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Energetics of transition-metal ions in low-coordination environments

S. Zapata and A. E. Carlsson
Department of Physics, Washington University, St. Louis, Missouri 63130-4899

~Received 7 August 2002; published 17 December 2002!

The energetics of the interaction of transition-metal ions with low-coordination, non-close-packed neighbor
shells are studied byab initio total-energy calculations using plane-wave and other basis sets. Total energies are
calculated for small clusters containing 3d transition-metal ions in simple, low-coordination environments. The
clusters are obtained by placing four molecules of NH3 , H2O, or H2S at the vertices of a square or tetrahedron,
with the N, O, or S facing the ion. The energy differences between square and tetrahedral structures are found
to be '1 eV in several cases. Such a large magnitude is expected for opend-shell systems because of
ligand-field-splitting effects, but similar energy differences are also found in closed-shell systems. We use the
results to show that the main factors determining the structural energetics of the ions, in addition to direct
ligand-ligand interactions, are the ligand-field splitting of the transition-metald shell, and a contribution from
the interaction of the ligand orbitals with the transition metal charge andsp orbitals. The results are used to
parametrize a classical force field for Cu21 and evaluate its accuracy.

DOI: 10.1103/PhysRevB.66.224109 PACS number~s!: 71.15.Nc, 34.20.Cf, 87.15.Aa
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I. INTRODUCTION

Transition-metal ions are often found in bonding enviro
ments in which their coordination number is less than th
of close-packed structures. A common type of lo
coordination environment is one in which the ion has fo
neighbors, arranged in a square or tetrahedral configura
or a distorted version of one of these. Transition-metal io
in such low-coordination environments are found in seve
types of materials and molecules. Our main interest is
proteins, which often have low-coordination transition-me
binding sites. For example, the enzyme superoxide dismu
contains both a Cu12 and a Zn12 ion.1 The Cu21 ion is
coordinated by four nitrogen atoms from histidine residu
in a distorted square geometry. A more distant water a
interacts with the the Cu21 ion, but much less strongly. Th
Zn21 ion is coordinated by three nitrogen atoms from his
dine residues and one oxygen atom from an aspartic
group, in a distorted tetrahedral structure. Low-coordinat
transition-metal environments often occur in inorganic ma
rials as well. In high-Tc superconductors, for example,
typical Cu21 ion is coordinated2 by four near oxygen neigh
bors in a nearly square arrangement at a distance of 1.
and has a pair of farther oxygen neighbors at 2.4 Å; sim
local packing is seen in other copper oxide materials. T
main types of transition metal neighbors that are found
low-coordination environments are N, O, and S.

When the transition metal ion is part of a large molec
or a complex material, either crystalline or amorphous, m
eling with ab initio methods has a limited range of applic
bility because of both length scale and time scale proble
Thus is is desirable to perform simulations of such syste
with classical force fields, which are faster thanab initio
methods by several orders of magnitude. However, the l
coordination environments are particularly difficult to mod
with classical force fields because the importance of e
tronic effects relative to steric and electrostatic ligand-liga
interactions is greater than in close-packed environme
Most classical force fields treat electronic effects inac
0163-1829/2002/66~22!/224109~8!/$20.00 66 2241
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rately. Recently, results have been presented for the fu
tional form of classical force fields for transition-metal ion
which include some electronic effects.3–5 However, the rela-
tive importance of the factors considered in these works,
other potentially important effects, have not been firmly e
tablished either from experimental data orab initio calcula-
tions.

The aim of this work is to establish the nature and ma
nitude of the key energetic factors determining the structu
energies of transition metals in low-coordination enviro
ments. For ions with filledd shells~or filled magnetic sub-
shells!, the main energetic factors have generally been ta
to be electrostatic and steric ligand-ligand interaction6

These favor tetrahedral coordination, consistent with
served coordination geometries. For ions with partly oc
piedd shells, the best studied factor in determining structu
energetics is the ligand-field stabilization energy~LFSE!. In
the presence of ligands, the degeneracy of thed orbitals is
lost and an energy splitting~the ‘‘ligand-field splitting’’! re-
sults. The splitting depends on both the arrangement and
of the ligands. The LFSE contribution to the structural e
ergy causes, for example, Cu21 complexes to generally form
in square or tetragonal coordination. It does not contribute
the total energy for metal ions that have completely occup
magnetic subshells, such as Zn21 and Mn21. In these cases
the splitting does not affect the total energy because whe
subband is full, its contribution to the total energy is det
mined only by the average energy of the subshell, not
width. However, additional terms can be important for t
energetics. For example, there are quantum-mechanical
tronic effects not involving thed shell. In II-VI semiconduc-
tors such as ZnS, the bonding is partly ionic and par
covalent,7 and the covalent part favors formation of a tetr
hedral structure. Such covalency effects should also be
portant in the energetics of transition metals in other lo
coordination structures. In addition, the charge on
transition-metal ion can polarize the ligands. This wou
generally enhance the charges and dipoles on the neigh
ing atoms and thus favor tetrahedral coordination. The re
©2002 The American Physical Society09-1
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tive importance of these contributions to the energy and
other two mentioned above has not yet been established

In order to achieve a better understanding of the mag
tudes of the various energy terms, we perform structu
energy calculations for transition metal ions interacting w
square and tetrahedral neighbor configurations. The calc
tions use theVASP ~Viennaab initio simulation package!8–10

method, and other methods to check the results. We focu
the 3d transition metals because their narrowd bands render
the perturbative approaches necessary for developing
classical force fields4,5 more applicable. Of the 3d transition
metals, we treat the range Mn through Zn, since of thed
transition metals they are the most prone to form lo
coordination structures. The neighbors of the transition m
als in our calculations include N, O, and S, since these
the most common neighbors in the low-coordination en
ronments. We passivate the neighbors by attaching appro
ate numbers of hydrogen atoms. By comparing the ener
of the square and tetrahedral coordination geometries f
large range of transition metals, we are able to determine
most important physical factors determining the structu
energetics. We also obtain the spatial decay rate of the v
ous energy contributions by varying the radius of the clus

The organization of the remainder of the paper is as
lows. Section II describes the clusters used and the calc
tional methods. Section III presents theab initio results. Sec-
tion IV describes our method for decomposing the ene
differences into simple physical factors, and presents res
for a classical force field for Cu21. Section V summarizes
our main conclusions.

II. MODEL CLUSTERS AND CALCULATIONAL
APPROACH

In order to study the energetics of transition metal ions
low-coordination environments, we have chosen the simp
transition metal-centered square and tetrahedral clusters
have four neighbors at the same distance from the cen
ion. Most observed bonding configurations are in some w
intermediate between square and tetrahedral geometrie
our calculations treat mainly these two geometries. The
rahedral clusters are obtained by a distortion of the squ
clusters in which one pair of trans neighbors is moved up
the other moved down. We use as neighbors N, O, and
with the aim of reproducing the most basic aspects of
transition metal environments described above. In the cas
nitrogen, four ammonia molecules (NH3) are placed as
neighbors, so that the nitrogens are effectively terminated
hydrogens. In order to minimize contact between the amm
nia molecules in the tetrahedral structure, their orientation
the square structure is chosen so that upwards-pointing
angles alternate with downwards-pointing ones. The orie
tions of the molecules are preserved as they are rotate
form the tetrahedral structure. We have experimented w
other orientations, and find that the energy changes by on
few hundredths of an eV. The resulting tetrahedral a
square clusters are shown in Fig. 1. In the clusters wh
transition metals interact with oxygen, four molecules of w
ter were used in the clusters. The waters were placed
22410
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planar orientation for the square geometry, because in m
observed cluster structures of this type in the Cambrid
Structural Database11 the waters are within about 20° of be
ing planar. The same type of structures are used for S ne
bors, with H2S replacing water. We note that some calcu
tions similar in spirit to these have been performed
transition metals surrounded by water molecules and sev
types of amino acids.12 These calculations were aimed
understanding site specificity in metal binding to protein
and thus treat considerably more complex environments t
those treated here. Our purpose is to extract the basic ph
cal mechanisms rather than to understand specific case
detail.

In low-coordination environments, although the near
neighbors to the transition metal are usually those~N, O, S!
considered here, the ligand molecules are often differ
from those that we treat. The results obtained here thus
not be expected to have quantitative accuracy in gene
However, examination of the spectrochemical series
ligands,13 a tabulation of the strengths of ligand-field inte
actions, reveals that the most important factor in determin
the strength of the ligand-transition metal interaction is
nearest neighbor to the transition metal. In fact, to a go
approximation, all of the nitrogen ligands are stronger th
all of the oxygen ligands, which in turn are stronger than
of the sulfur ligands. The basic physical mechanisms a
rough energy magnitudes that we derive here for our cho
simple ligands should therefore hold for other ligands hav
the same neighbor to the transition metal. In classical fo
field calculations, we feel that using parameters derived fr
the present results would be more accurate than most ca
lations based on existing force fields, in which electron
effects are often ignored entirely.

Most of the calculations were performed within th
framework of density functional theory~DFT!. The DFT cal-
culations used a plane-wave basis set as implemented in
VASP method,8–10 as well as a local-orbital basis set for com
parison. We employ theVASP code for most of the calcula
tions because it eliminates ambiguities resulting from

FIG. 1. Clusters used with N-surrounded~top! and
O-surrounded~bottom! transition metals.
9-2
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choice of basis set. It performs an iterative solution of
Kohn-Sham equations of density functional theory, by us
residual minimization techniques. The electron-ion inter
tion is described using an ultrasoft pseudopotential and
generalized gradient approximation14,15 is used for the
exchange-correlation functional. In order to check the r
ability of this calculations, have made some comparis
with non-DFT methods, as well as other basis sets wit
DFT methods. These comparisons used theGAUSSIAN 98

package.16 The non-DFT calculations were performed wi
the Hartree-Fock and Mo” ller-Plesset~MP2, MP4! methods, us-
ing the LANL2DZ basis set.17,18 The GAUSSIAN 98 density-
functional calculations also utilized theLANL2DZ basis set,
together with the ‘‘PW91’’ gradient-corrected exchange an
correlation functional.19

III. TOTAL-ENERGY RESULTS

Before stating ourab initio results, we briefly summarize
our expectations for the energy differences on the basi
simpler considerations. The general assumption in the lit
ture has been that the structural energetics are dominate
the ligand-field stabilization energyELFSE and direct ligand-
ligand interactions.ELFSE is defined as the sum of the on
electron energies of thed orbitals relative to the averag
energies of their subbands. The magnitude20 of ELFSE for
Cu21 in water is about 1 eV. The ligand-field stabilizatio
energy of the square structure is much greater than that in
tetrahedral structure,13 so we can expect the ligand-field co
tribution to the square-tetrahedral energy difference

DE5Esquare2Etetrahedral ~1!

for Cu21 surrounded by O to be roughly 1 eV as well. B
cause N has stronger ligand-field effects than O, we exp
the ligand-field contribution toDE for Cu21 surrounded by
N to be greater than 1 eV; that for S ligands should be l
than 1 eV because S has weaker ligand-field splitting effe
than O. A straightforward calculation gives the following e
timate of the contribution of ligand-ligand electrostatic inte
actions toDE:

DEelec5
Z2e2

d
@2A21123A6/2#51.1Z2 eV, ~2!

whereZe is the magnitude of the charge on the neighb
andd is their distance from the central ion, which we ha
taken to be 2 Å in thesecond equality. For a doubly charge
central ion, taking an actual charge transfer from the io
formal charge would giveZ50.5. This would giveDEelec
50.3 eV, much smaller than the ligand-field contribution

Figure 2~a! shows our results forDE for 3d transition
metal ions and other types of centers in the NH3-surrounded
geometry shown above. The center-to-ligand distance is
Å, which is typical for transition metal-N complexes. Th
spin states are chosen to be those which minimize the en
in the lowest-energy structure~either square or tetrahedral!;
the same spin state is used for the higher-energy structu
well. This procedure simplifies the analysis of the energe
for structures relatively near the lowest-energy structure.
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spin states are given in Table I. The structural preferen
seen in Fig. 2~a! for the ions Mn21-Zn21 are consistent with
the observed structures of a large number of complexe
these ions. These have been summarized in re
analyses6,21 of the Cambridge Structural Database.11 Both
studies found that for fourfold-coordinated Ni21 and Cu21,
square coordination dominates, well-defined tetrahedral
ordination is almost never observed, and that the nonsq
structures are distorted intermediates. This is consistent
the calculated negative values ofDE for these ions. For
Mn21, Fe21, and Zn21 both square and tetrahedral coord

FIG. 2. DE for N-coordinated ~a!, O-coordinated~b!, and
S-coordinated~c! transition metal ions.

TABLE I. Metal Ions and Spin States Used

Ion Be21 Cr21 Mn31 Mn21 Fe21 Co21 Ni21 Cu21 Zn21

Spin 0 2 2 5/2 2 3/2 0 1/2 0
9-3
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nation are observed. However, a restriction of the analysi
monodentate ligands21 showed that the formation of squa
structures around these ions is due to chelation, i.e., a
formed ligand shell, and does not reflect the inherent str
tural preferences of the ions. Thus the observed geome
are consistent with our calculated positive values ofDE for
these three metals. For Co21, both square and tetrahedr
coordination were observed,6 but no distinction was made
between monodentate ligands and others. However, the
erence of Co21 with monodentate ligands is known to be f
tetrahedral coordination.20

From the theoretical point of view, the cases of Zn21 and
Mn21 should be the simplest because in both cases
ligand-field energy vanishes, as discussed above. This w
lead us to expect values ofDE in line with the electrostatic
estimate above for ligand-ligand interactions. However,
see from Fig. 2~a! that the tetrahedral structure is favore
over the square one by 1.18 eV for Zn21 and 1.10 eV for
Mn21. Thus, although thed shell or subshell is filled, the
magnitude ofDE substantially exceeds that expected for
rect electrostatic ligand-ligand interactions. Accordingly w
have considered the case of Be21 to see if thed shell is
important forDE in these cases despitea priori expectations
to the contrary. The energy difference that we find for Be21,
1.10 eV, is very close to those for Zn21 and Mn21. Thus the
d shell does not seem to be an important factor in produc
the large energy differences. To shed further light on t
issue we have performed calculations for the NH3 cluster
with an empty center~no ion!. In this case, the energy dif
ference is 0.38 eV, much smaller than for the metal cente
case, and consistent with the electrostatic estimate ab
This suggests that the large energy values found favoring
tetrahedral structure are due to an interaction between
ligands that is induced by the transition-metal ion but do
not involve thed orbitals. Two possibilities for such interac
tions come to mind. The first is hybridization interactio
between formally occupiedsp orbitals on the ligands and th
formally emptys-p states of the metal ion. Such interactio
would lead to a partial covalency in the interactions betwe
the ion and the ligands, above and beyond that causing
ligand-field splittings of thed shell. The second type of in
duced interaction would result from polarization of th
ligands by the ion’s charge. A classical description of the
types of interactions will be described below. We note t
the similarity of theDE values of Mn21 and Zn21 suggests
that the non-d-band effects are fairly constant across this p
of the 3d series.

We now turn to the ions with partly filledd shells. For
Cu21 and Ni21, the energies favoring the square structu
are 0.46 and 1.03 eV, respectively. The larger energy dif
ence for Ni21 results from the presence of two holes in thed
shell; one of the holes is in each magnetic subshell in
low-spin configuration obtained here. The energy differen
are not precisely measurable, but some comparison with
periment can be made on the basis of ligand-field par
eters, as discussed below. The values ofDE for Fe21 and
Co21 are similar to those for Mn21 and Zn21. This is ex-
pected, since ligand-field theory predicts that the lowest
levels in the partly filledd complex have nearly the sam
22410
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energies in the square and tetrahedral structures.13 The cal-
culations for Cr21 and Mn31 are not directly comparable to
observed structures, but are included here with the purp
of evaluating the general picture of the energetics that
develop. The large energy favoring the square structure
these two ions suggests that similar ligand-field effects op
ate as in Cu21, and that the effects are enhanced by t
greater spatial extent of thed orbitals relative to the later
transition metals.

As a check on the accuracy of our treatent of excha
and correlation, we have performed calculations with ot
treatments based on Hartree-Fock theory and its extens
using theLANL2DZ basis set.17,18These were performed usin
the GAUSSIAN 98 package,16 for the Cu21 ion surrounded by
NH3. For the unrestricted Hartree-Fock, and second-
fourth-order Mo” ller-Plesset perturbation theories~MP2 and
MP4!, the values ofDE are 20.02, 20.27, and20.35 eV,
respectively, in comparison with theVASP value of
20.46 eV. It is not possible to say what the limiting value
the Hartree-Fock based methods is, but the calculated n
bers are consistent with a value between20.35 and
20.46 eV. We have also performed calculations with t
PW91approximation19 for exchange and correlation using th
LANL2DZ basis set, and we obtain aDE value of
20.61 eV. In order to check the convergence of the cal
lations with respect to lattice constant, we have perform
calculations at a smaller lattice constant of 10 Å. We find t
the DE values change by 0.120.2 eV. Considering all of
these results, an uncertainty of 0.1–0.2 eV seems to b
reasonable estimate.

Figure 2~b! shows similar results for clusters with oxyge
neighboring the transition-metal ions, with a center-to-liga
distance of 1.95 Å. We see that for Ni21 and Cu21 the square
structure is favored, again consistent with observed str
tures. A plausible explanation of the calculated energy diff
ences for Ni21 and Cu21 is that the LFSE favors the squar
structure for these ions, and is almost canceled by the c
tributions favoring the tetrahedral structure. This would im
ply a LFSE energy scale of about half that corresponding
N-coordinated ions, which is consistent with the observ
greater strength of N in generating ligand-field splittings13

For the metals without ligand-field splitting effects, the ma
nitude of the energy favoring the tetrahedral structure
about 75% of that in the clusters with N neighbors, and s
eral times greater than the value for the empty clusters.

Figure 2~c! shows similar results for clusters with sulfu
neighbors to the transition-metal ions, at a center-to-liga
distance of 2.10 Å. Here the tetrahedral structure is found
be preferred in all cases. Although we are not aware of p
lished structures of complexes in which Cu21 or Ni21 are
surrounded by four monodentate sulfur ligands, the res
for Cu21 are consistent with the observations in the spec
chemical series13 that S ligands have weaker ligand-field in
teractions with transition-metal ions than N or O ligands.
the extent that ligand-field effects are present in our res
for S neighbors, they do not follow the typical pattern
being largest for Ni21 and Cu21, but rather maximize at
Co21. We believe that this effect is partly due to a reducti
of electron transfer from the transition-metal ions to the
9-4
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ENERGETICS OF TRANSITION-METAL IONS IN LOW- . . . PHYSICAL REVIEW B 66, 224109 ~2002!
this causes a filling of thed shell and thus shifts the max
mum of the ligand-field energy difference to lower atom
numbers. In addition, it is believed thatp interactions are
more important for S ligands.22 These can reverse the sign
the ligand-field effects.5 Because the case of S neighbo
does not seem to be described well by simple impleme
tion of ligand-field theory, we do not pursue these resu
further.

Although application of the above results to specific m
lecular geometries will likely occur via the parametrizati
of classical force fields, as described below, we note that
large scales of the energy differences that are obtained
have important implications regarding the extent of structu
site selectivity for different ions. Consider, for example, t
attachment of a Cu21 and a Zn21 ion to preorganized squar
and tetrahedral sites withN neighbors. We define configura
tion A as that in which the Cu21 is in the square site and th
Zn21 is in the tetrahedral site, and configurationB as that in
which the occupancies are reversed. One readily shows
the energy difference favoringA is E(A)2E(B)5DE(Cu)
2DE(Zn)521.63 eV. This means that at room tempe
ture, the likelihood of configurationB being observed is
10227. Thus the extent of selectivity is very high. This
consistent with numerous examples23 of metal-binding sites
in proteins which bind Cu21 despite the much larger ambie
concentration of Zn21. Such effects are difficult to mode
with existing force fields.

IV. INTERPRETATION OF ab initio RESULTS

A. Partitioning of DE into physical factors

The results in the preceding section have suggested t
important factors entering the structural energetics of lo
coordinated transition-metal ions: ligand-field stabilizati
energiesELFSE, direct electrostatic and steric interactions b
tween ligands, and induced interactionsEIND between the
ligands. In order to evaluate the relative importance of th
contributions, we need a way of partitioning the calcula
energy differences between them. We identify the dir
ligand-ligand interactions with the empty-center resu
given in Fig. 2. We evaluate the ligand-field contribution
the energy differencesDELFSE by assuming that the remain
ing components of the energy vary linearly with transitio
metal atomic number, and thatDELFSE vanishes for Zn21

and Mn21. The linearity is a reasonable assumption, sin
the non-d-band contributions to the energy should be det
mined by the energies and radii of thesp states, which vary
fairly linearly with atomic number, and the charge on the io
which should vary little among the transition metal ions. W
thus obtainDELFSE by subtracting from the calculated value
a linear interpolation between Zn21 and Mn21:

DELFSE~Z!5DE~Z!2@~Z2ZMn!DE~Zn!

1~ZZn2Z!DE~Mn!#/~ZZn2ZMn!, ~3!

whereZ is the atomic number of the ion. These results, for
and O neighbors, are given in Figs. 3~a! and 3~b!. We do not
include theS neighbors here or below, for reasons discus
above. The general trends observed above, namely, tha
22410
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energy scale ofELFSE is considerably smaller for O than fo
N, and that Cu and Ni have the largest magnitudes, are s
clearly in these plots.ELFSE substantially exceeds the dire
ligand-ligand interactions for Cu and Ni. Although th
ligand-field stabilization energies are not precisely meas
able, estimates can be made on the basis of observed lig
field splittings if a one-electron picture of the total energy
used. This picture is most valid for the ions Cu21 and Cr21,
which each have one hole in the upper spin subband, s
the dominant part of the electron-electron interaction is
tween opposite-spin electrons, and shifting an electron fr
an occupied orbital in the minority-spin complex to the u
occupied orbital should not greatly affect its interaction w
the approximately spherical majority-spin charge dens
The fact that the LFSE is measured relative to the aver
energy in the band implies that the magnitude of the ene
difference favoring the square structure is equal to the dif
ence between the energies of the~empty! highest orbitals in
the subband in the two structures. According to a simplifi
ligand-field theory,13 these energies are 12.28Dq for the
square structure and 1.78Dq for the tetrahedral structure
where 10Dq is the conventional ligand-field splitting in oc
tahedral coordination. In a common parametrization13 of
ligand-field theory, 10Dq5 f g, where f is a factor for the
ligand andg is a factor for the transition metal. For NH3 and
H2O, f 51.25 and 1.00, respectively; for Cu21, g512.0,
where the energy is expressed in 103 cm21. We then obtain
as experimental estimatesDELFSE51.94 and 1.55 eV, for
NH3 and H2O neighbors, respectively; the calculated valu
are 1.61 and 0.82 eV. Since the experimental values are
tained from complexes having two additional axial neig
bors, it is not clear whether the discrepancies come from

FIG. 3. DELFSE for N-coordinated~a! and O-coordinated~b!
transition metal ions.
9-5
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ignoring these neighbors, or from problems with the u
deryling treatment of exchange and correlation.

We obtain the induced ligand-ligand interaction ener
DEIND by subtracting the empty-center results from the
ergy obtained by linear interpolation between the Mn and
results

DEIND~Z!5@~Z2ZMn!DE~Zn!1~ZZn2Z!DE~Mn!#/~ZZn

2ZMn!2DEempty. ~4!

These values are shown in Fig. 4. Again, they greatly exc
the direct ligand-ligand interactions.

B. Tests of classical force fields

We now turn to the question of how well the energy ter
derived here can be treated by classical force fields. A
proximate real-space method for describing ligand-field
ergies has recently been presented,4,5 which givesELFSE in
terms of a sum of angular ligand-ligand interactions, in
following form:

ELFSE52F(
i j

eds,ieds, j@u~u i j !2A#G1/2

, ~5!

whereu i j is the angle between ligandsi and j,

u~u!5@P2~cosu!22~1/5!#, ~6!

and P2 is the second-order Legendre polynomial. Theeds,i
are ligand-field interaction-energy parameters defined by

eds,i5Chds,i
2 /E0 , ~7!

wherehds,i is the electronics-coupling strength between th
ligand orbital responsible for the ligand-field splitting an
the appropriately oriented transition-metald orbital,E0 is the
energy difference between the ligand orbitals and thed or-
bitals, andC is a dimensionless prefactor determined by
d-band filling. The theoretical analysis corresponds to
above expression withA50, but using nonzero values ofA
was found to give a better fit to the energies of small clus
with random structures.4,5 We find that the best fit is obtaine
with A50.133.

FIG. 4. DEIND for N-coordinated~a! and O-coordinated~b!
transition-metal ions.
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The results presented above can then be used to de
values of the interactionseds,i in Eq. ~5!. Since the ligand
molecules in our calculations are all at the same distancR,
we can extract the values ofeds5eds,i from the calculated
values ofDELFSE. A straightforward calculation shows tha

DELFSE5~A32/15216A2A34/5216A!eds522.16eds .
~8!

This gives a direct connection between theab initio total-
energy results and the parameters in the classical force fi

With regard to the induced-interaction energy, it is noa
priori clear which of the two parts contributes the most. W
write DEIND5DEIND

hyb 1DEIND
pol , whereDEIND

hyb is the hybrid-
ization contribution andDEIND

pol is the polarization contribu-
tion. Both can be described classically. ForDEIND

hyb , a recent
methodology24 has developed classical force fields for t
case of complete or nearly complete covalency. In orde
treat the partial covalency effects that we believe result fr
hybridization here, we use a previously derive
methodology,7 which treats interactions between formal
occupied and unoccupied orbitals in fourth-order pertur
tion theory. According to this methodology, the fourth-ord
energy has the form

E(4)5F (
a,b,g,d

habhbghgdhdaG Y E0
3 , ~9!

where thehab are the couplings between the unoccupied a
occupied orbitals. These are determined by the interac
strengthshss and hps between the occupied ligand orbita
and the transition-metals andp orbitals, and the energy dif
ferences between the ligand orbitals and these orbitals
simple approximation for evaluating the ratiohps /hss is ob-
tained by going to ansp3 basis, and retaining only coupling
betweensp3 orbitals pointing at each other. In this case o
finds by a straightforward calculation thathps /hss5A3.
This approximation is confirmed by the parametrized fits
veloped by Harrison.7 In addition, we ignore interactions be
tweensp3 orbitals on the same atom. With these approxim
tions, the hybridization energy takes the form

EIND
hyb 5F(

i j
ess,iess, jw~u i j !G Y E0 , ~10!

where

w~u!5@116 cosu19 cos2u#, ~11!

ess5hss
2 /E0, and E0 is the energy difference between th

ligand orbitals and thes orbitals on the transition metal ion
We evaluateDEIND

pol , for NH3 clusters, by placing point
chargesQN on the N sites and chargesQH52QN/3 on the H
sites, with parallel procedures being followed for the clust
with oxygen ligands. Comparison of the angular depende
of this term with that derived above forDEIND

hyb reveals that
their angular dependence is almost identical. For this rea
we do not attempt to parametrize the two pieces ofDEIND
separately, but rather treat the whole term with the functio
form for DEIND

hyb because of its simpler mathematical form
9-6
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In implementing the force field given by Eq.~10!, we can
chooseE0 at will since changes inE0 can always be ab
sorbed in rescaling of the functioness,i . We chooseE0
56 eV. We then obtainDEIND in terms ofess,i :

DEIND524ess
2 /E054 eV21ess

2 . ~12!

Having pinned down the values of the interaction para
eters in the classical force field at the distanceR used in the
calculations, we turn to the evaluation of the distance dep
dence of the interactions. This is often assumed to have
exponential form. Figure 5 shows the distance dependenc
DELFSE andDEIND for Cu21 with N neighbors. Both display
a rapid decay with distance. ForDEIND the exponential form
gives an excellent fit. ForDELFSE the fit is not as good bu
still acceptable. According to Eqs.~5! and ~10!, exponential
dependence ofDELFSE andDEIND implies a dependence o
the form e(r )5e(R)exp@2k(r2R)# for the interaction pa-
rameters entering the classical force fields. The values ok
for DELFSE andDEIND , for Cu21 and Zn21 interacting with
N and O neighbors, are given in Table II. As expected fr
the smaller size of thed orbitals relative to thesp orbitals
kLF.k IND .

We test the classical force fields by comparing the cla
cal force field results withab initio results for the energy
along the distortion path going from the square to the te
hedral structure. In this distortion path, we begin with
square structure in thex-y plane, and rotate one pair of tran
ligands up from thex-y plane by an angleDu, and the other

TABLE II. Values of decay parameterk (Å21).

Ion Ligand k IND kLF

Cu21 N 0.97 2.46
O 0.96 5.19

Zn21 N 0.94
O 0.94

FIG. 5. Distance dependence ofDELFSE and DEIND for Cu21

with N ligands. Circles:VASP points forDELFSE. Solid line: expo-
nential fit for DELFSE. Squares:VASP points for DEIND . Dashed
line: exponential fit forDEIND .
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one down by the same angle. One readily sees that the t
hedral structure is obtained whenDu5Du tet5(180°
2u tet)/2535.25°, whereu tet5109.5° is the tetrahedral bon
angle. Our plots are given in terms of the distortion para
eterh5Du/Du tet, so thath50 for the square structure an
h51 for the tetrahedral structure.

Figure 6~a! gives results forELFSE, EIND , and their sum
for Cu21 with N neighbors, where the energies are ref
enced to the energies for the square structure. The param
in the classical force field are obtained from the electro
total-energy calculations as described above. We see tha
overall shape of bothELFSE andEIND are reproduced reason
ably well by the classical force fields, the main discrepan
being that in each case the classical curve lies slightly ab
the calculated data points. In the case ofELFSE, the discrep-
ancy results partly because a classical force field cannot
tain the cusp ath51 ~tetrahedral structure! that results from
Jahn-Teller effects around this point. When the two energ
are added, the cancellation due to their sign difference ca
the relative errors to be larger; ath50.4, the error is abou
100%. We find similar results using the classical interact
potential forEIND

pol . The only functional form that we have
found to give a better fit forEIND is to assume thatEIND

FIG. 6. Variation ofELFSE ~solid circles!, EIND ~open circles!,
and their sum~squares! along square (h50) to tetrahedral (h
51) distortion path for Cu21 with N ligands. Dotted, dashed, an
solid lines: classical approximations forELFSE, EIND , and their
sum, respectively.~a! EIND fit to classical form for hybridization
energy obtained using fourth-order perturbation theory.~b! EIND fit
to empty-cluster results.
9-7
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}Eempty, whereEempty is the energy of an empty-centere
cluster as a function ofh. This results are shown in Fig
6~b!; the discrepancies in the total energy are reduced
nificantly. We do not know why this provides a better d
scription than the hybridization energy or electrostatic form

V. CONCLUSION

The results described above have shown that the struc
energetics of low-coordinated transition metal ions are do
nated by theDELFSE and DEIND terms. Both have magni
tudes of roughly 1 eV per transition metal atom for N neig
bors and smaller values for O neighbors. When ligand-fi
effects are absent, the energy stabilizing the tetrahedral s
ture is dominated byDEIND , which is mediated by the ion
rather than by direct interactions between the ligands. W
the square structure is preferred, the preference results fr
competition betweenDELFSE andDEIND , both having com-
parable magnitudes. Tests of a classical force field involv
oc

s
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a perturbation-theory derived term for the hybridization e
ergy, and a previous classical form for the ligand-field e
ergy, show that a reasonable description ofDELFSE and
DEIND along the distortion path from square to tetrahed
coordination can be obtained. However, the cusplike beh
ior of DELFSE at the tetrahedral end of the curve is not o
tained correctly, and cancellations betweenDELFSE and
DEIND can cause large errors in their sum. Nevertheless,
feel that the use of terms such as these in classical fo
fields would be a substantial improvement on existing cod
which usually ignore the ligand-field field energy entire
and base the structural energetics mainly on direct liga
ligand interactions.
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