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TDMP2 calculation of dynamic multipole polarizabilities and dispersion
coefficients for the halogen anions F 2, Cl2, Br2 and I2

Christof Hättiga) and Bernd Artur Heß
Institut für Physikalische und Theoretische Chemie der Universita¨t Bonn,
Wegelerstr. 12, 53115 Bonn, Germany

~Received 27 October 1997; accepted 4 December 1997!

A systematicab initio study of the dynamic multipole polarizabilities of the halogen anions F2,
Cl2, Br2 and I2 is presented. The effects of electron correlation are included for the static as well
as for the frequency-dependent polarizabilities using time-dependent second-order Mo” ller-Plesset
perturbation theory. Large one-particle basis sets, optimized for polarizabilities, are used to obtain
results near the MP2 basis set limit. For the anions Br2 and I2 also scalar relativistic effects are
accounted for by means of the spin-free no-pair HamiltonianĤ1

s f1 . For the static dipole
polarizabilities of the anions F2 and Cl2 we find good agreement with recent correlatedab initio
calculations, but for the higher multipole polarizabilities and for the anions Br2 and I2 the
discrepancies relative to previous calculations and empirical estimates are large. The effects of
electron correlation on the polarizabilities of these anions are in general extremely large, while
relativistic effects are in all four investigated halogen anions only of minor importance. The
dynamic polarizabilities of the halogen anions are combined with previously calculated dynamic
polarizabilities for rare gas atoms and the molecules CO and N2 to obtain isotropic and anisotropic
dispersion coefficients for the corresponding van der Waals complexes. ©1998 American Institute
of Physics.@S0021-9606~98!02610-5#
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I. INTRODUCTION

The static and frequency-dependent multipole pola
abilities of the halogen anions F2, Cl2, Br2 and I2 are im-
portant properties needed for the modeling of solvent effe
on SN2 reactions and for the modeling of ion-eth
interactions.1 Van der Waals interactions of anions wi
other atoms or molecules are also important for an und
standing of the transport properties of anions.2 The interac-
tion of halogen anions with rare gas atoms has been stu
experimentally for example by inversion of measured
mobilities3,4 and diffusion coefficients and by molecula
beam scattering experiments.5,6 Despite the importance o
the dynamic polarizabilities of the halogen anions, no re
ableab initio calculation exists for these properties. Even
the static polarizabilities only fewab initio studies have been
published, some of these using insufficient basis sets.

The purpose of the present paper is to present for
first time a systematicab initio study of the frequency-
dependent multipole polarizabilities of all four halogen a
ions F2, Cl2, Br2 and I2. Of great importance for the cal
culation of these properties is the inclusion of dynami
electron correlation which accounts for a large fraction of
polarizability of anions. For example, for the fluorine anio
the correlation contribution to the static dipole polarizabil
is more than 35% of the total dipole polarizability. We i
clude electron correlation for the static and the frequen
dependent polarizabilities on equal footing by employing

a!Also at: Department of Chemistry, University of Aarhus, DK-8000 Aarh
C, Denmark.
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recently developed time-dependent second-order Mo” ller-
Plesset perturbation theory~TDMP2!.7 Within the TDMP2
method the frequency-dependent polarizability is calcula
as the second derivative of the real part of the MP2 quas
ergy with respect to the strength of two external fields,
cillating with the same frequency. In the static limit this a
proach becomes equivalent to MP2 finite field calculatio
The TDMP2 method has been shown in previous appli
tions to be a valuable tool for the calculation of frequenc
dependent polarizabilities.8–10 For systems, where second
order Mo” ller-Plesset perturbation theory is adequate,
obtained for dynamical polarizabilities and dispersion co
ficients accurate results close to or within the experimen
uncertainities.

A critical point in the calculation of polarizabilities fo
anions is the choice of the basis set. Already for the unp
turbed anions a sufficient number of diffuse functions has
be included in the basis to obtain an accurate descriptio
its electronic structure. To calculate the polarizability tens
for anions the basis sets must be augmented further
additional diffuse polarization functions with higher angul
momenta. To obtain reliable results for the dipole, quad
pole and octupole polarizabilities we use large one-part
basis sets which we have calibrated for polarizability cal
lations for the anions on the time-dependent Hartree-F
~TDHF! level. For the Br2 and the I2 anions we include in
the calculations scalar relativistic effects variationa

through the spin-free no-pair HamiltonianĤ1
s f1 , which is

obtained by a Douglas-Kroll transformation of the no-p
Hamiltonian correct to second-order in the potential gen
3 © 1998 American Institute of Physics
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ated by the nuclei.11–15 The important approximations mad
in this ansatz for the relativistic Hamiltonian are the use
the unmodified nonrelativistic potentials for the electro
electron interaction and the interaction with the exter
fields. Ĥ1

s f1 averages over the fine-structure componen
thus a one-component formalism is retained.

II. THEORY

In response theory, the frequency-dependent polariza
ity aAB(2v;v) is usually defined as the linear response
the expectation valuêA& to a field described by the operato
B̂, which oscillates with frequencyv.16 Langhoff, Karplus
and Epstein17 have shown that alternatively frequenc
dependent polarizabilities can be calculated as second
rivatives of the time-averaged level shift, also known
quasienergy,18 with respect to the strength of two extern
fields oscillating with frequencies of the same absolute va
but opposite signs. We assume a system described by
Hamiltonian

Ĥ~ t !5Ĥ ~0!1ĥA~v,t !1ĥB~v,t !, ~1!

whereĥA(v,t) is defined as

ĥA~v,t !5@ f A~v!e2 ivt1 f A~2v!e1 ivt#Â, ~2!

and a similar definition holds forĥB(v,t). The frequency-
dependent polarizability can then be calculated as

aAB~2v;v!52
d2$W %T

d fA~2v!d fB~v!
U

0

52
d2W

d fA~2v!d fB~v!
U

0

, ~3!

where the quasienergy$W %T is defined as the time-averag
of the level shiftW (t), i.e., the expectation value of th
Schrödinger operator (Ĥ(t)2 i d/dt) over the phase-isolate
wavefunction18

$W %T5 lim
t→`

E
2t

1t

W ~ t8!dt8, ~4!

W ~ t !5^C̃~ t !uĤ~ t !2 i
d

dt
uC̃~ t !&. ~5!

The phase-isolated wavefunctionC̃(t) is related to the com-
plete time-dependent wavefunction by the transformation

C~ t !5expS 2 i E
2`

t

W ~ t8!dt8D C̃~ t !, ~6!

and is required to have always postive real overlap with
time-independent wavefunction of the unperturbed syst
described byĤ (0).17

The advantage of defining dynamic polarizabilities
second derivatives of the quasienergy~instead as first deriva
f
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tives of expectation values!, is that this definition can
straightforwardly be applied to nonvariational approxima
wavefunctions for which the Hellman-Feynman theore
does not hold. For such wavefunctions the definition
second-order properties as first derivatives of expecta
values would result in an inequivalent treatment of the t
involved operators and would consequently break the s
metry

aAB~2v;v!5aBA~v;2v!. ~7!

In the TDMP2 method a correlation correction to the TDH
frequency-dependent polarizability, correct through seco
order in the electron fluctuation potential, is calculated
second derivative of the time-dependent MP2 quasienerg

aAB
TDMP2~2v;v!5aAB

TDHF~2v;v!1DaAB
TDMP2~2v;v!,

~8!

DaAB
TDMP2~2v;v!52

dDW MP2

d fA~2v!d fB~v!
U

0

, ~9!

with

DW MP25Rê 0̃ uV̂uC̃0
~1!&. ~10!

In Eq. ~10!, 0̃ is the TDHF wavefunction which is used a
reference state in time-dependent Mo” ller-Plesset perturbation
theory andC̃0

(1) is the first-order perturbation correction fo
the wavefunction.V̂ is the electron fluctuation potential.

To obtain for the second-derivative of the MP2 quasie
ergy efficient and numerical stable expressions, we used
Lagrangian technique,19,20 originally developed in the con
text of geometrical derivatives. The central idea of the L
grangian technique is to combine the~quasi!energy func-
tional with the equations that determine the wavefunct
parameters to a Lagrangian functional which can be requ
to be stationary in all its variables. This allows to formula
derivatives for nonvariational methods very similar to d
rivatives for variational methods. The Lagrangian techniq
leads in particular straightforwardly to numerical stable e
pressions which do not reference redundant orbital rota
parameters, and it can be shown that a 2n11 rule holds for
the wavefunction parameters.19,20 For the Lagrangian multi-
pliers even a 2n12 rule holds.19,20The resulting expression
for TDMP2 frequency-dependent polarizabilities are detai
in Ref. 7.

If A andB are real electric multipole operators, the p
larizability is a real function for pure imaginary or real fre
quencies with the exception of the poles occuring if the f
quency matches an excitation energy. In the norm
dispersion region below the first transition frequenc
aAB(2v;v) can be expanded in a Cauchy moment serie

aAB~2v;v!5 (
k50

`

v2kSAB~22k22!. ~11!
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Eq. ~11! is a Taylor expansion of the dynamic polarizabili
in v, i.e., the Cauchy momentsSAB(22k22) with k>0 can
be calculated as derivatives ofaAB(2v;v). For exact states
the Cauchy moments can alternatively be expressed as a
over states of oscillator strengths multiplied by powers of
transition energies

SAB~k!5 (
nÞ0

2~En2E0!k11^0uÂun&^nuB̂u0&

5 (
nÞ0

~DEn0!kf n0 . ~12!

In the case of methods for which Cauchy moments are
available analytically, they could in principle be calculat
as numerical derivatives of the frequency-dependent pola
abilities. But, as has been pointed out in the literature,21,22

such a procedure becomes easily numerically unstable du
the singularities ofaAB(2v;v) at the transition frequencies
An alternative possibility is to fit an effective spectrum to t
dynamic polarizabilities

aAB~2v;v!5(
m

f̃ AB,m /~DẼAB,m2v2! ~13!

and to calculate the Cauchy moments from the effective
cillator strength distributions via eq.~12!. In Ref. 8 it was
shown that this procedure gives accurate Cauchy mom
S(k) for odd as well as for evenk<0.

III. TECHNICAL DETAILS

As has been pointed out in the introduction, one of
most critical points in the calculation of polarizabilities fo
anions is the construction of the one-particle basis sets.
pecially if higher-rank polarizabilities are to be compute
standard basis sets, taken from the literature, cannot be
as they stand, but must be augmented carefully with po
ization functions with appropriate angular momenta and
ponents. For the halogen anions, the main contribution to
polarizability comes from the electrons in the valences and
p shells. Hence, according to group theoretical argume8

one needs at leastd polarization functions for the dipole
polarizability andf functions for the quadrupole polarizabi
ity. For the calculation of octupole polarizabilities alsog
functions must be included in the basis set.

A. Fluorine

For the F2 anion we started with the construction of th
basis set from the correlation-consistent aug-cc-pV5Z b
of Woon and Dunning.23,24 From this basis we took the
(15s9p)/@7s6p# subset, which we augmented with three a
ditional diffuses andp functions with exponents determine
by extrapolating the most diffuse exponents of the aug-
pV5Z set as even tempered series~zs50.0278, 0.0096,
0.0033 andzp50.0192, 0.0067, 0.0023!. To this set we
added eight primitived functions with the exponents take
from thep orbitals (zd12d85zp42p11). The innermost twod
functions were contracted with the contraction coefficie
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determined from those of the firstp orbital according to the
scheme devised by Sadlej.25 Furthermore, we added sixf
functions (z f 12 f 65zp62p11) and five g functions (zg12g5

5zp62p10), which were left uncontracted. For the resultin
(18s12p8d6 f 5g)/@10s9p7d6 f 5g# basis set the CHF dipole
and quadrupole polarizabilities differ less than 0.1% from
numerical CHF value, while for the octupole polarizabili
the remaining basis set error on the CHF level is ab
0.25%.

B. Chlorine

The chlorine basis set was constructed in a similar w
as the argon basis in Ref. 8. We started again from
correlation-consistent aug-cc-pV5Z basis of Woon a
Dunning,23 from which we took the (21s13p)/@8s7p# subset
and augmented it with four diffuses and p functions ~zs

50.0183, 0.0070, 0.0027, 0.0010 andzp50.0130, 0.0049,
0.0018, 0.0007!. Furthermore, we included tend functions
(zd12d105zp62p15), seven f functions (z f 12 f 75zp92p15)
and sixg functions (zg12g65zp92p14), which were left un-
contracted. We obtained a (25s17p10d7 f 6g)/
@14s13p10d7 f 6g# basis which on the CHF level gives d
pole, quadrupole and octupole polarizabilities within 0.1%
the numerical Hatree-Fock values~cmp. Table II!.

C. Bromine

For the bromine atom we started from the (26s20p14d)
primitive Gaussian Well-Tempered Formula~WTF! basis
from Huzinaga and Klobukowski.26 In the WTF basis sets
the same exponents are used for all angular momenta.
basis set was first contracted, using a generalized contrac
scheme with SCF orbital coefficients, to a@4s3p1d#
1(9s8p6d) set, where (9s8p6d) denotes the outermos
primitive functions which have been left uncontracted. W
augmented this basis by four diffuses functions with expo-
nents determined by extrapolating the outermosts functions
as even-tempered series. Futhermore, we added four dif
p and six diffused functions. Finally, we included sixf
functions (z f 12 f 65zs232s28) and five g functions (zg12g5

5zs232s27) which were left uncontracted. For the relativist
calculations we constructed a completely analogous sec
basis set, using the same exponents but contraction co
cients determined from a relativistic SCF calculation. With
the WTF scheme for the determination of the exponen
these basis sets give CHF dipole, quadrupole and octu
polarizabilities converged within 0.05%. Numerical Hartre
Fock values for the polarizabilities of the bromide ani
have not been published in the literature, but from our ex
rience with the WTF basis sets for the rare gas atoms Kr
Xe8 we expect the remaining basis set errors fora1 , a2 and
a3 to be less than 0.1%.

D. Iodine

For the iodine atom we use again the WTF basis s
which in this case consists of a (28s23p17d) set of primitive
Gaussians. This basis set was first contracted, using ag
generalized contraction scheme and SCF orbital coefficie
to a @5s4p2d#1(10s8p6d) set. To this basis we added fou
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diffuse s and p functions with exponents chosen as eve
tempered extrapolation of the outermost WTF expone
Furthermore we added sixd functions (zd182d23

5zs262s31), nine f functions (z f 12 f 95zs222s30) and fiveg
functions (zg12g55zs242s28), which were left uncontracted

TABLE I. Static dipole, quadrupole and octupole polarizabilities a
Cauchy moments for the flourine anion~in a.u.!.

TDHF TDMP2 Literature

a1 10.660 16.65 18.84,b18.99c

10.66a 17.96,d17.15e

a2 76.63 142.53 108.15b

76.68a

a3 1176 2874
1179a

S1(0) 9.667 9.667 10.00f

S1(21) 6.628 7.738
S1(23) 27.22 56.54
S1(24) 89.87 235.8
S2(0) 31.62 35.16
S2(21) 37.37 53.09
S2(23) 217.6 510.7
S2(24) 737.4 2111
S3(0) 313.2 477.8
S3(21) 511.2 974.5
S3(23) 3311 10027
S3(24) 10607 38616

aNumerical coupled Hartree-Fock, Ref. 40.
bCCSDT-1,@6s5p3d1 f # basis, the SCF results in the same basis set
a1510.40 a.u.,a2550.46 a.u., Ref. 32.

cCCSD1T~4!, Ref. 44.
dQCISD~T!, uncontracted (14s9p6d2 f ) basis, SCF:a1510.91 a.u., MP2:
a1517.19 a.u., MP3:a1512.86 a.u., MP4:a1521.05 a.u., Ref. 36.

eCCSD~T!, SCF:a1510.67 a.u., MP2:a1516.73 a.u., Ref. 23.
fExact value corresponding to the Thomas-Reiche-Kuhn sum rule.

TABLE II. Static dipole, quadrupole and octupole polarizabilities a
Cauchy moments for the chlorine anion~in a.u.!.

TDHF TDMP2 Literature

a1 31.552 36.997 37.43,b 38.01c

31.55a

a2 317.9 399.7 423c

317.9a

a3 7380 10326
7384a

S1(0) 17.90 17.90 18.00d

S1(21) 13.59 14.33
S1(23) 100.6 135.0
S1(24) 394.0 605.7
S2(0) 75.58 77.78
S2(21) 126.3 141.2
S2(23) 1058 1504
S2(24) 18644 6712
S3(0) 1156 1509
S3(21) 2521 3209
S3(23) 25842 40590
S3(24) 428000 178317

aNumerical coupled Hartree-Fock, Ref. 40.
bCCSD~T!, SCF:a1531.48 a.u., MP2:a1537.09 a.u., Ref. 23.
cMBPT~4!, SCF:a1531.49 a.u.,a25317.8 a.u., Ref. 33.
dExact value corresponding to the Thomas-Reiche-Kuhn sum rule.
-
s.

For the resulting (32s27p23d9 f 5g)/@19s16p14d9 f 5g# ba-
sis set, the dipole, quadrupole and octupole polarizabili
were on the CHF level converged within 0.1% with respe
to augmentation with further diffuse or steep primitive fun
tions.

In the TDMP2 calculations we correlated all electron
no frozen-core approximation was used. For all four halog
anions we calculated frequency-dependent dipole, qua
pole and octupole polarizabilities, which we combined w

:

TABLE III. Static dipole, quadrupole and octupole polarizabilities a
Cauchy moments for the bromine anion~in a.u.!. Listed are the results of
calculations including scalar relativistic effects, the percentage relativ
effect on the results (Xrel2Xnon-rel)/Xrel3100% is given in parentheses.

TDHF TDMP2 Literature

a1 43.305 ~1.0! 49.05 ~1.3! 8.71a

a2 496.1 ~0.7! 588.2 ~1.1! 378.1a

a3 13363 ~1.4! 16874 ~2.0!

S1(0) 22.45 ~20.8! 22.45 (20.8) 36.00b

S1(21) 16.77 ~0.2! 17.53 ~0.3!

S1(23) 153.1 ~2.4! 192.8 ~2.9!

S1(24) 663.5 ~4.1! 929.6 ~4.6!

S2(0) 94.88 (20.9) 97.71 ~20.8!

S2(21) 178.7 (20.4) 194.3 (20.2)

S2(23) 1803 ~2.1! 2344 ~2.5!

S2(24) 7796 ~3.4! 11074 ~3.9!

S3(0) 1689 ~20.7! 1972 ~20.2!

S3(21) 4113 ~0.3! 4790 ~0.8!

S3(23) 51654 ~2.5! 71443 ~3.2!

S3(24) 222370 ~3.6! 336709 ~4.4!

aSCF, Ref. 37.
bExact value corresponding to the Thomas-Reiche-Kuhn sum rule.

TABLE IV. Static dipole, quadrupole and octupole polarizabilities a
Cauchy moments for the iodine anion~in a.u.!. Listed are the results of
calculations including scalare relativistic effects, the percentage relativ
effect on the results (Xrel2Xnon-rel)/Xrel3100% is given in parentheses.

TDHF TDMP2 Literature

a1 63.276 ~1.2! 69.34 ~1.9! 55.75,a70.2b

a2 875.0 (20.4) 990.0 ~0.5! 797.9a

a3 27957 ~0.6! 32587 ~2.1!

S1(0) 34.51 (20.1) 34.51 ~20.1! 54.00d

S1(21) 23.53 ~0.3! 24.26 ~0.5!

S1(23) 248.1 ~3.6! 296.0 ~4.7!

S1(24) 1179 ~6.7! 1538 ~8.0!

S2(0) 135.4 (22.6) 141.6 (22.3)

S2(21) 282.9 (22.3) 299.9 (21.6)

S2(23) 3471 ~2.1! 4230 ~3.2!

S2(24) 16284 ~4.7! 21339 ~5.8!

S3(0) 2658 ~22.7! 4396 (21.4)

S3(21) 7613 (21.2) 8750 ~20.2)

S3(23) 120490 ~2.5! 149322 ~4.2!

S3(24) 575030 ~4.4! 764582 ~6.3!

aSCF, Ref. 37.
bMP2, ECP with a@4sp3d# basis, Ref. 1.
cEmpirical estimate, Ref. 39.
dExact value corresponding to the Thomas-Reiche-Kuhn sum rule.
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TABLE V. Dispersion coefficients for halogen anion-rare-gas interactions. If available, the percentage relativistic correctionsD rel5(Xrel2Xnon-rel)/Xrel

3100% are given in parentheses.

C6 C8 C10

TDHF TDMP2 Lit. TDHF TDMP2 Lit. TDHF TDMP2 Lit.

F2–He 7.1693 9.3651 7.83,a7.18b 147.69 225.1 165a 4411.4 8556.9 4450a

F2–Ne 13.858 19.421 16.3a 310.76 509.64 358a 9607.1 19954 9810a

F2–Ar 49.685 66.396 55.2a 1423.9 2137.9 1530a 52585 94166 52100a

F2–Kr 71.277 95.157 2244 3324.7 90277 155580

F2–Xe 107.01(21.0) 143.2(20.7) 3883.5(23.3) 5661.9(22.7)

F2–Rn 127.1(23.2) 170.33(22.2)

Cl2–He 17.341 19.136 19.8,a17.4c 500.79 584.95 530a 20977 27105 16760a

Cl2–Ne 32.87 39.374 40.7a 1016.8 1296.3 1120a 43526 61590 36050a

Cl2–Ar 123.76 137.71 142,a 251d 4533.3 5299.4 4780a 218950 276990 18700a

Cl2–Kr 179.19 198.16 7059.4 8158.8 361880 447700

Cl2–Xe 271.81(21.0) 299.49(20.7) 12009~22.9! 13699~22.4!

Cl2–Rn 323.58(23.4) 356.53(22.3)

Br2–He 22.153~0.3! 24.047~0.5! 716.23(20.2) 809.5~0.1! 34120~0.5! 40856~0.9!

Br2–Ne 41.845~0.3! 49.397~0.5! 1438.9(20.2) 1779.3~0.1! 69725~0.4! 91837~0.8!

Br2–Ar 159.18~0.4! 173.94~0.5! 6379.5~0.0! 7230.2~0.3! 342890~0.4! 407790~0.8!

Br2–Kr 231.04~0.4! 250.74~0.5! 9899.1~0.0! 11096~0.3! 560150~0.4! 654320~0.8!

Br2–Xe 351.56(20.7) 379.78(20.2) 16745~22.7! 18540~22.0!

Br2–Rn 418.92(23.1) 452.4(21.8)

I2–He 30.095~0.2! 32.066~0.5! 1145.1(21.8) 1255.3(21.1) 63354(20.9) 72762~0.1!

I2–Ne 56.835~0.2! 65.916~0.5! 2271~21.7! 2728.3(21.0) 127390(21.0) 161320~0.0!

I2–Ar 217.27~0.2! 232.73~0.6! 9975.2~21.4! 10979(20.7) 612170(20.9) 699570~0.0!

I2–Kr 316.1~0.2! 336.05~0.6! 15392~21.3! 16761(20.6) 987120(20.9) 1109600~0.0!

I2–Xe 482.51(20.8) 510.2(20.1) 1540d 25804~23.7! 27776(22.6)

I2–Rn 575.6(23.3) 608.27(21.7)

aSlater-Kirkwood formula and numerical CHF polarizabilities, Ref. 2.
bRef. 42.
cRef. 43.
dRef. 1.
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polarizabilities for rare gas atoms from Refs. 7, 8 and w
the polarizabilities for CO and N2 from Ref. 9 to obtain
dispersion coefficients for the corresponding van der Wa
pair interactions. For the atom-atom and atom-diatom co
plexes we give the dispersion coefficients in the LL
convention,27,28 which is defined by an expansion of the di
persion energy in Legendre polynomials29

E~disp!52 (
n50

`

R2n(
L50

n24

Cn
~L !PL~cosQ!. ~14!

To evaluate the Casimir-Polder integrals which occur in
calculation of the dispersion coefficients, we used the
merical N-point Gauss-Chebyshev quadrature described
Ref. 30

1

2p E
0

`

aA~ iv!aB~ iv!dv

'
1

4N (
j 51

N
aA~ i cot f j !a

B~ i cot f j !

sin2 f j
, ~15!
ls
-

e
-

in

with grid pointsf j5p(2 j 21)/4N. As in our previous work
on the rare gas atoms and the molecules CO and N2, we
calculated the polarizabilities for the halogen anions at
frequencies cotfj for grids with N510, 15 and 20. Com-
parison of the dispersion coefficients obtained with 15 a
20 grid points indicate that the numerical integration w
converged within the number of digits given in Tables I–X
To the TDMP2 results for the static polarizabilities and t
dynamic polarizabilities at these totally 45 grid points w
fitted effective spectra that reproduce the calculated pola
abilities with relative errors less than 1025. The effective
oscillator strength distributions are given in Tables VIII–X
From the effective spectra we calculated TDMP2 Cauc
moments fork50, 21, 23 and 24. The TDHF Cauchy
moments were calculated analytically.31

IV. RESULTS AND DISCUSSION

In Tables I–IV we have compiled the Hartree-Fock a
MP2 results for the polarizabilities and the Cauchy mome
S(0) throughS(24). As mentioned in the introduction, onl
very few accurateab initio studies on the polarizabilities o
the halogen anions are available in the literature. For
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dipole polarizabilities of F2 and Cl2 the most reliable corre
lated reference data are the results of a basis set investig
by Woon and Dunning.23 This study was based on series
correlation consistent basis sets and severalab initio meth-
ods. For both anions F2 and Cl2 our MP2 results of 16.65
a.u. and 37.00 a.u. are in very good agreement with the
spective MP2 results of Woon and Dunning~16.73 a.u. and
37.09 a.u.!. For the quadrupole polarizability of F2 the only
result of a correlated ab initio calculation is the CCSDT
value of Plutaet al.,32 which was performed in a rather sma
basis set which on the SCF level gave only two-thirds of
numerical Hartree-Fock result. Nevertheless, the relative

TABLE VI. Dispersion coefficients for halogenid anion complexes of2

~LLM convention, a.u.!. If available, the relativistic correction (Xrel

2Xnon-rel)/Xrel3100% is given in parentheses.

n L TDHF TDMP2

F2
•N2

0 53.75 69.50

6 2 6.54 7.40

8 0 1765 2604

8 2 1024 1566

8 4 240 262

10 0 68311 119400

10 2 51143 88279

10 4 5021 7295

10 6 2423 2620

Cl2•N2

6 0 133.52 143.84

6 2 16.93 15.58

8 0 5466 6310

8 2 2638 3324

8 4 2111 2136

10 0 273560 341960

10 2 164420 219810

10 4 11082 14071

10 6 21156 21347

Br2
•N2

6 0 171.67~0.3! 181.58 ~0.5!

6 2 21.98 ~0.4! 19.77 ~0.6!

8 0 7623 ~0.0! 8531 ~0.3!

8 2 3451 ~0.3! 4248 ~0.6!

8 4 2147 ~0.7! 2175 ~0.7!

10 0 422700~0.3! 497990 ~0.3!

10 2 233240~0.1! 301020 ~0.3!

10 4 13429~0.4! 17015 ~0.5!

10 6 21524 ~0.5! 21738 ~0.7!

I2
•N2

6 0 234.31~0.3! 242.91 ~0.6!

6 2 30.20 ~0.2! 26.51 ~0.6!

8 0 11771 (21.2) 12774 (20.6)

8 2 4851 (20.1) 5807 ~0.4!

8 4 2206 ~0.5! 2240 ~0.8!

10 0 743400 (21.0) 840770 (20.1)

10 2 368970 (21.2) 460430 (20.5)

10 4 16526~1.0! 20902 ~1.1!

10 6 22126 ~0.3! 22373 ~0.9!
ion

e-

e
r-

TABLE VII. Dispersion coefficients for halogenid anion complexes of C
~LLM convention!. If available, the relativistic correction (Xrel

2Xnon-rel)/Xrel3100% is given in parentheses.

n L TDHF TDMP2

F2
•CO

0 54.71 74.97
6 2 4.71 6.86
7 1 2154.3 2238.1
7 3 11.4 13.6
8 0 1987 3026
8 2 1503 2110
8 4 279 2107
9 1 29522 215181
9 3 23515 24393
9 5 244 295

10 0 81757 145960
10 2 83284 129740
10 4 10137 12437
10 6 2785 2918

Cl2•CO
6 0 136.65 155.80
6 2 12.01 14.41
7 1 2406.4 2506.3
7 3 32.1 29.9
8 0 6087 7283
8 2 3876 4480
8 4 2222 2234
9 1 228880 236150
9 3 28768 29074
9 5 683 644

10 0 318620 411360
10 2 263500 319160
10 4 23336 24228
10 6 22199 22002

Br2
•CO

6 0 175.98~0.4! 197.04 ~0.5!
6 2 15.51 ~0.4! 18.26 ~0.5!
7 1 2530.2 ~0.4! 2645.9 ~0.6!
7 3 42.7 ~0.5! 38.9 ~1.0!
8 0 8457 ~0.1! 9827 ~0.3!
8 2 5049 ~0.3! 5724 ~0.5!
8 4 2296 ~0.7! 2302 ~0.7!
9 1 240024 ~0.2! 248697 ~0.4!
9 3 211194 ~0.4! 211399 ~0.6!
9 5 909 ~0.6! 836 ~0.8!

10 0 487890~0.3! 596020 ~0.7!
10 2 370960~0.4! 435290 ~0.4!
10 4 28674~0.4! 29413 ~0.5!
10 6 22926 ~0.6! 22595 ~0.8!

I2
•CO

0 240.58 ~0.2! 264.03 ~0.6!
6 2 21.19 ~0.2! 24.45 ~0.6!
7 1 2732.0 ~0.2! 2871.3 ~0.7!
7 3 60.4 ~0.5! 53.6 ~1.1!
8 0 12975 (21.1) 14658 (20.5)
8 2 7019 ~0.0! 7794 ~0.5!
8 4 2417 ~0.5! 2415 ~1.0!
9 1 261020 (20.8) 272327 ~0.2!
9 3 214972 ~0.4! 214986 ~0.8!
9 5 1283 ~0.4! 1149 ~1.0!

10 0 849030 (21.0) 997710~0.1!
10 2 579610 (21.1) 660680~0.5!
10 4 35878~1.0! 36252 ~1.1!
10 6 24127 ~0.4! 23565 ~1.0!
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relation effect of about 100% of the SCF value is in fa
agreement with the result of our calculation. For the C2

anion the TDMP2 value fora2 is slightly smaller than the
MBPT~4! result of Ref. 33.

If one compares the MP2 results with the CCSD~T! val-
ues of Ref. 23, which can be expected to be close to the e
results, one observes that second-order Mo” ller-Plesset pertur-
bation theory underestimates the correlation contribution
the dipole polarizability of the halogen anions by a few p
cent. This is very similar to what was found for the rare g
atoms8,23,34and shows that MP2 gives a balanced descript
of the correlation effects on the halogen anion polariza
ities although the Mo” ller-Plesset perturbation series is know
to diverge, for example, for F2 in basis sets containing dif
fuse polarization functions.35 The influence of this diver-
gence can be seen from the large oscillations from the M
to the MP3 and MP4 results for the F2 dipole polarizability
from Canuto:36 MP3 results in a large underestimation of t

TABLE VIII. Effective spectra for the dynamic dipole, quadrupole a
octupole polarizabilities of the fluorine anion.~Powers of 10 are indicated in
parentheses.!

a1 a2 a3

f 1 9.186273(22) 3.298575(21) 1.599909(11)
e1 1.784498(21) 1.773982(21) 1.945906(21)
f 2 2.398361(21) 2.935615 8.502411(11)
e2 2.185985(21) 2.131759(21) 2.487039(21)
f 3 7.504246(21) 8.012698 1.810964(12)
e3 3.805631(21) 3.915981(21) 4.332883(21)
f 4 1.687140 1.090383(11) 1.121556(12)
e4 7.956409(21) 9.150951(21) 1.044901
f 5 2.641830 9.504449 2.151572(11)
e5 1.841355 2.156569 1.953074
f 6 1.965837 3.116884 4.534428(11)
e6 4.109096 4.866098 3.633246
f 7 7.293837(21) 3.548376(21) 1.670919(11)
e7 9.842024 1.098564(11) 1.008650(11)
f 8 1.561090
e8 3.331431(11)

TABLE IX. Effective spectra for the dynamic dipole, quadrupole and oc
pole polarizabilities of the chlorine anion.~Powers of 10 are indicated in
parentheses.!

a1 a2 a3

f 1 2.001187(21) 1.413596(21) 3.220807
e1 1.584287(21) 1.388873(21) 1.422493(21)
f 2 5.588341(21) 4.016603 1.513546(12)
e2 2.312736(21) 1.768064(21) 1.899748(21)
f 3 1.077637 1.435356(11) 4.086372(12)
e3 3.558200(21) 2.914559(21) 3.002385(21)
f 4 2.547837 2.683830(11) 1.627807(12)
e4 5.754114(21) 5.908663(21) 4.920071(21)
f 5 2.264499 2.016304(11) 3.686016(12)
e5 1.006611 1.145430 7.541917(21)
f 6 9.811278(21) 6.603153 2.943912(12)
e6 3.509194 1.661539 1.622079
f 7 5.894057 3.347459 9.103282(11)
e7 1.066701(11) 2.353265 3.580909
f 8 4.377888 2.318280 2.917301(11)
e8 4.071300(11) 1.164236(11) 1.625270(11)
ct

o
-
s
n
l-

2

correlation contribution and MP4 gives a much too lar
result. But despite of these divergences of higher-order M
calculations, MP2 gives usually a very good approximat
of the correlation energy as long as the ground state is si
configuration dominated and static correlation effects
unimportant.35

Only very little data is available about the polarizab
ities of the heavier halogen anions Br2 and I2. Schmidt
et al.37 have performed CPHF calculations for the static
pole and quadrupole polarizabilities for these anions, but
cause they used insufficient basis sets their results are
siderably smaller than the present TDHF results. Rece
Smith et al.1 have calculated the static dipole polarizabili
of I2 using an effective-core potential and second-or
Mo” ller-Plesset perturbation theory. Their result of 70.2 a
is in very good agreement with our relativistic TDMP2 res
of 69.34 a.u. The scalar relativistic effects on the polariza
ities of Br2 and I2 are for all three investigated multipol

-

TABLE X. Effective spectra for the dynamic dipole, quadrupole and oc
pole polarizabilities of the bromine anion.~Powers of 10 are indicated in
parentheses.!

a1 a2 a3

f 1 2.261308(21) 1.042253 3.648000(11)
e1 1.466781(21) 1.427353(21) 1.503828(21)
f 2 7.421557(21) 6.034683 2.835163(12)
e2 2.197321(21) 1.811943(21) 1.949057(21)
f 3 1.954419 1.649217(11) 4.998691(12)
e3 3.701506(21) 2.859505(21) 2.998718(21)
f 4 3.126125 2.564170(11) 4.698164(12)
e4 6.495011(21) 4.898389(21) 5.163191(21)
f 5 1.734103 3.019773(11) 3.505863(12)
e5 1.143779 8.791300(21) 9.307894(21)
f 6 2.203026 1.301578(11) 1.832128(12)
e6 3.994408 1.548280 1.692023
f 7 3.095769 2.853920 1.070188(12)
e7 1.056841(11) 3.915097 3.927333
f 8 9.369272 2.429146 4.195897(11)
e8 6.007640(11) 1.102020(21) 1.032263(11)

TABLE XI. Effective spectra for the dynamic dipole, quadrupole and oc
pole polarizabilities of the iodine anion.~Powers of 10 are indicated in
parentheses.!

a1 a2 a3

f 1 2.639129(21) 2.515097 82.89991(11)
e1 1.354797(21) .1364907(21) .1413645(21)
f 2 9.558996(21) 10.06883(11) 460.1086(12)
e2 2.041515(21) .1818766(21) .1834872(21)
f 3 2.523500 24.30429(11) 769.4404(12)
e3 3.444783(21) .2795619(21) .2751810(21)
f 4 3.327651 35.17953(11) 769.4446(12)
e4 6.061091(21) .4576547(21) .4723180(21)
f 5 1.242448 39.29400(11) 800.4972(12)
e5 1.248504 .7796686(21) .8670053(21)
f 6 8.772360 11.91753(11) 267.1129(12)
e6 3.424812 1.366643 1.931458
f 7 7.242397 7.472341 622.3568(12)
e7 6.794417 3.778580 5.508854
f 8 1.017983(11) 10.86403(11) 624.4969(12)
e8 5.379941(11) 8.757904 11.06851(11)
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components small and positive, i.e., the relativistic effe
increase the polarizabilities. This is different from what w
found in Refs. 8, 38 for the rare gas atoms, where the in
sion of scalar relativistic effects lead to a decrease of
polarizabilities. The relativistic increase of the polarizab
ities for the Br2 and I2 anions can be explained by a d
crease of the first excitation energies, when the scalar r
tivistic effects are included in the calculations.

No accurate experimental data is available in the lite
ture for the polarizabilities of the halogen anions. Some e
pirical estimates from Coher39 for the dipole polarizabilities
(F2: 9.31 a.u., Cl2: 26.59 a.u., Br2: 35.22 a.u., I2: 52.7 a.u.!
disagree significantly from the TDMP2 and other correla
results and we conclude that they are inaccurate.

For the dispersion coefficients of halogen anion–rare
interactions some reference data is available from the w
of Ahlrichs et al.,2 who used the CHF polarizabilities of Re
40 and the Slater-Kirkwood formula41 to estimate dispersion
coefficients for the interaction of F2 and Cl2 with He, Ne
and Ar. As can be seen from Table V, the results of th
estimates are in most cases halfway between our TDHF
TDMP2 results. Only for the C6 coefficients for the interac
tion of Cl2 with He, Ne, Ar are these estimates slight
larger than the TDMP2 results, while for the C10 coefficients
for Cl2•X (X5He,Ne,Ar) complexes these estimates are
small. The C6 dispersion coefficients for F2•He and Cl2•He
calculated by Fowler and Hutson42 and Hutson and Fowler43

are very similar to our TDHF results for the C6 coefficients.
Smithet al.1 have determined C6 coefficients for Cl2•Ar and
I2

•Xe by fits to the long-range part of a supermolecular M
calculation. These coefficients overshoot our results for
C6 coefficients for Cl2•Ar and I2•Xe by a factor of 2 and 3,
respectively, which is probably caused by the neglect of
higher (C8,C10) dispersion coefficients in the fit to the MP
potential curve.

According to the accuracy we obtained for the polar
abilities, we expect the TDMP2 values for the dispers
coefficients for the halogen anion–rare gas dimers to be
curate within ca. 2%–5% depending on the interacting ato
and the rank of the coefficients. For the interactions invo
ing the F2 anion, for which higher-order correlation effec
are significant, and for the C10 coefficients the errors ar
probably close to 5%, while for the C6 and C8 coefficients of
the complexes with heavier halogen anions the errors wil
smaller.

A similar accuracy is expected for the isotropic disp
sion coefficients for the van der Waals complexes of
halogen anions with N2 and CO. The anisotropic coefficien
will be slightly less accurate because of larger errors in
anisotropic polarizability components of N2 and CO.
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