712 J. Phys. Chem. R003,107,712-719

Electric Quadrupole and Hexadecapole Moment, Dipole and Quadrupole Polarizability,
Second Electric Dipole Hyperpolarizability for P,, and a Comparative Study of Molecular
Polarization in Ny, P2, and As,
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We have obtained electric properties GgEP from finite-field Mgller—Plesset perturbation theory, density
functional theory and coupled cluster techniques. Reference, near-H&ftreke values have been obtained
with a very large (20s15p10d5f) uncontracted basis set consisting of 300 Gaussian-type functions. At the
experimental equilibrium bond length Bf = 1.8934 A we obtain self-consistent field values of 1.0682 ea

for the quadrupole momen®)), —41.68 egd" for the hexadecapole momer), 51.16 for the meano() and
28.58 @ag’E, ! for the anisotropy of the dipole polarizability, and 16<510° e*a*Eq~° for the mean second

dipole hyperpolarizability§f). Electron correlation reduces strongly the magnitude of the electric moments.
Both components of the dipole polarizability are reduced by electron correlation, but a small increase is
observed for the dipole hyperpolarizability. Our best post-HartFesk values have been obtained with a

[9s7p5d3f] basis set at the CCSD(T) level of theo®:= 0.4850 eg, ® = —31.25 egd", o = 49.20 andAa.

= 28.02 8a’EnL, y = 16.8 x 10 ¢*ay’E, 2. The bond-length dependence aroudchas been obtained for

all properties. Conventional density functional theory methods predict dipole polarizabilities close enough to
the most accurate CCSD(T) values but overestimate the second dipole hyperpolarizability. The mean dipole
polarizability changes ag(NaK) > a(AICl) > a(SiS) > a(P;) > a(Zn) for some isoelectronic, 30-electron
systems. It is seen that the electric properties in the sequene®N-As, display regular changes.

Introduction Surprisingly little is known about the electric properties of
small phosphorus clusters. The only experimental studies
reported so far concern exclusively. Hohm and co-workers
have deduced the dipole polarizability from refractivity mea-
surementS and the dipole-quadrupole, dipole-octopole polar-
izability from collision-induced light scattering observatidfis.
Few theoretical studies have been reported. Numerical Hartree
Fock values for the quadrupole and hexadecapole moment of
P, were reported by Pyykket all® For P, Glaser et af°

Theoretical investigations of phosphorus clusters have brought
forth many important aspects of the structure and bonding in
these important systerds® Active interest in their molecular
properties stems from current investigations in various fields.
In a recent paper Bulgakov et@leported the synthesis by laser
ablation of neutral (R n < 40) and cationic (", n < 91)
clusters. Although nitrogen clusters have attracted more atten-

tion, because of their potential applications as high energy reported quadrupole moment and dipole polarizability values
densi terialg i tant applicati d fund tal s 3
ensity materialsmany important applications and fundamenta while de Brouckee and Felle?* calculated the quadrupole

observations involving phosphorus systems have also been tF - lectronic states. SCF val f the electri
reported. Gingerich and Piacehtand Cocke et d.reported momentior various electronic states. ~values ot the electric
moments, polarizabilities, and hyperpolarizabilities gfnere

[ I -ph i f the diphosphi
experimental gas-phase studies of the diphosphides #dd d reported by Maroulig? The quadrupole moment of®as also

RhP.. Tast et al® reported the preparation of fullerenes coate ; is8h £ onl
with phosphorus molecules. These systems have been identifiectudied by Lawso_n and Ha_lrrls We are aware of only one
study of the electric properties of,R”x Mgller—Plesset perturba-

as Ps)n and GoPan+2, Which suggests that the dominant > . .
GolPa)n P2 99 tion theory and coupled cluster calculation of the electric

building block is B but B, is also present. Recently, Herms et X ; '
al.l* reported a Raman spectroscopic study of the composition MoMents {:mtlj7d|pole, dipotequadrupole and dipoteoctopole
of phosphorus vapor, a problem associated with the thermal Polarizability:

treatment of GaAs and InP semiconductor compounds. The In this work we report a systematic study of the electric

authors reported the temperature dependence of,tRgration properties of R We aim at providing reliable values for this
and the first observation of the Raman mode p&£775 cn?. important diatomic, the smallest molecule with a triple phos-
Boudon et al? obtained an accurate estimate of theFPbond phorus-phosphorus bond, =FP. We rely on a finite-field
length in B, a matter of some controversy in recent yedra. method presented in sufficient detail in previous w&rk’ We

new field of importance for the chemistry of phosphorus con- present self-consistent field (SCF) calculations with electron
cerns the use of Psystems as ligand$.We also mention the  correlation effects obtained via MgllePlesset perturbation
theoretical investigatidfi of novel bonding effects between P theory (MP) and coupled-cluster techniques (CC). In addition

and Li". Last, in a very interesting paper, Kornath etéite- to these conventional methods, we also report density functional
ported Raman spectroscopic studies of matrix isolatethg B. theory (DFT) calculations performed with the widely used

B3P86, P3PW91, and B3LYP methods. Our calculations employ

* Corresponding author. E-mail address: marou@upatras.gr. carefully optimized, flexible basis sets of Gaussian-type func-
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tions (GTF). As there is little computational experience on the capability of the CC methods for our concluding remarks on
electric properties of P we have added to our work a detailed the size of the electric properties of. Fhe CC techniques used

investigation of basis set effects. We thus expect the constructedn this work are CCSD (single and double excitations CC) and
basis sets to be useful in further investigations on molecular CCSD(T), which includes an estimate of connected triple

interaction studies involving this important diatomic system.

Theory

The perturbed energy and electric multipole moments of an
uncharged molecule interacting with a general, static electric
field can be expanded in terms of the components of the field
829

E = E(F,, Fup Fogyr Fagyor )

= E° — u°F, — (1/3)0,,°F o —
(/15825 Py = (ULOBID 5, Fi
— (12 gFoFy = (13)A, 5, FuFy, — (16)Cyg 5 o o
— (M15)E, 3, sFaFpys + -
— (1I6)3, 5, FoF4F, — (1/6)Byy.sFoFsF,s + ...

- (1/24))/0,3)/6F(XF/3F}/F(5 + s (1)

g =+ s Fy + (UB)A, 4, Fy, + (11285, FiF, +
(113)Bys,sF4F 5 + (16)y 45,5 F4FFs + ... (2)

— 0
Ou5= 0y T A, E, T CoproFys T (LU2)B,s 45 F Fs

FFs+ ..
yo
3)

Qs = Qs+ Esopy Fs + oo (4)

where F, Fug, etc. are the field, field gradient, etc. at the origin.
EC, ua® Ous’ Qap,®, and®ys,s° are the energy and the dipole,

14

quadrupole, octopole, and hexadecapole moment of the free

molecule. The electric (hyper)polarizabilities asgg, Sags,,
Yosyss Aapyr Copyor Eapys, @and Byg,e. The subscripts denote

excitations obtained via a perturbational treatment. Electron
correlation effects o®, @, ayg, Yosye, aNd Gy, Were obtained
from the perturbed molecular energi@s:or E, g,5 and By s

we relied on the induced octopole and quadrupole moments
obtained via the MP2 densif#j.

We have also included in our arsenal a number of DFT
methods. The aim of this move is to enrich current knowledge
on the predictive potential of DFT methods in electric (hyper)-
polarizability calculations. The retained methods are B3E¥#,
B3P86%%42and B3PW91043

Computational Details

Within the marked explosion of ab initio investigations of
problems related to electronic structure determination, the choice
of suitable basis sets has been widely recognized as a factor of
primary importance in molecular property calculatidts'é The
construction of the GTF basis sets used in this study follows a
computational philosophy expanded paradigmatically in previous
work.25 Succinctly, in three steps: (i) the initial substrate is
augmented with diffuse s- and p-GTF, (ii) a relatively tight
d-GTF with exponent chosen to minimiz&€ & added, and (iii)

a relatively diffuse d-GTF with exponent chosen to maximize
o is added. Subsequently, more GTF are then added even-
temperedly. We have used three different substrates of primitive
GTF. A sequence of basis sets was built on a TZV substrate
(14s9p}7 contracted to [5s4p] af73211/611}. A large Q=
[9s7p5d3f] set was built on a (12s9p)[6s5p] substtateast, a
very large, uncontracted basis set, BA(20s15p10d5f), was
obtained from a (18s13p) primitive s€tThe composition of

the AO—~A10 sequence, Q and PA basis sets is briefly given as

A0 = [6s5p2d], from a [5s4p] TZV substrdfe
+5(0.041194037) p(0.031996625) d(0.4076, 0.0766)

Cartesian components, and a repeated subscript implies sumA1 = [6s5p3d], from A0+ d(0.0332)

mation ovelrx, y, andz. For centrosymmetric molecules D,
symmetry, such as;Pua® = Qup,° = Bapy = Ay = 028 The

A2 = [6s5p3d1f], from Al+ f(0.0766)

number of independent components needed to specify the”A3 = [6s5p3d1f], from Al+(0.0332)
nonvanishing tensors is regulated by symmetry. The presentA4 = [6s5p4d2f], from A2+ d(0.1767)+ f(0.0332)

choice is simply a convenient oR&3! There is only one
independent component for all electric multipole moment tensors
of a linear molecul@® Consequently, we drop the subscript to
simplify notation and write®,;? = © and ®,,;2 = ®. In
addition to the Cartesian component@f, yosys, Capyo, and
Bagys, We also compute the following invariarits:

o = (o, + 20,,)/3

Ao = a,,— 0,

V = (3yZZZZ+8VXXXX +12V)(XZ)/15

C = (C,yy,F 8Cyyp+ 8C,,)/10

7277 XZXZ

B = (2/15)B,,,, + 4B

XZXZ

+ B

XX,22

+ 4Bx>gxx) (5)
Complete presentations of the post-Hartréeck methods
used in this work are available in the literatdfe3® The
employed MP methods are the second- and fourth-order MP,
MP2, and MP4, respectively. We lean heavily on the predictive

A5 = [6s5p4d3f], from A4+ f(0.1767)

A6 = [6s5p5d2f], from A4+ d(0.9402)

A7 =[6s5p5d2f], from A2+ d(0.9402, 0.176 7} f(0.4076)
A8 = [6s5p5d3f], from A6+ f(0.1767)

A9 = [6s5p5d3f], from A7+ f(0.0332)

A10 = [6s5p5d4f], from A9+ f(0.1767)

Q = [9s7p5d3f], from a [6s5p] substréfe

+ 5(0.04497, 0.01643, 0.00608)p(0.032951, 0.011126%
d(0.9302, 0.4075, 0.1785, 0.0782)
f(0.4075, 0.0782, 0.0343)

PA = (20s15p10d5f), from a (18s13p) substfate

+ 5(0.037250, 0.015636) p(0.026153, 0.01097 1)
d(11.7258, 2.1977, 0.9514, 0.6260, 0.4119,
0.1783, 0.0772, 0.0334, 0.0145, 0.0083)
f(0.9514, 0.4119, 0.1783, 0.0772, 0.0334)

5D and 7F GTF were used for all basis sets.
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TABLE 1: Self-Consistent Field Values for the Electric Moments and Polarizabilities of B2

property A0 Al A2 A3 Ad A5 A6 A7 A8 A9 A10 Q PA
(C) 1.1105 1.0510 1.0252 1.0502 1.0066 0.9543 1.1389 1.0235 1.0758 1.0234 1.0295 1.0176 1.0682
D —38.92 —37.37 —4295 -—36.98 —41.58 —41.94 —-39.89 —42.74 —41.02 —42.49 —-4221 —-42.25 —41.68
Ozz 69.31 69.69 69.78 69.69 69.82 69.94 69.87 70.19 70.01 70.18 70.18 70.17 70.21
Olxx 41.31 41.20 41.21 41.22 41.40 41.41 41.55 41.54 41.55 41.57 41.57 41.56 41.63
o 50.64 50.70 50.74 50.71 50.87 50.92 50.99 51.09 51.04 51.10 51.11 51.09 51.16
Aa 28.00 28.49 28.57 28.47 28.42 28.53 28.32 28.64 28.45 28.61 28.61 28.62 28.58
V2222 15.2 17.8 17.9 17.9 17.9 18.0 17.2 17.5 17.4 17.4 17.2 17.3 17.6
Voo 10.1 12.4 15.4 15.0 16.1 16.0 16.1 15.0 15.9 16.0 16.0 16.1 16.2
Vxxzz 4.8 55 53 5.6 54 5.6 53 5.4 55 5.4 54 5.4 5.4
; 12.2 14.6 16.0 16.1 16.5 16.6 16.3 15.8 16.4 16.4 16.3 16.3 16.5
Cazzz 269.7 273.4 279.9 273.7 280.0 280.5 280.1 281.6 280.1 281.5 281.7 281.2 282.3
Cuzxz 230.3 234.3 233.3 235.5 236.0 237.5 236.4 237.5 237.7 237.8 237.8 237.8 238.1
Cxxx 116.4 117.9 158.0 138.4 159.4 162.1 159.3 160.8 161.9 161.8 162.7 161.7 163.1
C 304.3 309.1 341.1 326.5 344.3 347.7 344.5 346.8 347.6 347.9 348.6 347.7 349.2
Byz22 —2351 —2523 —2586 —2520 —2552 —2544 —2513 —2540 -—2505 —2526 —2520 —2522 —2540
Byzxz —1518 -—1644 -—1608 -—1675 —1627 —1656 —1619 —1624 —1652 —1642 -—1636 —1640 —1646
Bixzz 883 961 1073 996 1053 1033 1050 1020 1027 1042 1045 1042 1042
Buox —1253 —-1355 -—1729 -—1609 —1733 -—1717 —1727 -—1672 —1709 —1724 —1723 —1724 —1727
B —1674 —1808 —1981 —1955 —1992 —2000 —1980 —1960 —1990 —1993 —1988 —1992 —1999
E;z22 314.2 318.8 335.8 316.3 332.1 329.1 330.0 334.3 326.3 3314 331.5 330.7 332.3
Exxxx —153.6 —158.8 —146.3 —157.8 —151.6 —154.0 —152.9 —154.7 —155.0 —154.2 -—-154.0 —1544 -—-1544

aThe second dipole hyperpolarizability is given as3d& yus,s.

PZ
[9s7p1d] + 1d

2_ 2~ -1
(a - 45)e"a’E,

Ny

Figure 1. Dependence of the mean dipole polarizability on the
exponent of the diffuse d-GTF exponent in the construction ofQhe
= [9s7p5d3f] basis set (see text for details).

It is worth emphasizing the emergence of regular patterns in

GAUSSIAN 92°1 GAUSSIAN 9452 and GAUSSIAN 983 were
used in this work.

Atomic units are used throughout this paper. Conversion
factors to Sl units are: Energy, 1, E 4.3597482x 10718 ],
Length, 1 3= 0.529177249< 1071°m, ©, 1 ea? = 4.486554
x 10740 Cn¥?, @, 1 ea* = 1.256363x 10°% Cnmf, a, 1
€a’Ent = 1.648778x 1074 C?mAJ Y, y, 1 a’En 2 =
6.235378x 10765 C*m*J 3, C or E, 1 8ag*En ! = 4.617048x
10762 C2m*J %, and B, 1 éa’En? = 1.696733 x 10793
C3m4J2,

Results and Discussion

SCF results for all properties and all basis sets are given in
Table 1. Electron correlation effects obtained with A0, A6, A7,
A9, and Q are shown in Table 2. Table 3 contains CCSD(T)/
A9 data for the bond-length dependence@f®, og, Yagys,
and Gg,s, and Table 4 contains the calculated first derivatives
at the SCF, MP2, MP4, CCSD, and CCSD(T) levels of theory.
In Table 5, DFT data for the dipole (hyper)polarizability are

the construction of the basis sets. The most important aspectcompared to the presumably most accurate CCSD(T) values.

concerns the need for polarizability-optimized diffuse d-GTF. Reference, near-Hartre&ock values for b, P, and As have

In Figure 1 we have traced the dependence of the meanpeen collected in Table 6. I|_1 Table 7 our pr_ed|ct|ons are

polarizability on the exponent of the d-GTF in the construction COMPared to previous theoretical results. Last, in Table 8 we

of basis Q,a(7q). The optimal exponent igg/ap 2 = 0.0782. display o and Aa. values for the isoelectronic systems Nak,

The analogous exponent is 0.0766 forA010 and 0.0772 for ~ AlCL SIS, R, and Zn. o

PA. What is more, the optimization of this exponent for AO on  Convergence to the Hartree-Fock Limit. We expect our

the P clustet’ gives a value of 0.0745. This important result 1argest basis set PA to provide near-Hartréeck results for

indicates that a valugga 2 ~ 0.075 would be a judicious all molecular properties. This basis yieldss/€?a’En 1 values

choice for subsequent calculations on phosphorus clusters.  of o = 51.16 andAa. = 28.58. The smallest basis used in this
Homogeneous fields of 0.005 %, *Ep were found suitable  study, A0, givesx = 50.64 andAo. = 28.00. These values are

for the calculation of the dipole properties. For the calculation only 1.0 and 2.0% lower than the reference PA values. Thus, it

of the quadrupole properties and the hexadecapole moment wds easily seen that all basis sets are nearly saturated with respect

used strategically placed arrays of distant point charges thatto this property. For the other properties, the sequence A0

produce weak field¥’3! For the quadrupole moment we use allows some systematic observations on basis set dependence.

arrays that producfQ/R®| = 0.0000125 elay2E, and |Q/R?|
= 0.0000003125 Eay“Ep.

All optimizations and subsequent calculations were per-
formed at the experimental bond lengla = 1.8934 A%0

The SCF values of the quadrupole momé@&iea? are fairly
stable: AO gives® = 1.1105, 4.0% above the reference PA
value. For the hexadecapole momdrea,* AO gives—38.92
or 6.6% lower than the PA result. To obtain relialdievalues
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TABLE 2: Electron Correlation Effects @ on the Electric Properties of B

property  method A0 A6 A7 A9 Q property  method A0 A6 A7 A9 Q
(€] SCF 1.1106 1.1390 1.0235 1.0234 1.0175 ; SCF 12.2 16.3 15.8 16.4 16.4
MP2 0.2882 0.4220 0.3874 0.3889 0.3886 MP2 14.3 17.8 16.9 17.4 17.3
MP4 0.3843 0.4880 0.3938 0.3948 0.3934 MP4 14.5 17.7 16.4 16.9 16.8
CCsD 0.5994 0.7144 0.6278 0.6282 0.6273 CCSD 14.1 17.1 15.8 16.3 16.2
CCSD(T) 0.4470 0.5600 0.4851 0.4860 0.4850 CCSD(T) 14.8 17.9 16.4 16.9 16.8
0] SCF —38.92 —39.89 —42.74 —42.49 —-42.34 Crzz SCF 269.7 280.1 281.6 281.5 281.2
MP2 —27.54 —27.64 —30.06 —29.87 —29.62 MP2 281.6 292.4 291.0 290.9 290.5
MP4 —28.02 —27.99 —30.82 —30.66 —30.41 MP4 278.8 288.9 285.4 285.4 284.7
CCSD —30.13 —30.30 —33.40 —33.26 —33.05 CCSD 2735 282.8 279.4 2794 279.0
CCSD(T) —28.87 —28.87 —31.64 —31.48 —31.25 CCSD(T) 277.2 286.8 282.5 282.4 282.0
Ozz SCF 69.31 69.87 70.19 70.18 70.17 Cuxz  SCF 230.3 236.4 237.5 237.8 237.8
MP2 67.38 68.05 67.80 67.80 67.77 MP2 232.0 237.0 236.6 237.0 236.8
MP4 68.05 68.64 68.23 68.22 68.19 MP4 228.1 233.0 231.7 232.2 232.0
CCSD 67.41 68.07 67.84 67.84 67.81 CCSsD 224.4 229.4 229.1 229.5 229.3
CCSD(T) 67.71 68.31 67.91 67.91 67.88 CCSD(T) 227.1 231.9 230.4 230.8 230.5
Olxx SCF 41.31 4155 4154 4157 41.56 Cuwxx  SCF 116.4 159.3 160.8 161.8 161.7
MP2 39.84 40.38 40.08 40.12 40.10 MP2 119.1 158.4 157.6 158.4 158.1
MP4 39.83  40.27 39.79 39.82 39.81 MP4 118.6 156.9 154.7 155.5 155.1
CCSD 39.83 40.24 39.87 39.90 39.89 CCSD 116.9 155.5 153.6 154.5 154.2
CCSD(T) 39.88 40.30 39.84 39.87 39.86 CCSD(T) 118.3 156.5 154.1 154.9 154.7
o SCF 50.64  50.99 51.09 51.10 51.09 C SCF 304.3 3445 346.8 347.8 347.7
MP2 49.02 49.60 49.32 49.34  49.33 MP2 309.0 345.6 3445 345.4  345.0
MP4 49.24  49.73  49.27 49.29  49.27 MP4 305.2 340.9 337.6 338.7 338.1
CCSD 49.02 4951 49.20 49.21  49.19 CCSD 300.4 336.1 334.2 335.1 334.8
CCSD(T) 49.15 49.64 49.20 49.21  49.20 CCSD(T) 304.0 339.4 3358 336.8 336.4
Aa SCF 28.00 28.32 28.64 28.61 28.62 B,z SCF —2351 —2513 —2540 —2526 —2522
MP2 27.55 27.67 27.72 27.68 27.67 MP2 —2705 —2856 —2828 —2819 -—2808
MP4 28.21 28.37 28.44 28.40 28.39 Bwxz  SCF —1518 —1619 -—1624 -—1642 -—1640
CCSD 27.58 27.83 27.97 27.94 27.92 MP2 —1698 —1794 -—-1745 -—-1764 —1762
CCSD(T) 27.83 28.01 28.07 28.04 28.02 Bwzz SCF 883 1050 1020 1042 1042
Yzzz SCF 15.2 17.2 17.5 17.4 17.3 MP2 805 942 881 894 894
MP2 22.4 24.0 23.8 23.9 23.6 Buwxx  SCF —1253 —1727 —1672 —1724 1724
MP4 21.9 23.3 22.5 22.5 22.2 MP2 —1191 -1610 -—-1508 —1544 —1542
CCSD 21.0 22.0 21.0 21.0 20.7 B SCF —1674 —1727 —-1732 —1993 —1992
CCSD(T) 226 236 224 224 222 MP2  —1794 -1914 -1862 —2021 —2017
Yxox  SCF 10.1 16.1 15.0 16.0 16.1 E,.zz SCF 314.2 330.0 3343 3314 3307
MP2 9.8 15.2 13.8 145 14.5 MP2 418.3 430.1 431.8 429.0 427.8
MP4 10.3 15.4 13.7 14.3 14.3 Eyx xxx SCF —154.6 —152.9 —154.7 —154.2 —-154.4
CCSD 10.3 15.2 13.6 14.3 14.3 MP2  —-179.5 —-180.3 —183.1 —183.1 —183.1
CCSD(T) 105 15.5 13.8 14.5 14.4
Yz ~ SCF 4.8 5.3 54 5.4 5.4
MP2 5.7 6.2 6.0 6.1 6.1
MP4 5.8 6.1 5.8 5.9 5.9

CCsD 55 5.8 5.5 5.6 55
CCSD(T) 5.8 6.1 5.7 5.8 5.8

aThe 10 innermost MO were kept frozen in all post-Hartr€eck calculations. In addition, for the Q basis, excitations were not allowed to the
two highest unoccupied MO. The second dipole hyperpolarizability is given @x§qs,s. All values in atomic units.

one needs more complete basis sets. Adding a relatively diffusetransversal componenmi.xxand bringsy close to the reference
f-GTF on Al (basis A2) improves bot® and ®. If a more  value. We observe, more or less, the same pattern for the higher
diffuse f-GTF is chosen (basis A3), the value @fimproves properties Gs,,o and By,0. The transversal components,&

but the agreement op with the reference PA value worsens. and B,y increase rapidly with basis set size. The mean values
In some cases the change is not obvious. Basis A4 gvasd obtained with A0,C = 304.3 @a’E ! and B = —1674

@ in very gpod agreement with PA, but the addit.ion qf another Sa’En2, are 12.9 and 16.3% smaller in magnitude than the
f'GTF (basis A5) leads to a lowdd value._To rat!onahze the respective reference PA results. From basis set A4 onward, these
basis set dependence of the SCF electric multipole moments, . —

one should emphasize the fact tittand ® are calculated as mean values are quite close to the reference PA vallies
differences of fairly larger quantities. For R = 1.0682 eg, 349.2 éa'Ent and B = —1999 éa’En?. Last, for the
but this quantity is calculated 8 = [2Z1— XxO, where the dipole-octopole polarizability we observe again that for
second moments argzl= —18.8213 andXx(= —19.8896 A4—A10 and Q, agreement with the PA values is very good.

ea? A small error in(zZJor BxxJmay result in a sizable one Overall, the large basis sets A8, A9, A10, Q, and PA are in
for ®. An analogous situation is obvious fér= —41.68 eg* close agreement for all molecular properties.

(2zz7= —495.89 e more than an order of magnitude larger. Electron Correlation Effects. Electron correlation affects
The second hyperpolarizability values, 20« ys,s/€*a0*En~3, strongly the SCF values oB/ea? and ®/ea’. For both
obtained with AQ arey;z;;= 15.2, yyox = 10.1, yxxzz = 4.8, properties, MP2 and MP4 seem to overestimate the magnitude

and ;: 12.2. These values are significantly lower than the of the electron correlation correction. Our best values are the
reference PA resultg,;;;= 17.6,Yxxxx= 16.2,Vxxzz= 5.4, and CCSD(T)/Q results o® = 0.4850 andd = —31.25, which
16.5 (PA). Adding more d- and f-GTF to AO increases the correspond to a reduction of 52.3 and 26.2%, respectively, of
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TABLE 3: Bond Length, AR/a; = (R — Re) Dependence of TABLE 6: Reference Near-Hartree—Fock Results for the
the Electric Properties of P, Calculated with Basis Set A9= Electric Properties of N,, P,, and As,?
[6s5p5d3f] at the CCSD(T) Level of Theory property N Py ASS
property 02 01 0 01 0.2 e ~0.9302 1.0682 1.4569
C] 0.0278 0.2634 0.4860 0.6957 0.8923 [} —7.40 —41.68 —52.42
0] —34.27 —32.96 —31.48 —29.82 —27.98 Ozz 15.03 70.21 91.87
Q7 62.70 65.28 67.91 70.55 73.20 Qlxx 9.83 41.63 51.49
Olxx 38.22 39.05 39.87 40.67 41.45 o 11.57 51.16 64.95
(_x 46.38 47.79 49.21 50.63 52.04 Aa 5.20 28.58 40.37
Ao 24.48 26.24 28.04 29.88 31.75 Vazzz 799 17.6 29.4
V22 20.9 21.6 22.4 23.3 245 Ve 666 16.2 28.6
Voo 12.4 13.4 145 15.5 16.7 Yoz 250 5.4 9.3
Vxiaz 5.2 55 5.8 6.2 6.6 y 715 16.5 28.5
v 14.9 15.9 16.9 17.9 19.1 Ay 482 4.2 15
Cupe 2617 2716 282.4 294.0 306.1 éz?’ _gf 43 2812-33 35445
Caxz 215.2 222.6 230.8 239.3 248.2 Cim 24'33 238.1 342'7
Coxxx 145.7 150.1 154.9 159.8 164.8 wxz ’ ’ :
c 3149 3254 3368 3487 3610 Crooxx 19.36 1631 225.7
c : : : : : c 38.10 349.2 494.2
a2The 10 innermost MO were kept frozen in all calculations. The Bzzzz =175 —2540 —3813
second dipole hyperpolarizability is given as 1& yqsys. All values Baxe —105 —1646 —2669
in atomic units. Byxzz 65 1042 1662
Bhoo —117 1727 —2665
TABLE 4: Convergence of Electric Property Derivatives at B —133 —1999 —3131
Post-Hartree—Fock Levels of Theory Ezzzz 28.76 332.3 500.4
propety  SCF  MP2  MP4  CCSD CCSD(T) Broo ~18.40 ~154.4 —212.2
(dO/dR)e 3.3321  1.7468  1.9077  2.3850 2.1616 2The second dipole hyperpolarizability fop Bnd As is given as
(dP/dR)e 15.79 18.57 16.57 15.66 15.69 1073 x yagys. All values in atomic units® Basis set [15s12p9d7f], 290
(d&/dR)e 19.15 12.68 14.45 1457 14.22 CGTF (Maroulis, unpublished result§)Basis set PA= (20s15p10d5f),

300 GTF, present investigatiofhiBasis set (20s15p12d4f), 314 GTF

(dAo/dR).  22.34 16.53 19.99 18.01 1821 (Maroulis, unpublished results).

(dyldR). 157 95 9.0 11.1 9.8
(dC/dR).  143.3 111.8 114.6 118.6 116.9 TABLE 7: Present and Previous Theoretical Values for the

1 1 a
aBasis set AS= [6s5p5d3f]. The 10 innermost MO were kept frozen Electric Properties of P,
in all post-Hartree-Fock calculations. The second dipole hyperpolar- ~ property NHP SCF  MP2 SCP CCSD(T)

izability is given as 10° x (d";/dR“)e, k=1, 2. All values in atomic (©) 1.064167 1.251 1.0682 0.4850
units. () —41.7069 —38.92 —41.68 —31.25
TABLE 5: C ) f DFT and CCSD(T) o 50.74 35.290 51.16 49.20
: Comparison o an
Polarizabilities Obtained with the Q = [9s7p5d3f] Basis Set fa 53366?21 #1168 12(5E?;v=‘5x8103 162.2'32103
property B3P86 B3PW91 B3LYP CCSD(T) C 334.7 349.2 336.4
Ozz gggg 28&23 471(1)8231 gggg a All values in atomic units®? Numerical Hartree Fock values?
Qxx 49.93 4991 5072 19.20 ¢ Basis set [8s6p4d1f], Maroulfd. ¢ 6-31G* basis set, Glaser et4l.
o ’ ’ ’ ’ ¢ Present investigation, basis set BA20s15p10d5f)f Present inves-
Aa 28.70 28.66 28.98 28.02 tigation, basis set @ [9s7p5d3f].
V2222 23.4 24.0 26.3 22.2
Vex 15.6 16.2 18.2 14.4 TABLE 8: Electric Polarizability for Some 30-electron
Zxxzz 6.3 6.4 7.1 5.8 Systemg
y 18.0 18.6 20.7 16.8 -
property NaKr AlCl¢ Sig! P Znf
aThe second dipole hyperpolarizability is given as36 yagys. = 365.08 5325 49.76 49.20 39420 8
All values in atomic units. za 257'79 11'95 20'31 28.02 0 '

the magnitude of the SCF values. Correlated values obtained 2All values in atomic units ® Urban and Sadléf ©Maroulis,
with basis sets A7, A9, and Q are in close agreement. It is worth unpublished results.Maroulis et af! ¢ Present investigatioriGoebel
noticing that the only difference between the A6 and A7 basis €t al.?? recommended theoretical value.
sets is the relatively tight f-GTF exponent on A7. values. We also note that MP2 exaggerates somewhat the
Both components obw.s/€?a’Ent are slightly reduced by  electron correlation effect but MP4 seems to predict values
electron correlation. This results in an overall small reduction reasonably close to the higher CCSD(T) method.
of both invariants: CCSD(T)/Q gives (SCF/Q values in  Electron correlation has a non uniform effect on the quad-
parentheses) = 49.20 (51.09) and\a. = 28.02 (28.62). The  rupole polarizability Gs,s/€?a0*En~t. The CCSD(T)/Q results
effectis only 3.7 and 2.1%, respectively. All basis sets perform suggest a slight increase for the longitudinal component but a
well in the prediction of the dipole polarizability. decrease for the other two. Overall, the mean SCF/Q value of
The effect is not uniform on the components of 16 y s/ C = 347.7 reduces to 336.4 or by 3.2%. The decrease is very
€'a’En 3. The longitudinal component increases while the small for the minimal basis A0 but is more or less stably
transversal one decreases. For CCSD(T)/Q we have (SCF/Qpredicted by the larger A6, A7, A9, and Q. We also note the
values in parenthesesy;,,»= 22.2 (17.3)yxxx= 16.1 (14.4),  good agreement for the MP4, CCSD and CCSD(T) methods.
andyyxzz= 5.4 (5.8). Overally = 16.8 (16.4) or an increase of Very much as in the case ¢f,3,5 and Gg,s, @ non uniform
only 2.4%. We note the very good agreement of the A9@nd  change is brought upon the components gf,B/e3a;*E, 2. The
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MP2/Q results show that the effect, MP2 SCF, on the
magnitude of the components is positive forBand B,;x, and
negative for By,; and Bxx. Consequently, the effect on the
mean valueB is very small: an increase of magnitude of
1.3%. Last, we obtained SCF and MP2 values for Badependence
For the dipole-octopole polarizability Eg,s/€?a0*Ent we of dipole—octopole polarizability and the dipotelipole—
observe a strong increase of the magnitude of both componentsgquadrupole polarizability? At the SCF level thék-dependence
For MP2/Q (SCF/Q values in parentheses) we obtain,E of the two components of £, is well represented by
427.8 (330.7) and-183.1 (-154.4), an increase in magnitude
of 29.4 and 18.6%. It is interesting to notice that this trend is E,, (R)/€’a,'E,, ' = 331.4+ 130.9R—R,) +
present for all other basis sets. 2 3
Bond-Length Dependence of the Electric PropertiesThe 95.7R-R)" + 8.3R-R)
CCSD(T)/A9 values 0B, @, o, Aa, y, andC shown in Table E, . (R/€a E, ' = —154.2-47.4R-R) —
53.6R—R,)* — 8.3R—R)* (8)

for the second derivative. The SCF valuéGtiR?), = 115.7
reduces to 19.7%a’E, ! at the MP2 level. MP4, CCSD, and
CCSD(T) predict values in good agreement. Our CCSD(T) value
is 58.6 Bag’En~t.

3 may be used to obtain accurate estimates of the first derivatives
(dP/dR)e. The dependence of the first derivative values on the
level of theory may be gleaned from the contents of Table 4.

The electric moments vary strongly arouRd We observe

The magnitude of the first-derivative increases considerably at

a rapid increase of the magnitude of the quadrupole momentthe MP2 level. The corresponding curves are

while the opposite trend is obvious for the hexadecapole. A

third-degree polynomial was found to represent adequately theE,,.{R)/€a'E, = 429.0+ 315.0R-R) +

R-dependence for0.2 < Rlag < 0.2. At the SCF and CCSD(T)
levels of theory® and® vary as

SCF: O(R)/ea’ = 1.0234+ 3.3321R—R)) —
0.3743R—R,)* — 0.0083R—R,)°

CCSD(T): O(R/ea’=0.4860+ 2.1616R—R,) —
0.6493R—R,)* — 0.0083R—R,)® (6)

and

SCF: ®(R)/ea’ = —42.49+ 15.79R—R) +
12.57R—R)*+ 0.83R—R.)°

CCSD(T): ®(R)/ea’= —31.48+ 15.69R—R,) +

8.86R—R,)>+ 0.83R—R)* (7)

The SCF/A9 values for the first derivatives of the dipole

polarizability invariants are (_d’dR)e = 19.15 and (Aa/dR)e
= 22.34 @aE, L. Electron correlation lowers both values. The

higher order methods MP4, CCSD, and CCSD(T) predict values

249.4R—R)*+ 97.5R-R)®
EolR/E8,'E, ' = —183.1-93.4R-R) —
68.6R—R)*+ 1.7R—R)* (9)
For the mean value of § s we find that a parabola reproduces
quite well the calculated values. Subsequently, we expand this
property as
SCF: B(R)/€’a,'E, >= —1993— 1404R—R) —
614R—R,)?
MP2: B(R)/€’a,'E, 2= —2021-860R—R,) —
6(R—R)* (10)
Rovibrational Corrections. We have used a well-tested
approacPP and experimental spectroscopic constzhtsr P,
in order to estimate the rovibrational correction to the calculated

molecular properties. We find that the value of propdrtat
vJ rovibrational state is given as

dP d’P
in good agreement for these two properties. Predicting reliable P,y — Pe= (0-01295‘6@)‘3 + 0-00497{(1?!2) ) X
values for the second derivatives appears less obvious. The E

values pertaining to the mean show strong method dependence.

The SCF value is @J/dR?). = 2.21 €E,1, whereas for the
CCSD(T) value (&/dR?). ~ 0. For the anisotropy the situa-
tion is not much different. We obtain {da/dR?), = 9.72 and
3.71 éE, ! at the SCF and CCSD(T) levels, respectively.

(v + 1) + o.ooooo{d—P) JG+1) (11)

2 dRr/,

Inserting the calculated derivatives into eq 11 we obtain the
desired corrections. The zero-point vibrational correction (ZPVC),

For the second dipole hyperpolarizability we calculate a SCF defined as ZPVC= Pgy — P, is found to be small for all

value (//dR)e = 15.7 x 10° e*a®E, 3. Electron correlation
almost halves this value. The post-Hartré®ck methods

properties. For®, @, oy, Yoy, and Gg,s we have used
CCSD(T)/A9 values for (P/dR)e, k = 1,2. The calculated

predict rather stable values for this first derivative. At the highest ZPVC is 0.0108 eg for ®, 0.15 eg* for ®, 0.09 and 0.13

level of theory, we obtain the CCSD(T) value of;_/(dR)e =

€2ap’En 1 for_& and Ao, 0.08 x 10° e*a’E,~2 for y, and 0.9

9.8 x 10° e*a®En 3. The second derivative is also reduced by c2mAJ-1 for C. Using MP2/A9 values, we calculated a ZPVC

electron correlation. We obtain %ddR?) = 15.7 x 10° and
5.7 x 10° ¢*ap?En 2 at the SCF and CCSD(T) levels, respec-
tively.

of 3.3 and—0.9 Cm*J1 for E;;,,and B and —6€%ay*E, 2

for B.
DFT Results. As the development of new DFT methods for

For the mean quadrupole polarizability we calculate a SCF the reliable prediction of electric properties has been intensely

value of ((C/dR). = 144.3 @a*E,L. Electron correlation

pursued in recent yea?$>’ we have considered it instructive

reduces significantly this value, but the stability of the post- to add to our study onJa series of calculations with widely
Hartree-Fock values is very satisfactory. This is not the case used and easily accessible DFT methods. These B3P86,
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B3PW91, and B3LYP dipole (hyper)polarizabilities have been Conclusions

obtained with basis set Q and are compared in Table 5to our e have reported an exhaustive study of the electric

accurate CCSD(T)/KT values. The DFT values slightly over- properties of B We have obtained reference near-Hartree

estimate the mean and the anisotropy of the dipole polarizability. Fock values for all properties. Electron correlation effects have

This trend is also present in the calculateg,s components.  also been estimated. The electron correlation correction is strong

Overall, P3B86 and B3PW91 perform better than the B3LYP for the quadrupole and the hexadecapole moment but rather

method. The B3LYP, = 20.7 x 10° e*ay*En~2, 23.2% larger small for the dipole polarizability and hyperpolarizability. The

than the CCSD(T)/KT result. dependence of the properties on the bond length has been
Electric Moments and (Hyper)polarizabilities of Ny, Py, examined in some depth. . _

and As,. In Table 6 we show the evolution of the electric Our best _valu_e_s for the electric moments and the dipole

properties with increasing size in,NP,, and As. Although (hyper)polarizability are® = 0.4850 ed’, = —31.25 eg,

we do not belabor the point, we think it both useful and @ = 39.86, andAa = 28.02 éa’E,* andy = 16.8 x 10°

instructive to add a few comments on the emerging patterns. eagEn 2.

The reference near-Hartre€ock values for these three homo-

nuclear diatomics show a regular increase of the electric (hyper)-
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