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Electric field gradient, generalized Sternheimer shieldings and electric field
gradient polarizabilities by multiconfigurational SCF response
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The electric field gradient~EFG! at the nuclei, the generalized Sternheimer shielding constants and
the EFG electric dipole polarizabilities are computed for eight small molecules employing
multiconfigurational self-consistent field wave functions and the corresponding linear and quadratic
response functions. The molecules studied are H2, N2, CO, HF, C2H2, HCl, HCN, and HNC, all of
which are linear. For the hydrogen molecule, full configuration-interaction results for the properties
are also reported. The dependence of the computed quantities on the basis set and the
electron-correlation treatment is analyzed. ©1998 American Institute of Physics.
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I. INTRODUCTION

The electric field gradient~EFG! at a nucleus provides
valuable information on the molecular structure and is
powerful probe of the characteristics of the chemical bo
Combined with either experimental nuclear quadrupole c
pling constants or nuclear quadrupole moments~NQM’s!, it
can be used to extract the former or the latter in quadrup
nuclei. As such it can be measured from microwave spec1

The EFG at a nucleus is affected by external fields a
field gradients, a phenomenon first studied extensively in
oms and atomic ions by Sternheimer, see Ref. 2 and re
ences therein. The lowest-order response contributions to
perturbative expansion of the EFG at the nucleus have s
been known as Sternheimer shieldings or antishieldings~de-
pending on the sign! and were employed in studies o
nuclear quadrupole couplings in alkali halide diatomics
the early sixties.3 The theory of Sternheimer shieldings
molecules has been discussed by Egstro¨m and co-workers4

and recently in a more general way by Fowler a
co-workers.5 An alternative treatment can be found in Ref.

Experimentally, a fairly large amount of data has b
come available on the EFGs of weak complexes7–10 and of
ions.11 The effect of weak complexation on the EFG at t
nuclei is discussed in Refs. 12–15. Recently, the first an
sis of the dependence of the interaction of the NQM with
EFG in an externalmagnetic field has appeared in th
literature,5,16 opening a subject~magnetic field effects on the
EFG at the nucleus! that is likely to become more importan

a!E-mail: rizzo@hal.icqem.pi.cnr.it
b!E-mail: kenneth.ruud@kjemi.uio.no
c!E-mail: t.u.helgaker@kjemi.uio.no
d!E-mail: michaljz@alfa.ichf.edu.pl
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with the increased magnetic field strengths that are becom
available.

The literature on theab initio calculation of Sternheime
shieldings, their multipolar extension~the generalized Stern
heimer shieldings!, and their higher-order response relativ
~the EFG polarizabilities! is now large. The techniques in
clude finite perturbation methods4, coupled-perturbed
Hartree–Fock theory17 and Dykstra’s derivative Hartree–
Fock ~HF! approach.6 All these approaches were used in
series of papers to study of the effect of external fields on
EFG at the nitrogen nuclei of HCN and HCl. Bacskay a
co-workers18–20 and Fowler21,22 have employed finite field
techniques. Fowler and co-workers have recently prese
correlated calculations of generalized Sternheimer shield
in dihalogen molecules,23,24 which are extended to includ
relativistic effects and are employed to model weak co
plexation.

The present study is similar to the work of Bishop a
Cybulski ~BC! on the EFG, the generalized Sternheim
shielding constants, and the EFG polarizabilities in a se
of small molecules.25 In their paper~BC1!, BC used self-
consistent field~SCF! theory and second-order Mo” ller–
Plesset~MP2! theory to determine the response of the EF
at the nuclei of ten molecules. In the present paper,
present multiconfigurational SCF~MCSCF! results for seven
of the same molecules (H2, N2, HF, HCl, HCN, HNC, CO!
as well as for C2H2, a system that has also been the subj
of some of our studies of nonlinear magneto-optic
effects.26–28 In a follow-up paper~BC2!, BC studied the ef-
fect of vibrations on the properties in BC1, but only for th
molecules H2, N2, HF, and CO.29 Both zero-point average
and pure vibrational corrections were computed.

In BC1 and BC2, BC employed extensive basis se
4 © 1998 American Institute of Physics
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calculating the EFGs as expectation values in the SCF
proximation and as analytical derivatives~of the energy with
respect to the NQMs! at the MP2 level. The linear respons
properties were obtained analytically as appropriate der
tives of the EFG at the nucleus; the quadratic properties w
determined by a finite-field approach.

In this paper, we compute in the MCSCF approximati
the EFG at the nuclei as expectation values and the St
heimer coefficients and EFG polarizabilities from linear a
quadratic response functions. No use is made of finite-fi
techniques. For easy comparison with BC1 and BC2,
employ the same basis sets as in these papers althoug
investigate primarily the performance of the correlatio
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consistent sets of Dunning and co-workers.30–32 We do not
discuss the dependence of the properties on the molec
vibration, a topic treated exhaustively in BC2.

In Sec. II, the theoretical aspects of the dependence
the EFG at the nuclei on external fields are summarized
some definitions are given. Also, the method employed
compute the properties is defined. Section III contains so
computational details and in Sec. IV the results are prese
and discussed. In Sec. V, we give some concluding rema

II. THEORY AND DEFINITIONS

In the traceless form, the EFG at a nucleusP can be
obtained as the expectation value5,17
electric
Vab
P 5^cu(

i

$3~r ia2RPa!~r ib2RPb!2ur i2RPu2dab%

ur i2RPu5
uc&2 (

QÞP
ZQ

$3~RQa2RPa!~RQb2RPb!2uRQ2RPu2dab%

uRQ2RPu5
, ~1!

with r i andRQ being vectors denoting the position of the electrons and the nuclei, respectively. In a static, nonuniform
field, the EFG at the nucleusP can be expanded as~using Einstein summation over repeated indices!5

Vab
P ~F !5Vab

P 1gab,g
P Fg1 1

2 eab,g,d
P FgFd1 1

6 fab,g,d,e
P FgFdFe1 . . . 1@ 1

2 ~daddbg1dagdbd!1gab,gd
P #Fgd

1@ 1
2 ~daddbg1dagdbd!RPe1gab,gde

P #Fgde1@ 1
4 ~daddbg1dagdbd!RPeRPf1gab,gdef

P #Fgdef1•••. ~2!
iate

ve
l-
sors

e-

eld;
Here Vab
P denotes the EFG at the nucleusP in the unper-

turbed molecule;Fa is thea component of the electric field
vector;Fab , Fabg••• indicate the components of the grad
ent and the hypergradients of the electric field, all defin
with respect to a given origin. Equation~2! has been gener
alized also to time-dependent electric fields.5 In each square
bracket, the first term arises from the expansion of the E
at RP in terms of the~hyper!gradients of the field. The ten
sorsgab,gde . . .

5 represent thelinear response of the EFG a
the nucleus P to the electric field perturbation; th
eab,gd . . . ,rs . . .

3 represent the quadratic response; the
fab,gd . . . ,rs . . . ,nj . . . the cubic response, and so on. Theg’s
are thegeneralized Sternheimer shielding constants, with
gab,g

P often being identified as theSternheimer shielding~or
antishielding if the sign is negative!. The e,f, . . . denote
the EFG (hyper)polarizabilities.3 In Eq. ~2!, contributions to
the quadratic and higher-order responses involving the m
ing of fields and~hyper!gradients of the fields have bee
neglected.

In this paper, we focus on the calculation of the EF
tensor (Vab

P ), the generalized Sternheimer shielding co
stants related to the linear response of the EFG to the ele
field (gab,g

P ) and to the electric-field gradient (gab,gd
P ), and

the EFG electric dipole polarizability tensor (eab,g,d
P ). In the

notation and convention of Ref. 33, these quantities may
expressed as linear and quadratic response functions~see for
example Ref. 34!,

gab,g
P }^^Vab

P ;r g&&0 , ~3!

gab,gd
P }^^Vab

P ;r gr d&&0 , ~4!

eab,g,d
P }^^Vab

P ;r g ,r d&&0,0. ~5!
d

G

x-

-
ric

e

where the quantities on the right represent the appropr
linear @Eqs. ~3! and ~4!#, and quadratic@Eq. ~5!# static re-
sponse functions.33

The symmetry properties of the different tensors ha
been discussed5,17 and it has been shown that, for linear mo
ecules, the number of independent components of the ten
for nuclei in a C̀ v site symmetry reduces to one forVab

P ,
two for gab,g

P , three forgab,gd
P and four foreab,g,d

P . A suit-
able choice of independent components is5,17

Vzz
P ,

gzz,z
P ,gxz,x

P ,
~6!

gzz,zz
P ,gxy,xy

P ,gxz,xz
P ,

ezz,zz
P ,exx,xx

P ,exz,xz
P ,exy,xy

P .

For gab,gd
P andeab,g,d

P we follow BC1 and BC2 and give the
mean values defined as

ḡP5 1
5 gab,ab

P ,

ēP5 2
15 eab,a,b

P ,
~7!

which in our case~taking into account the relationships b
tween nonzero components5! reduce to

ḡP5 1
10 ~3gzz,zz

P 18gxy,xy
P 18gxz,xz

P !, ~8!

ēP5 2
15 ~ezz,zz

P 12exx,xx
P 14exz,xz

P 12exy,xy
P !. ~9!

In an axial field Eq.~2! becomes~expansion limited to the
quadratic response and to the first hypergradient of the fi
field along thez direction!
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE I. Dunning’s correlation-consistent set, active spaces and geometries employed in the calculatio
led to the results listed in the following Tables. The usual notation—n-aug-cc-pVXZ, n giving the augmentation
level andX the cardinal number—is used for the correlation-consistent basis sets. For each set, the num
basis functions is indicated. The inactive orbitals and the active orbitals in the two spaces—RAS2 and R
of the RASSCF calculation are shown. RAS2 is a complete active space, while a maximum of two electro
allowed in the orbitals belonging to RAS3. No orbitals have been included in RAS1. See text for the no
The number of determinants is also given as ‘‘dets.’’

Basis Configuration Space Geometry

cc basis bf Inact. RAS2 RAS3 dets Ref.

H2 qaug-cc-pVQZ 188 ~0000! ~7331! ~0000! 68 R51.4 a0
N2 aug-cc-pVQZ 160 ~2000! ~8331! ~0000! 2257847 R52.074 32 a0 57
CO aug-cc-pVQZ 160 ~2000! ~8331! ~0000! 2257847 R52.132 a0 57
HF daug-cc-pVQZ 167 ~0000! ~7331! ~0000! 1002948 R51.7328 a0 57
HCl daug-cc-pVQZ 171 ~3110! ~7441! ~0000! 829546 R52.408 55 a0 57
HCN daug-cc-pVTZ 156 ~2000! ~5220! ~3111! 274836 RCN52.179 23 a0 58

RHC52.013 50 a0
HNC daug-cc-pVTZ 156 ~2000! ~5220! ~3111! 274836 RNC52.200 59 a0 58

RHN51.877 63 a0
C2H2 daug-cc-pVTZ 188 ~2000! ~8331! ~0000! 2257847 RCC52.272 53 a0 59

RCH52.007 17 a0
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Vzz
P ~F !5Vzz

P 1gzz,z
P Fz1

1
2 ezz,z,z

P Fz
21~11 3

2 gzz,zz
P !Fzz.

~10!

In Eq. ~2!, the response functions that involve multipole o
erators carry as usual a dependence on the origin of the
tric field. The effect of shifting the origin on thegab,gde . . .

P

tensors has been studied in Ref. 5, where detailed exp
sions for the changes in the response functions also
given. As is customary, we here place the gauge at
nucleus of interest when calculating thegab,gd

P tensor com-
ponents and the corresponding averages.

All our results are in atomic units. Conversion factors
SI units are given in Ref. 25, see also Ref. 35.

III. COMPUTATIONAL DETAILS

The calculations were carried out using theDALTON

program.36 Some information on the calculations has be
collected in Table I, where the correlation-consistent ba
sets,30–32 the active spaces, and the~experimental! geom-
etries used in the calculations discussed in Sec. IV are
ported.

A. Basis sets

Dunning’s correlation-consistent basis sets30–32 were
employed, see Table I. For three of the molecules (H2, N2,
HF!, different correlation-consistent basis sets were teste
the SCF and/or MCSCF levels to assess the convergenc
the results with extension of the basis set. For these m
ecules, Table I gives the largest set employed both in
SCF and the correlated calculations. For the remaining
molecules, only the basis set in Table I was used. For
seven systems treated also by BC, we have used also
basis sets of BC1 and BC2 in order to facilitate a comp
son. The details of these bases can be found in a serie
papers by the same authors.25,37–40 For acetylene, we have
constructed a similar basis by deleting the most diffuse fu
tions from the@12s9p5d3 f # set used for carbon in the CO
molecule and from the@12s9p4d# set used for hydrogen in
193.157.137.211. This article is copyrighted as indicated in the abstract
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the HF molecule in Ref. 39, resulting in a contracted set
^11s8p4d2 f & and ^11s8p3d& for carbon and hydrogen, re
spectively.

B. Active spaces

The choices of MCSCF active spaces were made ba
on the MP2 natural-orbital occupation numbers. In m
cases, complete active space SCF~CASSCF! wave functions
were employed, see Table I. In this table and in Sec. IV,
notation (nA1

nB2
nB1

nA2
) ~wherenG is the number of orbitals

in irreducible representationG of the C2v point group! is
used to describe the configuration space. In the case of H
and HNC, a restricted active space SCF~RASSCF! wave
function41 was found to be a satisfactory approximation to
more sophisticated but much more computationally exp
sive CASSCF wave function, as discussed in detail in S
IV F. In most cases, the adequacy of the approximation
the convergence of the properties with the extension of
correlation space was analyzed using different wave fu
tions. For H2, we were able to obtain also full configuration
interaction~FCI! results for the tensors investigated.

IV. RESULTS AND DISCUSSION

Tables II–VII list the results obtained for the EFG at th
nuclei ~Table II!; the all-parallel component of the Sternh
imer shieldinggzz,z

P ~Table III!; the generalized Sternheime
shielding constantgzz,zz

P with origin for the electric quadru-
pole moment at the nucleus~Table IV!; the appropriate av-
erageḡP Eq. ~8! ~Table V!; the all-parallel component of the
electric-dipole EFG polarizabilityezz,z,z

P ~Table VI!; and the
averageēP, Eq. ~9! ~Table VII!. The data in these table
provide all the information needed to apply Eq.~10!. Table
VIII collects results for other tensor components of H2, N2,
HF, CO and HCl, comparing with the MP2 values in BC
and BC2.

In the tables, we report the results obtained using
correlation-consistent basis sets of Table I and the BC
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE II. EFG Vzz
P at the nucleusP. Atomic units.

This work
BC1
BC2a Others Exp.b

SCF MCSCF MP2 El.
Corr.

Ref.c

cc BC cc BC
basis basis basis basis

H2 Vzz
H 20.3448 20.3416 20.3419 20.3389 20.3384 20.3379 60 20.319d,f

20.320e,f

N2 Vzz
N 1.365 1.368 1.148 1.148 1.115 1.115 61 1.1560.01g

1.153 42
1.1626 62
1.167 63
1.212 64

CO Vzz
C 1.172 1.174 1.011 1.011 0.9500 1.015 64

0.9808 62
Vzz

O 0.7235 0.7238 0.7136 0.7123 0.7791 0.7106 62 0.76760.115h

0.7233 64 0.736660.0932h

0.7782 43
HF Vzz

H 20.5184 20.5214 20.5381 20.5412 20.5457 20.5334 62
20.5342 64 20.552i

20.5674 65
20.5934 66

Vzz
F 22.840 22.860 22.622 22.639 22.591 22.6339 62

22.713 65
22.737 64
22.772 66

HCl Vzz
Cl 23.395 23.580 23.173 23.341 23.402 23.476 43 23.506j

23.528 64 23.507k

Vzz
H 20.2829 20.2925 20.2855 20.2964 20.2964 20.2829 64 20.280860.0005k

20.3171 43
HCN Vzz

H 20.3240 20.3174 20.3283 20.3222 20.3188 20.3156 62 20.312760.0033l

20.3313 42 20.324360.0005l

20.33160.006m

Vzz
C 0.4863 0.4986 0.3972 0.4087 0.3756 0.3815 62

Vzz
N 1.178 1.201 0.9354 0.9524 0.9463 0.997 67 0.993660.0003n

0.998 42 0.994160.0003l

1.000 68
1.0055 62

HNC Vzz
H 20.4336 20.4194 20.4402 20.4262 20.4209 20.4413 42

Vzz
N 20.0028 20.0169 20.0349 20.0483 20.04398 20.082 42 20.10660.006o

Vzz
C 1.007 1.034 0.8356 0.8600 0.8334

C2H2
p Vzz

C 0.3810 0.3884 0.2997 0.3063

Vzz
H 20.3391 20.3321 20.3411 20.3344

aHere and in the following tables, as in the text, ‘‘BC1’’ and ‘‘BC2’’ denote Refs. 25 and 29 respectively. ‘
basis’’ is used to indicate Bishop and Cybulski’s basis in BC1 and BC2.

bExperimentally derived vibrationless estimates obtained from experimental data of the nuclear quad
coupling constants~see Refs. 42 and 43 and references therein, except where explicitly indicated!, tabulated
values of the NQM’s~Refs. 35 and 47! and subtracting the vibrational contributions~see Refs. 42 and 43
except for H2 and HF, Ref. 29!. See original references for details.

cIn most cases the geometry differs from that used here.
dExperimental data for the nuclear quadrupole coupling constant taken from Ref. 45.2H1H.
eExperimental data for the nuclear quadrupole coupling constant taken from Ref. 46.2H2H.
fVibrational correction~from Ref. 29! equal for the two isotopomers.
g 14N2.
h 12C17O.
iExperimental data for the nuclear quadrupole coupling constant taken from Ref. 44.2H19F.
j 1H35Cl.
k 2H35Cl.
l 2H12C14N.
m 2H13C14N.
n 1H12C14N.
o 1H14N13C.
pHere and in the following tables, the results in the columns labeled as ‘‘BC basis’’ for C2H2 were obtained
with the basis described in Section III A.
193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE IV. Generalized Sternheimer shielding constantsgzz,zz
P at the nucleusP. The origin of the electric-field

gradient is at the nucleus of interest. Atomic units.

This work BC1,BC2a Others

SCF MCSCF MP2 El. Correlated Ref.

cc basis BC basis cc basis BC basis

H2 gzz,zz
H 20.4350 20.4327 20.4102 20.4083 20.4222

N2 gzz,zz
N 21.754 21.767 20.733 20.741 20.4490

CO gzz,zz
C 21.908 21.926 21.809 21.827 21.779

gzz,zz
O 1.958 1.966 1.949 1.954 1.596

HF gzz,zz
H 20.4740 20.4768 20.4950 20.4974 20.4904

gzz,zz
F 10.54 10.61 9.829 9.897 9.865

HCl gzz,zz
Cl 25.86 27.15 24.32 25.59 24.59 26.11 20b

26.31 20b

gzz,zz
H 20.5946 20.6009 20.5891 20.5939

HCN gzz,zz
H 20.7945 20.8074 20.7347 20.7462

gzz,zz
C 20.1153 20.1064 0.4769 0.4817

gzz,zz
N 21.200 21.242 0.06895 0.04037 20.3900

HNC gzz,zz
H 20.8452 20.8604 20.8299 20.8400

gzz,zz
N 2.280 2.325 2.330 2.358

gzz,zz
C 21.663 21.682 21.067 21.084

C2H2
a gzz,zz

C 0.01428 0.01965 0.5804 0.5829

gzz,zz
H 20.9629 20.9746 20.8698 20.8772

aSee footnotea of Table II.
bAt a slightly shorter internuclear distance than that used here.

TABLE III. Sternheimer shielding constantsgzz,z
P at the nucleusP. Atomic units.

This work BC1,BC2a Others

SCF MCSCF MP2 El. Correlated Ref

cc basis BC basis cc basis BC basis

H2 gzz,z
H 20.5791 20.5796 20.5128 20.5134 20.5453

N2 gzz,z
N 26.269 26.325 24.861 24.910 24.485

CO gzz,z
C 22.610 22.640 22.737 22.766 22.774

gzz,z
O 6.549 6.605 5.690 5.741 5.797

HF gzz,z
H 0.7640 0.7678 0.7584 0.7620 0.7387

gzz,z
F 8.430 8.487 7.535 7.586 7.244

HCl gzz,z
Cl 16.55 17.25 14.23 14.84 14.87 15.53 20b

15.85 20b

gzz,z
H 0.7012 0.7095 0.6663 0.6740 0.6610

HCN gzz,z
H 0.7802 0.7868 0.6966 0.7030 0.7138

gzz,z
C 5.307 5.388 4.718 4.784 4.598

gzz,z
N 27.021 27.186 25.152 25.283 24.888

HNC gzz,z
H 0.8540 0.8666 0.8085 0.8187 0.8060

gzz,z
N 7.163 7.303 6.469 6.591 6.597

gzz,z
C 23.352 23.429 23.009 23.083 23.174

C2H2
a gzz,z

C 25.785 25.879 24.981 25.057

gzz,z
H 20.8860 20.8931 20.7761 20.7810

aSee footnotea of Table II.
bAt a slightly shorter internuclear distance than that used here.
193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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~see Sec. III A!. SCF and MCSCF results are both listed, t
latter constructed as described in Sec. III B and in Tabl
When possible, comparison is made with the results of B
and BC2 and also~mainly for the EFG at the nuclei! with
those of other investigations.

TABLE V. Averaged generalized Sternheimer shielding constantsḡP at the
nucleusP. The origin of the electric-field gradient is at the nucleus of int
est. Atomic units.

This work BC1a

SCF MCSCF MP2

cc basis BC basis cc basis BC basis

H2 ḡH 20.5222 20.5199 20.5189 20.5165 20.5194

N2 ḡN 21.628 21.627 21.595 21.596 21.286

CO ḡC 22.922 22.938 22.903 22.914 22.391

ḡO 2.571 2.619 0.5662 0.5937 0.433

HF ḡH 20.4047 20.4036 20.4043 20.4026 20.4015

ḡF 12.53 12.61 12.03 12.11 12.34

HCl ḡCl 29.78 31.50 28.84 30.44 31.53

ḡH 20.5509 20.5349 20.5377 20.5181 20.5176

HCN ḡH 20.5019 20.4936 20.4662 20.4570 20.4660

ḡC 20.5323 20.5078 20.0700 20.0482 0.3020

ḡN 2.886 2.990 2.281 2.346 1.797

HNC ḡH 20.4152 20.4053 20.4457 20.4342 20.4440

ḡN 3.429 3.564 2.440 2.526 2.061

ḡC 21.958 21.968 20.9863 21.022 21.113

C2H2
a

ḡC 2.048 2.135 2.102 2.164

ḡH 20.5666 20.5716 20.5458 20.5503

aSee footnotea of Table II.

TABLE VI. EFG electric dipole polarizabilitiesezz,z,z
P at the nucleusP.

Atomic units.

This work BC1,BC2a

SCF MCSCF MP2

cc basis BC basis cc basis BC basis

H2 ezz,z,z
H 22.188 22.209 21.642 21.648 21.910

N2 ezz,z,z
N 211.51 211.58 216.40 216.51 215.34

CO ezz,z,z
C 223.28 223.29 222.85 222.77 220.78

ezz,z,z
O 2.376 2.519 214.97 214.96 218.31

HF ezz,z,z
H 22.678 22.682 22.083 22.088 21.858

ezz,z,z
F 250.30 250.52 240.56 240.75 236.94

HCl ezz,z,z
Cl 254.41 255.50 241.17 243.08 242.62

ezz,z,z
H 22.280 22.268 21.309 21.369

HCN ezz,z,z
H 21.834 21.833 21.181 21.144

ezz,z,z
C 21.692 21.687 21.602 21.521

ezz,z,z
N 210.25 210.45 227.20 227.55 227.79

HNC ezz,z,z
H 22.178 22.209 21.859 21.877

ezz,z,z
N 9.904 10.23 24.386 24.050

ezz,z,z
C 232.04 232.63 237.71 238.38

C2H2
a ezz,z,z

C 11.06 11.31 9.635 9.891

ezz,z,z
H 21.800 21.801 21.339 21.276

aSee footnotea of Table II.
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1

In Table II we also included where possible experime
tally derived estimates of the vibrationless purely electro
EFG at the nuclei. Those were extracted from the experim
tal data for the nuclear quadrupole coupling constants ta
lated in Refs. 42–46 using the values of the NQM’s in Re
35 and 47 and subtracting the vibrational contributions giv
in Refs. 29, 42 and 43. Note that we use the same definit
as in BC1 and our signs for the EFG at the nuclei confo
with those in Refs. 25 and 29.

A. H2

The convergence of the properties with the extension
the basis was studied at the SCF and~3110! CASSCF levels,
using n-aug-cc-pVXZ sets with n5d,t,q andX5T,Q. For
both wave functions, the changes fromX5T to X5Q are
about 1% for the EFG, 2% for the linear properties, a
about 5% for the EFG polarizability. Thef functions thus
appear to play a non-negligible role, although there are a
differences in the other manifolds between the two bases
contrast, convergence with respect to augmentation is m
faster. Thus, forēH, we obtain almost the same results at t
doubly and quadruply augmented daug-cc-pVQZ and qa
cc-pVQZ CASSCF levels: 1.831 and 1.828 a.u., respectiv
For the EFG and for the linear properties, convergence
within three decimal digits is achieved already at the da
level. The differences between the qaug-cc-pVQZ and
basis results are small~about 1%!.

Electron correlation has a large effect in some case
note, for instance, the 12% increase ofgzz,z

H in Table III and
the 33% increase ofezz,z,z

H in Table VI. When averages ar
taken, the effects of correlation become less pronounced.
note that the small~3110! CASSCF wave function is able to
recover more than 95% of the total correlation contributio

For most of the properties examined here, the CASS
and MP2 results are in agreement, but some differences
observed—see, for instance,20.5154 vs20.5453 a.u. for
gzz,z

H ~5%! and 1.813 vs 1.751 a.u. forēH ~3.5%!.
To investigate the origin of these discrepancies, we p

formed FCI calculations employing the daug-cc-pVTZ a
taug-cc-pVTZ sets~and the usual version of theDALTON

program! as well as the BC set. The latter results were kind
provided to us by Jo”rgensenet al.,48 using a special version
of the DALTON program.49,50 As seen from Table IX, the
agreement between CASSCF and FCI is in all cases v
good ~with differences within fractions of a percent!,
whereas there are larger differences between MP2 and
We note, however, that the hydrogen molecule is exc
tional, being the only one for which we can recover most
the dynamic correlation effects with a CASSCF wave fun
tion. Note that while MP3 does not change the MP2 resu
a recent linearized-coupled cluster doubles~L-CCD! calcula-
tion performed by Bishop and Cybulski on the BC set c
rects the MP2 result forgzz,z

H to 20.51 a.u.51

B. N2

Basis-set convergence was studied at the SCF
~4220! CASSCF levels using a variety of basis sets, w
daug-cc-pVTZ basis, aug-cc-pVQZ set, and the daug-
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE VII. Averaged electric dipole EFG polarizabilitiesēP at the nucleusP. Atomic units.

This work BC1a

SCF MCSCF MP2

cc basis BC basis cc basis BC basis

H2 ēH 1.710 1.694 1.828 1.813 1.751

N2 ēN 212.52 212.61 29.841 29.922 29.730

CO ēC 26.633 26.639 4.587 4.608 25.940

ēO 213.65 213.83 28.472 28.480 214.39

HF ēH 0.6362 0.6307 0.8696 0.8627 0.9606

ēF 255.13 255.47 258.21 258.55 262.90

HCl ēCl 2175.6 2184.6 2177.7 2186.4 2192.0

ēH 1.159 1.144 1.438 1.405 1.390

HCN ēH 1.130 1.107 1.205 1.184 0.9919

ēC 26.017 26.285 27.277 27.532 28.966

ēN 235.93 236.80 228.29 229.03 224.78

HNC ēH 0.7815 0.7373 0.8728 0.8268 0.8288

ēN 214.45 214.90 27.451 27.740 212.71

ēC 212.02 212.46 28.194 29.049 212.31

C2H2
a

ēC 221.28 221.81 219.93 220.37

ēH 1.315 1.328 1.456 1.477

aSee footnotea of Table II.
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pVQZ finally selected for the largest runs. The introducti
of g functions modifies the EFG at the nucleus by about
and the quadratic response property by up to about 2%
for the hydrogen molecule, augmentation is much less
portant, as illustrated by the propertyēN, which changes
from 212.52 to 212.56 a.u. at the SCF level and fro
210.86 to210.89 a.u. at the~4220! CASSCF level as we go
from aug-cc-pVQZ to daug-cc-pVQZ. The aug-cc-pVQZ b
sis ~which contains fifty functions less than daug-cc-pVQ!
was, therefore, chosen for the~8331! CASSCF calculations
Again, Dunning’s correlation-consistent sets and the BC s
are in satisfactory agreement, with discrepancies less
1% for the SCF and MCSCF wave functions.

In the nitrogen molecule, the effects of correlation c
be strong—even the EFG decreases by about 20% as c
lation is introduced. At the same time, thegzz,zz

N component
is more than doubled and strong effects are visible for
EFG polarizability and the Sternheimer shielding. Agre
ment with MP2~in BC basis! is satisfactory, with differences
of 10%–20% for the Sternheimer shieldings, withḡN being
the worst case. We also note that, whereasḡN goes from
21.62 a.u. at the SCF level to21.36 a.u. at the~4220!
CASSCF level, it goes back again to21.59 a.u. at the more
sophisticated~8331! CASSCF level. For the other propertie
the two CASSCF wave functions show only minor disagr
ments.

C. CO

Based on our experience with the isoelectronic N2 mol-
ecule as well as an analysis of the natural-orbital occupa
numbers, we first chose for this molecule an~8331! CASSCF
wave function in the aug-cc-pVQZ basis. The same ac
space has previously been used to study the shielding
magnetizability polarizabilities in CO.28 However, as we
193.157.137.211. This article is copyrighted as indicated in the abstract
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e
nd

compared the results of this wave function with the M
results of BC1 and BC2, the discrepancies~in particular for
ēC andēO) prompted us to examine the correlation treatm
of this molecule in more detail. We have performed calcu
tions with various RASSCF wave functions:

• The first RASSCF wave function~RAS-I! contains the
occupied valence orbitals in the~3110! RAS2 space
with a maximum of two excitations allowed into th
~5221! RAS3 space. Apart from the restrictions on th
excitations in the virtual space, this wave function
equivalent to our~8331! CASSCF wave function.

• The second RASSCF wave function~RAS-II! includes
the most strongly correlating virtual orbitals in th
~5220! RAS2 space, reducing the RAS3 space
~3111!. This wave function should constitute a reaso
able compromise between computational cost and tr
ment of higher-order excitations.

• The third RASSCF wave function~RAS-III! is similar
to RAS-II but has a larger~6332! RAS3 space so as to
study the effects of dynamical correlation.

The results for these wave functions are collected
Table X. The similarity of the CASSCF and RAS-I resul
indicates that most of the~8331! CASSCF correlation effects
are due to single and double excitations, whereas the s
larity of CASSCF and RAS-II suggests a good starting po
for further investigations of dynamical correlation effec
which should be visible by comparing RAS-II and RAS-II

From Table X, we note that there are indeed some c
tributions from higher excitations, although they are, w
the exception ofēC and ḡO, fairly small. Our RAS-II results
compare favorably with those obtained with the CASS
wave function. Comparing RAS-II and RAS-III, we note th
there are large changes in most properties, indicating
importance of dynamical correlation in this system. In mo
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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cases, RAS-III compares much better with MP2 than do
other MCSCF wave functions. Still, some discrepancies
main for some of the properties, withḡO being the most
prominent. However, one should note that, forḡO, the cor-

TABLE VIII. Other linear and quadratic response EFG polarizability ten
elements. For the generalized Sternheimer shielding constants, the orig
the electric-field gradient is at the nucleus of interest. Atomic units.

This work BC2,BC1a

SCF MCSCF MP2

cc basis BC basis cc basis BC basis

H2 gxz,x
H 20.3999 20.3996 20.3727 20.3709 20.3824

gxx,xx
H 20.3065 20.3038 20.3050 20.3025 20.3044

gxz,xz
H 20.2920 20.2921 20.2923 20.2920 20.2921

exx,x,x
H 3.440 3.407 3.396 3.359 3.368

ezz,x,x
H 23.901 23.883 23.721 23.701 23.768

exz,x,z
H 1.287 1.292 1.372 1.377 1.334

N2 gxz,x
N 20.2732 20.2709 20.4306 20.4305 20.4537

gxx,xx
N 1.064 1.073 1.302 1.310 1.311

gxz,xz
N 22.879 22.886 23.203 23.212 22.863

exx,x,x
N 28.568 28.559 23.199 23.206 23.947

ezz,x,x
N 2.401 2.357 23.493 23.521 22.436

exz,x,z
N 212.63 212.78 210.28 210.39 29.852

HF gxz,x
F 1.496 1.506 1.544 1.553 1.722

gxx,xx
F 8.640 8.693 8.407 8.460 8.629

gxz,xz
F 5.700 5.746 5.404 5.447 5.568

exx,x,x
F 260.73 261.05 269.20 269.55 276.86

ezz,x,x
F 35.50 35.73 41.98 42.22 47.42

exz,x,z
F 238.95 239.25 240.29 240.59 243.70

gxz,x
H 0.2020 0.2034 0.1717 0.1729 0.159

gxx,xx
H 20.2512 20.2490 20.2550 20.2520 20.2495

gxz,xz
H 20.1954 20.1959 20.1885 20.1891 20.1911

exx,x,x
H 0.6940 0.6785 0.6836 0.6646 0.649

ezz,x,x
H 20.6210 20.6097 20.6663 20.6548 20.6487

exz,x,z
H 1.324 1.327 1.634 1.639 1.778

CO gxz,x
C 1.586 1.588 1.661 1.657 1.045

gxx,xx
C 21.027 21.033 20.6117 20.6151 20.4697

gxz,xz
C 22.386 22.399 22.790 22.799 22.297

exx,x,x
C 5.225 5.271 11.50 11.44 4.626

ezz,x,x
C 211.52 211.62 219.14 219.11 211.94

exz,x,z
C 28.964 29.017 7.598 7.673 27.582

gxz,x
O 2.754 2.778 2.896 2.925 2.521

gxx,xx
O 6.438 6.504 4.807 4.855 3.980

gxz,xz
O 23.468 23.476 24.343 24.357 23.640

exx,x,x
O 28.072 28.086 22.662 22.512 23.819

ezz,x,x
O 7.326 7.350 3.674 3.714 2.493

exz,x,z
O 219.94 220.31 210.40 210.58 219.20

HCl gxz,x
Cl 20.8537 20.9908 20.2787 20.3929 0.1659

gxx,xx
Cl 23.56 25.04 22.70 24.02 26.14

gxz,xz
Cl 10.43 10.94 10.31 10.84 11.55

aSee footnotea of Table II.
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relation corrections are much larger than the differences
tween RAS-III and MP2. Nevertheless, we believe that n
ther our results nor those of BC provide an accur
description of the properties for which the results disagr
calling for an even more elaborate treatment of the corre
tion effects in the CO molecule.

D. HF

For this molecule, the same three correlation-consis
basis sets were tested as for N2 ~at the SCF and MCSCF
levels!, with the daug-cc-pVQZ results reported in Table
Three different CASSCF wave functions—with activ
spaces~3220!, ~6331!, and ~7331!—were used. In the first
two spaces, the 1s fluorine orbital is inactive; in the~7331!
space, it is active.

The extra shells added to the basis sets at the quadru
zeta level have an effect mainly on the EFG at the hydro
nucleus, where the SCF and MCSCF results change by a
5% relative to the triple-zeta level. The differences betwe
the daug-cc-pVQZ results and those obtained in the BC b
are also rather small, about 1% to 2%.

With the introduction of electron correlation, the EFG
at the nuclei vary by 3% to 8%, the linear response prop
ties by less than 10%, and the quadratic properties in so
cases by as much as 28%. For all properties, the effec
including the 1s orbital in the active space is negligible. Th
differences between the~3220! and ~6331! CASSCF wave
functions are quite large, withēH changing by as much a
40%.

Some discrepancies are observed between CASSCF
MP2. With the exception ofḡF, MP2 has a tendency to pre
dict larger correlation effects. Of some relevance is the co
parison ofVzz

F , which is 22.639 a.u. at the CASSCF leve
and22.591 a.u. at the MP2 level. The values ofēF ~258.55
a.u. vs264.90 a.u.! are also appreciably different. We no
that the ~6331! CASSCF wave function appears to give
more reasonable description of the correlation effects in
than does MP2.52

E. HCl

The HCl molecule has been the subject of several ot
studies4,6,17 besides BC1. The interest was raised by Leg
and Millen’s study of the linear dependence of the chlor
EFG on an external field.8 Variousab initio results are avail-
able in the literature. They involve not only the SCF es
mates of Refs. 17 and 6 but also the correlated~CISD and
ACPF! values obtained by Bacskay and co-workers20 for the
all-parallel component of the generalized Sternheimer shi
ings gzz,z

Cl andgzz,zz
Cl ~see Tables III and IV!.

In our study of this molecule, only one correlation
consistent set~daug-cc-pVQZ! was employed, whereas elec
tron correlation was treated using the~6331! and ~7441!
CASSCF wave functions with frozen 3s and 1p core orbit-
als.

The daug-cc-pVQZ and BC sets give very similar resu
for the properties involving the hydrogen nucleus, but so
differences arise for the chlorine atom. With a fe

r
of
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE IX. H 2. EFG, generalized Sternheimer shieldings and EFG polarizabilities. Comparison of CAS
MP2 and FCI results. ‘‘d-T’’ and ‘‘t-T’’ denote Dunning’s daug-cc-pVTZ and taug-cc-pVTZ correlation c
sistent basis sets, respectively. Atomic units.

This work BC1,BC2a Others

Basis d-T t-T BC basis q-Q

FCI ~7331! CASSCF MP2

Vzz
H 20.3473 20.3473 20.3387 20.3389 20.3419 20.3384 20.3379b

gzz,z
H 20.5078 20.5078 20.5124 20.5134 20.5128 20.5453

ḡH 20.5028 20.5030 20.5160 20.5165 20.5189 20.5194

ēH 1.738 1.738 1.810 1.813 1.828 1.751

aSee footnotea of Table II.
bExplicitly correlated wave function from Ref. 60.
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exceptions—see, for instance,gxz,x
Cl in Table VIII—the dis-

crepancies do not exceed a few percent, with 10% being
maximum.

Correlation effects are in general small~i.e., less than a
few percent! for the EFG but become more important as t
order of the response increases. The correlation effects
larger for the individual tensor elements than for their av
ages. Most of the correlation effects are recovered alre
with the smaller~6331! active space, althoughezz,z,z

Cl varies
from 255 to 239 a.u. and back to243 a.u. in the sequenc
SCF,~6331! CASSCF,~7441! CASSCF. The chlorine prop
erties are more sensitive to the correlation treatment than
the hydrogen properties. CASSCF and MP2 are in satis
tory agreement.

F. HCN and HNC

For these molecules, we have considered only the da
cc-pVTZ and BC sets. The MCSCF wave function was co
structed using the RAS approach, with twos inactive orbit-
als, a ~5220! RAS2 space, and a~3111! RAS3 space, in
which up to double excitations are allowed. The reliability
this RASSCF wave function was tested by comparing w
the full ~8331! CASSCF wave function in the BC set.

TABLE X. CO. EFG, generalized Sternheimer coefficients and EFG po
izabilities using BC basis set. For the description of the wave functions,
text. Atomic units.

Property SCF CAS RAS-I RAS-II RAS-III
MP2

~BC1,BC2a!

Vzz
C 1.174 1.011 1.053 1.011 0.9631 0.9500

gzz,z
C 22.640 22.766 22.738 22.767 22.551 22.774

ḡC 22.938 22.914 22.944 22.880 22.456 22.391

ēC 26.639 4.608 3.407 23.016 25.401 25.940

Vzz
O 0.7238 0.7123 0.7023 0.7138 0.7458 0.779

gzz,z
O 6.605 5.741 5.888 5.750 5.987 5.797

ḡO 2.619 0.5937 0.9716 0.6599 0.9779 0.433

ēO 213.83 28.480 28.277 29.800 214.54 214.39

aSee footnotea of Table II.
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Electron-correlation effects are in some cases huge
HCN: ḡC goes from20.50 to20.05 a.u.,ezz,z,z

N goes from
210 to 227 a.u., andgzz,zz

N goes from21.2 to 10.05 a.u.
Something similar but less dramatic happens for HNC. W
only a few exceptions~in particularēN of HNC, which goes
from 27.41 to29.16 a.u.!, there is no appreciable differenc
between RASSCF and~8331! CASSCF. On the other hand
there are several cases of disagreement between CAS
and MP2. For instance, we predict a much weaker effec
electron correlation onḡC and ongzz,zz

N of HCN but a far
stronger influence onēN and ēC in HNC. For the all-parallel
componentsgzz,z

N , gzz,zz
N and ezz,z,z

N of the HCN molecule,
SCF results of Augspurger and Dykstra6 are available.

G. C2H2

The daug-cc-pVTZ set was chosen in order to get a b
set of manageable size. Compared with the quadruple-
basis of the isoelectronic species (N2 and CO!, this basis
lacks g functions on carbon andf functions on hydrogen.
However, the daug-cc-pVTZ basis and the ‘‘BC’’ basis co
structed as described in Sec. III A give similar results. El
tron correlation is less important than for N2 and for CO,
although Vzz

C decreases by about 25% andgzz,z
C and gzz,z

H

increase by approximately 15% as electron correlation is
troduced.

V. CONCLUSIONS

We have studied the electric-field dependence of
EFG at the nuclei of eight linear molecules using MCSC
response theory as implemented in theDALTON quantum
chemistry program.36 The generalized Sternheimer shiel
ings and the EFG polarizabilities—that is, the linear and q
dratic response of the EFG at the nuclei to the perturba
from an inhomogeneous electric field—were computed e
ploying extended basis sets and large configuration spa
An analysis of the dependence of the properties on elec
correlation and on the basis set has been carried out.
CASSCF results have been compared with those obtaine

r-
e
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BC at the MP2 level. For H2, benchmark results were ob
tained for all properties by using a FCI reference wave fu
tion.

Vibrations influence the molecular properties bo
through a zero-point averaging of the electronic contribut
and through nonlinear, purely vibrational contributions.53,54

BC observed changes of the order of a few percent du
zero-point vibrational averaging. As shown in BC2, t
purely vibrational contribution may be quite dramatic, wi
corrections that in most cases exceed the electronic z
point vibrational averages.

The properties studied here do not appear to exh
strong dependence on the details of electronic correlatio
a particular sensitivity to the details of the basis sets, in c
trast to chemical shielding polarizabilities.28,55,56 This may
perhaps be understood from the observation that the EF
the nucleus and its polarizabilities should be influenc
strongly by the behavior of the wave function close to t
nucleus and less by what happens further away. Also, t
should exhibit some dependence on the inner-valence co
lation, perhaps stronger than on the outer-valence corr
tion. In this sense, a next step might be an analysis of
effects of decontracting the core basis functions and/or
cluding core orbitals in the active space. Although there
differences between our MCSCF and previous MP2 calc
tions, the results are in qualitative agreement. The domin
effects of correlation are similar in both approaches for m
of the computed properties. In case where the two meth
disagree, numerical evidence from other, similar prope
calculations, suggests that usually the MP2 over- a
MCSCF underestimates the correlation effects, and we
expect the correct results to be in between.
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