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Molecules in static electric fields: Linear and nonlinear polarizability of HCwN and HCwP
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Accurate linear and nonlinear polarizabilities were obtained from finite-field self-consistent field, fourth-
order many-body perturbation theory and coupled-cluster calculations for the triply bonded linear molecules
H—CwN and H—CwP. The mean dipole polarizability and the anisotropy of HCN at the CCSD~T! level of
theory is ā516.74 andDa58.38e2a0

2EH
21. For HCP the respective values are 35.47 and 16.24e2a0

2EH
21.

Electron correlation reduces significantly the magnitude of the first dipole hyperpolarizability (babg) of both
molecules. The CCSD~T! values of the meanb̄ are @self-consistent-field~SCF! values in parentheses# 22.8
(27.6) for HCN and 28.5~36.7! e3a0

3EH
22 for HCP. Electron correlation modifies mainly the longitudinal

component of the second hyperpolarizability tensorgabgd for both HCN and HCP. The CCSD~T! mean value
for HCN is ḡ522.03102, 17.4% higher than the SCF value of 18.83102e4a0

4EH
23. For HCPḡ510.23103 at

the CCSD~T! level, only 2.2% above the SCF result of 99.83102e4a0
4EH

23. For the quadrupole polarizability,
fourth-order many-body perturbation theory yieldsCzz,zz568.58,Cxz,xz540.51,Cxx,xx534.98 e2a0

4EH
21 for

HCN, andCzz,zz5202.28,Cxz,xz5114.44,Cxx,xx5106.38e2a0
4EH

21 for HCP, with z as the molecular axis.
@S1050-2947~98!01804-6#

PACS number~s!: 31.15.2p, 33.15.2e
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I. INTRODUCTION

Experimental information on the electric properties
HCN and HCP is limited mostly to measurements of t
dipole and quadrupole moment@1–6#. Spackman@7# refer-
ences a static value for the mean dipole polarizability
HCN obtained from the refractive index dispersion data
Watson and Ramaswamy@8#. The available theoretical de
terminations of the electric polarizability of HCN and HC
are mainly self-consistent-field~SCF! efforts @9–12#. To our
knowledge, electron correlation effects have only been ta
into account for the dipole polarizability of HCN@13–15#.

In a previous paper@16# we reported accurate values fo
the dipole~m!, quadrupole~Q!, octopole~V!, and hexadeca
pole ~F! moment of both molecules. In this paper we pres
a detailed study of the linear and nonlinear polarizabili
molecular properties of importance for nonlinear opt
@17,18#, electron scattering@19#, and the interpretation o
various phenomena induced by intermolecular interacti
@20#. They also find use in models predicting the structu
and properties of weakly bonded van der Waals molecu
@21,22#. It is worth noticing that in recent years the theore
ical determination of electric molecular hyperpolarizabiliti
has made significant contributions to the above-mentio
fields by providing reliable values to be used in specific
plications@23–27#. Lucid expositions of the success of qua
tum chemical methods and the directions of current rese
have appeared in various comprehensive reviews@28–32#.

We are interested in determining very accurate values

*Permanent address: Department of Chemistry, University
Patras, GR-26500 Patras, Greece.
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the dipole polarizability (aab). The nonlinear polarizability
~babg andgabgd! of HCN is known only at the SCF level o
theory while for HCP only the first dipole hyperpolarizabilit
is known. The SCF study of this property by Bloor and Y
@11# showed that its values are strongly basis-set depend
It would be interesting to obtain accurate estimates of
electron correlation effects on the nonlinear polarizability
these systems, the smallest neutral molecules with a tr
CwN or CwP bond. Our computational endeavors rely
fourth-order Mo” ller-Plesset perturbation theory~MP4!,
single and double excitation~CCSD!, and single, double, and
perturbative triple excitation@CCSD~T!# coupled-cluster
methods.

We use atomic units throughout this paper except wh
referring to experimental molecular geometries where we
tain the units of the original papers. Conversion factors
Système International units have been given elsewhere@33#.

II. THEORY

The energy of an uncharged molecule perturbed b
weak, general electric field can be written as@34,35#

E5E02maFa2 1
3 QabFab2 1

15VabgFabg2 1
105FabgdFabgd

1•••2 1
2 aabFaFb2 1

3 Aa,bgFaFbg2 1
6 Cab,gdFabFgd

2 1
15Ea,bgdFaFbgd1•••2 1

6 babgFaFbFg

2 1
6 Bab,gdFaFbFgd1•••2 1

24gabgdFaFbFgFd1••• ,

~1!
f

2440 © 1998 The American Physical Society
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57 2441MOLECULES IN STATIC ELECTRIC FIELDS: . . .
whereFa , Fab , etc. are the field, field gradient, etc. at th
origin. E0, ma , Qab , Vabg , andFabgd are the energy and
the dipole, quadrupole, octopole, and hexadecapole mom
of the free molecule. The second-, third-, and fourth-or
properties are the dipole polarizability (aab), the first
(babg) and second (gabgd) dipole hyperpolarizability, the
dipole-quadrupole polarizability (Aa,bg), the quadrupole po-
larizability (Cab,gd), the dipole-octopole polarizability
(Ea,bgd), and the dipole-dipole-quadrupole hyperpolar
ability (Bab,gd). The subscripts denote Cartesian comp
nents and a repeated subscript implies summation overx, y,
and z. There is only one independent component for
electric multipole moment tensors of linear molecule,
hereafter we drop the subscript and writem, Q, V, andF.
The number of independent components needed to des
the polarizability tensors depends on the molecular sym
try @34#.

The SCF and correlated values of the dipole propertiesm,
aab , babg , and gabgd were extracted from the energy o
the molecule perturbed by a homogeneous electric field
such a field Eq.~1! reduces to

E5E02maFa2 1
2 aabFaFb2 1

6 babgFaFbFg

2 1
24gabgdFaFbFgFd1••• . ~2!

The relevant formulas for the calculation of the independ
components can be found elsewhere@33#. For the calculation
of the quadrupole polarizabilityCab,gd we use arrays of stra
tegically placed, distant point charges that produce a we
quadrupolar electric field@36,37#. We have also obtained
SCF values for the remaining polarizabilities from the
duced multipole moments@38,39#.

In addition to the Cartesian components, we calcul
mean values and anisotropies for the dipole polarizabili
aab , babg , and gabgd and mean values forCab,gd and
Ba,bgd . These are defined as

ā5~azz12axx!/3,

Da5azz2axx ,

b̄5 3
5 ~bzzz12bzxx!, ~3!

ḡ5~3gzzzz18gxxxx112gxxzz!/15,

C̄5~Czz,zz18Cxz,xz18Cxx,xx!/10,

B̄5 2
15 ~Bzz,zz14Bxz,xz1Bxx,zz14Bxx,xx!.

We refer to other authors for a presentation of elect
correlation methods used in this paper@40–46#. We give
only the definitions for the various levels of theory. The e
ergy for the nth-order Mo” ller-Plesset perturbation theory
MPn, is defined as
nt
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MP25SCF1D2

MP35MP21D3

DQ2MP45MP31D41QR45MP31DQ4 ~4!

SDQ2MP45DQ2MP41S4

MP45SDQ2MP41T4[SCF1D21D31S4

1D41T41Q41R4,

where D2 and D3 are the second- and third-order correctio
the fourth-order terms S4, D4, T4, and Q4 are contributio
from single, double, triple, and quadruple substitutions fro
the reference, zeroth-order wave function, and R4 is
renormalization term. For the coupled-cluster methods

CCSD5SCF1DCCSD,
~5!

CCSD~T!5CCSD1T.

By virtue of Eq. ~1! we adopt for all properties expansion
similar to those of Eqs.~4! and ~5!.

III. BASIS SET CONSTRUCTION

A. HCN

Three basis sets were used for the calculations on HC
~i! N1, primitive set (6s2p1d/11s7p4d1 f /11s7p4d1 f )

contracted to @4s2p1d/6s4p4d1 f /6s4p4d1 f # with six-
memberedd-GTF and ten-memberedf -GTF, 6d/10f , in to-
tal 120 contracted Gaussian-type functions~GTF!.

~ii ! N2, (6s3p2d/11s7p4d2f/11s7p4d2 f )/@4s3p2d/
6s4p4d2 f /6s4p4d2 f #, 5d/7f , 127 CGTF.

~iii ! N3, (9s5p2d/15s10p5d3 f /15s10p5d3 f )/
@9s5p2d/10s7p5d3 f /10s7p5d3 f #, 5d/7f , 188 CGTF. N1
and N2 were built upon a DZ substrate@47# of (4s)@2s# on
H and (9s5p)@4s2p# on either C or N. The initial DZ sub-
strate was augmented to@4s/6s4p/6s4p# by adding diffuse
GTF with exponents forming a geometric progression w
the two most diffuse ones in the original set. In a next st
polarization functions were added on all atoms. First, o
tight p-GTF on H and one tightd-GTF on C and N with
exponents chosen to minimize the energy of the free m
ecule. Second, one diffusep-GTF on H and one diffuse
d-GTF on C and N with exponents chosen to maximize
mean dipole polarizability. To complete the construction
N1, two d-GTF were added on C and N, plus oned-GTF on
H and onef -GTF on C and N. The exponents of the latter a
equal to the most diffuse~polarizability optimized! p- or
d-GTF. More polarization functions were added, eve
temperedly, to complete the construction of N1. Thus,
polarization functions for N1 are the following: for H
p50.8882, 0.1795 andd50.1795; for C, d51.731 353,
0.7063, 0.1162, 0.019 191 andf 50.1162; for N,d52.128
064, 0.8085, 0.1167, 0.016 845 andf 50.1167. N2 is ob-
tained from N1 by adding: on H, p50.036 276,
d50.036 276; on C,f 50.7036; on N,f 50.8085.

The construction of N3 follows the same path. The su
strate is an uncontracted set (7s) @48# for H and
(13s8p)@8s5p# @49# for either C or N. We give directly the
polarization functions that complete the construction of N
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H: p52.381 99, 1.030 25, 0.4456, 0.192 73, 0.036 05 andd50.192 73, 0.036 05.

C: d52.0900, 0.841 05, 0.338 45, 0.1362, 0.022 06 andf 50.338 45, 0.1362, 0.022 06.

N: d51.781 56, 0.750 25, 0.319 54, 0.133 05, 0.023 60 andf 50.319 54, 0.133 05, 0.023 60

B. HCP

The basis set used for the calculations on HCP are

P1, ~6s2p1d/11s7p4d1 f /13s9p4d1 f !@4s2p1d/6s4p4d1 f /8s6p4d1 f #, 6d/10f , 128 CGTF.

P2, ~6s3p1d/11s7p4d2 f /13s9p4d2 f !@4s3p2d/6s4p4d2 f /8s6p4d2 f #, 5d/7 f , 135 CGTF.

P3, ~9s5p2d/15s10p5d3 f /19s14p7d3 f !@9s5p2d/10s7p5d3 f /14s11p7d3 f #, 5d/7 f , 214 CGTF.

The substrates used are as above for H and C and for P (11s7p)@6s4p# @50# for P1 and P2 and (17s12p)@12s9p# @48# for P3.
The polarization functions on P1 are as follows:

H: p51.0280, 0.1585 andd50.1585;

C: d51.004 789, 0.4390, 0.0838, 0.015 996 andf 50.0838;

P: d51.274 266, 0.5178, 0.0855, 0.014 118 andf 50.0855.

In addition to P1, P2 hasp50.0244 38,d50.0244 38 on H,f 50.4390 on C, andf 50.5178 on P.
Last, the polarization functions on P3 are as follows:

H: p52.532 41, 0.997 92, 0.393 24, 0.154 96, 0.024 06 andd50.154 96, 0.024 06,

C: d51.644 67, 0.605 18, 0.222 68, 0.081 94, 0.01109 andf 50.222 68, 0.081 94, 0.011 09,

P: d53.036 18, 1.234 75, 0.502 15, 0.204 21, 0.083 05, 0.013 74, 0.002 27 and

f 50.204 21, 0.08305, 0.01374.
nd
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In our previous work on the electric moments of HCN a
HCP we used even larger versions of basis sets N2 and
Details of their construction may be found therein@16#.

IV. COMPUTATIONAL DETAILS

The magnitude of the homogeneous electric field use
the correlated calculations of the dipole polarizability a
hyperpolarizability isF50.005e21a0

21EH . In the SCF cal-
culations with N3 and P3 an even weaker field
0.003e21a0

21EH was used. We used strategically placed d
tant point charges to generate a weak quadrupolar field
the quadrupole polarizability calculations. For HCN, placi
charges of23200,100,100,23200e at 2200,2100,100,200
a0 on the z axis produces a weak field withuq/R3u
50.0001e21a0

22EH . For HCP the same charges are plac
at 2400,2200, 200, and 400a0 , producing an even weake
field of 0.000 0125e21a0

22EH .
All calculations pertain to the experimental geometry, d

fined as RCH51.06549 Å andRCN51.15321 Å for HCN
2.

in

f
-
or

d

-

@51# andRCH51.0692 Å andRCP51.5398 Å for HCP@52#.
The molecule is always on thez axis with the center of mas
at the origin and the H along the positive part of the ax
The GAUSSIAN 86andGAUSSIAN 92set of programs@53# was
used in all calculations.

V. RESULTS AND DISCUSSION

SCF results are shown in Table I. Electron correlati
corrections for HCN~basis N2! and HCP ~basis P2! are
given in Tables II and III, respectively. The linear and no
linear dipole polarizabilities are compared to the findings
other authors in Table IV.

A. SCF

The electric multipole moments in Table I have alrea
been published elsewhere@16#. They are included here to
allow a complete comparison of the performance of the ba
sets used in this work.
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TABLE I. SCF results~z is the molecular axis, with H on the positive direction and the center of ma
the origin!. Q, V, F, Aa,bg , Cab,gd , Ea,bgd and Bab,gd , are relative to the center of mass. Numbers
brackets are powers of ten, i.e., 16.2@2# is 16.23102. All values are in atomic units.

Propertya HCNb HCNc HCNd HCPe HCPf HCPg

m 1.2987 1.2983 1.2962 0.1483 0.1450 0.142
Q 2.0981 2.0563 2.1046 3.8912 3.8268 3.878
V 10.120 10.126 10.088 19.652 19.648 19.633
F 23.26 23.13 24.23 65.75 64.20 65.89

azz 22.46 22.46 22.47 47.97 48.08 48.02
axx 13.79 13.79 13.88 30.97 30.95 31.12
ā 16.68 16.68 16.74 36.64 36.66 36.75
Da 8.67 8.67 8.59 17.00 17.13 16.90

bzzz 26.9 26.6 26.3 45.0 45.6 45.8
bzxx 22.8 23.0 23.0 8.8 7.8 9.1

b̄ 27.5 27.6 27.4 37.6 36.7 38.4

gzzzz 16.2@2# 16.2@2# 16.2@2# 73.2@2# 74.2@2# 72.4@2#

gxxxx 19.6@2# 19.9@2# 20.3@2# 10.8@3# 11.0@3# 11.3@3#

gxxzz 60.0@1# 61.4@1# 62.4@1# 32.7@2# 32.8@2# 33.5@2#

ḡ 18.5@2# 18.8@2# 19.1@2# 98.7@2# 99.8@2# 10.2@3#

Az,zz 11.05 11.11 10.93 54.74 54.71 54.46
Ax,zx 1.98 2.02 1.93 7.28 7.57 7.03

Czz,zz 63.53 63.51 63.43 202.22 202.77 202.42
Cxz,xz 36.71 36.93 37.10 115.79 115.42 116.97
Cxx,xx 33.82 34.15 34.21 113.49 113.90 115.25

C̄ 62.78 63.21 63.39 203.65 203.73 206.02

Ez,zzz 85.14 84.37 83.95 231.7 238.4 231.8
Ex,xxx 226.97 226.95 227.35 269.0 267.2 270.2

Bzz,zz 2326 2326 2323 21083 21117 21090
Bxz,xz 2206 2210 2210 2867 2870 2880
Bxx,zz 166 169 167 745 751 746
Bxx,xx 2266 2271 2266 21155 21178 21175

B̄ 2273 2277 2275 21124 21141 21142

aThe values ofm, Q, V, F are from Maroulis and Pouchan@16#.
bBasis set N1@4s2p1d/6s4p4d1 f /6s4p4d1 f #, 6d/10f , 120 CGTF.
cN2 @4s3p2d/6s4p4d2 f /6s4p4d2 f #, 5d/7f , 127 CGTF.
dN3 @9s5p2d/10s7p5d3 f /10s7p5d3 f #, 5d/7f , 188 CGTF.
eP1 @4s2p1d/6s4p4d1 f /8s6p4d1 f #, 6d/10f , 128 CGTF.
fP2 @4s3p2d/6s4p4d2 f /8s6p4d2 f #, 5d/7f , 135 CGTF.
gP3 @9s5p2d/10s7p5d3 f /14s11p7d3 f #, 5d/7f , 214 CGTF.
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The stability of the obtained values is very satisfacto
for both systems. For the dipole polarizability agreemen
better than 1% in all cases. The large basis sets, N3 and
yield a slightly less anisotropic picture ofaab . For the first
and second dipole hyperpolarizability, the values obtain
with basis sets N1,N2 and P1,P2 are within a few percen
the presumably more accurate N3,P3 results. The first di
hyperpolarizability changes sign from HCN to HCP@54#.
Agreement is equally satisfactory for the other polarizab
ities. Thus, we can claim uniform quality for the basis s
N2 and P2, which are subsequently used in electron corr
tion correction calculations.

Previous theoretical efforts have produced SCF values
various HCN properties included in this effort. In their inte
,
s
3,

d
of
le

-
s
la-

or

esting study, Jameson and Fowler@9# used a
@5s4p2d1 f /3s2p# basis set to obtainazz522.389 and
axx513.736 e2a0

2EH
21, bzzz56.386 and bzxx523.434

e3a0
3EH

22, gzzzz51533, gxxxx51840 and gxxzz5564
e4a0

4EH
23 for the dipole polarizability and hyperpolarizabi

ity. They also obtainedAz,zz510.96 and Ax,zx51.90
e2a0

3EH
21, Bzz,zz52319, Bxz,xz52204, Bxx,zz5162, and

Bxx,xx52263 e3a0
4EH

22. Our values are in very good agree
ment with the aforementioned, although our hyperpolar
ability values are systematically slightly different from
theirs. This may be safely attributed to the fact that our ba
sets contain more diffuse and polarization functions. Dy
stra’s work, derivative Hartree-Fock~DHF! theory, has pro-
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TABLE II. Electron correlation corrections to the dipole and quadrupole properties of HCN.~The two
innermost, occupied orbitals and the two highest, virtual orbitals were kept frozen in all calculations.! Basis
set N2 @4s3p2d/6s4p4d2f /6s4p4d2f #. Numbers in brackets are powers of ten, i.e., 16.2@2# is
16.23102. All values are in atomic units.

Property SCF MP2 MP3 DQ-MP4 SDQ-MP4 MP4 CCSD CCSD(T)

m 1.2983 1.1912 1.2010 1.2009 1.1989 1.1801 1.1966 1.18

Q 2.0560 1.5990 1.7511 1.7005 1.6751 1.6208

azz 22.46 21.87 22.00 21.91 22.09 22.42 22.07 22.32

axx 13.79 13.92 13.81 13.70 13.72 13.96 13.77 13.95

ā 16.68 16.57 16.54 16.44 16.51 16.78 16.53 16.74

Da 8.67 7.95 8.20 8.22 8.37 8.46 8.30 8.38

bzzz 26.6 0.2 21.4 20.4 24.0 27.6 23.1 25.4

bzxx 23.0 1.1 20.7 0.3 0.3 0.0 0.5 0.4

b̄ 27.6 1.4 21.7 0.1 22.0 24.5 21.3 22.8

gzzzz 16.2@2# 23.9@2# 20.4@2# 20.8@2# 22.0@2# 24.2@2# 23.1@2# 25.0@2#

gxxxx 19.9@2# 20.9@2# 19.9@2# 18.9@2# 19.0@2# 21.2@2# 19.7@2# 21.1@2#

gxxzz 61.4@1# 72.1@1# 65.9@1# 63.8@1# 65.3@1# 73.3@1# 67.0@1# 72.2@1#

ḡ 18.8@2# 21.7@2# 20.0@2# 19.3@2# 19.7@2# 22.0@2# 20.5@2# 22.0@2#

Czz,zz 63.51 68.68 66.07 66.68 67.14 68.58

Cxz,xz 36.93 40.73 38.86 39.09 39.43 40.51

Cxx,xx 34.15 34.81 34.16 34.09 34.27 34.98

C̄ 63.21 67.30 65.02 65.21 65.68 67.25

TABLE III. Electron correlation corrections to the dipole and quadrupole properties of HCP.~The six
innermost, occupied orbitals and the six highest, virtual orbitals were kept frozen in all calculations.! Basis
set P2 @4s3p2d/6s4p4d2f /8s6p4d2f #. Numbers in brackets are powers of ten, i.e., 74.2@2# is
74.23102. All values are in atomic units.

Property SCF MP2 MP3 DQ-MP4 SDQ-MP4 MP4 CCSD CCSD(T)

m 0.1450 0.1792 0.1252 0.1288 0.1469 0.1868 0.1390 0.15

Q 3.8268 3.1656 3.3493 3.3056 3.2853 3.2089

azz 48.08 45.93 46.14 46.00 46.33 46.78 46.06 46.30

axx 30.95 30.29 30.11 29.86 29.85 30.16 29.87 30.05

ā 36.66 35.50 35.45 35.24 35.34 35.70 35.27 35.47

Da 17.13 15.64 16.03 16.14 16.49 16.62 16.19 16.24

bzzz 45.6 6.0 23.7 22.1 29.5 28.9 22.7 21.8

bzxx 7.8 11.0 10.3 10.6 12.6 15.4 11.2 12.9

b̄ 36.7 16.8 26.5 26.0 32.8 35.8 27.1 28.5

gzzzz 74.2@2# 94.3@2# 91.7@2# 88.7@2# 88.4@2# 95.1@2# 86.4@2# 91.4@2#

gxxxx 11.0@3# 11.0@3# 11.1@3# 10.5@3# 10.5@3# 11.4@3# 10.2@3# 10.6@3#

gxxzz 32.8@2# 35.8@2# 37.0@2# 34.9@2# 34.9@2# 38.2@2# 32.0@2# 33.8@2#

ḡ 99.8@2# 10.6@3# 10.7@3# 10.2@3# 10.2@3# 11.0@3# 97.3@2# 10.2@3#

Czz,zz 202.77 202.01 198.51 198.35 199.38 202.28

Cxz,xz 115.42 115.36 113.30 112.41 112.68 114.44

Cxx,xx 113.90 104.77 105.66 104.99 106.08 106.38

C̄ 203.73 196.31 195.02 193.75 194.94 196.88
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TABLE IV. Comparison of theoretical and experimental results for the electric properties of HCN
HCP.

Method m ā Da b̄ ḡ

HCN

SCFa 1.2966 16.620 8.653 27.952 1740

SCFb 1.328 16.333 9.455

MP2b 1.163 16.109 8.407

SCFc 1.291 16.656 8.852

CCSDT-1Ac 1.171 16.745 8.850

SCFd 1.2950 16.754 8.610 26.85 181.6

SCFe 1.2962 16.7404 8.5892 27.4 19.13102

SCFf 1.2983 16.6800 8.6733 27.6 18.83102

CCSD(T)f 1.1805 16.7388 8.3776 22.8 22.03102

Experiment 1.17460.002g 16.74j

1.18h

1.18760.001i

HCP

SCFk 36.70 16.92 38.66

SCFl 0.1421 36.75 16.90 38.4 10.23103

SCFm 0.1450 36.66 17.13 36.7 99.83102

CCSD(T)m 0.1577 35.47 16.24 28.5 10.23103

Experiment 0.15360.002n

aJameson and Fowler, basis set@3s2p/5s4p2d1 f /5s4p2d1 f # @9#.
bSpackman, basis set 6-31G(1sd1sp) @7#.
cFowler and Diercksen, basis set@3s2p/5s3p2d/5s3p2d# @14#.
dStähelin et al. @311s211p111d#12s1p1d on H, @411s311p211d111 f #12s2p1d1 f on C and N
@12#.
ePresent investigation, basis set N3,@9s5p2d/10s7p5d3 f /10s7p5d3 f #.
fPresent investigation, basis set N2,@4s3p2d/6s4p4d2 f /6s4p4d2 f #.
gBhattacharya and Gordy@1#.
hTyler and Sheridan@2#.
iDeLeon and Muenter@6#.
jReferenced by Spackman@7#.
kBloor and Yu, basis set TZ, 6D, 4P2D 122 CGTF@11#.
lPresent investigation, basis set P3,@9s5p2d/10s7p5d3 f /14s11p7d3 f #.
mPresent investigation, basis set P2,@4s3p2d/6s4p4d2f /8s6p4d2f #.
nTyler @3#.
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larg-
vided valuable information about the dipole and quadrup
polarizability for an important collection of molecular sy
tems@10,55#. As he uses unabridged tensors, we have c
verted his values to conform to Buckingham’s conventio
Thus, his ELP basis set givesazz522.40 andaxx513.75
e2a0

2EH
21, Az,zz511.06 and Ax,zx51.70 e2a0

3EH
21, Czz,zz

562.92, Cxz,xz535.94 andCxx,xx526.80 e2a0
4EH

21, Bzz,zz

52317, Bxz,xz52203, Bxx,zz5160 and Bxx,xx52221
e3a0

4EH
22. The absence ofd-GTF on H andf -GTF on C and

N in the ELP basis set should account for the differen
between his and our values for eitherCxx,xx or Bxx,xx . Last,
we mention the results obtained by Sta¨helin et al. @12# with a
basis set consisting of@311s211p111d#1(2s1p1d) on
H and@411s311p211d111 f #1(2s2p1d1 f ) on C and
N, azz522.494 andaxx513.884e2a0

2EH
21, bzzz55.63 and
e

-
.

e

bzxx522.89 e3a0
3EH

22, gzzzz51641,gxxxx52061 andgxxzz

5629 e4a0
4EH

23. Our babg values are somewhat differen
from theirs, but it should be mentioned that their results p
tain to a slightly different molecular geometry. If this diffe
ence is taken into consideration, agreement between ou
sults and theirs is quite good. We mention also that
values are in very good agreement with the SCF valuesazz

522.52 andaxx513.79e2a0
2EH

21 reported recently by Gray
son and Raynes@56#.

In sharp contrast to HCN, HCP has attracted much l
attention. The careful study of Bloor and Yu@11# showed
that the SCF values ofaab and babg calculated with stan-
dard basis sets display strong basis set dependence. The
est basis set used in their study, built upon a D9511 sub-
strate and consisting of 132 CGTF, givesazz547.95 and
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axx531.14 e2a0
2EH

21, bzzz545.46 and bzxx510.69
e3a0

3EH
22. Given the small difference in the molecular geom

etry, our values are in good agreement with theirs.

B. Electron correlation corrections

Accuratem and Q values for HCN and HCP, calculate
with basis sets larger than N2 and P2, have been repo
previously@16#. We include the correlated values in Tables
and III for the sake of completeness.

HCN. The CCSD~T! value ofm51.1805ea0 is very close
to our previous one of 1.1800ea0 . Equally close is the agree
ment of theQ values. The MP4 value of 1.6208ea0

2 com-
pares quite well with the 1.6232ea0

2 reported elsewhere@16#.
Electron correlation has a small effect on the dipole p

larizability. Our final CCSD~T! values for the Cartesian com
ponents ofaab are very close to the respective SCF valu
The longitudinal component decreases slightly while
transversal one increases. Consequently, the CCSD~T! value
of 16.74e2a0

2EH
21 is only 0.4% higher than the SCF valu

The CCSD~T! anisotropy is 8.38e2a0
2EH

21 or 3.3% lower
than the SCF result. The MP series displays satisfactory c
vergence, as evidenced by the closeness of the SDQ-
values to the CCSD ones and the MP4 to CCSD~T!. The
hyperpolarizability is clearly more affected, with the MP s
ries converging slowly. The extreme behavior is exemplifi
by the MP2 results, which differ drastically from the oth
levels of theory. The CCSD~T! mean b̄ is significantly
smaller in magnitude than the SCF one. The changes are
drastic in the case ofgabgd . The MP series converges in
satisfactory way. The CCSD~T! results show that electro
correlation does not affect isotropically the components
the second dipole hyperpolarizability. The CCSD~T! values
are gzzzz525.03102, gxxzz572.23101, and gxxxx521.1
3102 e4a0

4EH
23; that is, 54.3, 17.6, and 6.0% higher than t

respective SCF values. Consequently, electron correla
changes the meanḡ by 17.0%. ForCab,gd the changes are
similar. The most affected component isCzz,zz. The other
components change slightly. The final MP4 value forC̄ is
67.25, 6.4% higher than the SCF result of 63.21e2a0

4EH
21.

Previous correlated calculations for the dipole polariza
ity or hyperpolarizability are limited toaab . Spackman@7#
obtained MP2 values ofā516.109 andDa58.407e2a0

2EH
21

with a 6-31G(1sd1sp) basis set. Fowler and Dierckse
@14# reported coupled cluster values ofā516.745 andDa
58.850e2a0

2EH
21 calculated with a@3s2p/5s3p2d/5s3p2d#

basis. We mention also two partial efforts, a PE-MCSF~pair-
excited multiconfigurational SCF! @13# of ā515.80e2a0

2EH
21

calculated with a TZ12P basis set and the CASSCF~com-
plete active space multiconfigurational SCF! @15# Da58.14
e2a0

2EH
21 obtained with a@5s3p1d/8s7p3d1 f /8s7p3d1 f #

basis. Our values are in fair agreement with all of the abo
HCP The present CCSD~T! value of the dipole moment is

0.1577ea0 , lower than that previously published@16#. The
difference is rather small in absolute terms but shows
even if the dipole moment is small in magnitude electr
correlation effects are strongly basis set dependent. Sim
behavior has been detected in CO, another system wi
small dipole moment@33#. The MP4 value of the quadrupol
moment agrees quite well with the earlier result. Electr
-

ed

-

.
e

n-
P4

-
d

ss

f

n

l-

e.

at

ar
a

n

correlation has a small effect on both components ofaab . In
contrast to the changes observed for HCN, both Carte
components decrease in magnitude. Thus the mean di
polarizability at the CCSD~T! level is 3.2% lower than the
SCF values. The change for the anisotropy is slightly m
important, as the CCSD~T! value of 16.24 is 5.2% lower than
the SCF one of 17.13e2a0

2EH
21. The first and second dipole

hyperpolarizability display the same pattern as in the cas
HCN. The longitudinal components are the most affect
The sign of the correction forgxxzz and gxxxx is negative.
Thus, in total, the change forḡ is small as the CCSD~T!
value is 10.23103, only 2.2% higher than the SCF result o
99.83102 e4a0

4EH
23. Czz,zz andCxz,xz are less affected than

Cxx,xx by the introduction of electron correlation effects. Th
MP4 value ofCxx,xx is 106.38e2a0

4EH
21, 6.6% lower than the

SCF one of 113.90e2a0
4EH

21. This results in a MP4 value o
C̄5196.88 e2a0

4EH
21, a reduction of 3.4% of the 203.7

e2a0
4EH

21 obtained at the SCF level. We are not aware of a
previous correlated values for this molecule.

C. Comparison with experiment

The values ofm andQ for HCN and HCP reported her
are in good agreement with the available experimental d
with the notable exception of the quadrupole moment
HCN. This has been discussed elsewhere@16# ~see Table
IV !.

The only reliable experimental polarizability value is th
static mean dipole polarizability of HCN@8,57#, 16.74
e2a0

2EH
21. This value pertains to the ground vibrational sta

We have not taken into account vibrational effects in t
study. Our CCSD~T! result of 16.74e2a0

2EH
21 should be a

reliable value for this property at the experimental equil
rium geometry.

VI. CONCLUSIONS

We have obtained a reference, near Hartree-Fock va
for the polarizabilities of the triply bonded linear molecul
HCN and HCP. We have calculated CCSD~T! values for
linear and nonlinear polarizability. In addition we have ca
culated MP4 values for the quadrupole polarizability of bo
systems. To our knowledge, with the exception of the dip
polarizability of HCN, these are the first correlated values
these properties to appear in the literature. The calcula
vibrationless, mean dipole polarizability of HCN is 16.7
e2a0

2EH
21, close to the experimental value of 16.74e2a0

2EH
21

obtained from refractive index dispersion data. T
CCSD~T! mean dipole polarizability and the anisotropy r
ported here for HCP,ā535.47 andDa516.24 e2a0

2EH
21,

should be the only accurate dipole polarizability data av
able for this molecule. Electron correlation has a very stro
effect on the first dipole hyperpolarizability. It affects main
the longitudinal component ofgabgd .

ACKNOWLEDGMENTS

G.M. is happy to acknowledge the warm and genero
hospitality of the Laboratoire de Chimie Structurale, Unive
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