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The dipole (hyper)polarizability of the copper dimer has been obtained from conventional ab initio and density
functional theory calculations. A very large (23s16p12d6f) basis set consisting of 346 Gaussian-type functions
is thought to provide reference results of near-Harteeck quality for all properties. We obtain= 102.54

andAo = 41.89 for the mean and the anisotropy of the dipole polarizabiity/€’a,’Ex~1). For the Cartesian
components and the mean of the hyperpolarizability $iL0;,s/e*as*En~3) we obtainy,z,;= 309, ¥y = 209,

Yxzz = 87, andy = 244. Electron correlation lower@ but increases considerablyo.. The effect on the
hyperpolarizability is enormous, as the longitudinal componentis drastically reduced, whil@yx and

yxxzzare nearly halved. At the CCSD(T) level

of theory with a [7s6p6d2f] basis set we abtaif3.82,Aa

= 67.09 andy;zz= 18, yxxx = 101, vz = 35, andy = 86. The dipole polarizability varies ag(R) —
a(Ro)]/€%a0?En = 28.09R — Ry + 4.69R — R)? — 0.52R — R)® — 0.36R — R)* and Aa(R) — Aa-
(Ro)l/€an’Ent = 49.58R — Ry) + 11.92R — R)? — 1.94R — Ry)® —1.32R — R,)* around the experimental
bond lengthRe = 2.2197 A. B3LYP density functional theory calculations with a [8s7p7d5f] basis set yield
0 = 77.62,Aa = 44.73a’Ey 1, andy = (95.9 x 10°)e’as*En 3. These values differ from the conventional

ab initio results. The present investigation

shows that the longitudinal component and the mean of the

hyperpolarizability are positive around., in conflict with previous findings. The extension of (hyper)-
polarizability calculations to higher copper clusters is highly nontrivial and will require the development of

new computational strategies.

The structure of copper clusters has been the object of or R-dependence around the experimental equilibrium bond

numerous theoretical and experimental studié<Of particular
interest are efforts focusing on the general physicochemical

lengthRe. Electron correlation correction effects were obtained
via Mgller—Plesset perturbation theory (MP) and coupled-cluster

behavior of these systems. Such work includes the bonding oftechniques (CCJ54* Thus, the conventional ab initio methods

acetylene to copper clustetthe reaction of Cuwith ethylene®

the bonding of ammonia, carbon monoxide, and ethylene to
copper atom, dimer, and trimé&tthe optical spectra of copper
dimer and trimer in superfluid heliudi,the bonding of CO and
NO to Cu,!? the simulation of copper cluster deposition on
copper!d the physisorption of copper microclusters on MgO-
(100)the bonding of ammonia to small copper clustérthe
collision between Cuand an Ar film6 the identification of
the Cuy(N2), complexes, and the optical properties and redox
behavior of copper clustet More, in-depth experiment&i22

or theoretica®®26 studies have been reported for the copper

adopted in this work are self-consistent field (SCF), second-
(MP2) and fourth-order (MP4) MglletrPlesset perturbation
theory, single and double excitation coupled cluster theory
(CCsSD), and its extension CCSD(T) which includes an estimate
of connected triple excitations by a perturbational treatment. In
addition to the above methods, we have added calculations
performed with a widely used DFT method, B3LY#*3 We
expect our B3LYP results to provide valuable information on
the performance of DFT methods on copper clusters. Special
attention has been paid to the design of suitable basis sets of

dimer. Remarkably few papers have been published on theGaussian-type functions (GTF). This is a matter of basic im-

dipole polarizability of copper clusters. Recent work by Ca-
laminici et al.?” Jaguieand Toro-Labbg® and Cao et af?
included density functional theory (DFT) calculations of the
static dipole polarizability of copper clusters o < 13. Lastly,
Shigemoto et at reported a study on the axial component of
the dipole hyperpolarizability/(,,) of the copper dimer. Their
findings brought forth the possibility of a negative dipole
hyperpolarizability for this important diatomic molecule.

In this paper we report conventional ab initio and DFT
calculations of the static (hyper)polarizability of £WVe rely
on a finite-field approach! presented in some detail in previous
work.3273% Our study includes an investigation of electric
correlation effects on the dipole properties and their bond-length-
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portance to molecular property calculatidis?® We have de-
signed basis sets for gtelying on a variety of substrates. Thus,

we eschew as much as possible the appearance of systematic
errors linked to their composition. We rely mostly on a rich,
(17s10p6d) primitive basis set contracted to AJ6s3p3d] as
[842111;631;411}7 We considered a sequence of basis sets built
upon this substrate. Their compositions are as follows:

Al = [7s6p5d1f], 114 contracted GTF, from AD
s(0.013896), p(0.099537, 0.036540), d(0.0847, 0.0252),
and f(0.0252)

A2 = [7s6p6d], 110 CGTF, from A& s(0.013896),
p(0.099537, 0.036540), and d(0.5206, 0.0847, 0.0252)
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A3 = [7s6p6d1f], 124 CGTF, from A2 (0.0252)

A4 = [7s6p6d2f], 138 CGTF, from A%
d(0.0462) and f(0.0462)

A5 = [7s6p6d4f], 166 CGTF, from A%
f(0.5206, 0.284208625, 0.0847, 0.0252)

A6 = [8s7p7d1lf], 142 CGTF, from A3
5(0.004976), p(0.013414), d(0.0462)

A7 = [8s7p7d5f], 198 CGTF, from A&
f(0.5206, 0.284208625, 0.0847, 0.0462)

Three relatively large basis sets (HA1, HA2, and HA3) were
obtained from a Horn/AlricH§ (14s9p6d) primitive set con-
tracted to [8s5p4d]. HA3 is of exactly the same size as HAl
but more diffuse. In summary,

HA1 = [9s8p7d3f], 178 CGTF, from [8s5p4eh
5(0.0154225), p(0.2755692, 0.0986857, 0.0353409),
d(0.520367, 0.155050, 0.084636),
(0.28404778701, 0.155050, 0.084636)

HA2 = [9s8p7d3flg], 196 CGTF, from HAx+
0(0.084636)

HA3 = [9s8p7d3f], 178 CGTF, from [8s5p4é]
$(0.0154225), p(0.2755692, 0.0986857, 0.0353409),
d(0.084636, 0.046199, 0.025218),
f(0.084636, 0.046199, 0.025218)

Maroulis

convincingly close to the above. As rather expected, agreement
is slightly worse for the hyperpolarizability. The Al resplt=
(225 x 10°)e’ag*En 2 is 8% lower than the presumably most
accurate PA value. Agreement is much better for the larger basis
sets in Table 1. Consider the A4, A5, and A6 sequengé:
€?ap?En, 1 = 102.90 (A4), 103.21 (A6), 102.55 (A7) and T/
e'ag*En 8 = 227 (A4), 240 (A6), 244 (AT7). It should be noted
that convergence to the HartreEock limit for the hyperpo-
larizability is far from obvious. To make this clear, we have
calculated the (hyper)polarizability with the HA1, HA2, and
HAS3 basis sets. HA1 gives = 102.86 and\a. = 43.2¥%a’Eq 4,

y = 182 x 10%e*ay*En2. In comparison HA3, which is of the
same size but more diffuse than HA1, gives= 102.87 and
Ao = 43.64%a°Ey 1, 7 = 232 x 10%e*ag*En 2. Agreement with

the SCF/PA and KoTa hyperpolarizability values is significantly
better for HA3. We add here a few remarks about the effect of
g-GTF on the SCF values of the dipole (hyper)polarizability.
Adding one g-GTF on HA1, we obtain the basis HA2
[9s8p7d3flg], which yields SCF values@f= 102.94 andAa

= 43.26%a’En 71, y = (188 x 10°)e*ay’En 2. Thus, the addition

of the g-GTF results in an increase of the HAL values by 0.08,
0.12, and 3% fol, Aa, andy, respectively.

We have obtained CCSD(T) results with the Al, A3, and
A4 basis sets. The 18 innermost MOs were kept frozen in the
post-Hartree-Fock treatments. The electron correlation effect
on the dipole polarizability is quite strong. One immediately
remarks that the MP methods predict a negative effect for the
longitudinal component,, The correction is positive for the
CC methods. Overall, the total correction ECC is negative for
the mean and largely positive for the anisotropy. This is caused
by the strong reduction of the transversal compomgatOur
A4/CCSD(T) results predict ECC corrections 0.09 and

Last, we employed two very large uncontracted basis sets. KoTap3 1%2a,2E,~1 for @ andAa, respectively. Very similar results

= (21s14p11d5f) and PA= (23s16p12d6f) were used for the
calculation of reference SCF values. They were built upon
(20s11p9d¥ and (20s12p9dY substrates. Their compositions
are

KoTa= (21s14p11d5f), 306 GTF, from (20s11p9H)
s(0.0136467), p(0.2191479, 0.0862877, 0.0339751),
d(0.0533370, 0.0193175), f(1.0116754, 0.40661468,

0.14726709, 0.0533370, 0.0193175)

and

PA = (23s16p12d6f), 346 GTF, from (20s12p94)
5(0.013650, 0.004804, 0.001691), p(0.079298,
0.032177, 0.013057), d(0.053362, 0.019328,
0.007000), f(1.012386, 0.406773, 0.147331,

0.053362, 0.019328, 0.007000)

are obtained with A1 and A3:-9.20 and 23.91 (A1);-9.48

and 23.75 (A3). The effect of electron correlation correction
on the components ¢f,4,s is quite impressive. The performance
of MP and CC methods is markedly different for the hyperpo-
larizability. The MP2 values reveal a very strongly negative
second-order correction for all Cartesian components. What is
more, MP4 predicts negative values for@llz s andyxxza

In contradistinction to the MP predictions, both CCSD and
CCSD(T) predict positive values for all Cartesian components
of the hyperpolarizability. Our best results for the ECC
(10 3yqp,0/€ag*En~3) are —261,—97, and—47 for yzzzz ¥xu
andyxza respectively. The effect on the longitudinal component
is obviously enormous. This drastic change of the relative
magnitude components is reflected in the ECC of the invariants:
—141 ), —537 (A1y), and—74 (Azy). Overall, it is interesting

to notice the stability of the CCSD(T) values of the mean
hyperpolarizability, 10%y.s,s/€*as*En~3 = 88 (A1), 87 (A3),
and 86 (A4). We have also performed post-HartrEeck

5d, 7f, and 9g GTF were used in all cases. The experimental calculations with an increased number of correlated electrons,

bond length for Cuis 2.2197 A%l Weak, homogeneous fields
of 0.002% 1ay1En were used in the calculations. The GAUSS-
IAN 94 and 98 progrants-53were used in this work.

SCF and post-HartregFock results are given in Table 1.
Reference, near-Hartre&ock values have been obtained with
our KoTa and PA basis sets. Our SCF#®Aalues ared =
102.54 andAa = 41.8%%ay?En ! for the polarizability andy
= 244 x 10%, Ay = 353 x 10° and Ay = (=6 x
10%)efay*E, 2 for the hyperpolarizability. The KoTa basis gives
0 = 102.48 and\a. = 41.94%a,?En 1 for the polarizability and
y = (236 x 10°)e*a®En 3, in very good agreement with the
PA values. All other basis sets yield SCF dipole polarizabilities

keeping only the 10 innermost MP frozen. These improved Al
results, obtained at a considerable increase of the computational
cost, are also listed in Table 1. The CCSD(T)/Al values
(calculated with only the 10 innermost MOs frozen) for the
dipole polarizability ared = 93.94 andAa = 67.76%a0%En 1,

a change appreciably less than 1%. The mean hyperpolarizability
is y = (96 x 10°e*a®En 2. The improvement is (8x
10%)e*ag*En~3, rather small compared to the SCF/A1 value of
(225 x 10°)e*ap*En~3. Thus, the improved values do not modify
significantly the previous pictur®. Last, we have performed
MP2 calculations (18 innermost MO frozen) with HAZE
[9s8p7d3f] and HA2 = [9s8p7d3flg] in order to test
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TABLE 1: Electric (Hyper)polarizability 2 for Cu, at the Experimental Bond Length 2.2197 &

basis set methéd Oz Olxx a A V2222 ¥V xoex Vxxzz y A1y Azy
Al = [7s6p5d1f} SCF 131.87 87.87 102.53 44.00 281 196 81 225 303 —10
MP2 115.95 63.18 80.77 52.76 19 60 20 52 —123 —42
MP4 119.21 53.86 75.64 65.35 —153 -8 -13 —45 —468 —-81
CCsD 135.18 72.17 93.17 63.01 58 111 41 104—-146 —78
CCSD(T) 138.61 70.70 93.34 67.91 20 103 36 88 —242 —95
ECC 6.74 —17.17 —-9.20 2391 -—-261 -93 —45 —138 —545 -85
Al = [7s6p5d1f} SCF 131.87 87.87 102.53 44.00 281 196 81 225 303 —10
MP2 115.41 62.15 79.90 53.26 9 56 18 46 —141 —43
MP4 112.43 47.66 69.25 64.77 —215 —44 —28 —89 —552 —93
CCSD 135.44 73.01 93.82 62.43 68 114 43 109-121 —78
CCSD(T) 139.12 71.35 93.94 67.76 32 108 40 96 —215 —98
ECC 725 —16.52 —8.59 23.77 =249 —88 —41 —130 -519 —88
A3 = [7s6p6d1ff SCF 132.53 88.32 103.06 44.21 284 197 82 228 310 —-11
MP2 116.27 63.25 80.92 53.02 17 59 20 50 —126 —43
MP4 119.15 53.67 75.49 65.48 —159 —-14 —-16 —52 —469 —78
CCSD 135.54 72.45 93.48 63.09 59 109 42 104-135 —83
CCSD(T) 138.88 70.92 93.57 67.96 20 101 37 87 —234 —100
ECC 6.35 —17.40 —9.48 23.75 —264 —96 —45 —140 —544 —89
A4 = [7s6p6d2ff SCF 132.19 88.26 102.90 43.92 279 197 83 227 297 —20
MP2 116.02 63.86 81.25 52.16 14 51 18 45 —109 —44
MP4 119.22 54.42 76.02 64.81 —169 —24 —-20 —62 —471 —74
CCSD 135.10 72.83 93.59 62.27 56 109 40 101—-147 77
CCSD(T) 138.54 71.45 93.82 67.09 18 101 35 86 —241 —-94
ECC 6.36 —16.81 —9.09 23.17 —261 —-97 —47 —141 —537 —74
A6 = [8s7p7d1f] SCF 132.55 88.54 103.21 44.01 283 215 86 240 247—-18
A7 = [8s7p7d5f] SCF 130.72 88.47 102.55 42.26 307 210 88 244 344-13
KoTa= (21s14p11d5f) SCF 130.44 88.49 102.48 41.94 311 197 86 236 405-10
PA = (23s16p12d6f) SCF 130.47 88.58 102.54 41.89 309 209 87 244 353 -6

aThe invariants are defined as follows. Dipole polarizability: mear (0, + 20)/3; anisotropy Aot = a,; — o Hyperpolarizability: mean,
VY = (3Yzzzzt 8yxox T 12/42)/15; anisotropiesA1y = 3yzzzz— d/xox T 3ysxzz@NA A2y = V22 Vx — BYxxza The total electron correlation
correction is defined as ECE CCSD(T)-SCF. ? Hyperpolarizability values are given as 2.,s. All values are in atomic units. Conversion
factors to Sl units are as follows: lengthapl= 0.529177249x 1071° m; dipole polarizability, #a’Ent = 1.648778x 1074 C> m? J%;
hyperpolarizability, #ay*En2 = 6.235378x 10°% C* m* J 3. ¢The 18 innermost MOs were kept frozen in the post-Hartfeack calculations.
dThe 10 innermost MOs were kept frozen in the post-Hartfésck calculations.

TABLE 2: Bond-Length-Dependence AR = (R — Re)/ap) of the Electric (Hyper)polarizability of Cu , Calculated with the Basis
Set Al = [7s6p5d1f] at the CCSD(T) Level of Theory

P method —0.6 —-0.4 —0.2 0 0.2 0.4 0.6

a SCF 91.03 94.37 98.20 102.53 107.34 112.65 118.44
MP2 67.94 7191 76.18 80.77 85.68 90.89 96.42
MP4 60.80 65.51 70.46 75.64 81.07 86.70 92.59
CCSD 79.04 83.34 88.05 93.17 98.69 104.57 110.8
CCSD(T) 78.24 82.88 87.91 93.34 99.14 105.28 111.72
ECC —12.78 —11.49 —10.30 —9.20 —8.20 —7.37 —6.72

Aa SCF 27.57 32.35 37.83 44.00 50.94 58.70 67.30
MP2 34.00 39.41 45.68 52.76 60.67 69.42 78.93
MP4 42.41 48.99 56.66 65.35 74.97 85.53 96.84
CCSD 40.03 46.75 54.43 63.01 72.47 82.78 93.75
CCSD(T) 42.70 50.06 58.49 67.91 78.26 89.50 101.35
ECC 15.14 17.71 20.66 23.91 27.32 30.80 34.05

y SCF 178 193 212 225 243 262 282
MP2 34 40 50 52 53 62 67
MP4 —43 —37 —40 —45 —57 —57 —70
CCsD 89 92 102 104 91 103 93
CCSD(T) 80 81 89 88 70 78 61
ECC - —112 —123 —138 —173 —184 —222

aThe 18 innermost MOs were kept frozen. Hyperpolarizability values are given&s<1§qgy.s.

[&(R) — a(R))/€’aE, * =28.09R — R) +
4.69R— R)*— 0.52R— R)*— 0.36R — R)*
[Aa(R) — Aa(Ry)]/€’a,’E, ' = 49.58R — R) +
11.92R— R)*— 1.94R— R)*— 1.32R— R)* (1)
We show in Table 2 SCF, MP, and CC values calculated The R-dependence of the componentsjafs,s is quite dis-
with the Al basis set for displacemenB-+ Re)/ap = AR/ag = similar. In Figure 1 we have plotted tHedependence of the
0, 0.2, £0.4, and+0.6. The results show clearly the bond- SCF, MP2, MP4, CCSD, and CCSD(T) values of the longitu-

length-dependence of the ECC. The dipole polarizability dinal componeny.,,; The SCF depends almost linearly Bn
displays a regulaR-dependence, easily represented as The MP4 values are consistently negative, their magnitude

the effect of the g-GTF on the correlated values. The MP2/
HA2 values (HAL results in parentheses) are 74.66 (74.61)
andAa = 53.60 (53.50Pa’En 1, 1073y = 4 (8)*as*En 2. The
effect, considered in conjunction with the SCF values presented
above, is small.
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TABLE 4: Theoretical Prediction of the

O— SCF —O—CCSD (Hyper)polarizability @ of Cu,

400 | —2—MP2 —<— CCSD(T)
—7— MP4 method a Aa y ref

DFT 78.50 39.62 27
DFT 77.574 28
DFT 76.58 29
SCF 101.9 42.3 59
DFT 77.62 44.73 95.9 b
200 SCF 102.54 41.89 244 c
CCSD(T) 93.82 67.09 86 d

2 Hyperpolarizability values are given as£0.s,,. ® Present inves-
100 tigation, basis set [8s7p7d5fiPresent investigation, basis set
(23s16pl12d6f)d Present investigation, basis set [7s6p6d2f].

300

0- predictions ofg, including present values, are in fair agreement.
Our Aa values are systematically higher than that reported by
Calaminici et aP” Our SCF values agree quite well with the
-100 4 analogous results of Saue and JeR$ebtained with a large
basis set.

In conclusion, we have shown that the theoretical prediction
200 4 of the static hyperpolarizability of the copper dimer represents
a rather formidable task. The hyperpolarizability shows very
strong basis set dependence. The electron correlation effects
-300 on the components ofqs,4 are unusually large, but the value

of ¥ atRe is unambiguously positive. In addition to the extensive
05 04 02 oo 02 o4 os study of basis set gffects on SCF, post-HalftrEeck, and
’ ' ’ ' ’ ’ ' B3LYP-DFT calculations, we have also examined the depen-

4 4~ -3
quz/e aO Eh

(R-R)/a, dence of the calculated property values on the number of
Figure 1. R-dependence of the axial component of the hyperpolariz- corre_lated electrons or_the size OT t_he_ frozen core. We have not
ability of Cp. considered the calculation of relativistic effects, as this is beyond
the scope of the present investigation. It is worth mentioning
TABLE 3: B3LYP Density Functional Theory Calculations that recent four-component Dira€oulomb Hartree Fock
of the (Hyper)polarizability 2 of Cu; at R, = 2.2197 A calculation&® show that the relativistic correction lowers the

property [7s6p6d] [7s6p6dlf] [7s6p6d4f] [8s7p7dlf] [8s7p7d5f] mean dipole polarizability by6%. The B3LYP values differ
Oz 107.50  107.50 107.35 107.60 107.44 from those obtained with conventional ab initio methods, but a

Ol 60.97 61.40 62.43 61.74 62.71 more detailed investigation is needed in order to reach a valid
a 76.48 76.77 77.40 77.03 77.62 conclusion for a wider class of DFT approaches. Such investiga-
Aa 46.53 46.10 44.92 45.85 4473 tions have previously been reported; see, for instance, the model
Vazzz 1&7;'? 1§§'§ 1;53';1 1510388 1728095 study on polyacetylene chaif$The extension of theoretical
?ﬁiﬁﬁ 36.6 357 36.0 352 371 predicti_ops to larger copper cluste_rs demands the_ (_jefinition of
y 87.1 96.4 95.4 94.0 95.9 very efficient computational strategies, as even fos iCis very

Ary 160.0 100.2 141.7 123.9 157.1 difficult to obtain relatively small or medium-sized basis sets
Ay  —440 175 -17.3 —16.7 —23.2 with a good peformance in hyperpolarizability calculations.
a Hyperpolarizability values are given as#0qg,o. Work toward this direction is in progress in our laboratory.

increasing monotonically witR. The CCSD and CCSD(T) are  Acknowledgment. The author is greatly indebted to Dr. M.
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positive for—0.6 < AR/ap < 0.6 for both CCSD and CCSD(T) also due to Dr. A. Toro-Labbéor a preprint of his paper on
but negative for MP4. At this stage, we have used experimental COPPer clusters.
spectroscopic constaftsand a well-tested schef$e>® to
calculate the zero-point vibrational correction (ZPVC). Using References and Notes
property derivatives estimated from the contents of Table 2, (1) van Zee, R. J.; Weltner, WI. Chem. Phys199Q 92, 6976.
we obtained 0.27 and 0.88,’E,, ! for & andAa, respectively. 861éz) Winter, B. J.; Parks, E. K.; Riley, S. J. Chem. Phys1991, 94,
The ZPVC fory is <.(_1 x 10?)e4a04Eh - . . (é) Calaminici, P.; Kater, A. M.; Russo, N.; Salahub, D. R.Chem.

In Table 3 we give B3LYP (hyper)polarizabilities for a ppys 1996 105 9546.
sequence of basis sets. This DFT method predicts a mean dipole (4) Massobrio, C.; Pasquarello, A.; Dal Corso JAChem. Physl998
polarizability significantly lower than those of both SCF and 109 6626. , o
CCSD(T). Itis rather remarkable that the B3LYP anisotropy is Eur.(ﬁ). I%gfg'”C'hér?n?gg%aghgglees‘“”' V.; Lazzaroni R.;"Bes, J. L.
fairly close to the SCF prediction. The gap is wider for the (6) Tan, K.; Lin, M. H.; Wang, N. Q.; Zhang, Q. Eluaxue Xuebao
hyperpolarizability where the B3LYP values qf;,;, are 2002 60, 24.
considerably larger than the CCSD(T) results obtained with the _ (7) Jug, K.; Zimmermann, B.; Calaminici, P.'Ker, A. M.J. Chem.

- Phys 2002, 116, 4497.
basis sets Al, A3, and A4. (8) Fournier, Rlnt. J. Quantum Chenl994 52, 973.

We present in Table 4 recent results on the dipole polariz- (9) Roszak, S.; Balasubramanian,Bhem. Phys. Letf994 231, 18.
ability of Cu, and our findings. Interestingly enough, all DFT (10) Fournier, RJ. Chem. Phys1995 102, 5396.



Hyperpolarizability of Cy

(11) Persson, J. L.; Hui, Q.; Nakamura, M.; Takami, Rhys. Re. A
1995 52, 2011.

(12) Rochefort, A.; Fournier, Rl. Phys. Chem1996 100, 13506.

(13) Lee, R. W.; Pan, Z. Y.; Hou, MNucl. Instrum. Methods Phys.
Res., B1996 115, 536.

(14) Musolino, V.; Selloni, A.; Car, Rl. Chem. Physl998 108 5044.

(15) Chan, W. T.; Fournier, RChem. Phys. Lett1999 315 257.

(16) Ratner, M.; Harbich, W.; Fedrigo, Bhys. Re. B 1999 60, 11730.

(17) Elustondo, F.; Mascetti, J.] pai, |. J. Phys. Chem. 2000 104,
3572.

(18) Salz, D.; Mahltig, B.; Baalmann, A.; Wark, M.; Jaeger, Phys.
Chem. Chem. Phy200Q 2, 3105.

(19) Powers, D. E.; Hansen, S. G.; Geusic, M. E.; Pulu, A. C.; Hopkins,
J. B.; Dietz, T. G.; Duncan, M. A.; Langridge-Smith, P. R. R.; Smalley, R.
E. J. Phys. Chem1982 86, 2556.

(20) Gole, J. L.; English, J. H.; Bondybey, V. E.Phys. Cheml982
86, 2560.

(21) Ozin, G. A.; Mitchell, S. A.; Mattar, S. MJ. Phys. Chem1983
87, 4666.

(22) Okazaki, T.; Ando, YMol. Phys 200Q 98, 447.

(23) del Conde, G.; Bagus, P. S.; Novaro, Bhys. Re. A 1982 26,
3653.

(24) stoll, H.; Fuentealba, P.; Dolg, M.; Flad, J.; von Szentpaly, L.;
Preuss, HJ. Chem. Phys1983 79, 5532.

(25) Averill, F. W.; Painter, G. SPhys. Re. B 1985 32, 2141.

(26) Bauschlicher, C. W.; Langhoff, S. R.; Taylor, P.JRChem. Phys
1988 88, 1041.

(27) Calaminici, P.; Keter, A. M.; Vela, A.; Jug, KJ. Chem. Phys
200Q 113 2199.

(28) JaqueP.; Toro-LabbgA. J. Chem. Phys2002 117, 3208.

(29) Cao, Z.; Wang, Y.; Zhu, J.; Wu, W.; Zhang, Q.Phys. Chem. B
2002 106, 9649.

(30) Shigemoto, I.; Nakano, M.; Yamada, S.; Nishino, M.; Yamaguchi,
K. Synth. Met1999 102, 1562.

(31) Cohen, H. D.; Roothaan, C. C.J.Chem. Physl965 43S 34.

(32) Maroulis, G.J. Chem. Phys1991, 94, 1182.

(33) Maroulis, G.J. Chem. Phys1998 108 5432.

(34) Maroulis, G.J. Chem. Phys200Q 113 1813.

(35) Paldus, J.; Cizek, Adv. Quantum Cheml975 9, 105.

(36) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.

(37) Szabo, A.; Ostlund, N. SModern Quantum ChemistryMc-
Millan: New York, 1982.

(38) Wilson, S.Electron correlation in molecule€larendon: Oxford,
1984.

(39) Urban, M.; Cernusak, I.; KelloV.; Noga, J.Methods Comput.
Chem.1987, 1, 117.

(40) Helgaker, T.; Jargensen, P.; Olsemdlecular Electronic-Structure
Theory Wiley: Chichester, 2000.

(41) Paldus, J.; Li, XAdv. Chem. Phys1999 110 1.

(42) Becke, A. D.J. Chem. Phys1993 98, 5648.

J. Phys. Chem. A, Vol. 107, No. 33, 2008499

(43) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(44) Davidson, E. R.; Feller, DChem. Re. 1986 86, 681.

(45) Wilson, S.Adv. Chem. Phys1987 67, 439.

(46) Shavitt, l.Isr. J. Chem1993 33, 357.

(47) Schder, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 1212
5829.

(48) ftp://ftp.chemie.ini. Karlsruhe.de/pub/basen.

(49) Koga, T.; Tatewaki, H.; Shimazaki, Them. Phys. Lett200Q
328 473.

(50) Partridge, HJ. Chem. Phys1989 90, 1043.

(51) Huber, K. P.; Herzberg, GMolecular Spectra and Molecular
Structure: IV Constants of Diatomic Moleculggan Nostrand: New York,
1979.

(52) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision E1; Carnegie-
Mellon Quantum Chemistry Publishing Unit: Pittsburgh, PA, 1995.

(53) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.
L.; Head-Gordon, M.; Replogle, E. S.; Pople, J.@aussian 98revision
A.7; Carnegie-Mellon Quantum Chemistry Publishing: Pittsburgh, PA,
1998.

(54) We mention also for the record the SCF/PA value for the energy
of the free molecule a®:: E° = —3277.939807 5.

(55) This is further corroborated by a MP2/A4 calculation (10 MO
frozen) which gaven. = 80.38 andAa. = 52.66%a?En~%, ¥ = (40 x
10%)efag*En 3, quite close to the MP2/A4 (18 MO frozen) values listed in
Table 1.

(56) Schlier, C.Fortschr. Phys1961 9, 455.

(57) Buckingham, A. DJ. Chem. Phys1962 36, 3096.

(58) Bishop, D. MRev. Mod. Phys199Q 62, 343 and references therein.

(59) Saue, T.; Jensen, H. J. Ah.Chem. Phys2003 118 522.

(60) Champagne, B.; Perfeg E. A.; van Gisbergen, S. J. A.; Baerends,
E. J.; Snijders, J. G.; Soubra-Ghaoui, C.; Robins, K. A.; Kirtman,) B.
Chem. Phys1998 109, 10489.



