9156 J. Phys. Chem. R005,109,9156-9168

Structures and Thermochemistry of Calcium-Containing Molecules

Naomi L. Haworth, T Michael B. Sullivan,* Angela K. Wilson,® Jan M. L. Martin, " and
Leo Radom*T#

School of Chemistry, Unérsity of Sydney, Sydney, NSW 2006, Australia, Research School of Chemistry,
Australian National Unéersity, Canberra, ACT 0200, Australia, Department of Chemistrypéhsity of North
Texas, Denton, Texas 76203-5070, and Department of Organic Chemistry, Weizmann Institute of Science,
76100 Rehoot, Israel

Receied: May 31, 2005; In Final Form: July 27, 2005

A variety of theoretical procedures, including the high-level ab initio methods G3, G3[CC](dir,full), and
W2C//ACQ, have been used to predict the structures and heats of formation of several small calcium-containing
molecules (CaH, Cali CaO, CaOH, Ca(OH) CaF, Cak, CaS, CaCl, and Cag)l B3-LYP and CCSD(T)

with both the (aug-)cc-pWCVQZ and (aug-)cc-pWCW@K basis sets are found to give molecular geometries
that agree well with the experimental results. The CCSD(T)(riv)/(aug-)cc-pWedExesults are found to

be the most accurate, with a mean absolute deviation from experiment of just 0.008 A. Zero-point vibrational
energies (ZPVEs) and thermochemical corrections are found to be relatively insensitive to the level of theory,
except in the case of molecules with highly anharmonic calcium-centered bending modes C@@bH),

CaF,, CaCl), where special procedures need to be employed in order to obtain satisfactory results. Several
potential improvements to the W2C method were investigated, most of which do not produce significant
changes in the heats of formation. It was observed, however, that for CaO and CasS the scalar relativistic
corrections are unexpectedly large and highly basis set dependent. In these cases,Boalyl@&CSD-
(T)/(aug-)cc-pWCV5Z calculations appear to give a converged result. The G3[CC](dir,full) and best W2C-
type heats of formation are both found generally to agree well with experimental values recommended in
recent critical compendia. However, in some cases (CaO, Ca(@ht) Cak), they differ from one another

by more than their predicted error margins. The available experimental data are not sufficiently precise to
distinguish definitively between the two sets of results although, in general, when discrepancies exist the
W2C heats of formation are lower in energy and tend to be in better agreement with experiment. In the case
of CaO, the W2C heat of formation (20.7 kJ mblis ~20 kJ mol?* lower than the G3[CC](dir, full) result

and most of the experimental data. Extensive investigation of possible refinements of the W2C method has
failed to reveal any weaknesses that could account for this discrepancy. We therefore believe that the heat of
formation of CaO is likely to lie closer to the more recent direct experimental determination of 27 k3 mol
than to the value of~40 kJ mot* recommended in recent thermochemical reviews.

1. Introduction

A major goal of modern computational chemistry is the
calculation of accurate thermochemical properties for molecules
of chemical interest. The recent development of composite
theoretical methods such as the Gaussian) (@ocedures of
Curtiss, Raghavachari, and Popliae complete basis set (CBS)
methods of Petersson et abnd the Weizmann (W methods
of Martin et al.# has made the calculation of such accurate heats
of formation almost a routine task for many molecules. For

example, for the standard G2-1 test set of molecules containing

atoms from the first and second rows, the G2, G3, CBS-Q, W1,
and W2 procedures are found to show mean absolute deviation
from reliable experimental heats of formation of 5.0, 4.6, 4.2,
2.5, and 2.1 kJ mol, respectively.

In recent studie&’ however, we found that thetandard
application of some of these procedures to the determination
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of the heats of formation of the alkali and alkaline-earth oxides
and hydroxides led to unacceptably large errors (more than 100
kJ molt) in some cases. For the G2 procedure, we concluded
that three aspects of the standard G2 model were contributing
to the poor result8In the first place, our calculations confirmed
earlier indication&-°that, for systems containing the third-row
atoms K and Ca, it is essential to include the 3s and 3p orbitals
in the correlation space and that, more generally, an analogous
relaxed-inner-valence (denoted riv) procedure or a procedure
that includes all orbitals in the correlation space (denoted full)
is beneficial for the remaining systems. Next, we found (as noted

Searlie|Sa for CaO) that the QCISD(T) component of the G2

energy is poorly described for CaO, Ma(in bent structures),
and KO but that this can be rectified through replacement of
QCISD(T) with CCSD(T) (denoted G2[CC]). Finally, removal
of the additivity approximation of standard G2 theory through
direct (denoted dir) large-basis-set CCSD(T) calculations was
found to have a large effect for the oxides Na CaO, and
K20.

The best heats of formation in our initial stifdyere obtained
with a procedure denoted G2[CC](dir,full) that includes the
modifications to the standard G2 procedure referred to above.
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Thus, (a) all orbitals are included in the correlation space (ratherand Ca(OH) were not sufficiently precise to be able to
than freezing the core), (b) CCSD(T) calculations are used in distinguish which of the two procedures is performing better in
place of QCISD(T), and (c) the additivity approximation is these cases. We therefore felt it desirable to try to address this
eliminated by carrying out the large-basis-set CCSD(T) calcula- question by broadening the study to a larger set of Ca-containing
tion directly. MP2(full)/6-313-G(3df,2p) structures were used molecules (CaH, CaliCaO, CaOH, Ca(OH)CaF, Cak, CaS,
in these calculations. With these modifications, G2[CC](dir,- CacCl, and CaG) and also to see whether further modifications
full) was found to give heats of formation in reasonable to the procedures can lead to improved agreement. These are
agreement with the available experimental data, although athe aims of the present investigation.
definitive assessment was difficult because of the large uncer- Some of these molecules have been the focus of earlier ab
tainties in much of the experimental informatien. initio studies. In the 1980s, Bauschlicher, Partridge, and
In a subsequent studywe examined the performance of the Langhoff predicted dissociation energies for CaO, CaOH, CaF,
more recently developed &3and G3X°procedures. We found ~ CaS, and CacCl using Hartre€ock (HF) and configuration
that, unlike the situation for G2, the use of a simple relaxed- interaction with single and double excitation (CISD) calcula-
valence (rv) correlation space for the metals in G3 and G3X tions, coupled with experimental ionization energies and electron
does lead to reasonable estimates of the heats of formation foraffinities for the atoms (with the assumption that these species
most of the metal oxides and hydroxides. This improvement are largely ionic). The early 1990s saw intense interest in the
was attributed to the incorporation of core correlation in G3 nature of the geometries of Catdnd Cak.** In particular, it
and G3X through the MP2(full)/G3large calculation. However, Wwas found that it was necessary to include multghfenctions
even better results were obtained for G3 and G3X with an riv in the Ca basis set in order to correctly predict £&d-be a
correlation space, and this was recommended as the standar@ent molecule (at the HF level). Most of these calculations were
procedure. On the negative side, it was found that additivity Performed using HF or MP2 and in some cases were compared
still performs p00r|y in some cases (e_g_, forzma;’ a shortcom- with CISD results. Very recently, detailed investigations of the
ing that could be overcome by carrying out direct (dir) 9geometry and vibrational frequencies of Gaghd Cak; were
calculations. The QCISD(T) calculation is still a problem in reported by Koput and RoszcZdkand by Koput®® respec-
cases such as CaO; this is again overcome by using CCSD(T)tively. This work involved the mapping of the potential energy
instead. The best results were obtained with the G3[CC](dir,- surface at the CCSD(T)/cc-pV5Z level of theory (coralence
full) method. basis set used for Ca). The PES was then approximated by a
We also examinddthe performance of the W1 and W2 3D expansion to allow the calculation of vibratiorabtational

procedureg.We found that standard W1 and W2 give reason- EN€rgy levels 7and anharmonic frequencies. Apart from our
able results for the heats of formation of the metal oxides and Prévious work;”and the original third-row G2 and G3 studes,

hydroxides. However, expansion of the correlation space to riv ﬁ, IiLeIratuzg searf:h has refvialed Owy a ST(?" nu;nbt;r of gther
in the extrapolation calculations leads to spectacular failures in "9"-'€V€ investigations of thermoc emica ata that have been
some instances (with errors of more than 100 kJHolThis r_eported for these molecules. These include CCSD(T) calcula-
occurs because the cc-p¥ basis sets prescribed for the metal tions of Trachtman et d_ﬁaan? Koputand Peterr;séfﬁfor Cag{g
atoms in the standard formulation do not have sufficient @ndaBD(T) investigation of CaF by Yang, Zhang, and Fan.

flexibility to adequately describe these inner-valence orbitals. )
Inclusion of core-correlation functions, as in the newly devel- 2- Theoretical Methods

oped cc-pWCWZ basis seté removes most of these problems. In the present study, the G3[CC](dir,full) and W2C methods
In the case of calcium, further improvement is seen in the have been used to investigate the heats of formation of 10 small
extrapolated results when one and two additional diffdse  ¢gicjium-containing molecules: CaH, CaHCaO, CaOH, Ca-
functions are added to the quadruple- and tripleasis sets, (o), CaF, Cak, CaS, CaCl, and Cagl Standard G3
respectively. The resulting basis sets are denoted cc-pWEMQ  calculations have also been performed for comparison.
and cc-pWCVF-2dZ. Our best directly calculated heats of  the G3[cC(dirfull) method has been described in detail
formation corresponded to W2-type calculations using these peyiously? In brief, it involves a high-level geometry optimiza-
basis sets, and this method was denqted W2C/IACQ (where theijgn (here we have used the CCSD(T)(riv)/(aug-)cc-pWCVQZ
ACQ indicates that these new basis sets were also used tQgyg| of theory, defined below) followed by a CCSD(T)(full)/
calculate the molecular geometry rather than the standard cc-G3| arge single-point energy calculation. Vibrational frequencies
pVQZ.+1 sets?). ~ for zero-point energies and thermochemical corrections are
Satisfactory agreement between the heats of formation calculated using density functional theory (B3-LYP/cc-pVAE,
predicted by the best modified procedures, G3[CC](dir,full) and scaled by 0.985). Spinorbit corrections for atoms and the
W2C//ACQ, and experiment was achieved in almost all cases. higher-level correction (as defined by Sullivan ef)gare also
However, notable among the exceptions were the two calcium- included.
containing molecules, CaO and Ca(QH)here the G3[CC]- The W2C//ACQ methotlemploys the same CCSD(T)(riv)/
(dir,full) and best W2C resullts differed from one another by 18 (aug-)cc-pWCVQZ geometry as used for G3[CC](dir,full).
and 20 kJ mot*, respectively. Further improvements beyond  single-point calculations are performed using CCSD(T)(riv)/
W2C did not lead to significant changes in the W2C results. (aug-)cc-pWwCWZ (n= T, Q, 5), and the resulting HF, CCSD,
For CaO, these improvements included the use of multireferenceand triples (T) energies are extrapolated separately to the

methods with various active spaces (CASSCF, CAS-ACPF, complete basis set limit. The HF energies are extrapolated using

CAS-AQCC, W2C-ACPF, and W2C-AQCC) and methods ann-5 extrapolation scheme while an® scheme is used for

based on Brueckner doubles, as well as the investigation of thecCSD and (TY. In the case of the triples extrapolation, only

effects of CCSDT and full CI calculations using smaller basis the TZ and QZ energies are used, removing the need to perform

sets. the expensive triples calculation with the large quintuplesis
Although the W2C procedure is, in principle, a higher level set. Corrections for corecore and corevalence correlation

of theory than G3[CC](dir,full), the experimental results for CaO (CV) and for scalar relativistic effects (Darwihand mass
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velocity!® terms) are estimated at the CCSD(T) and AEPF  experimental results. These modifications primarily involve

levels of theory, respectively, in both cases using the MTdmall increasing the level of theory and/or the size of the basis sets
basis sets. Spinorbit effects are included for atomic species used to calculate the various components of W2C. We have
where appropriate, and zero-point vibrational energies and also estimated the potential effects of basis set superposition
thermochemical corrections are determined using B3-LYP/cc- error (BSSE) on both the extrapolated valence calculations and
pVTZ+1 vibrational frequencies. the core-valence correlation using the counterpoise method of

As noted above, new corezalence basis sets have been Boys and Bernardi} and investigated the use of the Dougtas
developed that enable the W1 and W2 methods to give Kroll—Hess approximatiod3 in pursuit of a more accurate
improved results for molecules containing alkali and alkaline- deSCprthﬂ of the scalar relativistic effects. In addition, the
earth metal atoms. For calcium, these include the “standard” extension of the coupled cluster method beyond CCSD(T) was
cc-pWCWhZ sets, along with the augmented cc-pWGVAHZ also considered for CaO, and calculations with explicit triple-
and cc-pWCVQ-dZ sets. For convenience, in this work we (CCSDT), quadruple-(CCSDTQ), and quintuple-(CCSDTQ5)
refer to thed augmented basis sets as cc-pWEWdZ basis excitations, along with a full Cl computation, were performed.
sets (wheren = T, Q, 5 andx = 2, 1, 0) orn+xdZ for short. These more demanding calculations naturally required the use
W2C//ACQ calculations performed using the standadasis of smaller basis sets (doubfgn most cases) and more restricted
sets are denoted W2C-1, while the term W2C-2 is used when valence spaces.
then+xdZ sets have been employed (with minor modifications The standard G3 calculations and all the B3-LYP calculations
from the standard procedure' see below and Table 9) reported in the present Study were performEd USing the Gaussian

Correlation-consistent basis sets are also used for the othe23" Suite of programs. MOLPRO 2082was used for all other
atoms in these molecules; these include co¥or H and aug- calculations (G3[CC](dir,full), W2C, etc.) apart from the work

cc-pCWhZ for O and F. Unfortunately, aug-cc-pCV5Z basis sets invplving the calculation of e_xplicit triple anq higher excitations,
are not yet available for Cl and S, so it has been necessary toWhich was .performedG using a generalized CI/CC €bde
employ the aug-cc-phZ sets instead. These are improved Nterfaced with ACESIF

through the addition of two extrd functions (with exponents 3 Results and Discussion

2.5 and 6.25 times that of the largest exponent in the set) and
one additionaf function (with exponent 2.5 times the largest
in the set) in order to partially compensate for the lack of core-
correlation functions (hence aug-cc4pX4-2df).5 The effects

of using aug-cc-pWZ+2df basis sets rather than aug-cc-pt2v/

for Cl and S were assessed usifif, Q} extrapolations. We
find that the two pairs of basis sets give results that are consisten
to within 0.6 kJ mof?, so we do not expect this approximation
to have a significant effect on the final results.

3.1. GeometriesThe experimental and theoretical geometric
parameters calculated in the present work are reported in Table
1. Also included are the mean deviation (MD), mean absolute
deviation (MAD), and largest deviation (LD) from experim&nt
for each of the theoretical methods considered. There is

enerally good agreement between theoretical and experimental
ond lengths except in the case of GaWe note, however,
that this very early experimefit incorrectly predicts Cafto

e a linear molecule, which may have an adverse effect on the

For convenience, these combinations of basis sets are denmegrediction of the bond length. We have therefore excluded the
(aug-)cc-pWCWZ and (aug-)ec-pWCH+xdZ throughout the  c4F results from our statistical considerations.

present work. We also note here that, unless otherwise indicated, - comparison of the theoretical and experimental results reveals
a riv correlathr! space is always used.fqr .caIC|um qté‘rﬁs. that the large-basis-set CCSD(T) bond lengths (with MAD
When determining CV and scalar relativistic corrections, the  qog A) are, in almost all cases, significantly closer to the
1s electrons of Ca, S, and Cl are held frozen in both calculations experimental values than are the MP2/6-3d)Ggarameters
as the bgsis sets are not believed to have sufficient flexibility (employed in the standard G3 procedure) or the HF/6-8LG(
to describe these deep-core electrons adequately. and B3-LYP parameters (used in predicting vibrational frequen-
As noted earlier, density functional theory (B3-L¥Pisused  cjes). We also note that MP2 and HF incorrectly predict Ca-
to determine harmonic vibrational frequencies. In our previous (OH), to be slightly bent (withC,, symmetry).
work,” we found that it was necessary in some cases (such as Improvement in the Ca basis sets from cc-pWCVQZ to
Ca(OHy}) to use “ultrafine” integration grids in order to obtain  cc-pWCVQ+dZ results in very little change in the predicted
reliable vibrational frequencies. We have therefore used thesepond lengths at the CCSD(T) level of theory. With B3-LYP,
grids in all frequency calculations in the present work. For £aH  however, there is an appreciable improvement in the agreement
Ca(OH), Cak, and Cad, the potential energy surfaces for petween theory and experiment with the addition of the two
the calcium-centered bending modes are found to be extremelyextra d functions to the triplez basis sets, such that the
anharmonic. In these cases, we have therefore plotted out the3-LYP/(aug-)cc-pWCVH2dZ results are approaching an
potential energy surfaces for these modes and solved the nucleagccuracy (MAD= 0.009 A) comparable to that of the coupled
Schradinger equation in order to obtain anharmonic vibrational ¢|yster values.
frequencies. These frequencies were used unscaled in the As described below, CaFs found to be a bent molecule.
calculation of zero-point energies and thermochemical correc- The saddle point at the linear geometry is, however, only 0.4
tions, the latter being calculated via a sum over the enthalpic kJ mol-1 above the global minimum. Although it would have
contributions of all accessible energy levels at the appropriate peen desirable to perform the single-point energy calculations
temperature (In this case 298 K) This anharmonic treatment for the W2C methods using the bent geometry, the quint@p]e_
was also applied to the OH stretching modes of CaOH and Ca- calculations are computationally too demanding with our current
(OH). resources. We therefore used the geometry of the linear molecule
We have not attempted in the present study to go beyond for all single-point calculations. This approximation is expected
G3[CC](dir,full) within the G3 framework. However, we have to lead to only a minor overestimation in our final heats of
examined several modifications to the standard W2C//ACQ formation (by~0.4 kJ mof?).
procedure in order to probe for any weaknesses that may account 3.2. Vibrational Frequencies and Thermochemical Cor-
for the discrepancies between the G3[CC](dir,full), W2C, and rections. Vibrational frequencies for the molecules of interest
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TABLE 1: Geometric Parameters for Calcium Compounds+?

B3-LYP CCSD(T) CCSD(T)
HF MP2(full) B3-LYP (aug-)cc- (aug-)cc- (aug-)cc-
parameter 6-31G() 6-31G() cc-pWCVTZ  pWCVT+2dZ pWCVQZ pWCVQ+dzZ experiment
CaH r(Ca—H) 2.058 2.067 2.025 1.982 2.006 2.005 2.0826.002F
CahH, (bent) r(Ca—H) 2.055 2.019
<(HCaH) 155.3 137.8 16& 4, 166
CaH; (linear)  r(Ca—H) 2.086 2.088 2.064 2.049 2.050 2.050
CaO r(Ca—0) 1.822 1.875 1.844 1.809 1.831 1.828 1.8221
CaOH r(Ca—0) 2.006 1.997 1.989 1.973 1.982 1.981 1.9746
r(O—H) 0.941 0.965 0.954 0.955 0.953 0.953 0.9562
Ca(OH) r(Ca—0) 2.050 2.042 2.040 2.038 2.036 2.035
r(O—H) 0.941 0.964 0.953 0.955 0.952 0.952
<(0OCa0) 164.2 160.1
<(CaOH) 175.6 175.5
CaF r(Ca—F) 1.962 1.954 1.971 1.950 1.960 1.959 1.960.009
Cak, (bent) r(Ca—F) 2.002 2.011 2.019 2.000 2.017
<(FCaF) 153.1 149.3 160.0 143.8 157.6
Cak, (linear)  r(Ca—F) 2.010 2.011 2.023 2.015 2.015 241.03
CaS r(Ca—S) 2.359 2.382 2.347 2.313 2.333 2.331 2.3178
CacCl r(Ca—Cl) 2.522 2.496 2.469 2.441 2.452 2.451 2439
CaCl r(Ca—Cl) 2.515 2.493 2.484 2.472 2.470 2.469 2483
mMD" 0.028 0.033 0.015 —0.009 0.003 0.002
MAD" 0.033 0.036 0.016 0.009 0.009 0.008
LD" 0.083 0.064 0.030 —0.021 0.013 —0.014

aUnless otherwise indicated, all molecules are linear. The bent structures for Gaf@\)C,, symmetry with all-cis arrangementsBond
lengths in angstroms, bond angles in degré®eference 27& References 27b and 27tReference 27d.Reference 27¢ Reference 27 Mean
deviation (MD), mean absolute deviation (MAD), and largest deviation (LD) from experimental valuegeSals are not included in the statistical
analysis; see text.

are reported in Table 2. These include the HF/6-3)G( As noted earlier, this was done by plotting out the potential
vibrational frequencies (scaled by a factor of 0.8929) that are energy surfaces (PESSs) for each of these modes while optimizing
needed for the standard G3 procedure and the B3-LYP all other molecular parameters. The nuclear Sdimger equa-
vibrational frequencies (scaled by 0.985) that are used for G3- tion was then solved for each PES in order to determine the
[CC](dir,full) and W2C calculations. The B3-LYP results have vibrational energy levels (including the ZPVEs). The thermal
been calculated using the cc-pWCVTZ basis set (for Ca, cc- contributions of each energy level, based on its population, could
pVTZ+1 for all other atoms) and the cc-pWCWRdZ basis then be summed in order to determine the total thermal
set (for Ca, aug-cc-pCVTZ for all other atoms). Also shown correction due to this motion. We have assumed that the
are numerical vibrational frequencies calculated at the higher harmonic approximation is valid for all other modes and that
CCSD(T) level of theory with the (aug-)cc-pWCYRdZ basis there is no coupling between the bending and stretching modes.
sets (unscaled), along with experimental vak$&he usefulness  These calculations were performed at the B3-LYP/cc-pWCVTZ,
of the calculated values for our present purposes is best assessdBl3-LYP/(aug-)cc-pWCVH-2dZ, CCSD(T)/(aug-)cc-pWCVTZ,
by comparison of the resulting zero-point vibrational energies and CCSD(T)/(aug-)cc-pWCVF2dZ levels of theory to allow
(ZPVEs) and enthalpic temperature correctioh%¢ — HO the effects of both theory and basis set to be evaluated. The
values), shown in Table 3. comparatively high-energy bending mode of CaOH was also
The ZPVEs are found not to vary significantly between the plotted and found to comply well with the harmonic approxima-
theoretical methods. HF/6-31@(gives slightly lower ZPVEs, tion, so anharmonic vibrational frequencies were not evaluated
consistent with the rather large mean deviation of its frequenciesin that case.
from experiment{22 cnt1). However, these are still within 1 For Ca(OH}), only the B3-LYP anharmonic frequencies could
kJ mol™! of the other results in almost all cases. The most be calculated, as the molecule proved to be too large to allow
significant discrepancies between experimental and theoreticalthe mapping of the CCSD(T) PESs. In addition, thekbonds
ZPVEs are seen for CaOH and Ca(@QHlhese differences (of  in CaOH and Ca(OH)were assumed to be sufficiently similar,

up to 3 kJ mot?l) stem from the high-energy-€H stretching as evidenced by the almost identical harmonic stretching
modes, for which the theoretical predictions are somewhat higherfrequencies, that the anharmoniec-@ stretching frequencies
than the experimental values. calculated for CaOH were also used for Ca(@H)

Similarly, Table 3 shows that, in most cases, the thermo-  Significant qualitative differences are observed between the
chemical corrections are also quite insensitive to the theoreticalbending PESs evaluated at different levels of theory. While the
method used. The most significant variations occur for £aH CaCh and Ca(OH) surfaces have minima at linear geometries
Ca(OH), Cak, and CaGl. These variations are associated with in all cases, some of the surfaces for GalAd Cak have small
differences in the very low energy calcium-centered bending or even significant maxima at bond angles of 4,80at is, there
modes of these molecules. The closely spaced vibrational levelsare double-well potentials with minima corresponding to
for these low-energy modes are quickly populated as the nonlinear structures. The trend is that, as the basis set size
temperature rises, so that small discrepancies in the calculatedncreases, the surface becomes more anharmonic and the
frequencies result in large errors in the thermal corrections. In minimum energy structures start to correspond to nonlinear
addition, these modes, as well as the I stretching modes,  configurations. This trend is reversed as the level of theory is
are highly anharmonic. For these reasons, a more carefulincreased from B3-LYP to CCSD(T).
treatment, involving the calculation of anharmonic vibrational ~ Thus, for the CaklB3-LYP/cc-pWCVTZ surface there is a
frequencies, was also applied for these modes. maximum at 180that is 0.4 kJ moi® above the bottom of the
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TABLE 2: Scaled Vibrational Frequencies (cnT1)2

Haworth et al.

HF B3-LYP B3-LYP CCSD(T)
6-31G() cc-pWCVTZ (aug-)cc-pWCVR-2dZ (aug-)cc-pWCVR-2dZ experimertt
CaH 1156 1247 1281 1270 1298.34
CaH*® 153 (84) 86 (88}
153 (84Y 287 (257Y 86 (88)'
1128 1221 1231 1246 1216.3
1188 1296 1307 1321 1289.7
CaO 750 734 767 688 733.4
CaOH 343 342 338 342 354
343 342 338 344 354
574 614 615 615 606
3774 3893 (3900) 3869 (3894 3943 (3828) 3778
Ca(OH) 45 (46Y 14 (28y
62 45 (46Y 14 (28Y 110
387 410 420 340
392 410 420 340
392 419 430 340
393 419 430 340
495 522 516 510
595 633 608 660
3767 3894 (3900) 3871 (3894 3783
3767 3894 (3900) 3871 (38949 3783
CaF 556 571 578 573 587.3
Cak, (bent) 79 33 79 (69 84 (19) 120
481 487 505 496 490
578 594 576 592 575
CakR, (linear)’ (10y
(10y
480 476 479
595 572 587
CaS 425 448 465 430 462.23
CacCl 311 354 358 359 369.43
CaCh 41 37 (24Y 23 (14} (31¢ 75
41 37 (24Y 23 (14y 31y 75
245 273 274 270 260
379 417 410 417 395

aScaling factors are 0.8929 for HF frequencies and 0.985 for B3-LYP; CCSD(T) frequencies are urtsRafedence 31, unless otherwise
noted.¢ B3-LYP/(aug-)cc-pWCVH-2dZ predicts CaH to be bent, while CCSD(T)/(aug-)cc-pWCMRIZ predicts it to be linear. For B3-LYP/
cc-pWCVTZ there is a small barrier to linearization, but this lies below the zero-point energy in the bending mode; stretching frequencies are
therefore reported for the linear molecutédnharmonic frequencies in parentheses (unscafd@gference 27c. Measured in an argon matrix.
fReference 28& Reference 281! For Cak, the PESs show small barriers to linearization (the molecules are bent), but these lie well below the
thermal energy in the bending mode at 298 K and, in the case of the B3-LYP/cc-pWCVTZ PES, also below the ZPVE level. We have therefore
reported the stretching frequencies calculated for both linear and bent configuraB&RE-corrected anharmonic bending frequency in parentheses

(unscaled).
TABLE 3: Zero-Point Vibrational Energies (ZPVEs, kJ mol ~) and Thermochemical Corrections to 298 K H29 — HO, kJ
mol~1)a
HF B3-LYP B3-LYP CCSD(T)
6-31G() cc-pWCVTZ (aug-)cc-pWCVH-2dZ (aug-)cc-pWCVH-2dZ expt
ZPVE  H»8—HO ZPVE H298 — Ho ZPVE H2%8 — Ho ZPVE H28—HY  ZPVE
CaH 6.9 8.7 7.5 8.7 7.7 8.7 7.6 8.7 7.8
Cakpbe 15.7 12.1 16.0(16.1)  11.7(10.8) 16.9(16.7) 11.1(11.5) 15.9(16.4) 12.0 (10.4)
CaOo 4.5 8.9 4.4 8.9 4.6 8. 4.1 9.0 4.4
CaOH 30.1 11.1 31.1(31.1) 11.0(11.0) 30.9(31.0) 11.0(11.0) 31.4(30.7) 11.0 (11.0) 30.3
Ca(OH)P 61.3 16.4 64.0(64.0) 17.1(16.7) 64.3(63.8)  17.4(17.8) 61.1
CaF 3.3 9.2 3.4 9.1 35 9.1 3.4 9.1 35
CaRpd 6.8 13.0 6.7 (6.5) 13.3 (17.0) 6.9 (6.9) 13.0 (16.0) 7.0 (6.6) 13.0 (17.2) 7.1
CaS 25 9.4 2.7 9.4 2.8 9. 2.6 9.4 2.8
CacCl 1.9 9.7 2.1 9.6 2.1 9.6 2.1 9.6 2.2
CaClP 4.2 15.3 4.6 (4.4) 15.2 (18.3) 4.4(4.3) 154 (20.7) (4.4 (18.2) 4.8

a Calculated using the vibrational frequencies reported in Tabl&ZPVEs and thermochemical corrections calculated using anharmonic bending
and O-H stretching frequencies shown in parenthe$&3-LYP/cc-pWCVTZ and CCSD(T)/(aug-)cc-pWCWI2dZ predict CaH to be linear at
all temperatures, thus the rotational constants and stretching frequencies for the linear molecule were used tdH&culate For B3-LYP/
(aug-)cc-pWCVH-2dZ the thermal energy in the bending mode at 298 K is still significantly below the barrier height for linearization so the
rotational constants and stretching frequencies for the bent molecule were! Adthdugh the PESs for CaFshow maxima at a bond angle of

18C, thermal energy in the bending mode at 298 K is well above the height of these linearization barriers, hence the rotational constants and
stretching frequencies for the linear molecule were used in the calculatibif®df- HO.

PES. In the B3-LYP/(aug-)cc-pWCVH2dZ surface, the barrier
increases to 4.6 kJ ndl. However, for the CCSD(T) surfaces
it is virtually nonexistent (0.3 and 1.6 crhfor the TZ and

T+2dZ surfaces, respectively). The CCSD(T) PESs are, how-
ever, still very square at the bottom. These results are in good
agreement with the work of Kopd®® whose more extensive
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TABLE 4: Components of the W2C Atomization Energies and Extrapolated Results (at 0 K, no ZPVE) (kJ mai?)
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CCSD(T) CCSD(T)
(aug-)cc-pwCwz? (aug-)cc-pWCW+xdzP

TZ QZz 57 extrapt T+2dz Q+dz 5Z extrap® extrap? CP
CaH 155.6 170.2 172.9 175.3 162.3 170.7 172.9 175.0 175.1 0.0
CaH, 4115 429.1 432.8 436.3 4175 429.4 432.8 436.1 436.2 0.0
CaO 329.3 395.1 406.5 416.9 371.0 397.7 406.5 415.6 415.6 0.2
CaOH 818.4 847.3 853.4 859.7 828.6 847.8 853.4 859.0 859.0 0.1
Ca(OH) 1710.5 1756.7 1767.1 1778.2 1722.3 1757.3 1767.1 1777.3 1777.3 0.3
CaF 511.5 534.4 538.9 543.8 522.1 535.0 538.9 543.0 543.0 0.1
CaFR/f 1089.3 1123.3 1130.4 1138.2 1101.3 1123.9 1130.4 1137.3 1137.4 0.2
CaS 271.6 318.2 328.2 337.4 294.0 319.7 328.2 336.3 337.0-0.3
CacCl 383.8 406.5 411.6 416.6 390.9 406.9 411.6 416.1 416.5 -0.4
CaCh 854.6 892.3 901.5 910.4 863.9 892.8 901.5 909.7 910.5 —0.8

20n the basis of CCSD(T)/(aug-)cc-pWCVQZ geometrie®n the basis of CCSD(T)/(aug-)cc-pWCW@Z geometries® {Q,5} extrapolation
for HF and CCSD andlT,Q} extrapolation for (T)4{Q,5} extrapolation for HF, CCSD, and (T Counterpoise correction for basis set superposition
error.' Single-point calculations were carried out using linear geometries as the (aug-)cc-pWCV5Z calculations were computationally too demanding
to perform for a bent configuration.

CCSD(T) calculations also found the barrier to be effectively changes to the ZPVEs. The changes to the thermochemical
negligible (3 and 6 cmt for the QZ and 5Z PESs, respectively). corrections are more significant, however, particularly in the
For Cak, the B3-LYP/cc-pWCVTZ surface is very flat  cases of Cafrand CaCJ where the difference is-35 kJ mol™.
between 16Dand 200 with a negligible maximum~0.01 kJ The ZPVE andH?%® — HO values, obtained using the
mol~1). Again the barrier separating nonlinear structures is anharmonic vibrational frequencies, have been used in the
far more pronounced for the B3-LYP/(aug-)cc-pWCY2dZ calculation of the G3[CC](dir,full) and W2 atomization energies
surface (2.7 kJ mol) while being nonexistent for CCSD(T)/  and heats of formation reported below, representing a change
(aug-)cc-pWCVTZ. A maximum is observed, however, for the from the standard procedures. In the case of CagOifhere
CCSD(T)/(aug-)cc-pWCVF2dZ surface. This is 0.45 kJ niol the CCSD(T)/(aug-)cc-pWCVF2dZ vibrational frequencies
above the absolute minimum and falls by only 0.08 kJThol  (that would normally be used in the W2-best results) could not
(to 0.37 kJ mot?) when BSSE is considered. These results are be calculated, the ZPVE and?%® — HO values obtained with
consistent with earlier finding% (at the HF level) that for CaF B3-LYP/cc-pWCVTZ were used instead. As can be seen in
the increase from four to sid functions results in a change of  Table 3, these results (fortuitously) give a better approximation
geometry from linear to bent. The barrier height is also in good to the CCSD(T)/®2dZ values than those from the B3-LYP/
agreement with the CCSD(T)/(aug-)cc-pCVQZ results of Koput (aug-)cc-pWCVHR-2dZ surface. In light of the significant
and Roszczak32although when they repeated their calculations qualitative differences between the B3-LYP and CCSD(T)
with the larger (aug-)cc-pCV5Z basis sets they found the barrier surfaces using the+xdZ basis sets, we suspect that B3-LYP
to be 0.23 kJ matt higher (at 0.60 kJ mot). may be less reliable in this situation.
These variations in the shapes of the PESs obviously have 3.3. Energies and Extrapolations. Total energies and
an appreciable effect on the energy levels of the bending modesatomization energies (AEs) were calculated using the molecular
and thus on their contributions to the thermal corrections. The geometries determined above. In the W2C procedure, single-
changes in the rotational constants, depending on whether thepoint energies are calculated using coupled cluster theory with
molecule is predicted to be linear or bent, also make significant the triple-, quadruple- and quintupfe-basis sets and then
contributions toH2%8 — HP, extrapolated to the complete basis set limit. AEs calculated with
Thus, for the B3-LYP/cc-pWCVTZ Cafcalculation, the both thenZ andn+xdZ versions of each of these sets, and the
maximum lies below the ZPVE in the bending mode and the resulting extrapolated values, are presented in Table 4. The
molecule was therefore regarded as linear when the ZPVE andcorresponding total energies along with the G3 and G3[CC]-
H2% — HO were calculated (i.e., the rotational constants and (dir,full) energies can be found in the Supporting Information.
stretching vibrational frequencies of the linear molecule were ~ As mentioned in the methods section, in W2C calculations
used). For the B3-LYP/(aug-)cc-pWCMI2dZ calculation, the the HF, CCSD, and (T) components of the energy (or, more
linearization barrier is higher than the thermal energy in the conveniently for analysis, AE) are extrapolated separately.
bending mode so the molecule was treated as if it were bent in Analysis of these data for thet+xdZ basis sets reveals that,
the calculation of the ZPVE and?° — HO, The CCSD(T) PES  while the HF component of the AEs is effectively converged
has its minimum at the linear structure. at the 5Z level and the (T) components are almost so, there is
For the B3-LYP/cc-pWCVTZ Cafcalculation, the situation  still significant extrapolation beyond the quintugeesults for
is the same as for Catand was treated accordingly. For the the CCSD energies. This extrapolation contributes up to 9.4 kJ
B3-LYP/(aug-)cc-pWCVH-2dZ and CCSD(T) calculations, the  mol~! to the CCSD component of the AE (in the case of Ca-
barrier to linearization is higher than the ZPVE in the bending (OH),). This degree of extrapolation is not uncommon for
motion but well below the thermal energy in the mode at 298 molecules of this size, and we do not expect it to lead to a
K. In these cases, CaRkvas therefore regarded as being bent significant error in the W2C heats of formation. We do note,
when calculating the ZPVE and linear when calculatii§® however, that the degree of extrapolation for CaO is rather large
— HO, in comparison to other molecules of the same size, contributing
In Tables 2 and 3, the anharmonic vibrational frequencies 8.2 kJ moi?! to the CCSD component of the AE.
and the resulting ZPVEs and?®® — HO values are shown in Standard W2C uses only the TZ and QZ results for the
parentheses. None of the anharmonic frequencies are scaled. lextrapolation of the (T) contribution so that the expensive
most cases, the differences between the harmonic and anharquintuplef triples calculations need not be performed. We find
monic frequencies are relatively small, resulting in only minor that the difference betwedZ, QZ} and{QZ, 52 extrapola-
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TABLE 5: Core —Core and Core—Valence Correlation (CV) Contributions to Atomization Energies and Associated
Counterpoise Corrections (CP) for Basis Set Superposition Error (kJ mot?)

CCSD(T)/MTsmak CCSD(T)/MTsmakh CCSD(T)/(aug-)cc-pWCVF2dzbe CCSD(T)/(aug-)cc-pWCVvedzbd

Cv Cv CP CvVv CP Cv CP
CaH 0.0 0.0 —0.1 0.0 0.0 0.2 —-0.1
CaH 0.0 0.0 —0.1 0.2 0.0 0.5 —-0.1
CaO 0.8 0.9 —0.2 0.6 0.0 1.1 —-0.1
CaOH 1.6 1.6 —0.1 1.6 0.0 1.9 —-0.1
Ca(OH) 3.1 3.1 —-0.2 3.2 0.0 3.7 —-0.2
CaF 0.7 0.7 —0.1 0.7 0.0 1.0 —0.1
Cak 14 14 —0.1 15 0.0 2.0 —-0.1
CaS 0.6 0.6 —0.2 0.4 —-0.1 0.9 —0.2
CacCl 0.5 0.5 —0.2 0.5 —-0.1 0.9 —-0.1
CaCb 1.0 1.0 —-0.3 1.0 —0.2 1.7 —0.3

20n the basis of CCSD(T)/(aug-)cc-pWCVQZ geometrife®n the basis of CCSD(T)/(aug-)cc-pWCW@Z geometriest Using the uncontracted
cc-pWCVT+2dZ hasis set for Ca and the MTsmall basis sets for all other atbiising the uncontracted cc-pWCWQIZ basis set for Ca and
the MTVQZ basis sets for all other atoms.

TABLE 61 Contributions of Scalar Relativistic Effects and Spin—Orbit Coupling Effects (for Atoms) to Atomization Energies
(kJ mol~?)

Darwin + mass-velocity Douglas-Kroll
CCSD(T) (riiv) CCSD(T) (riiv) CCSD(T) (riiv)

ACPF(riiv) ACPF(riiv) CCSD(T) (riiv) (aug-)cc- (aug-)cc- (aug-)cc-

MTsmalk MTsmalP MTsmalP pWCVT+2dzPe¢ pWCVQ+dzbd pWCV520¢ spin—orbit’
CaH 2.7 2.7 -2.4 2.7 -2.8 0.0
CahH, —-3.4 -3.4 -33 -3.6 -3.8 0.0
CaO -5.0 —7.4 —-8.2 -8.4 -0.9
CaOH —-4.8 —-4.8 —4.6 —-4.9 -5.0 -0.9
Ca(OH) —7.6 -7.6 -7.6 -7.9 —-8.1 -8.1 -1.9
CaF —-43 —-43 —4.2 —4.4 —-4.5 —4.6 -1.6
Cak, -7.0 -7.0 -7.0 -7.3 -7.4 -3.2
CaS -0.9 -0.9 —-43 —5.4 —6.1 -6.3 -23
CacCl —4.3 —4.3 —-4.0 —4.2 —4.4 —-35
CaCl -7.2 -7.2 -7.1 -7.3 -7.5 -7.0

a0n the basis of CCSD(T)/(aug-)cc-pWCVQZ geometrfe®n the basis of CCSD(T)/(aug-)cc-pWCM@Z geometriest Using the uncontracted
cc-pWCVT+2dZ basis set for Ca with MTsmall basis sets for all other atohigsing the uncontracted cc-pWCW@IZ basis set for Ca with
MTVQZ basis sets for all other atom$Using the uncontracted cc-pWCV5Z basis set for Ca with MTV5Z basis sets for all other afbaken
from ref 2c.

tions is less than 1 kJ mol in all cases. We also note that if  effects!? These results are also included in Table 5, along with
{Q, 5 extrapolations are performed separately for HF, CCSD, calculations performed using the uncontracted cc-pW&dR)
and (T), the result is not significantly different from that obtained basis set (with the MTVQZ set&for all other atoms) to reveal
by extrapolating the full CCSD(T) AEs. This is not the case, the effects of any further increase in basis set size.

however, for{T, Q} extrapolations. As is seen in Table 5, CV corrections are very small in all
Finally, the effects of BSSE on the extrapolated results were cases and there is very little difference between the results

also estimated and are included in Table 4. This involved spained with the three basis sets. The largest discrepancy is

estimating the BSSE for each atom in each of the componentq 7 3 mot? between the MTsmall and (aug-)cc-pWCNQZ

calculations (TZ, QZ, 5Z) using the counterpoise method and o5 for CaGl Counterpoise corrections to the CV component
then extrapolating in the same way as for the AEs. The resulting lie within the range 0.40.3 kJ mof and therefore do not need

corrections are less than 0.4 kJ midor _aII the molecqles apart to be considered for the routine calculations of CV corrections
from CaC} where the BSSE was predicted to contribwi@. 75 . .
1 - T with these basis sets.
kJ molL. Superposition errors are therefore not a serious issue T o
3.5. Scalar Relativistic Effects.The contributions of scalar

for W2C extrapolations with these basis sets. We note that, - On ’ :

although the individual counterpoise corrections are negative rélativistic corrections to the AEs are shown in Table 6. W2C
in all cases (as they are required to be), they are smaller for€quires the use of the averaggd coupled pair functional (ACPF)
larger basis sets so that, when they are extrapolated, the fina/method with the MTsmall basis sets to calculate the effects of

counterpoise correction to the extrapolated energy may, in fact, the Darwin and massvelocity terms on the total energies. These
be positive. results are effectively independent of the use ofrth®r n+xdZ
3.4. Core—Valence Effects.The corrections to the atomi- reference geometries, as shown in the first two columns of Table

zation energies associated with cemre and corevalence 6. Unfortunately, we were unable to obtain convergence in the
correlation (CV) are reported in Table 5, along with the ACPF calculations for CaO, even though CCSD(T) still appears
corresponding counterpoise corrections for BSSE. Standardto be performing acceptably (see below). Similarly, the results
W2C theory requires the calculation of the CV correction at for CaS appear to be unreasonably low. The Dougkisll

the CCSD(T)/MTsmall level of theory. With the introduction method for the calculation of scalar relativistic effects was
of the cc-pWCW+xdZ basis sets, however, it has been proposed therefore also investigated. As shown in the third column of
that the uncontracted tripieset should be preferred to MTsmall ~ Table 6, this makes very little difference to the prediction of
for calcium atoms in the calculation of CV and scalar relativistic E; for most molecules apart from CaO (for which the
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calculation is now successful) and CaS where the result is now TABLE 7: G3 and W2C Atomization Energies at 0 K (kJ
more in line with the values predicted for related molecules. mol~%)?

As with the CV corrections, it has been recommended that Atomization energies
the uncontracted cc-pWCW2dZ basis sets be used for Ca G3[CC]
(along with MTsmall for other atoms) when calculating scalar G3  (dir,full)> w2C-Pc W2C-Ze W2C-best®
relativistic effectst! The results with these sets are very similar =z 1608  165.9 165.2 164.7 164.7
to those obtained with MTsmall, except in the cases of CaO caHf 4055  417.8 416.8 415.9 416.1
and CaS. For Cas, the magnitude of the correction increasesCaC® 386.9 407.4 406.0 402.9
by 1.1 kJ mot?, while for CaO it increases by 2.4 kJ mél CaOH 8l4.7  816.0 824.6 823.9 824.1
This large change is unexpected and prompted us to also Ca(OH)" 1689.0  1692.3 1707.9 1707.1 1706.8
A . . a 525.1 525.3 535.2 534.3 534.3
calculate the Dougl'asKroII relativistic corrections using the CaF/ 11049 1105.0 1122.9 1121.6 1121.9
cc-pWCVQHdZ basis set (for Ca, MTVQZ for other atoms) cag 327.1 320.9 328.8 327.6 325.8
and also with the cc-pWCV5Z basis set (for Ca, MT\#&br CaCl 407.3 405.9 407.2 406.7 406.5
other atoms) for CaO, Ca(OK)CaF, and CaS. While in most ~ CaCb 893.1 8904 892.4 892.3 891.7

cases the correction increases in magnitude by only 0.1t0 0.2 asee Table 9 for a full description of the W2C-1, W2C-2, and W2C-
kJ mol* from the triple- to quadruplé-basis sets and by 0.05  best methods? On the basis of CCSD(T)/(aug-)cc-pWCVQZ geom-
kJ mol® for QZ to 5Z, for CaO and CaS the changes with etries.cUsing cc-pWCWZ basis sets for C#.On the basis of
basis set are more marked. For CasS, there is an increase irﬁC_SD(T)/(?U%g:gggVDC(\T/ﬁdZ gaﬂome\;\f/lgfl‘?gjlzng cc-pWC\xdZ
magnitude of 0.63 kJ mot from TZ to QZ and 0.23 kJ mot asis sets for Cac aug-)cc-p Zero-point energies
. . . . and thermochemical corrections are used for Cahtl Cal;in W2C-2

from .QZ to 5Z, while the correction for CaO increases in calculations as B3-LYP/(aug-)cc-pWCMRdZ is not considered
magnitude by 0.75 kJ mot from TZ to QZ and by a further  gyitaple for predicting the shapes of the bending PESs; see text.
0.26 kJ mot* from QZ to 5Z. 9 Douglas-Kroll CCSD(T)/MTsmall scalar relativistic effects were used

The strong basis set dependency of the relativistic correctionsfor W2C-1 and W2C-2 calculations for CaO and CaShe B3-LYP/
for CaO and Ca$ is surprising and leads to the question of cc-pWCVTZ zero-point energy and thgrmochemlcal correction are used
whether this is an artifact of the basis sets that we are usingfor Ca(OH} in the W2C-best calculation (see text).
(no.ting 'that these' bgsis sets were not specifically designed forTABLE 8: G3 and W2C Heats of Formation at 298 K (kJ
estimating relativistic corrections). We therefore repeated the mol~1)2
calculations for CaO using core/alence basis sets that had Heats of formation
been optimized for DouglaKroll calculations by Petersof.
These are denoted (aug-)cc-pwi/ DK. These calculations

G3  G3[CC|(dir,full) W2C-1 W2C-2 W2C-best

confirm the large scalar relativistic corrections predicted with CaH 231.8 226.7 227.4 2280 2279
Martin’s n+xdZ basis sets, with the correction to the atomization Cabb 2024 189.4 189.7 1913 190.0
. 1 CaO 36.6 16.1 17.5 20.7

energy for CaO being-8.0 kJ mot* at the TZ level and-8.3 CaOH -1773 —178.6 1872 -1864 —186.7
kJ mol! for QZ. Ca(OH) —591.9 —594.6 —610.5 —608.7 —609.5

It therefore appears that the unusual nature of the bonding in CaF —270.9 —271.2 —281.0 -280.2 —280.1
CaO and CaS (formally CaX double bonds but more likely Cak —774.0 —r7Ll —788.0 —787.7 -—786.6

. L . . N CaS 124.8 130.9 123.1 124.2 126.1
to involve ionic bonding with some covalent contributions) | 1104 -109.2 ~110.4 —109.9 -—1098
means that the scalar relativistic effects are not straightforward cacy, —4756 —469.9 _472.1 —469.4 —471.3

to determine. In general, thetdZ basis sets are sufficient
for the accurate prediction of scalar relativistic effects in calcium
compounds. However, in cases with unusual bonding, the use
of cc-pWCVQ+dZ or the Peterson Douglaroll triple-C basis ¢4 pled with the reoptimization of the higher level correction
sets is desirable. parameters, appears to be small.

3.6. Atomization Energies and Heats of FormationThe It is clear from the W2C-1 and W2C-2 results in Tables 7
G3, G3[CC](dir,full), and W2C AEs and heats of formation at and 8 that the introduction of thetxdZ basis sets (in W2C-2)
298 K (AfH°299) are presented in Tables 7 and 8, respectively. does not make a significant impact on the W2C results. The
Three sets of W2C results are reported: The W2C-1 AEs and |argest change is 2.7 kJ mdl for CaCh, where there are
AfH°29g values are calculated using the (aug-)cc-pWiZWbasis significant differences in the thermochemical corrections. This
sets; the W2C-2 columns show the results found with the js mostly due to the+xdZ basis set not performing very well
(aug-)cc-pWCW+xdZ basis sets, while the W2C-best results with B3-LYP in the calculation of the anharmonic bending
indicate calculations where we have attempted to minimize frequency_ In all other cases the difference is below 1.8 kJ
residual potential errors in W2C. Full details of the methods mol-2. Similarly, the W2C-best results show very little differ-
used to obtain these three sets of results are outlined in Tableence from then+xdZ results. The exceptions (in addition to
9. Basis sets written as “u-cc-p...” are uncontracted. CaCb) are CaO and CaS where the small changes are associated

Comparison of the standard G3 and G3[CC](dir,full) results with the improved evaluation of the scalar relativistic correc-
in Table 8 reveals that for most molecules the heats of formation tions, as noted above. It is therefore clear that, apart from the
do not show a significant change accompanying the improve- relativistic problem and the anharmonic treatment of bending
ments to the method. The exceptions are CaH and,@didre modes, the modifications to the W2C method that we have
the AfH°,9s decreases by 5.1 and 13.0 kJ miglrespectively, examined do not significantly affect the predicted thermochemi-
and CasS where it increases by 6.1 kJ moWe note that with cal properties of calcium compounds.
the changes in going from standard G3 to G3[CC](dir,full), that  The G3[CC](dir,full) and W2C-best heats of formation are
is, improved geometry, coupled cluster reference energy, andcompared with experimental values in Table 10. There are a
no additivity, each individually has a significant effect on the wide range of experimental data available for the various
heats of formation of all molecules. However, the overall effect, molecules investigated in this study, many of which are,

a Calculated using atomization energies from Table 7. See Table 7
for comments and details.
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TABLE 9: Description of Components of W2C-1, W2C-2, and W2C-Best Theoretical Methods

W2C-1 W2C-2 W2C-best
Ca basis sets cc-pWGaW; n=T,Q,5 cc-pWCW+xdZ; n=T,Q,5; cc-pWCW+xdZ; n=T,Q,5;
x=2,1,0 x=21,0
H basis sets cc-pvZ; n=T,Q,5 cc-p\WiZ; n=T,Q,5 cc-pviZz;n=T,Q,5

O, F basis sets
S, Cl basis sets

geometry
vibrational frequencies

aug-cc-p@¥;, n=T,Q,5
aug-cc-p¥+2df, n=T,Q,5

CCSD(T)/quadruple-
B3-LYP

cc-pWCVTZ (for Ca)

cc-pVTZ+1 (all other atoms)

aug-cc-pCvzZ; n=T,Q,5
aug-cc-pviz+2df, n=T,Q,5

CCSD(T)/quadruple-
B3-LYP

cc-pWCVT+2dZ (for Ca)
aug-cc-pCVTZ (all other atoms)

aug-cc-pCviZz; n=T,Q,5
aug-cc-pviz+2df, n=T,Q,5

CCSD(T)/quadruple-
CCSD(T)

cc-pWCVT+2dZ (for Ca)
aug-cc-pCVTZ (all other atoms)

W2C-1 results for Ca(OH)
anharmonic bending frequencies
for CaH, Ca(OH), Cak, and CaCl
anharmonic OH stretching
frequencies for CaOH and Ca(OH)

anharmonic bending frequencies
for CaH, Ca(OH}), Cak,, and CaCl
anharmonic OH stretching
frequencies for CaOH and Ca(OH)
0.985 1

anharmonic bending frequencies
for CaH, Ca(OH), Cak, and CaCJ
anharmonic OH stretching
frequencies for CaOH and Ca(OH)
scaling factor for harmonic 0.985
vibrational frequencies

E=A+Bn5n=Q,5
E=A+Bn3n=Q,5
E=A+Bn3n=T,Q
No

E=A+Bn>n=Q,5
E=A+Bn3n=Q,5
E=A+Bn3n=T,Q
No

E=A+Bn>%n=Q,5
E=A+Bn3n=Q,5
E=A+Bn3n=Q,5
Yes

SCF extrapolation
CCSD extrapolation
triples extrapolation
BSSE corrections
to extrapolations
CCSD(T) (riiv/riv)/MTsmall CCSD(T) (riiv/riv)
u-cc-pWCVT2dZ (for Ca)
MTsmall (all other atoms)
Yes

CV correction CCSD(T) (riiv/riv)/MTsmall

BSSE corrections to CV No No

Erel (except CaO and CaS)  ACPF(riiv)/MTsmall Darwin and CCSD(T) (riiv) Douglas-Kroll

mass-velocity

ACPF(riiv)/MTsmall Darwin and
mass-velocity

u-cc-pWCVQHdzZ (for Ca)

MTVQZ (all other atoms)

Erel (CaO and CaS) CCSD(T) (riiv) Douglas-Kroll

CCSD(T) (riiv)/MTsmall CCSD(T) (riiv)/MTsmall

Douglas-Kroll Douglas-Kroll
u-cc-pWCV5Z (for Ca)
MTV5Z (all other atoms)
SO atoms only atoms only atoms only

a All calculations use a riv correlation space for Ca unless otherwise noted.

TABLE 10: Comparison of Theoretical and Experimental Heats of Formation (kJ mol2)

most recent experimental experimental

G3[CC](dir,full) W2C-best JANAF Gurvicl  experiment year average range no. of expts

CaH 226.7 227.9 2294 2 229.4+2 1994 231 225t0 239 3
CakH, 189.4 190.0

CaO 36.6 20.7 4421 38+ 10 37+9 1986 40 5to 80 14
CaOH —178.6 —186.7 —194+21 —-173+15 —-190.8+8 1987 —192 —160 to—250" 17
Ca(OH) —594.6 —609.5 —611+ 38 —598+ 15 —605.84+8 1987 —616 —530 to—700 10
CaF —271.2 —280.1 —272+8 —-276+£5 —277+8 1978 —278 —262t0—3353 9
Cak —-771.1 —786.6 —785+8 —791+8 —787+19 1966 —789 —760 to—80%' 13
CaS 130.9 126.1 124 8 121+ 15 124+ 7 1964(1998) 127 115to 149 3
CacCl —109.2 —109.8 —105+ 15 —-104+6 —96.8+7 1973 —105 —85t0—150 11
CaCh —469.9 —471.3 —4715+4 —485+7 —485+21 1973 —475 —400 to—503 14

aReference 3 Reference 31¢ Reference 31, based on results of several experiméRisferences 32 and 33, calculated from AEs, using
atomicA¢H°® values from ref 30¢ Reference 35a, calculated from the AE, using atomid® values from ref 30! References 3436; in most cases
calculated from AEs, using atomit;H° values from ref 309 Reference 374 References 34, 36b, 37, and 38, in many cases calculated from
Ca—OH dissociation energies, using the-8 dissociation energy from ref 40 and atonfigH° values from ref 30! Reference 37d.References
37a—c, 38b, and 39, in many cases calculated from-O#&l dissociation energies, using the-@8 dissociation energy from ref 40 and ator¢H°
values from ref 30¥ Reference 41d.References 32 and 41, in many cases calculated from AEs, using atgdiizalues from ref 30™ Reference
41e." Reference 41eg and 42, in many cases calculated from sublimation data, usidg values of crystalline forms from ref 30.Reference
35c (reviewed in ref 30), calculated from the AE, using atoruid® values from ref 30° References 35c (reviewed in ref 30) and 43, calculated
from AEs, using atomid\:H° values from ref 309 Reference 38b, calculated from the AE, using atoid°® values from ref 30! References 32,
38, and 44, calculated from AEs, using atomi¢i° values from ref 30% Reference 38b, calculated from the AE, using atorid® values from
ref 30.t References 38, 44a, 44f, and 45, in many cases calculated from sublimation dataA##Singlues of crystalline forms from ref 30.

unfortunately, of quite low precision. The experimental values (JANAF)3 and Gurvich’® We have therefore compared our
are detailed in Table S2 of the Supporting Information. As the theoretical heats of formation with the recommended reviewed
majority of the experiments date from the 1960s and early 1970s,values, as well as with the most recently reported experimental
improved measurements of the reference data since then haveesults, as it appears that, in some cases, these have not been
meant that the originally reported heats of formation have neededincluded in the compendia. Table 10 also includes the average
to be reanalyzed, as in the critical compendia of Chase and approximate range of the unique experimental results listed
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by Chase and Gurvich (including uncertainties). These quantitiesrecent experiment are closer to W2C-best. For Calf the
are intended to provide a mean value as well as a rough estimateexperimental values are in much better agreement with the W2C-
of the true range within which the experimental heats of best result.

formation are likely to lie. 3.6.5. CaSHere the two theoretical results agree with one

The discerning reader will already have noticed from Table another within their uncertainties. While they both also agree
8 that there are several molecules that still show significant with the experimental resuf®“3 within their given error
discrepancies between the G3[CC](dir,full) and W2C-best heats margins, comparison of the experimental values more strongly
of formation. These differences exceed the sum of the uncer-supports the W2C-best result, the G3[CC](dir,full) value being
tainties reported for these classes of methods with the standarcat the higher end of all error bars.

test sets. For example, while the results for the hydrides and, 3.6.6. CaCl and CaCj. For both of the chlorides, the two
surprisingly, the chlorides are in extremely good agreement, theoretical heats of formation are in close agreement. Unfor-
differences of 15 to 16 kJ mot are seen between G3[CC](dir,-  tunately, while these results are consistent with the JANAF
full) and W2C-best for CaO, Ca(Okl)and Cak. For CaOH, review values, agreement with other experiments is not as
CaF, and Cas, the results are more consistent and do agregood32384445This is particularly the case for CaCl where the
within their error margins. We note that where significant experimental values cluster arourd.00 kJ mot? (see Sup-
differences exist between G3[CC](dir,full) and W2C-best, the porting Information) while the theoretical results ard 0 kJ
latter consistently predicts a lower heat of formation (i.e., a more mo|-1 Jower. For CaCJ, the most recent experiment is from
stable molecule). the laboratory of Gurvich and is, presumably, the data upon
Interestingly, despite the sometimes large discrepancieswhich he has based his compendium value.
between the two sets of theoretical results, they are all consistent |n symmary, although it is not possible to make a definitive
with the 1998 JANAF recommended heats of formalfavhen  statement about the reliability of the two theoretical methods

uncertainties are taken into consideration (Table 10). The heatsphased upon the available experimental data, in most cases where
of formation from the most recent experiments are generally in G3[cc](dir,full) and W2C-best differ, the experimental evidence

better agreement with the W2C-best values, while those from fayors the W2C-best results. This is reasonable as W2C is
the review of Gurvich' are more evenly split. We therefore  formally a much higher level of theory.

consider each molecule or class of molecules in turn. 3.7 Further Investigations for Calcium Oxide. As noted
3.6.1. CaH and Cah. For both CaH and Cafithe two above, the W2C methods predict the heat of formation of CaO
theoretical results show good agreement with one another. Forig pe approximately 20 kJ mol lower than either G3[CC](dlir -
CaH, therg is also good agreement between the theoret_ical valueﬁj") or the majority of the experimental data. While W2C-best
and experiment:—**We have found no reports of experimental  ygpresents the highest level of theoretical treatment that we are
thermochemical data for mo_lecular Catut our resultis clo_se_ currently able to straightforwardly apply to these molecules,
to that of a recent theoretical study carried out at a similar 5nq would normally be expected to give accurate results, it is
level 1 We conclude that both theoretical methods are giving possible that the unusual nature of the bonding in CaO may
a good description of these molecules. make it difficult to describe accurately with these methods. For
3.6.2. CaO.For CaO, the experimental heats of formation example, a natural bond order (NBO) analysis with the
are fairly widely scattered, averaging around 40 kJ Thét=36 (aug-)cc-pWCVH-2dZ basis sets indicates that the atomic
Chasé® and GurvicR! also give~40 kJ mot* as the recom-  charges are-1.7. This suggests that, although the bonding is
mendedAsH®295 for CaO in their reviews. This value is in good  dominated by electrostatic interactions betweeAGand G~
agreement with G3[CC](dlir,full) but is a full 20 kJ mdlhigher ions, contributions associated with covalent interactions are not
than the W2C-best result. Our W2C-best heat of formation (20.7 insignificant. Although it has been found previou$lythat
kJ mol!) also lies outside the error margins of most of the molecules with semipolar bonds (bonds with both electrostatic
experimental results. Some of the recent experiniéisyever, and covalent components) present challenges to computational
do predict slightly lower heats of formation: 2# 7 (with a chemistry, we would expect that W2C-best should be a
small quoted uncertainty and reportedly a strict upper limit) and sufficiently high level of theory to give a satisfactory description
29.44 21 kJ moft. These are in better agreement with W2C-  of these species. Nevertheless, in light of the large discrepancies
best, but according to the Gurvich review, the former ré&ult  petween W2C-best and experiment, we have investigated three
is less reliable than those from other experiments that predict afurther potential sources of error in the calculations: possible
AtH"29g closer to 40 kJ mot'. We have therefore further pursued  weaknesses in the basis sets themselves, the choice of extrapola-
the possibility of any potential weaknesses in W2C-best for CaO, tion scheme for the single-point energies, and the inclusion of
as described below. explicit triple and higher-order excitations in the Cl expansion.

3.6.3. CaOH and Ca(OH). In both cases, we see thatthe  Recently, Peterson has developed a new set of correlation-
G3[CC](dir,full) results are in better agreement with Gurvich consistent basis sets for calcidff2 In addition to the
while the W2C-best heats of formation are more consistent with Douglas-Kroll basis sets mentioned above, these include
JANAF and the recent experimeritg®*3*40We note, however,  standard corevalence basis sets, cc-p@¥, as well as
that while the W2C-best results fit comfortably within the weighted core-valence sets, cc-pwQZ (note the lower case
Gurvich error bars, G3[CC](dir,full) and the most recent ). These sets are similar in size to the cc-pWEWdZ sets
experiments only agree within the overlap of their uncertainties. developed by Martin, that have been used in the majority of
Thus, although we can make no definite conclusions, we arethe present work. They include a set of Hartré®ck 3d
inclined to favor the W2C-best results in these cases. functions which negates the need for the extchfunctions in

3.6.4. CaF and Cal. The experimental heats of formation cc-pWCW+xdZ. We have therefore checked our calculations
are quite consistent for both CaF and g&#14?For CaF, these  for CaO by comparison with the results generated using the
results lie between the two theoretical values, with the JANAF two Peterson basis sets. We find that the extrapolated valence
value favoring G3[CC](dir,full), while Gurvich and the most atomization energies are almost identical when calculated with
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the cc-pWCW+xdZ and cc-pwCWZ basis sets and only 0.7 Of course, it is well-known that the CCSDT method usually
kJ mol~t higher when the cc-pCMZ sets are used. gives inferior energies to CCSD(T) as the inclusion of explicit
Using these three different types of basis sets, It is also triple excitations tends to underestimate the total en&tgy.
possible to evaluate the reliability of the scheme employed to This can be corrected for by also calculating the effects of
extrapolate the correlation energies in the W2C procedures.duadruple excitations (CCSDTQj? Unfortunately, it was
While then—3 scheme is commonly regarded to be the best in Neécessary to restrict the active space to include qnly the 4s
most situationd there have been instances where other schemes€l€ctrons of calcium and the 2p electrons of oxygen in order to

have been suggested to be supefidio probe the extrapolation be able to f_s-stimate this effect with any_thing_ larger th_an a
procedures, AEs were calculated for CaO at the double-, triple-, doublef basis set. At the quadruplelevel with this small (six

quadruple-, and quintuplgdevels for each of the three series glectron) active space, the quadruple excitations are found to
of basis sets. These were then extrapolated using seven differenf1cr€ase the extrapola;ed AE by 2.8 kJ rﬁolUnfortunater,
extrapolation schemes: exponential, mixed exponential with this small correlation space, calculations on the Ca atom
N4 13 + =5 n-4 & n.*5 andn-4 & ;],6 For each schen;e only involve two active electrons and thus only double excita-
the extrapolation was performed with all the available results tions can be considered (CCSD). The effects OT correlatmg the
{(DZ, TZ, QZ, 52 and also with thg DZ, TZ, QZ} and the Ca 3s and 3_p and th_e 0O 2s el_ectr_ons were estimated using the
{TZ, QZ, SZ}’vaIues. For the two scher'nes 'that involve only double< basis set; this correction is found to be approximately

3 4 . 0.6 kJ mot™,
two parameters) > andn—4, extrapolations were also performed The effects of including high der t in th led
with just the{TZ, QZ} pair and also with th§ QZ, 52 pair. € eflects ol including figner-order terms in the coupie

From comparison of the fitted extrapolation curves with the data cluster expansion were glso |n\{estlgated by performlng CCS-
points, it is clear that, as expected, extrapolations that do not DTQ5 and full Cl calculations using the small correlation space

: A 3 4 and the doublé- basis sets. These effects are estimated to
'nvglv_itie 5}5 valr:Jes gen?rally_gwe inferior fIIE[S. T?]e N " ’f contribute approximately-0.5 kJ moi™ to the extrapolated AE.

an ? n | sdc gnjl_?ls also give poor resu"s when a tOE[Jr: Thus, in total, the higher-order effects are estimated to increase
30|tn S alrle |nctl_1 (T .I _etrrgemt?_lnllqng CUrves aﬂ?ppromeEe € the AE, and thus decrease the heat of formation, of CaO by
fa a V\;}e » particuiarly in Ie' '9 e};eglons. € mean ALES approximately 0.5 kJ mot. The effects of including diffuse
rom the various extrapolation schemes are quite consistenty niong on the oxygen atom (potentially important for describ-
among the three families of basis sets, being 413.8 kJ‘mol

ing the C&"—02~ and Ca—O" states) were also estimated. In
for the cc-pWC\r+xdZ sets, 414.4 kJ mot for the cc-pC\Z this case the total AE is predicted to be increased by 1.7 kJ
sets, and 413.2 kJ mdifor the cc-pwC\AZ sets. The predicted mol-1, again reducing the heat of formation.

1 1
AES range ovee:2.9 kJ mof™, +£3.0 kJ mof™, and+2.5 kJ In summary, while the error associated with the choice of

> ; . . ) . : _
mol™, respectively. The extrapolation scheme that is recom- g4 01ation scheme may be making our heat of formation too
mended for W2C procedurea ¢{QZ, 52) is found to give o 1y 0 to a conservative estimate of 5 kJ miothe inclusion

some of the highest AEs, generally 2 kJ miogreater than the ot higher excitation terms in the coupled cluster expansion would
average. Thys, it is poss[ble that the heat of formatlon.of CaO actually act to further reduce our result by up to 1.7 kJthol
could be being underestimated by up to a conservative 5 kJ correcting for both of these possible errors would increase the
mol~t in our W2C res_ults due to the chmge of extrapolation predicted heat of formation by up te3 kJ molL (but probably
scheme. We emphasize, however, that is currently the |ess), giving no appreciable improvement in the agreement with
generally preferred extrapolation procedure, and so such anG3[CC](dir,full) or the compendia-recommended experimental
underestimation is considered unlikéfy. value. The scatter in even the most recent experimental results
It has been noticed previously that multireference effects may indicates that the thermochemistry of CaO is also difficult to
be significant for CaQ.In our work we found that theQl investigate experimentally. Nevertheless, our best calculations
diagnosti¢® of the QCISD(T) calculation of G3 theory is  support one of the more recent experimental estimates &f 27
extremely large (0.09), and tiel diagnostic® in the compo- 7 kJ mol™ for the heat of formation of CaO. In light of our
nents of W2C £0.035) are also above the normal cutoff limits.  findings, further experimental investigation would be helpful
While these diagnostics are large enough to suggest thatin determining whether there is a significant error in the
multireference effects may be significant for CaO, the use of prediction of our best theoretical procedure (20.7 kJHabr
multireference versions of W2C in our previous wéienoted if the heat of formation is significantly lower than the value of
W2C-CAS-ACPF and W2C-CAS-AQCC, gave results very ~40 kJ moft recommended in the compendia.
similar to the W2C-best value (when our Dougtd§oll
quintuple relativistic correction is applied). It is possible, 4. Conclusions

nev_ertheless, that the pgrturbative treatment of the triple Geometric parameters, atomization energies, and heats of
excitations may be performing poorly for this unusual molecule. formation have been calculated for a series of small calcium-
We therefore investigated the effects of explicitly including  containing molecules using high-level quantum chemical meth-
higher-order excitations in the coupled cluster expansion for ods. The CCSD(T)/(aug-)cc-pWCVAIZ geometries show
Ca0. This was done using Peterson’s cc-pZ¥asis sets along  good agreement with reliable experimental results. The G3[CC]-
with the cc-p\hZ sets for oxygen. Naturally, we were quite  (dirfull) and W2C-best heats of formation are generally in good
restricted in the number of electrons that could be correlated atagreement with experimental values. However, there are dis-
such computationally demanding levels of theory. However, it crepancies for a small number of molecules. The large uncer-
was possible to perform CCSDT calculations using the riv tainties in the experimental results make it difficult to defini-
correlation space with the triple-, quadruple-, and quintuple- tively assess the reliability of the calculated heats of formation.
basis sets in order to predict the effect of explicitly including However, in cases where there are significant differences
the triple excitations (rather than using perturbation theory) on between the G3[CC](dir,full) and W2C-best results, the experi-
the extrapolated AE. This is found to reduce the atomization ments tend to favor W2C-best. The exception is CaO where
energy by 2.4 kJ mol. the G3[CC](dir,full) result appears to be in better agreement
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with the bulk of the experimental data. An intensive investiga-
tion of this molecule has failed to reveal any major flaws in the

W2C-best procedure that could account for this discrepancy.

Our W2C-best heat of formation for CaO supports one of the
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(9) See also: (a) Partridge, H.; Bauschlicher, C. W.; Walch, S. P.; Liu,
B. J. Chem. Physl983 79, 1866. (b) Pettersson, L. G. M.; Siegbahn, P.
E. M.; Ismail, S.Chem. Phys1983 82, 355.
(10) Curtiss, L. A.,; Redfern, P. C.; Raghavachari, K.; Pople, JJ.A.
Chem. Phys2001, 114, 108.

more recent experimental determinations in preference to values (11) Iron, M. A;; Oren, M.; Martin, J. M. LMol. Phys.2003 101, 1345.

recommended in two recent thermochemical compendia. Further
experimental investigations aimed at resolving this issue would

be desirable.
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