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The M(OH)" geometries, fon = 1—-3, have been optimized and the zero-point energies computed using the
B3LYP approach. The calculations show that strong bonds are formed for the early metals, and much weaker
bonds are formed for the late metal atoms. The successive OH bond energies have been computed at the
CCSD(T) level forn = 1 and 2. The M—OH bond energies are in good agreement with the guided ion
beam results. This implies that the CID values for TIQNWOH*, and CoOH, and the photodissociation

value for CoOH are accurate, but that the CID values for ScGahd NiOH" are too small. The B3LYP
binding energies are found to be in qualitative agreement with the CCSD(T) results. The relative size of the
first and second OH binding energies at the B3LYP level disagrees with the CCSD(T)"oFiScand V*.

The B3LYP results show that the third OH binding energy for @hd V will be large (85 kcal/mol, or

more), while for the remaining systems the third OH is electrostatically bound, with a binding energy of only
about 30 kcal/mol.

1. Introduction determined using perturbation thedfthis approach is denoted

We recently studiedSc(OH),", for n = 1—3. While this CC%D(L).thThgcr:eSsgi_?_ted cl)peln,;iST” %CSOD (1T).|?|Eprér%?1? ;
study was motivated by the experiments by Crellin et &he used. € () calculations, the S-lixe orbitals are

: : - not correlated. For the metal atoms, the 1s-like to 2p-like
Eg?dﬁﬁ;aitr',oggéosﬁﬁ zvz:sh\?gsciinttggstti?\g msiﬂgmgs E’;lNIIinI(;;r orbi_tals are not corrglated for Sc to V, while for Co to Cu the
system, while Sc(OHJ had an 0ScO angle of 12@nd an 1s-like to 3p-like orbl'FaIs are not correlat_ed.

ScOH angle of 162 The nonlinear SCOH subunit suggests In the DFT calculations, the metal basis sets are a [8s4p3d]
that the second SE€OH bond is less ionic than the first. ~ contraction of the (14s9p5d) primitive set developed by Wacht-
However, the second OH was shown to be more strongly bound€rs*> The s and p spaces are contracted using contraction
than the first. With only two valence electrons, the third OH number 3, while the d space is contracted (311). To these basis
was much less strongly bound than the first two OH molecules. Sets, two diffuse p functions are added; these are the functions
That is, there were interesting changes in the bonding, bondOptimized by Wachters multiplied by 1.5. A diffuse d functin
energies, and geometries with number of ligands. In addition, iS also added. The O and H basis sets are Dunning’s dduble-
we found that density functional theory (DFT) showed some Contraction’ of the Huzinaga primitive set$. To the oxygen,
interesting differences from the more accurate coupled cluster@ diffuse sp set with an exponent of 0.0845 and a 3d polarization
approach, so these systems are also interesting from a compufunction with an exponent of 0.85 are added. The hydrogen
tational point of view. In this work, we consider the same ligand Set is scaled by 1.2, and a 2p polarization function, with an
with several additional metal atoms, two from the left side and €xponent of 1.0, is added.

three from the right side of the first transition row. We note In the CCSD(T) calculations, the O and H basis sets are the
that the MOH" systems have been studied in experinfefit, augmented correlation-consistent polarized-valence ttjeg-

and therefore the experiments on the single OH systems helpcc-pVTZ) sets developed by Dunning and co-workér®. The

to calibrate the computational study. metal basis sets are derived from the averaged atomic natural
orbitaP1-22(AANO) set described in ref 23. For Co to Cu they
2. Methods are used without modification, while for Sc to V they are

modified to allow 3s and 3p correlation. For Sc and Ti, the
first 17 s functions are contracted to three functions using the

functional. The computed frequencies confirm that these AANO orbitals, while the four most diffuse s primitives are

structures correspond to minima, and they are used to computémco_ntra(:ted_' The first 10 P functio_ns_ are contracted to two
the zero-point energies. We should note that we obtained functions, while the six most diffuse primitives are uncontracted.
several local minima for these systems, especially for MgdH) ~ Because V has one less primitive s and one less primitive p,
To minimize the possibility that we have not found the global ©Nly the first 16 s and nine p functions are included in the
minima, the geometry optimizations were started from several contraction. The four d AANOs are supplemented by uncon-

different initial geometries, including the optimal structures of tracting two d functions in the region of the 3p orbital, namely
the other M(OH)" systems and structures that were not the h0S€ with exponents of 1.342621 and 0.561524 for Sc,
minimum for any of the systems considered. 1.689 268 9 and 0.715 670 6 for Ti, and 1.482 482 and 0.661 351 0

Using the B3LYP geometries, the OH binding energies are for V. The unmodified three f and two g polarization sets are

also computed using the coupled cluster singles and doublesuSed- Thus the final Sc and Ti basis set are of the form
approach including the effect of unlinked triples, which is ~ (21516p9d6f4g)/[7s8p6d3f2g]. For V, this yields a basis set of
the form (20s15p10d6f4g)/[7s8p6d3f2g].

€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. The CCSD(T) calculations were performed using MOLPRO

S1089-5639(97)02531-0 CCC: $14.00 © 1997 American Chemical Society

The geometries are optimized and vibrational frequencies
computed using DFT in conjunction with the B3LYRybrid!©
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Figure 3. B3LYP structures of V(OH)", for n = 1-3. The bond
lengths are in angstroms and the bond angles in degrees. Y{(@GH)
linear, and V(OHy" is planar.
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Figure 1. B3LYP structures of Sc(OH), for n = 1-3; taken from :123_7 \
ref 1. The bond lengths are in angstroms and the bond angles in degrees.
For comparison the bond length of free OH at this level of theory is
0.982 A.
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Figure 4. B3LYP structures of Cu(OHJ, for n = 1-3. The bond
lengths are in angstroms and the bond angles in degrees.

The Sc 3a—OH 1z bond is polarized toward the OH, giving
Figure 2. B3LYP structures of Ti(OHY, for n = 1-3. The bond the bqnd significant ionic chara.\cte.r. The net Sc charge is 1.47,
lengths are in angstroms and the bond angles in degrees. showing that the charge polarization in the bond is larger that
the donation of the doubly occupied OH orbitals to Sc.
9624 The B3LYP calculations were performed using Gaussian SC(OH)Y" is a singlet with two Se OH bonds. With two OH
9425 Only the spherical harmonic components of the basis sets Melecules, the 0ScO is bent to allow the OH molecules to

were used. donate into different 3d orbitals as well as allow for any covalent
bonding that arises from Sc sd hybridization. Since the Sc
3. Results and Discussion donation per ligand is reduced with increasing numbers of

ligand, the bonding becomes less ionic and more covalent for

3.1. Geometry and Bonding. The optimal B3LYP geom-  Sc(OH)}" than for ScOH. This change in Sc to OH donation
etries are shown in Figures-B. For completeness, we start is observed in the net Sc charge, which is 1.81 or 0.41 electrons
with Sc(OH) ™ even though these systems have been discussedper OH for Sc(OH)" compared with the value of 1.47 for
previously! ScOH' is linear (see Figure 1), with%\ ground ScOH". The bending of the ScOH subunits in Sc(@H)
state. The bonding is derived mostly from*S#&(3cf) with a reflects the reduced ionic and increased covalent bonding. With
3dr'3dd occupation. This occupation allows a bond between only two valence electrons on Scthe third OH is electrostati-
the 3dr and OH Ir orbitals as well as donation from the OH cally bound and the molecule is a doublet, as expected. The
doubly occupied & and 3 orbitals into empty St orbitals. change in bonding with the addition of the third OH is clearly
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TABLE 1: Computed Dy Values (in kcal/mol). The B3LYP Geometries and Zero-Point Energies (ZPE) Are Used Throughout

CCsSD(T) B3LYP best expt
Sc'—OH doublet 117.5 118.8 120563 119.2+ 2.13, 87.84+ 3°
ScOH"—OH singlet 124.1 117.7 1274 3
Sc(OH)"—OH doublet 324
Tit—OH triplet 108.9 116.3 11193 111.2+ 2.8, 113.0+ 3
TiOH*—OH doublet 114.9 109.7 117803
Ti(OH)2*—OH singlet 96.5
V*—0OH quartet 95.6 96.1 98.6+ 3 101.74+ 4.44,103.84+ 3.5, 107.04+ 3°
VOH*—OH triplet 97.6 95.2 100.6- 3
V(OH),*—OH doublet 85.3
Co"—OH quartet 65.1 66.8 6843 71.7+£ 0.9, 722+ 3%, 71+ 3
CoOH"—0OH quintet 60.6 65.9 63.& 3
Co(OH)™—OH sextet 34.3
Ni*—OH triplet 50.7 59.7 53. %3 56.3+ 4.69,42.2+ 3
NiOH™—OH quartet 41.0 52.3 446 3
Ni(OH),*—OH quintet 31.8
Cu"—OH doublet 28.4 38.7 3042
CuOH"—OH triplet 34.0 44.3 36.&2
Cu(OH)™—OH quartet 27.3

aReference 4, for OD at 0 K, using guided ion beaPReference 3, using CID; the temperature is not well definedihe B3LYP linear
geometry is usedd Reference 5, for OD at 0 K, using guided ion beafiReference 6, at 0 K, using guided ion beahReference 8, at 298 K,
using photodissociation? Reference 7, at 0 K, using guided ion beam.
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Figure 6. B3LYP structures of Co(OHJ, for n = 1-3. The bond
Quintet Triplet lengths are in angstroms and the bond angles in degrees. All of the

Figure 5. B3LYP structures of Ni(OH)", for n = 1-3. The bond systems are planar.
lengths are in angstroms and the bond angles in degrees. Ni(@GH)

planar, and Ni(OH)' triplet is only slightly distorted from planar. ScOH", which is consistent with the increased ionization

potential of Ti* compared with St. There are two metal
observed in the dramatic decrease in the third binding energy; OH bonds in Ti(OH)", and not surprisingly the structure of
see Table 1. One might expect Sc(@Hjo look like one OH the2A; ground state of Ti(OH) is similar to that of Sc(OH),
weakly bound to a slightly perturbed Sc(QH) Instead we although the OMO angle is larger for Ti than Sc. The net Ti
find one Se-OH bond with a short SeO distance and two  charge is 1.68, which shows a donation of 0.34 electrons to
long Sc-OH bonds, sharing one Sc valence electron; see Figureeach OH molecule, which is slightly smaller than found for

1. TiOH™. The structure of Ti(OH)" is completely different from
TiOH™ is a linear triplet as expected; see Figure 2. One metal Sc(OH}*, since with three valence electrons, Ti can form three
3dr—OH 17 bond is formed, as for ScOH The other 3d strong metatOH bonds; note that the FO bond lengths are

orbital is empty to maximize Okt donation to the metal. The  similar for all three systems. Ti(OHht) is slightly nonplanar,
3dd? occupation would minimize the FOH repulsion and and the M-OH angle is even smaller than for Ti(Of)as the

maximize the OH to Ti donation; however, B8do? is 40% metal to OH donation, 0.25 electron to each OH, is still smaller
ground-stateF and 60%*P, which is more than 20 kcal/mol  than for TiOH" and Ti(OH)".
above*F, and hence the bonding is derived fronoZtz'3dd,* VOHT is slightly bent at the B3LYP level; see Figure 3. For

which is 100%*F. This results in 8A ground state, with the  a linear geometry, there are clearly two low-lying states, the
33~ state being 4.8 kcal/mol higher in energy. In fdestate, 43~ state derived from 3et3d7'3dd? and the'IT state derived
the o repulsion is reduced by sdhybridization. The net Ti from 3d7?3dd2. In both a bond is formed between the V:3d
charge in the ground state is 1.38. This is smaller than for and OH Ir orbitals. The!>~ state allows better Okt donation,
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while the“IT state allows better Od donation. Bending allows

Ricca and Bauschlicher

the left side of the row, but Ni and Co do not have empty 3d

these states to mix, and at the B3LYP level, this mixing leads orbitals. Rather than empty 3d orbitals, Ni and Co have doubly
to a bent molecule. However, the energy lowering associated occupied orbitals such as Cu. Thus the interesting question is,

with this bending is only 0.05 kcal/mol. Atthe CCSD(T) level,
the linear structure is 1.46 kcal/mol below the bent; thus we
suspect that VOH is actually linear.

V(OH)," is linear with a%Z,~ ground state that is derived
from the V" 3dr?3dd? occupation. This allows each OH to
form a bond wih a V 3dr orbital and minimizes the ¥OH o

are Ni and Co like Sc, Ti, and V, or like Cu, or, perhaps,
completely different from these two cases. We first consider
Ni(OH),™. Nit has &D(3c®) ground state, with théF(3cP4st)
state 25.0 kcal/mol higher in enerdy. For NiOH" several
bonding mechanisms are possible; one possibility is the forma-
tion of a Ni—OH bond, as found for the metals on the left side.

repulsion. As more nonbonding d electrons are added from Sc This would yield a singlet state for the 8dccupation and a

to V, the OMO angle increases, until for V(Of)only the 3d

triplet state if the bonding were derived from the%2d

orbital is empty and the OH molecules must be on opposite 0ccupation. This bond could range from covalent to ionic in

sides of the metal to allow Ok donation to the empty 23d
orbital. The VOH subunits remain linear since bending the
VOH without bending OVO increases the met@H repulsion.

V(OH);s™ looks similar to Ti(OH}*, and like Ti(OH)," the
V—0 bond distances vary only slightly with number of ligands.
In addition, the \-OH bond energies show a relatively small
change with the number of ligands. That is, with four valence
electrons, the bonding in the V(O§t) systems is similar for
one, two, or three OH ligands. Assume V(QH)s in the xy
plane. Then relative to Ti(OHY, the extra, nonbonding,
electron is in the out-of-plane 8ddorbital, which results in
V(OH)s™ being planar.

We now consider three systems from the right side of the
first transition row. We start with Cy which has a closed-
shell 3d° occupation, and the bonding is the simplest. The
optimal structures are shown in Figure 4. CuOl bent with
a?A’ ground state, with the linear configuration being 3.8 kcal/
mol higher at the B3LYP level. The bonding is mostly
electrostatic. The chargealipole contribution to the bonding

character. Electrostatic bonding is another possibility, where
the open shell on OH is high spin coupled to the Ni open shells.
This would produce a triplet state for the®3stcupation and a
quintet state for the 3ds' occupation.

At the B3LYP level, the ground state is found to be a triplet
state, with the singlet 38.3 kcal/mol higher in energy. The
separation is 33.8 kcal/mol at the CCSD level, but 12.5 kcal/
mol at the CCSD(T) level. Unfortunately the norm of the
singles amplitudes is large for the singlet state. Therefore it is
difficult to accurately determine the separation between the
states, but it is clear that the ground state is a triplet with a bent
geometry, see Figure 5. (Note that the bent structure is below
the linear at both the CCSD(T) and B3LYP levels of theory.)
Unlike the metals on the left side of the row, forming a chemical
bond between the open 3d orbital in the NP @dcupation and
OH 1z is unfavorable. We suspect that the repulsion between
the doubly occupied 3d orbitals and the occupied GHaBd
1z orbitals results in significant NiOH repulsion at the bond
length optimal for chemical bonding. That is, on the right side

favors a linear molecule, but bending allows the open-shell OH there is metal repulsion, while on the left there is bonding from

17 orbital to donate to the Cu4s orbital. This dative
interaction, plus some 4slt covalent bonding arising from
3d9 to 3dP4s' promotion, results in a bent molecule. The Cu

the OH donation to empty orbitals.

The bonding in the triplet state is quite complex and appears
to be derived from a mixture of 3dand 3d4s!; the 3d

promotion is clearly visible in the Cu 3d population of 9.70 population is 8.55 electrons. This mixing of asymptotes can
electrons. As expected most of the open-shell character is onoccur only for the triplet state and is probably the reason that
the OH. The net Cu charge is 0.82, indicating that OH to metal it is the ground state. In the triplet state, the open-shell
donation is larger than metal to OH donation. This is opposite population on OH is 0.54 electrons, which is consistent with
to what is found for the metal atoms on the left side of the row. half a bond between Ni and OH. The net charge on Niis 1.00,

Cu(OHY™" is a nearly linear molecule with bonding similar to
that in CuOH. The electrostatic bonding results in a triplet

showing that the Ni to OH and OH to Ni donations cancel.
One way to view the bonding in NiOHis to start from 38

state. The OH molecules are on the opposite sides of the Cu,with the 3a singly occupied to minimize the NiOH repulsion;

as this minimizes the OHOH repulsion. The CuOH subunits
are not in the same plane, as this also reduces the- @t
repulsion. The CtOH repulsion is reduced by sdybridiza-

then 3dr electrons are donated to the open-shell @brrbital,
thus increasing the open-shell character on Ni and decreasing
it on the OH. The alternative is to start from™N8dP4s', and

tion, which reduces the electron density on both sides of the form a covalent bond between thed43do hybrid and OHzx

Cu. This results in a contraction of the €0 bond when the

orbital. The out-of-plane doubly occupied Otbrbital donates

second OH is added. Since the two ligands share the cost ofelectrons into the singly occupied Bdrbital, thus creating
the hybridization, the second ligand is more strongly bound than open-shell character on OH. The Mulliken populations and

the first; see Table 1. The singlet state derived by forming two
Cu—OH bonds from the Cu3D(3dP4s!) state is much higher

in energy, which is consistent with the large promotion erérgy
for Cut. The sd hybridization is not efficient at reducing the
metal-ligand repulsion for three ligands, and hence the third
OH is less strongly bound than the first two. The Cu(@H)
structure is the one that minimizes the ©8H repulsion. Note

orbitals show the bonding is a complex mixture of these two
extremes.

The bonding in Ni(OH)" is very similar to that in NiOH.
The ground state is a quartet that is a mixture of chemical
bonding from 384s! and electrostatic bonding from 3dlit can
be viewed as high-spin coupling an OH to the ground state of
NiOH*. The sd hybridization and singly occupied 8d

that the structure with all three H atoms on the same side of character are responsible for the essentially linear ONiO subunit.
the plane containing the O atoms is only 0.8 kcal/mol higher The open-shell character on each OH is 0.61 electron, which is
than the one shown in Figure 4. The doublet state with two sjightly larger than the 0.54 electron for NiOH The slight
Cu—OH bonds is significantly above the quartet ground state reduction in the metal to OH donation is due to the increased
with electrostatic bonding. Clearly the bonding in Cu(@H)  total charge on Ni for two OH molecules. With two OH

is very different from the metals on the left side of the first
transition row.

molecules to donate to Ni and a reduction in the Ni donation to
an individual OH, it is not surprising to find a net charge on Ni

Ni and Co have open-shell electrons such as the metals onof 0.81 electron. Even though there are two OH molecules
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sharing the cost of gdhybridization, which reduces the Ni norm of the singles amplitudes divided by the square root of
3o repulsion, the second OH is less strongly bound than the the number of electrons correlated is smaller than 0.03. The
first. Apparently the reduction in the bonding due to the smaller values for most of the systems reported in Table 1 are smaller
Ni to OH donation is larger than any gain due to sharing the than this guideline and only slightly larger in the worst cases.
cost of the sd hybridization. The doublet state, with more For example, of the systems with one OH, NiOHhas the large
chemical bonding, is 9.7(1.2) kcal/mol higher at the B3LYP- norm (0.148), while CoOH has the second largest value
(CCSD(T)) level. This is a significant drop from NiGH This (0.077). For the systems with two OH molecules, Co and Ni
is probably a result of the two ligands sharing the cost of the again have the largest values of 0.174 and 0.140, respectively.
promotion energy to 3ds' and sharing the loss of Ni exchange Considering the small values for the norm of the singles and
energy when the bond is formed. large basis set used, the CCSD(T) results are expected to have
For Ni(OH):* at the B3LYP level, the quintet and triplet states & maximum error of about 3 kcal/mol for all systems except
are essentially degenerate; the triplet is lower without zero-point Cu(OH)™, where we suspect that the mostly electrostatic
energy, and the quintet is lower with zero-point energy. Even bonding should be easier to describe, and hence the maximum
the singlet state, which involves three-NDH bonds like those ~ error should be about 2 kcal/mol. Excluding Cu(QH)we
for the metals on the left side of the row, is only 5.8 kcal/mol make our best estimate by adding 3 kcal/mol to the computed
higher. For the quintet state the open-shell character on eachCCSD(T) value and assigning an error baee# kcal/mol. For
OH is 0.80 electron, which shows that Ni(Qf)has signifi- Cu(OH)," we add 2 kcal/mol and assign an error bar-ef
cantly more electrostatic bonding and less chemical bonding kcal/mol.
than NiOH" or Ni(OH),*. The net charge on Ni is 0.63 For those systems with Sc, Ti, V, and Cu, the CCSD(T)
electron, showing a growing importance of OH to Ni donation calculations were straightforward; this was not the case for
relative to Ni to OH donation as the number of ligands increases. Co(OH}L™ and Ni(OH),*. For these systems there were two
Thus as the number of OH molecules increases, the low-spinor more states very close in energy at the HF level. For example
states with Ni-OH chemical bonding become more competitive in NiOH™, there were twGA" states that arose from the two
with respect to the high-spin states with electrostatic bonding. ways to put three electrons in the two 3d orbitals in tHe a
Given the accuracy of the B3LYP approach, we are unable to symmetry; these two states differ by only 0.2 kcal/mol. The
definitively determine the ground state of Ni(Qf) however, higher of the two states has the same open-shell 3d orbital as
it is clear that the third ligand bond energy is significantly inthe B3LYP calculation. Since the orbitals are very different
smaller than the first two. Thus the difference in OH bond for these two states, it is possible to perform CCSD(T)
energies for Ni and Cu decreases from about 20 kcal for the calculations for both of them. With the addition of electron
first OH to 4 kcal/mol for the third OH. correlation, the order of the two states reverses; at the CCSD
We should note that the determination of the ground-state and CCSD(T) levels the separations are 3.7 and 4.9 kcal/mol,
Ni(OH)s* is complicated by many minima on the potential respectively. Thus, in addition to being useful in the determi-
energy surfaces, which differ mostly in the orientation of the nation of the equilibrium geometry, the B3LYP calculations can
OH molecules and orientation of the open-shell 3d orbitals. For help ensure that the ground state has been correctly found in
example, the triplet state, formed by rotating one OH by°180 the HF calculations. While there are several low-lying states
so that it is still planar but with all H atoms pointing in a for CoOH" and Co(OH)", it is encouraging that the HF solution
clockwise direction, is only 3.1 kcal/mol above the lowest triplet yielding the lowest CCSD(T) energy is the one that is the most
shown in the figure. Rotating the OH molecules so that all H similar to the B3LYP result.
atoms point in the same direction out of the plane of the Ni  Ni(OH),* is the most extreme example of the problem with
and oxygen atoms is also a minimum on the potential energy multiple HF solutions, where we find four solutions within 2.5
surface and is 12 kcal/mol above the lowest triplet. kcal/mol, with the lowest two differing by only 0.35 kcal/mol.
The bonding in Co(OHY is very similar to that in Ni(OH)", The HF solution with the third highest energy has the open-
except with one more open-shell 3d orbital, the multiplicity of shell orbitals localized on the Ni and produces a norm of the
the Co(OH)" systems is one larger than for the analogous singles amplitudes of 0.55 in the CCSD calculation. That is,
Ni(OH),™ systems. The structures of CoOtdnd Co(OH)* the CCSD approach fails since the reference wave function is
are clearly similar to those found for Ni systems; compare Figure missing the very important mixing of the 3d and Gtbrbitals.
5 and Figure 6. Co(OHJ is a planar sextet state, while the The other three HF solutions are much more similar to the
quintet state of Ni(OH)" has one OH rotated out of the plane. B3LYP, showing mixing of the Ni 3d and OHlin the open-
The additional open shell in Co appears to cause small changesshell orbitals. Unfortunately none of the solutions look exactly
in the relative separation of the different minima; for example like the B3LYP solution, and therefore CCSD(T) calculations
the planar quintet state of Ni(Okf), which is analogous to the ~ where performed for all three. The second and fourth roots
sextet state of Co(OR, is 1 kcal/mol (0.7 kcal/mol with zero-  yield CCSD(T) energies that differ by 0.1 kcal/mol, while the
point energy) above the one shown in Figure 5. The additional lowest HF solution yields a CCSD(T) energy that is 12.6 kcal/
exchange energy associated with the extra open shell in Comol higher in energy. While none of these three HF solutions
results in the quartet state being 2.7 kcal/mol above the sextet,look exactly like the B3LYP, we believe that the second and
whereas the triplet and guintet states are essentially degeneratéourth roots are sufficiently similar to the B3LYP solution that
for Ni(OH)s*. However, these differences between Co((JH)  one of these nearly degenerate state is the ground state of
and Ni(OH),™ are small when compared with the differences Ni(OH)," at the CCSD(T) level.
between them and those on the left side of the first transition  Wwe compare our computed values with experiment in Table
row or between them and Cu(Oft) 1. We should note that several of the experiments are for
3.2. OH Bond Energies. The OH bond energies are MOD" and many are at 298 K. For ScOHve considered
summarized in Table 1. Our best results are those computedthese effects, and substituting OD for OH increases the OH
using the CCSD(T) approach; however, even these values needinding energy by 0.4 kcal/mol; the value at 298 K is 1.3 kcal/
to be corrected for limitations in the theory. It has been mol larger than at 0 K. For ScOHour best estimate for the
observed' that the CCSD(T) approach is usually reliable if the Sc"—OH binding energy is in good agreement with the guided
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ion beam value for ScODby Armentrout and co-workers, OH molecules for both Scand Ti". However this correction
but is much larger than the value of Michl and co-worRers is not quantitative; for Ti the corrected B3LYP results show
determined using collision-induced dissociation (CID). Inthe the second OH is 0.9 kcal/mol more strongly bound that the
CID experiments, the temperature is not well established and first, which is significantly smaller than the 6 kcal/mol found
the clusters could be thermally and electronically excited, which at the CCSD(T) level. The ground state of'de derived from
could be responsible for the small value. For TiQldur best the & occupation, and therefore the B3LYP would underestimate
estimate is in very good agreement with both the guided ion the contribution from 3ts' in the CoOH bonding. This
beam and CID results. For VOHour best estimate overlaps should result in a binding energy that is too small. Thus
with the guided ion beam results and is slightly smaller than correcting CoOH for the limitations of the B3LYP approach
the CID value. We feel that the theory shows that the true result would increase the first OH bond energy, making the agreement
is in the lower ranges of the experimental results. For C60OH with the CCSD(T) worse, but would improve the difference
the theoretical and experimental values overlap, again suggestingpetween the first and second OH binding energies. While the
that the true value lies in the lower part of the experimental B3LYP errors in the atomic separations give us some insight
range and the upper part of the best estimate based on theoryinto the difference between the CCSD(T) and B3LYP molecular
NiOH™ is like ScOH"; our best estimate agrees with the guided binding energies, it is difficult to design an accurate correction
jon beam result to within their mutual error bars, but our value for the B3LYP approach. Thus itis only safe to use the B3LYP

is significantly larger than the CID result. Since our CCSD(T)
value cannot be 8 kcal/mol too large, the CID result must be
significantly too small. As for ScOH the small CID value
could be a result of excited states in experiment.

Given the good agreement between theory and the guided
ion beam experiments for SCOHTIOH*, VOH™, CoOH', and
NiOH™, we are confident that our other values are also accurate
to within their estimated uncertainties. The only possible
exception is Ni(OH)*, where the HF solution was not as similar
to the B3LYP as found for the other systems. Since we were
unable to find a better solution, we are cautiously optimistic
that this result is also correct.

The B3LYP and CCSD(T) values or B3LYP and our best
estimates are only in qualitative agreement. It is especially
disappointing that the B3LYP binding energy for CtOH is

8 kcal/mol larger than our best estimate, because the bonding

in this system is relatively easy to describe. The overbinding
appear® to be common for open-shell ligands, while for closed-
shell ligands the B3LYP and CCSD(T) approaches appear to
be in much better agreemefit3® The errors in the BSLYP
approach do not appear to arise from the small basis set used
This possibility was tested by computing the"S©H and Nif—

OH B3LYP binding energies using the much larger 6-8GE
(2df,2p) basis®31-32(at the smaller basis B3LYP geometries).
Using this larger basis set decreased th&-S8H and NiF—

OH binding energies by 0.8 and 0.4 kcal/mol, respectively.

The trends in the first two OH binding energies at the B3LYP
level show some correlation with the CCSD(T) values. The
second OH is clearly less bound than the first fot Bihd more
strongly bound than the first for Guand the first and second
OH binding energies are very similar for'y However for the
other three systems, the B3LYP and CCSD(T) differ. Fofr Sc
and Tit, the CCSD(T) shows that the second is more strongly
bound than the first, whereas the B3LYP has the first more
strongly bound than the second. For ScOkhd TiOH", the
bonding is derived from 01, but the atomic ground state is
derived from 384s'. The B3LYP approach, and DFT in
general, favors the"d! occupation. Thus if the binding energy
is computed with respect to the Bd! occupation, the binding

for trends after some calibration has been performed.

While the B3LYP approach cannot be trusted for small
differences in OH binding energies with number of ligands, the
differences for the third OH are so large that the B3LYP offers
some insight into the trends, especially when it is realized that
the metal 3d populations are not changing significantly so that
the difference between the second and third OH binding energies
is expected to be more accurate than the difference between
the first and second. For Schere is clearly a large drop due
to Sc™ having only two valence electrons. The third OH binding
energies for Tf and V' are clearly close to the first two; the
approximately 10 kcal/mol drop in the third binding energy is
probably due to increased GHDH repulsion. The third OH
is clearly much less strongly bound than the first two for"Co
and Nit. The value for the third OH is close to that for Gu
and this suggests that for three OH molecules the bonding has
become mostly electrostatic for €Cand Nit.

Cu(OHX" is a special case since the Cu undergoes small
changes with number of OH molecules, and therefore the trends
in the B3LYP binding energies are expected to be the most
accurate. As note above, sharing the cost oflsgbridization
tfesults in the second OH being more strongly bound than the
first. However, it is not possible to arrange three OH molecules
so that all can benefit from the reduced-60H repulsion, and
hence the salhybridization is lost and the third OH is the least
strongly bound. This has been discusSeth detail for
Cu(H0O)™, and the B3LYP results for Cu(OKkf) are consistent
with the expected trend.

4. Conclusions

The CCSD(T) binding energies for M-OH are in good
agreement with the guided ion beam experiments. The CID
values for St—OH and Nit—OH are clearly too small, while
the other CID values appear reasonably accurate. The photo-
dissociation experiment for CoOHs in good agreement with
our best estimate. The B3LYP binding energies are in qualita-
tive agreement with the CCSD(T) results. Apparently the
B3LYP approach does not work as well for open-shell ligands
as for closed-shell ones. Despite the limitations in the binding
energies, the B3LYP approach does appear to be a good method

energy is too large. This error does not occur for the second of optimizing the geometry and helping to determine the ground
and third bond energies, since the 3d occupation of the metalstate. The B3LYP also offers some insight into the trends in
atoms does not change significantly. If the first OH binding binding energies, but caution must be shown in interpreting
energy is computed with respect to the"S8dasymptote and energy differences of less than 10 kcal/mol.

corrected to the ground state using experiniétie values for
Sct—OH and Ti"—OH are reduced by 8.8 and 7.5 kcal/mol,
respectively. This correction improves the agreement of the
TiOH* B3LYP binding energy with the CCSD(T) result and References and Notes

degrades the agreement for .SCpH)Ut it improves the (1) Bauschlicher, C. W.; Partridge, iEhem. Phys. Let1997, 272,
agreement for the change in binding energy with number of 127.
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