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The performance of a selection of theoretical procedures in describing the binding*ofoGanmonia and

formaldehyde has been assessed. Geometries and vibrational frequencies were obtained using the density

functional theory procedures, B3-LYP and G96-LYP, as well as with CCSD(T) with a variety of basis sets,

with the CCSD(T)/cc-pWCVQZ-optimized structures being used as a reference. Binding energies, including
the consideration of basis set superposition errors, were additionally obtained with variants of the G3, W1C,
and W2C methods, with the W2C values providing benchmark values in this case. We find that(Xa=

N, O) bond lengths for the [CaNH3]?" and [Ca-OCH,]?" complexes show some sensitivity both to the size
of the basis set and to the theoretical procedure employed. In general,-thel€agths decrease as the basis
set is systematically enlarged. The B3-LYP and G96-LYP methods yieteXCdistances that are slightly

shorter than the CCSD(T) values obtained with the same basis set. As a consequence of these two factors,

B3-LYP/cc-pWCVTZ and B3-LYP/6-31:1G(3df,2p) give very reasonable geometries for the two complexes.
The B3-LYP/cc-pWCVTZ and G96-LYP/cc-pWCVQZ approaches provide a good compromise between
accuracy and computational cost in the calculation of binding energigsi<aredicted to bind more strongly

to formaldehyde than to ammonia, in contrast to the ordering of proton d@raffinities for the two molecules.

Introduction focused on the structures and stabilities of complexes of metal

The important role of the interaction between metal dications dications with a variety of biomoleculés!

and neutral molecules in chemical and biochemical processes, fAS nottlad_abqve,mn:olecular dications formed by a_ltta_c_hment
both in solution and in the gas phase, has been recognized for2f @ metal dication M" to a neutral base often show significant
a long time! It is well established, for instance, that the bonding peculiarities, associated with the strong polarization

characterization of biopolymers depends on the generation of€ffects that accompany the formation of arfMmolecule
long-lived multiply charged ion&.The interaction of neutral cluster, and the large electrostatic strain effects associated with

systems with dications is also crucial in many biochemical tEe 'argeICOL_"omfbiq repylsiohn. r’? Cr#Cial azpe(cj:t, from tEe
processes. For example, the formation of polypeptides from theoretical point of view, is whether the standard approaches

amino acids is enhanced by the presence of divalent metat ions, USed in the study of neutral systems and monocations perform
Similarly, a significant enhancement of base pairing has also €9ually well when dealing with dications. An assessment of the
been observed through the interaction of metal dications with theoretical models available is therefore needed. Initial studies
DNA bases:® Multiply charged ions, and in particular dications, "M ;[jhls dlrlect|9n hal\gtze been carried out by Petrie and Rédom
are also assumed to be important in extreme environments, suctind by Alcamiet al== _ .
as the upper planetary atmospheré®Dications are also of A primary constraint in assessment studies of complexes with
fundamental interest, often exhibiting unusual bonding properties metal dications is the almost complete lack of experimental
that have intrigued chemists for many ye#r¥ Despite this |nform§tlon on the structures an_d stabilities of_ these species. In
interest and importance, the number of studies devoted to theSUch circumstances, an alternative approach is to use high-level
investigation of the interactions between neutral molecules an

dtheoretical results as the benchmark. We have taken such an
metal dications are significantly less than those devoted to the

approach in the present study, in which we examine the
investigation of similar interactions with monocations. The Performance of a number of levels of theory in describing the
situation has been changing since the early 1990s with the

interaction of C&" with two small model bases, ammonia and
development of electrospray ionization techniques that opened{ormaldehyde. Thus, we have used the W2C method of Martin
up the possibility of being able to readily produce clusters

et al?324(which approximates the limit of CCSD(T) calculations
involving metal dications in the gas phase from aqueous with an infinite basis set) to provide reliable reference values

solution?5 Indeed, the past decade has witnessed a significant™" Pinding energies. For the geometries, we have used the
increase in the number of studies dealing with the solvation of structures obtglned through CCSD(T) calculations V‘."th the.cc—
metal dications and, in particular, with the possibility of pWCVQZ basis set as the reference. Results obtained with a

generating monosolvated dicatios!® Other studies have number of simpler theoretical methods are assessed through
comparison with the benchmark values.
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uam.es; radom@chem.usyd.edu.au. Theoretical Procedures
T Universidad Autmoma de Madrid. . - . .
+ Australian National University. Conventional ab initi&>*® and density functional theoty
8 University of Sydney. calculations were performed on the complexes{Giaiz]2" and

10.1021/jp0363491 CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/04/2003



Interactions between Neutral Molecules andCa

TABLE 1: Frozen and Active Orbitals in CCSD(T)
Calculations

frozen active
rv (Relaxed Valence)
Ca 1s, 2s, 2p, 3s, 3p 4s, 4p
C,0O,N 1s 2s,2p
H 1s
riv (Relaxed Inner Valence)

Ca 1s, 2s, 2p 3s, 3p, 4s, 4p
C,O,N 1s, 2s, 2p
H 1s

riiv (Relaxed Inner Inner Valence)
Ca 1s 2s, 2p, 3s, 3p, 4s, 4p
C,O,N 1s, 2s, 2p
H 1s

[Ca—OCH;,]?", as well as for the neutrals N+Hand G=CH,,
using the GAUSSIAN 98 and MOLPRO 2008 suites of
programs. Optimized geometries and harmonic vibrational
frequencies were obtained with the B3-LY#1G96-LYP 3132
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(3df,2p) that includes (3d2f) polarization functions for second-
row atoms, (2df) polarization functions for first-row atoms, and
the addition of core polarization functions. CCSD(T)/cc-
pWCVQZ geometries are used in the G3[CC](direct,full)
calculations. Higher-level corrections (HLCs), given bng

— B(ne — ng) for molecules and-Cry — D(n, — ng) for the

Ca dication (withA = 6.597,B = 1.934,C = 5.895, and =
1.107 mhartree®} andn, andng being the number of andj
electrons, respectively), are added to take into account the
remaining deficiencies in the energy calculations. ZPVE cor-
rections were obtained using B3-LYP/cc-pWCVTZ frequencies,
scaled by 0.985%

Martin’'s W1C and W2C method%2*attempt to approximate
CCSD(T) calculations with an infinite basis set. They represent
variants of the standard W1 and W2 procedéfésand were
introduced®24 to obtain more reliable thermochemistry for
molecules containing alkali metal and alkaline earth metal atoms.
In W1C and W2C, the cc-pMZ basis sets of W1 and W2 are
replaced for Ca by recently developed cc-pW2\sets?2 W1C

and CCSD(T) procedures, combined with basis sets ranging@nd W2C procedures use B3-LYP/cc-pWCVTZ and CCSD(T)-

from 6-31G(d¥3 and 6-31G*(C§*@3>to cc-pWCV5Z2 The

(riv,rv)/cc-pWCVQZ optimized geometries, respectively. The

choice of functionals was directed by widespread use in the V@lénce correlation contribution to the energy is evaluated by

case of B3-LYP, and preliminary indications of good perfor-
mance in the case of G96-LY® The notation augn the basis

considering two-point extrapolations of the SCF, CCSD, and
(T) component energies, with an (riv, rv) correlation space and

set descriptions indicates that diffuse functions are included on @ud-cC-pWCWZ basis sets being used. The core-correlation

C, N, and O but not on Ca or H.

The correlation spaces used in the various CCSD(T) calcula-

tions are defined in TableZ.If only the valence orbitals among

the occupied orbitals are included in the correlation space, we

use the notatiomy standing for relaxed-valence. This is often
referred to alternatively as frozen-core. If the next set of orbitals,

the inner-valence orbitals, are included in the correlation space

we refer to this as relaxed-inner-valence or “riv’. Relaxing the

subsequent set of orbitals leads to the riiv correlation space. If
all the orbitals on all atoms are included in the correlation space,

this is referred to as “full”, in line with common usage. If

different types of correlation space are used for the metal and
carbon, oxygen or nitrogen atoms, they are specified in the order;

(metal, [carbon, oxygen or nitrogen]), e.g., (riv, rv).
Zero-point vibrational energies (ZPVESs) were obtained by

scaling the calculated harmonic vibrational frequencies. Unless
otherwise noted, the scale factors used were the values require
to reproduce the experimental ZPVE for the neutral component

of the complexes (i.e., either Ntor O=CH,).3¢ This ensures
the correct ZPVE for the complex at infinite separation, i.e.,
for separated G4 and NH; or separated Ca and OCH.%’

contribution is evaluated from CCSD(T) energies calculated
using the Martin-Taylor core-correlation basis séfs!® with

and without the core orbitals frozen. Scalar relativistic correc-
tions were calculated using the ACPF metlb#lote that the
deep-lying 1s orbital on Ca was held frozen in the core-
correlation and scalar relativistic calculations; i.e., the “unfrozen”
calculations are (riiv, riv). ZPVE corrections were obtained using

'B3-LYP/cc-pWCVTZ frequencies, scaled by 0.985.

The density functional theory results reported in this paper
correspond to the use of sefight and the default grid in
GAUSSIAN 98. We have also carried out a selection of the
calculations using the ultrafine grid and find that the consequent
changes are generally small, though they can be up to 0.004 A
in Ca—X bond lengths, 0.1 kJ mot in ZPVEs, 0.3 kJ mol!
in BSSEs, and 0.3 kJ mdl in binding energies.

(lj?esults and Discussion

Geometries. The optimized geometries of the complexes
[Ca—NH3]?" and [Ca—OCH;,]?" are displayed schematically in
Figure 1, with the geometric parameters of the neutralsz(NH
and G=CH,) and the complexes summarized in Tables42

For the highest-level calculations, we use ZPVEs that are respectively. Our best geometries correspond to the CCSD(T)/

standard for W2C, i.e., B3-LYP/cc-pWCVTZ scaled by 0.985.

cc-pWCVQZ values.

Binding energies were calculated in the first place atthe same For ammonia and formaldehyde (Table 2), we see that the
levels of theory as those used for geometry optimizations. In CCSD(T)/cc-pWCVQZ geometries are in good agreement with

addition, binding energies were calculated at the G3[CC](direct,-

full),24 W1C 2324and W2C324levels. Corrections for basis set

experiment (Table 282747 When B3-LYP and G96-LYP are
used with identical basis sets (e.g., cc-pWCV5Z), the computed

superposition errors (BSSEs), evaluated using the counterpoisggeometries show only small differences, the most notable being

method of Boys and Bernaréfiwere incorporated into the final
binding energies.

G3[CC](direct,fullf* denotes a CCSD(T) energy calculation
in which the additivity approximation of standard ®©3s
removed (direct), all the occupied orbitals are included in the
correlation space (full), and CCSD(T) is used in place of
QCISD(T) due to the poor behavior of the QCISD(T) method
in obtaining reliable thermochemical data for molecules involv-
ing third-row atoms such as CaO and@x?434a40Thus G3-
[CC](direct,full) corresponds to CCSD(T)(full) calculations with
the G3 large basis set. The latter is a modification of 6-3%1

0.008 A for the N-H bond length for NH and 0.010 A for the
C—0 length for G=CH,. For basis sets larger than 6-31G(d),
the variation in geometric parameters with basis set is relatively
small.

Formation of the [CaNH3]2" complex is accompanied by
an elongation of the NH bonds and a narrowing of tliéHNH
angles (by 0.010 A and 2 grespectively, at the CCSD(T)/cc-
pWCVQZ level) (Table 3). Results for the €&l distance with
the cc-pWCVQZ basis set show slightly shorter lengths with
B3-LYP and G96-LYP than with CCSD(T). Increasing the size
of the cc-pWCWZ basis set leads to a shortening of the-Ca
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TABLE 3: Optimized Geometric Parameters (A, Degrees)
for the [Ca—NH;3]?" Complex

level of theory r(Ca—N) r(N—H) OHNH
J B3-LYP
6-31G(d) 2.369 1.031 103.8
6-31G*(C) 2.366 1.030 103.6
6-311G(d) 2.385 1.026 103.7
6-311+G(3df,2p) 2.372 1.025 104.1
cc-pWCVTZ 2.395 1.024 104.0
aud-cc-pWCVTZ 2.392 1.025 104.0
cc-pWCVQZ 2.363 1.024 104.0
J aud-cc-pWCvVQZz 2.363 1.024 104.0
; : : 24 2+ cc-pWCV5Z 2.361 1.025 104.0
Ecl)grg;elei.eichematlc representation of [EAIH3)?" and [Ca—OCH;] aug-cc-pWCV5Z 2361 1025 104.0
G96-LYP
TABLE 2: Optimized Geometric Parameters (A, Degrees 6-31G(d) 2373 1.038 103.8
for the Neutrals NH3z and OCH, ( arees) 6-31G*(C) 2.370 1.038 103.6
6-311G(d) 2.390 1.033 103.6
level of theory r(N—H) OHNH r(O=C) r(C—H) OHCO cc-pWCVTZ 2.403 1.031 103.8
B3.LYP cc-pWCVQZ 2.369 1.031 104.1
6-31G(d) 1019 1057 1206 1110 1224 cC-pWCVSZ 2.367 1.031 104.1
6-311G(d) 1015 1067 1199 1110 1222  CCSD(T)
6-31L+G(3df2p) 1.013 1073 1198 1107 1220 6-31G(d) 2.425 1.032 103.4
cC-pWCVTZ 1014 1065 1198 1107 122.1 6-31G*(C) 2.400 1.032 103.1
aug-cc-pWCVTZ 1013 107.2 1200 1106 122.0 6-311G(d) 2.411 1.025 103.5
cc-pWCVQZ 1013 1068 1198 1106 122.0 6-311+G(3df.2p) 2.396 1.025 103.6
aug-cc-pWCvQz 1.013 107.2 1198 1106 122.0 cC-pWCVTZ 2411 1.023 103.5
cc-pWCV5Z 1012 1072 1198 1106 122.0 aug-cc-pWevTZ 2.402 1.024 1035
aug-cc-pWCVsz 1012 107.2 1198 1106 122.0 CC-pWCVQZ 2.374 1.023 103.6
Gggé_f(g(d) 1028 1051 1.217 1.120 1225 TABLE 4: Optimized Geometric Parameters (A, Degrees)
6-311G(d) 1023 1062 1209 1119 1223 forthe [Ca—OCH,*" Complex
cc-pWCVTZ 1.021 1059 1.209 1115 1222 level of theory r(Ca—0) r(O=C) r(C—H) 0OHCO
cc-pWCVQZ 1020 1063 1208 1114 1221 o
Ccchp(\%cvsz 10201066 1208 L4 dz2d 6-31G(d) 2.132 1243  1.098 1200
6-31G(d) 1.022 1058 1220 1108 122.1 6-31G*(C) 2.127 1242 1098  120.0
6-311G(d) 1.015 1067 1211 1110 1220 6-311G(d) 2.149 1237 109  120.0
6-311+G(3df,2p) 1.015 1065 1.208 1.104 1218 6-311+G(3df,.2p) ~ 2.135 1233 1095 1201
cC-pWCVTZ 1014 1057 1.209 1.103 121.9 Cc-pWCVTZ 2.157 1235 1094 1201
aug-cc-pWCVTZ 1.014 1064 1211 1.103 1217 aug-ccpWwevTtz - 2.151 1235 1095 1201
cc-pWCVQZ 1013 1062 1.206 1.102 121.8 cc-pwevQZ 2.129 1234 1094 1201
augd-cc-pWCVvQZ  2.129 1.234 1.094  120.1
expt 1.011 106.7 1.203 1.101 1217 cc-pWCV5Z 2.129 1.234 1.094 120.1
a augd-cc-pWCV5Z  2.128 1.234 1.094  120.1
From refs 46 (NH) and 47 (G=CH,). G96-LYP
, o 6-31G(d) 2.134 1.254 1.105  119.9
N bond length, particularly in going from TZ to QZ but much 6-31G*(C) 2.132 1.252 1.105 120.0
less so from QZ to 5Z. As a consequence of these two effects, 6-311G(d) 2.154 1.247 1.103 119.9
the B3-LYP/cc-pWCVTZ and B3-LYP/6-31G(3df,2p) meth- cc-pWCVTZ 2.165 1.245 1101 120.1
ods provide reasonably reliable and cost-effective predictions cc-pnggzz %igg i'gij 1181 ﬁg'g
f the geometry of the [CaNH3]2" complex. iy ' ' ' '
0 g y 3 p CCSD(T)
Formation of the [CaOCH;]?>" complex is accompanied by 6-31G(d) 2.183 1.249 1.098 120.0
a lengthening of the &C bonds, shortening of the-€H bonds 6-31G*(C) 2.174 1.247 1.098  120.1
and a narrowing of th&]JHCO angles (by 0.031 A, 0.010 A, g-gﬂf((;d) 2.189 1.241 1.098 ~ 120.0
. - (3df,2p) 2.162 1.236 1.095  120.1
and 1.8, respectively, at the CCSD(T)/cc-pWCVQZ level) cc-pWCVTZ 2181 1.238 1.093 1201
(Table 4). The CaO distance calculated with the cc-pWCVQZ aug-cc-pWCVTZ 2.165 1.240 1.094 120.0
basis set is again slightly shorter with B3-LYP and G96-LYP cc-pwCvQz 2.145 1.237 1.092 120.0

than with CCSD(T). There is again a significant shortening in
the Ca—O distance as the size of the basis set is increased
particularly in going from TZ to QZ. Inclusion of diffuse
functions on all atoms except hydrogen and Ca (aag
pWCVTZ) leads to a decrease in the-6@ bond length of
0.016 A for the [Ca-OCH,]>t complex, compared with a Zero-Point Vibrational Energies (ZPVEs). The ZPVE
corresponding decrease of 0.009 A for the fadH32* values for NH and G=CH,, calculated at a variety of levels of
complex. The B3-LYP/cc-pWCVTZ and B3-LYP/6-315- theory, are shown in Table 5. Also included are the scaling
(3df,2p) methods again provide reasonably reliable and cost-factors at the various levels required to reproduce the experi-
effective predictions of the geometry of the [€ACH]?* mental ZPVEs for N5 and O=CH,. These scale factors are
complex. applied to the directly calculated ZPVEs for the complexes{Ca
Examination of the results in Tables 3 and 4 shows that even NH3]?" and [Ca-OCH;]?*, to produce scaled ZPVEs that are
B3-LYP/6-31G(d) provides reasonable geometries for the{Ca suitable for use in the calculation of binding energies.

"NH3]?" and [Ca-OCH,]?" complexes, with a largest devia-
tion from CCSD(T)/cc-pWCVQZ bond lengths of just 0.013
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TABLE 5: Zero-Point Vibrational Energies (kJ mol 1) for NH 3 and OCH,; and the Complexes [Ca-NH3]?>" and [Ca—OCH,]?*

calcd scaling scaled calcd scaling scaled
level of theory ZPVE NH; factopb ZPVE [Ca—NH3]2" ZPVE O=CH;, factoPc ZPVE [Ca—OCH;,]?"
B3-LYP
6-31G(d) 90.68 0.984 98.90 70.44 0.982 74.83
6-31G*(C) 90.68 0.984 99.13 70.44 0.982 74.91
6-311G(d) 91.36 0.977 99.09 69.78 0.991 75.34
6-311+G(3df,2p) 89.86 0.993 98.51 69.53 0.995 75.23
cc-pWCVTZ 89.82 0.994 98.45 69.57 0.994 75.09
cc-pWCVTZA 89.82 0.985 97.60 69.57 0.985 74.40
aud-cc-pWCVTZ 89.68 0.995 98.53 69.54 0.995 75.16
cc-pWCvQz 89.84 0.993 98.40 69.65 0.993 75.04
G96-LYP
6-31G(d) 88.06 1.013 99.26 67.91 1.018 75.21
6-31G*(C) 88.06 1.013 99.45 67.91 1.018 75.29
6-311G(d) 88.83 1.005 99.32 67.31 1.028 75.74
cc-pWCVTZ 87.57 1.019 98.61 67.22 1.029 75.50
cc-pWCVvQZ 87.62 1.019 98.50 67.32 1.027 75.37
CCSD(T)
6-31G(d) 91.23 0.978 98.85 70.58 0.980 75.15
6-31G*(C) 91.23 0.978 99.44 70.58 0.980 75.24
6-311G(d) 92.24 0.968 99.08 69.78 0.991 75.47
cc-pWCVTZ 90.61 0.985 98.23 70.05 0.987

2 Experimental ZPVE for Nk (from ref 36) is 89.24 kJ mol. P Scale factor= experimental ZPVE/calculated ZPVEExperimental ZPVE for
O=CH, (from ref 36) is 69.16 kJ mol. ¢ Results obtained using standard W1C and W2C scaling factor of 0.985.

24 24 TABLE 6: Basis Set Superposition Errors (kJ mol?) for the
The scaled ZPVEs for [CaNH3]*" and [Ca—OCH,]** are Complexes [Ca-NH2]? and [Ca—OCH,]?"

not very sensitive to either the level of theory employed or to

the basis set. They span a range of just 2 kJ#nfalr [Ca— level of theory BSSE [CaNHs]2t  BSSE [Ca~OCH;]2*
NH3]?" and 1 kJ mot! for [Ca—OCH;,]?*. For the G3 and W B3-LYP
methods, and for CCSD(T) calculations with larger basis sets, ~ 6-31G(d) 13.69 17.58
we have used the B3-LYP/cc-pWCVTZ ZPVEs scaled by 0.985 6-31G*(C) 12.01 6.07
(the standard for W1C and W2C) in the calculation of binding & or+(@) 1522 8.42
€ standard for W-% a € calculation 0 9 6-311+G(3df,2p) 0.71 0.82
energies, as explicitly noted. cc-pWCVTZ 7.72 535
Basis Set Superposition Errors (BSSEs)Basis set super- aug-cc-pWCVTZ 0.32 0.34
position errors, calculated using the counterpoise method and a  ¢c-pPWCVQZ 3.08 1.72
variety of theoretical procedures and basis sets, are summarized 2Ud:c¢-pPWCVQZ 0.14 0.07
in Table 6. Large BSSES (520 kJ mol?) are found with th cc-pWEVSZ o7 0.3
in Table 6. Large s {2 mott) are found wi ‘the aug-cc-pWCV5Z 0.14 0.14
6-31G(d), 6-31G*(C), 6-311G(d), and cc-pWCVTZ basis sets, Gos-LYP
presumably reflecting significant incompleteness in these sets  6-31G(d) 13.52 17.06
in their description of the [CaNHz]?* and [Ca~OCHg]?* 6-31G*(C) 11.92 6.16
complexes. The values generally follow the expected trend, in 6-311G(d) 14.77 7.69
Lo - cc-pWCVTZ 7.08 4.59
the sense that the BSSE diminishes as the basis set becomes cC-pWCVQZ 2 a5 117
Iarger. An exgeption is seen for the 6-311G(d) basis set for  cc.pwcvsz 0.92 0.59
which the estimated BSSE is larger than the values for the cCSD(T)
6-31G*(C) basis in all cases, and larger than for the 6-31G(d)  6-31G(d) 18.77 20.40
basis set for the [CaNH3]2+ complex. The BSSEs are slightly 6'3155*(? 127-‘?3 1101?;57
larger (by 3-6 kJ mol2) with CCSD(T) than with B3-LYP or S epiv 0. :
! ) - (3df,2p) 2.21 2.52
G96-LYP for the same basis sets. The G3(direct,full) procedure ¢ sweyTz 8.36 716
has moderately large BSSEs, but both W1C and W2C, which  aug-cc-pwCcvTZ 1.51 2.21
attempt to approximate CCSD(T) energies at the infinite basis ~ cc-pWCVQZ 3.12 2.48
set limit, yield very small BSSEs. G3[CC](direct,full) 3.92 4.71
Binding Energies. The calculated binding energies of the w;g 8:8% 8:8‘71

[Ca—NH3]?" and [Ca~OCH,]2" complexes, including ZPVE
and BSSE corrections, are compared in Table 7. The benchmar!
W2C values are 266.4 ([Ea\NH3]?") and 274.7 ([CaaOCH,]?")
kJ molL, respectively.

Figure 2 shows the variation with cc-pW@¥ basis setrf

I‘basis sets, not surprisingly, show a less smooth variation with
basis set (Figure 3). However, it is still found that the limiting
values (corresponding to the 6-3t®G(3df,2p) basis set) are

=T, Q, 5) of the binding energies, calculated both without and smaller than W2C for CCSD(T) and larger than W2C for B3-

with the inclusion of BSSE corrections. It can be seen that, for LYP. o ) i ]
both the [Ca-NHg]2+ and [Ca-OCH;]2* complexes, the CCSD- The effect on the calculated binding energies of including
(T) binding energies are smaller than the W2C values. As a diffuse functions in the basis set at the CCSD(T)/cc-pWCVTZ
consequence, the binding energies improve with increasing basidevel is rather small for the [CaNH3]?" complex but is more
set size but become slightly worse with the inclusion of BSSE. than 6 kJ mot! for [Ca—OCH;]?*. The B3-LYP results indicate
On the other hand, the B3-LYP binding energies are larger thana markedly decreasing effect of diffuse functions in going from
the W2C values. As a consequence, the results improve with TZ to QZ to 5Z basis sets, amounting to less than 0.1 kJ fnol
the inclusion of the BSSE corrections. Results with the Pople in the last case.
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TABLE 7: Binding Energies (kJ mol 1) for the Complexes
[Ca—NH;z]?" and [Ca—OCH,]%*

level of theory BE [Ca-NH3]?"  BE [Ca—OCH,]*"
B3-LYP
6-31G(d) 290.8 282.5
6-31G*(C) 287.9 284.0
6-311G(d) 279.3 278.0
6-311+G(3df,2p) 269.2 283.2
cc-pWCVTZ 264.6 272.7
aud-cc-pWCVTZ 262.4 275.4
cc-pWwCvQz 272.7 284.7
augd-cc-pWCVQZ 271.7 285.0
cc-pWCV5Z 2725 285.7
augd-cc-pWCV5Z 272.4 285.7
G96-LYP
6-31G(d) 286.0 272.2
6-31G*(C) 283.2 274.4
6-311G(d) 273.7 267.6
cc-pWCVTZ 256.2 259.5
cc-pWwCvQz 267.2 274.8
cc-pwWCV5Z 266.9 275.8
CCSD(T)
6-31G(d) 265.6 254.8
6-31G*(C) 265.7 256.1
6-311G(d) 260.8 250.6
6-311+G(3df,2p} 253.5 261.6
cc-pWCVTZ 251.5 254.1
aug-cc-pWCVTZ 251.7 260.9
cc-pWCVvQZA 261.2 268.4
composite methods
G3[CC](direct,full} 263.7 268.9
G3[CC](direct,fullyP 267.6 273.6
W1C? 266.0 274.6
W2C? 266.4 274.7

a Calculated using B3-LYP/cc-pWCVTZ ZPVEs scaled by 0.985,
from Table 5.P Calculated without including BSSEs.
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LYP/cc-pWCVTZ performs better, giving binding energies to
within 2 kJ mol! of the benchmark values, though the
agreement worsens for B3-LYP when larger cc-pWiZ\basis
sets are used. G96-LYP shows a large change in binding
energies in going from TZ to QZ but very small further changes
in going to 5Z. The G96-LYP/cc-pWCVQZ binding energies
are remarkably close (within 1 kJ md) to the W2C values.
CCSD(T) calculations with the 6-3#iG(3df,2p) basis set
yielding binding energies for both complexes that are ap-
proximately 13 kJ moi! lower than the W2C benchmarks.

G3[CC](direct,full) yields binding energies that are lower than
the W2C values by 36 kJ mol . Intriguingly, if the BSSE
correction is not included, the agreement between G3[CC]-
(direct,full) and W2C is improved significantly (to within 1.2
kJ mol1). For the [Ca-NH3]?" complex, the G3[CC](direct,-
full) binding energy is in close agreement with the G2(QCI)
value reported previousf.The W1C binding energies are very
similar to the W2C reference values for both systems.

An important result is the prediction by all the theoretical
methods, when basis sets larger than 6-311G(d) are used, that
the binding energy of G4 to formaldehyde is greater than that
to NHs. This is the reverse of the ordering of proton and Li
affinities of the two molecules. Further work to explore this
intriguing observation is in progress.

Concluding Remarks

In this study, we have investigated the influence of the size
of the basis set as well as the theoretical procedure employed
on the geometries, zero-point vibrational energies, and binding
energies of the complexes of €awith NHz and G=CH,. We
find that the CaX (X = N, O) bond lengths show some
sensitivity to both factors. Compared with benchmark CCSD-
(T)/cc-pWCVQZ values, these distances are slightly underes-

(3df,2p) basis set yields binding energies that are quite close totimated by B3-LYP and G96-LYP. In general, the-©& bonds

our reference value for the [EaNH3]2™ complex but about 8
kJ mol* greater than W2C for the [ECaDCH,]?* complex. B3-

become shorter as the size of the cc-pWiZVbasis is
systematically increased, particularly in going from TZ to QZ.
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Both B3-LYP/cc-pWCVTZ and B3-LYP/6-31G(3df,2p) pro-

J. Phys. Chem. A, Vol. 107, No. 48, 200B0461

(16) El-Nahas, A. M.; Tajima, N.; Hirao, KChem. Phys. Let200Q

vide cost-effective means of determining the geometries of these318 333-339.

complexes.

As far as binding energies are concerned, and taking the w2c1o

(17) El-Nahas, A. MChem. Phys. Let2001, 348 483-490.

(18) Shvartsburg, A. A.; Siu, K. W. MJ. Am. Chem. So001, 123
071-10075.

(19) Schrdler, D.; Schwarz, H.; Wu, J.; Wesdemiotis, Chem. Phys.

values as the benchmark, we find that the CCSD(T) values are| ett. 2001, 343 258-264.

generally slightly too small, whereas the B3-LYP values are
slightly too large. For CCSD(T), the binding energy increases
with the size of the cc-pWCNZ basis set, leading to improved

(20) Sponer, J.; Sabat, M.; Burda, J. V.; Leszczynski, J.; Hobza, P.
Phys. Chem. B999 103 2528-2534.

(21) Petrie, S.; Radom, lint. J. Mass Spectron1999 192 173-183.

(22) Alcam M.; GonZdez, A. |.; Mo, O.; Yaiez, M.Chem. Phys. Lett.

binding energies with increasing basis set size. For the B3-LYP 1999 307, 244-252.

method, however, the best agreement is attained with a
cc-pWCVTZ basis set, the values obtained being approximately

2 kJ morl?! lower than the W2C results for both complexes.
B3-LYP/cc-pWCVTZ thus provides a good compromise be-

tween accuracy and computational cost in the calculation of

binding energies. G96-LYP/cc-pWCVQZ also performs very

well for binding energies and appears to be close to the G96-

LYP basis set limit. The G3[CC](direct,full) composite method
gives binding energies approximately8 kJ mol smaller than

(23) Iron, M. A. O. M.; Martin, J. M. L.Mol. Phys.2003 101, 1345~
1361. cc-pWCWZ basis sets for calcium can be downloaded from: http://
theochem.weizmann.ac.il/web/papers/group12.html.

(24) Sullivan, M. B.; Iron, M. A.; Redfern, P. C.; Curtiss, L. A.; Martin,
J. M. L.; Radom, LJ. Phys. Chem. 2003 107, 5617-5630.

(25) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986.

(26) Jensen, Antroduction to Computational Chemistrwiley: New
York, 1999.

(27) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional Theory Wiley-VCH: Weinheim, 2000.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

the reference W2C values for both complexes. Interestingly, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; J. A. Montgomery, Jr.;

the results are improved if BSSE corrections are not included.

Quite intriguingly, all the larger basis set calculations predict
C&" to bind more strongly to formaldehyde than to ammonia,
which is the reverse of the ordering of proton and affinities.
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