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Abstract: The electronic and vibrational contributions to the dipole moment, polarizabilities, and first
hyperpolarizabilities of HArF are reported. These have been computed by using a series of systematically
built basis sets and a hierarchy of computational methods. HArF has a very large first hyperpolarizability
along the z axis. This has been rationalized by invoking the difference in the electronic structure between
the ground and the first excited state. The argon fluorohydride has been recently derived and characterized.
The present study provides complementary data for the understanding of the electronic structure of this
interesting argon derivative.

I. Introduction topological properties at the bond critical point found that the
bonds ArF and HAr are dominated by electrostatic and covalent
interactions, respectively. This author noted that the stabilization
of HArF could be rationalized in terms of the strong Coulomb
attraction between HArand F.

The investigation of the properties of noble gases has been
the subject of many studies in recent yeed®auling proposed
that stable molecules could be formed by the heavier noble

gases. This prediction has been experimentall_y veriffed. Lundell et al7a reported a computational study, at the MP2
Recently, Khrlachtchev et dlreported the synthesis of HAr_F and CCSD(T) levels, for the structures and vibrational spectra
(argon fluorohydride) from the photolysis of hydrogen fluoride ¢ HRgF, where Rg= He, Ne, Ar, Kr, Xe, or Rn. These

in a solid argon matrix. They noted that this is the firSt, oy atives are metastable in comparison with the global

experimentally observed, covalent neutral condensed phaseminimum HF+Rg. Berski et al® proposed from a topological
argon derivative. They also performed ab initio computations ,n5ysjs of the electron localization function that HAF is a

using the _MP2 and_ CCSD(T) methods as well as the aug-cc- asonance hybrid between the structures-Af*F(66%),
pVvnZ family of basis sets. They found that the above stable H—ArF+(18%), and H Ar F~(16%). The contributions of the
argon derivative is linear. Natural bond orbital (NBO) analysis corresponding structures are given in parentheses.

has shown that this molecule is strongly ionic. Khriachtchev et Several rare-gas (Rg) hydrides (at least 13), which could be
al* discussed the bonding of HAIF in terms of ionic and  yescribed by the formula HRgY, where Y is an electronegative
covalent contributions. Runeberg et®akuggested that the element or group (e.g., halogen, OH, CN, SH) have been
hy(_jrido argon f'!‘o“de sho_ul_d_ be stable in_the gas phase as WeII'recently studied both experimentally and theoreticai). These
This remark relies on ab initio computatlons. o derivatives are strongly polar and correspond to local minima
M. W. Wong has found the following charge distribution for  jn the potential energy surface. Decomposition is prevented by
HArF: H(0.179), Ar(0.562), and F{0.741)° These are NBO  protecting high-energy barrietsAn important development in
charges, computed with the method QCISD/6-8+15**. the rare-gas chemistry is the prediction of the insertion
Similar is the NBO charge distribution found by Khriachtchev  compounds of Xe into unsaturated hydrocarbons, which could

et al.? using the method MP2/aug-cc-pVTZ. The above results pe described by the type+HXe—R, where R= C;H, CgHs,
show the magnitude of the charge transfer. One also observesocgHs, and so forth!12

that most of the positive charge is on Ar. Wong employing

(7) (a) Lundell, J.; Chaban, G. M.; Gerber, R.Ghem. Phys. Let200Q 331,
308. (b) Berski, S.; Silvi, B.; Lundell, J.; Noury, S.; Latajka, Z. New

T'National Hellenic Research Foundation. Trends in Quantum Systems in Chemistry and PhyMesuani, J., Minot,
* SciNet Technologies. C., McWeeny, R., Minot, Y. G., Wilson, S., Eds.; Kluwer: Amsterdam,
(1) Bartlett, N.Proc. Chem. Sacl962 218. 2001; Vol. I, p 259,.
(2) Frenking, G.; Cremer, Dstruct. Bonding (Berlinl99Q 73, 17. (8) Ahokas, J.; Kunttu, H.; Khriachtchev, L.; Pettersson, M.s&®an, M. J.
(3) Pauling, L.J. Am. Chem. S0d933 55, 1895. Phys. Chem. 2002 106, 7743.
(4) Khriachtchev, L.; Pettersson, M.; Runeberg, N.; Lundel, Jsa®en, M. (9) Lundell, J. Chaban, G. M.; Gerber, R. B. Phys. Chem. 2000 104,
Nature 200Q 406, 874. 4.
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J. Chem. Phys2001, 114 836. M.; Gerber, R. B.Chem. Phys. LetR00Q 322 389.
(6) Wong, M. W.J. Am. Chem. So200Q 122 6289. (11) Lundell, J.; Cohen, A.; Gerber, R. B. Phys. Chem. 2002 106, 11950.
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The objective of the present study is to report the polariz- point vibrational averaging, angf’ is the so-called pure vibrational
abilities and hyperpolarizabilities of HArF, because it would contribution. The static electronic contributions have been computed
be interesting and useful to find out what is the effect of the by employing the finite field perturbation method. The adequacy of
inserted Ar in HF on the considered properties. The observed the finite field strength which was used (0.001 au) was checked with
large first hyperpolarizability is interpreted in terms of the analytic calculatior®d at the HartreeFock level and properties

. . . calculated by fitting the field-dependent energies to a polynomial (field
difference between the ground and the first excited state. Thestrengths: 0.04£0.001, +0.002, 0.005, +0.007,:0.01, +0.02 au).

reported_ data a_nd gnalysis illuminate specific aspects of _theThe frequency dependent properties have been computed by using time-
electronic and vibrational structure and bonding of HAF. Itis  gependent HartreeFock theory (TDHF}2 and at the MP2 level by

known that the polarizabilities and hyperpolarizabilities mainly employing a scaling relation, which will be discussed at the end of
depend on and illustrate the behavior of the valence electrons.this section.

Thus, the present work is complementary to the pioneering work  In the present work, the following formulas have been used for the
of Rasien et al45 who discussed some important points of calculation of the vibrational propertiés:2s

the electronic structure and bonding of HArF. In particular, we

note that through comparisons of t?\e propertiespof HArF with o =[O0 + [ @0 + [ + [ 3
those of other related compounds (e.g., HF; +t, etc.) the

v _ (0,0 (2,0) 1,1) 0,2) (1,0)
properties and structure of HArF are better understood. We also [od® + [a] *O + (o] ™Y+ [uod®2 + [0 +

compare the properties of HArF with those of well-known [’V (4)
prototype nonlinear optical derivatives to document the impres- ava_ req(1.0) ©1)

sive magnitude of the properties of argon fluorohydride. The PP =[pT"7+ [P ®)
first step of this study was to demonstrate that the reported A1 Foo\ [ 9P

properties are reliable and thus the resulting analysis trustworthy. PO = ——z—(z )(_4) (6)
This was achieved by using a systematically built sequence of 4% o A\ % wp [\IQ

basis sets and a hierarchy of methods. Recent works have

investigated the bonding in HArF. The present study reports @nd

complementary material for the understanding of the electronic h 1P

structure of this interesting molecule. [P0 = _z_ (7
Il. Methods AT e 0Q,

We have computed the harmonic frequencies, the dipole moment, where o and 8PV denote the pure vibrational contributions to the
polarizabilities, and hyperpolarizabilities of HArF employing the SCF, polarizability, a, and first hyperpolarizability$, respectively w, is
MP2, CCSD, and CCSD(T) methotf8These techniques were selected the harmonic frequencysan is the cubic force constant, ai@ is the
to define a hierarchy of methods because (i) MP2 is perhaps the simplesthormal coordinate. Bishop et al. have derived analytical expressions
and most frequently used approach to compute the correlation contribu-for the computation of [A]:™, wheren andm define the orders of the
tion to molecular properties and in addition it has been reported to electrical and mechanical anharmonicities, respectirdiythe present
give reliable hyperpolarizabilities for several gas-phase moleétiles, study, we use potential energy derivatives up to the fourth order, dipole
(i) CCSD(T) is one of the most powerful correlation techniques, and moment derivatives up to the third order, and polarizabilities and first
(iii) CCSD in connection with CCSD(T) allows to have an estimate of hyperpolarizabilities up to the second order. We will also employ the
the contribution of the connected triple excitations. The properties have double-harmonic approximation for the analysis of our results. So we

been computed using the Pol basiss&tand the aug-cc-phZ family, report the formulas we have used for this analysis:
wheren = 2—5.16718 Po| has been selected because it gives reasonable A
electric property values at low computational ctist! The sets aug- au,
cc-pVnZ define a series of systematically derived orbitals, which allow 3
to find the convergence limit of the studied property. Electronic and W= 2](0'0)2 Q./o ®)
vibrational contributions to the properties of interest have been 2z # Z 2
calculated. @a
The electric propertp may be considered as a sum of an electronic
At bt o\ [oay,”
and a vibrational contribution: Hz 22
8Qa 0 8Qa 0
_ ib _ 0) —
p=p"+p" (1) Bt = [ua] 0 =35 ———— ©)
) a Wy,
pVIb — pzpva_|_ ppv (2)

whereu,, oz, andf,;; denote the dipole moment, polarizability, and

wherepe is the electronic propertyy?@ is associated with the zero- first hyperpolarizability, respectively, along thexis, which coincides
with the molecular axis of HArF. At the SCF level, the derivatives

(12) Khriachtchev, L.; Taskanen, H.; Lundell, J.; Pettersson, M.; Kiljunen, H.;

R&saen, M.J. Am Chem. SoQ003 125 4696. (20) Ingamells, V. E.; Papadopoulos, M. G.; Raptis, SGAem. Phys. Lett.
(13) (a) Jensen, Ftroduction to Computational Chemistriyiley: New York, 1999 307, 484.

1999. (b) Jug, K.; Chiodo, S.; Calaminici, P.; Avramopoulos, A.; Papa- (21) Urban, M.; Sadlej, A. JJ. Chem. Phys1995 103 9692.

dopoulos, M. GJ. Phys. Chem. 2003 107, 4172. (22) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
(14) Sadlej, JCollect. Czech. Chem. Commui988 53, 1995. S.; Jensen, J. H.; Koseski, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J.;
(15) The newest release of polarized basis sets for nonrelativistic calculations Windus, T. L.; Dupuis, M.; Motgomery, J. Al. Comput. Chenl993 14,

is stored at http://molpir.fns.uniba.sk/Pol.txt. 1347.
(16) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. (23) Bishop, D. M.Adv. Chem. Phys1998 104, 1.
(17) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J.Chem. Phys1992 (24) Bishop, D. M.; Norman, P. IiHandbook of Adanced Electronic and

96, 6796. Photonic MaterialsNalwa, H. S., Ed.; Academic Press: San Diego, CA,
(18) Woon, D.; Dunning, T. H., JJd. Chem. Phys1993 98, 1358. 2001; Vol. 9.
(19) Avramopoulos, A.; Papadopoulos, M. ®ol. Phys.2002 100, 821. (25) Bishop, D. M.; Luis, J. M.; Kirtman, BJ. Chem. Phys1998 108, 10013.
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Table 1. The Bond Lengths (in A) and the Harmonic Frequencies

have been computed analyticatfexcept of the second derivative of
(in cm~1) of HArF

the first hyperpolarizability, which was computed numerically. This

derivative is required for the calculation of the zpva contribution to R(Ar-H) R(Ar-F) v(Ar-F) w(Ar-H) OS(H-Ar—F)
the first hyperpol_a\rizability. At th_e MP2 level, Fhe required derivatives -/pop 1280 2.060 4354 28358  703.1
for the computation of the vibrational properties have been computed pp2/pop 1.349 2.006 473.9 2173.3 7202
numerically. CCSD(T)/Pot 1.381 2.016 4722 1787.8 691.0
We shall also present the frequency dependent properties, which CCSD(T)/aug-cc-pvQZ  1.334 1.980 480 2097 729
will be determined by TDHF and a scaling procedure at the MP2 level. gggggg;ﬁu@cc'p&f’;d 1323 i-ggg
i 29 ; aug-cc-pwze . .
Various author¥=2° have demonstrated that reasonable estimates of xperimenta 435.7 19695  687.0

the frequency dependent properties can be estimated by using a scaling.

relation like eq 10:

PIMP2)] = {P[SCF@)]/P[SCF(0)} x P[MP2(0)] (10)
where P[MP29)] and P[MP2(0)] are the frequency dependent and static
property values, respectively, computed at the MP2 level. The symbols
P[SCF)], P[SCF(0)] are defined in a similar way. The frequency

a¢ indicates a bending vibratioh.? The d orbitals of the Pol basis set
involve six components. Reference 5¢ An estimate of the property at the
complete basis set limit, using eq 1 of refSLhe experimental results are
for H—4%Ar— F.* The experimental frequencies are fundamentals.

in the literature and thus comparison of our property values to
those may provide evidence for the reliability of our compu-

dependent zpva corrections have also been computed using the scalingational procedures. Réanen et a5 have used several sets of

relation (eq 10). The reliability of the employed scaling scheme (SCF-
(w) — MP2(w)) has been confirmed, since it has been successfully
used to compute the polarizability and hyperpolarizability values for
several systems (e.g.28,3%2NH,CO 3% CgHe,2°¢ etc). The calculated
results were in satisfactory agreement with the available experimental

data. The range of applicability of eq 10 has also been discussed by

Dalskov et aP%

For the computations presented in this work, we have used the
following software: DALTON3! GAMESS??> CADPAC?% SPEC-
TRO NUMDER 2 and Gaussian 98.

I1l. Results and Discussion

The bond lengths of HArF, which is a linear molectileave

the family aug-cc-p¥iZ, reported by Dunning et 4618 These
basis sets have been used in connection with the CCSD(T)
method. It is observed that the HF/Pol underestimates—-R(H
Ar) and overestimates R(AF), while CCSD(T)/Pol overesti-
mates both the above distances. The best results are given by
the MP2/Pol method.

We also report the harmonic frequencies of HArF (Table 1).
At the Hartree-Fock level, the frequencies(Ar—F) and o-
(H—Ar—F) are in very good agreement with the experimental
ones. The vibrational frequencies, which we report in this study,
correspond to an isolated HArF molecule. In the experimental
conditions, there is a low concentration of HArF in a solid argon

been computed using the methods HF/Pol, MP2/Pol, and CCSD-matrix 45 Thus, one needs to take into account the effect of the
(T)/Pol (Table 1). These data are reported because they areyrgon cage to facilitate comparison with experiment. Runeberg

essential for the computation of the vibrational properties. In
addition, for the above properties, there are high-quality data

(26) Amos, R. D.; Alberts, I. L.; Andrews, J. S.; Colwell, S. M.; Handy, N. C.;
Jayatilaka, D.; Knowles, P. J.; Kobayashi, R.; Koga, N.; Laidig, K. E.;
Maslen, P. E.; Murray, C. W.; Rice, J. E.; Sanz, J.; Simandiras, E. D.;
Stone, A. J.; Su, M.-DCADPACS5.Q0 The Cambridge Analytic Derivatives
Package: Cambridge, U.K., 1992. (b) Amos, R. D.; Alberts, I. L.; Andrews,
J. S.; Colwell, S. M.; Handy, N. C.; Jayatilaka, D.; Knowles, P. J.;
Kobayashi, R.; Koga, N.; Laidig, K. E.; Maslen, P. E.; Murray, C. W.;
Rice, J. E.; Sanz, J.; Simandiras, E. D.; Stone, A. J.; Su, N\CADPACG6.0
The Cambridge Analytic Derivatives Package; Cambridge, U.K., 1995.

(27) Sekino, H.; Bartlett, R. J. Chem. Phys1993 98, 3022.

(28) Rice, J. E.; Handy, N. Gnt. J. Quantum Cheni992 43, 91.

(29) Pluta, T.; Sadlej, A. . Chem. Phys2001, 114, 136.

(30) (a) Reis, H.; Raptis, S. G.; Papadopoulos, MOBem. Phys2001, 263
301. (b) Reis, H.; Papadopoulos, M. G.; Munn, R.JMChem. Physl998
109 6828. (c) Reis, H.; Raptis, S.; Papadopoulos, M. G.; Jansen, R. H. C.;
Theodorou, D. N.; Munn, R. WTheor. Chem. Accl998 99, 384. (d)
Dalskov, E. K.; Oddershede, H. J. A. Mol. Phys 1997, 90, 3.

(31) Helgaker, T.; Jensen, H. J. A; Jgrgensen, P.; Olsen, J.; Ruud, K,; Agren,
H.; Auer, A. A.; Bak, K. L.; Bakken, V.; Christiansen, O.; Coriani, S.;
Dahle, P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, BttigleC.; Hald,

K.; Halkier, A.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kirpekar, S.;
Kobayashi, R.; Koch, H.; Mikkelsen, K. V.; Norman, P.; Packer, M. J.;
Pedersen, T. B.; Ruden, T. A.; Sanchez, A.; Saue, T.; Sauer, S. P. A.;
Schimmelpfennig, B.; Sylvester-Hvid, K. O.; Taylor, P. R.; Vahtras, O.
DALTON: A Molecular Electronic Structure PrograrRelease 1.2, 2001.

(32) Willetts, A.; Gaw, J. F.; Green, W. H.; Handy, N. SPECTROTheoretical
Spectroscopy Package.

(33) Ingamells, V. ENUMDER A Numerical Deriative Algorithm National
Hellenic Research Foundation: Athens, Greece, 2000.

(34) 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.; Chen, W.; Wong, M. W.; Andres, J. L,;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, GAUSSIAN
98, Revision A.2; Gaussian, Inc.: Pittsburgh, PA, 1998.

et al. have approximated this effect by six octahedrally placed
argon atoms. At the LMP2/aug-cc-pVDZ level, the six nearest
neighbors modify(Ar—F), v(Ar—H), ando(H—Ar—F) by —9,

38, and—7 cnTl, respectively. Because of these correction
factors, our computed harmonic vibrational frequencies (CCSD-
(T)/Pol) approach even more the experimental values. The
stretching vibration HAr is highly anharmonic and the
corresponding anharmonic correction has been estimated to be
210 cntl.4 Taking into account this correction, we observe that
the difference of the CCSD(T)/Pol frequency from the experi-
mental one increases, while this correction improves the MP2/
Pol prediction. Overall, the HF/Pol and CCSD(T)/Pol do not
describe satisfactorily the frequenefH—Ar), but MP2/Pol and
CCSD(T)/aug-cc-pVQZ give much more satisfactory results
for this frequency.

The results of Tables23 present the electronic contributions
to Uz, 0z, andp,z; for HArF. In Table 2, we present the above
properties of HArF, computed at the HF, MP2, CCSD, and
CCSD(T) levels. The geometry which was used for these
computations was determined by the HF/Pol. The main conclu-
sion, which is emerging from these results, is that the dominant
components of the polarizabilities and hyperpolarizabilities are
those along the axis. In particular, the value ¢f,« could be
considered as negligible in comparison to thatfef, Thus,
we shall focus our analysis an,; and 8,

The results of Table 3 present the electronic dipole moment,
polarizability, and hyperpolarizabilities of HArF along theaxis.
These have been computed by using the methods SCF, MP2,
and CCSD(T). Five different basis sets have been employed:
Pol and aug-cc-pWZ, wheren = 2—5. The best, currently
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Table 2. The Electronic Dipole Moment, Polarizabilities, and First
Hyperpolarizabilities of HArF Computed Using the Methods HF,
MP2, CCSD, and CCSD(T)&b

HF MP2 ccsp ccsD(T)
Uz 3.473 3.078 3.110 2.963
Olyx 14.13 16.13 15.68 16.07
Olzz 34.25 52.01 50.34 58.46
o 20.84 28.09 27.23 30.20
Bk 6.6 5.2 7.1 2.0
P2z —-561.5 —1329.9 —1286.4 —1801.5
p —329.0 —791.7 —763.3 —1078.5

and 3;; values, presented in Table 2, with the more accurate
data of Table 3.

The conclusion concerning the reliability of our results is
further supported by noting that Woon and Dunrifngtudied
the performance of aug-cc-pV5Z (as well as other hierarchical
basis sets) on the computation of the polarizability. They found
for o of Ne the values 2.675 and 2.709 au at the MP2 level,
using the sets aug-cc-pV5Z and g-aug-cc-pVQZ (g-aug stands
for quadruply augmented), respectively. Similarly, Larsen &k al.
found for BH, . = 23.165 au ang = 40.567 au §, in their

aThe properties have been computed using the Pol basis set. Thenotation) employing the CC2/aug-cc-pV5Z method. The esti-

geometry which was employed was optimized using the HF/Pol method
(Table 1). The d orbitals of the basis set (Pol) involve six components.
b The property values are in au.

Table 3. The Electronic Dipole Moment, u,, Polarizability, a,,, and
First Hyperpolarizability, 8,,;, of HArFab

U oo Bz
Pol
SCF 3.139 37.61 —597.8
MP2 2.691 55.37 —1220.9
CCSD(T) 2.578 59.80 —1418.1
aug-cc-pvDZ
SCF 3.176 37.34 —635.9
MP2 2.729 55.08 —1285.6
CCSD(T) 2.615 59.42 —1476.3
aug-cc-pvTZ
SCF 3.121 37.74 —608.2
MP2 2.662 54.82 —1197.5
CCSD(T) 2.573 57.93 —1324.2
aug-cc-pvQZz
SCF 3.104 37.80 —590.7
MP2 2.650 54.41 —1145.8
aug-cc-pVv5Z
SCF 3.085 37.80 —578.7
MP2 2.653 54.01 —1102.5

mated basis set limits were 23.#30.06 au and 39.% 2 au,
respectively. The excellent performance of aug-cc-pV5Z for the
computation of the polarizability and the first hyperpolarizability
has been confirmed by using other correlated wave functions
as well (e.g., CCS, CCSD) and in other small molecules (e.g.,
HF37).

It is observed that the Sadlej basis set approximated reason-
ably well the convergence limit of the considered properties,
taking into account that the HF/Pol results fof a,,, andf,;;
differ by 1.8 (1.4), 0.5 (2.5), and 3.3 (10.7)%, from those
computed by employing the HF/aug-cc-pV5Z method, respec-
tively. The corresponding percentages at the MP2 level are
shown in parentheses. The hierarchical basis sets of Dunning
et al16-18 and the Pol sets of Sadlej et al. provide independent
and complementary evidence for the reliability of our results.
A literature survey shows that the Sadlej basis sets have given
satisfactory polarizabilities for a very large number of
molecules®-21

The approaches HF/Pol and MP2/Pol will be used to compute
the vibrational properties of HArF. The above methods were
selected because it has been shown that they can give reasonable
properties at a low computational cost. Pol has also been used

aThe computation of the properties has been performed by employing t0 study the electronic and vibrational properties of various other

the geometry optimized, using the method CCSD(T)/aug-cc-pVbize d

and f orbitals involve five and seven components, respectively. The number
of basis functions is denoted in parentheses: Pol (65), aug-cc-pVDZ (59),

aug-cc-pVTZ (119), aug-cc-pVQZ (210), and aug-cc-pV5Z (383)he
property values are in au.

available, dipole moment for HArF is 2.56 AThis has been
computed using the CCSD(T)/ aug-cc-pV5Z method. It is

systems (e.g., ref 19). This choice will facilitate comparison
with our earlier work.
The Pol basis set shows the following:
1ASCF)> u,(MP2) > 1,(CCSD(T)) (11)

that is, correlation decreases the value of the dipole moment.
A similar trend has been found for several other molectfles.

observed that the CCSD(T)/aug-cc-pVTZ method gives 2.57 The qug-cc-pWiZ family confirms this trend. The reverse trend

au (Table 3), in very good agreement with the literature value.

A point of major importance is the reliability of the presented
property i, 02z, andf,z;) values. We present our opinion on
this issue in the following paragraph. At the MP2 level, we
have used the sequence aug-ceyp\denoted bynZ), n = 2—5.

is observed for the values af,, and |3,,7]. The effect of
correlation, at the MP2 level, on both,, and 3., is very
significant. The effect of the correlation contribution determined
at the CCSD(T) level is noticeable but smaller in comparison
with that observed at the MP2 level. Comparing the results at

From the computed property values, in terms of these basis setshe MP2 and CCSD(T) levels using the basis sets aug-eZpV

(Table 3), the following observations have been made. First,

wheren = 2—3, we find that the MP2 technique approximates

the dipole moment values computed with the sets 4Z and 5Z reasonably well the properties of interest at relatively low

differ by 0.003 au. Second, the difference betweernthealues
computed with the sets 4Z and 5Z is 0.4 au. Third, fag
values, computed with the 4Z and 5Z differ by 43.3 au (this
difference is 3.9%). We believe that all three property values

computational cost (Table 3).

The inserted Ar atom greatly modifies the properties of HF
(hydrogen fluoride), taking into account that, o, andf;z;
are 0.701 (0.744), 6.449 (5.59), and.0.11 (7.39) au. This

computed with the 5Z basis set are close to the basis set limit.observation is remarkable indeed, considering that Ar has a

Thus, the property values calculated with the method MP2/5Z

are the most reliable results presented in this work. For

completeness, we add that the property values reported in Table

2 (e.g.,0xx, @, etc.) have a varying degree of accuracy, which
may be inferred (up to a certain extent) by comparingdhe
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Table 4. Static and Frequency Dependent? Properties of HArF¢

HE® MP2:

method pel ppv pzpva pel ppv pzpva
Uz 3.473 0.034 2.778 —0.05
0zz(0;0) 34.25 34.31 1.43 59.24 41.87 4.96
Oz (—wiw) 35.69 -0.03 1.68 65.57 -0.18 5.49"
B222(0;0,0) —561.5 285.9 —68.4 —1443.4 ~710.5 —146.0
Pzzz (—w;w,0) —637.3 —68.5 —88.0 —1859.8 —333.6 —188.2
Brzz(—200,0) —835.4 1.50 —3723.9 21.3

aThe frequency dependent properties have been computed=00.072 au. This circular optical frequency is frequently used in measurementi\N@gie
laser) and in computatior?4.  The properties have been computed using the geometry optimized with the method HF/Pol. This choice has been made
because the vibrational properties are computed at the equilibrium geometry, which corresponds to the employetiThethoaperties have been computed
using the geometry optimized with the method MP2/Pdlhe property has been evaluated using the scaling relationship given by &gHgelectronic
and vibrational contributions are given. The property values are presented in au.

closed shell electronic structure. The above quoted properties To further clarify the difference between the ground and the
of the hydrogen fluoride have been computed at the MP4- first dipole-allowed excited state of HArF, in terms of resonance
[SDTQ] level 8 the property values computed by using the HF/ structures, complete active space valence bond (CASVB)

Pol method are given in parentheses, while at this lexglfor calculations were performed with the efficient algorithm devised
Aris 10.61 au. The corresponding properties of HArF are given by Li and McWeeny?2which combines group function theory
in Tables 2-4. with valence bond methods and has been implemented in

The NBO (natural bond order) partial charges for argon and VB200042® Eight electrons were included in the CAS space
fluorine are+0.54 and—0.76, respectively.These have been and distributed over six orbitals, four predominantly occupied
computed by employing the MP2/aug-cc-pVTZ theory. Slightly and two unoccupied orbitals, all withsymmetry. Sadlej's Pol
different charge values have been found by Wbiiese data basis set was employed, but the most diffused s and p basis
and the large dipole moment of HArF indicate a large charge functions on H and the most diffuse s, p, and d functions on Ar
transfer in the considered derivative. The charge transfer in thewere deleted to be able to identify the localized VB orbitals
ground state, in connection with that observed in the first excited uniquely as atomic orbitals. From this calculation, the following
state, will be discussed in more detail below. important resonance structures were found for the ground state

The static first hyperpolarizabilit$(0;0,0) may be rational-  (the weight is given in parentheses): —rtF (57%) <
ized by invoking the two-state model, derived by perturbation H-Ar2*F~ (21%) < HTArF~ (15%). The first and third
theory39-41 resonance structures are the same and have comparable weights

5 as found by Berski et alb but their second resonance structure,
B(0) 0 3(Uee— ﬂgg)@lge) H—Ar~F*, is rejected by the CASVB/Pol(modified) calculation
2

(12) as energetically too unfavorable. For the excited-state we found
9e H—ArtF~ (5%) < HYArF~ (5%) < H—Ar—F (42%) <
whereues ugg are excited- and ground-state dipole moments, HAr*—F (21%), that is, the structure with a doubly positive
respectively, whilege is the transition dipole moment arit}e Ar disappears and instead a nonpolar structure appears with a
is the transition energy. The two-state model preditts = large weight. Additionally, the weight of the structure-ArF-,
—340.7 au, while the corresponding, computed Hartfeeck which dominates in the ground state, is strongly reduced. These

value is—561.5 au (Table 3). We shall use this model in a structures can therefore qualitatively explain the large difference
comparative way to discugh,/0) of HArF and HF, for which of the dipole moment in ground and first dipole-allowed excited
the values-561.01 and-7.39 au, respectively, have been found states.

at HF/Pol level. The required data, in au, agg(3.473; 0.745), We have also considered the systemMH..Ar (this is a van

Uee (—0.814; —0.907), uge (+1.419; —0.611), andEy{0.276; der Waals compex), wheg(HF) = 0.91742¢ and R(F...Ar)
0.570). These have been computed by employing the methods= 1.963 A% For R(HF), we have used the experimentally found
HF/Pol and CIS/Pol (for the excited-state properties and the bond length and foR(F...Ar) we have employed the length
transition dipole moment; CIS stands for configuration interac- computed with the method CCSD(T)/aug-cc-pV5Z for the
tion with single excitations). The first value in parentheses is hydride HArF# The computations have been performed with
for HArF and the second for HF. All the above properties the HF/Pol method. We have foupd = 0.983 aup,, = 19.11
contribute so thaB,,, of HArF is much larger than that of HF.  au, andf,;; = —35.09 au. NBO analysis of HF...Ar, at the

It is observed that the differengge — ugg and the propertyige Hartree-Fock level, shows that the charge of Ar is 0.02. The
are considerably larger for HArF than HF, agk for HArF is corresponding charge of Ar in HArF, at the same level of theory,
much smaller than that of HF. The considered properties, beingis 0.56. One observes that there is a great difference between
connected with the first hyperpolarizability, provide a qualitative the properties of HArF and HF...Ar, which may be attributed,

explanation for the large magnitude 6{0) for HArF. at least partially, to the significant difference in the charge,
. . which is transferred in the two systems.

(38) fgzm:lad?ol?oulos, M. G.; Waite, J.; Buckingham, AJDChem. Physl1995 Oy andﬁzzz of HArE are very Iarge indeed. This is shown

(39) Oudar, L. J.; Chemla, D. S. Chem. Physl977, 66, 2664. by recalling that the polarizabilities of benzene asg = ayy

(40) Oudar, L. JJ. Chem. Physl977, 67, 446.

(41) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz, G. U.; (42) (a) Li, J.; McWeeny, RInt. J. Quantum Chen2002 89, 208. (b) Li, J.;
Boxer, S. G.; Perry, J. W.; Marder, S. R. Am. Chem. Sod.999 121, McWeeny, RVB200Q version 1.7; SciNet Technologies: San Diego, CA,
3715. 2003. (c) Cade, P. E.; Huo, W. M. Chem. Physl967, 47, 614.
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= 80.03 auay, = 44.74 au, computed with the MP4[SDQ] respectively. Although the termu§]©?) approximates well to
theory#3 while .., of p-nitro-aniline (pNA) is 797.5 au B, this is due to cancellation of terms. For exampié] -1
calculated with the HF/Pol theory. The magnitude of the = 1002.18, [i°]*0 = —646.06, and fa]©2 = —358.60 au.
properties of HArF is further appreciated by considering that Analysis of the results has shown that, at the level of the double
CsHs, pNA, and HArF have 42, 72, and 28 electrons, respec- harmonic approximation, most of the pv contributionotg is
tively. due to the Ar-F normal vibration, while most of the pv
The vibrational motion provides important information for contribution tof,,, is due to to the ArH normal vibration.
the structure of HArF. Thus, it would be useful to report the The bending vibration does not contribute to the above
vibrational component of the properties of interest and to discusscomponents, because the corresponding derivative of the dipole
them in connection with the electronic contribution. moment with respect to the normal coordinate is zero (egs 8
Polarizability. The static pv contribution to. is large and and 9). Anharmonicity of the pv contribution fi,, is expressed
approximately of the same magnitude as the electronic contribu-by terms of significant magnitude. However, the overall effect
tion (Table 4). The pv contribution t@,, according to the double  of anharmonicity is relatively small because of cancellation of
harmonic approximation is given by the terp?©9. At the terms.
MP2 level (static), #2©9 = 38.79 au. The three harmonic The present results concerning the vibrational polarizabilities
frequencies 2173.3, 720.2, and 473.9¢rfTable 1) contribute and hyperpolarizabilities of HArF are supported by our previous
to [1?©9 6.68, 0.0, and 32.11 au, respectively. The three work and that reported in the literature by other tedfmisor
anharmonic terms gf]©9, [42 @Y, and Z©2) contribute to example, the electronic and vibrational contributions to
0¥ 3.08 au. The above results show that, as it has been founds(—w;w,0) of cyclopropenethione are of equal importafice.
in several other occasioA%the double harmonic approximation ~Computations of the polarizabilities and hyperpolarizabili-
satisfactorily describea,'. Most of aP',, is associated with ties of acetonitrile have shown that,Y(—w;w) and
the small frequency (473.92 cif). Correlation affects the pv  8,2.2Y(—2w;w,w) are negligible.
contribution. The frequency dependent pv contribution could v concluding Remarks
be consi_d(_ared as n_egligible. The zpva correction i? small but We have computed the electronic and vibrational (pv and
not negligible and it is greatly affected by correlation at the

. zpva) contributions to the dipole moment, polarizabilities, and
('\:Aoi%rilstﬁlc.)r;rhe same trend has also been found for the eIeCtronICfirst hyperpolarizabilities of HArF. The presence of Ar makes

N . N . it a very unusual molecule. The considered derivative has very
Hyperpolanzabll_lty. The static pv co_ntr|but|c_>n tﬁzzz Is of large oz; and 3,z We have confirmed this finding by using a
comparable magnitude as the e_Iectronlc c_ontr|but|on_ (Table 4)'series of systematically built basis sets and a hierarchy of

However, thef.Y (—w;w,0) is small in comparison to

$9(—a:,0), but not negligible. Comparing the pure vibrational computational methods. Equation 1? prgyides the frgmework
contrib,uti’on’s we note ) to interpret the computed hyperpolarizability of HArF in terms

of the small-energy difference between the ground and the first
excited state, as well as the large difference between their dipole
moments. The reported comparative study provides evidence,
which suggests that noble gases inserted in chemical bonds (e.qg.,
C—H) may lead to nonlinear optical materials having the

. S required large nonlinear optical properties. The conditions, under
effect on both static and frequency dependent pv contrlbutlons.WhiCh such materials (the structure of which has already been

The zpva contribution has a significant magnitude at the reported?) could be processed, define a challenging problem,
considered levels of theory both in the static and frequency but it is beyond the scope of this work

dependent case. )
The double harmonic approximation gf,*¥ is given by Acknowledgment. We would like to thank Professor T. H.
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frequencies 2173.3, 720.2, and 473.9¢rare associated with  3A036319B

the following contributions:—1295.16, 0.0, and 684.12 au,

|ﬁzzzpv(0;o’ox = |ﬂzzzpv(_a);wro)| = zzzpv(_zw;w’w)

in particular,3,,¥ (—2w;w,w) is very small and it could be
considered negligible at the HF level. Correlation has a great
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