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The influence of the basis set size and the correlation energy in the static electrical properties of the
CO molecule is assessed. In particular, we have studied both the nuclear relaxation and the
vibrational contributions to the static molecular electrical properties, the vibrational Stark effect
(VSE) and the vibrational intensity effe€VIE). From a mathematical point of view, when a static

and uniform electric field is applied to a molecule, the energy of this system can be expressed in
terms of a double power series with respect to the bond length and to the field strength. From the
power series expansion of the potential energy, field-dependent expressions for the equilibrium
geometry, for the potential energy and for the force constant are obtained. The nuclear relaxation
and vibrational contributions to the molecular electrical properties are analyzed in terms of the
derivatives of the electronic molecular properties. In general, the results presented show that
accurate inclusion of the correlation energy and large basis sets are needed to calculate the
molecular electrical properties and their derivatives with respect to either nuclear displacements
or/and field strength. With respect to experimental data, the calculated power series coefficients are
overestimated by the SCF, CISD, and QCISD methods. On the contrary, perturbation nistR&ds

and MP4 tend to underestimate them. In average and using the 8-G{2d f) basis set and for the

CO molecule, the nuclear relaxation and the vibrational contributions to the molecular electrical
properties amount to 11.7%, 3.3%, and 69.7% of the purely electranie, and 8 values,
respectively. ©1995 American Institute of Physics.

I. INTRODUCTION perturbed'"2All these changes can be explained in terms of
the electrical properties, namely, dipole moment, polarizabil-
ﬁy, and nth-order hyperpolarizabilities. Experimental infor-

Such properties give the response of a molecule which igwati(_)n of such chapges_ induced by the electric field cgn be
placed under the influence of an electromagnetic radiatiorPPt@ined from the vibrational Stark effe®!SE) and the vi-
Under these conditions, and taking into account only thdrational intensity effec{VIE). These effects are reported
stronger electric field component, the potential energy of 4rom the Stark tuning rated,g) and from the infrared cross
molecule can be expanded in a Taylor series, section @sg), respectively>-1°

The methodology employed in this paper, which can be

In the last years, there has been a growing interest for th
nonlinear optical properties of polyatomic molecules.

. e extended to polyatomic molecules, will allow us to consider
V=Vo— 2 miFi— 21 2 aijFiF; the most important contributions to the molecular properties.
' t Although some studié$**~*®have dealt with this subject
X,Y,2 earlier, a systematic study of those properties is still missing.
-3 2 BiikFiFjFx—"" . (1) In this work, the potential energy of a chemical system will
Tk be expanded in a double power series. Then, the effect of

both mechanical and electrical anharmonicity corrections
will be included. The purpose of this paper is, thus, to assess
is given by the polarizabilityr, and the nonlinear terms of the.imp_ortance of correl_ation energy, basis set size_, and trun-
the series are given by theth-order hyperpolarizabilities cation in the power series. One mu_s_t note that th|5_ method
(B and y). The dynamic properties are defined for time- Can also be related to the more traditional perturbation treat-
oscillating fields, whereas static properties are obtained if thanent’
electric field strength is time-independent. In this study, only ~ For the molecular properties of the CO molecule, a fair
the static, space-uniform field has been considered, becauaenount of data, either theoretical calculatishé’ or experi-
it allows for the determination of static electrical properties.mental determination® 3 have been reported. To our
When a molecule is placed under the effect of an electriknowledge, few studies have been reported referring to the
field, the electronic cloud is modified, nuclei positions molecular property derivatives. As it will be shown in Sec.
are changed and vibrationdand rotational motion is || the Stark tuning rate &,¢), the infrared cross section

(8sp) and the nuclear relaxatidi®,,,) and vibrational contri-

If the molecular propertie$P in general are defined from
the Taylor series of the dipole momeat the linear response

dAuthor to whom correspondence should be addressed.
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butions (P,;,) to the molecular properties are expressed inB. Power series expansion of the potential energy
terms of these derivatives.

. The potential energy of a diatomic molecule under the
In Sec. Il A, we present the details of the molecular or- P 9y

bital (MO) ab initi lculati ied outin thi def“fect of an uniform, static electric field is a simultaneous
ital (MO) ab initio calculations carried out in this paper, an function of both the field strength and the bond length. Then,

in Sec. 11 B, we report_the relationships betwe@;@, OSE:  the energy of such a system can be expressed as a power
P.» Pyib @nd the coefficients of the power series. The mo-

o . . series expansion,
lecular property derivatives for different levels of theory will
be presented in Sec. Ill. Then, the effect of the basis sets and
correlation energy will be analyzed. From these coefficients, VQF)= E E 2nmQ"F™, 2
the 5,¢, the 8sg and the nuclear relaxation and vibrational n=0m=0
contributions to dipole moment, polarizability, and first hy- where the first index refers to the nuclei displacements from
perpolarizability will be presented and compared with re-the equilibrium bond lengtl®, and the second index refers
spect to available experimental data. to the strength of the electric field.

Differentiation of Eq.(2), with respect to either nuclear
displacements or/and field strength, will lead to relationships
Il. METHODOLOGY between the cgefficienl;:snm o.f th_e polwer series expansion

and the potential energy derivatives:

A. Details of the ab initio calculations

1 [o"Mv(Q,F)
Calculations have been carried out at #ieinitio MO anm= i JQ"F™ . (33
. : . s Q.F=0

level of theory. Inclusion of correlation energy has been con e
sidered through perturbation theory at the MR2f. 39 and  Then, the molecular properties are defined:
MP4 (Ref. 40 levels, and through the iterating methods ClI
(Ref. 41) and QCI(Ref. 42 including all singles and doubles Mel=~801; o=~ 2802; Be=~6a03;
excitations. The basis sets used in this work are the split- (3b)

3 R N X . k:2a20; f:6a30
valence 3-21G? the split-valence including diffuse func-
tions 6-31G,***°polarization functions 6-31@),***6both ~ and their derivatives with respect to either nuclear displace-

diffuse and polarization functions 6-315(d) and the large Ments or/and field strength:

6-311+G(3df) 44547 o Jor
Purely electronic dipole moment, polarizability, and first ( &Qel =—ayq; ((7—(5') =—2a,,;
hyperpolarizability have been computed as first, second, and
third energy derivatives of the energy with respect to the ok 92k P ag, (30)
field strength, respectively. At the SCF level, all these deriva- 9 =2ay;; (W) == Eed =4ag).

tives have been computed analytically. At the MP2 level, the

dipole moment and the polarizability have been computed This paper focuses on a diatomic molecule, so only the
analytically, whereas the hyperpolarizability has been obparallel component of the field with respect to the dipole
tained by numerical differences of the polarizability. At the moment has been considered. In the power series expansion
Cl and QCI levels, the dipole moment has been calculate@f the potential energy, the double harmonic approximation
ana|ytica||y’ and the po|arizabi|ity and the first hyperp0|ariz-inC|Uding both mechanical and electrical first anharmonic
ability have been computed by single and double numericalerms has been assumed. In this model, except for the purely
differences of dipole moment, respectively. At the MP4mechanical terms, the maximum value foris 2, and the
level, both dipole moment and polarizability have been cal-maximum value fom is a function of the molecular property
culated as single and double numerical differences of th@f interest in any case. Under these restrictions, the expan-
energy, respectively. At this level the first hyperpolarizability sion of the double power series of the potential energy used
has not been computed. To consider the effect of triples exs given by

citations at the QC[Ref. 42 level, the dipole moment and V(Q,F)=ago+a;0Q+aygQ%+a30Q%+ (a1 +a1,Q
the polarizability have also been computed by single and ’
double numerical differences of the energy, respectively. All +a,1Q?)F + (agp+a1,Q+a8,,Q%) F2

calculations in this paper have been carried out using the
GAUSSIAN-92 (Ref. 48 series of programs.

Derivatives of the purely electronic molecular propertiesTo our knowledge, this is the first systematic study in which
with respect to the nuclear displacements have been found lifie first anharmonic terms are included in the expansion of
fitting the dipole moment, the polarizability and the first hy- the potential energy. Lambéttwas interested only in rela-
perpolarizability values to a power series in the nuclear cotionships between the power series coefficients and both the
ordinate displacements. At the HF and MP2 level, the quaStark tuning rate and the IR cross section changes. In the
dratic force constant has been computed analytically. Thearly eighties, Pandey and Sarffrapplied the mechanical
MP4, CISD, and QCISD quadratic force constants and all théaarmonic model to both the potential and vibrational energy
cubic force constants have been obtained by fitting the enexpansions. More recently, Castiglioai al>° applied only
ergy to a power series in the nuclear coordinate displacethe harmonic approximation to the power series expansion of
ments. All the equations are presented in atomic units. the potential energy. Then, they only found the nuclear re-

+(ap3ta;3Q+a3QH)F3+--- . (4)
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laxation contributions to the electrical properties. Even more 2

a
recently, Coheret al!? used different orders of the anhar- Veq F)=ago+ag:F +| ag2— 4ai F2+|agz—ay ;i
monic correction for different electrical properties. Inclusion 20 20

of higher order anharmonic terms in the power series expan- a;; a;q |° 3

sion of the potential energy is straightforward following the tan 28, 230 2, Fodee ()
procedure outlined in this section, and it is summarized in

the Appendix.

. Comparison of this equation and the Taylor sefigg. (1)]
The nuclear displacements of a molecule caused by agnd subtraction of the purely electronic contributions leads to
electric field are obtained by differentiation of E@) with purely

. the definition of the nuclear relaxation contributions to the
respect tdQ, and then setting the result equal to zero. Solu—di ole moment(u..), polarizability (a;.), first hyperpolariz-
tion of the resulting equation, using a Taylor series expan- P Fne)r P Y o), yperp

sion, leads to the field-dependent equilibrium coordinate ab|||ty (ﬁ”r)’ etc. This definition of the nuclear re_Iaxatlp_n
contributions to the molecular properties shows their additive

character. At the equilibrium geometry and for the zero-field

a a0 : .
Qeq(F)z—i F case, theP,, contributions to the electrical properties are
280 given by
| B2 81 A 3agg ( ag F24 ...
2a20 a20 2a20 2a20 2a20 ) Mnrzor (8@
(5) ,
“ 2B 8b
The predicted change of the equilibrium geometry induced — %nr— 2a20_a11Qnr' (8b)
by the electric field, the so-calleduclear relaxatiorr® is
given by
B.=3 12811 aya;  asedl;
dQed F) nr a0 2a5, 4a3,
LT
=6[a;,Qp— a21(Qp) > +aso(Qh)1. (80
__ %1 @12 2ap1 [ a1 | 3@z | ann i
280 [0 @z |28/ Az0 |2320 As Castiglioniet al>° pointed out recently, the nuclear relax-

(63) ation contributions to the electrical properties are due to the
change of the equilibrium geometry induced by the field. In

and is mainly a functiortas we will show in Sec. I)lof the  agreement with the recent work of Castilgliogii al,® the
zeroth-order nuclear relaxation ter@y;, previously defined harmonic part of these nuclear contributions is a function of

by Lambert* as two variables, the zeroth-order nuclear relaxat®f), and
the derivative of the purely electrical property of the previ-

% 911 ous order in the field with respect to the coordinétiee

" DAy (6b) a;m_, coefficient of the power serigsAs it can be seeny,,

and a,, are only function of harmonic terms. This is the

This definition of the nuclear relaxation gives only the origin of the zero value fog,,, at the equilibrium geometry
change of the equilibrium geometry, induced by the appliedn absence of a fielda;,=0). The anharmonic part of the
field, with respect to the zero-field equilibrium geoméfty’ B, is a function of the anharmonic coefficients of the power
Equation(6) show that the ratio between the dipole momentseries expansion of the potential energy and the zeroth-order
derivative with respect to the coordinate displacements anduclear relaxation. A similar result has been obtained previ-
the quadratic force constant only controls the change of theusly by perturbation theofy:*> The nuclear relaxation con-
equilibrium geometry induced by an applied field. This tribution to the polarizability and to the first and second hy-
change of the equilibrium geometry would also be inducedperpolarizabilities have been shown to be imporfant:}+>°
by an oscillating field. In this case and due to the nature oDykstra et al,?® Pandrey and Santfy, Rinaldi et al,>*
the applied field, the equilibrium geometry would also oscil-Bishop and Kirtmart? Champagneet al,>® and Bartlett
late around the zero-field equilibrium geometry. This inducedet al>* reach the same conclusion to what they called vibra-
nuclear relaxation is different, in origin, from the vibrational tional contribution to the molecular properties. This amount
motion of a molecule even for nonuniform applied fields.was essentially due to the induced change of the equilibrium
Then, these two effects, nuclear relaxatieither constant or geometry. TheP,, contribution is originated by the nuclei
time-depending and vibrational motion of a molecule will displacement from the zero-field equilibrium geometry, in-
be responsible of two different contributions to the molecularduced by the applied field. In this work, we only have con-
electrical properties. sidered uniform fields, but a similar contribution should be

Substitution of Eq(5) into Eq. (4) will lead to a field- obtained for time-oscillating fields. For these fields, the
dependent potential energy evaluated at the equilibrium gesontribution could be easily coupled with tig;, contribu-
ometry, which will include the effect of the relaxation of the tion, because both effects nuclear relaxation and vibrational
nuclei, motion are time-dependent, but at different frequencies. The
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nuclear relaxation frequency is given by the applied field, Q9081 3agl
and the vibrational motion is given by the vibrational fre- Buib=— g1z | 128236 ——+ 5o
. 4(mk) dogo 23.20
guencies.
To _obtain t_he yibrational <_:ontr_ibution of the molecular 2a;3 a,a;;+aya;,
properties, derivation of the vibrational energy with respect —9agg o a2
to the field strength to the corresponding order must be done. 20 20
In the harmonic model for the vibrational energy, and assum- a3,a1,+ 285087181, 83082185,
ing the zero-point energy as the total vibrational endrgy 423 8a%
temperature effect is considejedhe P,;, contributions in 20 20
atomic units are given by a3,a3,
Tea5 || (119
16ay,
1(0'“’) 1 (dk> F he vibrational contributions of th
Pib=phrpe= — = | = — —, (93 rom Eq.(l_l), the vi ratl_ona contr_l ut_lons of the mo-
Ve ZPET 2\ dF QuF=0 4(mk)*' | dF lecular properties are function of derivatives of the force
constant with respect to the field strength ;, a,,, anda,;
coefficients of the power series expangiom the double
_ 1 d’w harmonic model of the power series expansion of the poten-
Xvib=aAZPET T 5 | E2 B tial energy, these coefficients are not included. In conse-
Qe:F=0 quence, the vibrational contributions to the electrical proper-
1 d2%k 1 /dk\2 ties have a null value. Only when the anharmonic tefaag
== 4(mk) 72 (W) ~ ok (ﬁ) ) (9b)  anda,,, coefficient$ are included in the power series expan-
sion of the potential energy, the vibrational contributions to
the u, o, andB are obtained. Simultaneously, the mechanical
1/(d3w anharmonicity is coupled with derivatives of the electrical
Byib=PBzpe= — 2 (W) properties(a;, and a,,, termg. This point has been previ-
Qe F=0 ously observed for they,, contribution for Coheret all?
1 a3k and Bishopet al>?
== I [(F) Inclusion of the higher order anharmonic terms in the
(mk) power series expansion leads to more complex expressions
3 /d%k\ /[ dk 3 dk\3 of the P,;, contribution to the molecular propertiésee the
T ok (ﬁ) (d_F + (2K)2 (d_F) : (99 Appendix. While u,;, is still unchanged, botlay;, and B,
are corrected by the second-order anharmonic tesuns
az1, 832-
wherem is the reduced masg, is the quadratic force con- The experimental values of VSE and VIE given by the

stant, andw=2mv, wherev is the vibrational frequency. All  Stark tuning rates,g and the infrared cross sectiofyg,
such derivatives of the force constant are evaluated at theespectively, can also be expressed in terms of the coeffi-
equilibrium geometry and at zero-field strength. The field-cients of the power series. From their definitions and using
dependent force constant is obtained by double differentiaatomic units, we have

tion of the power seriefEq. (4)] with respect to the nuclear
displacements, 5,e= ( dv

TS = Am(mk 2 (2ap,—6a30Qp) (123

) Q¢,F=0
keq(F) = 2a20+ 6a30Qeq+ 2a21F + 2&22F2+ 2a23F3(10) and

dinl

Ocrp=| ———
At this point, differentiation of the field dependent force con- SE ( dF )Qe'FO
stant with respect to the field strength should be done. Final

expressions for the vibrational contributions are given by _ 3 (ﬂ) _ 2312_ az1 (12b)
o \dF Qg.F=0 a;y  ag/’
U= — W 2a,,— 3as %), (113 vyherem is the reduced mass ampis the derivative of thg
20 field-dependent dipole moment with respect to the coordinate

displacement. Finallydg/dF is the second derivative of the
22 field-dependent dipole moment with respect to both nuclear
a22——21 displacement and field strength. Both and dg/dF are
820 evaluated at the equilibrium geometry for the zero-field case.
From Egs.(119 and (123, one can see thai, is di-
' (11  rectly related to the Stark tuning rate. In fact, the ratio be-
tween the vibrational contribution and the Stark tuning rate is

1
Qyip= — W

2

6 (312 azai; 3330311)

—bazg 2 3
ay0 2aj3 8a5,
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TABLE I. Equilibrium bond length(in A) of the CO molecule at the dif- TABLE Il. Quadratic force constantkf=(d2E/dr?)=2a,,] of the CO

ferent levels of theory. The experimental value is 1.128R&f. 28. molecule at the different levels of theory. Experimental values are 19.0168
mdyn/A=1.2216 a.u(Ref. 28 and 18.55 mdyn/A1.1915 a.u(Ref. 29.
6-311+G (b) Cubic force constantf[=(9°E/dr3)=6az,] of the CO molecule at the
rA) 321G 6-38G  6-31Gd)  6-31+G(d) (3df) different levels of theory.
RHF 1.1289 1.1295 1.1138 1.1133 1.1026 6-311+G
MP2 1.1712 1.1760 1.1502 1.1504 1.1334 3-21G  6-3#G  6-31G@d) 6-31+G(d) (3df)
MP4 1.1872 1.1939 1.1580 1.1584 1.1406
CISD  1.1535 1.1565  1.1357 1.1352 11173 (@ °Elar?
QCISD 1.1628  1.1672 1.1446 1.1443 1.1264 RHF 1391 1354 1544 1.535 1543
MP2 0.979 0.950 1.171 1.158 1.186
MP4 0.756 0.710 0.962 1.036 1.073
CISD 1.160 1.131 1.344 1.339 1.369

a constant factor. The vibrational contribution of the polariz- QCISD 1.057 1.002 1.228 1.207 1.262

ability can be obtained from what we called in a previous (b) ¢°E/dr®
work? the second order Stark tuning rate. In the same sense, RHF -518 514 544 —-5.74 —-5.85
the third and fourth order Stark tuning rates will give the ~MP2 ~ —380 =364 —4.22 —453  -454
vibrational contributions to the first and second hyperpolar- gzg :i:g% :i:gi :i:?g :j?g :izgé
izabilities. The Stark tuning rate is a well known experimen- ocisp  -382 -395 -4.38 —453 —4.74
tal data for some molecules, but only first order Stark tuning
rates have been reported until n6w®

At this point, it is important to remark that the,, and
P.i» Contributions to the molecular electrical properties can-TG(d) and QCISIT)/6-311+G(3df) levels of theory gave
not be directly compared with the vibrational contributionsond length of 1.1480 and 1.1310 A, respectively. Except for
arising from perturbation theory methods. This classical nothe HF/3-21G value, only the use of a very flexible basis set
tation gives also two different terms for the vibrational con-like 6-311+G(3df) and accurate inclusion of the correlation
tributions. One of them, which is closer to the vibrational €n€rgy allows one to reproduce the experimental bond length
term, can be extracted from the zero point vibrational aver!{relative error lesser than a 394 he dependence of the equi-
age over the propertzPVA). The second, known as purely librium bond length of the CO molecule with the level of
vibrational, is related to the nuclear relaxation term. How-theory used will affect the theoretical determination of the
ever, the sum of these terms must have the same value for ti§éectrical properties. MP4 predicts poor bond lengths consid-
two methods. The analysis of the molecular electrical prop€ring that both triples and quadruples excitations are in-

erties presented in this work and the perturbative treatmerfiuded in this wave function.
are compared in detail in Ref. 17. The quadratic and cubic force constants of the CO mol-

ecule are presented in Tablega)l and ll(b), respectively.
With respect to the average of the experimental harmonic
force constant$1.217 a.u.the SCF values are clearly over-

In this section the molecular properties and their deriva-estimated, and inclusion of the correlation energy tend to
tives computed at different levels of theory are presented andecrease the calculated force constant. For the polarized ba-
compared with available numerical Hartree—FdcRresults  sis sets, while the MP2 and MP4 values are clearly underes-
and experimental datd-38 First, we focus on the equilib- timated, the CISD values are still overestimated and the cal-
rium bond length and the molecular properties calculatedculated QCISD force constant are also overestimated except
second, we present the molecular properties derivatives olfer the 6-31G(d) basis set. The best calculated values are
tained; third, calculation of the nuclear relaxation and vibra-the QCISD with the 6-31G{) and 6-31%G(d) basis sets,
tional contributions of the electrical properties, first orderthat show relative errors lesser than 1% with respect to the
Stark tuning rate, and infrared cross section are presentedyeraged experimental value. On the other hand, the cubic
finally, a general discussion is given. force constant, at least for the correlated levels and the two

In the present study, all the magnitudes presented havarger basis sets, shows relative errors smaller than 5% with
been computed at the equilibrium bond length of the COrespect to the QCISD/6-3#G(3df) value. In general,
molecule at each level of theory used. Unless it is speciallghese errors are smaller than those obtained for the quadratic
specified, the numerical values of these magnitudes for thiorce constant.
carbon monoxide are given in atomic units. Tables llKa), 11l (b), and lli(c) present the values calcu-

In Table I, the calculated bond length of the CO mol-lated of the purely electronic component of the electrical
ecule is presented. With respect to the experimental bondroperties. As it is well known, the dipole moment of the CO
length, the HF level tends to underestimate its value whemolecule is a very sensitive property due to its small abso-
polarization functions are included in the basis sets. Thidute value. Direct comparison between the SCF dipole mo-
behavior shows a clear cancellation of errors for the 3-21Gnent presented in Table (d) and the numerical HRHF/
and 6-31G basis sets. Inclusion of the correlation energynum) value cannot be done because the numericdias
tends to give larger values than the experimental bondeen computed at the experimental bond length. At the ex-
length, except if a high level of theory and a large basis set iperimental geometry, the calculated HF/6-3tl)5(HF/6-31
used. Inclusion of triples excitation at the QCISNG6-31  +G(d), and HF/6-31%+G(3df) values of the dipole mo-

Ill. RESULTS AND DISCUSSION
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TABLE Ill. (a) Electronic component of the dipole momédnt,=— (JE/

Luis et al.: Properties of the CO molecule

TABLE V. (a) First derivative of the dipole moment with respect to the

JF)=—ay,] of the CO molecule at the different levels of theory. The nu- bond length [¢u/dr)=—a,,] of the CO molecule at the different levels of

merical Hartree—Fock value is0.104 26(Refs. 18, 19 Experimental val-
ues are 0.048 a.uRef. 30 and 0.044 a.u(Ref. 31). A positive dipole
moment means the polarity ©*. For the dipole moment, 1
a.u=8.478 36<10°° C m=2.541 75 D.(b) Electronic component of the po-
larizability [a=— (9°E/ JF2) = — 2a,,] of the CO molecule at the different
levels of theory. The numerical Hartree—Fock value is 14Réfs. 18 and
19). The experimental value is 17.55 a(Ref. 3. For the polarizability, 1
a.u=1.648 78&10** C2m? J L. (c) Electronic component of the first hy-

theory. The experimental value 53.22<107%° esu=0.670 a.u(Refs. 33—
35). (b) First derivative of the polarizability with respect to the bond length
[(daldr)=—2a,,] of the CO molecule at the different levels of theory. The
experimental value i$2.98+0.38x10 % cn?=(10.6+1.4) a.u. (Refs. 36
and 37. (c) First derivative of the first hyperpolarizability with respect to
the bond length [{B/dr)=—6a,3] of the CO molecule at the different
levels of theory.

perpolarizability [ B, =— (#°E/JF3) = —6a,,] of the CO molecule at the 6-311+G
different levels of theory. The numerical Hartree—Fock value is 3(R&s. 3-21G 634G 6-31Gd) 6-31+G(d) (3df)
18 and 19. For the first hyperpolarizability, 1 a#3.206 36<107%3
cmii2 (@ aulor
RHF —0.851 —-1.072 —-0.987 —1.059 —-1.014
6-311+G MP2 —-0.218 —-0.416 —-0.425 —0.504 —0.501
3-21G 6-3%G  6-31G+(d) 6-31+G(d) (3df) MP4 —0.228 —-0.347 —-0.431 —0.489 —0.498
cIsD  -0577 -0.808 -0727  -0.804  —0.788
(@ pe QCISD  -0.496 -0713 -0644  —0719  —0.711
RHF —0.1562 —0.2081 —0.1035 —0.0972 —0.0574
MP2 0.1204 0.0688 0.0791 0.0767 0.1046 (b) dalor
MP4 0.0501 -0.0077 0.0348 0.0366 0.0771 RHF 8.50 10.12 9.05 9.78 9.22
CISD —0.0104 -0.0746 —0.0183 —0.0160 0.0235 MP2 10.37 14.04 11.28 12.93 12.00
QCISD 0.0020 -0.0542 —0.0045 —0.0035 0.0364 MP4 7.59 11.26 9.76 11.33 11.11
CISD 9.04 11.42 9.85 10.89 10.14
(b) ag, QCISD 8.86 11.51 9.91 11.14 10.49
RHF 11.17 14.17 11.99 14.10 14.05
MP2 12.32 17.41 13.24 16.14 15.73 (c) aBlor
MP4 11.96 17.11 13.11 16.04 15.73 RHF 20.07 15.54 27.35 16.37 10.65
CISD 11.15 16.49 12.72 15.28 14.84 MP2 —-9.95 —17.15 5.59 —2.27 —-2.29
QCISD 12.03 17.04 12.98 15.75 15.32 CISD 4.03 —7.26 15.07 1.44 1.37
QCISD  -1.19 -16.57 8.14 -2.23 1.78
(C) Bei
RHF 15.67 37.10 19.43 33.53 29.67
MP2 5.57 30.89 13.95 31.00 27.18
QC(;?SDD 3?1’ zg:gg 13';1 ziigg gg'_ig contributions different from the pure electronic are needed to

reproduce the experimental value.

From the SCF data presented in Tablgdl) it can be
observed the dependence of tlewith respect to the basis
set and to the geometry used. For the 6-&l(d) and 6-311

ment are—0.1304,—0.1269, and-0.1063 a.u., respectively. +G(3df) basis sets, all the correlated levels predict values
These results clearly show two facts. First, very flexible basi®f 8 that agredless than a 10% errpwith the experimental
sets must be used to reproduce the numerical SCF dipoldata? (Bespc=30.2+3.2 a.u) showing the need to include
moment, and second the experimental bond length only caboth diffuse and polarization functions in the theoretical cal-
be reproduced if an accurate introduction of the correlatiorculations of this nonlinear optical property. In a recent re-
energy is done. Then, when correlation energy is includedyiew, Shelton and Ricehave established the third harmonic

both the equilibrium bond length and the calculajeg are

generatiofTHG) and the static electric field induced second

getting close to the experimental values. The QCISD/6-31harmonic generatiofESHG as the preferred experimental

+G(3df) dipole moment, presented in Table(d), underes-

techniques to determine the electronic contribution to the

timates the dipole moment by 20%. When the triples excitahyperpolarizability.

tions are included at the QCISD)/6-311+G(3df) level, the

In Tables IMa), 1V (b), and I\(c), the first derivatives of

Mer 1S 0.0495 a.u., which represents an overestimation fromu,, g, and B with respect to the normal coordinate are
the experimental value. Clearly, contributions different frompresented. Contrary to the evaluation of the dipole moment,
the purely electronic one must be considered to reproducthe calculated values of the dipole moment derivative have
the experimental value of the total dipole moment. the correct sigff for the different levels of theory used in the
For the polarizability and due to its higher absolute present work. While the SCF values overestimated this de-
value, the agreement between the calculated values and thigative by more than 50% with the basis sets including po-
experimental data is much better. Comparison between thiarization functions, the MP2 and MP4 levels underestimate
HF/num and the HF/6-31G(3df) polarizability gave a the dipole moment derivative by more than 20%. Like the
3% underestimation of the MO-LCAO value, which can beSCF levels, the CISD and QCISD levels overestimate their
due to the different bond length used in the calculationspredicted dipole moment derivative, but the relative error is
Therefore, at the correlated levels a better agreement beeduced to 6.1%, when the 6-3tG(3df) basis set is used.
tween the calculated and the experimentashould be ex- However, due to cancellation error the QCISD/6-3d§5(
pected. Inclusion of the triples excitations at the QCIBD  level reproduces, with an error lesser than 5%, the experi-
6-311+G(3df) level gave 15.55 a.u. This value under- mental value of the dipole moment derivative.
estimates the experimental data by 11%. Consequently, other The values of the&/B/dQ presented in Table I¥) have
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TABLE V. (a) Second derivative of the dipole moment with respect to the TABLE VI. (a) Zero order nuclear relaxatioQf, = a;,/2a,o) of the CO
bond length [¢?u/dr?) = — 2a,,] of the CO molecule at the different levels molecule at the different levels of theoris) Nuclear relaxation contribution
of theory. The experimental value i€0.29+0.10x10 2 esu/crd to the polarizability @, = a;,Qp,) of the CO molecule at the different
=(0.032£0.01) a.u. (Refs. 33—-3% (b) Second derivative of the polar- levels of theory(c) Nuclear relaxation contribution to the first hyperpolar-
izability with respect to the bond length 3a/r?) = —4a,,] of the CO izability [Eq. 8c)] of the CO molecule at the different levels of theory.
molecule at the different levels of theorfg) Second derivative of the first

hyperpolarizability with respect to the bond length 998/dr?) 6-311+G
=—12a,5] of the CO molecule at the different levels of theory. 3-21G 6-34-G  6-31Gd) 6-31+G(d) (3df)
6-311+G (@ Qn
3-21G  6-3%#G 6-31G@) 6-31+G(d)  (3df) RHF 0.607 0.796 0.640 0.688 0.657
MP2 0.227 0.441 0.359 0.436 0.423
(@ Pular? MP4 0.302 0.488 0.448 0.472 0.464
RHF —-0.162 0.162 -0.128 —-0.391 —0.100 CISD 0.463 0.715 0.541 0.605 0.575
MP2 1.470 0.524 0.292 0.684 0.392  qciIsb 0.470 0.711 0.524 0.596 0.563
MP4 1.351 1.508 0.982 0.960 0.744
CISD 0.198 —0.093 0.004 -0.111 —0.198 (b)
QCISD 0.342 0.120 0.190 0.099 -0.010 RHF 0.52 0.85 0.63 0.73 0.67
MP2 0.05 0.18 0.15 0.22 0.21
(b) #*alor? MP4 0.07 0.17 0.19 0.23 0.23
RHF 4.08 6.48 5.73 7.88 7.59 CISD 0.25 0.58 0.39 0.49 0.45
MP2 8.81 15.27 8.86 12.20 13.62 QCISD 0.23 0.51 0.34 0.43 0.40
MP4 -0.76 8.30 1.69 —1.47 7.33
CISD 4.82 7.06 6.22 7.57 7.76 (©) Bur
QCISD 277 4.62 4.76 6.19 6.80 RHF  —16.80 —26.47 —18.97 —-22.64 -19.67
MP2 -6.78 —1856 —12.24 —16.90 —15.36
(0) B2/ ar? MP4  —662 —1589 —13.02 -15.89 ~15.41
RHF =79 6.3 41 17.8 26.1 CISD -12.83 -26.17 —16.72 —20.95 —-18.64
MP2 -3.7 -341  -818 —-179.0 958.3 QCISD -1265 —25.82 —16.08 —20.77 -18.58
CISD 21.7 71.7 8.9 632.2 —194.5
QCISD  —29.7 278  -37.9 -1001.7  —341.7

from one basis set to anothéviP4), the HF, CISD values
are overestimated with respect to the QCISD ones. In par-
the correct sigi® The different behavior of the dipole and ticular, the most favorable caséblF/6-311+G(3df) and
polarizability first derivatives with respect to the level of CISD/6-311G(3df)] show relative errors of 11.6% and
theory can be due to the different sensitivity of the dipole14.1% with respect to the QCISD/6-315(3df), respec-
moment and the polarizability to the change of the bondively. The calculated values of the second derivatives of the
length. This effect can be observed experimentally in the3 show even more erratic behavior than the second deriva-
different changes produce by the environm@piectra in so- tive of the polarizability. This behavior can be due to numeri-
lution) in the line intensities of the infrared and raman vibra-cal instabilities of the calculated?3/9Q?. Then, to obtain
tional spectroscop¥’ With respect to the experimental data, accurate values of these derivatives analytical derivatives of
the calculated SCF values a&/JQ are underestimated and the electrical properties are needed.
the MP2 values are overestimated. The CISD and QCISD Table Vi(a) presents the zeroth-order nuclear relaxation
calculations give values that are into the margin of error otterm defined in Eq(6a). From the experimental values of the
the experimental data, especially when the larger basis setipole moment derivativé>® and the harmonic force
are used. The calculated values of the first derivative ofgthe constant®?° the experimental estimate of the zeroth-order
with respect to the nuclear displacements presented in Tablaiclear relaxation is(0.555+0.009 a.u. The predicted
IV(c) show two different facts. First, the SCF values arezeroth-order nuclear relaxation value at the QCISD/6-311
clearly overestimated. Second, both correlation energy and G(3df) differs by less than 2% from the experimental
very flexible basis sets must be used to obtain reliable valuegalue. This great agreement that could be fortuitous could
of the 9B/4Q. It seems that the first derivative of th®@  also be due to the consistency in the errors observed for the
probably has a small absolute value. dipole moment derivative and the quadratic force constant at
In Tables \a), V(b), and Mc), second derivatives of the this level of theory with respect to the experimental values.
M, a, and B with respect to the nuclear displacements aren general, the CISD and QCISD calculations using basis
presented. The second derivative of the dipole moment witlsets including polarization functions predict @, with less
respect to the normal coordinate, like higher order derivathan a 10% error with respect to the experimental one. While
tives of dipole moment, has been assumed to be sthall.the SCF tends to overestimate the zeroth-order nuclear relax-
Except for some MP2 and MP4 calculated values, this istion, the MP2 and MP4 levels underestimate it, essentially
what Table \(a) shows. The HF, CISD or QCISD values are because of the error in the dipole moment derivative. In the
either positive or negative, but small in general. The besprevious section we assessed that the zeroth-order nuclear
calculated value[QCISD/6-311-G(3df)] is three times relaxation term{Eqg. 6b)] represents the major contribution
larger than the experimental determination, showing thato the total nuclear relaxation. For instance, for a field
probably all the calculated?u/dQ? suffer form numerical  strength of 0.01 a.u. th€y, term computed at the SCF,
instabilities. For thex derivative, except the perturbative val- CISD, and QCISD levels gave more than 90% of the total
ues, which are very largéMP2) or change even the sign nuclear relaxation. At the MP2 and MP4 levels, the zeroth-
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TABLE VII. (a) Vibrational contribution to the dipole momefiq. (113] TABLE VIIl. (a) First order Stark tuning rateEg. (129] of the CO mol-
of the CO molecule at the different levels of theofly) Vibrational contri- ecule at the different levels of theofin 10" cm™Y%V cm™1). The experimen-
bution to the polarizabilitfEq. (11b)] of the CO molecule at the different tal value is(5.09+1.00x10"7 cm %V cm™ (Ref. 14. (b) Infrared cross
levels of theory(c) Vibrational contribution to the first hyperpolarizability section changefEq. (12b)] of the CO molecule at the different levels of

[Eg. (119)] of the CO molecule at the different levels of theory. theory (in 10° cm/V). The experimental value i6-5.5+5.8)X10 ° cm/V
(Ref. 14.
6-3114+G
3-21G 6-31-G  6-31Gd) 6-31+G(d) (3df) 6-3114+G
3-21G  6-3%-G 6-31G(d) 6-31+G(d) (3df)
(@ mib
RHF  —0.0062 —-0.0076 —0.0065 -0.0078  —0.0071 (@ 107-6,¢
MP2 0.0014 —0.0025 —0.0025 —0.0027  —0.0031 RHF 5.32 6.47 5.55 6.69 6.06
MP4 0.0006 —0.0011 -—0.0034 —0.0026 —0.0027 MP2 -1.19 2.12 2.15 2.30 2.68
CISD —0.0035 —0.0065 —0.0049 —0.0058 —0.0059 MP4 —-0.54 0.94 2.93 2.22 2.31
QCISD —0.0032 —0.0060 —0.0043 —0.0053  —0.0053 CISD 2.99 5.56 4.20 4.98 4.97
QCISD 2.69 5.13 3.64 4.52 4.56
(b) Qyip
RHF 0.07 0.08 0.07 0.08 0.07 (b) 10°- 6
MP2 0.11 0.16 0.10 0.13 0.12 RHF -3.92 -3.62 -3.59 —3.69 —3.56
MP4 0.09 0.18 0.13 0.10 0.11 MP2 —17.85 —12.88 —10.22 —-9.74 —-9.17
CISD 0.07 0.10 0.08 0.09 0.08 MP4 —-12.22 -11.79 —-8.41 —8.40 —-8.94
QCISD 0.07 0.11 0.08 0.10 0.09 CISD —6.47 —5.52 —5.26 —5.29 —5.05
QCISD -6.81 —6.23 —-5.91 —5.98 —5.74
(© Bui
RHF -0.28 —-0.29 -0.29 -0.27 -0.18
MP2 0.20 —0.30 -0.19 —0.44 1.86
—3
(;:CIISSDD _&11310 _8:;3 _3'1011 _2237 _g:gé the anharmonic terms represent the 4.6% and 0.9% of the

total B,,,, respectively.

In Tables VIKa), VII(b), and Vli(c) the vibrational con-
tributions to the electrical properties are presented. Compari-
son between the, and thew,;, shows that the vibrational
order contribution represents more than 80% of the totatomponent is a meaningful component of the total value of
nuclear relaxation. When only the first field-dependent ternthe dipole moment. For instance, using the 6-8G(3df)
of the nuclear relaxation is added to the zeroth-ordebasis set and in absolute value, g, represents 11.7% of
(Qn~Qpr+ayF/2apmore than the 98% of the total the u,, in average. As it is shown in the Appendix, higher
nuclear relaxation is obtained, showing that these harmoniorder anharmonic corrections will not improve the vibra-
terms are the most important ones of the total nuclear relaxional contribution to the dipole moment. From Tables(¥]I
ation. For this reason, in the evaluation of the field-and Vli(c), the vibrational contributions to the and g8 are
dependent force constant derivatives, only the harmonitess important than the nuclear relaxation one. But, bgh
terms of theQ,, have been considered to obtain the vibra-and 8,;, must be considered to obtain accurate values of the
tional contributions to the electrical properties. total « and 8. Specially theB,;, represents more than 10% of

Tables VIb) and VI(c) present, respectively, the nuclear the nuclear relaxation contribution, at the QCISD/6-311
relaxation contributions to the polarizability and to the first +G(3df) level.
hyperpolarizability. From the experimental values of the di-  In Tables VIli(a) and VIIi(b), the calculated Stark tuning
pole moment derivative and the harmonic force constant, theate and IR cross section changes are given. The calculated
experimental estimate of the,, is (0.372:0.005 a.u. The HF, CISD, and QCISD values of thé, agree with the
predicted QCISD/6-312G(3df) nuclear relaxation contri- experimental determination. The MP2 and MP4 are quite
bution to the polarizability is overestimated by 7.5% with different than the experimental, . A similar fact can be
respect to the experimental value. The SCF, MP2, and MP4ébserved in the theoretically predicted values of thg.

a,,, contribution reproduces, essentially, the behavior of thaVhile the CISD and QCISD values are in good agreement
dipole moment derivative. The best estimated valug,pis  with the experimentally observed IR cross section change,
obtained at the QCISD/6-31@) level. The calculateg3,,  the MP2 and MP4 values are larger. The origin of this be-
takes negative values that have the same order of magnitudgvior is also due to the large calculaieg coefficient. The
than the electronic component, like Tablegd]lland VI(c) SCF estimateddsg is smaller than the experimental value
show. For instance at the QCISD/6-31G(3df) level, the because to the large calculated first derivative of the dipole
absolute value of th@,, represents 68.4% of the,. Thisis  moment[Table IMa)].

a general behavior obtained at the different levels of theory At this point, a comparison between contributions to the
considered. At the HF or MP2 with the 6-31(basis set, molecular properties obtained in the present work and ob-
the nuclear relaxation contribution has roughly the same altained using the finite field methodoldty® to the previ-
solute value than the electronic one. At the SCF level, theusly reported datecan be made. Data reported in Ref. 5 are
anharmonic terms represent, in average, 8% of the ftal obtained at the HF/DZP level. Then, the comparison must be
However, at the correlated levels these anharmonic termdone with respect to the HF/6-31@( values. At the HF/
represent less than 5% of the total valugsgf. For instance, DZP level, ther,, thek, the ug and the fu/dQ)Qeqr-o

at the QCISD and MP2 using the 6-32G(3df) basis set, values are 1.117 A, 1.525 a.4+:0.070 a.u., and-1.068 a.u.,
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respectively. The larger difference between these values andlue for all the diatomic molecules. While the nuclear con-
the HF/6-31G({l) ones is obtained for the dipole moment. tribution is null for the dipole moment, for the polarizability
From these data, th@}, and theq,, are, respectively, 0.700 and for the first hyperpolarizability represents 2.6% and
and 0.748 a.u. The nuclear relaxation contributions to th&5.1% of the electronic contribution. The vibrational contri-
dipole moment, polarizability and first hyperpolarizability bution of these static electrical properties represents 11.7%,
obtained by the finite field method are0.001, 0.74, and 0.6%, and 4.7% of the electronic contributions. From these
—22.17 a.u., respectively. The nonzero value of ghegave  data, it can be concluded that all three contributions must be
the numerical error of the finite field values. Vibrational con-considered to theoretically reproduce the experimentally de-
tributions to the electrical properties obtained by the finiteterminated static electrical properties. In particular for the
field method are-0.0077, 0.06, and 0.66 a.u., for the @,  dipole moment of the CO molecule, the best predicted value
and B, respectively. The finite field values are in the sameof the total dipole moment obtained in this work is 0.044
order of magnitude than the values presented in this worka.u., considering the QCISD)/6-311+G(3df) electronic
Except for thea,,, the finite field values are slightly over- component, and the QCISD/6-316(3df) vibrational one.
estimated with respect to th&,, and P,;, contributions cal-  This value of the total dipole moment of the CO molecule
culated in this work. The origin of this overestimation can beagrees with available experimental d3ta! Assuming for
due to the different basis set used. But, a systematic slighhe u,;,, the same relative error that it has been observed for
overestimation of the nuclear and the vibrational contributhe 6,g, the theoretically predicted total dipole moment is
tions to the molecular properties cannot be disregarded. 0.047 a.u. This value of the dipole moment is also in agree-

ment with the experimentally determined vafiié! A simi-

lar result is obtained using thg, values calculated by
IV. CONCLUSIONS Scuseriaet al?° at the CCSIT) level of theory. Only con-

The present study consists in a detailed interpretation ofidering both contributiong and uy;, the experimental di-

the nuclear relaxation and vibrational contributions to thepoIe momelnt can be tr)eproduced(.j Fgrlthe hpolarrl]zabllhty, tho
dipole moment, polarizability and hyperpolarizability of a same conclusion can be assumed. Only when the electronic,

diatomic molecule. Carbon monoxide has been chosen as af€ nuclear relaxation, and the vibrational contributions are
example. TheP,, andP,;, contributions to the static molecu- ;:cinfldelr e‘.j’ tg-?trelfg“(/)i error of tze th((jac;rchallyhcaIciJcl)a;/ted
lar electrical properties, thé g and thedsg have been inter- otal polarizability (16.04 a.u. is reduced to less than 0

preted in terms of the derivatives of the electronic compo-W'th res_pect to the experlmental val(@7.55 a.J. Be'.[ter
nents of theu, @, and 8. These derivatives have been estimations of the theoretical values could be obtained by

evaluated at the equilibrium geometry and in the sero-fielgnalytical ev_aluation of t_he electronic component derivatives
case. The calculateBly, P, Py, 8, , and dsg have also of the e_lectrlcal prop_ertleo. Actually, the methodology pre-
been compared with the available experimental data. Finallf,enfed in Sec. IIB is being extended to polyatomic mol-
the effect of the basis set and the correlation energy and th%cu_?rsl‘ G q h . h b dered
truncation in the power series expansion have been consid- e first order anharmonic terms have been considere

ered in the study of these molecular properties of the can the calculated contributions to the electrical properties and

molecule in the Stark tuning rate and IR cross section changes by
With respect to the level of theory, we have found thatincluding these terms in the power series expansion of the

both very flexible basis sets and correlation energy must bBotentlal energy. The first order mechanical anharmonic co-

considered to accurately reproduce the experimental datgff'?enttas’t% his been_ Shov‘(’je? t_i_)hl_ae_thg mostﬂ:mportalot corf-
when they are available. In general and considering the loECtion 1o the harmonic model. This IS due to the coupling o

computational cost of the MP2 calculations, this level othiS term with deriv_ativo_s of the dipole moment, polarizabil-
theory allows to obtain reliable values of the different con-1: and hyperpolarizabilitya,; , a5, anda ).

tributions (electronic, nuclear relaxation, and vibrationtd

the total molecular electrical properties. For properties with

small absolute value, an accurate inclusion of the triples ex?CKNOWLEDGMENTS
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total dipole moment, polarizability, and first hyperpolariz-

ability have been evaluated. The relative weight of these con-

tributions to the total molecular electrical properties is in- x\ppENDIX

creased with the order of the molecular property. In average

and using the 6-3HG(3df) basis set for the different lev- Inclusion of the second order anharmonic corrections in
els of theory used, these contributions represent 11.7%he power series expansion of the potential energy must be
3.3%, and 69.7% of the electronic contribution of fhea,  done including thea,q and a5, terms. Under these condi-
and B, respectively. It has been shown that flyg has a zero tions, the potential energy expansion is given by
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V(Q,F)=agp+a10Q+820Q° +a30Q%+a,40Q* coefficientsay;, az,, anda,, lead to more complete expres-
sion of theB,;, . The vibrational contributions to higher order

+(a01+211Q+221Q°+a3:Q%)F nonlinear optical properties will be even more sensitive to

+ (gt 81,Q+ 895Q%+ 85,Q%) F2 th_e anharmonic term;. From the vibrational contribu_tions ob-

tained in this Appendix, the second order anharmonic correc-
+(agata13Q+a,3Q%+a33Q%)F3+--- . (Al)  tionsa,,, as;, andas, are coupled with first order anhar-

monic terms(azo and a,;) and with the nuclear relaxation

Following Sec. Il B, it can be easily shown that the
%erms(alllazo anda;,/ayg).
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