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Analysis of the potential energy surface of Ar~-NH,

G. Chalasifiski,® S. M. Cybulski, M. M. Szczesniak, and S. Scheiner
Department of Chemistry and Biochemistry, Southern Illinois University, Carbondale, Hlinois 62901

(Received 30 May 1989; accepted 8 September 1989)

The combination of supermolecular Méller-Plesset treatment with the perturbation theory of
intermolecular forces is applied in the analysis of the potential energy surface of Ar-NH,.
Anisotropy of the self-consistent field (SCF) potential is determined by the first-order
exchange repulsion. Second-order dispersion energy, the dominating attractive contribution, is
anisotropic in the reciprocal sense to the first-order exchange, i.e., minima in one nearly
coincide with maxima in the other. The estimated second-order correlation correction to the

exchange effect is nearly as large as a half AESCF

in the minimum and has a “smoothing”

effect on the anisotropy of €22). The model which combines AESF with dispersion energy

isp

(SCF + D) is not accurate enough to quantitatively describe both radial and angular
dependence of interaction energy. Comparison is also made between Ar—~-NH, and Ar-PH,, as

well as with the Ar dimer.

1. INTRODUCTION

van der Waals complexes display unusual structural and
dynamic properties resulting from the shapes of their poten-
tial energy surfaces.' The weak interactions in these com-
plexes lead to surfaces that are very flat and contain multiple
minima. At present, there is no simple rationalization for the
structures of such complexes. For example, Shea and Camp-
bell? explain the position of the Ar atom with respect to
F,CO, as well as in a number of other complexes, on the basis
of preference of the rare gas atom for the more electroposi-
tive atoms. However, the experimentally known structure of
the Ar-NH, complex cannot be predicted by this rule. As
found by Klemperer and co-workers,” the Ar-N line is near-
ly perpendicular to the C; axis of the ammonia molecule.
Recent calculations by Latajka and Scheiner confirmed the
same type of structure for the Ar-PH, complex.* These au-
thors found that despite the fact that the bonding is largely
due to correlation, the minimum energy structure is deter-
mined by the anisotropy of the self-consistent field (SCF)
interaction energy. No further details as to the origin of this
anisotropy were given.

The potential energy surface represents the superposi-
tion of a number of various interaction energy terms such as
electrostatic, exchange, induction, dispersion, and their re-
spective intrasystem correlation corrections. These terms
each have different distance and angular dependencies. In
order to explain and qualitatively predict the structures of
van der Waals complexes, anisotropies of each of these terms
should be examined separately. With some of them, such as
those occurring within the Hartree-Fock interaction ener-
gy, the properties are quite well understood (although rigor-
ous calculations of these terms are surprisingly scarce).
However, the complexes in question are mainly bound by
correlation effects whose properties are not as yet very thor-
oughly characterized.’ Our goal is to rationalize the experi-
mentally known structure of the Ar—-NH, complex on the
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basis of analysis of each interaction energy term separately
and in this way devise a set of rules which could help in
predicting structures of other complexes.

The Ar-NH; complex is very attractive for such a
study. First of all, the detailed molecular beam study by
Klemperer et al.? provides not only the structural features,
but also some estimate of the dissociation energy. The sys-
tem is small enough so that a high accuracy treatment can be
applied. Finally, due to the fact that one of the subsystems is
spherically symmetric, the multipole part of the electrostatic
energy vanishes at the HF level, as well as at correlated lev-
els, which simplifies certain aspects of the analysis.

In this paper we propose an approach to the study of
intermolecular interactions which combines the supermole-
cular Mgiler-Plesset Perturbation Theory with the Pertur-
bation Theory of Intermolecular Forces. The goal of this
paper is to demonstrate that such combination may serve as
a very powerful tool in studies of molecular complexes at
quantitative levels of theory.

. METHOD AND DEFINITIONS

Most ab initio calculations of interaction energies with
the inclusion of correlation effects are performed using the
supermolecular method based on the Mgller-Plesset pertur-
bation theory (MPPT).%” Such a treatment is well justified
in that it properly includes intermolecular exchange effects.
However, the interpretative power of this method is quite
limited since it does not allow for separate analysis of indi-
vidual interaction energy terms. On the other hand, the par-
titioning of the interaction energy into meaningful and phy-
sically interpretable terms is achieved naturally through
perturbation theory of intermolecular forces which treats
the intermolecular interaction as a perturbation. One exam-
ple of such a theory is the intermolecular Méller—Plesset
perturbation theory (IMPPT),® which was designed by Je-
ziorski, Szalewicz, and collaborators in its most complete,
symmetry-adapted form.>'® Unfortunately, the latter ap-
proach has some disadvantages too, mainly with reference to
the treatment of intermolecular exchange effects.

The recently established connection between MPPT
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and IMPPT helps to alleviate weaknesses of both methods.'!
In particular, the simultaneous application of both methods
allows one to take advantage of the interpretability of
IMPPT interaction energy terms within the framework of
MPPT. Meanwhile, the questionable treatment of exchange
terms can be avoided, the information concerning these ef-
fects extracted from MPPT which properly deals with the
intersystem symmetry. By exploring such a combined treat-
ment in application to a model system, we hope to provide a
further justification for its usefulness in studies of weak in-
termolecular interactions.

The correlation energy was derived using the MPPT
treatment® through the full fourth order of perturbation the-
ory employing the frozen core approximation (i.e., the first
five orbitals of Ar were frozen). The latter has proven reli-
able in calculations of the interaction energy of the Ar
dimer.!? The MPPT interaction energy corrections are de-
rived as a difference between the values for the total energy
of the dimer and the sum of the subsystem energies, derived
in the basis set of the dimer in every order of perturbation
theory

AESF = ESSF — ESF — ESCF, )
AE(”)=E§'2—E,€;")“E§3M’ n=234.

The sum of corrections through the nth order will be de-
noted AE(n); thus, e.g., AE(3) will symbolize the sum of
AESSF  AE® and AE®. Theinteraction energy corrections
of IMPPT are denoted €%’ , where i and j refer to the order
with respect to the intermolecular interaction operator and
the intramolecular correlation operator, respectively.

A. Partitioning of AESCF

AESSF may be decomposed as

AESF = AE™* 4 AESSF. ()
The Heitler-London interaction energy is defined as

AEHL___E?;_ESCF_ESCF (3)

AB —_ < M‘DSCF@SCF] %i M@SCF,@SCF) /
( Mq)iCFQ)gCF’q)iCF(DZCF)

where .« denotes antisymmetrizer, ®5F denotes the SCF
wave function for isolated 4 or B monomers, and 57 refers to

the total Hamiltonian. AE™" may be separated into electro-
static and exchange contributions'?

é'ls?) _ (@SCF@SCF¥ l¢§CF¢§CF> R (4)
where V denotes the interaction operator and
eaan=AE™ — e(D . (5)

€% so defined differs slightly from the definition of Ref. 13
by the presence of so-called “zeroth-order exchange” terms
Ay and Ay, As shown by Gutowski et al.,'* A, vanishes for
exact P5CF, ®5CF functions or when they are derived within
the dimer centered basis set (DCBS). A, is of the order of
the fourth power of the intersystem overlap integral; it is
thus small. Both Az and A, are of exchange type, therefore
it seems legitimate to incorporate them into €/}%).'*!®

The SCF interaction energy AESCF differs from the
Heitler-London energy by the presence of terms which are

Chalfasinski et al.: Potential energy surface of Ar-NH,

due to deformations of the subsystems’ wave functions. The
SCF deformation term is defined by Eq. (2):

AESCF"AESCF—AEHL. (6)

For large intersystem distances, AE 5 may be interpreted
as the induction energy.'® However, smce induction evaluat-
ed with neglect of exchange effects may lead to collapsing of
the electrons of one fragment into the occupied orbitals of
the other fragment,'” we avoid any further partitioning of

SCF
AE3;.

B. Partitioning of AE@
AE ® may be decomposed as follows’!!
AE" = €32 + €12 + induction correlation

+ exchange terms , @)
where €5;0) denotes the second-order UCHF dispersion en-
ergy as defined in Ref. 18, and €2’ represents the second-
order intrasystem correlation correction to the electrostatic
effect. The definition of this term was proposed by Jeziorski
and collaborators'®® and recently augmented by the “re-
sponse” or “orbital relaxation” terms.'%®19(?)

The “exchange terms” in Eq. (7) encompass the ex-
change counterparts of dispersion, electrostatic, and induc-
tion correlation, which are extremely difficult to calculate
directly.”® Equation (7) provides a recipe for an indirect
estimate of those effects. If induction correlation could be
assumed small which is certainly the case in Ar-NH,, the
second-order exchange effect may be approximately evaluat-
ed as

2} 2) 20 12
AEZ, =AE® — €0 — €42 (8)

exc elst *

If additionally the €.’ term is small, especially in atom—
molecule interactions where it has no multipole component,
an even simpler approximation for the second-order ex-
change effect may be used

AEN =AE™® — €3] . €D

C. Calculations of interaction energies

Calculations of all the supermolecular and perturba-
tional interaction terms are performed using dimer centered
basis sets (DCBS). With supermolecular interaction ener-
gies, this prescription amounts to applying the counterpoise
procedure of Boys and Bernardi.'® There is strong evidence
that this is the only consistent means of evaluation of interac-
tion energy at the SCF?**' as well as at correlated lev-
els.'5?%23 With perturbation terms the description of subsys-
tem wave functions in dimer basis sets has important
implications. First, as mentioned earlier, the DCBS treat-
ment leads to vanishing of the unphysical A term within the
Heitler-London energy AEM" [Eq. (3)].'*!% Second, it also

improves the description of €19, €2%, and €{22.'® It may,

isp *
however, deteriorate €12°. Third, using DCBS consistently
is absolutely necessary if individual components of interac-
tion energy are extracted by means of subtraction as in Eqs.
(6), (8), and (9). Failure to comply with this condition led
Collins and Gallup to obtain unphysical repulsive deforma-
tion energies.?!+?*

J. Chem. Phys., Vol. 91, No. 12, 15 December 1989
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1. Basis sets

The [75,4p,2d ] and [7s,4p,2d,1f | basis sets for Ar origi-
nate from the study of (Ar), by Chalasinski et al.'* The
exponents of d functions are 0.84, 0.174, and for the f func-
tion 0.23 (unfortunately, there is a misprint of the second 4
and the f exponents in Ref. 12). Their values are chosen to
maximize the intersystem correlation effects. The energetic
characteristics of both basis sets are provided in Ref. 12. The
values of dipole polarizability are presented here in Table 1.

For NH;, we used the “medium-polarized” basis sets
proposed by Sadlej”®: N [5s5,3p,2d1, H [3s,2p]. These basis
sets have proven very reliable in calculations of intermolecu-
lar forces.?® The polarization functions in medium-polarized
basis sets are chosen as the electric field derivatives of the
atomic energy optimized sp (N) and s (H) sets; they are
contractions of four primitives.?® Selected points were calcu-
lated with the basis set further augmented by an f function
with exponent 0.228.77 Electric properties of NH; in both
basis sets are shown in Table I. The internal geometry of
NH,; was assumed to be undistorted by the interaction: the
experimental geometry with r(NH) =1.01242 A and
G(HNH) = 106.67° was the same as in Ref. 27. The super-
molecular calculations were carried out using the Gaussian
86 program.!

1. RESULTS
A. Anisotropy of interaction energy

The geometrical parameters of the Ar-NH; complex
are shown in Fig. 1. The angle ® and the R(N-Ar) distance
are defined in the same manner as in Ref. 4. For clarity of
presentation, positive values of ® correspond to position of
the Arbetween two H atoms as pictured in Fig. 1. The Ar lies
in a plane encompassing the C; axis and a N-H bond on NH,
when @ < 0. The scan of the potential energy surface varies
©® between — 180° and 180° with an increment of 20° R
ranges from 3.0 to 4.0 A in 0.25 A steps. Around the mini-
mum energy orientation with ® = 80.0°, additional calcula-
tions were done for R = 4.5 and 5.0 A.

Calculated energetics are presented in Table Il and Figs.
2and 3for R =3.75 A. Figure 2 shows clearly that the ani-

FIG. 1. Definition of the coordinate
system for Ar-NH,. R refers to the
N-Ar distance and © to the angle
between the N-Ar vector and the z
axis {shown as a broken line) which
is collinear with the C, axis of NH,.

@

1
i
1

q-

sotropy of the SCF potential is determined principally by the
first-order exchange repulsion term which is the most orien-
tation dependent. The curve representing the first-order
electrostatic interaction looks very much like a mirror image
of the exchange curve, albeit substantially flatter. This is due
to the fact that both terms are overlap dependent. When the
latter two terms are summed together, the Heitler~London
curve in Fig. 2 hence retains the general shape of the ex-
change term. Combination with the relatively flat SCF de-
formation energy leaves the entire SCF interaction little
changed from the AEY" curve.

The behaviors of the various post-SCF terms are illus-
trated in Fig. 3. It is important to note first that the anisotro-
py of the dispersion energy, the major contributor to AE @, is
reciprocal to that of the exchange energy €'!9 (cf. Fig. 2),
i.e., the minima in one nearly coincide with the maxima in
the other. However, this behavior is not fully refiected in
AE®. The AE(; term which represents the difference
between AE ® and dispersion terms [Eq. (9)] has the same
general shape as the first-order exchange contribution. It has
thus a “smoothing” effect on the anisotropy of €5a,, making
its extrema less pronounced and shifting it higher in energy
when proceeding from €$5) to AE?,

AE ()., also shown in Fig. 3, is obtained from its parent
term AE 2 by subtracting the €2 term [Eq. (8)].
AE {2, has its maxima slightly reinforced in comparison to
AE 27, but both minima and maxima occur in the same
positions. Except for the region of strong repulsion (from
—60°to — 160°) AE %), amounts to nearly 1/2 to 2/3 of
AESCF, From the close similarity of AE ?~ and AE 3

exch exch

curves, we may conclude that in the absence of multipole

TABLE 1. Finite-field calculations of electric properties of Ar and NH,. All values are in atomic units.

Ar NH,

o u® a° a
Basis spd  spdf spd spdf spd spdf spd spdf
SCF  9.57 957 0.6368 0.6364 13.29 13.30 12.77 1277
2y 020 041 0036 —0.036 2.44 2.51 1.02 1.06
(3) 001 000 0.004 0.004 — 0.80 — 0381 --0.34 —0.38
4y 006 009 -0014 —0.014 0.74 0.75 0.33 0.34
MP4* 985 1007 0.590 0.590 15.67 15.75 13.78 13.80

2Best MBPT: 11.33 (Ref. 28); experiment: 11.06 (Ref. 29).

*Other MBPT: 0.5898 (Ref. 27); experiment: 0.5789 (Ref. 30).

¢Other MBPT: 15.66 (Ref. 27).

4Other MBPT: 13.73 (Ref. 27); experiment: @ = 14.56, Aa = 1.94, quoted after Ref. 27.
*MP4 = SCF + (2) + (3) + (4).

J. Chem. Phys., Vol. 91, No. 12, 15 December 1989
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TABLE I1. @ dependence of interaction energy terms for the Ar—-NH, complex at R = 3.75 A (for definitions see text). All values in zH.

° aEST AE® @ T e F & SCF+D*
-~ 180 705.7 - 647.9 —405.1 1164.4 - 991.8 ~137.1 — 208.9 — 286.1
~ 160 756.7 — 689.5 —418.6 1247.7 —1028.8 —131.6 —198.3 —272.2
— 140 914.1 - 816.8 — 462.6 1527.3 —1145.1 - 116.4 — 168.3 —-231.0
— 120 1020.3 -~ 9539 —463.5 17304 — 12385 — 870 —115.7 —218.2
— 100 861.0 -~ 952.4 —360.2 1447.6 ~ 11570 —50.8 - 60.8 - 296.0

— 80 566.1 -~ 814.1 —245.3 942.1 —958.2 —41.1 -~ 50.2 —392.1

— 60 389.3 -~ 673.0 — 2180 703.4 - 813.1 —55.8 - 752 —423.8

—40 3519 — 598.1 —255.2 733.0 — 763.5 —74.1 —103.1 —411.6

—-20 368.8 -~ 573.1 —299.8 835.1 -~ 761.3 —86.8 —120.9 —392.5

0 380.9 -~ 569.0 — 3185 883.2 —765.4 —91.6 - 1272 — 3845
20 364.8 - 5715 —298.6 830.0 - 7590 —86.6 — 120.6 —394.2
40 317.0 - 583.5 —245.2 686.6 - 743.0 -729 —101.6 —426.0
60 261.0 ~614.2 - 177.7 Si8.1 - 733.0 — 532 - 72.6 — 4720
30 2525 — 6672 — 1329 437.8 — 7570 —33.2 —42.8 — 5045

100 345.5 - 17271 —155.3 5519 — 8322 —29.5 - 37.8 — 486.7
120 522.0 -~ 755.5 — 2494 8353 — 9319 — 355 —78.1 —409.9
140 673.5 ~729.7 —352.6 1095.4 —998.5 —98.0 —144.7 —325.1
160 718.5 -~ 676.6 — 400.9 1180.7 —1005.7 — 1284 —194.1 —287.2
180 705.7 - 647.9 —405.1 1164.4 —991.8 - 137.1 — 208.9 — 286.1

"AEST 4 e,

[kH]

-+ 1500

10
Eaxch( )

FIG. 2. © dependence of Ar-NH,; in-
teraction energy terms which belong
to AESF (for definitions, see the
text). R is kept at 3.75 A.

I N 0 . "0 w 0

Eg151(10)

4500
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(H] | 1o

-+ 500

)

FIG. 3. ® dependence of Ar-NH,
interaction energy terms involving

{1 L 100

1
=
=
»y
o=»

i

--500

-+-=1000

correlation (for definitions, see the
text). R is kept at 3.75 A.

AE(2)

€disp(20)

electrostatics, asis the case of Ar-NH,, AE &)~ seems tobe a
reasonable approximation to the second-order exchange ef-
fect.

Calculated values of €'}’ are presented in Table II. €2
is not very large, roughly of the same order of magnitude as
the SCF deformation energy. Just as the uncorrelated elec-
trostatic term €.’ (see Table II), it shows preference for
regions of better overlap of Ar and NH, charge distribu-
tions. For example, there is a shallow minimum around
® = 0° (the N lone-pair region) as well as the more pro-
nounced one observed for ® = 180", i.e., where Ar overlaps
with the three N-H charge distributions simultaneously.

When this study had already been completed it was
shown'®®® that €2, which enters Eq. 7, should allow for
additional “response’” terms with respect to the original de-
finition of Jeziorski et al.'°® The values of €2’ with re-
sponse terms, €12, are also given in Table I1. The contribu-
tion from these terms is not negligible but the above

discussed properties of the electrostatic correlation term re-
main unaffected.

Comparison of the energetics for positive and negative
values of @ (negative ® corresponds to Ar “eclipsing” an N-
H bond) reveals that there are two competing factors which
ultimately determine the structure of this complex. Disper-
sion prefers the structure with ® = — 120.0’, i.e., when the
Ar charge distribution best overlaps with that around a N-H
bond. On the other hand, such a structure is strongly disfa-
vored by €)%, thus also by AE 5°F . The latter prefers a geom-
etry with ® around + 80.0°, i.e, when Ar approaches
between two N~H bonds and the overlap between the Ar and
N-H (or N lone pair) charge distributions is minimal. This
SCF-minimized structure coincides almost exactly with the
global minimum as indicated by AE(2), the sum of AE5°F
and AE ®. In other words, the anisotropy of the dispersion is
not strong enough to counter the much greater angular de-
pendence of the exchange forces.

J. Chem. Phys., Vol. 81, No. 12, 18 December 1989
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The interaction energy of van der Waals systems is often
approximated as a sum of two contributions: AESSF and | HI
€§i, i.e., by the so-called SCF + D treatment.*”> One may
conclude from a comparison with the AE(2) curve in Fig. 3
that the SCF + D treatment yields a surface which is too flat
and AE ), is clearly necessary to properly describe its ani-
sotropy.

Further insights concerning the SCF + D approxima-
tion can be gleaned by considering the R dependence of the
interaction energy (see Table III and Fig. 4). The dispersion
energy increases in absolute value substantially more rapidly
than does AE ' as R decreases. As a result, comparison be-
tween the AE(2) and SCF 4 D curves indicates that the
latter is too deep and its minimum occurs at too short a I \
distance. Thus the SCF + D potential has some clear defi-
ciencies in predicting the equilibrium geometry of a weak
complex such as this.

- 500

R A

o]

B. Comparison with Ar,

500
The energy minimum for the Ar—-NH, complex was lo-

cated at R = 3.75 A, ® = 80.0°. For this minimum energy
orientation, interaction energies were derived up to the MP4
level. Also computed were MP2 energetics in a basis set aug-
mented by f functions on both Ar and N. The results are
displayed in Table IV. This table also contains the previously |
published data for the Ar dimer'? (as well as some newly
generated results) which are included here for comparison.

Qualitatively and quantitatively very similar energetics |
patterns are observed for Ar-NH, and (Ar),. First of all,
AESCF provides in both cases the dominant repulsive contri-
bution. The most important attractive contribution arises
from the AE ® term. The third-order contribution AE® is
much smaller in magnitude than AE® and in both cases is
repulsive. AE“ is slightly smaller still and is attractive in
both cases. The contributions of single, double, and quadru-

FIG. 4. R dependence of interaction energy terms (for definition, see the
text). © is kept at 80°.

ple excitations are all repulsive in the fourth order of MPPT;
the most important contribution which determines the sign
and magnitude of the AE*“ correction hence comes from
triple excitations. Finally, in both complexes the inclusion of
S functions has very little influence upon the SCF interac-

AE '@, This greater attraction is no doubt due to improve-
ment in the €i, term.

There are of course some significant differences between
the two systems. Due to the polarity of NH, and its associat-

ed, more efficient perturbation of the charge cloud of Ar, the

tion, but leads to a 100 uhartree increase in the magnitude of ~ deformation term AE SSF is more pronounced in Ar-NH,.

TABLEIIL R dependence of interaction energy terms for the Ar-NH, complex at ® = 80.0° (for definitions,
see the text). All values in ghartree.

RA AESCF AE® € P e SCF+D  AEQ2)®
325 17352 — 14428 19068 — 1435  —1863  — 1716 292.4
3.50 6728  —9779 - 11850 —68.4 —889 5122  —305.1
3.75 2525  —6672  —7570 —332 —428 5045  —4146
4.00 900  —4590  —496.8 —16.6 —21.1  —4068  —369.1
4.50 68  —2252  —2308 —~49 —58  —2240  —2184
5.00 —24 —1172  ~1174 ~19 —-20 1198  —1196

SAESCT 4 €20,
YAE(2) = AESSF 4+ AE™.
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TABLE IV. Interaction energy contributions to Ar~NH, and Ar, in the minimum (for definitions, see the

text). All values are in phartree.

Ar-NH,(R=3.75 4,0 = 80°)

spd spd f A (R =397A)

Basis BSSE cor BSSE,cor spd spdf
AESCF +252.5 -39.8 +248.4 ~721 196.9 196.6
AE® —667.2 - 13442 — 7708 — 1659.4 — 4480 —557.2
AE® +73.5 +63.2 +85.4 +86.0
DQ +36.5 +56.3 + 126 + 182
SDQ +13.4 +36.5 +3.4 +3.1
AE® ~ 68.4 — 88.9 —39.4 —63.7
AE(n) — 409.6* — 1409.7° —5224°  —17315° —205.1 — 3383
Eoxcn 4378 432.1 291.1

€ — 1329 —~137.0 —~83.1

AESSF —~524 ~ 111

Paivid — 126.4 — 84.6

e —33.2 ~174

€ ~17510 —499.9

AE), +123.0 69.3

*Values when n = 4.
®Values when n = 2.

The greater polarizability of NH; vs Ar increases the disper-
sion attraction in the latter complex, making the AE® term
more negative.

The nature of AE 5GF warrants a more detailed analysis.
As pointed out earlier, the major component of deformation
is expected to arise from the second-order induction effect
€29, Comparison of the latter term with AE 35 in both sys-
tems indicates that the €2 term is more than twice the
magnitude of AE 55, indicating that exchange effects play a
major role at the equilibrium distance. Indeed, as shown by
Gutowski and Piela, the induction effect is very strongly
coupled with exchange.'” On the other hand, when recom-
puted at the SCF minimum which occurs at the longer dis-
tance of R = 5.0 A (® = 80.0°), AESS is almost precisely
equal to €2 ( —4.2 vs — 4.5 yhartree) as exchange be-
comes progressively less important. In fact, according to
Sadlej, AESS asymptotically approaches the CHF induc-
tion €S when R goes to infinity.'®

The second-order exchange effect is here approximated
by AE (2, as defined in Eq. (8). In the equilibrium configu-
ration, this term amounts to + 123.0 zhartree which equals
28% of the first-order exchange effect €%, — 16% of €5r,
and — 30% of the total AE(4). In the Ar dimer, the percen-
tage comparison of AE {2, is very similar: 23% of €3,
— 14% of €23, and — 28.0% of AE(4). (For the sake of
comparison, in He, AE ), amounts to — 8% of ei, and

— 129% of the total interaction energy.'*) Thus, the second-

order exchange effect is very important in determining the
depth of the potential minimum. As pointed out earlier in
this paper, the neglect of this term may lead to an incorrect
position of the minimum as well.

It is now possible to estimate the bond energy for the
Ar-NH, complex. For the Ar, complex, calculations with
the { 75,4p,2d,1f ] basis set at the MP2 and MP4 levels result-

ed in bond energies of 360.6 and 338.3 phartree,'? respective-
ly, amounting to 80% and 75% of the exact depth of the
potential minimum. Taking into account the very similar
convergence pattern for MPPT in Ar, and Ar-NH,; (see
above), itis concluded that the accuracy in the two should be
comparable. Consequently, one may assume that our spdf
MP2 value of 522.4 yhartree = 115 cm ™' represents a lower
bound to the bond energy of this complex. It is interesting
that our lower bound lies slightly above the experimental
estimate of 102.3 cm™"! arrived at by Klemperer and co-
workers.®

Although all the calculations reported here were per-
formed in dimer centered basis sets and are thus free from
basis set superposition effects, it may, however, be instruc-
tive to analyze the error that would arise if the monomer
centered basis were used. The values shown in Table IV in
the BSSE, ., column represent results derived within the
MCBS treatment. As may be noted by comparison with the
preceding column, the BSSE is quite large, comparable to
AESCY and AE @ themselves. These errors induce a spurious
minimum in the repulsive part of the SCF interaction energy
curve and artificially deepen AE @ by a factor of 2. BSSE is
less pronounced in the third and fourth orders, conforming
to prior observation.'? As noticed a number of times before,
upon enlargement of the basis set (by f functions), the
BSSE increases simultaneously with an improvement of the
interaction energy.?>?* Thus, the magnitude of BSSE is not
necessarily any indication of the quality of the interaction
energy, contrary to some allusions in the literature.3%3>

The MCBS treatment can also be applied to the pertur-
bation terms €\l and €!!9 and indeed such values are
shown in the BSSE,,.., column of Table 1V. It should be
mentioned that the MCBS €’ and €{!% terms correspond

£XC!

to the electrostatic and exchange effects in the Morokuma
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partitioning scheme.*® There is strong evidence that the
proper description of the exchange phenomenon requires the
use of dimer basis sets.””'*!* Nevertheless, the difference be-
tween DCBS and MCBS treatments of the exchange term is
very small, 1.3%. However, the DCBS treatment of electro-
statics does introduce certain unphysical effects. For exam-
ple, the charge distribution of the Ar atom evaluated in the
Ar-NH, basis is no longer spherically symmetric, leading to
the appearance of a spurious multipole contribution to elec-
trostatics. Such effects, dubbed secondary BSSE by Sadlej
and Karlstrom, are also implicitly present in the supermole-
cular interaction energies.>” It is thus important to compare
the values of €0’ evaluated in both dimer and monomer
basis sets. The data in Table IV indicate that the DCBS and
MCBS treatments of €% differ by only 3%, with the differ-
ence probably attributable to the spurious multipole electro-
statics. This is in agreement with previous results for He,
and HeLi™ systems,?® where no serious distortions in €2
due to DCBS were found in extended basis sets. Overall, the
Heitler-London energy is underestimated by the MCBS

treatment by about 10 phartree or 3%.

C. Comparison with Ar-PH;

Supermolecular MP2 calculations were recently per-
formed for the Ar-PH, complex by Latajka and Scheiner.*
Their basis set for the Ar atom was composed of the well-
tempered sp set augmented by two d functions: exponents
0.836 35and 0.332 53. To analyze the quality of their results,
this basis set was tested here in Ar,. These tests produced an
SCF interaction energy nearly identical to that derived with
our basis set. While the SCF BSSE computed with Latajka
and Scheiner’s basis set was considerably smaller, AE ® was
seriously underestimated (about 13% with respect to our
value, or 18% when their sp set was augmented by our d
functions). These observations suggest that the Latajka—
Scheiner sp set was very good (thus the repulsive part of the
potential was very reliable), but the d exponents were not
optimal for description of dispersion energy, the dominant
attractive contribution. This contention is supported by the
fact that Latajka and Scheiner’s SCF dipole polarizability
for Ar was equal to 8.16 a.u. (in their better basis set 1I),
while our value is 9.57 a.u. One may thus conclude that the
bond energy of Ar-PH, was underestimated in the study of
Latajka and Scheiner, but due to the correct description of
AESCF the main direction sensitive contribution, their equi-
librium orientation is probably accurate.

Both complexes have nearly identical geometrical con-
figurations with the ® angle equal to 75° in Ar-PH, and 80°
in Ar-NH,. The former appears weaker when comparing
the values of AE(2) in the minimum ( — 331 phartree for
Ar-PH, vs — 415 yhartree for Ar—NH; here). One possible
factor in this difference is the much stronger SCF repulsion
in the Ar-PH, system (776 vs 253 phartree in the NH; com-
plex). On the other hand, the dispersion attraction is expect-
ed to be much stronger in the complex with PH; due to its
polarizability which is twice as large as that of NH, (SCF
mean polarizabilities are apy, = 26.7 a.u. vs ayy, = 12.9

a.u.). Consequently, AE @, which is dominated by the dis-
persion interaction, amounts to about — 1100 ghartree in
Ar-PH,, while our value for Ar-NH; is — 667.2 phartree.
Due to the abovementioned serious deficiency of the Ar basis
set used in calculations of the Ar-PH, complex, the value of
AE™@ is underestimated. One may expect a roughly 13%-—
18% increase in this quantity upon a better choice of d expo-
nents on Ar (based upon the comparison of computed dipole
polarizabilities and Ar, data). Even a 13% increase would
be sufficient to make Ar-PH, stronger than Ar-NH;.
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