-bonding in the cationic
complexes. Extended d-basis sets are needed for the computation of heavy alkaline-earth metal cations. In particular, model
ab initio calculations used previously to parametrize semiempirical force fields for calcium protein simulations suffered from

the use of inadequate Ca basis sets.

Introduction

What are the equilibrium structures of cationic d° metal com-
plexes such as Ba>*(H,0), and Ba?*(H,0);? Recent computa-
tional studies of various alkaline-earth metal MX, compounds'~
established that some of these neutral species prefer bent structures
(particularly significant for BaX, compounds such as BaMe,* or
BaF, ). Other MX, compounds either are linear or exhibit
extremely floppy “quasilinear”? behavior. These ab initio results
confirmed the early experimental work of Klemperer and co-
workers’ and settled a long-standing dispute about the “abnormal
shapes™® for these species. Such nonlinear structures violate the
usual predictions in main-group structural chemistry,’ e.g., valence
shell electron pair repulsion (VSEPR)® or simple electrostatic
models would lead one to expect linear arrangements.

Two major factors favor bent structures: The participation of
metal d orbitals in the small covalent o-bonding contributions (i.e.,
the d,, orbital for the X~M-X angle in the yz plane) and the
polarization of the metal subvalence shell by the field of the
ligands.!® Of course, the mutual repulsion of the X~ anions opposes
bending.>'® When the substituents are w-donors (e.g., X = F,
NH,,* #s-CsHs%), x-bonding contributions also favor linear ge-
ometries,* 5.1

An extension of these concepts to tricoordinated species led us
to consider pyramidal structures for d® MX; species. Indeed, ScH,
seems to be pyramidal,'! and there exist several X-ray structures
indicating pyramidal ScX; or LnX; (Ln = Eu, Nd; X = N-
(SiMe;),) arrangements.'> On the other hand, ScF; and YF; are
genuinely planar.!!13 Even LaF;, the most likely candidate for
a pyramidal d° metal trihalide structure (largest rare-earth metal
trication, smallest halide anion), has a planarization barrier of
less than 0.2 kcal/mol.!*® This is due to x-bonding contributions
which favor planar structures.!! Moreover, the maximum X-M-X
angle for a symmetrical MX; system is only 120° (compared to
180° for MX, species). Thus, anion—-anion repulsion is severe.

Neutral ligands should exhibit less ligand-ligand repulsion and
also reduced #-bonding. However, o-contributions and cation
polarization, i.e., the factors that favor bent (pyramidal) structures,
also may be expected to be smaller with neutral ligands. Com-
plexes of cations of electropositive metals with neutral ligands like
H,0 or NH; are important for cation solvation!# and also for many

atmospheric and surface processes.!* Experimental gas-phase
binding enthalpies for the alkali-metal monocations to water
molecules, one to six, have been determined by Dzidi¢ and Kebarle
using high-pressure mass spectrometry.' These energies and a
simple electrostatic model were employed to estimate the M—O
distances. Castleman et al. determined the corresponding NH,
binding enthalpies.”” The study of M?*.L,, clusters in the gas phase
is more difficult,'® and no data on low-coordinated species (m <
6) have been reported. Gas-phase data for complexes of triply
charged cations are not available either. While the mass spec-
trometry experiments yield important thermodynamic (and
sometimes kinetic) data, only limited information concerning
structures is provided.

Earlier theoretical studies have mainly dealt with complexes
of the lighter group 1, 2, and 13 cations Li*, Na*, Be?*, Mg?*,
and AI**.”” Computational data involving the heavier metals are
less abundant. The single-ligand complexes M"*-H,0O and
M™.NH,; (M™ = K*, Rb*, Ca?*, Sr**, Sc¢**) have been computed
at the Hartree—Fock level of theory.?®32 Due to the importance
of Ca?* in biological systems, many studies on Ca?*-water com-
plexes and other model systems have been performed.?*3 A
common aim of these model investigations on small systems was
to obtain potential energy functions to be used in molecular dy-
namics or Monte Carlo simulations of larger clusters. However,
almost all ab initio calculations performed on Ca?*-neutral ligand
systems (and also for Sr** species) have employed inadequate
metal basis sets, lacking sufficient d-functions (for a discussion,
see section A). No information on complexes of Ba2*, Y**, or
La’* with neutral ligands is available. Bauschlicher and co-
workers have studied the complexes of transition-metal mono-
cations with one and two neutral ligands extensively** and have
investigated the M*-(H,0),, (m < 4) sets with M* = Mg*, Al*.>
After completing this study, we received a preprint of related work
by Bauschlicher et al.* This group studied the compiexes of Ca?*
and Sr?* with two or three water molecules using extended basis
sets. Their findings will be compared to our results below.

Will dicoordinate cation—neutral complexes favor bent or linear
structures? Will tricoordinate complexes such as Ba?*(H,0), be
planar or pyramidal? Which electronic factors control the
structures of these species? To provide answers, we have carried

0022-3654/92/2096-7316803.00/0 © 1992 American Chemical Society



Low-Coordinated Group 1-3 Cations

L

v

o
I

z

Figure 1. M™(NH,), geometries, illustrated with M = Ba?*: (a) bent
C,, structure; (b) linear Dy, structure.

out ab initio geometry optimizations with extended basis sets
(sometimes also including electron correlation corrections) for a
variety of complexes of K*, Rb*, Cs*, Ca?*, Sr?*, Ba?*, S¢**, Y™,
and La®" with the neutral ligands NH;, H,O, and HF.

Computational Details

We employed quasirelativistic energy-adjusted pseudopotentials
treating K, Rb, and Cs as 9-valence-clectron,”” Ca, Sr, and Ba
as 10-valence-electron,' and Sc?%, Y**, and La* as 11-valence-
electron systems (for La, the f-projector ensures a 4f° core oc-
cupation®). Valence 7s5p-basis sets,”” augmented by two diffuse
p-polarization sets*! and by two d-functions*! have been used for
K, Rb, and Cs. The 6s6p5d-basis sets for Ca, Sr, and Ba' have
been employed in our previous studies of alkaline-earth-metal MX,
compounds.* Most of the Hartree-Fock geometry optimizations
were carried out with a 6s6p2d contraction.! Post-Hartree-Fock
(MP2, MP4) computations used the uncontracted group 2 basis
sets augmented by one f-function.! A valence [8s7p6d]/
(6s5p4d)-basis for Sc*® and [7s6p5d] /(5s4p3d) sets for Y*? and
La*® were employed at the SCF level. One f-function with ex-
ponents o = 1.54 (Sc), 0.95 (Y), and 0.486 (La)* has been added
in post-SCF calculations.

Single-electron-fit pseudopotentials for N and O* and a
multielectron-fit pseudopotential for F*? replace the He core of
these three elements. The corresponding 4s4p-valence bases**
have been contracted to double-{ (DZ) quality and augmented
by a diffuse sp-set®** and one d-polarization function.” Dunning
and Hay’s [4s1p]/(2s1p) hydrogen basis* was used. The hydrogen
p-functions were omitted for the three-ligand complexes.

Symmetry restrictions have been applied to the full geometry
optimizations: A planar C,, geometry was imposed for M™(H,0)
and C;, symmetry for M™(NH,) (cf. section A). The complexes
M™*(NHj,), were optimized within Dy, (linear L-M-L arrange-
ment) and C,, symmetry (bent structure), respectively (cf. Figure
1). While these are probably transition states with respect to
M-NHj, rotation, the barriers are expected to be negligible (cf.
the isoelectronic M(CH3), species, M = Ca, Sr, Ba*). At the
Hartree-Fock level, several conformations have been considered
for the diaquo complexes (cf. Figure 2). MP2 optimizations were
restricted to linear D, (cf. Figure 2f) and bent C,,°° (with the
hydrogen atoms out-of-plane, cf. Figure 2¢) structures. La**(HF),
was optimized within C,, and C, symmetries. Figure 3 displays
four of the six structures examined for M"™(H,0); complexes (M™
= Ba?*, La**). The two possible D;; structures also have been
optimized. Figure 4 shows the two geometries studied for
La**(NH,);. La’*(HF); was optimized in Dy, and C,, symmetry.

All calculations have been performed with the GAUSSIAN 83"
and GAUSSIAN 90*® programs. Natural population analyses
(NPA)* employed the Gaussian adaptations of the Reed/
Weinhold NBO program.
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TABLE I: MO and OH Distances (A) and H-O-H Angles (deg) for
M"H,0°

M~ R-MO R-OH H-O-H
K* 2.649 (2.621)° 0.944 (0.963) 105.6 (104.0)
Rb* 2.842 (2807)*  0.944 (0.962)  105.6 (103.8)
Cs'* 3.044 (2.998)"  0.944 (0.962)  105.6 (103.8)
Ca?* 2276 (2.252)°  0.954 (0.972)  104.4 (103.5)
Sr* 2453 (2423)° 0952 (0.971)  104.2 (103.2)
Ba?* 2.663 (2.620)° 0951 (0.970)  104.2 (102.9)
Sc** 1973 (1.939) 0984 (1.010)  103.0 (103.0)
v+ 2201 (2.154)¢ 0972 (0.994)  103.0 (102.2)
La* 2.408 (2.369)  0.967 (0.988)  102.6 (102.0)
free H,0 0.940 (0.959)  106.7 (104.7)

2 Hartree—Fock results with MP2 geometries in parentheses. Opti-
mization imposing C,, symmetry. ?Empirical calculations based on
experimental gas-phase binding enthalpies and a simple electrostatic
model yield M—O distances of 2.60, 2.76, and 2.98 A for M = K, Rb,
Cs, respectively (ref 16). “Uncontracted 6s6p5d1f metal basis sets
used for MP2 optimizations. 4One f-function added in MP2 calcula-
tions.

TABLE II: MN and NH Distances (A) and H-N-H Angles (deg)
for M"*NH,°

M R-MN R-NH H-N-H
K* 2.821 1.002 105.8
Rb* 3.023 1.002 105.9
Cs* 3.226 1.001 106.2
Ca?* 2.423 1.010 103.8
Sri+ 2.604 1.009 103.8
Ba?* 2.815 1.007 104.0
Sc** 2.106 1.031 102.7
YH 2.341 1.023 102.6
La¥* 2.551 1.019 102.5
free NH, 0.997 110.0

9 Hartree—Fock results.

Results and Discussion

(A) Geometries and Electronic Structures. (a) Single-Ligand
Complexes. The single-ligand complexes do not offer any
structural alternatives to those geometries expected from simple
electrostatic considerations. Harmonic frequency calculations for
Ca?*(H,0) and Sc**(H,0) (the details are available as supple-
mentary material; see paragraph at end of paper) confirm that
M™*(H,0) complexes quite generally prefer a planar C,, struc-
ture;?’ the ammonia complexes exhibit C,, symmetry. We have
included the single-ligand systems for comparison (in particular
to previous investigations) and to obtain the first-ligand binding
energies (cf. section B), Tables I and II list the geometry pa-
rameters for the water and ammonia complexes, respectively (and
for the free ligands). The effect of electron correlation on the
structures of the hydrate complexes has been considered at the
MP2 level of theory.

In several cases comparisons with previous theoretical studies
are possible: The Hartree—Fock K—O distance in K*(H,0) is in
reasonable agreement with previous calculations.?>22?7 The HF
Sc—0 distance in Sc**(H,0) is slightly (ca. 2 pm) shorter than
that found by Davy and Hall.?’ The M—-O and M-N distances
obtained by Hofmann et al.?® generally are shorter (ca. 3-10 pm)
than our Hartree-Fock values for K*, Rb*, and Sc**. Significant
basis set superposition errors (BSSE) due to the rather small ligand
basis sets are responsible for their short distances. Hofmann et
al.’s M-L distances for the Ca?* and Sr** complexes® are in much
better agreement with our HF results. However, this is due to
an accidental cancellation of errors in their calculations: While
inadequately small N and O basis sets lead to short distances, the
omission of d-functions on Ca and Sr causes errors in the other
direction (see below).

Our Hartree—Fock M-O distance of 2.276 A for Ca?*(H,0)
is considerably shorter than those obtained in previous studies
(2.40,22 2.40-2.41,% 2.34,77 2,395,%% 2,329 A%2) except for those
cases, where too small ligand basis sets lead to large BSSE 21282
Why Krauss and Stevens®! obtain a Ca—O distance of 2.256 A
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Figure 2. M™(H,0), geometries, illustrated with M = Ba?*. Coordinate axes indicate the standard orientations for the different point groups. These
serve as a basis for orbital designations. (a) C,. (b) C,. (c) Out-of-plane C;,, Cy,(op). (d) In-plane Cs,, Cy,(ip). (€) Dag. (f) Dy

C;, in-plane

Figure 3. M (H,0), geometries, illustrated with M = Ba?*. (a) C;. (b) Planar D,. (c) Out-of-plane C;,. (d) In-plane C;,.

in their calculations with a two-valence-electron pseudopotential
and a shared-exponent 31-sp-basis is not completely clear. Their
pseudopotential parametrization seems to be responsible for the
small distance. In all of the above cases, no or only one diffuse
d-function has been used for the metal. Only the very recent study
of Bauschlicher et al.’¢ employed large d-basis sets for Ca?* and
Sr?*. Their M-O distances (2.275 A in Ca**(H,0) and 2.452
in Sr2*(H,0)) agree excellently with our HF results (cf. Table
I).

When Davy and Hall*’ added one set of d-functions (the ex-
ponent was not given) to their Ca basis set, they observed a bond
shortening by ca. 8 pm. However, they did not discuss the large
effect. In view of the importance of Ca?*—neutral ligand inter-
actions for biological systems, we have studied these basis set
effects for Ca?*(H,0) by removing or replacing polarization
functions on Ca while keeping the same O and H basis sets. The
results are summarized in Table III. When the [5d]/(2d) set
is replaced by a single d-set (a = 0.986),*' the Ca—O distance
lengthens by ca. 3 pm. Without d-functions or with the diffuse
d-function of Ortega-Blake et al.”* (a = 0.104), we obtain Ca-O
distances of ca. 2.35 A, in agreement with several of the earlier

TABLE IIE: Basis Set Dependency of Equilibrium Geometry, Valence
Energy E,, (au), and Binding Energy AE (kcal/mol) for the
Ca?**-H,0 Complex®

Cabasisset  Ca-O O-H H-O-H E, AE
[6s6p5d]/(6s6p2d)  2.276 0954 1278 -5291338 55.6

6s6pld (g = 0.986) 2.307 0.953 128.1 -52.90927 53.0
6s6pld (g = 0.103) 2.351 0953 1279 -52.90736 51.8
6s6p 2.347 0952 1280 -52.90701 51.6
6sdp 2.348 0952 128.0 -52.90686 S51.5

“Distances in A, angles in deg. DZ+P and DZP basis sets for O
and H, respectively, have been used.

studies (removal of the two 4p-type polarization functions has no
significant effect). Thus, at least a DZ d-basis including quite
large exponents is needed to obtain reasonable Ca-O distances.
This importance of d-functions for metal-ligand distances has been
observed previously for various small molecules containing Ca,
Sr, or Ba.>® Moreover, the need for large d-basis sets to obtain
correct bending potentials for alkaline-earth-metal MX, com-
pounds has been noted by several authors.’! The large influence
of the d-basis on the geometry is due to polarization of the metal
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Figure 4. La**(NH,), geometries. (a) C;. (b) Planar C;,.

TABLE IV: Effective Ligand Radii (A) for M™.L Complexes®

M L = H,0 L = NH,

K* 1.27 (-0.10) 1.44 (-0.12)
Rb* 1.32 (-0.05) 1.50 (-0.06)
Cs* 1.37 (0.00) 1.56 (0.00)

Ca?* 1.28 (-0.09) 1.42 (-0.14)
Sr+ 1.27 (-0.10) 1.42 (-0.14)
Bal* 1.31 (-0.06) 1.41 (-0.15)
Sc** 1.23 (-0.14) 1.51 (-0.05)
Y+ 1.24 (-0.13) 1.44 (-0.12)
La* 1.16 (-0.21) 1.36 (-0.20)

“The effective ligand radii have been obtained by subtracting tabu-
lated cation radii (cf. ref 51) from the calculated (HF level) M-L dis-
tances (cf. Tables I and II). Differences with respect to the values for
Cs*.L are given in parentheses. Note that electron correlation effects
shorten the distances by ca. 2-5 pm (cf. Table I).

(n — 1)-p shell and to small covalent bonding contributions in-
volving metal d-orbitals. These effects have to be included properly
into the wave function. The complex binding energy is only slightly
lower when inadequate or no d-basis sets are used (cf. Table III).
However, we recommend that potential functions used to study
heavy alkaline-earth-metal cation binding to biologically relevant
ligands should be based on ab initio calculations that reproduce
the covalent bonding contributions and the cation polarization
correctly.

The MP2 M-O distances in M"*(H,0) are generally shorter
than the HF values by ca. 2.5-4 pm (cf. Table I). This contraction
is probably due to the neglect of core-valence correlation in the
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Hartree—Fock calculations.'?%9 The O-H distances show the
expected increase by ca. 2 pm at the MP2 level, due to valence
correlation. The H-O-H angles are slightly larger at the cor-
related level. As expected, the deviations of the ligand geometries
in the complex from those of the free ligand (probably due to the
polarization of the ligand by the positive charge and to charge
transfer) increase with increasing cation charge. While, e.g., the
O-H distances in the group 1 complexes are only ca. 0.5 pm larger
than those in water, the increase with the di- and trications is ca.
1-1.5 and 3—4 pm, respectively. Similar behavior is observed for
the increase in the ammonia N-H distances and for the decrease
in the H-O-H and H-N-H angles due to complexation (cf. Tables
I and II). This charge dependence of ligand deformation is even
more pronounced for smaller closed-shell metal cations'® and for
open-shell species.?’

At the HF level, the M—N(ammonia) distances are larger than
the M—O (water) separations by roughly 18, 15, and 13 pm for
the group 1, 2, and 3 cations, respectively. This trend indicates
an increasing bonding contribution from ligand polarization with
increasing metal charge (an effect which is more pronounced for
NH,; than for H,0%). The M-O distances for the alkali metal
systems are quite close to those obtained from experimental
binding energies by means of a simple electrostatic model'® (cf.
footnotes to Table I). However, the distances for a given ligand
do not quite follow the tabulated ionic radii* for all cations
considered. Assuming the cesium complexes to represent ideal
ionic cases, we can obtain an approximate effective ionic radius
for the ligand by subtracting the cation radius®? from the Har-
tree-Fock bond distance. This effective ligand radius is generally
smaller for the other systems (cf. Table IV). This is a further
indication that ligand (and cation) polarization effects and small
covalent bonding contributions have to be considered, particularly
for the trications.

(b) Two-Ligand Complexes. The O—-M—-O angles, M—O dis-
tances, linearization energies, and bond length changes upon
linearization for the complexes M™ (H,0), at the SCF and MP2
levels are summarized in Table V. Table VI gives the corre-
sponding SCF results for the bisammonia complexes.

Obviously, with the exception of the potassium species, all
two-ligand complexes favor nonlinear arrangements of the ligands
around the cation. While the linearization energies are very small
for the quasilinear Rb*, Cs*, and Ca?* complexes, the stabilization
of the bent structures is significant for the group 3 systems. The
Sr and Ba species are intermediate. Most angles are significantly
below 180° and, within a given group, decrease with increasing
cation radius. Similar trends are known for a large number of
Ca, Sr, and Ba MX, compounds (X = anionic ligand).!* How-
ever, the L-M-L angles in the neutral-ligand complexes are even
smaller than the MX, X-M-X angles. As observed previously
for neutral group 2 MX, compounds, the M—-L or (M-X) bond
lengthens upon linearization.!*® The geometries obtained by
Bauschlicher et al.* for Ca?*(H,0); and Sr?*(H,0), agree ex-
cellently with our HF results (cf. Table V). In view of the very
shallow bending potential, the deviation in the Ca?*(H,0), O-

TABLE V: 0-M-O Angles (deg), Linearization Energies AE; (kcal/mol), M-O Distances (A), and Bond Lengthening upon Linearization AR,

(A) for M™(H,0), Complexes (Hartree—Fock and MP2 Results)

Hartree—Fock® MP2¢
M~ 0-M-0 AE, R-MO* ARy 0-M-0 AE, R-MO AR,
K* 180.0 0.00 2.692 0.000
Rb* 126.3 0.10 2.877 0.009
Cs* 113.3 0.26 3.079 0.023 122.0 0.20 3.032 0.020
Ca?* 141.0¢ 0.064 2.3124 0.005 143.5 0.18 2.289 0.009
Sr+ 117.5¢ 0.62¢ 2.485¢ 0.020 127.9 0.61 2.462 0.018
Ba?t 109.6 1.03 2.694 0.030 116.8 0.61 2.657 0.025
Sc** 116.5 3.45 2.024 0.024
Y+ 112.2 2.99 2.236 0.027
La** 107.4 3.73 2.444 0.036 107.0 3.82 2414 0.040

9The most stable (staggered) conformations (C,, D,,) are compared (cf. Figure 2a,d). ®The eclipsed C,,% and D,; conformations are compared (cf.
Figure 2b,e). Cf. Table VII for the (small) HF rotational barriers. Extended group 2 and La basis sets used. “The average of the two nonequivalent
(only different by less than 0.005 A) distances for the C, structure is given. The Hartree—Fock results of Bauschlicher et al. (cf. ref 36) are O-M—-O
=125.5°, R-MO = 2,310 A, AE, = 0.3 keal/mol with Ca?*, and O-M-O = 115.8°, R-MO = 2.489 A, AE, = 0.6 kcal/mol with Sr**,
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TABLE VI: N-M-N Angles (deg), Linearization Energies AE,
(keal/mol), M-N Distances (A), and Bond Lengthening upon
Linearization AR, (A) for M™(NH,), Complexes (Hartree—Fock
Results)?

M N-M-N AE, R-MN AR,

K* 180.0 0.00 2.872 0.000
Rb* 141.8 0.03 2.880 0.006
Cs* 117.2 0.30 3.268 0.032
Ca?* 132.1 0.37 2.464 0.013
Sr2* 119.4 1.01 2.645 0.030
Ba2* 1117 1.69 2.855 0.044
Sc3t 117.2 6.37 2.165 0.044
Y3+ 1139 5.91 2.382 0.047
La¥* 111.2 7.01 2.594 0.065

9 Eclipsed C,, and D;, structures are compared (cf. Figure 1).

Ca-O angle is not significant. We have considered different
conformations in the Hartree—Fock optimizations of the dihydrate
complexes (cf. Figure 2). Except for the K* complex which favors
a linear D,; geometry, staggered bent C, structures are the most
stable (C, structures with twisted ligands are very close in energy
to the C, structures, cf. Table VII). The M—OH, rotational
barriers are below 0.1 kcal/mol for the alkali-metal complexes,
0.2-0.3 kcal/mol for the alkaline-earth-metal species, and 0.6-0.9
kcal/miol for the group 3 systems (cf. Table VII). These (rather
small) conformational preferences differ considerably from those
of the isoelectronic Sr(NH,), and Ba(NH,),. These diamides
have been predicted to prefer in—plane C,, structures (compare
Figure 2d) and to exhibit significant M—NH, rotational barriers
(e.g., ca. 2 kcal/mol per amide group in Ba(NH,),), due to p,
— d, bonding contributions.*

Table VIII compares the natural atomic orbital (NAO)* metal
valence populations for the isoelectronic systems Ba(NH,),* and
La**(H,0), in different conformations. The linear structures (D,
D,,) are easiest to analyze: The o-type populations (d,: NAOs)
are quite similar for the two species. However, the #-type oc-
cupations (e.g., d,, and d,, for D,; symmetry) for La**(H,0),
are considerably smaller. w-bonding contributions between the
H,O =-lone-pairs and empty La3* d-orbitals seem to be less fa-
vorable than those between NH, =-lone-pairs and the corre-
sponding Ba?* acceptor orbitals in Ba(NH,),. In the bent
La**(H,0), structures the La valence populations are generally
smaller than for bent Ba(NH,),. The ligand-to-metal charge
transfer upon bending, that is an inherent feature of heavy group
2 MX, compounds,>* is far less pronounced for the La’* dihydrate.
In spite of this, the O-La—O angle is only ca. 107°, whereas the
N-Ba-N angle in Ba(NH,), is larger (between 118 and 129°,
depending on the conformation®).

The NPA metal net charges and the metal valence s- and
d-populations for the group 2 and 3 dihydrate complexes, in the
bent out-of-plane C,, and in the linear D,, structures (cf. Figure
2¢,f), are compared in Table IX. Results for the isoelectronic
Ba(NH,),* are again included for comparison. The Sc** and Y3*
complexes have the most covalent character. They exhibit larger
metal valence populations than the Ca, Sr, or Ba diamides, di-
hydroxides, or difluorides.* The change in ligand-to-metal charge
transfer upon bending is (1) negligible for the practically com-
pletely ionic alkali-metal cations (with metal NPA charges be-
tween 0.995 and 0.999), (2) is still very small for the group 2
species, but (3) is significant for S¢**, Y**, and La’*. The NPA
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Figure 5. Bending potentials of some cationic M"*(L), complexes com-

pared to Ba(NH,),, based on HF single-point calculations. Except for

the L-M-L angle, all geometry parameters have been kept fixed at their

optimized values (within C, symmetry for M"*(H,0),, C,,”* for Ba(N-

H,),, and C,, for Ba?*(NHj),; cf. Figures 1 and 2).

populations indicate that the bending of the group 3 species
(particularly the Sc** complexes) is due mainly to d-orbital
participation in bonding. The cation polarizabilities increase along
the series Sc** < Y* < La?*.53 Therefore, the nonmonotonous
trend of the linearization energies (cf. Tables V and VI) cannot
be explained purely by cation polarization. On the other hand,
the covalent bonding contributions are very small for the alka-
li-metal complexes. These cations are the most polarizable. Thus,
explanations based on cation polarization seem more convincing
for the (very small) energy gain upon bending these complexes.

The group 2 compounds are intermediate: The contributions
from d-orbital participation in bonding and from cation polari-
zation both may be significant. Covalent bonding contributions
and cation polarization probably favor bending less strongly in
the cationic complex, e.g., in Ba>*(H,0), vs Ba(NH,),. However,
the factors that oppose bending (ligand-ligand repulsion, =-
bonding) are also smaller. Interestingly, the Sr, Ba, and group
3 dihydrates have smaller angles but exhibit lower barriers to
linearization than, e.g., the Sr and Ba diamides* or dihydrides.
Indeed, the bending potentials for the cationic complexes differ
considerably from those in the neutral group 2 MX; species (cf.
Figure 5): While the well at ca. 118° for Ba(NH,), is rather
steep,* significant repulsion of the ligands sets in at larger angles
than, e.g. for La**(H,0),.

The Sr?*, Ba?*, and group 3 bisammonia complexes prefer
somewhat larger angles but also significantly larger linearization
energies than the dihydrates (cf. Table VI). This apparent con-
tradiction points to a subtle balance between the different factors
that control the angles and the depths of the potential wells. Table
X summarizes the NPA metal net charges and valence populations
for the group 2 and 3 bisammonia complexes. w-bonding con-
tributions are essentially absent. The covalent o-bonding con-
tributions (cf. d,, NAOs in the bent structures) and the charge
transfer upon bending are considerably larger than for the di-
hydrate complexes (particularly for the group 3 species). This
provides a rationalization for the larger linearization energies for
the ammonia complexes. The slightly larger angles may be due
to the larger ligand size and consequently somewhat increased
ligand-ligand repulsion.

TABLE VII: Relative Energies (kcal/mol) and 0-M—O Angles (deg) for Different Conformations of M"*.(H,0), Complexes®?

M C, C,, (ip)® C;, (op)’ C, Doy Dy,
Rb* 0.00 (126.3) 0.07 (136.7) 0.10 0.12
Cs* 0.00 (113.3) 0.04 (120.2) 0.09 (120.2) 0.00 (114.8) 0.26 0.28
Ca?* 0.00 (141.0) 0.12 (148.5) 0.06 0.19
Sr2* 0.00 (117.5) 0.22 (124.3) 0.62 0.70
Ba?* 0.00 (109.6) 0.07 (115.4) 0.24 (115.1) 0.01 (111.6) 1.03 1.08
Sc* 0.00 (116.5) 0.21 (120.4) 0.88 (120.7) 3.45 3.82
P eas 0.00 (112.2) 0.71 (114.9) 2.99 3.21
La** 0.00 (107.4) 0.03 (108.6) 0.59 (108.6) -0.01 (110.1) 373 391

@ Hartree—Fock results. The bending angles are given in parentheses. >Cf. Figure 2 for the different conformations considered.
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TABLE VIII: Comparison of NAO Metal Valence Populations for
Ba(NH,)," and La**(H,0); in Different Conformations®
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TABLE X: NPA Metal Net Charges and Valence Populations for
the Group 2 and 3 Bisammonia Complexes®

molecular symmetry®
NAO Cy,° G, C),*F Dy Dy,
(a) Ba(NH,),*
6s 0.016 0.015 0.013 0.006 0.006
5d,, 0.035 0.046 0.000 0.000 0.000
5d,, 0.016 0.020 0.000 0.024 0.042
5d,, 0.045 0.008 0.050 0.024 0.000
5d.2 2 0.017 0.019 0.021 0.000 0.000
5d,2 0.001 0.014 0.021 0.021 0.022

Sdiex 0.114 0107 0092 0069  0.064
(b) La**(H,0),

6s 0.008 0.009 0.008 0.005 0.005
5d,, 0.014 0.028 0.001 0.000 0.000
5d,, 0.007 0.007 0.000 0.011 0.020
5d,, 0.027 0.004 0.029 0.011 0.001
5d 2 0.013 0.011 0.017 0.000 0.000
5d,: 0.001 0.011 0.014 0.025 0.025

5di 0.062 0.061 0.061 0.047 0.046

9See ref 4. ®The valence p populations generally are very small.
“Note that the assignment of coordinate axes is different for C,, C,,
Dy, and D, symmetries (cf. Figure 2).

TABLE IX: NPA Metal Net Charges and Valence Populations for
the Group 2 and 3 Dihydrate Complexes and Ba(NH,),*

. Q s d, d, d, dap do
Ca* C,, 1975 0.010 0.006 0.006 0.002
D,, 1976 0.010 0.006 0.009

Sr¥* C,, 1982 0.007 0.006 0.005 0.002
D,, 1985 0.006 0.004 0.007

Ba** C,, 1.987 0.004 0.007 0.004 0.002
Dy, 1990 0.002 0.004 0.002

Sc¥* Cy, 2.789 0.027 0.005 0.002 0.082 0.057 0.037
D,, 2816 0.022 0.065 0.006 0.088

Y C,, 2.888 0.020 0.001 0.001 0.044 0.025 0.021
Dy, 2.905 0.015 0.033 0.002 0.044

La** C,, 2.937 0.009 0.001 0.029 0.017 0.014
Dy, 2.950 0.005 0.020 0.001 0.025
Ba(NH,), C,, 1.894 0.013 0.050 0.021 0.021
Dy, 1933 0.006 0.042 0.022

“Data for the bent out-of-plane C,, and the linear D, structures are
given (cf. Figure 2c,f, respectively). Blanks indicate populations below
0.0005. Note that the assignment of coordinate axes is different for
C,, and D,, symmetries (see Figure 2). The charges do not exactly
match 2 minus the sum of the populations, as the small p-populations
and some small contributions from Rydberg NAOs have been neglect-
ed.

All M-O and M-N distances in the two-ligand complexes are
slightly (ca. 3—5 pm) longer than those in the single-ligand species.
This probably is due to ligand-ligand repulsion® and to screening
of the positive charge by the second ligand. The ligand geometries
are practically identical in the one- and two-ligand systems. Only
the Sc** complexes exhibit a slight decrease of the N~H and O-H
bond lengths (by ca. 1 pm in the two-ligand systems); with Y3*
and La®* the difference already is as small as 0.5 pm. This
indicates moderate charge-screening by the second ligand. Some
of the water complexes have been optimized at the MP2 level of
theory. As these calculations were restricted to.the C,, (out-
of-plane) and D, structures (cf. Figure 2c,f), the angles and
relative energies should be compared to the SCF results for the
same symmetries (cf. Table VII). Apparently, the effect of
correlation on the angular geometries and linearization energies
is small. This was observed previously for neutral group 2 MX,
compounds.'*3! The M—O distances decrease and the O-H
distances increase upon inclusion of correlation corrections (cf.
above for the single-ligand complexes).

(¢) Three-Ligand Complexes. As we expect most of the
structural trends observed above for the two-ligand complexes to
be transferable to higher coordination numbers, we have restricted
our investigation of three-ligand systems to some Ba?* and La**

Q s d,, d. d, dap dp

Ca?* C, 1937 0.041 0.001 0.008 0.009 0.002
Dy, 1943 0.036 0.001 0.015
Sr* €, 1950 0.029 0.001 0011 0.007 0.001
Dy, 1959 0.024 0.001 0.001 0.014
Ba* C, 1961 0017 0.001 0.014 0.008 0.001
Dy 1970 0012 0.001 0.015
Sc* C, 2.693 0078 0.006 0.002 0.141 0.074 0.006
Dy 2772 0.064 0.007 0.007 0.144
Y* C, 2815 0061 0002 0001 0.079 0.040 0.002
Dy 2.865 0.045 0.003 0.003 0.079
La* C, 2874 0029 0.002 0.001 0.064 0.032 0.002
Dy 2914 0017 0.004 0.004 0.058

2Cf. Figure 1 for the geometries and standard orientations. Blanks
indicate popuiations below 0.0005. Note, that the assignment of coor-
dinate axes is different for C,, and D,, symmetries (see Figure 1). The
charges do not exactly match 2 minus the sum of the populations, as
the small p-populations and some small contributioins from Rydberg
NAOs have been neglected.

TABLE XI: Geometries and Relative Energies (kcal/mol) of Some
Three-Ligand Complexes of Ba** and La** in Different
Conformations®

(a) Ba**(H,0);

structure Ba-O O-Ba-O E.,
G 2.734 89.2 0.00
Cy,(ip)® 2742 119.5 0.56
Cy,(op)? 2,734 116.2 0.74
Dy 2.742 120 0.38
Dy (ip)® 2742 120 0.56
Diy;(op)? 2745 120 0.76
(b) La™(H,0),
structure La-O O-La—0O En
G 2.470 107.8 0.00
Cy,(ip)® 2472 116.9 0.36
Cy,(0p)* 2.474 108.2 1.16
D; 2.474 120 0.39
Dy(ip)® 2.473 120 0.39
Dy{op)® 2484 120 205
(c) La**(NH;),
structure La-N N-La-N E,
(o | 2632 110.0 0.00
Cap 2,639 120 0.76

Distances in A, angles in deg. *Two different D;, structures, with
the hydrogen atoms either in the plane of the heavy atoms (D,(ip)) or
perpendicular to it (Dy,(op)), as well as the corresponding C3, geome-
tries obtained after pyramidalization (cf. Figure 3c,d), have been con-
sidered.

species (cf. ref 36 for the structure of Sr*(H,0),). In these cases
we expect the largest deviations from regular (planar) structures
within the sets of group 2 and 3 complexes, respectively. The
linearization energies for Rb* or Cs* two-ligand complexes are
very small. Thus, we do not expect any significant deviation from
planarity in the alkali-metal cation three-ligand species.

The complexes M™(H,0); (M™ = Ba?*, La’*) indeed prefer
pyramidal C; structures (the water molecules are twisted to
minimize repulsion, cf, Figure 3a). The energy gain with respect
to the corresponding planar D; geometries (cf. Figure 3b) is ca.
0.4 kcal/mol for both species (cf. Table XI). C;, structures with
eclipsed water molecules (cf. Figure 3c,d) or planar D, geometries
are generally higher in energy. Interestingly, the C;, structures
with the H-O—H plane containing the C, axis (cf. Figure 3c) are
lower in energy than the out-of-plane C;, geometries (cf. Figure
3d), but they are less pyramidalized (cf. Table XI). This may
be due to x-bonding contributions. La*(HF), and La*(NH;);
also exhibit nonplanar geometries (cf. Tables XI and XII). The
planarization energy increases in the order La3*(HF), <
La**(H,0); < La’3*(INH,)3, but the L-La~L angles increase in
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TABLE XII: Geometries and Relative Energies (kcal/mol) for
Different Conformations of Complexes La** (HF),, (m = 1-3)*

Kaupp and Schieyer

TABLE XIV: Ammonia Binding Energies -AE , (kcal/mel) for
M"*(NH;),, Complexes®

La-F F—La-F En| M" AE 1 AE2 AAE lzb
(a) La**(HF) K* 19.6¢ 17.1 2.5
2.383 Rb* 17.0¢ 14,9 2.1
(b) La**(HF), Cs* 14.8 12.9 1.9
(&) 2.405 105.6 0.00 Ca?* 62.4 54.1 8.3
Ca 2425 180 1.25 Sr2* 524 45.9 6.5
(c) La**(HF), Ba* 43.5 385 5.0
Cy, 2.425 104.8 0.00 Sc3* 151.4 118.8 326
Dy, 2.430 120 0.25 Y3+ 1174 98.5 18.9
La¥* 94.0 82.7 11.3

“Distances in A, angles in deg.

TABLE XIII: Ligand Binding Energies —AE (kcal/mol) in
Complexes M™ (H,0),,

AE
m=1 m=2
M HF MP2 MP4** HF  MP2%¢ AAE,,(HF)*
K* 19.1/ 19.6/ 17.1 2.1
Rb* 16.9 174 15.1 1.4
Cs* 14.8/ 15.5 13.2 13.9 1.6
Ca?* 55.6% 58.1 5717 50.0¢ 51.7 5.6
Sri+ 4748 497 49.3 42,88 44 4 4.6
Ba2* 40.0 423 419 36.3 38.0 3.7
Sc* 1303 141.2 107.8 22.5
Y* 1019 1099 88.8 13.1
La** 82.1 87.8 729 75.7 9.2

¢Correlated calculations used extended group 2 and 3 basis sets.
b MP4SDTQ single points at MP2-optimized geometries. °Based on C,
geometry of M™(H,0), (cf. Figure 2a). “Based on C,,* geometry of
M™(H,0), (cf. Figure 2c). Note that the barriers to M—~OH, rotation
are negligible compared to the binding energies. ¢Hartree~Fock dif-
ference between first and second ligand binding energy. /The experi-
mental AH® values for first (second) ligand binding are 17.9 (16.1),
15.9 (13.6), 13.7 (12.5) kecal/mol with K*, Rb*, and Cs*, respectively
(cf. ref 16). #The Hartree—Fock values obtained by Bauschlicher et al.
(cf. ref 36) are 55.0, 48.9, 46.9, and 42.0 kcal/mol for Ca?*(H,0),
Ca?*(H,0),, Sr**(H,0), and Sr**(H,0),, respectively.

the same direction. This is the same trend observed for the
two-ligand complexes (cf. discussion above).

(B) Ligand Binding Energies. Tables XIII and XIV summarize
the first and second ligand binding energies for the hydrate and
ammonia complexes, respectively. As expected for electrostatic
reasons, the ligand binding energies (for a given number and type
of ligands) increase considerably with the metal charge. For a
given charge these energies decrease with increasing cation size.
Electron correlation corrections have been considered for the water
complexes. Correlation leads to slightly larger binding energies.
This effect is largest for the trications. The increase is due to the
reduction of metal core-valence repulsion at the correlated level.
MP2 single point calculations at the SCF-optimized geometries
yield binding energies that are practically identical to those ob-
tained with MP2 optimized structures. Although the MP2 bond
lengths are shorter, the effect on the binding energies is small,
due to the very shallow M-O potential curves.

The calculated binding energies AE for the group 1 complexes
with water and ammonia differ by less than 2 kcal/mol from the
corresponding experimental AH® values'®!” (cf. footnotes in Tables
XIII and XIV). Comparison with other theoretical results con-
firms the observations made for the metal-ligand distances (cf.
section A): Ligand basis sets that are too small lead to an ov-
erestimation of ligand binding, due to BSSE.?>?® The omission
of compact d-functions on Ca?* and Sr?* leads to slightly small
binding energies??25283132 (¢f Table III). The results of
Bauschlicher et al.* for Ca?* and Sr?* are in good agreement with
our HF values (cf. Table XIII).

The binding energy of the second ligand is smaller than that
of the first. The difference increases with metal charge and
decreases with cation size (cf. Tables XIII and XIV). The same
cffects (charge screening by the second ligand and ligand-ligand
repulsion) cause the increase of the M—L distances (cf. section

Hartree~Fock results. ®Difference between first and second ligand
binding energy. °The experimental AH® values for first(second) ligand
binding are 20.1 (16.3) and 18.7 (15.2) kcal/mol with K* and Rb*,
respectively (cf. ref 17).

A). The ammonia binding energies for the group 2 and 3 cations
are larger than the corresponding water binding energies, par-
ticularly for the trications. This agrees with previous studies?!-9:34
and is due to the fact that the ammonia dipole moment is located
closer to the cation than the water dipole.’* In most cases, the
differences AE,, (cf. Tables XIII and XIV) are also larger with
ammonia (cf. refs 35 and 36).

Conclusions

Complexes of the group 2 and 3 cations Sr2*, Ba?*, S¢¥t, Y3+,
and La* (which all have a formal noble-gas electronic configu-
ration) with two neutral ligands such as NH;, H,0, or HF favor
a bent coordination of the cation. Even Ca?*, Rb*, and Cs*
complexes are quasilinear and exhibit deviations from linearity.
The calculated linearization energies vary from very small (<0.2
keal/mol for Rb* complexes) to rather large values (ca. 7 keal/mol
for La3*(NH,),). Three-ligand Ba2*, La** and Sr2* % systems,
and probably also of those of Sc** and Y**, favor pyramidal
geometries. Their planarization barriers are considerably smaller
than the corresponding linearization energies of the two-ligand
complexes.

The predicted bending angles for the M™L, species are smaller
than those calculated previously for neutral MX, species (M =
Ca, Sr, Ba, lanthanide (II)).!-6!3 Likewise, the F~-La-F angle
for the three-ligand complex La3*(HF), is smaller than that found
for LaF;.!% These small angles are due to the considerably
reduced repulsion between the neutral ligands compared to the
Coulomb-type repulsion between anions. Additionally, x-bonding
(which tends to favor linear or planar structures*!!) seems to be
less favorable in the cation—neutral ligand complexes, On the other
hand, the factors that favor bent (or pyramidal) structures (co-
valent o-type bonding contributions involving metal d-orbitals,
and the polarization of the cation by the ligands)!* also seem to
be reduced in the cationic complexes. Due to these counteracting
effects, the characteristics of the bending (or pyramidalization)
potentials may be quite different from those found for the cor-
responding neutral species (smaller angles may be combined with
smaller linearization energies).

Accurate ab initio calculations on complexes of Ca?*, Sr2*, or
BaZ*, important for studies of biologically relevant systems, require
extended d-basis sets of at least DZ quality including large ex-
ponents.
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