J. Phys. Chem. R005,109, 1007710083 10077

Studies of Neutral and lonic CuAr and CuKr van der Waals Complexes

Yinghua Shen and Joseph J. BelBruno*
Dartmouth College, Department of Chemistry, Haeg New Hampshire 03755

Receied: January 12, 2005; In Final Form: September 12, 2005

Ab initio calculations of the interaction potential between Cu (ofcand Ar (or Kr) have been carried out.

A range of theoretical methods, including Hartréeck (HF), Moeller-Plesset perturbation methods to second
order (MP2), and single and double excitation coupled cluster methods, with the perturbational effect of
triple excitations (CCSD(T)), were employed with relativistic pseudopotential basis sets. The effects of bond
functions and diffuse polarization (f, g, h) functions were tested on the calculation of the weak intermolecular
interactions. Potential energy curves were obtained for all four complexes by MP2 and CCSD(T) methods.
For CuKr, even with the largest basis set used, a binding energy that is only 37% of the measured value was
obtained. Possible reasons for the disagreement are discussed.

1. Introduction whereas DFT methods based on the Perdew-type functinals
predict interaction energies for bHleand Ne that are several
times too largé#15The ab initio calculations also have intrinsic
value, because little experimental information is available
concerning these systems. The photoionization spectroscopy of
‘Cukr was reported by Brock and Dunc&nThey obtained a
dissociation energy of 408 crhfor the ground= 4, state and
dissociation energies of 1842 and 2009 ¢énfor the excited
°ITy2.3/» States. However, no spectrum was obtained for-Cu
Kr, CuAr, or CUrAr in the gas phase. The only calculation for
Cu"Kr was done by Bauschlicher et HR using a modified
coupled-pair functional (MCPF). For CAr, values ofDg were
reported by Hammond and Lest&rwith UHF and CISDQ
methods and by Partridge et'&twith the MCPF method. High-
level theoretical calculations are also required for these simple

There have been a large number of spectroscopic and
theoretical studies of the interaction of metal atoms or ions with
rare gas atoms:# Interactions between metal atoms and rare
gas matrixes are common. These interactions can be significan
and lead to the well-known matrix effect: a shift in the spectral
features relative to the uncomplexed species. Studies of the
interactions in simple systems composed of one metal atom,
M, and one or more rare-gas atoms, Rg, can provide insight
into the interatomic potentials. A case in point is the reported
frequency shifts of the transition metal atoms, Ru, Os, Ir, Ni,
Mo, Ag, and Au in argon, krypton, and xenon matrixeA.
modified Lennard-Jones (6-12) potential was successfully used
to investigate the relationship between the matrix induced
frequency shifts and the rare gas polarlzabll|t|e§. The studlesvdW systems to predict gas-phase spectra.
of metal ion-rare gas atom interactions are also important for

. S ! ! . In this paper, we focus on ab initio calculations of the
understanding the electrostatic interaction of metal ions, which . . . .
o . ; . - . interaction potential between Cu/Cand Ar/Kr. The theoretical
are ubiquitous in chemistry and biochemistry. For example, ionic

interactions affect the binding on many catalytic, metal oxide methods used include HF, MP2, and CCSD(T). Because the

2 . . methods include different levels of electron correlation, com-

surface® and the electrostatic interactions of metal ions at the .

. i . S . parison of the results from these methods can assess the
active sites of many enzymes influence binding. The simplest : A

- . . importance of electron correlation in the metahre gas
electrostatic complexes, diatomic molecules formed from a . 3
. . . interactions.

single rare-gas atom bound to a metal cation, are ideal for
investigating such fundamental electrostatic interactions, as they.
have easily described electronic statds.this paper, we are
interested in studies of simple systems composed of a single 2.1. Basis Set Effects on lonization Energy, Electron
copper atom or cation with one argon or krypton atom. It is a Affinity, and Polarizability. The calculations were performed
preliminary step in the theoretical investigation, based on density usingNWChem 4.88 Because the bonding of noble gas atoms
functional theory (DFT) methods, of the photodissociation inthese molecules is mainly due to dispersion effects, one needs
spectra of CgAr and CuKr, which have anomalously large blue  to use basis sets that are capable of reproducing the atomic
shifts of ~700 cnT® with respect to the GUA — X origin8 polarizabilities. Thus, the 19-valence electron, quasi-relativistic

It is generally accepted that interactions in simple systems pseudopotential developed by Dolg et#lvas used for copper.
composed of one metal atom and one or more rare-gas atomg-or Ar and Kr, the 8-valence electron relativistic energy-adjusted
can serve as model systems for the investigation of chemical pseudopotentials of Nicklass et?dlwere used.
reactions involving the same metal atom and small molecules. It has been shown that f orbitals are important for a correct
The results from a series of ab initio calculations on CuAr/ description of weak intermolecular interactions involving transi-
CuKr may serve as comparison data for the performance of tion metal atom3!22 The effect on the CCSD(T) ionization
different functionals for such systems, because different density energies and electron affinities of adding these functions is
functionals have different performances for weakly interacting shown in Table 1 for the copper atom, initially using twtype
systems. For example, DFT methods based on Becke-typepolarization functions optimized for the ground-state energy by
functional8%yield repulsive interactions for noble gas dimérs, the same theoretical method. The optimized exponents in these
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TABLE 1: CCSD(T) lonization Energy (IE) and Electron TABLE 2: Exponents for the s, p, f, g, and h Functions
Affinity (EA) of the Copper Atom Added to the Initial (8s7p6d2f)/[6s5p3d2f] Gaussian Basis
f Set for Cu and the 8-Valence Electron (6s6p3d1f)/[4s4p3d1f]
exponents for Ar/Kr
none 5.27,1.36 5.27,1.36;0.453 1.36,0453 exp additional functions  exponent (Cu) exponent (Ar/Kr)

IE(eV) 7.269  7.498 7.675 7673 7.735
EA(eV) 1.084 1.119 1.180 1184 1.2 5 ot

. _ f 0.15 0.311/0.240
functions were 1.36 and 5.27. However, we need to also examine 2f 0.15, 0.05 0.311, 0.104/0.240, 0.080
the excited states of molecules containing the copper atom and g 1.00 1.00
a diffuse function might play an important role in the excitation gg 1'88' 8-22 011 11-%% %3333 011
energy. Therefore, we also calculated the atomic properties using ﬁ 1oo0 T 100 7
a third polarization function with an exponent of 0.453, as well 2h 1.00,0.33 1.00, 0.33
as using combinations of these diffuse and contracted functions. 3h 1.00,0.33,0.11 1.00,0.33,0.11

As is clear from Table 1, without thetype functions, the o ] o
calculated copper ionization energy, IE, 7.269 eV, is signifi- TABLE 3: lonization Energies and Polarizabilities for

. Copper, Argon, and Krypton Atoms Calculated at Different
cantly smaller than the experimental value of 7.735 eV and the | "oyais of Theory Using the (7s7p3d2f)/[5s5p3d2f] Gaussian

calculated electron affinity, EA, is 0.14 eV less than the Basis Set for Ar/Kr and the (8s7p6d3f)/[6s5p3d3f] Gaussian
experimental value. The addition of the twaype functions Basis Set for Cu (Initial Basis Set Results in Parentheses)

optimized for the total ground-state energy improved the results,

- .~ properties/method Cu Ar Kr

but the calculated values remained smaller than those determlne%E oV
experimentally. Addition of the third polanzatlor_] functiom; ‘HE 6.656 (6.656) 14.541 (14.548) 13.060 (13.070)
= 0.453, led to calculated values of IE and EA in much better  mp2 7.728 (7.716) 15.727 (15.688) 14.047 (14.012)
agreement with the experimental values. The relative errors are  CCSD(T) 7.697 (7.673) 15.584 (15.543) 13.963 (13.928)
~1% and~5%, respectively for the IE and EA. Removing the ae;;P‘ZB 7.735 15.819 14.222

. .. Q,
most contragted-fype functlpn and retaining only the more HE 67.349 (67.147) 10538 (10.297) 15.974 (14.152)
d|ffuse_ func_tlons_, resulted in calculated parameters t_hat are  mp2 34.780 (34.616) 10.949 (10.499) 16.493 (14.161)
essentially identical to those from the thred¢ype function CCSD(T) 46.326 (46.232) 10.974 (10.523) 16.603 (14.207)
calculation; the effect of the most contracted function is  expt 45.21% 11.087%11.22%7 16.792°17.075"

negligible. Thus, we initially retained only the more diffuse for all three atoms; errors, when compared with the experimental

f-type functions for our later calculations. The initial basis sets
> values, were less than 0.18 eV. The CCSD(T) method resulted
are then the 19-valence electron (8s7p6d2f)/[6s5p3d2f] Gaussiany, jonization energies somewhat smaller than those from the

basis set for Cu and the 8-valence electron (6s6p3dif)/ MP2 method: however. errors were less than 0.26 eV
[4s4p3d1f] for Ar/Kr. Itis critical that the basis setused inthe 't 14 iz apilities, the HF method yielded extremely poor
potential calculations be sufficiently large so as to accurately results for copper, with an error of 22.18§. The results for
describe the interaction. To this end, additional basis sets Wereargon and krypt0|’1 also have significaint efror The use of the

constructed. MP2 method dramatically improved the results for all three
We further augmented the argon and krypton valence basisatoms. However, the result for copper remained smaller than
sets with one diffuse s, p, and f function having the exponential the experimental value by 10.43%2. Finally, the CCSD(T)
parameters (0.044; 0.032; 0.311) and (0.057; 0.036; 0.240),method decreased the relative errors to less than 2.5%. Overall,
respectively, and added a single diffuse f function with the the CCSD(T) method provided the best results for ionization
exponential parameter 0.15 to the copper valence electron basignergy and polarizability considered simultaneously. The effect
set. The result was the second, slightly larger (7s7p3d2f)/ on the ionization energies and dipole polarizabilities of adding
[5s5p3d2f] Gaussian basis set for Ar/Kr and (8s7p6d3f)/ diffuse s, p, and f functions to the Ar/Kr basis sets and a diffuse
[6s5p3d3f] Gaussian basis set for copper. f function to that for copper were obvious when parameters
Additional augmentation of the basis set was achieved by calculated from the initial basis sets (Table 3 values in
stepwise addition of an increasing number of f, g, and h polar- parentheses) are compared with the values from the augmented
ization functions to the (7s7p3d2f)/[5s5p3d2f] and (8s7p6d3f)/ basis set. The change in the ionization energies is slight, with
[6s5p3d3f] basis sets. The largest atomic basis sets developedn increase smaller than 0.04 eV in all three atoms. The effect
and used in the calculations resulted from this operation andon the polarizability of copper is also small. However, the
are the (7s7p3d3f3g3h)/[5s5p3d3f3g3h] Gaussian atomic basispolarizabilities of argon and krypton are very much improved;
set for Ar/Kr and the (8s7p6d4f3g3h)/[6s5p3d4f3g3h] Gaussian the relative error for the CCSD(T) results were approximately
atomic basis set for Cu, where one f, three g, and three h 1% with the augmented basis set. The use of additional f, g,
functions were added to the (7s7p3d2f)/[5s5p3d2f] atomic basis and h polarization functions in the basis sets was not studied in
set for Ar/Kr and to the (8s7p6d3f)/[6s5p3d3f] atomic basis set the ionization energy/polarization calculations but would be
for Cu. The exponents for the added diffuse polarization expected to provide results at least equivalent to those noted
functions are listed in Table 2. The calculated ionization energies here.
and polarizabilities, obtained from finite-field calculations with Because bond functions supplementing atomic basis sets have
a field strength of 0.001 au by the HF, MP2, and CCSD(T) proven highly effective in offsetting major deficiencies in ab
theoretical methods with the (7s7p3d2f)/[5s5p3d2f] Gaussian initio calculations of intermolecular potentials, especially for
basis set for Ar/Kr, and the (8s7p6d3f)/[6s5p3d3f] Gaussian weakly bound systent$, we included the fixed set of bond
basis set for Cu are shown in Table 3. The HartrfEeck functions,{3s3p2d, with s and p exponents 0.9, 0.3, and 0.1,
ionization energies are consistently too low for all three and d exponents 0.6 and 0.2, put forward by Tao and*Ran
elements; the errors are greater than 1 eV. The addition of their He study. These functions were located at the geometric
correlation effects via the MP2 method improved the results center of the vdW complexes in the interatomic potential
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TABLE 4: Calculated Binding Energy (eV) with BSSE Correction for CuKr at R = 3.9 A Using Several Atomic Basis Sets and
Bond Functions

no bond function {3s3p2d {3s3p2dfg
Cu basis set Kr basis set VMP2 VHF VCORR VMP2 VHF - \CORR VMP2 VHF VCORR
8s7p6d2f/[6s5p3d2f] 6s6p3d1f/[4s4p3d1f] —0.0095 0.0386 —0.0481 —0.0191 0.0383 —0.0574 —0.0199 0.0386 —0.0585
8s7p6d3f/[6s5p3d3f] 7s7p3d2f/[5s5p3d2f] —0.0157 0.0383 —0.0540 —0.0202 0.0382 —0.0584 —0.0209 0.0384 —0.0593
8s7p6d3flg/[6s5p3d3flg] 7s7p3d2f/[5s5p3d2flg] —0.0164 0.0383 —0.0547 —0.0209 0.0382 —0.0591 —0.0214 0.0384 —0.0598
8s7p6d3f2g/[6s5p3d3f2g] 7s7p3d2f2g/[5s5p3d2f2g] —0.0183 0.0383 —0.0566 —0.0215 0.0382 —0.0597 —0.0217 0.0384 —0.0601

8s7p6d3f2g1h/[6s5p3d3f2glh] 7s7p3d2f2g1h/[5s5p3d2f2g].0186 0.0383 —0.0569 —0.0217 0.0382 —0.0599 —0.0219 0.0384 —0.0603
8s7p6d3f2g2h/[6s5p3d3f2g2h]  7s7p3d2f2g2h/[5s5p3d2f2g21].0193 0.0383 —0.0576 —0.0219 0.0382 —0.0601 —0.0221 0.0384 —0.0605
8s7p6d4f3g3h/[6s5p3d4fagah] 7s7p3d3f3g3h/[5s5p3d3f3gaie].0205 0.0383 —0.0588 —0.0226 0.0382 —0.0608 —0.0226 0.0383 —0.0609

calculations. This particular set of bond functions has been effort. The BSSE-corrected binding energies are nearly identical
verified by many researchers in studies of different systéfds ~ when the basis sets with the contraction and without the
to be well balanced and effective over a wide range of contraction are used, as confirmed by our own testing and the
intermolecular distances. Finally, an augmented set of bond results from Murno and Johnséh.
functions, which was derived by adding one fand one g function  As is clear from Table 4\V"F converges rapidly with
suggested by Duijneveldt et &@with exponents 0.40 and 0.60, increasing complexity of the basis set and is repulsivR at
respectively, to th§ 3s3p2d set of bond functions was also 3.9 A; the attractive contribution MYP2 comes exclusively from
tested in the calculations for CuKr. VCORR This indicates the critical importance of an accurate
2.2. Basis Set Superposition Error (BSSE)A calculation treatment of electron correlation in recovering the well depth
of the interaction energy of two fragments requires the energy and the attractive region of the intermolecular potential. The
difference between the supermolecule and the energy of thecorrelation contribution\/*©°RR converges much more slowly
separated fragments. In the case of weak interactions, specialvith basis set as it primarily recovers the dispersion energy.
care must be taken with the calculation. The fragment calcula- With the addition of bond functions, either t§&s3p2d or
tions must address the problem posed by the basis set superpos{-3s3p2dfg set, the convergence &"P2 is dramatically and
tion error (BSSE), widely recognized as the bane of weak systematically improved. The use of either bond function set
interaction calculations. Despite the fact that extended basis setslso increase¥™P2 by approximately 0.002 eV at this distance
were used in our calculations, the BSSE values were not for the largest atomic basis set. One usual concern about the
negligible. Thus, a counterpoise correction for the BSSEs use of bond functions is distortion in the molecular electronic
performed, according to distribution, which can be reflected by change¥/itt. If there
is no severe distortion in the molecular electronic distribution,
AE(BSSE,A-B) = E(A)y — E(A)sg T E(B)g — E(B)a_s then the changes i should be rather small, because the
(1) bond functions were primarily intended to recover the correlation
contribution,VCORR From the table, we see that the changes in
where E(A)a—s and E(A)a are the energies of fragment A VHF by the addition of either bond function set are extremely
calculated using its geometry within the dimer and the full dimer small, less than 0.0003 eV in all cases. Thus, we are confident

basis set irE(A)a—g and those of A alone iE(A)a. Accord- in the suitability of the bond functions used in our calculation,
ingly, the interaction energy/,, as a function of the internuclear as well as the adequacy of the atomic basis sets used in the
distance R, between A and B is obtained from description of the core and valence electron wave functions.

Comparing the calculated results between the two bond function
V(R) =E(AB), g — E(A)pg — E(B)a—g 2 sets, it is obvious that the differences between them are
negligible, the largest difference is 0.0008 eV and decreases
The magnitude of the BSSE correction is approximately equal systematically with the increase in the size of the atomic basis
to the binding energy near the equilibrium interatomic distance sets. For the largest atomic basis set, there is essentially no
for the neutral complexes. For the smallest and the largest basisdifference in the results. Thus, for our calculations, we used
sets and the CCSD(T) theoretical method, the values of the {3s3p2d set to reduce the computational effort.
AE(BSSE,A-B) are 0.016 and 0.030 eV, respectively. Forthe  To include high-level electron correlation effects via the
cationic species, the corresponding values are 0.09 and 0.15CCSD(T) theoretical method, which is computationally de-
ev. manding when using large basis sets, we followed the meth-
2.3. Theoretical Methods: Effect on the Potential Energy.  odology presented by Murno and Johndbim their calculations
The first step in the determination of the potential energy for of the interatomic potential for the mercury dimer. They

the vdW molecules is to confirm the suitability of the atomic  jmplemented a G2-type approach to include electron correlation
basis set/bond functions by calculating the binding energy for effects via the following formula:

CuKr at the HF and MP2 levels of theory, using an interatomic

separation of 3.9 A. As CuAr and CuKr are similar, the results pLarge — gSmall | plarge  pSmall (4)
from this test would be equally valid for CuAr. The calculated CCSD(Tjest  —CCSD(T) © =MP2 MP2

binding energies after the BSSE correction, using different small ] )

combinations of atomic basis sets/bond functions, are reportedHere, Eccspr, is the CCSD(T) interaction energy calculated
in Table 4. The correlation contributions at the MP2 level of Using a small basis set and contributions from additional higher

theory are calculated by angular momentum functions are estimated by the difference
in an MP2 calculation involving the same small basis set and a
V(R) = \/SCF 4 \/CORR () larger basis set. To assess the importance of electron correlation

in the intermolecular interactions, one may, to a good ap-
and are also provided in the table. For all of the calculations, proximation3® partition the total interaction potential as shown
we used the contracted basis sets to reduce the computationaih eq 3, whereVSCF is the sum of\short \elect gnd Vvind, the
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TABLE 5: Calculated and Estimated Binding Energies for Cu/Kr in cm~1 at R = 3.9 A, Using Different Atomic Basis Sets,
with the {3s3p2d Bond Function Set

large basis sets small basis sets Veeom Vecsom error %error

6s5p3d2f/4s4p3d1f —118.8

6s5p3d3f/5s5p3d2f (A) 6s5p3d2f/4s4p3d1f —129.6 —127.5 2.1 +1.6

6s5p3d3f2g/5s5p3d2f2g (B) 6s5p3d2f/4s4p3d1f —140.0 —137.6 2.4 +1.7
6s5p3d3f/5s5p3d2f —139.6 0.4 +0.3

6s5p3d3f2g2h/5s5p3d2f2g2h (C) 6s5p3d2f/4s4p3d1f —143.8 —-141.1 2.7 +1.9
6s5p3d3f/5s5p3d2f —143.2 0.6 +0.4
6s5p3d3f2g/5s5p3d2f2g —143.4 0.4 +0.3

6s5p3d4f3g3h/5s5p3d3f3g3h (D) 6s5p3d2f/4s4p3d1f —146.8 3.2 +2.12
6s5p3d3f/5s5p3d2f —148.9 1.0 +0.72
6s5p3d3f2g/5s5p3d2f2g —149.9

a Calculated using the value 6f149.9 cni! estimated using the 6s5p3d3f2g/5s5p3d2f2g basis set combination, due to the lack of an exact
calculated CCSD(T) binding energy.

short-range, electrostatic, and induction contributions, respec- 0.02
tively. VCORR as noted above, is approximately the dispersion
energy. It is the dominant attractive force between nonpolar ~ 0017
molecules. To implement the G2-type approach, one must ?v,
calculate binding energies, using both the MP2 and CCSD(T) T 0.00
methods, at the internuclear separation of 3.9 A. As shown in 5 $
Table 4, the increase in binding energies for the addition of a % 001l -8 ‘_ —
single g or h function is small, so we only consider for choice ’ o CCSD(T)est (B)
of basis set, those in rows 1, 2, 4, 6, and 7 in Table 4. The = gggggggg;
calculated and estimated CCSD(T) interaction energy from eq -0.02¢ : n;c;la(lD()D) @)
4, the absolute error and the relative error are listed in Table 5 : ‘ : :
for CuKr. It is clear from the relative error that both the 3.0 45 50 55 60 65
6s5p3d2f/4s4p3d 1 {3s3p2d and the 6s5p3d3f/5s5p3d2f R(Cu~kr) (A)
{3s3p2d basis sets are excellent choices for the small basis 0.02
set. The relative error in estimating the larger basis set CCSD-
(T) binding energies from these basis sets is smaller than 2.1%.
However, the 6s5p3d3f/5s5p3d2f{ 3s3p2d basis set provides Shadl
somewhat superior results. Thus, this basis set will be used as £
the small basis set for calculations of the CuKr potential. The ll-f 0.00
corresponding 6s5p3d3f/5s5p3dRf 3s3p2d basis set will be 3
used for CuAr. > 001" —+— CCSD(T)eal (AY)
O CCSD(T)est (B)
3. Results and Discussions - 8828%@%813
-0.02 % HFeal (D') 1
3.1. CuKr/CuAr. CuKr potential energy curves calculated ‘ ‘ ‘ ‘ 2 MP2al (D) (b)
at the CCSD(T) level of theory with the large basis sets (row 2 30 35 40 45 50 55 60 65
in Table 5) and those estimated by means of eq 4 with the large R(Cu-Ar) (A)

basis sets (in rows 3, 5 and 8) are presented in Figure la.rigyre 1. Potential energy curves calculated or estimated at the CCSD-
Corresponding basis sets were used for CuAr calculations and(T) levels of theory with different basis sets=® (or Ar equivalent),

the curves are presented in Figure 1b. These curves werein Table 5 for (a) CuKr and (b) CuAr. The calculated HF and MP2
produced using a standard cubic spline interpolation betweencurves for basis set D are also displayed.

calculated energy points. The BSSE corrections were made ONr\BLE 6: Optimized CuAr and CuKr Distances and

a point-by-point basis along the potential curves. Equilibrium pissociation Energies with the BSSE Correction, Using
interactomic distanced$y, and well depthsDo, for CuKr/Ar Different Basis Sets

were obtained by fitting the six lowest-energy points of the
corresponding potential curves to a fifth-order polynomial in

molecule  method  basis setR, A De,cmrt D% cnrt

R. The results are displayed in Table 6. The resulantalues Cukr  CCSD(T) A 3.98 1308 130.9
were compared with the e_nergie@ff', calculated at the 8%28% E g'_gg ﬂg:g ﬂi'_é
derived value oR. (also listed in Table 6). For all cases studied, CCSD(T) D 3.92 149.3

excellent agreement was found; the variation was always less MP2 D 3.92 182.5 182.5
than 2 cmtl. This suggests that the errors arising from Expt 408°
interpolation and/or the G2-type approach are rather small.

As is clear from Table 6, the inclusion of g and h functions CuAr gggg((.—::)) é 2'(% %'g ?;'2
shortensRe and increase®e, for both CuKr and CuAr. The ccsD(T) c 4.06 797 803
shortening inRe by adding two g and h functions is 0.05 A for CCSD(T) D 4.00 89.3
CuKr and 0.11 A for CuAr, whereas the increaseDinare MP2 D 3.94 124.0 124.0

10.4% and 18.8%. Further addition of f, g, and h functions

reducesR. by 0.01 A for CuKr and 0.06 A for CuAr. The largest  value of 1.32 for CuAr. However, the CuKr binding energy
basis set in Table 6 results in a value®f that is 1.15 times calculated using the largest basis set, 149.3%is only 37%
that from the smallest basis set for CuKr, with a corresponding of the experimental binding energy of 408 tihOne must
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T T T T T

X
0.00 O'OW '
g
-0.02 - X - —+— CCSD(T)est (D) R < -0.2
& 9 MP2cal (D) ) g
XA —*= CCSD(T)est (D) =
X < - MP2cal (D') =
< 0041 K5 e 1 ¥ 047
= P 3 - Corelation (C)
o o S —+— CCSD(T)cal (A)
[ -0.06 - A © 1 > 06 0 CCSD(T)est(B)
($] T e —%— CCSD(T)est (C)
> d' % HFeal (C)
-0.08 - B/ 1 -0.8 . ‘ , ‘ . E Mp‘zw(C)‘ @]
ool | 20 25 30 35 40 45 50 55 6.0 65
' R(Cu*=kr) (&)
-0.12 - B
0.0 ®
#
-0.14 L L L L L L <X
3.0 35 4.0 45 5.0 55 6.0 6.5 % 01
R(Cu-R) (A) $02
Figure 2. Correlation energy at CCSD(T) and MP2 level with basis N |
set D along theR coordinate for (a) CuAr and (b) CuKr. 8 -0.31 Corelation (C')
) ) > o4 —+ CCSD(T)eal (A) |
explore the possible reasons for the large difference between e el 4
the calculated and the experimental binding energies. 05 * EE»?'(C?:- 1
In their report on the photoionization spectroscopy of CuKr, (@) (b)

Brock and Duncalf observed an interesting trend when they 20 25 30 35 40 45 50 55 60 65
compared the binding energies of the CuKr ground state with R(Cu*™-An) (R)

tﬂ%t L?rrrf%\gs ;-SSrg;iomuQSeI?/t?teirrclilesssgl%?[frnthe:rﬂﬁgtffc()) rr i;:ﬁ: Figure 3. Potential energy curves calculated or estimated at the CCSD-
AN il . .7 (T) levels of theory with different basis sets different basis setsDA

138 cnt. This was a surprising result because the polarizability (or ar equivalent), in Table 5 for (a) CKr and (b) CUAr. The

of silver is greater than that of copper. Therefore one would calculated HF and MP2 curves and correlation energy contributions

expect AgKr to have the larger dissociation energy. The for the CCSD(T) (basis set C or Ar equivalent) curves are also

authord® argued that the observation was due to the different displayed.

extent of hybridization in the CuKr and AgKr complexes arising

from interactions between tR& ground state and tie\ excited D) curves are more attractive than the CCSR{Gurves for
state. In copper, théS ground state and tH#® excited state, ~ both vdW complexes.
Separated by approximate|y 13 000 ﬂr;ninteract Strong]y in Table 6 indicates that the Iargest ValUd)}ffOl’ CuKr from

the CuKr complex. This leads to efficient sd hybridization, CCSD(T) calculations is 149.3 ct and that for CuAr is 89.3
reducing the repulsion and/or increasing the attraction betweencm . The ratio of these two results is 1.67. If we consider the
the two atoms, and resumng ina greater b|nd|ng energy in the dlpOle contribution and ignore higher-order mU'tipOle terms in
CuKr 22 ground state. However, ti& ground state and th® the dispersion energy, the London approximatiofor the
excited state are separated by approximately 30 000*ém  calculation of dispersion energy for CuAr/Kr is given by
Ag. Thus, sd hybridization is much less efficient. Assuming
this argument is correct, one must take into account the
contribution of interaction between tR& and?D states in the
theoretical calculations of the binding energy. Single reference
methods, such as CCSD(T), might not be able to handle the
interaction effectively. MiyosRf observed that it is important ~ where Ili-fu and IEE‘g are the first ionization energies and¢V
to consider the reorganization effect when the d electron is and oR9 are the static polarizabilities for Cu and Ar/Kr,
excited in Cu. Thus, the final CCSD(T) wave function, though respectively. Equation 5 provides a classical explanation for the
optimized for the?’S ground state, might be a poor description fact that CuKr has a larger binding energy than CuAr. If we
of the?A excited state. To take into account the full reorganiza- use the CCSD(T) IEanda values from Table 2, and the CCSD-
tion effect, one might use the multireference configuration (T) (basis set D)Re values from Table 6, eq 5 predicts the
interaction (MRCI) method. However, a MRCI calculation is dispersion energy of CuKr to be 1.65 times that of CuAr. This
beyond the scope of this paper. ratio of 1.65 has a major contribution frood/oA", which is

At the Hartree-Fock level of theory, the interaction energies 1.52. Thus, within the current model, CuKr has a larger binding
are everywhere repulsive for both vdW molecules; only after energy than CuAr at the minimum, because the krypton atom
inclusion of electron correlation does an attractive portion of is more polarizable than the argon atom. The difference in the
the potential appear. To examine the correlation energy con- polarizability also results in a slightly different equilibrium
tribution at different values dR, we plot the correlation energy  separationRe, with that for CuKr, 3.92 A, being 0.08 A smaller
for CCSD(T)kstand MP2, (with basis set D), calculated by eq  than that for CuAr, 4.00 A. The trend in dispersion energy is
3, along theR coordinate in Figure 2 for CuAr and CuKr. As  also obvious in Figure 2, which shows that the correlation energy
expected, the correlation interaction is always attractive. From for CuKr is always more attractive than that for CuAr.
Figure 2, we observe that the MP2 correlation energy is 3.2. CurAr/Cu "Kr. Potential energy curves calculated using
somewhat larger in magnitude than that from CCSD(T), as is basis set C at the HF, MP2, and CCSD(T) levels of theory for
usually observed in the calculations of vdW interactions. This the ground states of Cr and Cu"Ar (1=*:(Cu 3d9)), are
trend is also obvious in Figure 1, where the MPfbasis set presented in Figure 3a,b, respectively. As in the neutral case,

. c  S3IEIET%a R
Vd P=-== « Cu R
R 2(E%+IEYR

(5)
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x 10 TABLE 7: Optimized Cu *Ar and Cu*Kr Distances and
‘ ' ‘ ‘ ' +K Dissociation Energies with the BSSE Correction, at Different
oF : g“,, . Levels of Theory
UAr
5 molecule method basis set R, A D, eV Dga', eV
Cu'Kr  CCSD(T) A 238 0749  0.749
S CCSD(T) B 237 0.758  0.758
L -4r CCSD(T) C 237 0762  0.762
L‘IC HF C 2.61 0.338 0.338
8 6l MP2 C 2.32 0.796 0.796
4 MCPF"@ 2.46 0.581
8f Cu*Ar  CCSD(T) A 234 0477 0477
CCSD(T) B 2.32 0.504 0.504
ol cCcsD(T) c 231 0515 0515
HF C 2.56 0.222 0.222
MP2 (o4 2.26 0.539 0.539
-12 ‘ : ‘ ‘ : : HF7() 2.62 0.194
0 02 04 08 2‘8 L 02 CISDQ7® 251  0.460
[R(Cu=R) ()] MCPF7©) 237 0.405
Figure 4. Linear fitting of the HF interaction energy as a function of
R“(R= 5.0 A), for Cukr and CuAr. approximation to the HF interaction energy of ®u/Ar when

R>50A

the MP2 curves are more attractive than the CCSD(T) curves . - - .

for both vdW complexes. The calculated and estimated CCSD- at T_?Fe ?ﬁ;?;zsgt%AKAgg éra(llisstz;r;ieé)an;nzlrggglje (rjl_e)rg(]kl)e;SSiS
(T) potential curves for basis sets A and B are also plotted for ! !
comparison purposes, as are the correlation energy contribution
for the CCSD(T) (basis C) curves. Contrary to the neutral
systems, energy wells appeared even at the Harfreek level

of theory, indicating that the exchange interaction plays a role
in these systems, though the exchange interaction alone cannog
be sufficient to describe the interaction. The HF interaction is in the binding energies are 1.7% and 7.4% from basis set A to
repulsive atR < 2.2 A and attractive at larger distances. For basis set C for CtKr and CLfAr respeétively

the CCSD(T) potential, the exchange and the correlation energies For all of the methods. the vc';llue 8 for Cu.+Kr is 0.04—

contribute to a similar extent ne& = 2.6 A for both CudAr A ¢
and CuKr. Prior to that distance, the exchange interaction 0.06 A longer than the value for CAr and theDe results for .
Cu'Kr are greater than those for the argon analogue. This

contributes less to the attractive potential than does the ) . . -
correlation interaction. The relative contributions of these two observatlo_n reflects _the fact that the interaction is m_alnly dl.Je
to charge-induced dipole forces and the larger atomic polariz-

terms are opposite in magnitude beydde- 2.6 A. WhenR > o . ) . .

45 A, binding arises almost exclusively from the exchange ability of krypton will result in a larger induced dipole and,
interaction, evidenced by the fact that the HF curve overlaps EI;ES:?:ggiyr,a?jilﬁgggeégg\)ﬂ;ﬁamﬁ;h;gi,ntg?oﬁy?(t)oyla}gmso
that from the CCSD(T) calculation. At long range, where there that R is longer for CUKr than for CuAr. For CuKr, our

is no charge overlap between the electron clouds of &ud . )

Ar/Kr, Vvshot the valence repulsion term that arises from calculated_Re (ba_3|s set C) is 009 A smaller thgn the_MCPF
interatomic Coulomb and exchange terms involving electrons (self-con5|stent-f|el_d based modified coupled-pair functidiial)
on different monomers, vanishes. At this point, the electrostatic E:e(s:lglé \_/I_vhet:ea_sDe '? é\bout ?#8 evézgg?{' Eortcﬁl’ outrh
and induction terms are classical. Because the formal chargeM CPFL(7°)re(Slzjllflsars13 0 goriS:hOIierlfhah that frocr: tehre Callgl?ﬁQe
for argon and krypton is zero, the long-range electrostatic energycalculation. The resultinBe value is 0.11 eV and 0.05 eV larger

also vanishes. The CAr/ CutKr molecule can be viewed as .
. . ~than from the MCPF and CISDQ theoretical methods, respec-
an unperturbed Cuion bound to Ar or Kr by simple charge tively. The resultingD. and R. at the HF level (basis C),

induced dipole forces. The classical form of interaction between .
P however, are close to those from ref 17b, with our calculated

Cu® and the Ar or Kr electron cloud is given by De 0.03 eV larger andR. 0.06 A shorter than the literature
5 values. We have largdd. and smallerR. in all cases, in that
\ind — alﬂ (6) we have much larger basis sets.
2R ComparingRe and D¢ for the cationic species, Table 7, with
those of the neutral species, Table 6, it is clear that the cationic
where Cu is treated as a point charge wigh= 1 anda is the species have a much smaller valuesRafand much larger
polarizability of argon or krypton. Linear fitting of the HF  dissociation energies. The differenceRgis 1.6 A for krypton
interaction energy as a function Bf4, whenR > 5.0 A, yields complexes and 1.7 A for argon complex@&s for CutKr is
the two lines in Figure 4. Ignoring the least-squares residues, approximately 40 times that for CuKr, and the corresponding
which are extremely small and result from a combination of all ratio for argon complexes is approximately 30. The differences
the approximations and numerical errors in the computation andin R, andD. between the cationic species and the neutral species
linear-fitting processes, the slopes of the two lines yield the arise from the different dominant contributions to the interaction.
polarizabilities of the rare gas atoms: 11.448for argon and The binding in the neutral species is mainly from the induced
17.451a° for krypton. These values are in excellent agreement dipole—induced dipole interaction, whereas the binding in the
with the experimental valuésof 11.221a® for argon and cationic species is mainly from the charge-induced dipole
17.075a¢® for krypton. This indicates that eq 6 is a good interaction, which is stronger.

sets A-C) levels of calculation, are displayed in Table 7. From
She table, one may observe that the inclusion of g and h functions
again decreases the optimized "@w/Cu™Kr distances and
increases the binding energies, but the effects are much less
ronounced than those observed for the neutral molecules. The
ecreases iR are 0.01 and 0.03 A and the relative increases
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4. Conclusions (11) Perez-Jorda, J. M.; Becke, A. Bhem. Phys. Lett1995 233

134.
Interatomic potential energies have been obtained for-Cu (12) Kristyan, S.; Pulay, F-Chem. Phys. Lettl994 229, 175.
Ar, CutKr, CuAr, and CuKr as a function of atomic separation. (13) Perdew, J. P.; Wang, Whys. Re. B 1986 33, 8800.

The calculations were performed for a range of theoretical 26%4) Xu, X.; Goddard, W. AProc. Natl. Acad. Sci. U.S./2004 101,

met_h_ods u_sing relatiyist!c pseuqlopotential basis sets with (15) Adamo, C.; Barone, \J. Chem. Phys1998 108 664.
additional diffuse polarization functions and bond functions. The  (16) Brock, L. R.; Duncan, M. AChem. Phys. LettL995 247, 18.
counterpoise correction was applied to all calculations to correct Ph(17)L(a)1%glésiggcgsr2, CBVY_-', Jr; Pa(rjtriggﬁ, I-Il_ Langc\;)ffAS??ﬁ;m-

i iti i S. Lett. . ammond, B. L.; Lester, A S.
for the basis set superposition error. With the CCSD(T) result ¢ VS, 700077 500,509 P(a)rtridge, - Bauschiicher. C. ., 3¢ Langhoff,
as a comparison standard, the MP2 method was shown to be ins 'r 3. phys. Chem1992 96, 5350.
excellent agreement with a general trend. (18) Straatsma, T. P.; Apr&.; Windus, T. L.; Bylaska, E. J.; de Jong,

The potential energy curves for the two neutral rare gas \,\//IV-:SHirf_:ltthc’:l,g-;'\z/aAliev,\,l_M.;I Hf;\]cklgr,M; Poll_ack\,/L-};Har:risonMR-;ADUPUE,
H H R ., omitn, D. M. A.; Nleplocha, J.; lipparaju, V.; Krishnan, M.; Auer, A.
complexes are identical in shape, but the well-depth for the ;™ 500 = Cisneros‘f’ & Fann. gﬁ'l@fdﬂ, He Garza 1. Hirao, K.
krypton complexes is greater than that for the argon moleculeskendall, R.; Nichols, J.; Tse-mekhman, K.; Wolinski, K.; Anchell, J.;
and the equilibrium distance for the krypton complexes occurs Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.; Dachsel, H.; Deegan,

; i i ; ili M.; Dyall, K.; Elwood, D.; Glendening, E.; Gutowski, M.; Hess, A.; Jaffe,
at smaller separations, reflecting its greater polarizability. The 3. Johnson. B.: Ju. J.; Kobayashi, R Kutteh, R Lin, Z.: Litllefield. R

minima in the potential energy curves for t_he complexes with Long, X.; Meng, B.; Nakajima, T.; Niu, S.: Rosing, M.; Sandrone, G.; Stave,
the copper cation occur at smaller separations, due to the factM.; Taylor, H.; Thomas, G.; van Lenthe, J.; Wong, A.; ZhangN#/Chem,

that induction rather than dispersion forces bind the two éC%mr;\llltattri]onaltCNhetmiStrlyLP%Ckatge fOFRP%rIa”lzl (Wxgggmsg%gg ;-%SA
e aclfic Northwes ational Laboratory, Richland, - y ,

components of the complex. In addition, the well depths are 5,6, “kendall, R. A.; Aprak.; Benholdt, D. E.; Bylaska, E. J.; Dupuis,

significantly greater for both cation complexes. Linear fitting m.; Fann, G. I.; Harrison, R. J.; Ju, J.; Nichols, J. A.; Nieplocha, J.;

of the interaction energy as a function®f* provided excellent Straatsma, T. P.; Windus, T. L.; Wong, A. T. High Performance Compu-

results for the polarizabilities of the rare gas atoms. Thé-Cu tational Chemistry: an Overview of NWChem a Distributed Parallel

. . ’ Application. Comput. Phys. Commu200Q 128 260.

Kr/Ar re_sults are compared with thg only_ pr(_aylously reported (19) Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Chem. Phys1987,

calculations. The CuKr results deviate significantly from the 86, 866.

one available photoionization study. This disagreement might (20) Nicklass, A.; Dolg, M.; Stoll, H.; Preuss, H. Chem. Phys1995

; : : ; ; 102 8942.
suggest the importance of static correlation effects in calculations (21) Pyykko P.: Mendizabal, FChem. Eur. J1997 3, 1458

involving this complex. (22) PyykKq P.; Mendizabal, FInorg. Chem.1998 37, 3018
) ) (23) Moore, C. E.Atomic Energy Leels National Bureau of Stan-
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