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A theoretical study of the complexes MH and MCI?~ in the crystalline AMH, and AMCI, compounds (A=
alkali, alkaline earth; M= Ni, Pd, Pt;x = 2, 4, 6;y = 4, 6) has been carried out using a relativistic density-
functional method. A cutoff-type Madelung potential (MP) was used to take into account the crystalli
environment. Energies, geometries, force constants, and vibrational frequencies have been determined. Ther
stability of ML¢?~ versus ML~ has been evaluated by the decomposition reaction offivi= ML 42~ + Lx(g)

(L = H, CI). The experimental MH and M—CI distances and their trends within the group 10 elements are
very well reproduced by the calculations in the MP. The long-range electrostatic potential and the short-re
repulsion between Naand its trans neighboring Naons are responsible for the especially long-Ma bond
length in the NaPdH, compound. All free Mlg?~ complexes are predicted to be rather stable agains
disproportionation. The crystal field effect strongly shifts the equilibrium to the right. The calculated reacti
energies in the MP reveal that, in the solid state, BGind PtC§?~ are stable but Nikf~, PdH?~, and NiCk?~

are rather unstable. The results are in agreement with the experimental evidence and also confirm the fac
the phenomenon of higher valency in compounds depends on the metal (M) and the choice of ligand (L).
relativistic effects strongly support the higher oxidation state in the metals.

1. Introduction charge of # is assumed for the alkali, the transition metal

) ) ) ) ) hydrogen complex receives a charge ef, Zorming MH2~ in
The ternary hydrides MHy in which A is an alkali or the crystals.

alkaline-earth metal and M is a transition metal, form interesting  The PdH?2- groups are contained in4RdH’ and NaPdH.8
solid compoundsthat have a range of properties varying from - The stoichiometric composition results in an oxidation number
meta”IC to Salt“ke A Stl‘lklng feature Of the structures Is the of Zero for Pd and thus the ||gand Coordination |S |inear and
presence of isolated [Mficomplexes in all so far determined  corresponds to that in analogous Ag(l) complexes. Correspond
crystal structures, where the hydrogens are rather strongly boundng finear PtH?~ units were found in a mixed-crystal system
to the transition metal. Another special feature is the dynamic Na/Pd/Pt/H2 as well as in LiPtH,.%> The PdH2~ groups are
behavior of the hydrogen ligands; i.e., atomic arrangements in contained in NgPdH,1° and K:PdH,.11 The PdHZ~ units were
some hydrides withx < 6 at high temperature (HT) are different  a1so found to exist in the host of MatH,.%2 There are a series
from those at low temperature (LT). In the HT phase, the of alkali platinum hydrides that contain the isolated PtH
hydrogen has a high local mobility, so that the hydrogen atoms groups (A= Na, K, Rb, Cs)}}216 The four H ligands attached
are distributed in a statistical manner and an octahedron aroundo the metal atom with its&tonfiguration result in the expected
the M atom is observed on the average; in the LT phase, this planar square coordination. The [NjHtomplexes are found
movement of the hydrogen atoms is frozen and the basic motiononly in the MgNiH, crystall’ 19 If the conventional charge

is a vibratory one. The third feature is that manyVidy of 2+ is assumed for Mg, the [Nif} complex then receives a
hydrides show great structural similarities to the corresponding

chlorides KkMCI, (M = Pd, Pty = 4, 6)2°° (7) Kadir, K.; Noreus, DZ. Phys Chem N.F. 1989 163 231.
. : . . . . L (8) Noreus, D.; Tenroos, K. W.; Baje, A.; Szabo, T.; Bronger, W.;
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charge of 4. The most possible configuration should be
tetrahedral for Nl. However, a neutron scattering stdégnd
an infrared (IR) investigatidi at HT favor a planar square
arrangement of the [Nik] complex, similar to the situation in

AoPtH,. Mg2NiH4 has already attracted some special interest
in connection with application as a hydrogen storage medium.

The first theoretical study of the local H atom configurations
was carried out by Lindberg et &l.using CASSCF and ClI

methods. The more accurate Cl calculation was used to explain

the configuration of a Nikl'"™™ complex as a function of its charge

n. A more recent theoretical study was carried out by Huang
et al2922from the viewpoint of entropy. There were also some

band structure calculations on §alH?® and K:PdH,24 within
the muffin tin approximation.

The presence of the M groups in crystalline AMH
compounds had not been established until very recémntfy,
but the compounds were prepared only under very high H
pressure (15001800 bar). On the other hand, the transition
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2. Calculation Details

2.1. Calculational Method and Basis SetsAll calculations
were carried out by using the relativistic Amsterdam density-
functional (ADF) program systest. The ADF method uses
the expansion of the one-electron molecular functions in atomic-
centered STO basis sets. The specified core electrons ar
described in the frozen core approximatiSh. The relativistic
corrections of the valence electrons are calculated by first-orde
perturbation methogf which is based on the FoleywWouthuy-
sen transformation of the Dirad-ock equation. Its Hamiltonian
contains mass velocity, Darwin, “indirect effect”, and spin
orbit corrections. The inner atomic core orbitals are calculated
by the Hartree- and Dirac-Fock—Slater methods. The so-
called “indirect effect” is caused by the relativistic change of
core potential.

In the present work, the exchange correlation potential of
Vosko, Wilk, and Nusair (VWNY plus Stoll's dynamical

metal that has been found to reach the higher oxidation stateCorrectior® to the correlation energy was used throughout the

IV seems to be limited only to platinum within group 10
hydrides. The reaction of sodium hydrides with palladium
yielded only NaPdH, by using a method analogous to that for
synthesizing NgPtHs. This is in contrast to the chlorides, where
the PAC§2~ groups in crystalline compounds were well char-
acterized® Therefore the question of whether the palladium

could be oxidized beyond the oxidation state Il still remains.

calculations. The STO basis used is of trigleuality for all
atoms and relatively small core definitions ([Ne] for Ni, [A#Sd

for Pd, [Kr4d'\°4f14 for Pt) are used for the transition metals;
the valence set on the transition metals includes-(1)s and

(n —1)p shells. Besides, we add two polarization functions of
the np type for the transition metals. For the light atoms ClI
and H we add one polarization function of the 3d and 2p types,

In the discussion of the bonding properties of the hydrides, it respectively. On Cl, the core has been kept frozen until 2p.

is interesting to include chlorides with isotypic or closely related

structures KMCly (M = Pd, Pt;y = 4, 6) in our calculations.

2.2. Crystal Structures. The following real crystal struc-
tures were employed: NRdH,® MgoNiH4,Y7 KoPdH, 1t Ko-

In fact, the interpretation of the physical and chemical properties PtHs,'® KoPtHg, 25 Ko2PdCL,® KoPtCl,* K,PdCh,° and KoPtCh.

of the PdCJ2~ and PtCJ2~ complexes has been the subject of
experiment&P-30 and theoreticd—34 interest. The first calcula-
tion of an ab initio nature was carried out by Messmer &8 al.
using a self-consistent-field Xscattered wave (SCFxSW)

Because the crystal structure type obRiiH*® is somewhat
different from that of NaPdH,, the LiPtH, compound has not
been included in the present calculations. In fact, there are «
series of questions involved inRtH,, for which we will give

method. Later, a relativistic calculation of the complexes was @ detailed discussion in a separate paper. All crystallographic
carried out by Larsson and Olss$érusing the Dirae-Slater data of the above compounds are given in Table 1. As alread\
method. However, the previous theoretical studies concentratedPointed out, the hydrides have crystal structures containing
mainly on the assignment of electronic spectra. There has beerisolated MB?~ (x = 2, 4, 6) complexes and the crystal structures
no emphasis on an evaluation of the4@! bond strengths. On  of the chlorides contain isolated MET (y = 4, 6) complexes.
the other hand, these theoretical studies were only devoted toHere the numbers 2, 4, and 6 also indicate that the geometrie
the free complexes. Our main interest here focuses on the bond?f the complexes are linear, square, and octahedral, respectivel
lengths, bond energies, and force constants. The effects of bottBoth Mg:NiH, and K:PtHs possess LT and HT phases. Their
relativity and crystal field on the complexes are considered. The HT phase corresponds to theRCk structure type (see Figure
relative stability of M(IV) versus M(ll) in the hydrides will be 1) with H occupying two-thirds of the Cl positions. Here only
discussed and compared to that in the chlorides. For the sakehe HT phase structures are chosen in the calculations. K
of comparison, our calculations include several hypothetical PdHs crystallizes in a new structure type (see Figure 2), but it

crystals.
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shows great similarity to the RtCl, structure type (Figure 3).
The difference betweenfRtCl, and K,PdH; is that the PtGP~
groups are stacked in thiedirection with interaction between
the PtC}2~ groups in one dimension, while the PgH groups
are stacked alternately in tliadirection. The atomic arrange-
ment in KPtHs was show? to be isotypic with that of Ik
PtCk; i.e., the six octahedral sites around the platinum in the
cubic KyPtH, are now fully occupied. Besides, the size of the
unit cell of this hydrogen-enriched phase is quite similar to that
of K,PtH;. Because of the lack of possibility for the mobility
of the hydrogen atoms within the P#H group, the phase

(35) (a) Baerends, E. JADF program package: Version 198%ree
University: Amsterdam, 1989. (b) Baerends, E. J.; Ellis, D. E.; Ros,
P. Chem Phys 1973 2, 41. (c) te Velde, G.; Baerends, E. d.
Comput Phys 1992 99, 84.

(36) (a) Snijders, J. G.; Baerends, E.Mol. Phys 1978 36, 1789. (b)
Snijders, J. G.; Baerends, EMol. Phys 1979 38, 1909. (c) Ziegler,
T.; Snijders, J. G.; Baerends, E.JJ.Chem Phys 1981, 74, 1271.

(37) Vosko, S. H.; Wilk, L.; Nusair, MCan J. Phys 198Q 58, 1200.

(38) Stoll, H.; Pavlidou, C. M. E.; Preuss, Hheor Chim Acta 1978
149 143.
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Table 1. Crystal Structure Data and Nearest Interatomic Distances

Liao and Zhang

compds crystal structure data nearest interatomic distan&gs\)
NaPdH, tetragonal)/mmmZ=2,a=b = 3.596, Pd—H = 1.64(2«), Pd—Na = 3.00(4x), Pd—Pd= 3.60(4x), H—N& =
c=11.308 2.54(4x), H—H = 3.28(4x), Na—Nat = 3.55(4x)
MgzNiH,4 cubic,Fm3m,Z=4a=b=c=6.507 Ni-H = 1.49(4x), Ni—Mg = 2.82(8x), Ni—Ni = 4.60(12<), H—Mg =
2.31(4x), H—H® = 2.49(4x), Mg—Mg = 3.25(6x)
KoPdH, tetragonal)s/mmmZ=2,a=b=5.831, H—K = 2.85(4x), H—H°® = 3.94(2x), K—K = 3.85(2)
c=7.692
KoPtH, cubic,Fm3m,Z=4,a=b=c=8.025 Pt-H = 1.62(4x), Pt-K = 3.48(8x), Pt-Pt=5.68(12), H—K =
2.86(4x), H—He = 3.38(4x), K—K = 4.01(6x)
KoPtHs cubic,Fm3m,Z=4,a=b=c=8.176 Pt-H = 1.65(6x), Pt—-K = 3.54(8x), Pt-Pt=5.78(12%), H—K =
2.92(4x), H—H® = 3.45(4x), K—K = 4.09(6x)
K.PdCl tetragonalP/mmmZ=1,a=b=7.026, Pd—Cl = 2.29(4x), Pd—K = 4.06(8x), Pd—Pd= 4.08(2x), CI-K =
c=4.080 3.22(4x), Cl—Clc = 3.79(2x), K—K = 4.08(2x)
KoPtCly tetragonalP/mmmZ=1,a=b=7.024, Pt—Cl = 2.31(4x), Pt=K = 4.08(8x), Pt-Pt= 4.15(2x), CI-K =
c=4.147 3.24(4x), CI-Cle = 3.76(2x), K—K = 4.15()
K.PdCk cubic,Fm3m,Z=4a=b=c=19.637 Pd-Cl = 2.29(6x), Pd—K = 4.17(8«), Pd—Pd= 6.82(12«), CI-K =
3.41(4x), CI-Clc = 3.57(4x), K—K = 4.82(6x)
KoPtCl cubic,Fm3m,Z=4a=b=c¢=9.743 similar to those in #2dCk

K2NiCl4 (hypoth) tetragonaP/mmmZ=1,a=b=6.842,
c=3.840

K2NiClg (hypoth) cubicFm3m,Z=4a=b=c=9.117

Ni—

Cl=2.16(4x)

Ni-Cl = 2.16(6x)

a Lattice constants are in angstrom<Coordination numbers are in parenthese3econd nearest interatomic distance between two atoms o

neighboring molecules.

Figure 1. Crystal structure of the {PtCl¢] type, showing the positions
of the M—L octahedron.

Figure 2. Crystal structure of YPdH,]. The small dark balls represent
the Pd atom.

transition (HT phase~ LT phase) for KPtHs does not happen
any longer. The unit cell of the NBdH, crystal is shown in
Figure 4. There is no known chloride crystal structure corre-
sponding to this, but N®dH; is isotypic with the oxide Na
HgO,%° where the central atom has the a saffecdnfiguration.

(39) Hoppe, R.; Rbrborn, H. J.Z. Anorg Allg. Chem 1964 329 110.

Figure 3. Crystal structure of the §PtCly] type. The small dark balls
represent the transition atom.

The linear Pdk?~ group is oriented along (001). Tadirection,
there is close approach of 2.42 A between H and Na. So the
linear NaPdH, group can be considered to form a typical
building block of the structure. In practice, the two nearest-
neighbors Na are explicitly included in the calculation, and so
the calculated moiety corresponds to the formula of the
compound. The KPdCl, and K:PtCl, crystal structures are
equivalent and so are,RdCk and KPtCk.

No corresponding crystal compoundsPalHs, NapPtH,, and
AoNICly (y = 4, 6) are known experimentally. In order to
explore and predict the trends within the hydride and chloride
groups, hypothetical crystal compoundgPdHs, NapPtH,, and
K2NiCly were used in the calculations. We assumed the crysta
structures of NgPdH, K PtHs, and KPdCl, for NaPtHy, Ko-
PdHs, and KNiCly, respectively. Since Pd and Pt are of nearly
same size, the lattice constants ofPAH, and APtH, are also
assumed to be same. The lattice constants $dli®l, have to
be scaled appropriately. In,RdCl, the Pd and K atoms lie
on special positions in the tetragonal lattice (see Figure 3). The
nearest interatomic PePd distance represents the lattice
constantc. Thea direction contains two PdCl entities in a
unit cell. The lattice constangsandb for an isostructural crystal
KoMCl, are expressed as

a= b= 2R, sin(z/4) + R(CI---Cl) (1)
The atomic radii of Ni is 0.13 A smaller than that of Pd. So
the lattice constart of the hypothetical KNiCl, crystal is 0.26
A less than that of KPdCl. In eq 1 the M-Cl bond length is
the only variable parameter. According to calculated results
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Figure 4. Crystal structure of the NfPdH,]. The small dark balls
represent the Pd atom.

of free MClL2~ complexes (see section 3.2), the-\il bond
length is 0.12 A shorter than the P&l bond length. We
suppose that the difference betweRliiS, and RS, extends to
the solid compounds. In #dCk, each direction in one unit
cell contains four P¢Cl entities (see Figure 1). Therefore,
the lattice constants of #iClg are calculated as
a=b=c=4R gt A 2

where A = a(K,PdCk) — 4Rpgck  All the obtained lattice
constants are also given in Table 1.

In calculating the hypothetical N~ complexes in the
crystal structure, the corresponding MiH, crystal structures
(HT phase) were used.

2.3. Crystal Fields. According the atomic arrangements in
these (ionic) compounds, there is a quite large metstal

Inorganic Chemistry, Vol. 36, No. 3, 199899

sites are put around it, the charge of which is determined by &
least-squares fit to the calculated potential in the grid points.

The simple point charge model can only take into account
the long-range electrostatic interaction but neglects the short
range overlap from the nearest neighbors. A slight modification
for the Madelung potential has been made by using a Coulomt
cutoff-type pseudopotential

Veffective(r) = maX(VMadelungir)’ C) (3)

It accounts for the fact that the valence electrons of the ion
group must not penetrate into the electrostatically attractive core
regions of the surrounding anions or cations because of the Pau
exclusion repulsionC is a constant used in cutoff-type effective
core potentiat® to balance the nuclear attraction.

Along the point charge model, the bond energy now consists
of two parts

total __ 1 internal
Ebond - zElatt + Ebond

4)
whereE{"™*"js the bond energy of the complex, as calculated
in the crystal field. Eja is the electrostatic interaction between
the complex fragments and the lattice

B = E[IPA(T)MP(?) dr + Z,MP(Ry)] (5)

3. Results and Discussion

The results (bond lengths, bond energies, force constants
vibrational frequencies) for NMH, (M = Pd, Pt) are given in
Table 2. The linear symmetric N&H—M—H—Na molecule
contains two types of bonds (M—H) andr, (H—Na). We
have optimizedr; andr, simultaneously. First the potential
energy of the system is expressed in terms of the changes c
the bond lengths; and r, with the most general quadratic
polynomial

E(ryury) = ﬂlrlz + ﬁzrzz + By + B+ B+ Bs (6)

A number of calculated energy points around the equilibrium
were adopted to fit this model. We then gave an estimate of
the six independent constamis, 52, ..., s Which satisfy the
least-squares criterion. From this the equilibrium distanRes,

separation (see Table 1), and so the interaction between units2NdRe, and bond energyEnong are obtained. This also leads
can be considered to be small. We may assume that thet0 arelation between the parametgysf,, andf3s and the force
predominant effects on the complex properties can be attributedconstantsky, ka, andkiz: ki = f1, ko = f2, andkiz = /2,

to the electrostatic interaction from the surroundings. As a Whereki represents bond stretching of-A, k, represents that
simple model, the surrounding atoms are treated as a set ofof H—Na, andki, corresponds to the interaction between
infinite point charges that create a Madelung potential (MP) in adjacent bonds, andr,. We can then set up the secular
which the complex ion is immersed. The so-called point charge €quation to determine the frequencies, For the linear
model have been successful in studying many solid-state molecules, three normal parallel vibrational frequencies have
compoundg%4! In calculating the Madelung potentials, the Peen determinedy; [3 g, (H---H)], w2 [, (H—Na)], andws
formal charge of * is assumed for H and Cl. In view of the [2¢ (H=N&)]. The form of the vibrations, w,, andws is

fact that H atoms are mainly in square-planar configurations Shown in Figure 5.w, is essentially a H-H vibration andws
around the Ni atoms in Md\NiH4, a formal charge of * is is a H-Na vibration. ) _ )

here considered on the Mg atom, yielding the MiHcomplex. The M—H bond energy in NaMH is defined as

The Madelung potentials are evaluated through the Ewald

method*2 The outcome of the calculation is the value of the Eyy = — 1{ E(Na,MH,) — E(M) — 2E(HNa)}
potential in a number of grid points in the molecular region. 2

Then a certain number (40L00) of point charges at the lattice

()

whereE(NaxMH)>) is the total energy of the molecule MéH,,
E(M) the total energy of M, ande(HNa) the total energy of

(40) Liao, M.-S.; Zhang, Q.-E.; Schwarz, W. H. Borg. Chem 1995
34, 5597.

(41) Liao, M.-S.; Schwarz, W. H. El. Alloy Compd, in press.

(42) Ewald, P. PAnn Phys 1921, 64, 253.

(43) Kutzelnigg, W.; Koch, R. J.; Bingel, W. AChem Phys Lett 1968
2, 197.
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Table 2. Calculated Bond LengthB (A), Bond EnergieEyn (€V), Lattice Energie€y (eV), Force Constants (mdyn/A), and frequencies
(cm™) in MH2?~ and NaMH 2

Rur Ryan
FM(I) MMP exp FM MMP exp
PdH2 1.68 (1.71)
PtH,2~ 1.70 (1.78)
NagPdH, 1.62 (1.65) 1.66 (1.69) 1.64 1.90 (1.87) 2.17 (2.09) 2.42
1.67 240
NagPtH; 1.62 (1.70) 1.68 (1.75) 1.88 (1.86) 2.21(2.10)
FM(I) MMP
Ewmn A Eppermal (YEra)®2 gl A
PdH?> 1.32 (0.94) 0.38
PtH,2~ 1.50 (0.73) 0.77
NaPdH, 2.28 (1.88) 0.40 4.73 (4.00) 0.55 (0.53) 5.28 (4.53) 0.75
NaPtH, 2.62 (1.86) 0.76 5.28 (4.03) 0.48 (0.47) 5.76 (4.50) 1.26
I(MH I(NaH k12
FM(l) MMP exp FM MMP FM MMP
PdH,2 1.70 (1.46)
PtH,2~ 1.88 (1.33)
NaPdH 2.18(1.82) 2.22 (1.84) 1.98 0.65 (0.69) 0.25(0.48) —0.06 (~0.04) 0.00 (0.18)
NaPtH, 2.38(1.92) 2.52(1.74) 0.66 (0.71) 0.33(0.33)  —0.06 (-0.04) 0.16 (0.04)
w1 w? w3
FM(I) MMP FM MMP FM MMP
PdH? 1697 (1573)
PtH,2~ 1785 (1501)
NaPdH, 188 (189) 130 (179) 1072 (1103) 669 (925) 2230 (2092) 2046 (1826)
NaPtH, 191 (191) 154 (144) 1081 (1118) 766 (758) 2313 (2145) 2067 (1843)

aThe values in parentheses are the nonrelativistic results. FM(l), freem molecule (or ion); MMP, molecule in Madelung pidtaetialativistic
and nonrelativisticE.y's represent lattice energies calculatedrdtand R™e, respectively® Calculated in eight alkali ligandsAand crystal field
surrounding.

Runa, Ru..m RHNa, Table 3. Calculated M-L Bond LengthsR (A) and Force
oo M——e—o0—  w; [, (H--H)| Constantk (mdyn/A) in MLz~
R Rt Rul SR L RuL
—o——eo—M——e-—-0  w [Ty, (H-Na)] NiH2~ 156 (L.57) 1.47(1.48) 149 147 1.55(1.49) 2.73 (2.64)
1.5@
—o— — o—M——e o  ws [T, (H-Na)] PdH2~ 1.67(1.69) 1.63(1.65) 1.63 1.60 1.84(1.66) 2.37 (2.21)
PtH2~ 1.69(1.76) 1.63(1.68) 1.62 1.62 1.87(1.57) 2.76 (2.33)
Figure 5. Longitudinal vibrations of NgMH,. (®) H; (O) Na. NiHgZ~ 1.53(1.54) 1.46 (1.47) 1.80(1.73) 2.81(2.73)
PdH2~ 1.66 (1.68) 1.62(1.63) 2.01 (1.87) 2.42 (2.35)
- .« PtH? 1.68(1.73) 1.64(1.68) 1.65 2.10(1.82) 2.78(2.41)
_HNa (the H—Na_d|_stance of the free HNa fragment is NIClZ 221 (222) 212 (213) 214 162(156) 293 (2.88)
independently optimized). PACLZ 2.34(2.36) 2.27 (2.29) 2.29 2.27 1.71(L54) 2.73(2.64)
The results of the Mz~ (L = H, CI) complexes are collected ~ PtCL?~ 2.37(2.43) 2.30(2.34) 2.31 2.29 1.85(1.48) 2.92(2.62)
in Tables 3 and 4. The optimization of the-\M. bond length ~ NiCle’™ 2.25(2.26) 2.17(2.18) 1.71(1.67) 2.66 (2.62)
PACK2- 2.35(2.37) 2.28(2.30) 2.99 1.86 (1.73) 2.83 (2.71)

has been carried out simultaneously for all the-Mbonds.
Here only the symmetric ML stretching force constants were

determined. An average ML bond energyEy. is defined 2 ZRis the sum of Pauling’s covalent radii of M and L. The values
according to in parentheses are the nonrelativistic results. Fl, free ion; IMP, ion in

Madelung potential? CASSCF-CI calculation by Lindberg et 8kthe
Mdelung potential used in their calculation was determined from a
D Manf —M+(n-2)L+2L, E, =DJn (8) charge distribution with 2 on the nickel centet The original refs 6
and 4 gaveRSP, = 2.3066 A andRSR, = 2.310(1) A, but according to
the atomic position parameters given there, we obgffi, = 2.2919

A and RE®, = 2.3095 A.d The situation is similar to that ib.

PICk> 2.38(2.42) 2.31(2.35) 2.81 2.01(1.68) 3.02 (2.71)

In eqs 7 and 8, the calculated ground-state atomic configurations
(relativistic and nonrelativistic) are used for the transition metals.
Table 5 shows that the relativistic ground-state configurations
are consistent with the experimental ones and the calculated at diff t for Pt
relative energies of-averaged atomic states agree well with states are difterent for L. ” ”

the experimental data. From Moore's bdbKexperimental ) The relative stabilities c_)f M- Versus ML are compared
data), the 3#<(F) and 384<(°D) states for Ni are nearly N T_ablg 6. Grogs orbltal populations and atomic charge
degenerate® — °D, AE = —0.03 eV). A relativistically distributions are given in Tables 7 and 8. In order to see the

corrected experimental datdfrshows that 3! lies 0.33 eV influence of the crystal field on the molecular or ionic properties,
all the free complexes have also been calculated.

2— =
(44) Moore, C. EAtomic Energy Leels Circ. 467; U.S. GPO: Washington 3.1 I\gflz and Na;MH, (M Pd, PY). The r_esults of |
DC, 1959: Vols. 2 and 3. free MH,>~ complexes are also presented to examine the effec

(45) Raghavachari, K.; Trucks, G. W. Chem Phys 1989 91, 1062. of the attached ligands to the-MH bonding. It is shown that

below 3d4<. We note the relativistic and nonrelativistic ground
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Table 4. Calculated Bond EnergieSy. (eV) and Lattice Energies
Epat (€V) in MLp2 2

=4 Al Eftemal Ejae/mP EpPe Al
NiH2~ 1.97 (1.94) 0.03 2.00(1.96) 2.60 (2.60) 4.60(4.56) 0.04
PdH?~ 2.15(1.87) 0.28 2.05(1.74) 2.58(2.57) 4.63(4.31) 0.32
PtH2~ 2.41(1.83) 0.58 2.46(1.81) 2.54(2.52) 5.00(4.33) 0.67
NiHg~ 2.31(2.26) 0.05 2.37(2.32) 1.43(1.43) 3.80(3.75) 0.05
PdH?~ 2.35(2.11) 0.24 2.31(2.04) 1.46(1.46) 3.77 (3.50) 0.27
PtHe~ 2.61(2.10) 0.51 2.65(2.07) 1.43(1.42) 4.08(3.49) 0.59
NiCl2~ 2.36(2.35) 0.01 2.29(2.27) 2.28(2.28) 4.57 (4.55) 0.02
PACK 2.21(1.99) 0.22 2.16(1.93) 2.14(2.13) 4.30(4.06) 0.24
PtCL2~ 2.40(1.93) 0.47 2.39(1.82) 2.12(2.11) 4.51(3.93) 0.58
NiCle2~ 2.41(2.39) 0.02 2.39(2.36) 1.10(1.10) 3.49(3.46) 0.03
PACEK~ 2.33(2.14) 0.19 2.31(2.12) 1.05(1.04) 3.36(3.16) 0.20
PtCk>~ 257 (2.14) 0.43 2.57(2.12) 1.04(1.03) 3.61(3.15) 0.46

2The values in parentheses are the nonrelativistic resultg. =
E — E"e. Fl, free ion, IMP, ion in Madelung potentiglm = 8 for
n=4;m=12forn=6.cEn" = ENem 4 £ /m.

Table 5. Relative Energies (eV) for the Different Electronic
Configurations of Ni, Pd, and Pt

(n — 1)cBng (n— 1)cPnst (n— 1)d©
(F) (°D) (*s)

Ni  calc 0 —0.80 (-1.33) 1.44 (0.56)
exp —-0.33 1.24

Pd calc 0 —2.54(-3.69) —3.30 (-5.28)
exg —2.42 —-3.43

Pt calc 0 —0.92(-3.56) —0.65 (-5.34)
exp —0.64 -0.33

2The values in parentheses are the nonrelativistic reultier
correcting or relativistic effect®.¢ From ref 44 and averaged over all
J levels.

Table 6. Calculated EnergieAU (eV) for Reaction Mlg?~ —
MLZ + La(g) (M = Ni, Pd, Pt; L= H, CI). A= AU —
Aunrel

AuFI(AreI) AulMP(AreI) AuFI(AreI) AulMP(AreI)

L=H L=cCl

M=Ni 1.13(0.15) —0.47 (0.10) M=Ni 1.86(0.11) —0.48 (0.09)
M=Pd 0.71(0.37) —0.73(0.38) M=Pd 2.05 (0.31) —0.18 (0.23)
M=Pt 1.19(0.76) —0.35(0.79) M=Pt 2.69(0.74) 0.47 (0.42)

the presence of the ligands Na contracts the-Rdond by

0.06 A. This seems counterintuitive. The explanation is that
the partial transfer of electron density from the complex ion to

Inorganic Chemistry, Vol. 36, No. 3, 199401

is a close approach of 3.55 A (see Table 1) between the Na an
Na atoms of neighboring molecules. So the effect of short-
range overlap may be rather strong and a simple Madelunc
potential is unlikely to account for the strong interaction with
the neighbors. In order to elucidate this factor, we have
performed a second step calculation by including the eight
second-nearest Ndigands explicitly in the calculated system
(all other ions are still approximated by point charges). It is
shown that the HNa distance calculated in such a surrounding
agrees very well with the experimentally observed one.

The calculated PtH and H-Na bond lengths in N&tH,
are quite similar to those in NRBdH,. Nonrelativistically,Rpiy
is clearly larger thaRpgn.  The relativistic bond contractions
are 0.03 and 0.07 A for PeH and Pt-H, respectively. The
latter value is too small to change the bond length order.

The free MH2~ species are shown to have a relatively large
bond strength (1:31.7 eV). By including the two ligands Na
in calculation, the bond energies are increased by nearly 1 eV
In addition, the crystal field enhances the-¥ bonding very
strongly (by 3 eV). The lattice enerdy.: decreases from Na
PdH; to NaPtH,. Although Ej on the species is relatively
small, the effect of the whole crystal field has significant
influence on the molecular properties. The-M bonding in
NaPdH, is slightly weaker by 0.30.4 eV than in NaPtH,,
At the nonrelativistic levelEpw is comparable tdepgn. The
relativistic stabilizationsA™' are significantly smaller for the
free molecules than in the MP. Since M { 1) is relativis-
tically destabilized and Mrs is stabilized, the magnitude of
A™® depends on the population changes of the-(1)d andns
AOs upon molecular formation. For Pd, the 5s is empty and
the valence 4d shell is fully occupied. From Mulliken popula-
tions in Table 7, there is more than a 0.5 electron loss from the
4d shell. On the other hand, the gain of 5s electron contribute:
also to the relativistic energy increase. This is the reason why
NaPdH, in the MP has larger relativistic stabilization (due to
more net 5s population) than the free molecule although more
d electron is lost in the free molecule than in the MP. The
same is true of the NBtH, system. In the crystalline
compound, the MP greatly increases the Pt 6s population an
so results in a relativistic increase Hpin.

No vibration spectra, infrared or Raman, are known for the

the sodium (see population analysis in Table 7) reduces thelinéar molecular unit in the crystal, but an experimentat-Pd
Coulomb repulsion between the hydrogen and palladium. Upon Stretch force constant is availatffewhich was obtained by

embedding NgPdH, in the crystal field, the PdH bond is

fitting the inelastic neutron scattering (INS) spectrum (intensity)

expanded by 0.04 A (note that the electron densities on H and 0 & harmonic force field. The calculated-PH force constant
Pd are again increased by the crystal field), with the result that for the free PdbP~ complex is 0.3 mdyn/A smaller than the

the calculatedRpgn (1.66 A) in the MP is 0.02 A longer than
experiment (1.64 A). However, the neutron diffraction mea-
surement on the deuterated samplePtD,® as well as the
inelastic neutron scattering stu@yavors a longer PeH bond
length (1.68 A) and so supports our calculated-Pdbond
lengths in the MP.

The calculated HNa bond length of free N&dH is

INS value. The M-H force constant&yy are increased by
0.5 mdyn/A due to the presence of Na ligands. However, the
M—H frequencies of the NdMH, molecules are much (more
than 1500 cm?) smaller than those of free MRI. This is
ascribed to the vibrational coupling with the adjacent Na atoms,
which have a very large effect on the-NH frequency. The
kmu in the MP shows only a very slight increase, although there

remarkably underestimated (by 0.52 A) compared to the €Xists alarge crystal field stabilization effect on the-M bond.
experimental data. In the crystal field, the MP shows an overall This is because a decreasekif, is accompanied by the bond

expansion (by 0.27 A) on HNa. This phenomenon was also
found in mercurous halides Kg,*° and can be ascribed to the

expansion in the MP. Therefore, both the bond stabilization
and expansion effects combine to determine the changg-of

repulsion effect between the Na ion and the four nearest pointin the MP. The force constakiina and frequencies, andws
charges due to their close approach (see Figure 4). In fact, theare affected strongly by the crystal field; i.e., they are decreaset

local environment of molecule NisiH is quite similar to that
of HgxXz in crystal. Still, the calculated HNa bond length is

in the MP, corresponding to the-tHNa bond expansion in the
MP. All M —H force constants show a considerable relativistic

not in very good agreement with the measured one, with a increase, being consistent with the relativistic bond contraction.
deviation of 0.25 A. According to the atomic arrangement, there The relativistic effects on force constakina are substantial

(46) Noraus, D.; Tomkinson, JChem Phys Lett 1989 154, 439.

for N&oPdH; in the MP. The calculated coupling constakis
are seen to be small.
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Table 7. Gross Mulliken Populations on the Metal M and Atomic Char@esn the Metal M and Ligands H and Na in MH and NaMH,
(M = Pd, Pt}

M (n—1)d M ns M np Qm Qu Qna
PdH2" FI 9.27 (9.32) 1.79 (1.67) 0.53(0.52)  —1.59 (1.51) —0.21 (-0.24)
PtH?~ FI 9.24 (9.36) 1.57 (1.42) 0.00 (0.00) —0.67 (-0.64) —0.67 (-0.68)
NaPdH, FM 9.21 (9.24) 0.18 (0.17) 0.00 (0.00) 0.72 (0.67) —0.90 (-0.91) 0.54 (0.57)
MMP 9.44 (9.49) 0.79 (0.66) 0.02 (0.02) —0.26 (-0.17) —0.98 (-1.07) 1.11(1.16)
NaPtH, FM 9.13 (9.29) 0.43 (0.50) 0.00 (0.00) 0.55 (0.32) —0.92 (-0.70) 0.64 (0.54)
MMP 9.38 (9.48) 0.92 (0.89) 0.02 (0.03) —0.31 (-0.40) —0.98 (—0.96) 1.13(1.17)

aThe values in parentheses are the nonrelativistic results. Fl, free ion; FM, free molecule; MMP, molecule in Madelung pdientiive
values were obtained and so they are set as zero.

Table 8. Gross Mulliken Populations on the Metal M and Atomic Char@esn the Metal M and Ligand L in M2~ (M = Pd, Pt; L= H,
Cl;n=4, 6p

M (n—1)d Mns M np Qm QL
NiHs* Fl 8.89 (8.91) 1.06 (1.00) 0.97 (0.94) —0.91 (-0.85) —0.27 (-0.29)
IMP 8.90 (8.92) 0.88 (0.86) 1.50 (1.52) —1.28 (-1.30) —0.18 (-0.17)
PdH,2~ Fl 8.78 (8.85) 0.90 (0.71) 0.80 (0.79) —0.48 (-0.34) —0.38 (-0.41)
IMP 8.94 (9.00) 0.52 (0.39) 0.33(0.32) 0.21 (0.30) —0.55 (-0.56)
PtH2~ Fl 8.69 (8.84) 0.90 (0.87) 0.00 (0.00) 0.73 (0.69) —0.68 (-0.67)
IMP 8.75 (8.86) 0.43 (0.46) 0.45 (0.47) 0.37(0.21) —0.59 (-0.55)
NiCl2~ Fl 8.77 (8.80) 0.52 (0.50) 0.58 (0.59) 0.13(0.12) —0.53 (-0.53)
IMP 8.78 (8.81) 0.67 (0.64) 0.74 (0.75) —0.19 (-0.20) —0.45 (-0.45)
PdCl2~ Fli 8.77 (8.89) 0.32 (0.28) 0.29 (0.31) 0.62 (0.52) —0.66 (—0.63)
IMP 8.79 (8.84) 0.38 (0.35) 0.25 (0.28) 0.66 (0.54) —0.66 (-0.63)
PtCL?~ Fli 8.72 (8.88) 0.48 (0.33) 0.32(0.31) 0.48 (0.48) —0.62 (-0.62)
IMP 8.67 (8.82) 0.54 (0.43) 0.32(0.31) 0.47 (0.45) —0.62 (-0.61)
NiClg?~ Fli 8.53 (8.56) 0.37 (0.38) 1.01(1.02) 0.09 (0.03) —0.35 (-0.34)
IMP 8.55 (8.58) 0.44 (0.46) 1.68 (1.69) —0.67 0.72) —0.22 (-0.21)
PdCk?~ Fli 8.42 (8.56) 0.15 (0.18) 0.58 (0.61) 0.85 (0.65) —0.47 (-0.44)
IMP 8.53 (8.68) 0.29 (0.34) 1.00 (1.04) 0.17@.06) —0.36 (-0.32)
PtCl?~ FlI 8.35(8.51) 0.23 (0.19) 0.65 (0.60) 0.77 (0.69) —0.46 (-0.45)
IMP 8.33 (8.49) 0.35 (0.35) 1.34(1.29) —0.01 (-0.13) —0.33 (-0.31)

2 The values in parentheses are the nonrelativistic results. Fl, free ion; IMP, ion in Madelung pdtéNeigédtive values were obtained and so
they are set as zero.

3.2. MH> (M = Ni, Pd, Pt; x = 4, 6). We first discuss also larger. So, the order of the force constants in thekMR
the complexes witkk = 4. The calculated MH bond lengths < knin ~ ke is different from the ordeknin < Kpgn ~ Kpi in
of the free MH2~ complexes are generally 0.07 A longer than vacuum.
experimental ones. The results in the MP show clearly the The average MH bond energies obtained for the free
bonding contracting effect of the crystal field which stabilizes complexes are more than 2 eV, indicating that the complex ions
the ion group (see Table 4) and counteracts the-H- are quite stable with respect to the atoms and ions even ir
repulsion. The experimental vH bond lengths are now very  vacuum. The crystal field causes only minor changes in the
well reproduced by the calculation in the MP, the error being internal bond energy. The MP stabilizations are-2% eV
<0.02 A. The calculated and experimentaHrldistances are  and vary only slightly for the different complexes. The-H
shorter than those in the linear complex. This reflects the bonds are relativistically stabilized, owing to the loss of electron-
stronger bond in the square-pland&rabmplex with its lower (s) from the M @ — 1)d shell (see Table 8) upon complex
electron density. Table 3 also gives information on Paulitig’s formation. The losses of the ¢ 1)d electron(s) are 0.1, -1
covalent radii of the metals and ligands. AIHMH bond lengths 1.2, and 0.2-0.3 for Ni, Pd, and Pt, respectively. The value of
are very close to the sum of the covalent radii and so are Pd is nearly one electron more than that of Pt (because of th
indicative of covalent bonding within the complex. Therefore, different ground atomic configurations). Therefore the relativ-
two different types of bond coexist in the crystal structures: istic stabilization of the PdH bond is also found to be
the ionic bond between the complex \H and the alkali or significant. This happens also for the chlorides (see sectior
alkaline-earth element and the covalent bond between the3.3). Because of the small atomic number of Ni, the relativistic
transition metal and the hydrogen. The relativistic bond effects are also expected to be small. The bond strengths follov

contractions of M-H are 0.01, 0.02, and-0.05 A for Ni—H, the stability sequendin < Epan < Epy for the free complexes
Pd-H, and Pt-H, respectively. The relativistic and nonrela- @NdEnin & Epan < Epwi in the MP. The relativistic effects are
tivistic bond lengths follow a same monotonic ordRgy < responsible for the orders. These trends are in agreement wit

Reqy < Reg. This means that the anomalous trend in bond the experimental fact that P§t is the most common within

lengths obtained for group 11 compoufif€is not observed  the group 10 AMH4 compounds.

for these group 10 compounds. In contrast to the situation of We now compare the calculated properties of gHwith

NaMH, the crystal field stabilization of the M- complexes ~ those of MH?~. The M—H bond lengths in Mi#~ are very

is now paralleled by a significant increase of tg’s. Due similar to those in MH~, in agreement with the neutron

to the slightly larger MP in the MgNiH4, the increase ok is diffraction measurements onoRtH,'® and KPtHs* The
relativistic bond contractions in Mg~ and MH;2~ are also very

(47) Pauling, LZ. Kristallogr. 1928 80, 377. similar. Th(_a force constant in MA is about 0.1-0.2 _mdyn/A

(48) Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A; larger thanin MH?~. This also leads to a 0:0.3 eV increase

Boyd, P. D.J. Chem Phys 1989 91, 1762. in the (internal) bond energy. However, the lattice energy
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Table 9. Calculated ionization potentials (eV) of Ni, Pd, and Pt smaller than in Ni (note that the calculated IPs agree reasonabl
LIP 21 3P 4P with available experimental ddth although the frozen core
Ni Calc 7.93(7.67) 19.35(19.51) 35.37 (35.70) 54.44 (54.95) gF;fPYOX'maF'O“ h;‘.f befe”h aﬁ’f.’"ﬁd)' Torl"s. simply reflects tr:‘e
exg  7.635 18.168 3517 54.9 ifference in stability of the higher oxidation state among the
Pd calc 853(8.67) 19.84(20.16) 33.07(33.54) 47.49 (48.09) group 10 elements. However, as pointed Bubxidation
exg 8.34 19.43 32.93 numbers in chemical compounds do not correspond to measul

Pt calc 8.73(7.24) 19.15(19.66) 31.03(31.76) 44.18(45.03) able quantities. It is apparent that Pd and Pt show much les:
exg 9.0 18.563 tendency to attain the higher oxidation state IV in hydrides than

2The values in parentheses are the nonrelativistic re$ifigctronic in halides. The strong dependence of the higher oxidation stat
configurations used in calculating the IPs aré, NicP4st, PP, 4d' on the nature of ligand needs to be explained.
PP, 5¢6s!; Ni*, 3P, Pd', 4cP; Pt", 5¢; Ni", 3%, Pd", 4, PEY, According to Table 4, for a given metal M and ligand L, the

Scf; Ni%%, 3} PP, 4d; PET, 5d. © Reference 44. average bond energi€gy, of free MLg2~ and ML2 are

substantially the same, and in the MP the ofggr(ML¢?") <

EmL(ML427) always holds. The trends in the bond strengths

are similar with the different M and different L. Therefore,

the relative size of the bond energies cannot account for the

for the relative instability of M2~ to MH42~ in the solid state relative stability, although there is a corr'ellat|on between.the

(see section 3.4) bond strength and the compound stability. The following
3.3. MCL> (M = Ni, Pd, Pt; y = 4, 6). For the free reaction allzo_ws the relative thermodynamic stability of L

versus ML#?~ to be evaluated.

contribution to the M-H bond,E,«/m, is considerably different
in MHg2~ than in MH2™. Eja/m in MHgZ is 1.1-1.2 eV
smaller than that in Mi#~. The differenceA' =V E in the
lattice energies between MM and MH?™ is just the cause

complexes, the calculated MCI bond lengths exceed the
experimental ones by 0.68.07 A. Also in the MP, the ” .
calculated PetCl and PtCl distances are very close to the MLs" — ML, +L5(9) 9)
values obtained from the X-ray determinations. The calculated
difference Reici — Reqc, 0f 0.03 A agrees with the experimental  The elimination reaction forms one-iL bond at the expense
observation (0.02 A). According to the X-ray measurements, of two M—L bonds.
the M—CI bond lengths for M= Pd, Pt do not vary from k& The reaction energies are given in Table 6. For the free
MClI, to KoMCle. The calculation shows also that the-@I complex, the disproportionation reaction 9 is rather endothermic
bond lengths in MGF~ and MCK*~ are almost identical.  with both L= H and Cl, indicating that Mi?~ is stable relative
Comparable experimental NCI bond lengths for square to MLs2". The disproportionation of the M§™ ion is seen to
NiCl,?>~ and octahedral NiGt~ are not available. Tetrahedral be much more favorable than that of ME! although the
NiCls?~ moieties in crystal compountfhave a Ni-Cl distance average M-L bond strength in MI#~ is similar to that in
of ~2.26 A. This value is 0.14 A larger than the calculated MCI,2~. This is because the differential stability of the
one in square complex. A calculation on free tetrahedral elimination product k(g) strongly affect the reaction energy,
NiC|42_ (Unpublished I’esults) shows a-N\CI distance of 2.30 the elimination of more Weakly bound ngXp =252 e\ﬁl,
A which is ~0.1 A larger than that in free square Ni&l. In DS = 3.14 eV) being much less favorable than that of H
contrast to Nik2~ [R(x = 6)—R(x = 4) = —0.03 A], the Ni~ (Deexp — 475 eV, DP° = 4.83 eV)
Cl bond length in NiG#2~ is now 0.03-0.04 A longer than in = : S i y
NiCls2~. It seems that the activation of the nonbonding d
orbital in ML,2~ by addition of two more L ligands does not
change the PdL and Pt-L bond lengths, but this is not true
for the Ni complex. The relativistic bond contractions are also
small in these complexes and comparable to those in the
hydrides. The force constants of M€l and MCk2~ are not
substantially different.

The average ML bond strength in MG~ is comparable
to that in MH.2~ for M = Pd, Pt. The difference is relatively
larger for M= Ni. The lattice energy on ML is 0.3—-0.5 eV
smaller in MC}2~ than in MH2~. The chlorides MCF~ follow
the bond strength sequenEgqyc) < Enici & Epic. The main
difference between M@~ and MCl?~ is also the lattice energy
contribution to the M-Cl bond; i.e., the lattice energy on-M.

The results obtained in the MP clearly show the crystal field
destabilization effect on the higher oxidation state in M.
Equilibrium 9 is strongly shifted to the right by the crystal field
effect. It is exothermic by 0.350.73 eV with L= H; i.e., the
MHe?>~ complexes are less stable than the MfHones.
However, PtH?~ is the least unstable complex and the dispro-
portionation energy~+34 kJ/mol) is seen not to be so pro-
nounced. This may be the reason why it has been possible t
obtain the APtHs compounds under special conditions (i.e., very
high pressures of hydrogen). On the other hand, the evidenc
for the instability of PtH2~ relative to PtH2~ is the fact that
K2PtHs can be converted into #RtH, + H» at a temperature
above 500 K& In contrast, a preparation obRdH; compounds
would become much more difficult according to the calculated
o ) ) ) reaction energy for M= Pd. Itis now understood that hydrides
is significantly larger in MC£™ than in MCE2™. By summing 5.0 ot beegr?/ accessible that contain palladium in ){he sam

: ; —Iv =Cli
up th? Iatt|cehenerr?|e? OLW£O|EI bondﬁ‘, | Bt Lor L =Cl IS oxidation state 1V as those containing platinum. The calculatec
even argert an that for . evertheless, the next section order of Stablllty, Pd|d27 < NiH627 < PtH627 SUggeStS that

will show the fact that the MGF~ complex is stable relative to
MCI?~ with M = Pd and Pt.

3.4. Relative Stability of MLg2~ versus ML42~. The Pd
and Pt elements form compounds in which they can be di- and
tetravalent, respectively. In contrast, the oxidation state of Ni
is mainly restricted to Il. This fact may be roughly explained
by the ionization potentials (IP) M— M2™ and M+ — M4*,
Table 9 shows that the fourth IPs in Pd and Pt are significantly (50) Schwerdtfeger, P.; Boyd, P. D. W.: Brienne, S.; Burrell, Alirg.

Chem 1992 31, 3411.

(49) (a) Pauling, Plnorg. Chem 1966 5, 1498. (b) Weisner, J. R,; (51) Huber, K. P.; Herzberg, ®lolecular Spectra and Molecular Structure,
Srivastava, R. C.; Kennard, C. H. L.; Di Vaira, M.; Lingafelter, E. C. Vol. IV, Constants of Diatomic Molecule¥an Nostrand Reinhold:
Acta Crystallogr 1967, 23, 565. New York, 1979.

the preference for higher oxidation state in hydrides should be
least pronounced for Pd among group 10 elements. The orde
of the AU values is in agreement with the overall increase in
the average MH bond energies.

With L = ClI, the elimination reaction for M= Ni is rather
exothermic. So NiGF~ in the crystal field is unstable and will
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decomposes into Nigl~ + Clx(g). TheAU value for M= Pd

is slightly negative. The relatively small value AfJ indicates
that palladium(lV) and palladium(ll) chlorides have a compa-
rable stability. From M= Pd to M= Pt, the reaction energy

Liao and Zhang

The Mulliken populations of the Mi2~ complexes are given
in Table 8. the M § — 1)d population is about 8:39.0 and
hardly influenced by the crystal field. There is a smaller d
population in the Pt(IV) compounds than in the Pd(IV) ones,

even changes from exothermic to endothermic. All these resultswhich reflects the fact that the highelPs ( > 1) are smaller
are in accordance with the experimental evidence that bothfor Pt than for Pd. The Mnp orbitals now participate

PdCk2~ and PtC§2~ exist but NiCk*~ does not. In contrast to
the hydrides, the chlorides exhibit a monotonic order of stability
NiClg2~ < PdCE2~ < PtCk?~. This order is also inconsistent

considerably in the occupied MOs (the exceptions are free
PtH2~ and PdH?~ in the MP). For the hydrides, the Ms
population is greatly decreased by the crystal field, but this is

with the order in the average bond energies along this series.opposite for the chlorides. The positive atomic char@ason

Without considering the bond energies of the elimination
products L, all ML~ complexes are still much more stable
than the corresponding ME~ ones. Therefore, the stability of
L, is decisive for the relative stability of M(IV) versus M(l).
In this case, it is the rather high stability of Hhat is responsible
for the relative instability of M(IV) in the hydrides.

The relativistic bond strengthening in M- for a whole
complex is more pronounced than that in ML Therefore,
the stability balance of M(IV) versus M(Il) is shifted in favor
of M(IV) by the relativistic effects. The relativistic stabilization
can be attributed to the notably smaller M- 1)d population
in the M(1V) complex than in M(ll) one (see Table 8A™AU

values for the hydrides are large. They are 0.1, 0.4, and 0.8

eV for M = Ni, Pd, and Pt, respectively, independent of the
complex state (free ion or in MP). The relativistic increase of
A'® (0.8-0.4 = 0.4 eV) from Pt to Pd is comparable to the
total energy difference in the MP (0.41 eV). Therefore, most
of the difference in stabilities of Pd& and PtH2~ can be
attributed to the relativistic effects. For the chloridA&'AU

is larger for the “soft” ion (0.1, 0.3, and 0.7 for M Ni, Pd,
and Pt, respectively) than for the restraining crystal field (0.1,
0.2, and 0.4 for M= Ni, Pd, and Pt, respectively), and the total

the metals are all less thar-1 In some caseQy values are
even negative. Therefore the complexes are mainly describe
by a strong covalent ML bonding, as indicated by the rather
short calculated bond lengths. For the MHand MCk2~
systems, the crystal field raises the atomic charges on M an
so enhances the covalency between M and L. The atomic
chargeQc in NiCl?~ is larger tharQy in NiH4*~, corresponding

to the order of ligand electronegativity. Because of the fact
that Cl is a betterr donor than H, the opposite case also occurs
usually. The atomic charges decrease along the dpdgr<

Qr: < Qui- The relativistic effects generally decrease the atomic
charge on the M, but in most cases, the relativistic effects on
the charge distributions are small.

4. Summary

A theoretical study of the complexes MH and MCI?~ in
the crystalline AMH, and AMCI, compounds (A= alkali,
alkaline earth; M= Ni, Pd, Pt;x = 2, 4, 6;y = 4, 6) has been
carried out using relativistic density-functional method. The
effects from the surrounding crystal are simulated by a cutoff-
type Madelung potential of point charges at the lattice sites.
Bond lengths, bond energies, and force constants or vibratione
frequencies are determined. The relative stability ofehL

energy difference between Pd and Pt in the MP (0.65 eV) is versus ML2" in both vacuum and the crystal field is assessed
remarkably larger than the relativistic increase (0.2 eV). So py the elimination reaction of eq 9. A summary is given as

the relativistic effects are not a dominant factor in the stability
difference between the palladium(lV) and platinum(IV) chlo-

follows:
(1) The use of a cutoff-type Madelung potential for the

rides. The strong dependence of relativistic effects on the choicecrystalline environments is adequate and leads to bond length

of ligand was also found in the Au(l) and Au(lll) complex&s.
The nonrelativistiAU value for M= Pd and L= Cl is —0.41

eV, showing a significant instability of Pdgr. So the
existence of PdG¥ may be the relativistic effects. Although
relativistic effects contributes substantially to the stability of
PtCk?~, they may not be the main reason for the high valency
of Pt because the nonrelativistisU value for M = Pt has
already been positive.

3.5. Mulliken Population Analysis. Table 7 shows the
gross Mulliken populations and atomic charges #t+and Na-
MH; (M = Pd, Pt). In order to examine relativistic effects on
these properties, the quasi-relativistic appréabhas been used
to produce the relativistic results (in which spiarbit coupling
is excluded). Tk M d populations are all more than 9. Except
for PdH2~, the M np orbitals participate very weakly in the
occupied MOs. In free M, there is a large electron transfer
from H™ to M, especially for Pdef~. The presence of Na

in very good agreement with those from the neutron and X-ray
diffraction measurements.

(2) The free MH?~ and MH?~ complexes are calculated to
be quite stable with respect to the fragments, and their energ
potential surfaces have (local) minima. This is contrary to the
argument that the isolated MK~ groups are only expected to
be stabilized in a matrix of cations.

(3) The linear NgPdH, moiety in the solid differs signifi-
cantly from the free Ng°dH, molecule and even so from the
free PdH2~. The PdH?~ unit is strongly influenced by the
nearest two Na ligands and the crystal field. The long-range
electrostatic potential and the short-range repulsion betweén Na
and its trans neighboring Naions are responsible for the
especially long H-Na bond length in the N®dH, compound.
The crystal field contracts the ¥ bond length in the Mk~
(n = 4, 6) complex by 0.050.09 A and strongly increases the
corresponding force constant (1 mdyn/A). The M-L bond

ligands strongly reduces the atomic charge of M and increaseslengths are nearly equal in the M(ll) and M(IV) complexes.
the atomic charge of H (we specify that the atomic charge is The relativistic bond contractions of %L are small and do
larger when it is more negative). On the other hand, the ionicity NOt cause anomalies within the group 10 series of compounds
of the H-Na bond is reinforced by the crystal field. The Thisisin contrast to group 11-containing compoufit. The

calculated atomic charges on H and Na are nearlyahd 1,

explanation for the rather smaA™®Ry,_ for the Pd and Pt

respectively, which justify the charges that have been used tocompounds relative to those in many Ag(l) and Au(l) species

calculate the MP.
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(53) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; Ravenek,

W. J. Phys Chem 1989 93, 3050.

may lie in a very large Mr{ — 1)d participation in the M-L
bond for M= Pd, Pt. This participation would quench the bond
contraction caused by the relativistis contraction.

(4) The crystal field effect strongly shifts the equilibrium 9
to the right and contributes strongly to the destabilization of
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higher valency in the metal elements. However, the stability has lower oxidation state of I, in agreement with experimental
or instability of MLg?>~ depends also on the bond strength of observation. The stability order Pd€1 < PtCk?>~ agrees also
the elimination product & Therefore, the greater instability  with the known fact that Pd(IV) compounds are generally less
of M(IV) relative to M(ll) in the hydrides can be attributed to  stable than those of Pt(I\?}.
a combination of solid-state effect and the high stability of the  (6) The relativistic contribution favors formation of Mt
gas product i However, the calculated reaction energy of eq and increases from M- Ni to Pt and from Clto H. The stability
9 for M = Pt may not be thought in contradiction with the difference between palladium(lV) and platinum(lV) hydrides
experimental facts. could be attributed to the relativistic effects.

(5) There is monotonic upward trend in the reaction energies  (7) The study of the MiF~ complexes in the BMHx (M =
of eq 9 for the chlorides, indicating an increase in stability of Pd, Pt;x = 4 or 6) systems gives valuable insight into
the higher oxidation state from Ni to Pt. This is in contrast to understanding the bonding properties of the complexes in the
the behavior of the group 13, 14, or 15 elements which show a isostructural AMHy systems (A= Na, Rb, Cs).
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