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High-level ab initio calculations have been performed on the neutraH£ complex, and the dication,
Cd?™-H,0. Effective core potentials (ECPs) are employed for cadmium, augmented with a large, flexible
polarization space, which also includes diffuse functions. The calculated double ionization energy for Cd is
within 0.03 eV of the experimental value, suggesting that the basis set is able to describe both Cé"and Cd
well. For both complexes, three main structures were consideCedwith the cadmium atom interacting

with the oxygen atom of bD; C,, with the cadmium atom interacting with both hydrogens gDHand
planarCs where the cadmium interacts with only one of the hydrogen atoms,0f fihe global minimum

for Cd-H,0 is found to be the tranGs structure, whereas for €ttH,O, the chargedipole interaction leads

to the C,, geometry, with the cadmium interacting with the oxygen atom g Heing the lowest in energy.

Our best values for the binding energi€g, are: CdH,O, 134 cm® (0.4 kcal mot?); C#*-H,0, 78 kcal

mol~1, employing the CCSD(T) method. We conclude that thé'@d,O complex is stable with respect to
charge transfer and should be observable; after correction for zero-point vibrational energy, the stability of
Cd-H,0 is less certain from the results of the calculations.

I. Introduction II. Computational Details

Cadmium is an element in Group 12 (group IIB), and hence  The large number of electrons on Cd would make any all-
CE" is expected to be the most stable ion in solution, with the electron calculation rather expensive, and so we elected to use
two 5s electrons being lost, leaving the closed-sheltdl© core. effective core potentials (ECPs). As in our previous work
Thus, together with the other Group 12 elements, cadmium is employing ECPs, two types are used: the Los Alamos LANL2
often not considered as a transition metal. Cadmium is an one} and the ECP28MWB one of Dolg and co-worké?sn
especially noxious substance, being one of the five most toxic each case, the valence basis set was either modified and
metals, and having a biological half-life of 4@0 years- extended, or completely redesigned. It is important, especially

In solution, it is thehexaaquaoCd(ll) complex, which is the ~ when looking at molecular complexes, that the basis set
most stable form, and has been studied by Raman spectroscopybehaves well” in the molecular, as well as the atomic
and ab initio calculations (HF and MP2 level, with 6-31G* and environment. We took “behaving well” here to mean that there
6-314+G* basis sets), but the 1:1 complex was not considéred. was a sensible wave function for cadmium (i.e., the expansion
The Cd*-(H,0), complexes have been studied using HF, MP2, coefficients decayed smoothly, and there were no sudden
and density functional theory (DFT) methotfs>6Other studies positive/negative jumps), and that the basis set superposition
include work on Cé&*(OH), (n = 1—6)” and work on cadmium  error (BSSE) was “reasonable” in the complex (vide infra). For
complexed to larger ligandslt is the purpose of the present H20, standard basis sets were used, selected so that the quality

work to investigate the 1:1 complexes of Cd andCdith a of the basis sets on Cd and® were balanced.

water molecule, which represent the most fundamental interac- (i) Basis Set 1.For cadmium, the standard LANL2DZ basis

tions between cadmium and water. set was employed, and augmented with a diffuse set of sp
An interesting question is whether the isolated?GHi,0 functions ¢ = 0.017) and a set of diffuse d function§ €&

complex will undergo charge transfer (to becomer G0") 0.0826); these were obtained by extending the most diffuse sp,

because the second ionization energy of Cd is higher than theand d functions from the standard LANL2DZ basis. Polarization

first ionization energy of kD. functions were also added: d € 0.8) and three fq = 1.0,

0.3333, 0.1). For this basis set, the ECP describes all electrons
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TABLE 1: First Single and Double lonization Energies (eV)
of Cd, Calculated Using Basis Sets-13 (see text for details)

level of theory Cd— Cd*" Cd— CcP*
MP2/basis set 1 8.920 25.300
QCISD/basis set 1 8.853 25.138
CCSD(T)/basis set 2 8.954 25.801
CCSD(T)/basis set 3 8.982 25.866
experimert 8.991 25.895

aFrom ref 17.

(although ionized states were also used in the derivation of this

potential) and WB implies the use of the quasirelativistic
approach described by Wood and Boridgyhich was used in

ref 10 in order to derive the ECP. This ECP was developed by

Dolg and co-workerd? with 28 electrons described by the

potential (thus, the 4s, 4p, 4d and 5s electrons are treated as

J. Phys. Chem. A, Vol. 105, No. 37, 2008511

valence and are correlated; in all cases, feDHbnly the O 1s
electrons are frozen.) Basis set superposition error (BSSE) was
accounted for by the full counterpoise correction of Boys and
Bernardil* fixing the geometry of water to that in the optimized
complex. (The effect of geometry relaxation owing to BSSE
has been investigated by a number of authors, see for example,
refs 15 and 16, and is generally small.)

Ill. Results and Discussion

(i) Calculated lonization Energies. One simple way to
confirm that the basis set used for cadmium is performing well
for Cd and Cd" is to calculate the ionization energy for the
process

cd— cd** + 2e 1)

valence). The standard [6s5p3d] valence basis set, obtained fromq completeness, we also calculated the ionization energy for

a[3,1,1,1,1,1/2,2,1,1,1/4,1,1] contraction was used, but aug-

mented with the following:

one s function { = 0.006 333 0)— a ratio of 3.0 from the
most diffuse s of the standard valence space;

one set of p functionsi(= 0.01264)— a ratio of 2.9 from
the most diffuse p of the standard valence space;

four sets of d functionsg(= 2.5, 1.0, 0.4, 0.025);

four sets of f functionsd = 1.5, 0.5, 0.166 667, 0.055 56);

three sets of g functiong (= 1.2, 0.4, 0.1333).

Overall, this may be designated an ECP28MWB([7s6p7d4f3g]
basis set. The basis set fos®lwas the standard aug-cc-pvVQZ
one, giving a total number of basis functions of 287.

(i) Basis Set 3. Again, the ECP28MWB effective core

the process

Cd—cCd" + e 2)
The results are given in Table 1 and compared to the
experimental values from Moofé. As may be seen, the
agreement is very good, with that for the best calculation,
CCSD(T)/Basis Set 3, being particularly encouraging. Energy
changes, such as ionization energies, are notoriously difficult
to calculate accurately owing to the large relaxation and
correlation energy changes, and agreement to within 0.03 eV
for a double ionization energy is notably satisfactory. Conse-
guently, we were confident that our basis sets can describe both

potential was employed, but this time the basis set was moieties well.

completely redesigned (see below for rationale). The valence

set added to the bare ECP was as follows:
one contracted function to describe each of the 4s and 5s

orbitals, these were derived from 15 even-tempered primitives,

with a ratio of 2.0, ranging fronf = 64.0 — 0.0039;

one set of contracted p functions to describe the 4p orbital,

(i) Cd?*-H,0. (a) Optimized GeometryFor Cd*-H,0,
optimizations were commenced at the three geometr&s:
(Cd---OHy); Cy, (Cd-+-H,0); andCs (Cd---H—0OH). The latter
two geometries optimized back to the first at the MP2/Basis
Set 1 level of theory. In the case of tBg, geometry with Cé&"
interacting with both hydrogens, the water molecule inverted,

this set was derived from 13 even-tempered primitives with a passing through a linear geometry to get back to @e

ratio of 2.0, ranging front = 32.0-0.007 812;

one set of contracted d functions to describe the 4d orbital,

geometry with Cé" interacting with the O atom. The optimized
geometries and harmonic vibrational frequencies fot"@dH,

this set was derived from 11 even-tempered primitives with a are given in Table 2. As may be seen, the-@ibond length

ratio of 1.8, ranging from 11.337 208 to 0.031 753.

The contraction coefficients for the above were obtained from
a restricted HartreeFock calculation on the neutral cadmium
atom, employing the (15s13p11d) basis set.

To these contracted functions were added the following:

nine even-tempered s functions with a ratio of 2.6 §nd
9.139 52-0.004 376 59;

nine even-tempered p functions with a ratio of 2.5 &ne
7.8125-0.005 12;

seven even-tempered d functions with a ratio of 2.65 @nd
= 2.791 443 8-0.008 060 34;

five even-tempered f functions with a ratio of 3.0 ahe=
2.7-0.033 333 3; and

four even-tempered g functions with a ratio of 3.5 d@he
2.5-0.058 309

Overall, this basis set may be designated ECPMWB-

[11s10p8d5f4g]. Together with the standard aug-cc-pVQZ basis

set for HO, this gives a total number of basis functions of 324.
All geometry optimizations and harmonic vibrational fre-
guency calculations were performed using Gaussidhd®ie
CCSD(T) calculations were carried out with MOLPRO2G80.
(With the LANL2 ECP the 4#5¢ electrons are valence and
are correlated for Cd, clearly for €d only the 4d° were
correlated; with the ECP28MWB ECP the?4gt4dl%< are

increases slightly on going from the MP2 to the QCISD level,
as expected, because more electron correlation energy will allow
the repulsion to be described better. The-@lbond length is
notably short, which is not entirely unexpected for a charge
dipole interaction, especially when the charge-+&. The
parameters for the water molecule are relatively unchanged.
Harmonic vibrational frequencies were only calculated at the
B3LYP and MP2 levels. As may be seen, the intermolecular
ones are quite large indicating that the interaction energy is
probably quite significant. Of note is that the MP2 total energies
are lower than the QCISD total energies. In fact, for the two
complexes considered in this work, it was observed that the
MPn (n = 2—4) series is quite oscillatory (but converging),
with the MP2 energy being lower than the MP3 one, and the
MP4 energy being lower than the MP3 one, but not as low as
that at the MP2 level.

The geometry of the Cd+H,O complex is very similar to
that of the Z#3™+H,O complex, which has been studied by a
number of workers (see, for example, refs 18 and 19). In ref
18, MP2 calculations were performed using a doubledence
basis set wh a p polarization function: the 2Zh---O bond
length was calculated to be 1.90 A, with a charge+df74 on
the Zn atom—0.89 on the O atom, an#t0.57 on the H atoms.

In ref 19, B3LYP calculations were employed with a double-
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TABLE 2: Optimized Geometry and Harmonic Vibrational Frequencies for Cd2™H,0 employing Basis Set 1 (pVibrations Are
In-plane)

level of theory EoEn Rea-ofA Ro-n/A Ononr frequencies/ crmt
B3LYP —123.741 148 2.117 0.976 107.9 284(#32(a), 675(k), 1642(a), 3627(a), 3688(h)
MP2 —122.441 551 1.946 0.973 107.4 535(t547(k), 634(a), 1650(a), 3673(a), 3732(h)
QCISD —122.429 412 1.967 0.970 107.2

TABLE 3: Computed Total Energies, Etq, and Interaction Energies, AE, for the Complex Formation of Cd?"(OH,) at the
CCSD(T)//QCISD/Basis Set 1 Geometries

basis set 2 basis set 3
CCSD CCSD(T) CCSD CCSD(T)
Eto/En —242.981 528 —243.004 381 —243.187 400 —243.214 691
AE(CP)/kcal mot?ta —76.3 —-77.3 —76.6 —77.8

aFull counterpoise correction employed see text.

basis set, and very similar results were obtained to those of refkcal mol, 4.3 eV). This is the general trend that one would
18. In both cases, the binding energy was calculated giving expect, with the effective nuclear charge as experienced outside
values of 95 and 102 kcal md, respectively. Comparing the  an atom or ion being reduced with the heaviness of the nucleus,
results for Cé&"+H,0 in Table 2, it may be seen that the BSLYP owing to the shielding effect of the additional electrons. This
and QCISD results are in reasonable agreement as far as thén turn leads to more covalency in the bonding, which is also
geometry is concerned, suggesting that the B3LYP method is manifested in the slightly smaller Mulliken charge on the Cd
reasonably reliable for optimized geometries, which is in dication compared to that of the Zn dication (although a direct
disagreement with the conclusions of ref 20 where it was comparison is not strictly possible since different basis sets have
concluded hybrid functionals yielded¥tligand bond lengths been employed in the different studies). The binding energy of
that were too short. The calculated Mulliken charges at the Cd?*+H,O is still significant at over 3.4 eV.

QCISD/Basis Set 1 level of theory werel.64(Cd),—0.80- It is interesting to consider the following question: isCd
(O), and+0.58(H), which are very similar to those obtained H,O observable? Initially, with such a large binding energy,
by other workers for Z# +H,0. one would conclude “yes”; however, the possibilities of charge

It is interesting to compare the geometry of isolated water at transfer and intracluster reactions need to be considered. It is
the QCISD/Basis Set 1 level of theory, with that of the water well-known that it is difficult to form isolated 1:1 &t-H,O
in the complex. The geometry of water at this level of theory is complexes in the gas-phase because charge-transfer between
Ron = 0.957 A, anddyon = 104.3. Thus, in the C&F-H,0O M2+ and HO is expected to occur, leading to the formation of
complex, the water bond angle has opened out, suggesting thaM* and HO™, followed by rapid Coulomb repulsion. However,
charge transfer has occurred, leading to a lowering of the lone-if M 2" is collided with HO slowly in the presence of a third
pair/OH-bond repulsion, and so an opening out of the HOH body then formation of the ft-H,O complex is possible. Direct
bond. This is confirmed by the calculated Mulliken populations, photoionization is also possible; however, as will be shown
which, in isolated water, indicate charges ©0.94(0O) and below, the minimum energy geometry of CH4O is very
+0.47(H). Such effects have also been seen in largér-M  different to that of Céi"-H,O and so the FranekCondon factors
(H20), complexes?é are expected to be very small. It is also possible that reaction

(b) Binding EnergiesSingle-point energies were calculated in small M?™+(H,0), complexes can occur, and there are detailed
at the CCSD and CCSD(T) levels of theory employing the studies of such processes by Keb#rland Stac& and their
QCISD/Basis Set 1 geometry, with the results given in Table co-workers on Mg"-(H,0),. Such reactions are likely to have
3. It is immediately apparent that the binding energies are an activation energy barrier, and so have increased likelihood
significant at ca. 3.5 eV, again reflecting the significant charge if there is energy present within the cluster.
density of the Cé". The calculation with Basis Set 2 led to a Whether the C#™-H,O complex is inherently stable or not
substantial total BSSE~(5.5 kcal mof?), which was almost depends on the position of the GtH,O™ curves and indeed it
entirely located on the Gd. This also turned out to be the case would be very interesting to examine the charge-transfer process.
for Cd-H,O and so the cadmium basis set was redesigned to This process commences on a potential energy curve that
give Basis Set 3, (description given in the Computational Details correlates to two singlet dissociation products {GéS) and
above). The BSSE was reduced to less than 1 kcattwahich H.O(XA1)], but the charge transfer statB() correlates with
is just over 1% of the interaction energy for TeH,O. It is two doublet states [Cd(2S) and HO* (X2B,)], hence a curve
apparent with both basis sets that the effect of triples is minimal crossing occurs between these two singlet surfaces. There will
here, with the CCSD and CCSD(T) values being very similar. also be &B; Cd"-H,O" surface expected to be lying to lower
The interaction energy after correction for BSSE (Table 3) may energy than the corresponding singlet one (by Hund'’s rules).
be seen to be very similar using both basis sets, indicating thatAn investigation of the position and nature of the singlet crossing
for this complex, the valence basis set is close to saturation, point would be very interesting, but challenging theoretically
and allows us to cite a value of 78 kcal mbfor the binding our initial attempts to look at this open-shell singlet led to
energy of C8"+OH,. Note that there may be some residual core- convergence to the Ct-H,O curve: this result directly
valence correlation energy effects which will alter this value; indicates that the Cd-H,O minimum lies lower in energy than
however, because the core electrons here are quite deep irthe CdH,O" curve. It is noteworthy that the CtrAr,
energy, this effect on the final binding energy is likely to be Ag?"-Ar, and AlZ™-Ar complexes have recently been observed
small. This value may be compared to previous values of 74 in a mass spectrometer by Stace and co-workeasd calcula-
kcal mol® (HF levely* and 73.8 kcal mol* (MP2 level)>® tions presented in that work indicate that the minimum of the

(c) Stability. The calculated binding energy of &dH,0, 78 MZ2*-Ar potential lies below that of the charge-transfer mini-
kcal mol?, is significantly less than that of Zh-H,O (ca. 100 mum, even though at the dissociation limit charge transfer is
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TABLE 4: Optimized Geometries and Harmonic Vibrational Frequencies for the Three Orientations of CdH,O Employing
Basis Set 1 (b Vibrations are In-plane)

intermolecular

level EiofEn bond length/A Ro-n/A angles? frequencies/cmt
trans-planar Cd--H—OH C;
B3LYP —124.546 067 Rcg-n=3.291 Ro-x1 = 0.963 Onpon = 105.0 36(9, 95(d), 148(d'), 1625(4), 3794(4), 3896(34)
ROsz =0.961 DCdHo: 179.0
MP2 —123.239270 Regn=2730 Ro-m=0961 [Ouos=104.0  108(y, 205(4), 290(d), 1626(2), 3837(8), 3962(3)
RO—H2 = 0.959 DCdHO: 168.6
QCISD —123.224991 Rcy-n=12.788 Ro-n1 = 0.959 Onon = 104.3
RO—H2 =0.957 DCdHO: 168.6
Cd-+*OH; cov
MP2 —123.237 637 Rcg-0=2.915 Ro-4 = 0.961 Onon=104.4 85(h), 108(a), 190(h), 1621(a), 3834(a), 3958(bk)
DCdOH =127.8
QCISD —123.223854 Rcg-0=2.994 Ro-4 = 0.958 Onpon = 104.5
DCdOH = 1277
Cd"'Hzo Czl)
MP2 —123.238161 Rcg-n=2.870 Ro-4 = 0.961 Unon = 102.6 138(a, 161(k), 263(h), 1639(a), 3844(a), 3950(b)
DCdHoz 113.6
QCISD —123.223495 Rcg-n = 2.952 Ro-4 = 0.958 Opon = 103.3
DCdHoz 113.6

expected to be spontaneetthis is a consequence of the large  Cd---H,O geometry was a minimum, although there is no
charge-induced dipole interaction. Associated with the open- guarantee that this does not become a saddle-point at higher
shell1B; singlet for Cd-H,O™ is the correspondingB; triplet levels of theory. As with C#-H,0, the MP2 energy is lower
and we performed a single-point energy calculation at the MP2/ than the QCISD energy for these complexes, and again oscil-
Basis Set 1 level of theory at the corresponding optimized latory (but convergent) behavior in the MPn series was observed.
geometry of Cét-H,O. The result indicated that the (repulsive) Again, the bond lengths increase going from MP2 to QCISD,
Cd"+H,O" 3B, state was~140 kcal mot?® (~6 eV) higher in suggesting that electron repulsion is an important consideration
energy. Given that the open-shell GH,O™ singlet is expected  here.
at even higher energies, then the amount of mixing between It is interesting to compare these results for those of other
the two singlet states is expected to be minimal, and te<Cd  neutral 1:1 complexes of a metal ang@(work up to 1999 on
H,O wave function is expected to be “clean” with no appreciable the spectroscopy and bonding of neutral and singly charged
mixing from the other singlet state, and of single-reference Group 1, 2, and 13 metal complexes containing water has been
character: a result supported by the small T1 CCSD(T) reviewed by Fuke et &). The geometry of LiH,O has been
diagnostic (Tx0.0103 for C&"-H,0; T1<0.017 for CdH20)— optimized at the HF/6-3&+G** level of theory® and the
see ref 24 for details of the T1 diagnostic. In addition, even if reported minimum was &,, geometry with the Li atom
spin—orbit coupling leads to mixing of singlet and triplet interacting with the O atom of water; similarly, N&O was
character, the large energy gap between3thestate and the optimized at the HF/6-3tG* level of theory and again a similar
Cd?*+H,0 state suggests that such mixing will be negligible in  C,, minimum was found” Some time ago, Watanabe et?al.
the vicinity of the Cd*-H,O minimum but could be important  reported the geometry of Afl,O, and again, Al interaction with
near the crossing point of the two curves (making characteriza- O in a C,, arrangement was reported. 8RO has also been
tion of the charge-transfer process even more challenging). studied®3° at the HF/STO-3G level and was found to have a

The above result gives a qualitative picture of the curves nonplanar minimum, with the Be interacting with the O of water,
involved here, without the need for detailed calculations on all but a planar minimum was obtained at the HF/3-21G level. We
three states involved. At the dissociation limits theCd H,O note, however, that none of these studies appears to have
asymptote lies 3.8 eV above the Cd H,O" one. The Cé'- considered the metal interacting irCg arrangement, and so it
H>O curve then decreases in energy by 3.5 eV to the minimum. is not clear whether, for these complexes, there might also be
Note that this indicates that the €dH,O minimum lies close a global minimum with the metal interacting with a hydrogen
to, but slightly above the Cd+ H,O™ asymptote. The Cd atom. Also, the levels of theory employed are rather low, and
H,O" curve, however, is repulsive, owing to the Coulomb no account of correlation energy was included, thus the
repulsion between the two moieties, and so quickly increaseselectrostatic effects present will naturally be emphasized, and
in energy with decreasing R. This leads to a barrier to charge any dispersion effects will not be capable of being described.
transfer from the C# +H,O minimum to the Cd-H,O" curve, In our previous study on the RA,O complex3! the global
indicating the stability of internally cold Cd-H,0; it is clear, minimum was also with the Rn on a hydrogen atom ica
however, that internally hot Gd-H,O may undergo charge geometry; however, it has been reported thatH4® has a
transfer readily. minimum with the He on the O atom in@, geometry? We

(iif) Cd -H»0. (a) Optimized Geometryor CdH,0, again rationalized this in terms of two competing effects: the dipole/
the three orientations discussed above were considered, and thanduced-dipole interaction, which would favor the rare gas atom
optimized geometries at the MP2/Basis Set 1 level of theory sitting on the oxygen atom, and the Pauli repulsion between
are given in Table 4. All three structures were calculated to be the electron of the rare gas atom and the atoms in water. Clearly,
minima at this level of theory (all real frequencies). The lowest He has less electrons than Rn, and despite being considerably
energy structure corresponded to ttensplanarCs one, which less polarizable, it prefers to stay associated with the oxygen
was also the case at the QCISD/Basis Set 1 level of theory.atom; Rn, however has a much larger number of electrons, and
This structure has the Cd atom attached to one of the H atoms,despite its higher polarizability, moves toward a hydrogen atom,
with the C,, isomer, Cd--OH,, being very close in energy. As  where the Pauli repulsion is less, but it can still interact with
the Cd atom moves between the two H atoms, it must pass overthe 6+ charge present; such effects are clearly present here. A
a barrier, but interestingly, at the MP2 level, the symmetric metal atom is naturally much more electropositive than a rare
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TABLE 5: Computed Total Energies, Ei, and Interaction Energies, AE, for Complex Formation of the Three CdH,O Isomers
at the CCSD(T)/Basis Set 3//QCISD/Basis Set 1 Geometrfes

level guantity Ce-HO—H Cs Cd---OH, Cov Cd---H.0 Cov
CCsSD Ewl/En —244.005 027 —244.004 814 —244.003 963
[—244.005 193] 1£244.005 143] 1244.004 436]
AE(CP)/cnt —23.4 +58.0 +250.9
[-20.3P [-21.0p [-2.8P
CCSD(T) Ew/En —244.041 069 —244.040826 —244.040 223
[—244.041 172] +244.041 088] 1244.040 588]
AE(CP)/cnrt —102.6 —61.5 +78.8
[—133.77 [-128.77 [-9.5P

a CP indicates that the full counterpoise correction has been perferseatext? These results were obtained at a slightly different geometry.
This geometry was obtained at the QCISD level, with Basis Set 1, where the most digxsenent was changed from 0.1 to 0.01t-%&e text.

gas atom, and one might naturally expect the metal to want to EﬁErZEeSZA%Of%F;Ué%?n 'g?et? FEOF;%F gtiﬁ)sn' EfTottF\ :ft‘g rl]r;teg gﬂ;nc
i 1 - i 1t 7 1 S
interact with thed- O atom, but clearly there is a competition =02 " CdH,0, and C?+H,0 at the B3LYP/Basis Set

here of a number of interaction terms that are leading to the Cd 3//83_yP/Basis Set 1 Level of Theory
atom being almost as happy interacting with H as O. With regard
to other metaH,O complexes, it is clear that higher levels of CaHoHC 544204 768 8ot
theory are required to determine which structures are the global P s Tenn —oo.6cm

minima, and (tqhus to be able to draw some conclusions on what CF 120 €22 T243.366 752 ~83.5 keal mof*

the important trends in bonding are in these fundamental *@Full counterpoise correction performedee text.

complexes.

(b) Binding EnergyThe QCISD/Basis Set 1 geometries were reduced by the zero-point vibrational energy (MP2/Basis Set
then employed in single-point CCSD(T)/Basis Set 3 calculations, 1), which is 335 cm?, when summed over all of the intermo-
and the results are given in Table 5. This redesigned basis selecular vibrational modes. Note that this does not necessarily
leads to an acceptable BSSE, which, although still a large imply that the complex is unbound because it is only the zero-
fraction of the interaction energy (ca. -380% of the uncor- point vibrational energy along the dissociation coordinate which
rected interaction energy), amounts t03 cnt! BSSE per will affect the dissociation energy. It is clear, however that, if
electron for CeH,O, which we feel is reasonable. This stable, this is a weakly bound complex that will be undergoing
magnitude of BSSE is almost the same size as that achievedarge amplitude vibrational motion, and so may have an average
for RnH,0;3! note that the same magnitude of BSSE was zero-point (o) geometry far from the. one.
obtained for the RINO™ molecular complex? but because of (iv) Density Functional Theory (DFT) Studies.We are a
the larger interaction energy for the charged complex, the little wary about the application of DFT methods to molecular
percentage contribution is very much smaller. It is noteworthy complexes because the frequently used functionals have not been
that triples make a very large contribution to the binding energy derived for such species. Our experience is that generally an
of all three neutral isomers. over-estimation of the bonding occurs for singly charged species

In addition to the above, we also had (inadvertently) [see, for example work on AKO" (ref 34) and NO-CO (ref
performed CCSD(T) calculations on geometries optimized at 35)]; however, we note that the literature is full of examples
the QCISD level using Basis Set 1, but with the most difffise  where people have successfully applied DFT methods to charged
exponent being 0.011 11 rather than 0.1. This led to a geometriesmetal-ligand complexes. For doubly charged metal cations, it
that were very similar to those reported in Table 4, but the bond is to be expected that DFT methods would perform well because
lengths were slightly longer (for exampReg-—1 was 2.855 A short bond lengths and strong bonding is expected. Indeed,
rather than 2.788 A); the QCISD energies were, however, the recently, Alcamet al?° applied DFT methods to metaligand
lowest with the tighteff function. As it happens, the energies dications, and made a number of conclusions (when compared
at the geometries with the longer intermolecular bond length to QCISD results), viz.: that hybrid functionals led to metal
were slightly lower than with using the Basis Set 1 as reported ligand bond lengths that were too short; that nonhybrid
herein (see results in square brackets in Table 5); in addition, functionals led to better agreement as regards the migaind
the binding energy for th€s structure was a little lower with ~ bond length; and that generally DFT methods led to interaction
the more diffusef function. The major differences were that energies that were too large by-8 kcal mol™.

species Eto/En AE(CPY

for the Cd--OH; structure, the more diffuskfunction led to We used the B3LYP hybrid functional with Basis Set 1, and
the QCISD geometry being a saddle point, and had a very optimized the geometries of @d,O (Cs isomer) and C#
significant effect on the binding energies of b@}, structures. H>O. These results are included in Tables 2 and 4, and are

These results indicate that at the RCCSD(T) level, the basis setcommented on below. We also obtained the binding energies
requirements are more demanding than at the QCISD level, andof these species using B3LYP/Basis Set 3, correcting for BSSE.
that the optimized geometry at the RCCSD(T) level will have The results are given in Table 6.
a longerRcq-1 bond length than at the QCISD level; this is in The results of the geometry optimization foreH,O (Cy,)
line with our conclusions on going from MP2 to QCISD: the (see Table 2) indicated that the B3LYP methodierestimates
correlation energy is serving to describe better the repulsion the chemical bonding, leading to an intermolecular bond length
energy, and hence leading to longer intermolecular bond lengths that was only~0.1 A too long compared to the QCISD method,
From the above, our most accurate binding energies are thosewhich is in very good agreement. The lowest B3LYP vibrational
that arose as a result of CCSD(T)/Basis Set 3 calculations atfrequencies are too small compared to the MP2 method, which
the QCISD/Basis Set 1 (most diffuseexponent= 0.01111) again might indicate that the B3LYP method is underestimating
level. the bonding slightly. Note that this result is in direct contrast
(c) Stability.The CdH,O complex has a very small binding  to that reached by Alcanand co-worker® who concluded that
energy at 134 cmt (0.4 kcal mot?). This energy will be hybrid functionals led to intermolecular bond lengths that were
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too short compared to QCISD calculations. It is clear that basis his present funding at Durham (Senior Research Assistantship).
sets must also be playing a role in the conclusions from theseT.G.W. is grateful to the EPSRC for the award of an Advanced
studies, and caution must be made when making generalFellowship. The authors would like to extend very grateful
conclusions in such matters; the basis sets used in ref 20 wereghanks to the final referee of this paper, whose diligence
significantly smaller than those employed herein, and so we prevented us from publishing incorrect results: an input error
expect our conclusions to be more reliable. Fork®D (Cs had occurred in one of the files (the diffu&inction referred
isomer), the calculated intermolecular bond length is ca. 0.6 A to in the text).

too long compared to the QCISD method, and again, the lowest
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