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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 bgb initio total-energy calculations using plane-wave and other basis sets. Total energies are
calculated for small clusters containing &ansition-metal ions in simple, low-coordination environments. The
clusters are obtained by placing four molecules of;)NH,O, or H,S 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 dbpkeall 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-ntetdiell, and a contribution from
the interaction of the ligand orbitals with the transition metal chargesgndrbitals. The results are used to
parametrize a classical force field for €uand evaluate its accuracy.
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I. INTRODUCTION rately. Recently, results have been presented for the func-
tional form of classical force fields for transition-metal ions
Transition-metal ions are often found in bonding environ-which include some electronic effects. However, the rela-
ments in which their coordination number is less than thoseive importance of the factors considered in these works, and
of close-packed structures. A common type of low-other potentially important effects, have not been firmly es-
coordination environment is one in which the ion has fourtablished either from experimental dataaly initio calcula-
neighbors, arranged in a square or tetrahedral configuratiotipns.
or a distorted version of one of these. Transition-metal ions The aim of this work is to establish the nature and mag-
in such low-coordination environments are found in severahitude of the key energetic factors determining the structural
types of materials and molecules. Our main interest is irenergies of transition metals in low-coordination environ-
proteins, which often have low-coordination transition-metalments. For ions with filledl shells(or filled magnetic sub-
binding sites. For example, the enzyme superoxide dismutaghelly, the main energetic factors have generally been taken
contains both a Cl? and a Zrf? ion! The C#* ion is to be electrostatic and steric ligand-ligand interactins.
coordinated by four nitrogen atoms from histidine residuesThese favor tetrahedral coordination, consistent with ob-
in a distorted square geometry. A more distant water alsgerved coordination geometries. For ions with partly occu-
interacts with the the Gu ion, but much less strongly. The piedd shells, the best studied factor in determining structural
Zn?" ion is coordinated by three nitrogen atoms from histi-energetics is the ligand-field stabilization enefg¥SE). In
dine residues and one oxygen atom from an aspartic acithe presence of ligands, the degeneracy ofdtmbitals is
group, in a distorted tetrahedral structure. Low-coordinatioriost and an energy splittinghe “ligand-field splitting”) re-
transition-metal environments often occur in inorganic matesults. The splitting depends on both the arrangement and type
rials as well. In high¥. superconductors, for example, a of the ligands. The LFSE contribution to the structural en-
typical C/* ion is coordinatetiby four near oxygen neigh- ergy causes, for example, Eucomplexes to generally form
bors in a nearly square arrangement at a distance of 1.9 Ay square or tetragonal coordination. It does not contribute to
and has a pair of farther oxygen neighbors at 2.4 A; similathe total energy for metal ions that have completely occupied
local packing is seen in other copper oxide materials. Thenagnetic subshells, such as?Znand M. In these cases,
main types of transition metal neighbors that are found irthe splitting does not affect the total energy because when a
low-coordination environments are N, O, and S. subband is full, its contribution to the total energy is deter-
When the transition metal ion is part of a large moleculemined only by the average energy of the subshell, not its
or a complex material, either crystalline or amorphous, modwidth. However, additional terms can be important for the
eling with ab initio methods has a limited range of applica- energetics. For example, there are quantum-mechanical elec-
bility because of both length scale and time scale problemsronic effects not involving thel shell. In II-VI semiconduc-
Thus is is desirable to perform simulations of such systemsors such as ZnS, the bonding is partly ionic and partly
with classical force fields, which are faster thah inito  covalent! and the covalent part favors formation of a tetra-
methods by several orders of magnitude. However, the lowhedral structure. Such covalency effects should also be im-
coordination environments are particularly difficult to model portant in the energetics of transition metals in other low-
with classical force fields because the importance of eleceoordination structures. In addition, the charge on the
tronic effects relative to steric and electrostatic ligand-ligandransition-metal ion can polarize the ligands. This would
interactions is greater than in close-packed environmentgenerally enhance the charges and dipoles on the neighbor-
Most classical force fields treat electronic effects inaccuing atoms and thus favor tetrahedral coordination. The rela-
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tive importance of these contributions to the energy and the
other two mentioned above has not yet been established.

In order to achieve a better understanding of the magni-
tudes of the various energy terms, we perform structural-
energy calculations for transition metal ions interacting with
square and tetrahedral neighbor configurations. The calcula-
tions use the/asp (Viennaab initio simulation packagé=°
method, and other methods to check the results. We focus on
the 3 transition metals because their narrdands render
the perturbative approaches necessary for developing our
classical force fields> more applicable. Of the®transition
metals, we treat the range Mn through Zn, since of tde 3
transition metals they are the most prone to form low-
coordination structures. The neighbors of the transition met-
als in our calculations include N, O, and S, since these are
the most common neighbors in the low-coordination envi-
ronments. We passivate the neighbors by attaching appropri-
ate numbers of hydrogen atoms. By comparing the energies FIG. 1. Clusters used with N-surroundedtop) and
of the square and tetrahedral coordination geometries for &-Surroundedbottom transition metals.
large range of transition metals, we are able to determine the

most important physical factors determining the structurablanar orientation for the square geometry, because in most
energetics. We also obtain the spatial decay rate of the varppserved cluster structures of this type in the Cambridge
ous energy contributions by varying the radius of the clustergyyctural Databagkthe waters are within about 20° of be-

The organization of the remainder of the paper is as foling planar. The same type of structures are used for S neigh-
lows. Section Il describes the clusters used and the calculgsors with HS replacing water. We note that some calcula-
tional methods. Section Il presents thie initio results. Sec-  tions similar in spirit to these have been performed for
tion 1V describes our method for decomposing the energyyansition metals surrounded by water molecules and several
d|ﬁerences_ into S|mplg physical factors! and presents. result@,pes of amino acid® These calculations were aimed at
for a classical force field for Cd. Section V summarizes understanding site specificity in metal binding to proteins,
our main conclusions. and thus treat considerably more complex environments than
those treated here. Our purpose is to extract the basic physi-
cal mechanisms rather than to understand specific cases in
detail.

In low-coordination environments, although the nearest

In order to study the energetics of transition metal ions inneighbors to the transition metal are usually th@s$eO, S
low-coordination environments, we have chosen the simplestonsidered here, the ligand molecules are often different
transition metal-centered square and tetrahedral clusters thiabm those that we treat. The results obtained here thus can-
have four neighbors at the same distance from the centralot be expected to have quantitative accuracy in general.
ion. Most observed bonding configurations are in some waylowever, examination of the spectrochemical series of
intermediate between square and tetrahedral geometries, Bgands'® a tabulation of the strengths of ligand-field inter-
our calculations treat mainly these two geometries. The tetactions, reveals that the most important factor in determining
rahedral clusters are obtained by a distortion of the squarthe strength of the ligand-transition metal interaction is the
clusters in which one pair of trans neighbors is moved up andiearest neighbor to the transition metal. In fact, to a good
the other moved down. We use as neighbors N, O, and Spproximation, all of the nitrogen ligands are stronger than
with the aim of reproducing the most basic aspects of theall of the oxygen ligands, which in turn are stronger than all
transition metal environments described above. In the case of the sulfur ligands. The basic physical mechanisms and
nitrogen, four ammonia molecules (NH are placed as rough energy magnitudes that we derive here for our chosen
neighbors, so that the nitrogens are effectively terminated bgimple ligands should therefore hold for other ligands having
hydrogens. In order to minimize contact between the ammothe same neighbor to the transition metal. In classical force
nia molecules in the tetrahedral structure, their orientation ifield calculations, we feel that using parameters derived from
the square structure is chosen so that upwards-pointing trthe present results would be more accurate than most calcu-
angles alternate with downwards-pointing ones. The orientaations based on existing force fields, in which electronic
tions of the molecules are preserved as they are rotated &ffects are often ignored entirely.
form the tetrahedral structure. We have experimented with Most of the calculations were performed within the
other orientations, and find that the energy changes by only famework of density functional theofpFT). The DFT cal-
few hundredths of an eV. The resulting tetrahedral anctulations used a plane-wave basis set as implemented in the
square clusters are shown in Fig. 1. In the clusters whereasp method®'%as well as a local-orbital basis set for com-
transition metals interact with oxygen, four molecules of wa-parison. We employ theasp code for most of the calcula-
ter were used in the clusters. The waters were placed in Bons because it eliminates ambiguities resulting from the

II. MODEL CLUSTERS AND CALCULATIONAL
APPROACH
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choice of basis set. It performs an iterative solution of the 2
Kohn-Sham equations of density functional theory, by using a)
residual minimization techniques. The electron-ion interac- Be® 2 b ad
tion is described using an ultrasoft pseudopotential and the
generalized gradient approximatidn® is used for the
exchange-correlation functional. In order to check the reli-
ability of this calculations, have made some comparisonss®
with non-DFT methods, as well as other basis sets within& 0
DFT methods. These comparisons used #aJSSIAN 98 ﬁ
package’® The non-DFT calculations were performed with
the Hartree-Fock and Mier-PlessetMpP2, MP4) methods, us-

ing the LANL2DZ basis set’!® The caussian 98 density-
functional calculations also utilized thenL2Dz basis set,
together with the Pwoa1’ gradient-corrected exchange and
correlation functionat® -2

24+
Mn 2 Co

2+
Ill. TOTAL-ENERGY RESULTS Be* Mn%* Fe an'b)

Before stating oumb initio results, we briefly summarize
our expectations for the energy differences on the basis o -,
simpler considerations. The general assumption in the Iitera?o
ture has been that the structural energetics are dominated kg
the ligand-field stabilization enerd¥, rse and direct ligand- < 0
ligand interactionsk, s is defined as the sum of the one-
electron energies of thd orbitals relative to the average
energies of their subbands. The magnitidef E, s for
CU" in water is about 1 eV. The ligand-field stabilization
energy of the square structure is much greater than that in th
tetrahedral structurt so we can expect the ligand-field con-
tribution to the square-tetrahedral energy difference

AE= Esquart? Etetranedral 1 g\ 1
for CW?* surrounded by O to be roughly 1 eV as well. Be- £
cause N has stronger ligand-field effects than O, we expec‘ﬁ
the ligand-field contribution t& E for C** surrounded by
N to be greater than 1 eV; that for S ligands should be less
than 1 eV because S has weaker ligand-field splitting effects
than O. A straightforward calculation gives the following es-
timate of the contribution of ligand-ligand electrostatic inter- 0
actions toAE: FIG. 2. AE for N-coordinated(a), O-coordinated(b), and
S-coordinated(c) transition metal ions.

242

Ze _
_ _ _ 2
ABerec= d [2V2+1-36/2=1.12% eV, @) spin states are given in Table |. The structural preferences

_ _ _ seen in Fig. &) for the ions M -Zn?* are consistent with
whereZe is the magnitude of the charge on the neighborspe gpserved structures of a large number of complexes of
andd is their distance from the central ion, which we haveiese ions. These have been summarized in recent
taken tq 2 A i_n thesecond equality. For a doubly charged analyse2! of the Cambridge Structural DatabdgeBoth
central ion, taking an actual charge transfer from the ion's,dies found that for fourfold-coordinatedNiiand Cé+
formal charge would givZ=0.5. This would giveAE¢ec  square coordination dominates, well-defined tetrahedral co-
=0.3 eV, much smaller than the ligand-field contribution. - orgination is almost never observed, and that the nonsquare

Figure 2a) shows our results foAE for 3d transition  giryctures are distorted intermediates. This is consistent with
metal ions and other types of centers in theMidrrounded  the calculated negative values AfE for these ions. For

geometry shown above. The center-to-ligand distance is 2.0Gin2+ Fe* and zZ#* both square and tetrahedral coordi-
A, which is typical for transition metal-N complexes. The

spin states are chosen to be those which minimize the energy TABLE I. Metal lons and Spin States Used
in the lowest-energy structureither square or tetrahedyal
the same spin state is used for the higher-energy structure & Be&* Crr* Mn3* Mn2t Feé™ Co®™ Ni2t Cuwt zn?t
well. This procedure simplifies the analysis of the energeticgpin 0 2 2 5/2 2 32 0 12 0
for structures relatively near the lowest-energy structure. The
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nation are observed. However, a restriction of the analysis tenergies in the square and tetrahedral structtirése cal-
monodentate ligands showed that the formation of square culations for C#* and Mr?* are not directly comparable to
structures around these ions is due to chelation, i.e., a pr&bserved structures, but are included here with the purpose
formed ligand shell, and does not reflect the inherent strucef evaluating the general picture of the energetics that we
tural preferences of the ions. Thus the observed geometrigfevelop. The large energy favoring the square structure for
are consistent with our calculated positive value\& for  these two ions suggests that similar ligand-field effects oper-
these three metals. For €q both square and tetrahedral ate as in C&", and that the effects are enhanced by the
coordination were observédput no distinction was made greater spatial extent of the orbitals relative to the later
between monodentate ligands and others. However, the prefansition metals.
erence of C6" with monodentate ligands is known to be for  As a check on the accuracy of our treatent of exchange
tetrahedral coordinatioff. and correlation, we have performed calculations with other
From the theoretical point of view, the cases of Zrand  treatments based on Hartree-Fock theory and its extensions,
Mn?* should be the simplest because in both cases thesing theLanL2Dz basis set”*8These were performed using
ligand-field energy vanishes, as discussed above. This woulthe GaussiaN 98 package™® for the C#™ ion surrounded by
lead us to expect values &fE in line with the electrostatic NH;. For the unrestricted Hartree-Fock, and second- and
estimate above for ligand-ligand interactions. However, wefourth-order Mdler-Plesset perturbation theorigsiP2 and
see from Fig. ga) that the tetrahedral structure is favored mp4), the values oAE are —0.02, —0.27, and—0.35 eV,
over the square one by 1.18 eV forZnand 1.10 eV for respectively, in comparison with the/asp value of
Mn?*. Thus, although thel shell or subshell is filled, the —0.46 eV. It is not possible to say what the limiting value of
magnitude ofAE substantially exceeds that expected for di-the Hartree-Fock based methods is, but the calculated num-
rect electrostatic ligand-ligand interactions. Accordingly webers are consistent with a value betweer0.35 and
have considered the case of “Beto see if thed shell is  —0.46 eV. We have also performed calculations with the
important forAE in these cases despiepriori expectations  pwo1approximatiof® for exchange and correlation using the
to the contrary. The energy difference that we find fofBe  LaNL2Dz basis set, and we obtain @AE value of
1.10 eV, is very close to those for Zhand Mrf*. Thusthe  —0.61 eV. In order to check the convergence of the calcu-
d shell does not seem to be an important factor in producingations with respect to lattice constant, we have performed
the large energy differences. To shed further light on thiscalculations at a smaller lattice constant of 10 A. We find that
issue we have performed calculations for the J;Néluster  the AE values change by 0-40.2 eV. Considering all of
with an empty centefno ion). In this case, the energy dif- these results, an uncertainty of 0.1-0.2 eV seems to be a
ference is 0.38 eV, much smaller than for the metal centeretkasonable estimate.
case, and consistent with the electrostatic estimate above. Figure Zb) shows similar results for clusters with oxygen
This suggests that the large energy values found favoring theeighboring the transition-metal ions, with a center-to-ligand
tetrahedral structure are due to an interaction between thdistance of 1.95 A. We see that forNiand Cd* the square
ligands that is induced by the transition-metal ion but doesstructure is favored, again consistent with observed struc-
not involve thed orbitals. Two possibilities for such interac- tures. A plausible explanation of the calculated energy differ-
tions come to mind. The first is hybridization interactions ences for Ni* and C&" is that the LFSE favors the square
between formally occupieslp orbitals on the ligands and the structure for these ions, and is almost canceled by the con-
formally emptys-p states of the metal ion. Such interactions tributions favoring the tetrahedral structure. This would im-
would lead to a partial covalency in the interactions betweermly a LFSE energy scale of about half that corresponding to
the ion and the ligands, above and beyond that causing th-coordinated ions, which is consistent with the observed
ligand-field splittings of thed shell. The second type of in- greater strength of N in generating ligand-field splittifgs.
duced interaction would result from polarization of the For the metals without ligand-field splitting effects, the mag-
ligands by the ion’s charge. A classical description of thesanitude of the energy favoring the tetrahedral structure is
types of interactions will be described below. We note thatabout 75% of that in the clusters with N neighbors, and sev-
the similarity of theAE values of M and Zrf* suggests eral times greater than the value for the empty clusters.
that the nond-band effects are fairly constant across this part Figure Zc) shows similar results for clusters with sulfur
of the 3d series. neighbors to the transition-metal ions, at a center-to-ligand
We now turn to the ions with partly filled shells. For distance of 2.10 A. Here the tetrahedral structure is found to
CW" and NF', the energies favoring the square structurebe preferred in all cases. Although we are not aware of pub-
are 0.46 and 1.03 eV, respectively. The larger energy differlished structures of complexes in which Cuor Ni?* are
ence for Nf* results from the presence of two holes in the surrounded by four monodentate sulfur ligands, the results
shell; one of the holes is in each magnetic subshell in théor Ci?* are consistent with the observations in the spectro-
low-spin configuration obtained here. The energy differenceshemical seri€s that S ligands have weaker ligand-field in-
are not precisely measurable, but some comparison with exeractions with transition-metal ions than N or O ligands. To
periment can be made on the basis of ligand-field paramthe extent that ligand-field effects are present in our results
eters, as discussed below. The valuesA& for F&* and  for S neighbors, they do not follow the typical pattern of
Cd®* are similar to those for M and Zrf". This is ex- being largest for Ni* and C@", but rather maximize at
pected, since ligand-field theory predicts that the lowest twaCo?*. We believe that this effect is partly due to a reduction
levels in the partly filledd complex have nearly the same of electron transfer from the transition-metal ions to the S;
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this causes a filling of the shell and thus shifts the maxi- 0 —

mum of the ligand-field energy difference to lower atomic - a)
numbers. In addition, it is believed that interactions are

more important for S ligand<. These can reverse the sign of

the ligand-field effects.Because the case of S neighbors
does not seem to be described well by simple implementa- -1}
tion of ligand-field theory, we do not pursue these results =
further. v
Although application of the above results to specific mo-
lecular geometries will likely occur via the parametrization
of classical force fields, as described below, we note that the
large scales of the energy differences that are obtained her
have important implications regarding the extent of structural
site selectivity for different ions. Consider, for example, the
attachment of a G and a ZR" ion to preorganized square 3
and tetrahedral sites witR neighbors. We define configura- -
tion A as that in which the CU is in the square site and the b)
Zn?" is in the tetrahedral site, and configuratiBras that in 0 -
—AE(Zn)=-1.63 eV. This means that at room tempera- I I
ture, the likelihood of configuratioB being observed is -1
102", Thus the extent of selectivity is very high. This is Mn®* Fe*  Co* NZ  Cc* Z
consistent with numerous exampiésf metal-binding sites
in proteins which bind Cti" despite the much larger ambient ~ FIG. 3. AE gse for N-coordinated(a) and O-coordinatedb)

concentration of ZA". Such effects are difficult to model transition metal ions.
with existing force fields.

AELFSE (

2t

S
which the occupancies are reversed. One readily shows the2
the energy difference favoring is E(A) —E(B)=AE(Cu) B
o
<

n2+

energy scale oE rse is considerably smaller for O than for

IV. INTERPRETATION OF ab initio RESULTS N, and that Cu and Ni have the largest magnitudes, are seen
clearly in these plotsk, g substantially exceeds the direct
ligand-ligand interactions for Cu and Ni. Although the

The results in the preceding section have suggested thrdigand-field stabilization energies are not precisely measur-
important factors entering the structural energetics of low-able, estimates can be made on the basis of observed ligand-
coordinated transition-metal ions: ligand-field stabilizationfield splittings if a one-electron picture of the total energy is
energie<E, s, direct electrostatic and steric interactions be-used. This picture is most valid for the ionsuand CF*,
tween ligands, and induced interactioBg, between the which each have one hole in the upper spin subband, since
ligands. In order to evaluate the relative importance of thes¢he dominant part of the electron-electron interaction is be-
contributions, we need a way of partitioning the calculatedween opposite-spin electrons, and shifting an electron from
energy differences between them. We identify the direcan occupied orbital in the minority-spin complex to the un-
ligand-ligand interactions with the empty-center resultsoccupied orbital should not greatly affect its interaction with
given in Fig. 2. We evaluate the ligand-field contribution tothe approximately spherical majority-spin charge density.
the energy differenceAE, s by assuming that the remain- The fact that the LFSE is measured relative to the average
ing components of the energy vary linearly with transition-energy in the band implies that the magnitude of the energy
metal atomic number, and tha&tE, -se vanishes for ZA" difference favoring the square structure is equal to the differ-
and Mrf*. The linearity is a reasonable assumption, sinceence between the energies of tleenpty highest orbitals in
the nond-band contributions to the energy should be deterthe subband in the two structures. According to a simplified
mined by the energies and radii of the states, which vary ligand-field theory? these energies are 12028 for the
fairly linearly with atomic number, and the charge on the ion,square structure and 1§ for the tetrahedral structure,
which should vary little among the transition metal ions. Wewhere 1@ is the conventional ligand-field splitting in oc-
thus obtaim E, s by subtracting from the calculated values tahedral coordination. In a common parametrizattoaf

A. Partitioning of AE into physical factors

a linear interpolation between Zh and Mrf™: ligand-field theory, 1Dq=fg, wheref is a factor for the
ligand andg is a factor for the transition metal. For Ntnd
AE rse(Z2)=AE(Z) — [(Z—Zyn)AE(ZN) H,O, f=1.25 and 1.00, respectively; for €4, g=12.0,

3 where the energy is expressed irf In~. We then obtain

as experimental estimateSE, se=1.94 and 1.55 eV, for
whereZ is the atomic number of the ion. These results, for NNH; and H,O neighbors, respectively; the calculated values
and O neighbors, are given in FiggaBand 3b). We do not are 1.61 and 0.82 eV. Since the experimental values are ob-
include theS neighbors here or below, for reasons discussedained from complexes having two additional axial neigh-
above. The general trends observed above, namely, that thers, it is not clear whether the discrepancies come from our

+(Zza= 2)AE(MN) [/(Zzn— Zpin)
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The results presented above can then be used to derive
1°F a) | values of the interactionsy, ; in Eq. (5). Since the ligand
molecules in our calculations are all at the same dist&)ce
we can extract the values ef,=ey, ; from the calculated
values of AE, se. A straightforward calculation shows that

AE , (eV)

1 AE rse=(1/32/15- 16A— \/34/5— 16A)ey, = — 2.16y, .
b) (8

This gives a direct connection between thie initio total-
energy results and the parameters in the classical force field.
0 With regard to the induced-interaction energy, it is aot
Mn®* Fe* Co®* N cu®* zn* priori clear which of the two parts contributes the most. We
write AEjp=AERNR+AEN), where AE]R is the hybrid-
ization contribution and\ERS, is the polarization contribu-
tion. Both can be described classically. PoE[YS , a recent
ignoring these neighbors, or from problems with the un_methodologﬁ4 has developed classical force fields for the
case of complete or nearly complete covalency. In order to

deryling treatment of exchange and correlation. treat th dal | ffects that we beli It f
We obtain the induced ligand-ligand interaction energy reat the partial covalency €fiects that we believe resutt from
hybridization here, we use a previously derived

AE,\p by subtracting the empty-center results from the en- i . i
IND DY g Py ethodology, which treats interactions between formally

ergy obtained by linear interpolation between the Mn and zd" : i ) .
regZIts y P occupied and unoccupied orbitals in fourth-order perturba-

tion theory. According to this methodology, the fourth-order
AED(2)=[(Z~ Zyn) AE(ZN) +(Zzy~Z)AE(MN)]/(Z5, ~ ©NErOY has the form

AE . (eV)

FIG. 4. AE,\p for N-coordinated(a) and O-coordinatedb)
transition-metal ions.

_ZMn)_AEempty- (4) E@4) = 2 haﬁhﬂyhyb‘hﬁa / Eg, (9)
These values are shown in Fig. 4. Again, they greatly exceed ®h.7.0
the direct ligand-ligand interactions. where theh,; are the couplings between the unoccupied and
occupied orbitals. These are determined by the interaction
B. Tests of classical force fields strengthshg, and h,, between the occupied ligand orbitals

We now turn to the question of how well the energy termsand the transition-meta and p orbitals, and the energy dif-

derived here can be treated by classical force fields. A apf_erences between the ligand orbitals and these orbitals. A

proximate real-space method for describing ligand-field en_simple approximation for evaluating the ratig, /hs, is ob-

: - : : tained by going to asp® basis, and retaining only couplings
ergies has recently been preserftédyhich givesEypse in betweensp® orbitals pointing at each other. In this case one

]tcglrlr:\,sv"c]); ?Ofrl:]r:n of angular ligand-ligand interactions, in thel‘inds by a straightforward calculation théat,,/hs,= J3.
This approximation is confirmed by the parametrized fits de-
12 veloped by Harrison.In addition, we ignore interactions be-
Elrse=— 2 €d,i€do,jLU(O) — ATl (5) tweensp® orbitals on the same atom. With these approxima-
1]

tions, the hybridization energy takes the form
where ¢;; is the angle between ligandsandj,

hyb _ ) ) »
u(0)=[P2(COSG)2—(1/5)], (6) EIND ; eSO’,IeSO',]W(alj):| / EO! (10)

and P, is the second-order Legendre polynomial. &g ; where
are ligand-field interaction-energy parameters defined by
w(6)=[1+6 cosf+9 cos 6], (11

— 2
€da,i = Chay,if Eo, @) e.,=h2 /E,, andE, is the energy difference between the

wherehy, ; is the electronier-coupling strength between the ligand orbitals and the orbitals on the transition metal ion.
ligand orbital responsible for the ligand-field spliting and ~ We evaluateAER(, , for NH; clusters, by placing point
the appropriately oriented transition-metidrbital, Eq is the ~ chargeQy on the N sites and charge,= —Qy/3 on the H
energy difference between the ligand orbitals anddtm-  sites, with parallel procedures being followed for the clusters
bitals, andC is a dimensionless prefactor determined by thewith oxygen ligands. Comparison of the angular dependence
d-band filling. The theoretical analysis corresponds to thedf this term with that derived above faxEY3 reveals that
above expression with=0, but using nonzero values &f  their angular dependence is almost identical. For this reason,
was found to give a better fit to the energies of small clustersve do not attempt to parametrize the two pieces\&yp

with random structure$® We find that the best fit is obtained separately, but rather treat the whole term with the functional

with A=0.133. form for AE[Y2 because of its simpler mathematical form.
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1.8 2 22 24
r [Angstroms]

FIG. 5. Distance dependence AE, sz and AEp for CL2™*
with N ligands. Circlesvasp points for AE gse. Solid line: expo-
nential fit for AE, rge. Squaresvasp points for AE,\p. Dashed
line: exponential fit forAE,\p -

In implementing the force field given by E(LO), we can

chooseE, at will since changes ik, can always be ab- Tl ..
sorbed in rescaling of the functioes,;. We choose, |} T~ —
=6 eV. We then obtail\E\p in terms ofeg, ; : et S -
-1 2 2 2 1
AEIND=24e§a-/EO=4 e\rlego_. (12) 0 0.2 04 0.6 0.8 1

Having pinned down the values of the interaction param- FIG. 6. Variation of E, re (solid circles, Epp (open circles
eters in the classical force field at the distaftesed in the and their sum(squarep along square $=0) to tetrahedral §
calculations, we turn to the evaluation of the distance depen=1) distortion path for Cti" with N ligands. Dotted, dashed, and
dence of the interactions. This is often assumed to have asplid lines: classical approximations f&, sz, Enp, and their
exponential form. Figure 5 shows the distance dependence sfim, respectively(a) E\\p fit to classical form for hybridization
AE| rsg andAE o for CU?T with N neighbors. Both display —energy obtained using fourth-order perturbation the@syE,yy, fit
a rapid decay with distance. FAIE\p the exponential form to empty-cluster results.
gives an excellent fit. FOAE, .5 the fit is not as good but
still acceptable. According to Eqe5) and (10), exponential  one down by the same angle. One readily sees that the tetra-
dependence oAE rsg and AE\p implies a dependence of neqral structure is obtained whem 9= A g,,= (180°
the form e(r) =e(R)exd —«(r—R)] for the interaction pa- _ g 45— 35 25° Wwhere,= 109.5° is the tetrahedral bond
rameters entering the classical force fields. The values of angle. Our plots are given in terms of the distortion param-

+ + i ; ;
for AE rse andAEyp, for CUP* and Zrf* interacting with ey, — A g/A 0, SO thaty=0 for the square structure and
N and O neighbors, are given in Table Il. As expected fromnzl for the tetrahedral structure.

the smaller size of thé orbitals relative to thesp orbitals Figure 6a) gives results fo, rsg, Epnp, and their sum

KLF= KIND - ) , , for CU?* with N neighbors, where the energies are refer-

We test the classical force fields by comparing the classignce to the energies for the square structure. The parameters
cal force field results witheb initio results for the energy i, the classical force field are obtained from the electronic
along the distortion path going from the square to the tetragy5|_energy calculations as described above. We see that the
hedral structure.. In this distortion path, we begln with agverall shape of botE, -z andE o are reproduced reason-
square structure in they plane, and rotate one pair of rans gy, \well by the classical force fields, the main discrepancy
ligands up from thec-y plane by an anglé #, and the other  heing that in each case the classical curve lies slightly above
the calculated data points. In the caseEpfse, the discrep-
ancy results partly because a classical force field cannot ob-
tain the cusp apy=1 (tetrahedral structuyghat results from

TABLE Il. Values of decay parameter (A™1).

fon Ligand KIND e Jahn-Teller effects around this point. When the two energies

Cw* N 0.97 2.46 are added, the cancellation due to their sign difference causes
e} 0.96 5.19 the relative errors to be larger; gt=0.4, the error is about

Zn2+ N 0.94 100%. We find similar results using the classical interaction
o 0.94 potential forEﬁf,"D. The only functional form that we have

found to give a better fit folEyp is to assume thakEp
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% Eempty: Where Eqmpy is the energy of an empty-centered @ perturbation-th_eory derivgd term for the hy_bridiza;ion en-
cluster as a function of;. This results are shown in Fig. €rgy, and a previous classical form for the ligand-field en-
6(b); the discrepancies in the total energy are reduced sigerdy, show that a reasonable description X, e and
nificantly. We do not know why this provides a better de-AEp along the distortion path from square to tetrahedral
scription than the hybridization energy or electrostatic formscoordination can be obtained. However, the cusplike behav-
ior of AE, gsg at the tetrahedral end of the curve is not ob-
V. CONCLUSION tained correctly, and cancellations betweart, s and
AE\p can cause large errors in their sum. Nevertheless, we
The results described above have shown that the structurgde| that the use of terms such as these in classical force
energetics of low-coordinated transition metal ions are domifields would be a substantial improvement on existing codes,
nated by theAE, rsg and AEyp terms. Both have magni- which usually ignore the ligand-field field energy entirely

tudes of roughly 1 eV per transition metal atom for N neigh-and base the structural energetics mainly on direct ligand-
bors and smaller values for O neighbors. When ligand-fieldigand interactions.

effects are absent, the energy stabilizing the tetrahedral struc-
ture is dominated bYEp, which is mediated by the ion,
rather than by direct interactions between the ligands. When
the square structure is preferred, the preference results from a This work received support from National Science Foun-
competition betweeAE, g andAE\p, both having com- dation Grant No. DMR-9971476, which is gratefully ac-
parable magnitudes. Tests of a classical force field involvindknowledged.
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