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An integral-direct implementation of first-order one-electron properties in the coupled cluster
singles and doubles~CCSD! model is presented. The implementation increases the range of
applicability of CCSD first-order one-electron property calculations significantly compared to
nondirect approaches. As an application a thorough basis set investigation is performed on five
diatomic molecules at the Hartree–Fock and CCSD levels for the molecular electric dipole moment,
the molecular electric quadrupole moment, and the electric field gradient at the nuclei. In general,
basis sets of polarized triple-zeta quality are the smallest to be recommended, and the convergence
towards the basis set limit is faster at the Hartree–Fock level than at the CCSD level. Among the
properties considered, the electric dipole moment is the easiest to converge. The electric dipole and
especially the electric quadrupole moment require diffuse functions for high accuracy. With
standard basis sets, it is not possible to calculate electric field gradients consistently within three
thousandths of an atomic unit of the basis set limit—for this purpose, elaborate nonstandard basis
sets are required. The electric field gradients at the nuclei in HCN and the electric dipole moment
of the furan molecule are calculated at the CCSD level employing up to 417 basis functions, further
demonstrating the large-scale applicability of the implementation. ©1997 American Institute of
Physics.@S0021-9606~97!02927-9#
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I. INTRODUCTION

During the last decade, the coupled cluster singles
doubles~CCSD! model has gained popularity as an accur
method for describing the dynamical correlation effects
molecular systems. Several implementations of the CC
model have been presented1–5 and a variety of molecula
properties have successfully been calculated at this level6–20

However, the disk-space requirements for the storage o
tegrals has imposed severe limitations on the size of the
lecular systems that can be studied using ‘‘convention
implementations~the limit being around 300 basis func
tions!. To solve this problem, Kochet al. presented an
integral-direct implementation of the CCSD ground-state
ergy and calculations with up to 548 basis functions ha
been reported.18,19 The integral-direct scheme has recen
been extended to the calculation of excitation energies,
CCSD excitation energy calculations with up to 432 ba
functions have been reported.20

In the CCSD model, however, there is a significant d
ference between obtaining the ground-state energy and
order one-electron properties. In order to obtain the grou
state energy we only need to solve equations for obtain
the coupled cluster~CC! reference wave function. A first
order one-electron property is an expectation value of
one-electron operator. Because of the nonvariational na
of the CCSD model, the calculation of expectation values
not a trivial extension of ground-state energy calculatio
One additional set of CC equations need to be solved be
the expectation value can be evaluated. The solution of th
J. Chem. Phys. 107 (3), 15 July 1997 0021-9606/97/107(3)/84
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equations in an integral-direct fashion is presented in the
part of this paper.

The expressions for first-order one-electron proper
are special cases of the general expressions for first-o
energy derivatives,21 and the implementation presented b
low therefore constitutes a first step towards an integ
direct implementation of CCSD gradients, required for e
cient geometry optimizations. Furthermore, the left and ri
linear transformations of the CCSD Jacobian described
this paper and in Ref. 20, respectively, are the basic build
blocks for the calculation ofall other response properties.

We here consider calculations of the molecular elec
dipole moment~DPM!, the molecular electric quadrupol
moment~QPM!, and the electric field gradient at the nucl
~EFG!. These properties are all important quantities char
terizing the charge distribution of a molecular electronic s
tem. However, the EFGs are particularly interesting from
point of view of a computational chemist. First, the accur
calculation of the electric field gradientq at a light nucleus,
combined with the experimental determination of the qu
rupole coupling constanteqQ/h, constitutes the most accu
rate method for obtaining the nuclear quadrupole mom
Q of the light nuclei.22,23Conversely, calculated EFGs com
bined with a nuclear quadrupole moment give predicted v
ues of the quadrupole coupling constants, which can be c
pared with experimental results from microwave and NM
experiments. Second, the EFG depends asr23 on the radial
distancer from the nucleus in question and therefore pu
severe demands on the basis sets, making the accurate c
8499/18/$10.00 © 1997 American Institute of Physics
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850 Halkier et al.: First-order one-electron properties
lation of EFGs a very difficult task. Indeed, we need both
good description of the valence region to describe the che
cal bonding correct and a good description of the core
inner valence regions in order to get the dominant contri
tions to the EFG correct.

As a first application demonstrating the possibilities t
integral-direct implementation has made possible, we p
form a thorough basis set investigation of DPM, QPM, a
EFG. Such an investigation requires calculations with ba
sets of polarized quintuple-zeta quality which result in s
eral calculations with more than 350 basis functions, wh
can only be carried out using the integral-direct implemen
tion.

Sundholmet al.24 have carried out numerical Hartree
Fock calculations of molecular electric multipole momen
and EFGs for several diatomics including BF, CO, HF, N2,
and NO1. Therefore, by performing systematic Hartree
Fock and CCSD calculations of the lowest multipole m
ments and EFGs for these systems, we should be ab
obtain valuable information about the performance of
different basis sets for these properties both at the unco
lated and correlated levels. Among the standard basis
investigated here, the Dunning series cc-pCVXZ a
aug-cc-pCVXZ,25–29X 5 D,T,Q,5, provide the best result
for the EFGs, as may be expected since these sets ar
signed to correlate core as well as valence electrons.

To demonstrate the performance and applicability of
integral-direct CCSD algorithm compared with other theor
ical approaches, we present results for the EFGs in hydro
cyanide and compare with other theoretical studies. The
of the most elaborate and accurate basis sets is made po
only because of the implementation of the integral-dir
scheme, allowing us to obtain results close to the CC
basis set limit. Correlation effects beyond CCSD are sho
to be important, demonstrating the need for extending
model to include the effects of triple excitations.

As a final application we have calculated the DPM of t
furan molecule (C4H4O) to demonstrate the possibilitie
of the present algorithm in comparison with expe
mental studies. It has not been possible to determine
sign of the DPM of furan by experiments alone, but t
absolute value is well known from experiments. The pres
calculations establish the sign of the DPM of furan and ag
well with the experimentally determined absolute value
this.

In Sec. II, we review the theory for the calculation
CCSD first-order one-electron properties and present
integral-direct implementation. The results of a basis set
vestigation of 29 standard basis sets are given in Sec. II
Sec. IV, we present the results of the large-scale calculat
of the EFGs in HCN and compare with other theoreti
results. In Sec. V the results of the calculations of the DP
of furan is presented. Finally, in Sec. VI, we give our co
cluding remarks.
J. Chem. Phys., Vol. 107
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II. INTEGRAL-DIRECT CCSD FIRST-ORDER ONE-
ELECTRON PROPERTIES

A. The CCSD model

Consider a closed-shell system described by the Ha
tonianH. The single-reference CCSD wave function is giv
by the exponentialansatz

uCC&5exp~T!uHF&, ~1!

where the cluster operator contains contributions from sin
and double excitations only

T5T11T2 , ~2!

where

T15(
ai

t i
aEai , ~3!

T25 (
~ai !>~b j !

t i j
abEaiEb j . ~4!

Orbital indicesa,b,c,d,e, f andi , j ,k,l ,m,n refer to unoccu-
pied and occupied molecular orbitals~MOs! in the Hartree–
Fock state, respectively, whereas indicesp,q,r ,s,t,u are
general MO indices. In a shorthand notation, the cluster
erator is written in the form

T5 (
m51,2

tmtm , ~5!

wheretm are the excitation operators andtm the associated
cluster amplitudes.

The CC energy is obtained by projecting the CC Sch¨-
dinger equation against the Hartree–Fock reference stat

ECC5^HFuH exp~T!uHF& ~6!

and the cluster amplitudes are determined by projecting
CC Schrödinger equation against the excitation manifold
the Hartree–Fock reference state

^muexp~2T!H exp~T!uHF&50. ~7!

Here,

^mu5^HFutm
1 ~8!

and the Hamiltonian in the second quantization formalism
given by

H5(
pq

hpqEpq1
1

2 (
pqrs

gpqrsepqrs . ~9!

B. Theory of CCSD first-order properties

The detailed derivation of the CCSD gradient, and hen
first-order one-electron property expressions, is well do
mented elsewhere.30–32 First-order one-electron propertie
are conveniently expressed as

^A&5(
pq

apqDpq , ~10!
, No. 3, 15 July 1997
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851Halkier et al.: First-order one-electron properties
whereapq are the integrals over the operator associated w
the propertyA and we have introduced the relaxed CC on
electron density

Dpq5H ^HFu1(
m

t̄m^muexp~2T!JEpquCC&

1(
ai

k̄ai^HFu@Eai
2 ,Epq#uHF&, ~11!

where

Eai
25Eai2Eia . ~12!

In Eq. ~11!, the t̄m parameters are the zero-order Lagran
multipliers for the cluster amplitudes andk̄ai the similar
orbital-rotation multipliers. Neglecting the orbital-relaxatio
term in Eq.~11!, we obtain unrelaxed first-order one-electr
properties. In this study, we work exclusively with the ful
relaxed density in Eq.~11!.

The cluster amplitudes were determined by solving E
~7!, but before we can evaluate the one-electron densit
Eq. ~11!, we need to determine the zero-order one-elect
cluster amplitude Lagrange multipliers and orbital rotati
Lagrange multiplierst̄m and k̄ai . These are obtained from
the zero-order response equations

(
m

t̄m^muexp~2T!@H,tn#uCC&52^HFu@H,tn#uCC&, ~13!

(
b j

k̄b j^HFu@Ebj
2 ,@Eai

2 ,H##uHF&

52H ^HFu1(
m

t̄m^muexp~2T!J @Eai
2 ,H#uCC&. ~14!

When solving large sets of linear equations such as Eqs.~13!
and ~14!, iterative methods are mandatory. The most exp
sive step is the repeated transformation of trial vectors on
coefficient matrix~here the response matrix!. Computation-
ally, the transformation on the left-hand side of Eq.~13! is
the most demanding of the two transformations required
the zero-order Lagrange multipliers. This particular transf
mation is therefore discussed in detail below. The trans
mation needed for solving Eq.~14! is identical to the one
used for solving the Hartree–Fock response equations,21 al-
though the right-hand side of course is different. The eva
ation of the comparatively inexpensive right-hand side of E
~14! is closely related to our gradient implementation, a
will therefore be discussed in our forthcoming paper
integral-direct CCSD gradients.33 The final evaluation of the
first-order one-electron property expression Eq.~10! is trivial
once the relaxed CC one-electron densityD has been con-
structed. The construction ofD emerges naturally in the con
text of the full gradient and will therefore be discussed
Ref. 33.
J. Chem. Phys., Vol. 107
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C. Linear transformation in cluster amplitude
multiplier response equations

We now consider the linear transformation in Eq.~13!
consisting of a left transformation of a trial vectorz on the
CCSD Jacobian

rn5 (
m51,2

zm^muexp~2T22T1!@H,tn#

3exp~T11T2!uHF&, n51,2. ~15!

Here, z1 ,z2 and r1 ,r2 are single- and double-excitatio
parts of the trial vectors and the transformed trial vecto
respectively. Introducing theT1-similarity transformed
Hamiltonian

Ĥ5exp~2T1!H exp~T1! ~16!

we may write the transformed vectors as

rn5 (
m51,2

zm^muexp~2T2!@Ĥ,tn#exp~T2!uHF&,

n51,2 ~17!

which can be expanded to yield

r15(
m1

zm1
^m1u@Ĥ,t1#1@@Ĥ,t1#,T2#uHF&

1(
m2

zm2
^m2u@Ĥ,t1#1@@Ĥ,t1#,T2#uHF&, ~18!

r25(
m1

zm1
^m1u@Ĥ,t2#uHF&1(

m2

zm2
^m2u@Ĥ,t2#

1@@Ĥ,t2#,T2#uHF&. ~19!

Following Ref. 18, theT1-similarity transformation in Eq.
~16! leads to the modified Hamiltonian

Ĥ5ĥ1ĝ5(
pq

ĥpqEpq1
1
2 (
pqrs

ĝpqrsepqrs ~20!

whose integrals are given as

ĥpq5(
ab

habLap
p Lbq

h , ~21!

ĝpqrs5 (
abgd

gabgdLap
p Lbq

h Lgr
p Lds

h . ~22!

Here,Lp andLh are effective MO transformation matrice
~particle and hole transformations, respectively! constructed
from the singles amplitudes and the MO coefficients as
scribed in Refs. 18–20. In Eqs.~21! and ~22!, we have also
extended the orbital indices convention, reserving Greek
ters for AO basis indices.

The benefit of working with the Hamiltonian in Eq.~16!
is that the structure of the equations becomes simpler s
the singles amplitudes are not referenced directly. The co
that the usual eightfold permutational symmetry of the in
grals is lost with only the particle-permutation symmetry
the two-electron integrals retained
, No. 3, 15 July 1997
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852 Halkier et al.: First-order one-electron properties
ĝpqrs5ĝrspq . ~23!

We will use the following basis for the excitation man
fold:

^m1u5^HFuEia
1
2, ~24!

^m2u5^HFu~2EiaEjb1EjaEib! 16~11dabd i j !
21,

~ai !>~b j !. ~25!

Together with the excited ket statesEaiuHF& and
EaiEb juHF& obtained using the excitation operators in Eq
~3! and~4!, these bra states constitute a biorthonormal ba
We have now presented the tools needed for evaluating
~18! and~19!. Explicit expressions are given in the Append
where, for completeness, we also give the expression for
right-hand side in Eq.~13!. However, since this term is in
expensive and easily constructed, we do not discuss it fur
here. Note that, for the derivation in the Appendix, we ha
extended the restricted summation in the doubles opera
Eq. ~4!, to a full summation

T25 (
~ai !>~b j !

t i j
abEaiEb j5

1
2 (
aib j

t i j
ab~11d i jdab!EaiEb j

~26!

and absorbed the diagonal factor in the doubles amplitud

t i j
ab~11dabd i j !→t i j

ab . ~27!

D. Implementation

The idea underlying the integral-direct CCSD algorith
is the calculation of AO integrals in distributions, where
two-electron integrals with one fixed AO indexd are calcu-
lated simultaneously

I ab,g
d 5gabgd , a>b. ~28!

In practice, all distributions with indicesd belonging to the
same shell and related by symmetry are calculated simu
neously and written to disk. Subsequently, these distributi
are read back into memory—one by one—in a loop over
symmetry-relatedd indices belonging to the shell in que
tion.

An efficient implementation of Eqs.~A2!–~A8! and
~A12!–~A19! in the integral-direct scheme is not trivial—
disk and memory requirements, operation counts, and
torization must all be taken into consideration. Clearly,
final implementation becomes a compromise between th
requirements. As in the integral-direct algorithm for the rig
transformation of the Jacobian, we introduce both global
local intermediates.20 The global intermediates are indepe
dent of the trial vectors—they are evaluated once and for
and then stored on disk for reuse. The local intermediates
the other hand, depend on the trial vectors—they are re
culated in each iteration and kept in memory. The use
intermediates reduces the operation count but increases
and memory requirements.

In the following, we shall consider the implementatio
of the computationally most demanding terms only—that
J. Chem. Phys., Vol. 107
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the terms that scale asN6. ~Here,N denotes the total numbe
of orbitals and we shall useV and O for the number of
virtual and occupied orbitals, respectively, below.! We shall
therefore not consider the implementation of the terms~A2!–
~A6! and ~A17!–~A19!.

Consider the double excitation part of the transform
vector. Written as in Eq.~A10!, this part requires 8N6 pro-
cesses. The expressions in parenthesis in theA, C, andD
terms are all independent ofzm . They are already used a
global intermediates in the excitation-energy code,20 and are
used globally here as well. The intermediates are read b
into memory after thed loop one at a time, contracted wit
the appropriate trial-vector amplitudes, and added to
transformed vector. TheB term is similar to theB terms of
Refs. 19 and 20 and is constructed as in Ref. 19. TheE term
is constructed using a local intermediate

Mi jmn5(
cd

z i j
cdtmn

cd ~29!

~requiringO4 in memory! which is contracted with the inte
grals in MO basis outside thed loop ~the integralsĝmanbare
global intermediates as well!.

In the single-excitation part of the transformed vector
Eq. ~A1!, there appears to be another eightN6 processes. The
last term in parenthesis in Eq.~A8! is similar to theB term in
Eq. ~A13! but with summation indices referring to hole ind
ces rather than particle indices. Since the intermed
Vab,kl

BF of Ref. 19 is used globally in the excitation-energ
code,20 we manipulate the last term in Eq.~A8! so as to
utilize the same intermediate

r iG~ last!
a 52(

dkl
zkl
da(

ab
Lad
p Lb i

p Vab,kl
BF ~30!

and note that we then obtain the last term of Eq.~A6! at no
extra cost. The last term in Eq.~A7! is calculated using the
local M intermediate in Eq.~29!, which is contracted with
the integralI jkl

d and finally scaled with theLh matrix in thed
loop.

The remaining 6N6 processes can be calculated usi
four local intermediates inside thed loop, requiring 3N6

processes. The four intermediates are

tdk j
d 5(

f
tk j
d fLd f

h , ~31!

Zei j
d 5(

dk
z ik
edtdk j

d ; Wei j
d 5(

dk
z ik
edtd jk

d ;

Vei j
d 5(

dk
z ik
detd jk

d . ~32!

The final six computationally intensive terms may thus
written as
, No. 3, 15 July 1997
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853Halkier et al.: First-order one-electron properties
r i ,rem.int.terms
a 5(

l j d
~Val j

d 1Zal j
d !ĝ j l i d1(

l j d
~Wal j

d 22Zal j
d !ĝi l j d

1(
e jd

~2Zei j
d 2Wei j

d !ĝea jd

2(
e jd

~Zei j
d 1Vei j

d !ĝ jaed . ~33!

Since the present implementation uses the same global i
mediates as the excitation-energy code, the disk requ
ments are the same. The memory requirements are, on
other hand, somewhat larger in the present transforma
The memory allocation is at its peak in thed loop, where we
need to hold in core the integral distribution (1/2N3), a
packed transformed vector (1/2N2O2), a packed cluster am
plitude (1/2V2O2), and a squared~for better vectorization!
trial vector (V2O2). These requirements should be compa
with the memory requirement 1/2N3 1 1/2N2O2 1 V2O2 of
the energy and excitation-energy codes.19,20 However, from
the discussion above we note that instead of 16N6 processes
in each iteration, we can get by with only eight and timin
from the calculations below indicate that one iteration
slightly faster than one ground-state energy iteration. T
implies that the total cost of obtaining CCSD first order on
electron properties is approximately twice that of obtain
the CCSD ground-state energy.

III. BASIS SET INVESTIGATION

A. Computational details

We shall here examine 29 commonly used basis sets
Table I.25–29,34–39For each basis, we have listed the numb
of contracted functions for each angular momentum in
first-row atoms, as well as the total number of basis functi
in calculations on the diatomics BF,.../HF, recalling that
diatomics containing two first-row atoms give rise to t
same number of basis functions.

The operator representing DPM is

ma5(
B

QBRBa2(
i
r ia , ~34!

where the first summation is over nuclei with chargesQB

and position vectorsRB and the second is over the electro
with position vectorsr i . Here, and below, Greek letter sub
scripts represent Cartesian directions.

For QPM, we use the traceless moment as defined
Buckingham40

Qab5 1
2 (

B
QB~3RBaRBb2dabRB

2 !

2 1
2 (

i
~3r iar ib2dabr i

2!. ~35!

The operator for the electric field gradient at nucleusA is
given by
J. Chem. Phys., Vol. 107
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qab~A!5 (
BÞA

QB

3RBAaRBAb2dabRBA
2

RBA
5

2(
i

3r iAar iAb2dabr iA
2

r iA
5 , ~36!

where the summations are over the remaining nuclei w
position vectorsRBA relative toA and the electrons with
position vectorsr iA relative toA.

Since DPM is linear inr i , a good description of the
outer valence regions is required for high accuracy. It
therefore important to include diffuse functions in the ba
set. The same argument applies to QPM, for which the
fuse functions become even more important because of
quadratic dependence on the position vectors. The EFG
contrast, requires a good description of the core region
well as the inner valence region because of ther i

23 depen-
dence. For this property inclusion of tight basis functio
therefore becomes important.

For linear molecules, we have a single nontrivial co
ponent of the DPM. The QPM and EFG tensors are au
matically diagonal with elements labeled asuq33u>uq22u
>uq11u. Since for linear moleculesq33522q22522q11,

40

we shall report only the 33-component below.

TABLE I. Name and total number of basis functions in calculations
BF, CO, N2, NO

1/HF for the 29 investigated basis sets. Also given is t
number of contracted functions in each shell (s,p,...) on first row atoms.
The numbers in the ANO names refer to the number of contrac
s,p,d,( f ) functions on first row atoms~first! and hydrogen~last!.

# contracted functions # basis function
Basis set s p d f g i BF,.../HF

6-311G 4 3 - - - - 26/16
6-311G** 4 3 1 - - - 36/24
6-311G(2d,2p) 5 4 2 - - - 54/36
6-31111G** 5 4 1 - - - 44/29
6-31111G(2d,2p) 5 4 2 - - - 54/37
DZP ~Ahlrichs! 4 2 1 - - - 30/20
TZP ~Ahlrichs! 6 3 1 - - - 40/26
TZ2P ~Ahlrichs! 6 3 2 - - - 50/34
Sadlej 5 3 2 - - - 48/33
ANO 4321–321 4 3 2 1 - - 60/44
ANO 5432–432 5 4 3 2 - - 92/69
ANO 6543–543 6 5 4 3 - - 124/94
ANO 7643–643 7 6 4 3 - - 132/99
cc-pVDZ 3 2 1 - - - 28/19
cc-pVTZ 4 3 2 1 - - 60/44
cc-pVQZ 5 4 3 2 1 - 110/85
cc-pV5Z 6 5 4 3 2 1 182/146
aug-cc-pVDZ 4 3 2 - - - 46/32
aug-cc-pVTZ 5 4 3 2 - - 92/69
aug-cc-pVQZ 6 5 4 3 2 - 160/126
aug-cc-pV5Z 7 6 5 4 3 2 254/207
cc-pCVDZ 4 3 1 - - - 36/23
cc-pCVTZ 6 5 3 1 - - 86/57
cc-pCVQZ 8 7 5 3 1 - 168/114
cc-pCV5Z 10 9 7 5 3 1 290/200
aug-cc-pCVDZ 5 4 2 - - - 54/32
aug-cc-pCVTZ 7 6 4 2 - - 118/73
aug-cc-pCVQZ 9 8 6 4 2 - 218/139
aug-cc-pCV5Z 11 10 8 6 4 2 362/236
, No. 3, 15 July 1997
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854 Halkier et al.: First-order one-electron properties
B. Hartree–Fock results

Since we wish to benchmark the performance of the
ferent basis sets against the numerical Hartree–Fock re
of Sundholmet al.,24 we shall here use the geometries
Ref. 24: R(BF)52.386 a.u., R(CO)52.132 a.u., R(HF)
51.7328, R(N2)52.068 a.u., R(NO1)52.0092 a.u. All
calculations are carried out in the center-of-mass coordin
system.

1. Dipole moment results

In Table II, the Hartree–Fock DPMs for the differe
basis sets are listed together with the numerical resul24

Note that there is no Sadlej basis set for boron. It is grat
ing to see that the elaborate aug-cc-pV5Z basis does re
duce the numerical results to four decimals places for all f
molecules. In Fig. 1, the magnitudes of the deviation fro
the numerical results of the two series cc-pVXZ and aug-
pVXZ are given. A comparison of the results for the tw
series illustrates the importance of including diffuse fun
tions in the basis when DPMs are calculated. We note
the convergence of the aug-cc-pVXZ series towards the b
set limit is an excellent one and clearly indicative of a hi
archical structure: The major part of the errors at the aug
pVDZ level is gone at the aug-cc-pVTZ level, and, procee
ing to the aug-cc-pVQZ level, the DPMs are for all practic
purposes converged to the basis set limit.

TABLE II. Calculated Hartree–Fock molecular electric dipole moments
atomic units. Numerical results from Ref. 24.

Basis set BF CO HF NO1

6-311G 0.1694 0.1961 20.9181 0.3227
6-311G** 0.3405 0.1060 20.7945 0.2840
6-311G(2d,2p) 0.3312 0.1054 20.7793 0.2551
6-31111G** 0.3193 0.1194 20.8131 0.2735
6-31111G(2d,2p) 0.3312 0.1054 20.7789 0.2551
DZP ~Ahlrichs! 0.3695 0.1190 20.7703 0.2969
TZP ~Ahlrichs! 0.3291 0.1273 20.8101 0.2672
TZ2P ~Ahlrichs! 0.3368 0.1048 20.7729 0.2545
Sadlej 0.1006 20.7566 0.2499
ANO 4321–321 0.3546 0.0999 20.7591 0.2544
ANO 5432–432 0.3469 0.1026 20.7563 0.2558
ANO 6543–543 0.3424 0.1044 20.7563 0.2539
ANO 7643–643 0.3427 0.1045 20.7564 0.2540
cc-pVDZ 0.3472 0.0919 20.7670 0.2836
cc-pVTZ 0.3485 0.0966 20.7637 0.2586
cc-pVQZ 0.3412 0.1041 20.7607 0.2556
cc-pV5Z 0.3418 0.1049 20.7602 0.2540
aug-cc-pVDZ 0.3539 0.1020 20.7597 0.2500
aug-cc-pVTZ 0.3434 0.1050 20.7574 0.2530
aug-cc-pVQZ 0.3427 0.1043 20.7563 0.2536
aug-cc-pV5Z 0.3428 0.1042 20.7561 0.2537
cc-pCVDZ 0.3465 0.0916 20.7676 0.2851
cc-pCVTZ 0.3442 0.1017 20.7636 0.2611
cc-pCVQZ 0.3414 0.1044 20.7607 0.2557
cc-pCV5Z 0.3418 0.1048 20.7601 0.2540
aug-cc-pCVDZ 0.3532 0.1046 20.7745 0.2514
aug-cc-pCVTZ 0.3420 0.1052 20.7611 0.2535
aug-cc-pCVQZ 0.3427 0.1044 20.7570 0.2537
aug-cc-pCV5Z 0.3428 0.1043 20.7563 0.2537
Numerical result 0.3428 0.1042 20.7561 0.2537
J. Chem. Phys., Vol. 1
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Included in Fig. 1 are also the ANO results. The conv
gence of this series is also good although we do not fu
reach the numerical results, being around 0.2 milliatom
units ~mau! off. The aug-cc-pVXZ series may be used f
obtaining the Hartree–Fock basis set limit results. Howev
since the number of contracted basis functions in the A
sets is significantly smaller than in the aug-cc-pVXZ seri
our results indicate that, in Hartree–Fock calculations, o
can cover larger systems with the former sets practically w
the accuracy of the latter.

We believe there are two reasons for the good per
mance of the comparatively small ANO basis sets:~1! The
additional diffuse functions included in the Dunning se
upon augmentation are already part of the basic ANO pri
tive set, and~2! the ANO contraction coefficients are base
on calculations on the neutral atom as well as on calculati
on the cation and the anion. The calculation on the an
introduces a diffuse character in the basis, thereby makin
well suited for accurate DPM calculations.

Comparing the core–valence and the valence Dunn
sets, we find—as expected—that the core contributions to
DPMs are rather small, especially for the larger sets. Si
the additional core functions make the calculations sign
cantly more expensive, there appears to be no compe
reason for the use of the core–valence basis sets in D
calculations on molecules containing first-row atoms only

The Sadlej basis gives a very good result for HF, be
in error by only 0.5 mau, but for CO and NO1 the errors are
around 4 mau. The accuracy fluctuates and—since we
only perform ‘‘one shot’’ calculations with this basis set—
is not recommended for high accuracy calculations.

The results for the three Ahlrichs sets reveal that th
basis sets are too small for high-accuracy DPM calculatio
The largest set~TZ2P! gives good results for CO an
NO1, but its performance—like that of the Sadlej set
fluctuates, with HF being 16.8 mau from the basis set lim

FIG. 1. The absolute value of the deviation from the numerical Hartre
Fock dipole moments~Ref. 24! in mau. D is short for cc-pVDZ and simi-
larly aD stands for aug-cc-pVDZ an so on through the Dunning series.
ANO series are denoteda1 to a4 increasing in since with the number.

in
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855Halkier et al.: First-order one-electron properties
The Pople basis sets occasionally give good results but
usually off by more than 10 mau and are therefore not su
for accurate DPM calculations.

2. Quadrupole moment results

The calculated Hartree–Fock QPMs are given in Ta
III, along with the numerical results.24 As for DPMs, the
aug-cc-pV5Z basis gives the most accurate results. Howe
even with this elaborate basis set, we are still not fully co
verged to the basis set limit. The maximum error relative
the numerical results is 1.2 mau and the mean of the abso
errors is 0.5 mau. In Fig. 2, the magnitude of the deviat
from the numerical results is shown for the same three se
of basis sets as in Fig. 1. A comparison of the two Dunn
series in Fig. 2 demonstrates clearly the need for diff
functions. The convergence in the aug-cc-pVXZ sequenc
again good, although in a few isolated cases the error in
QPM is not reduced as we go to a larger basis set. Howe
the mean absolute deviations decreases steadily from au
pVDZ to aug-cc-pV5Z: 35.2 (aD), 5.4 (aT), 2.7 (aQ), and
0.5 (a5) mau.

The performance of the ANO series is virtually as go
as that of the aug-cc-pVXZ series, the mean absolute de
tions being 15.9 (a1), 5.5 (a2), 2.2 (a3), and 1.2 mau

TABLE III. Calculated Hartree–Fock 33-component of traceless molec
electric quadrupole moment tensor in atomic units. Numerical results f
Ref. 24.

Basis set BF CO HF NO1 N2

6-311G 23.6048 22.1497 1.6298 20.2185 21.7127
6-311G** 23.2141 21.6504 1.6565 0.354521.1850
6-311G(2d,2p) 23.1366 21.5115 1.7454 0.569320.9236
6-31111G** 23.1732 21.6699 1.7113 0.352521.1554
6-31111(2d,2p) 23.1366 21.5115 1.7459 0.569320.9236
DZP ~Ahlrichs! 23.2853 21.6892 1.6627 0.359221.2245
TZP ~Ahlrichs! 23.3246 21.7521 1.7116 0.318121.2436
TZ2P ~Ahlrichs! 23.1702 21.5483 1.7188 0.532920.9902
Sadlej 21.5059 1.7448 0.569020.9232
ANO 4321–321 23.1518 21.5676 1.7422 0.537120.9495
ANO 5432–432 23.1764 21.5370 1.7317 0.519120.9400
ANO 6543–543 23.1555 21.5347 1.7277 0.518520.9408
ANO 7643–643 23.1563 21.5325 1.7296 0.518620.9398
cc-pVDZ 23.1327 21.5608 1.6457 0.415521.1335
cc-pVTZ 23.1482 21.5285 1.6912 0.504821.0269
cc-pVQZ 23.1563 21.5328 1.7056 0.517120.9820
cc-pV5Z 23.1569 21.5405 1.7183 0.516320.9701
aug-cc-pVDZ 23.0867 21.5823 1.7344 0.535420.9042
aug-cc-pVTZ 23.1537 21.5460 1.7348 0.520420.9356
aug-cc-pVQZ 23.1533 21.5304 1.7348 0.521920.9352
aug-cc-pV5Z 23.1557 21.5304 1.7327 0.519120.9388
cc-pCVDZ 23.1330 21.5564 1.6472 0.415821.1315
cc-pCVTZ 23.1648 21.5327 1.6890 0.505821.0223
cc-pCVQZ 23.1562 21.5325 1.7056 0.516720.9821
cc-pCV5Z 23.1567 21.5396 1.7184 0.516820.9695
aug-cc-pCVDZ 23.0833 21.5281 1.7628 0.536420.9039
aug-cc-pCVTZ 23.1555 21.5403 1.7450 0.525520.9296
aug-cc-pCVQZ 23.1529 21.5296 1.7384 0.522520.9345
aug-cc-pCV5Z 23.1556 21.5303 1.7332 0.519320.9386
daug-cc-pVTZ 23.1584 21.5341 1.7382 0.520420.9378
daug-cc-pVQZ 23.1562 21.5299 1.7339 0.520020.9371
Numerical h.f. 23.1562 21.5300 1.7321 0.519120.9400
J. Chem. Phys., Vol. 107
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(a4) in the notation of Figs. 1 and 2. With the largest AN
set, we are not as close to the basis set limit as with
aug-cc-pV5Z set. Nevertheless, as for the DPMs, the A
sets represent a computationally cheaper alternative to
aug-cc-pVXZ series for accurate Hartree–Fock QPMs.

The differences between the cc-pVXZ and cc-pCVX
are small for the QPM, and the same applies to the a
mented versions of these series. As for the DPMs, there
pears to be no urgent need for core–valence basis se
QPM calculations on molecules containing only for first-ro
atoms.

The Sadlej set has a maximum error of 49.9 mau and
average error of 25.9 mau, and the accuracy is thus betw
that of aug-cc-pVDZ and aug-cc-pVTZ. The largest a
most accurate of the Ahlrichs basis sets—TZ2P—ha
maximum error of 50.2 mau and an average error of 2
mau. Like the Sadlej sets, the three Ahlrichs sets are t
inferior to the ANO and aug-cc-pVXZ basis sets with r
gards to accurate QPM calculations. The same is true for
Pople basis sets, where the largest set has maximum
mean errors of 50.2 and 23.7 mau, respectively.

From the preceding discussion, the accurate calcula
of QPMs appears to be a more difficult task than the accu
calculation of DPMs. Diffuse functions are more importa
for describing ther i

2 dependence of QPMs than ther i depen-
dence of DPMs. The discrepancies that persist between
basis set and numerical results are therefore expected to
from an incomplete basis set description of the outer vale
region. To test this conjecture, we have carried out additio
calculations with the daug-cc-pVTZ and daug-cc-pVQZ b
sis sets, where two sets of diffuse functions have been ad
to the original cc-pV~T,Q!Z sets.28 The results are given a
the bottom of Table III. Significant improvements are o
served when these additional diffuse functions are int
duced: Going from aug-cc-pVTZ to daug-cc-pVTZ, th
maximum and mean errors drop from 16.0 to 6.1 mau a

FIG. 2. The absolute value of the deviation from the numerical Hartre
Fock quadrupole moments~Ref. 24! in mau. The same abbreviations fo
basis sets as in Fig. 1 are used.
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856 Halkier et al.: First-order one-electron properties
from 5.4 to 3.2 mau, respectively. For the larger quadrup
zeta sets, these errors drop from 4.8 to 2.9 mau and from
to 1.1 mau. The need for additional diffuse functions is th
clearly demonstrated.

For the DPMs, the effect of adding the same additio
diffuse functions is much smaller—less than 1.5 mau at
triple-zeta level and less than 0.3 mau at the quadruple-
level. At the triple-zeta level, the maximum and mean er
change from 1.4 to 0.8 mau and 0.9 to 0.4 mau, respectiv
At the quadruple-zeta level, extremely small changes
found when adding the extra diffuse functions, which is n
surprising, since we at this point have already converge
the basis set limit for all practical purposes.

3. Electric field gradient results

The Hartree–Fock EFGs are listed in Table IV~a!, along
with the numerical results.24 The performance of the bas
sets is rather different from that of the DPM and QPM c
culations. Neither of the two valence Dunning series perfo
outstandingly: The average absolute errors are 26.2 and
mau, respectively, for cc-pV5Z and aug-cc-pV5Z. For ea
basis set, only two out of nine EFGs are within 10 mau of
numerical result and the accuracy of the EFGs is quite
even. For the ANO sets, the situation is much the same: O
6 calculated EFGs out of 36 are within 10 mau of the n
merical results. The largest ANO set has an average abs
error of 29.2 mau and is only once within the mentioned
mau limit.

Clearly, with these large standard sets that performed
well for DPM and QPM, we are still far from the EFG bas
set limit. Obviously, for the smaller basis sets the situation
not better. The Sadlej set performs particularly poorly~with
an average absolute error of 173.2 mau! as expected for a
basis set designed for flexibility in the outer valence regio
rather than in the core and inner valence regions. The P
and Ahlrichs sets are also not well suited for the calculat
of EFGs, although we note that some of these sets perfor
well as the considerably larger cc-pV5Z basis: For the larg
Pople set, the absolute average error is 29.5 mau; for
TZ2P Ahlrichs sets, three out of nine absolute errors
below 10 mau and the average absolute error is 25.8 ma

In Fig. 3, we have plotted the magnitude of the dev
tions from the numerical EFG results for the cc-pVXZ ser
and the core–valence series cc-pCVXZ and aug-cc-pCV
These plots indicate that the two core–valence series
appropriate for EFG calculations, and that the large co
valence basis sets are the only ones that consistently y
EFGs close to the numerical values. The convergence in
cc-pCVXZ series from double-zeta to quintuple-zeta is illu
trated by the following average and maximum absolute
rors: 124.5 and 208.3 mau~cD!, 25.4 and 43.2 mau~cT!, 4.5
and 10.0 mau~cQ!, and 2.7 and 4.7 mau~c5!. For the aug-
cc-pCVXZ series, the EFG convergence is characterized
the following average and maximum absolute errors: 10
and 204.8 mau~acD!, 27.9 and 45.2 mau~acT!, 7.1 and 19.6
mau ~acQ!, and 3.2 and 5.4 mau~ac5!. Thus the added dif-
fuse functions in the aug-cc-pCVXZ sets do not have a d
J. Chem. Phys., Vol. 107
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matic effect on the EFGs—this is not surprising since
diffuse functions are not located in the region most import
for the EFG.

Although convergence is observed in Fig. 3, it is n
nearly as good as for DPMs and QPMs and, for a giv
basis, larger fluctuations are encountered, compare F
1–3. Also, the differences between the cc-pCVQZ and
pCV5Z sets are similar to the differences between cc-pCV
set and the EFG basis set limit. Since the changes from
set to the next decrease steadily throughout the cc-pCV
series, our results imply that, even at the next~as yet unavail-
able! cc-pCV6Z level, we would still not be fully converged
Noting that we already have145 basis functions per atomin
the cc-pCV5Z basis set, it should be quite clear that EF
are indeed particularly demanding with respect to the qua
of the basis set.

To explore the requirements for high accuracy in t
EFGs further, we have for this property carried out calcu
tions with additional basis sets. Since the Ahlrichs TZ
basis performed so well for its moderate size, we tried so
larger basis sets by Ahlrichs and co-workers. The QZ2P
sis set,35 in particular, has been employed by Gauss a
Stanton for accurate nuclear magnetic shielding constan41

at the CCSD and CCSD~T! ~i.e., CCSD with perturbative
triples corrections42! levels. We have carried out EFG calcu
lations with this basis set—alone and augmented with one
of f functions on the first-row atoms and one set ofd func-
tions on hydrogen~with exponents taken from the cc-pVT
basis set!. The results are listed in Table IV~b! together with
TZ2P results for reference. For the QZ2P basis, the ave
absolute deviation from the numerical results is 48.2 m
and only two out of nine times does this basis improve up
TZ2P. Similarly, the QZ2P1F set only improves four TZ2
results and the average absolute deviation from the num
cal results is 31.9 mau. Clearly, these two sets do no
general represent an improvement upon TZ2P.

Basis set uncontraction is a common technique for
proving the description of the inner regions of a molecu
We tried this approach for the aug-cc-pCVTZ basis set. T
EFGs obtained in this way are given in Table IV~b! along
with the aug-cc-pCVTZ results for reference. Six out of ni
times the totally uncontracted set yields results that are be
than the aug-cc-pCVTZ results, but the differences
small—typically around 3 mau.

Acknowledging the success of the core–valence s
~see Fig. 3!, we tried to add more tight functions to the c
pCVTZ and cc-pCVQZ sets. For cc-pCVTZ, we added o
set ofs, p, andd functions to the first-row atoms and one s
of s and p functions to hydrogen. The exponents of th
added tight functions on hydrogen were chosen to th
times the largest exponent of the given type of function. F
the first row atoms the exponents were chosen to three ti
the largest exponents of the already included tight functi
of the given type of function. For the cc-pCVQZ set, w
added one set ofs, p, d, and f functions to the first-row
atoms and one set ofs, p, andd functions to hydrogen with
exponents chosen in the same way as for cc-pCVTZ. T
, No. 3, 15 July 1997
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TABLE IV. ~a! Calculated Hartree–Fock 33-component of electric field gradient tensors at the nuclei in atomic units. Numerical Hartree–Fock res
Ref. 24.~b! Difference between special basis set calculated and numerically~Ref. 24! calculated Hartree–Fock 33-component of electric field gradient ten
in atomic units.

~a!

BF CO HF NO1 N2

Basis set B F C O H F N O N

6-311 G 20.5002 0.8804 21.0713 20.5140 0.6067 3.3720 21.6002 20.7345 20.2108
6-311 G** 20.5086 0.6505 1.1192 20.6768 0.5619 3.0709 21.7264 20.9608 21.3105
6-311 G (2d,2p) 20.5276 0.6545 21.1362 20.6898 0.5466 2.8614 21.7537 20.9921 21.3270
6-31111G** 20.5057 0.6841 21.1153 20.6480 0.5570 2.9038 21.7245 20.9469 21.2893
6-31111(2d,2p) 20.5276 0.6545 21.1362 20.6898 0.5465 2.8616 21.7537 20.9921 21.3270
DZP ~Ahlrichs! 20.4565 0.5929 21.0032 20.5306 0.5806 2.9563 21.5474 20.7879 21.1872
TZP ~Ahlrichs! 20.5135 0.6371 21.1233 20.6933 0.5691 2.9300 21.7474 20.9889 21.3303
TZ2P ~Ahlrichs! 20.5176 0.6269 21.1376 20.6985 0.5657 2.8826 21.7777 21.0118 21.3574
Sadlej 21.0449 20.4533 0.5857 2.8771 21.5137 20.6570 21.0871
ANO 4321–321 20.5087 0.5795 21.1161 20.6688 0.5368 2.8602 21.7525 21.0134 21.3107
ANO 5432–432 20.5259 0.6624 21.1514 20.6738 0.5236 2.8865 21.7950 20.9981 21.3452
ANO 6543–543 20.5375 0.5995 21.1667 20.7171 0.5236 2.8616 21.8077 21.0441 21.3655
ANO 7643–643 20.5395 0.6094 21.1705 20.7200 0.5234 2.8634 21.8200 21.0501 21.3739
cc-pVDZ 20.4413 0.5477 20.9877 20.5263 0.5754 2.9563 21.5280 20.7647 21.1495
cc-pVTZ 20.5328 0.5745 21.1396 20.7334 0.5448 2.8728 21.7801 21.0442 21.3576
cc-pVQZ 20.5400 0.5994 21.1735 20.7249 0.5183 2.8613 21.8153 21.0479 21.3721
cc-pV5Z 20.5408 0.5977 21.1715 20.7259 0.5153 2.8491 21.8172 21.0532 21.3726
aug-cc-pVDZ 20.4489 0.5814 21.0360 20.5201 0.5638 2.7632 21.5557 20.7742 21.1193
aug-cc-pVTZ 20.5262 0.5891 21.1361 20.7208 0.5435 2.7887 21.7784 21.0408 21.3518
aug-cc-pVQZ 20.5394 0.6010 21.1718 20.7235 0.5183 2.8394 21.8175 21.0515 21.3696
aug-cc-pV5Z 20.5410 0.5984 21.1714 20.7246 0.5154 2.8459 21.8178 21.0523 21.3705
cc-pCVDZ 20.4547 0.5565 21.0246 20.5737 0.5759 2.9729 21.5794 20.8243 21.2014
cc-pCVTZ 20.4998 0.5714 21.0940 20.7057 0.5447 2.8297 21.7319 21.0145 21.3146
cc-pCVQZ 20.5165 0.5808 21.1288 20.7101 0.5187 2.8006 21.7651 21.0282 21.3351
cc-pCV5Z 20.5165 0.5875 21.1311 20.7082 0.5152 2.7965 21.7704 21.0293 21.3355
aug-cc-pCVDZ 20.4603 0.5989 21.0595 20.5571 0.5676 2.7778 21.5985 20.8278 21.1707
aug-cc-pCVTZ 20.4974 0.5855 21.0904 20.6950 0.5434 2.7654 21.7299 21.0082 21.3042
aug-cc-pCVQZ 20.5165 0.5841 21.1284 20.7076 0.5184 2.7792 21.7653 21.0274 21.3302
aug-cc-pCV5Z 20.5163 0.5882 21.1310 20.7080 0.5153 2.7934 21.7707 21.0295 21.3333
Numerical h.f. 20.5186 0.5892 21.1343 20.7105 0.5119 2.7988 21.7751 21.0326 21.3366

~b!
Basis set

TZ2P 0.0010 0.0377 20.0033 0.0120 0.0538 0.0838 20.0026 0.0208 20.0208
QZ2P 20.0207 0.0898 20.0285 0.0389 0.0472 0.1409 20.0058 0.0502 20.0118
QZ2P1F 20.0212 0.0286 20.0390 20.0080 0.0216 0.0887 20.0382 20.0039 20.0375
aug-cc-pCVTZ 0.0212 20.0037 0.0439 0.0155 0.0315 20.0334 0.0452 0.0244 0.0324
Uncontracted 0.0191 20.0009 0.0400 0.0163 0.0316 20.0233 0.0417 0.0244 0.0310
cc-pCVTZ 0.0188 20.0178 0.0403 0.0048 0.0328 0.0309 0.0432 0.0181 0.022
cc-pCVTZ1ti 20.0052 20.0071 0.0013 20.0033 0.0289 0.0734 0.0086 0.0078 20.0050
cc-pCVQZ 0.0021 20.0084 0.0055 0.0004 0.0068 0.0018 0.0100 0.0044 0.001
cc-pCVQZ1ti 0.0037 20.0016 0.0027 20.0021 0.0032 0.0199 0.0028 0.0009 20.0031
aug-cc-pCVTZ1ti --- --- --- --- 0.0272 0.0066 --- --- ---
aug-cc-pCVQZ1ti --- --- --- --- 0.0026 20.0019 --- --- ---
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results obtained with these basis sets are given in Table IV~b!
with the cc-pCVTZ and cc-pCVQZ results for reference.

At the triple-zeta level, the maximum and mean erro
change from 43.2 to 73.4 mau and from 25.4 to 15.6 m
respectively, when tight functions are added. At t
quadruple-zeta level, the corresponding changes are f
10.0 to 19.9 mau and from 4.5 to 4.4 mau. At first glan
these results are discouraging but we note that only flou
in HF constitutes a problem. Excluding the HF results,
cc-pCVTZ1ti errors are 8.6 and 5.5 mau, respective
whereas the cc-pCVQZ1ti errors are only 3.7 and 2.4 mau
Thus, except for HF, the results obtained with the modifi
triple-zeta set are of an accuracy comparable to the
pCVQZ results. Likewise, the results obtained with t
modified quadruple-zeta set are comparable to the cc-pC
results.
J. Chem. Phys., Vol. 107
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The difficulties encountered for the EFG at the fluori
nucleus in HF arise from the fact that the electrons in t
molecule to a high degree are localized around the fluo
atom, giving the system a strong ionic character. Such
electronic structure cannot be described with the
pCV~T,Q!Z sets augmented with tight functions—diffus
functions are needed for a balanced description of the bo
ing and nuclear regions. We therefore carried out calcu
tions on HF with the aug-cc-pCV~T,Q!Z sets augmented
with tight functions chosen as described above. As show
Table IV~b!, these basis sets represent a significant impro
ment upon the aug-cc-pCV~T,Q!Z sets for the EFG at the
fluorine atom in HF.

In conclusion, the addition of tight functions to th
correlation-consistent core–valence basis sets appears to
good way to obtain EFGs closer to the basis set limit and
, No. 3, 15 July 1997
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858 Halkier et al.: First-order one-electron properties
mandatory for calculations within one thousandths of
atomic unit of the basis set limit, although a more system
approach for selecting the exponents of the extra tight fu
tions ~as well as the number of extra tight functions! would
definitely be desirable.

C. CCSD results

The calculated CCSD first-order one-electron proper
are listed in Table V~DPM!, Table VI ~QPM!, and Table VII
~EFG!. Comparing the uncorrelated and correlated DPMs
the aug-cc-pV5Z level in Tables II and V, we observe lar
variations in the correlation effects. The changes fr
Hartree–Fock to CCSD range from 16 to 128 mau~i.e., 4.6%
to 122%!. The DPM in CO, in particular, displays large co
relation effects, changing the sign as we go from an unc
related to a correlated description. Compared with
changes in the DPMs in the aug-cc-pVXZ series at
CCSD level~Table V!, we note that correlation effects ar
usually more important than basis set effects. Recalling
among the properties considered here, the DPM was the
est to converge to the basis set limit at the Hartree–F
level, this is not surprising.

A similar situation is found for the QPMs. Comparin
the aug-cc-pV5Z QPMs in Tables III and VI, we find that th
changes from Hartree–Fock to CCSD vary from 17 to 5
mau ~i.e., from 1.0% to 18.1%!. We thus have correlation
effects up to 20%. Comparing with the CCSD QPM chang
in the aug-cc-pVXZ series~Table VI!, we note that correla-
tion effects are more important than basis set effects for
QPMs as well.

For the EFGs, the situation is slightly different. Compa
ing EFGs calculated with the cc-pCV5Z basis set in Tab
IV ~a! and VII, we see that the changes from Hartree–Foc
CCSD vary from 12 to 312 mau~i.e., 1.8% to 18.9%!. The
correlation effects are typically around 10%. Compared
the CCSD EFG changes in the cc-pCVXZ series~Table VII!,

FIG. 3. The absolute value of the deviation from the numerical Hartre
Fock electric field gradients~Ref. 24! in mau. As before D is short for
cc-pVDZ, and cD and acD denotes the cc-pCVDZ and aug-cc-pCVDZ b
sets, respectively.
J. Chem. Phys., Vol. 107
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correlation effects are important, but basis set effects
often equally important. Consequently, basis set effects
relatively more important for EFGs than for DPMs an
QPMs—as expected from the problems with basis set c
vergence already discussed at the Hartree–Fock level.

1. Dipole moment results

It is a little harder to converge the DPM to the basis
limit at the CCSD level than at the Hartree–Fock level. Th
point is illustrated in the upper third of Table VIII, where w
give the absolute value of the maximum and average chan
in the DPMs when going from aug-cc-pVDZ to aug-c
pVTZ, from aug-cc-pVTZ to aug-cc-pVQZ, and from aug
cc-pVQZ to aug-cc-pV5Z. The CCSD convergence of t
aug-cc-pVXZ series in Table VIII combined with the corr
sponding Hartree–Fock convergence~in particular the fact
that we have fully converged Hartree–Fock results!, suggests
that, for DPMs, we are within 0.5 mau of the CCSD basis
limit results with the aug-cc-pV5Z basis set—that is, close
fully converged. In Fig. 4, the absolute value of the deviati
from the aug-cc-pV5Z results is given for the same basis
as in Fig. 1. A comparison of the Dunning series in Fig.
demonstrates the need for diffuse functions, without wh
the results become scattered and unreliable. The very g
hierarchical convergence of aug-cc-pVXZ series observe

–

is

TABLE V. Calculated CCSD molecular electric dipole moments in atom
units.

Basis set BF CO HF NO1

6-311G 0.1619 0.0047 20.8739 0.1671
6-311G** 0.3519 20.0503 20.7477 0.1553
6-311G(2d,2p) 0.3196 20.0350 20.7370 0.1387
6-31111G** 0.3147 20.0351 20.7707 0.1453
6-31111G(2d,2p) 0.3196 20.0350 20.7366 0.1387
DZP ~Ahlrichs! 0.3768 20.0332 20.7265 0.1703
TZP ~Ahlrichs! 0.3150 20.0218 20.7686 0.1416
TZ2P ~Ahlrichs! 0.3279 20.0349 20.7300 0.1375
Sadlej 20.0402 20.7068 0.1297
ANO 4321–321 0.3292 20.0332 20.7159 0.1403
ANO 5432–432 0.3286 20.0294 20.7125 0.1432
ANO 6543–543 0.3256 20.0280 20.7126 0.1413
ANO 7643–643 0.3258 20.0278 20.7128 0.1413
cc-pVDZ 0.3760 20.0680 20.7203 0.1570
cc-pVTZ 0.3453 20.0428 20.7183 0.1433
cc-pVQZ 0.3274 20.0270 20.7199 0.1440
cc-pV5Z 0.3241 20.0237 20.7213 0.1436
aug-cc-pVDZ 0.3407 20.0383 20.7096 0.1333
aug-cc-pVTZ 0.3272 20.0284 20.7124 0.1396
aug-cc-pVQZ 0.3236 20.0244 20.7154 0.1427
aug-cc-pV5Z 0.3232 20.0233 20.7165 0.1436
cc-pCVDZ 0.3751 20.0685 20.7209 0.1578
cc-pCVTZ 0.3388 20.0358 20.7189 0.1464
cc-pCVQZ 0.3263 20.0260 20.7200 0.1445
cc-pCV5Z 0.3229 20.0232 20.7212 0.1439
aug-cc-pCVDZ 0.3387 20.0282 20.7371 0.1345
aug-cc-pCVTZ 0.3233 20.0266 20.7200 0.1408
aug-cc-pCVQZ 0.3223 20.0236 20.7173 0.1432
aug-cc-pCV5Z 0.3222 20.0227 20.7172 0.1439
daug-cc-pVTZ 0.3273 20.0293 20.7113 0.1397
daug-cc-pVQZ 0.3238 20.0246 20.7153 0.1429
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859Halkier et al.: First-order one-electron properties
the Hartree–Fock level remains intact at the CCSD lev
with the changes in the DPMs decreasing steadily as we
through the hierarchy.

At the Hartree–Fock level, the performance of the la
est ANO set was similar to that of the aug-cc-pVQZ ba
set. At the CCSD level, the results are closer to the aug
pVTZ results: The maximum and average absolute diff
ences from the aug-cc-pV5Z results are 4.4 and 3.3 m
respectively—see Table V and Fig. 4. Clearly, the ANO s
do not perform so well at the correlated level as at
Hartree–Fock level. If an accuracy better than that of a
cc-pVTZ is needed~around 5 mau from the basis set limit!,
then the aug-cc-pVQZ and aug-cc-pV5Z basis sets mus
used at the CCSD level. The ANO sets no longer represe
less expensive alternative for the calculation of high ac
racy DPMs.

The differences between the DPMs obtained with
augmented Dunning sets and the doubly augmented Dun
sets are again small—less than 1.1 mau at the triple-
level and less than 0.2 mau at the quadruple-zeta level~see
Table V!. We are thus quite close to basis set saturation w
only one set of diffuse functions. All things considered,
consistent accuracy of around 5 mau within the CCSD D
basis set limit is attainable using the aug-cc-pVTZ basis

TABLE VI. Calculated CCSD 33-component of traceless molecular elec
quadrupole moment tensor in atomic units.

Basis set BF CO HF NO1 N2

6-311G 22.9597 22.0799 1.5820 0.278021.9192
6-311G** 22.6686 21.5896 1.5841 0.280221.3683
6-311G(2d,2p) 22.6056 21.4780 1.7014 0.472421.1405
6-31111G** 22.6139 21.6225 1.6677 0.281021.3389
6-31111G(2d,2p) 22.6056 21.4780 1.7019 0.472421.1405
DZP ~Ahlrichs! 22.7298 21.6313 1.5918 0.273221.4179
TZP ~Ahlrichs! 22.7505 21.6972 1.6630 0.245621.4373
TZ2P ~Ahlrichs! 22.6286 21.5063 1.6680 0.441621.2125
Sadlej 21.4592 1.7204 0.480321.1368
ANO 4321–321 22.6171 21.5184 1.7258 0.459821.1362
ANO 5432–432 22.6367 21.4701 1.7099 0.452121.1141
ANO 6543–543 22.6137 21.4674 1.7042 0.451521.1171
ANO 7643–643 22.6148 21.4658 1.7063 0.451721.1168
cc-pVDZ 22.6254 21.5203 1.5685 0.323021.3421
cc-pVTZ 22.6076 21.4713 1.6336 0.427721.2194
cc-pVQZ 22.6194 21.4702 1.6665 0.448121.1651
cc-pV5Z 22.6216 21.4751 1.6912 0.452221.1490
aug-cc-pVDZ 22.5618 21.5350 1.7019 0.446121.1084
aug-cc-pVTZ 2.6158 21.4796 1.7114 0.452321.1124
aug-cc-pVQZ 22.6158 21.4623 1.7164 0.457121.1084
aug-cc-pV5Z 22.6193 21.4608 1.7153 0.456221.1091
cc-pCVDZ 22.6207 21.5110 1.5705 0.327321.3311
cc-pCVTZ 22.6245 21.4717 1.6318 0.430721.2075
cc-pCVQZ 22.6160 21.4667 1.6663 0.449521.1619
cc-pCV5Z 22.6183 21.4719 1.6912 0.454021.1461
aug-cc-pCVDZ 22.5561 21.4903 1.7433 0.448321.1050
aug-cc-pCVTZ 22.6135 21.4710 1.7247 0.458821.1038
aug-cc-pCVQZ 22.6124 21.4587 1.7205 0.459121.1050
aug-cc-pCV5Z 22.6162 21.4584 1.7162 0.457721.1067
daug-cc-pVTZ 22.6171 21.4697 1.7152 0.452121.1180
daug-cc-pVQZ 22.6181 21.4623 1.7155 0.455421.1107
J. Chem. Phys., Vol. 107
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but for higher accuracy we must go to the aug-cc-pVQ
basis set or even further.

As at the Hartree–Fock level, the differences betwe
DPMs obtained with the valence and core–valence Dunn
series are quite small, particularly for the larger sets, wh
the differences usually are less than 1/2 mau. Theref
there is no compelling reason for using the core–vale
basis sets for DPM calculations on molecules containing
higher than first-row atoms.

The smallest difference between the Sadlej basis set
aug-cc-pV5Z set is 9.7 mau. In general, the Sadlej basis
forms less well at the CCSD level than at the Hartree–F
level. The differences between the TZ2P set and aug
pV5Z are between 4.6 and 13.4 mau, and highly accu
DPMs cannot be obtained using the TZ2P basis set at
correlated level. The Pople results are far from the DP
obtained with aug-cc-pV5Z, and the Pople basis sets are
well suited for accurate CCSD DPM calculations.

2. Quadrupole moment results

In the middle third of Table VIII, we list the absolut
values of the maximum and average changes in the ca
lated CCSD QPM going from aug-cc-pVDZ to aug-c
pVTZ, from aug-cc-pVTZ to aug-cc-pVQZ and from aug-c
pVQZ to aug-cc-pV5Z. The CCSD convergence towards
QPM basis set limit is similar to that at the Hartree–Fo
level. Comparison with the Hartree–Fock convergence in
cates that we are within 2 mau of the CCSD basis set lim
At the CCSD level, QPMs are therefore more difficult
converge than DPMs, as was also true at the Hartree–F
level.

In Fig. 5, the absolute value of the deviation from t
aug-cc-pV5Z results is given for the same basis sets a
Fig. 2. The importance of diffuse basis functions for descr
ing ther i

2 dependence of the QPM is clearly demonstrated
the two Dunning series in Fig. 5. Without diffuse function
the results are much too scattered to be able to make reli
judgements about the probable accuracy of a given calc
tion. The hierarchical structure of the aug-cc-pVXZ series
still present at the CCSD level as we observe good impro
ments from one basis set to the next in the series~but less
satisfactory than for the DPMs, since we are not so close
the basis set limit with the largest basis set!.

As for the DPMs, the ANO sets perform less well at t
CCSD level than at the Hartree–Fock level. The maxim
and average absolute differences between the largest A
set and the aug-cc-pV5Z set are 8.9 and 6.2 mau, res
tively. As is evident from Fig. 5, the ANO sets are st
considerably more accurate than the cc-pVXZ series. Ho
ever, compared with the larger aug-cc-pVXZ basis sets,
latter sets are preferable for highly accurate CCSD Q
calculations.

The results of the daug-cc-pVTZ and daug-cc-pVQ
sets are included in Table VI. As at the Hartree–Fock lev
the differences between the QPMs obtained with the sin
and doubly augmented Dunning sets are larger than for
DPMs. The maximum and mean deviations from the aug-

c
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860 Halkier et al.: First-order one-electron properties
TABLE VII. Calculated CCSD 33-component of electric field gradient tensors at the nuclei in atomic units.

Basis set

BF CO HF NO1 N2

B F C O H F N O N

6-311G 20.4340 0.7176 20.8894 20.6044 0.6288 3.2849 21.2471 20.7867 21.0507
6-311G** 20.4434 0.5193 20.9355 20.7095 0.5854 3.0087 21.3691 20.9384 21.1260
6-311G(2d,2p) 20.4655 0.5214 20.9581 20.7113 0.5733 2.7267 21.4073 20.9651 21.1381
6-31111G** 20.4391 0.5526 20.9277 20.6698 0.5809 2.7934 21.3649 20.9223 21.0934
6-31111(2d,2p) 20.4655 0.5214 20.9581 20.7113 0.5733 2.7270 21.4073 20.9651 21.1381
DZP ~Ahlrichs! 20.3875 0.4551 20.8129 20.5597 0.6030 2.8097 21.1836 20.7641 20.9913
TZP ~Ahlrichs! 20.4463 0.5025 20.9368 20.7077 0.5956 2.8059 21.3802 20.9533 21.1326
TZ2P ~Ahlrichs! 20.4512 0.4868 20.9542 20.7215 0.5917 2.7416 21.4188 20.9800 21.1648
Sadlej 20.8488 20.5259 0.6133 2.6041 21.1526 20.6680 20.8898
ANO 4321–321 20.4383 0.4384 20.9287 20.6757 0.5628 2.6800 21.3867 20.9560 21.1011
ANO 5432–432 20.4646 0.5245 20.9775 20.6968 0.5464 2.7164 21.4551 20.9692 21.1590
ANO 6543–543 20.4805 0.4728 20.9972 20.7339 0.5455 2.6942 21.4709 21.0104 21.1794
ANO 7643–643 20.4832 0.4832 21.0013 20.7370 0.5451 2.7023 21.4828 21.0161 21.1883
cc-pVDZ 20.3694 0.4128 20.7905 20.5566 0.5968 2.8217 21.1605 20.7422 20.9530
cc-pVTZ 20.4704 0.4514 20.9645 20.7488 0.5693 2.7566 21.4359 21.0050 21.1723
cc-pVQZ 20.4860 0.4775 21.0104 20.7410 0.5383 2.7125 21.4860 21.0158 21.1935
cc-pV5Z 20.4913 0.4802 21.0153 20.7400 0.5337 2.6890 21.4951 21.0217 21.1976
aug-cc-pVDZ 20.3789 0.4201 20.8455 20.5498 0.5896 2.5392 21.2008 20.7521 20.9219
aug-cc-pVTZ 20.4640 0.4558 20.9610 20.7357 0.5687 2.6236 21.4362 21.0040 21.1628
aug-cc-pVQZ 20.4858 0.4757 21.0090 20.7389 0.5387 2.6685 21.4888 21.0194 21.1896
aug-cc-pV5Z 20.4917 0.4787 21.0157 20.7388 0.5340 2.6764 21.4965 21.0213 21.1951
cc-pCVDZ 20.3848 0.4238 20.8311 20.6063 0.5967 2.8524 21.2161 20.8038 21.0084
cc-pCVTZ 20.4454 0.4542 20.9340 20.7240 0.5677 2.7232 21.4091 20.9829 21.1410
cc-pCVQZ 20.4667 0.4684 20.9746 20.7234 0.5379 2.6647 21.4488 20.9960 21.1635
cc-pCV5Z 20.4691 0.4764 20.9807 20.7206 0.5332 2.6455 21.4584 20.9980 21.1657
aug-cc-pCVDZ 20.3910 0.4383 20.8738 20.5895 0.5919 2.5699 21.2476 20.8076 20.9761
aug-cc-pCVTZ 20.4431 0.4578 20.9305 20.7126 0.5674 2.6112 21.4089 20.9777 21.1274
aug-cc-pCVQZ 20.4665 0.4676 20.9745 20.7210 0.5379 2.6208 21.4498 20.9959 21.1570
aug-cc-pCV5Z 20.4689 0.4752 20.9808 20.7106 0.5334 2.6339 21.4589 20.9985 21.1626
‘‘cc-pCVTZ1ti’’ 20.4659 0.4638 20.9659 20.7325 0.5630 2.6515 21.4357 20.9929 21.1639
‘‘cc-pCVQZ1ti’’ 20.4660 0.4746 20.9778 20.7262 0.5343 2.6381 21.4554 20.9998 21.1677
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pV5Z set change from 18.8 to 9.0 mau and 6.7 to 4.9 m
respectively, when going from aug-cc-pVTZ to daug-c
pVTZ. At the quadruple-zeta level, the correspondi
changes are from 3.4 to 1.7 mau and from 1.5 to 1.1 m
Again we observe a good improvement in the QPMs wh
more diffuse functions are added, especially in the maxim

TABLE VIII. Absolute value in mau of the maximum and mean changes
upper third! DP when going from aug-cc-pVDZ to aug-cc-pVTZ, from au
cc-pVTZ to aug-cc-pVQZ, and from aug-cc-pVQZ to aug-cc-pV5Z, midd
third! QP when going from aug-cc-pVDZ to aug-cc-pVTZ, from aug-c
pVTZ to aug-cc-pVQZ, and from aug-cc-pVQZ to aug-cc-pV5Z, low
third! EFG when going from cc-pCVDZ to cc-pCVTZ, from cc-pCVTZ t
cc-pCVQZ, and from cc-pCVQZ to the cc-pCV5Z.

Hartree–Fock CCSD

Maximum Mean Maximum Mean

ABS~DP~T!-DP~D!! 10.5 4.7 13.5 8.1
ABS~DP~Q!-DP~T!! 1.2 0.8 4.0 3.5
ABS~DP~5!-DP~Q!! 0.2 0.1 1.1 0.9
ABS~QP~T!-QP~D!! 67.0 30.0 55.4 25.8
ABS~QP~Q!-QP~T!! 15.6 3.6 17.3 5.2
ABS~QP~5!-QP~Q!! 3.6 2.2 3.4 1.5
ABS~EFG~T!-EFG~D!! 190.2 99.1 193.0 108.3
ABS~EFG~Q!-EFG~T!! 34.8 20.9 58.6 26.7
ABS~EFG~5!-EFG~Q!! 6.7 2.4 19.2 6.3
J. Chem. Phys., Vol. 107
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deviation. All things considered, at the daug-cc-pVTZ lev
we obtain a consistent accuracy of around 10 mau within
CCSD QPM basis set limit and for higher accuracy we m
go at least to the aug-cc-pVQZ basis.

The larger core–valence sets typically deviate by 2 t
mau from their valence counterparts, so core contribution
the QPM are not extremely important for molecules conta
ing only first-row atoms.

The Sadlej basis set gives QPMs that differ between
and 27.7 mau from the aug-cc-pV5Z basis set. The accu
of the Sadlej set is fluctuating and too low to yield cons
tently accurate QPMs. The same is true for the Ahlric
sets—the TZ2P QPMs differ between 9.3 and 103.4 m
from aug-cc-pV5Z. Finally, the Pople basis set results are
from the aug-cc-pV5Z results and cannot be used for ac
rate CCSD QPM calculations.

3. Electric field gradient results

As noted in the section on Hartree–Fock calculatio
the only standard basis sets yielding consistently accu
EFGs at the Hartree–Fock level are the larger sets in the
Dunning core–valence series. We therefore concentrate
these two series here. In the lower third of Table VIII, w
give the absolute value of the maximum and average chan
in the calculated EFGs when going from cc-pCVDZ to c

:
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861Halkier et al.: First-order one-electron properties
pCVTZ, from cc-pCVTZ to cc-pCVQZ, and from cc-
pCVQZ to cc-pCV5Z. As is readily seen, the EFGs ar
harder to converge towards the basis set limit at the CCS
level than at the Hartree–Fock level. This circumstance e
phasizes the problems already observed with basis set c
vergence of the EFGs at the Hartree–Fock level, where t
most accurate basis set~cc-pCV5Z! was almost 3 mau from
the basis set limit.

The EFG results are displayed in Fig. 6, where the a
solute value of the deviation from the cc-pCV5Z results a
given for the two core–valence series. As in the Hartree
Fock calculations, the differences between the cc-pCVX
and aug-cc-pCVXZ results are not large~typically less than 2
mau for the larger sets in the series, although larger diffe

FIG. 4. The absolute value of the deviation from the calculated aug-c
pV5Z CCSD dipole moments in mau. The same abbreviations for basis s
as in Fig. 1 are used.

FIG. 5. The absolute value of the deviation from the calculated aug-c
pV5Z CCSD quadrupole moments in mau. The same abbreviations for ba
sets as in Fig. 1 are used.
J. Chem. Phys., Vol. 107
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ences do appear!. Although both core–valence series sho
some hierarchical characteristics, they are not as good a
aug-cc-pVXZ series for the DPM and QPM calculation
with considerable scattering persisting even at the quadru
zeta level. Thus although we note some converging trend
Fig. 6 and in Table VIII, we conclude that we are still som
distance away from the CCSD EFG basis set limit with t
cc-pCV5Z and aug-cc-pCV5Z basis sets. It is difficult
state precisely how far away we are, but up to 10 mau
definitely possible.

In Fig. 6, we have also included the results obtained w
the specially constructed basis sets cc-pCVTZ1ti (Tt) and
cc-pCVQZ1ti (Qt), where tight functions have been adde
to the cc-pCVTZ and cc-pCVQZ sets. For the HF molecu
the results given in Table VII and Fig. 6 are obtained w
the modified aug-cc-pCVTZ and aug-cc-pCVQZ sets, co
sistent with the discussion above. The inclusion of tig
functions improves the results but less so than at
Hartree–Fock level, again illustrating the fact that EFGs
harder to compute accurately at the CCSD level than at
Hartree–Fock level.

The EFGs are clearly a very challenging property. W
the most accurate basis sets, we are only able to obtain
sults consistently within 5 mau of the basis set limit at t
Hartree–Fock level. Even this accuracy is not possible
achieve at the CCSD level, where the most accurate res
are as much as 10 mau away from the basis set limit.
though we have seen that the core–valence sets take us i
right direction, we have also found that they do not take
all the way to the basis set limit. To eliminate the remaini
error, we must design better basis sets with a more flex
description of the core and inner valence regions. Our res
with the cc-pCVTZ1ti and cc-pCVQZ1ti basis sets indicate
that one possibility would be to extend the cc-pCVXZ ba
sets by adding more tight functions. Such basis sets

c-
ts

c-
sis

FIG. 6. The absolute value of the deviation from the calculated cc-pCV
CCSD electric field gradients in mau. The same abbreviations for the c
valence basis sets as in Fig. 3 are used. Tt and Qt are short for
cc-pCVTZ1ti and cc-pCVQZ1ti basis sets, respectively.
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TABLE IX. Calculated 33-component of the electric field gradient tensors at the nuclei in hydrogen cya
the Hartree–Fock and CCSD level in atomic units.

Basis set

H C N

Hartree–Fock CCSD Hartree–Fock CCSD Hartree–Fock CCSD

pCVTZ 0.3229 0.3253 20.4413 20.3433 21.1487 20.9839
pCVQZ 0.3174 0.3173 20.4699 20.3761 21.1649 21.0024
pCV5Z 0.3164 0.3156 20.4715 20.3809 21.1665 21.0054
aug-pCVTZ 0.3236 0.3259 20.4429 20.3471 21.1427 20.9762
aug-pCVQZ 0.3174 0.3173 20.4710 20.3782 21.1638 21.0008
aug-pCV5Z 0.3163 0.3156 20.4716 20.3815 21.1665 21.0055
pCVTZ1ti 0.3220 0.3243 20.4699 20.3669 21.1727 21.0043
pCVQZ1ti 0.3155 0.3157 20.4708 20.3775 21.1698 21.0069
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become very large, implying that high-accuracy EFG cal
lations will be reserved fairly small systems.

IV. ELECTRIC FIELD GRADIENTS IN HYDROGEN
CYANIDE

Several theoretical studies of the EFGs in HCN ha
been carried out.43–46 We have used the same geometry
Cremeret al. and Bishopet al.: R(CN) 5 1.1532 Å and
R(HC)51.0655 Å.45,46 Cummins et al. used a slightly
shorter bond lengthR(CN)51.1484 Å for the CN bond,
whereas Scuseriaet al. have usedR(CN) 5 1.163 Å and
R(HC)51.068 Å.44,43

We have used the three largest core–valence and
mented core–valence basis sets as well as the mod
core–valence sets cc-pCVTZ1ti and cc-pCVQZ1ti dis-
cussed above. The Hartree–Fock and CCSD results are g
in Table IX. Our primary interest is the comparison with t
other theoretical investigations, which have focused entir
on the EFG at the nitrogen nucleus. We therefore restrict
attention to the nitrogen atom.

Comparing the Hartree–Fock EFG changes in the
core–valence series with the changes in Table VIII, we n
that the convergence for the EFG at the nitrogen atom
HCN is better than average. Taking into account the mo
tonical convergence in Table IX and the fact that our pre
ous investigations showed cc-pCV5Z to be consisten
J. Chem. Phys., Vol. 107

193.157.137.211. This article is copyrighted as indicated in the abstract
-

e
s

g-
ed

en

ly
ur

o
te
in
-
-
y

within 5 mau of the Hartree–Fock limit, we estimate th
Hartree–Fock limit of the nitrogen EFG to be21.169
60.005 a.u., by retaining an uncertainty of 5 mau and s
tracting half of this uncertainty from the cc-pCV5Z resu
Comparing the changes at the CCSD level in the two co
valence series with the ones in Table VIII, we also note t
the convergence at the CCSD level is better than aver
From this~comparatively! good convergence combined wit
the above-mentioned possible CCSD basis set limit erro
up to 10 mau, we estimate the CCSD limit of the nitrog
EFG in HCN to be21.01060.010 a.u. in the same way a
at the SCF level.

In Table X, we give our Hartree–Fock and CCSD resu
together with the results of the other investigations: T
Hartree–Fock and configuration-interaction singles a
doubles~CISD! results of Scuseriaet al.,43 the Hartree–Fock
and coupled pair-functional~CPF! results of Cummins
et al.,44 the Hartree–Fock and MP2 results of Bishopet al.,46

and the Hartree–Fock, Mo” ller–Plesset~MP2, MP3, MP4!,
quadratic configuration-interaction singles and doub
~QCISD!, and QCISD augmented by perturbative correctio
for triple excitations~QCISD~T!! results of Cremeret al.45

The differences between the CCSD, CISD, CPF, a
QCISD results are not large, but we regard our CCSD res
as the most reliable since we have carried out several ca
lations in large, accurate basis sets, enabling us to ma
rogen
TABLE X. Comparison of the calculated 33-component of the electric field gradient tensor at the nit
nuclei in HCN with various other theoretical studies. All results are in atomic units.

Method Basis set

EFG~N!

ReferenceHartree–Fock Correlated

Hartree–Fock/CCSDa Estimated basis set limit 21.169(5) 21.01(1) Present work
Hartree–Fock/CISD Huzinaga/Dunning TZ12P 21.140 21.000 43
Hartree–Fock/CPF Huzinaga,@6 4 2 1/4 2 1# 21.1961 20.998 44
Hartree–Fock/MP2b @12 8 4 2/8 5 1# 21.201 20.9463 46
Hartree–Fock/MP2, 6-311G(2d,2p) 21.173 20.942 45

MP3, 21.033
MP4, 20.955
QCISD, 21.001
QCISD~T! 20.977

aEstimated basis set limit results with uncertainty on the last digit in parentheses.
bExtended Van Duijneveldt basis set.
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TABLE XI. Theoretically calculated and experimentally measured DPM of furan in Debye.

Method Basis set

DPM

ReferenceHartree–Fock Correlated

Hartree–Fock/CCSD aug-cc-pVDZ 0.805 0.683 Present w
Hartree–Fock/CCSD aug-cc-pVTZ 0.790 0.704 Present w

MRCI Huzinaga/Dunning DZP 0.716 50
MRCI Dunning TZVP 0.752 50
MP2 6-31G* 0.755 48
CASPT2a C,O@4s3p1d#/H@2s1p# 0.928 49
CASPT2b C,O@4s3p1d#/H@2s1p# 0.971 49

Experimentc ----- 0.661~6! 51

a~0064! active space.
b~4232! active space.
cMicrowave spectroscopy study, the uncertainty on the last digit is given in parenthesis.
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reliable estimate of the basis set limit. Cumminset al. and
Cremeret al. correct their correlated results for basis set
completeness errors, estimating the basis set error at
Hartree–Fock level and adding this correction to the co
lated results. This approach is not rigorous and can only g
an order-of-magnitude estimate of the error, as our inve
gations clearly have demonstrated that the EFG basis se
rors are different at the uncorrelated and correlated levels
addition, there is the difficulty in establishing the Hartre
Fock limit. Sundholmet al. have calculated the basis s
limit for the CN2 system24 and Cumminset al. have carried
out calculations on CN2 as well. Having established th
Hartree–Fock correction for CN2, they carry on to use this
value for HCN as well, because of the obvious similarit
between the two systems. Although in general the validity
this approach is questionable, it works in this case since
corrected Hartree–Fock result for HCN is21.168 mau, in
excellent agreement with our estimated basis set limit. C
meret al. use as the Hartree–Fock limit the results of Cu
mins et al. in Table X. However, Cumminset al. correct
their result quite a bit~28 mau!, and the correction of 23 ma
that Cremeret al. apply cannot be trusted as a reliable co
rection for the basis set error.

Although our integral-direct implementation has giv
us the ability to estimate the CCSD EFG basis set limit r
ably, there is still room for improvement. The effects
higher-order excitations in the cluster operator are not ne
gible as is seen from the QCISD and QCISD~T! results in
Table X, where the perturbative triples correction amount
24 mau. Although we cannot reliably correct our CCSD lim
result by this amount@obtained using a6-311G(2d,2p) ba-
sis#, it may still serve as a rough estimate of the triples c
rections. To obtain highly accurate EFGs, it is thus neces
to employ large basis sets including tight functions and
consider correlation effects beyond CCSD.

Finally, from the Mo” ller–Plesset results by Cremeret al.
in Table X, we note that the perturbation series oscillates
common situation in Mo” ller–Plesset series. Second-ord
Mo” ller–Plesset theory overestimates the correlation effe
~most accurately described by the QCISD~T! calculation of
Cremeret al.!, third-order theory overcorrects back and
on.
J. Chem. Phys., Vol. 107
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V. THE DIPOLE MOMENT OF FURAN

Furan is a planar aromatic heterocyclic molecule t
possessesC2v symmetry. In our calculations of the dipol
moment of furan we have used the experimentally de
mined ground-state equilibrium geometry,47 and arranged the
molecule in a coordinate system such that a positive D
corresponds to the negative end of the dipole being locate
the oxygen atom. We have calculated the DPM in both
aug-cc-pVDZ and aug-cc-pVTZ basis sets, which give rise
151 and 322 basis functions, respectively, so considering
results of the basis set investigation above, we expect
basis set error to be small in the largest calculation. In Ta
XI we give our calculated DPMs along with the results
other theoretical studies48–50 and the experimentally deter
mined value51of 0.66160.006 D (1 D5 2.541 77 a.u.) from
microwave spectroscopy.

We first note that the changes in the DPM with the ba
set in our calculations are similar to the changes found
the diatomics above, with changes from aug-cc-pVDZ
aug-cc-pVTZ of 6 and 8 mau at the SCF and CCSD leve
respectively~remembering 1 D52.541 77 a.u.). We there
fore believe the basis set error at the CCSD/aug-cc-pVTZ
be similar to the error found for the diatomics at the sa
level, and we thus expect the value of 0.704 D to be, at le
within 0.02 D of the CCSD basis set limit. We also note th
increasing the basis set results in an increase in the D
This trend is also observed for the multireference configu
tion interaction results of Palmeret al.50

Based solely on experimental techniques it has not b
possible to determine the sign of the DPM of furan.50,52

However, from our results there can be no doubt that
negative end of the dipole is located at the oxygen atom
qualitatively interpretation of this is that the inductive effe
originating from the difference in electronegativity betwe
oxygen and carbon thus is larger than the effect of elect
donation from the oxygen lone-pair to the conjugated
electron system.

From Table XI we further see that the DPM obtain
using the integral-direct CCSD algorithm is closer to t
experimental value than any of the other theoretical valu
Furthermore our value of 0.704 D is in a sense more relia
, No. 3, 15 July 1997
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than the other theoretical values as the integral-direct im
mentation has enabled us to employ accurate basis
which yields results close to the basis set limit. The SC
aug-cc-pVTZ DPM is 129 mD~19.5%! away from the ex-
perimental value but CCSD in the same basis set is abl
narrow this value down to 43 mD~6.5%!. The difference
from theory to experiment is thus reduced by a factor o
when going from SCF to CCSD. However, we do not end
with a DPM within the error bars of the experimental val
with the integral-direct CCSD model. However, we have n
considered the effect of higher order excitations in the clu
operator ~especially triple excitations! or rotational–
vibrational averaging of the experimental value, and we
tribute the remaining discrepancy between our CCSD va
and the experimental value to these two effects.

In conclusion, our results therefore show that f
‘‘larger’’ chemical systems like furan, the integral-dire
CCSD model takes us the important step from the qualita
agreement with experiment that is obtained at the SCF le
to a level with semiquantitative to quantitative agreeme
Furthermore, the importance of including higher order ex
tations in the cluster operator in an integral-direct fashion
high accuracy studies of large molecules has again bee
lustrated.

VI. CONCLUDING REMARKS

In this paper, we have presented an integral-direct imp
mentation of CCSD first-order one-electron properties. T
implementation has taken calculations of CCSD first-or
one-electron properties beyond 400 basis functions, wh
opens new territory for accurate correlated calculatio
More reliable conclusions on theoretical grounds can now
drawn as the most elaborate basis sets can be employ
CCSD first-order one-electron property calculations on sm
molecules as illustrated by the basis set investigation and
calculations of the EFGs in HCN. Furthermore it is for larg
molecules possible to perform calculations that agree se
quantitative to quantitative with the experimental values
illustrated by the DPM calculations on furan.

We have used the implementation to perform a very s
tematic basis set investigation for the dipole moment~DPM!,
the quadrupole moment~QPM!, and the electric field gradi
ent ~EFG! at the Hartree–Fock and CCSD levels with calc
lations involving up to 362 basis functions. Basis sets
polarized triple-zeta quality with additional functions add
depending on the one-electron property in question are
smallest to be recommended.

At the Hartree–Fock level we have benchmarked
basis sets against numerical results, which has given us
convergence of the different series of basis sets towards
exact Hartree–Fock basis set limit. By comparing the c
vergence at the CCSD and Hartree–Fock level we have
tained a reliable estimate of the CCSD basis set limit a
hence the convergence towards this limit.

For the DPM, the inclusion of diffuse functions is ne
essary to obtain small basis set errors. The aug-cc-pV
series represents an excellent hierarchy for DPM calc
J. Chem. Phys., Vol. 107

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract
e-
ts,
/

to

3
p

t
er

t-
e

r

e
el
t.
i-
r
il-

-
e
r
h
s.
e
in
ll
he
r
i-
s

-

-
f

e

e
he
he
-
b-
d

Z
a-

tions. At the aug-cc-pV5Z level, the DPMs are fully co
verged to the Hartree–Fock limit to four decimal points.
the CCSD level, the aug-cc-pVTZ set gives DPMs appro
mately 5 mau from the basis set limit and the accuracy
proves steadily as we go through the basis set hierarchy
the aug-cc-pV5Z level, the calculated DPMs are with
1/2 mau of the CCSD limit.

For the QPM, it is even more important to include d
fuse functions in the basis set. The aug-cc-pVXZ series ag
represents a good hierarchy for property calculations. At
Hartree–Fock level, the basis set error of the aug-cc-pV
set is around 1 mau. The doubly augmented daug-cc-pV
sets give more accurate results than their singly augme
counterparts and at the CCSD level, the daug-cc-pVTZ
has a basis set error of around 10 mau. For higher accur
one must employ the larger singly and doubly augmen
basis sets. The aug-cc-pV5Z set, for instance, gives res
that are within 2 mau of the CCSD QPM basis set limit.

For the EFG, it is essential to include tight functions
the basis set to obtain results close to the basis set li
Among the standard basis sets, the cc-pCV5Z basis sh
the smallest basis set error—within 5 and an estimated
mau of the Hartree–Fock and CCSD limits, respective
Compared to the correlation-consistent valence basis s
the core–valence sets represent a significant step in the
direction. However, even the largest core–valence sets h
some way to go before basis set limit results are obtained
EFGs. Preliminary calculations using modified core–valen
basis sets indicate that significant improvements are obta
with sets augmented with multiple sets of tight functions.

As another application we have calculated the DPM
furan. From experiment alone the sign of the DPM of fur
cannot be determined, but our calculations have incont
ably determined this to be with the negative end at the o
gen atom. Furthermore, our numerical value compares w
with the experimental value, demonstrating that within t
integral-direct CCSD model it is possible to obtain sem
quantitative to quantitative accuracy of DPMs for ‘‘larger
chemical systems of the size of furan.

As a third application we have calculated the nitrog
EFG in HCN in CCSD calculations with up to 417 bas
functions, further illustrating the large-scale applicability
the present implementation. The integral-direct implemen
tion has given us the possibility to carry out a sequence
accurate calculations, which—in combination with our exp
rience from the basis set investigation—has enabled u
reliably estimate the CCSD limit. For small systems conta
ing up to four atoms, we believe that the present approac
relying on sequences of systematic calculations within w
defined hierarchies of basis sets—represents the
approach with respect to control of accuracy and error e
mation. Although large parts of the dynamical correlati
effects are recovered at the CCSD level, correlation effe
beyond CCSD are not negligible for the EFG. Therefo
steps have already been taken to implement first-order o
electron properties at the CCSD~T! level in an integral-direct
fashion.
, No. 3, 15 July 1997
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APPENDIX

1. Final expression in the reduction of Eqs. (18) and
(19)

The single excitation part of the transformed vector
given as

r i
a5r i ,A

a 1r i ,B
a 1r i ,C

a 1r i ,D
a 1r i ,E

a 1r i ,F
a 1r i ,G

a , ~A1!

where the seven termsA–G are given as

r i ,A
a 5(

bk
zk
bH L̂bkia1(

dl
~2tkl

bd2t lk
bd!L̂ ldiaJ , ~A2!

r i ,B
a 5(

b
z i
bS F̂ba2(

dkl
t lk
dbL̂ ldkaD 2(

j
z j
aS F̂ i j

1(
bdk

t jk
dbL̂kbidD , ~A3!

r i ,C
a 5(

e f
L̂ f eia(

dkl
zkl
d ftkl

de2(
l j

L̂ l j ia(
dek

zk j
detkl

de , ~A4!

r i ,D
a 52(

e
F̂ ie(

dkl
zkl
datkl

de2(
l
F̂ la(

dek
zki
detkl

de , ~A5!

r i ,E
a 5(

dke
zki
deĝdkea2(

dkl
zkl
daĝdkil , ~A6!

r i ,F
a 5(

dke
zki
deS (

j f
tk j
d fL̂ j f ea2(

j f
t jk
e fĝ jad f2(

j f
t jk
d fĝ j f ea

1(
j l

t j l
deĝjklaD , ~A7!

r i ,G
a 5(

dkl
zkl
daS 2(

j f
tk j
d fL̂ j f i l 1(

j f
t j l
d fĝ jki f1(

j f
t jk
d fĝ j f i l

2(
e f

tkl
f eĝd f ieD , ~A8!

with the L integrals and inactive Fock matrix build from
modified integrals given as

L̂pqrs52ĝpqrs2ĝpsrq ;F̂pq5ĥpq1(
k
L̂kkpq. ~A9!

The double excitation part of the transformed vector
given as

r i j
ab5pi j

ab~r i j ,A
ab 1r i j ,B

ab 1r i j ,C
ab 1r i j ,D

ab 1r i j ,E
ab 1r i j ,F

ab 1r i j ,G
ab

1r i j ,H
ab !, ~A10!

where the action of the permutation operator is defined b
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n

s

Pi j
abS abi j D5S abi j D1S baji D , ~A11!

and the eight termsA–H are given as

r i j ,A
ab 5 1

2(
mn

zmn
ab S ĝ jnim1(

e f
tnm
fe ĝj f ieD , ~A12!

r i j ,B
ab 5 1

2(
cd

z i j
cdĝcadb, ~A13!

r i j ,C
ab 52 1

2 (
em

~2zmj
ae1z jm

ae!S ĝimeb2(
f n

tnm
e f ĝnbi fD ,

~A14!

r i j ,D
ab 5 1

2 ~22Pi j !(
em

z im
ae

3S L̂em jb1(
f n

~2tmn
e f 2tnm

e f !L̂n f jbD , ~A15!

r i j ,E
ab 5 1

2(
cd

z i j
cd(

mn
tmn
cd ĝmanb, ~A16!

r i j ,F
ab 52(

n
L̂ ianb(

e fm
zmj
e f tmn

e f 2(
f
L̂ i f jb(

emn
zmn
ea tmn

e f ,

~A17!

r i j ,G
ab 5(

e
z i j
aeS F̂eb2(

fmn
tnm
fe L̂n fmbD 2(

n
z in
abS F̂ jn

1(
e fm

tnm
fe L̂mei fD , ~A18!

r i j ,H
ab 52z i

aF̂ jb2z j
aF̂ ib1(

c
z j
cL̂cbia2(

k
zk
aL̂ jbik ,

~A19!

wherePi j permutes indicesi and j .

2. Final expression for the right-hand side of Eq. (13)

Introducing theT1-similarity transformed Hamiltonian
we get

2^HFu@H,tn#uCC&52^HFu@Ĥ,tn#exp~T2!uHF&

52^HFu@Ĥ,tn#uHF& ~A20!

and for the single and double excitation parts we get, resp
tively,

2^HFu@H,t1#uCC&522F̂ ia ;2^HFu@H,t2#uCC&

522L̂ ia jb . ~A21!
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