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Electric polarizabilities and hyperpolarizabilities were calculated from accurate self-consistent
field wavefunctions for P,. The following values are reported, using the experimental bond length
of 1.8934 A: dipole polarizability a,, = 69.83 and a,, = 41.20 ¢* a2 E,” !, second dipole hyperpolariz-
ability y,...=17040, y, . =11581 and 7y, =4724 e*agE, > quadrupole polarizability,
C....=27614, C . .. =23264 and C . =15125 e*afE, ', dipole-octopole polarizability,
E...=331.00and E_, = — 154.66 ¢’ a$ E, ' and for the dipole-dipole-quadrupole hyperpolariz-

ability, B = —2441, B = —1442, B
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P, has been the subject of several theoretical studies
recently [1-10]. Despite the interest in phosphorous
clusters P, [10], very little is known about the electric
properties of this system. A numerical Hartree-Fock
calculation of the quadrupole and hexadecapole mo-
ments has been reported by Pyykko et al. [5], while
theoretical values of the quadrupole moment and the
dipole polarizability have been obtained by Glaser
and et al. [9]. In this work we report self-consistent
field (SCF) values of the linear and non-linear polariz-
abilities for all independent components of the electric
multiple moment, polarizability and hyperpolarizabil-
ity tensors up to the fourth rank. These include the
quadrupole (0,) and hexadecapole (®,;,;) moment,
the dipole («,4) quadrupole (C,p . 5) and dipole-octo-
pole (E,;,;) polarizability and the second dipole
(74,5 and dipole-dipole-quadrupole (B, , 5) hyperpo-
larizability. The molecular properties are extracted
from the induced multipole moments, an essentially
finite-field approach [11]. We rely on a flexible, care-
fully optimized basis set of gaussian-type functions
(GTF) for the calculation of the induced electric
moments. We carried out our calculations with a
(13s9p4d1f) [8s6p4d1f] basis set consisting of 148
primitive or 120 contracted GTF. This basis set was
built upon a (11s7p)[6s4p] substrate [12]. The sub-
strate was augmented to [8s6p] with diffuse s- and
p-GTF with exponents chosen to form a geometric
progression with the two most diffuse ones of the same
symmetry. The addition of two d-GTF with expo-
nents 0.4192 and 0.0871 (in units of a, %) gave [8s6p2d].
The exponent of the tight GTF was chosen to mini-
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mize the energy of the free molecule. The exponent of
the diffuse d-GTF was chosen to maximize the mean
dipole polarizability. In a further step, an f-GTF was
added and its exponent was chosen to maximize the
mean quadrupole polarizability. Its value was found
to be 0.0637. The construction of the basis set was
completed with the addition of two d-GTF with expo-
nents 0.91965 and 2.01755, where 2.01755 = 0.4192 K
and 0.91965 = 0.4192 K2 with K = (0.4192)/(0.0871).
Six-membered d-GTF and ten-membered GTF were
used in all cases. All optimizations were performed for
the experimental bond length of 1.8934 A [13]. All
calculations were performed with GAUSSIAN 86 [14].

Table 1 lists the dependence of the electric quadru-
pole and hexadecapole moments and the quadrupole
polarizability on the exponent for the f-GTF for the
[8s6p2d1f] basis set. We have included the values of
the electronic moments {zz), {xx), {zzzz), {xxzz),
{xxyy) and {xxxx) as they represent more direct
measures of the quality of the wavefunction than @,,
and &,,,,. In Table 1 we give the values of all the
molecular properties calculated with [8s6p4dif] at
three internuclear separations, (R, — 0.2)/a,, R./a,,
and (R, + 0.2)/a,.

It is obvious from Table 1 that the values of @,, and
... are small compared to the electronic moments.
Thus, both the electronic and nuclear part of ©,, are
large and approximately equal. A small error in the
electronic part of the quadrupole moment would re-
sult in substantial errors for the total value. Of all
f-GTF exponents, extreme values for ©,, and @,_,. are
obtained for 0.025 and 0.25. From #; = 0.025 to 0.25
the quadrupole moment changes by ~ 15% and the
hexadecapole moment by x 32% (in absolute terms).
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Table 1. Dependence of the SCF molecular properties of P,
on the exponent of the f-GTF for the (13s9p2d1f) [8s6p2d1f]
basis set. Experimental bond length 3.5780072 a,. All prop-
erties in atomic units.

Property 0025 005 0075 015 025 035
Czz) 114920 114967 114948 114957 114987 114.970
(xxy 200530 19.9866 20.0017 19.9681 19.9514 19.9824
zzzz) 801.843 805.139 805.503 804345 805.180 801.995
(xxzz)  96.7369 96.5931 96.4648 95.5188 95.4790 95.6150
(xxyyy 404921 403190 40.6062 40.4211 40.6335 40.1300
(xxxxy 121476 120957 121.819 121263 121.901 120.390
6., 1149 1036 1084 1027 0981  1.029
o.. —3560 —39.24 —4123 —4519 —4690 —41.39
C... 2729 2789 2787 2764 2715 2709
C.. 2354 2373 2341 2319 2318 2318
Coowe 1278 1510 1559 1477 1343 1243
fot 3178 3385 3399 3313 3206 3120

* Mean quadrupole polarizability defined as
C = (CZZ. zz + SCXZ‘ Xz + 8 CXX. XX)/10'

The component of C,;,; most dependent on the
f-GTF exponent is C,, .. The mean quadrupole po-
larizability displays strong dependence on 7, showing
that the optimization of the latter is an essential part
of the construction of the basis set.

With the notable exception of the electric moments
and the dipole polarizability, all other properties
listed in Table 2 are, to our knowledge, the first to be
reported for P,. At R, we obtain @,, = 1.125 ea? and
&,...= —3892 eaj. The numerical Hartree-Fock
(NHF) [10] values are 1.064167 ea and — 41.7069
eay, respectively. It is more instructive to compare
our {zz) and {(xx) values with the numerical ones. We
obtain (zz) = 114.788 and (xx) = 20.0232 ea2, to be
compared with the NHF of 114.9060 and 19.8472 ea3.
Our {(xx) is by less than 1% higher than the NHF
value, but even such a small difference leads to a
quadrupole moment 17.6% above the accurate one.
Glaser et al. [9] obtained SCF dipole polarizability
values of o, = 66.651 and «,,, = 21.700 e? a3 E,” ! with
a small 6-31 G* basis set. Our result for o, is 4.8%
higher at 69.83 e?al E, !, but the difference is sub-
stantial for «,, as our value is 41.20 e?aZE, ' or
89.9% above theirs. The longitudinal components of
a,s and 7y,p,, are considerably larger than the
transversal ones. Consequently, large anisotropies are
calculated for both polarizabilities. The quadrupole
moment varies considerably with the internuclear sep-
aration. The dependence is less strong for the other

Table 2. Bond length dependence of the electric properties of
P,. Basis set (13s9p4dif)[8s6p4d1f]. Experimental bond
length R, = 3.5780072 a,. All properties in atomic units.

Property R, —0.2 R, R, +02
{zz) 104.649 114.788 125.537
{xx) 19.6190 20.0232 20.4046
(zzzz) 702.607 800.949 913.821
{xxzz) 88.3661 95.6712 103.601
{xxyyd 37.8101 39.7653 41.6862
{xxxx) 11343 119.296 125.059
o,, 0.552 1.251 1.917
D, —41.70 —3892 —35.28
a,. 63.29 69.83 76.79
O 39.01 41.20 43.40
a? 47.10 50.74 54.53
Aa? 2427 28.63 33.38
V2222 15772 17040 18752
Prxxx 9514 11581 13999

Y xxzz 4030 4724 5632

y® 11453 13364 15722
C.... 255.6 276.1 300.6
Coxz.xz 215.0 2326 2541
Cosesos 139.8 151.2 164.1
C 309.4 334.7 364.6
E, .. 307.12 331.00 363.17
Eq six —146.76 —154.66 —166.95
B.. .. —2256 —2441 —2672
B,. .. —1275 —1442 —1647
B, .. 715 866 1014

B,y «x —1220 —1411 —1611

B¢ —1536 —1732 —1959

# Mean dipole polarizability and anisotropy defined as
a=(a,, +2a,)/3 and Aa=a,, —a,,.

® Mean second dipole hyperpolarizability
7= (3Vzzzz + 8Vinx + 127402)/15.

¢ Mean dipole-dipole-quadrupole hyperpolarizability
B=(2/15)(B +4B +B +4B

zz,zz Xz, xz Xxx,zz xx, xx)'

properties. From the values displayed in Table 2, we
obtain, through a parabolic fit, estimates for the first
and second derivatives of the molecular properties at
R.. Using experimental values [13] for the spectro-
scopic constants and our estimates for the derivatives
we obtain for the electric moments and the dipole
polarizability at the (v, J) rovibrational state [15, 16]

6.. (v, J)=1.251+0.040 (v + 1/2) + 0.000007 J (J + 1) ,
®....(v, J)= —38.92+0.31 (v+1/2) +0.00003 J (J +1),,
o (v, J)=>50.74+0.26 (v +1/2) +0.00004 J (J + 1) ,
Aa (v, J)=28.63+0.34 (v+1/2)+0.00005 J (J +1).



566 G. Maroulis -

[1] R.S. Mulliken and B. Liu, J. Amer. Chem. Soc. 93, 6738
(1971).

[2] S.Huzinaga, M. Klobukowski, and H. Tatewaki, Can. J.
Chem. 63, 1812 (1985).

[3]1 S. Huzinaga, L. Seijo, Z. Barandiaran, and M.
Klobukowski, J. Chem. Phys. 86, 2132 (1987).

[4] M. Sekiya and H. Tatewaki, J. Chem. Phys. 86, 2891
(1987).

[5] P. Pyykko, G. H. F. Diercksen, F. Miiller-Plathe, and L.
Laaksonen, Chem. Phys. Lett. 134, 575 (1987).

[6] P. O. Windmark, B. J. Persson, and B. O. Roos, Theor.
Chim. Acta 79, 419 (1991).

[7] O. Matsuoka, J. Chem. Phys. 96, 6773 (1992).

[8] E. Magnusson, J. Comput. Chem. 14, 54 (1993).

[9] R. Glaser, C. J. Horan, and P. E. Haney, J. Phys. Chem.
97, 1835 (1993).

[10] M. Hiser and O. Treutler, J. Chem. Phys. 102, 3703

(1995) and references therein.

Linear and Non-linear Polarizabilities for P, (X! Z; )

[11] G. Maroulis, Chem. Phys. Lett. 199, 250 (1992).

[12] T. H. Dunning and P. J. Hay, in Methods of Electronic
Structure, H. F. Schaefer III, ed., Plenum, New York
1977.

[13] K. P. Huber and G. Herzberg, Molecular Spectra and
Molecular Structure. IV. Constants of Diatomic Mole-
cules, Van Nostrand, New York 1979.

[14] M. J. Frisch, J. S. Binkley, H. B. Schlegel, K. Ragha-
vachari, C. F. Melius, R. L. Martin, J. J. P. Stewart, F. W.
Bobrowicz, C. M. Rohlfing, L. R. Kahn, D. J. Defrees,
R. Seeger, R. A. Whiteside, D. J. Fos, E. M. Fleuder, and
J. A. Pople, GAUSSIAN 86. Carnegie-Mellon Univer-
sity, Pittsburgh 1984.

[15] C. Schlier, Fortschr. Phys. 9, 455 (1961).

[16] A. D. Buckingham, J. Chem. Phys. 36, 3096 (1962).



