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The perturbation theory of intermolecular forces in conjunction with the supermolecular 
M0ller-Plesset perturbation theory is applied to the analysis of the potential-energy surfaces of 
Kr-H20 and Kr-NH3 complexes. The valleylike minimum region on the potential-energy 
surface of Kr-H20 ranges from the coplanar geometry with the C2 axis of H20 nearly per
pendicular to the O-Kr axis (T structure) to the H-bond structure in which Kr faces the H 
atom of H20. Compared to the previously studied Ar-Hp [J. Chem. Phys. 94, 2807 (1991)] 
the minimum has more of the H-bond character. The minimum for Kr-NH3 corresponds to 
the T structure only, in accordance to the result for Ar-NH3 [J. Chem. Phys. 91, 7809 
(1989)]. The minima in Kr-H20 and Kr-NH3 are roughly 27% and 19%, respectively, 
deeper than for the analogous Ar complexes. To examine the proton-donor abilities of O-H 
and N-H bonds the ratios of the deformation energy to dispersion energy are considered. 
They reflect fundamental differences between the two bonds and explain why NH3 is not ca
pable of forming the H-bond structures to rare-gas atoms. 

I. INTRODUCTION 

-Conventional wisdom about the hydrogen bond sug
gests that water and ammonia should have basically simi
lar hydrogen-bonding capabilities. That is, both should be 
able to act as a hydrogen-bond donor and as a hydrogen
bond acceptor. However, while this is true for the water 
molecule, there is no known example of the ammonia mol
ecule acting as a proton donor in the gas phase. More 
specifically, the high-resolution gas-phase spectroscopic 
studies of a number of van der Waals complexes involving 
ammonia in no instance detected angular expectation val
ues or vibrationally averaged structures which would indi
cate that NH3 acted as a proton donor, (see recent discus
sions by Schmuttenmaer et al. 1 and Suni, Lee, and 
Klemperer2

). Perhaps the only exception will turn out to 
be the ammonia dimer where the inversion of vibration
rotation-tunneling (V-T-R) spectra recently revealed a 
broad minimum encompassing both the cyclic and H
bonded structures,3 in contrast to the previous studies 
which pointed to the cyclic (Le., non-H-bonded) structure 
only.4 

These anomalous properties of ammonia provide the 
chemical motivation for the present study. Studies of 
proton-donor properties are important in a broader con
text for understanding the nature of the hydrogen bond. In 
particular, the following issues should be addressed: What 
is so peculiar about the potential-energy surface (PES) in 
the region where one of the protons of the ammonia mol-

')Permanent address. 

ecule contacts other atoms and molecules, and how does 
this contact differ from that of the water's proton? It is 
particularly interesting whether these differences are re
flected in the individual contributions to the interaction 
energy, such as the electrostatic, exchange, induction, and 
dispersion, and whether they can be related to any of the 
monomer properties. Such an analysis will help predict 
whether it is possible to find a complex where NH3 acts as 
a proton donor. 

A great deal of experimental effort has been devoted 
recently to the systematic investigation of the weak bond
ing properties of NH3 by using the Ar atom as a structure
less probe. 1,5-7 There have also been several ab initio efforts 
towards the characterization of the Ar-NH3 complex.8-

IO 

Both experimental and theoretical studies indicate that 
NH3 avoids the hydrogen-bonded structure with a reason
ably strong Lewis base, such as Ar. At the same time there 
have been a number of quite ingenious attempts at finding 
a strong proton acceptor, preferably with simple geometry, 
to which NH3 would form a donor hydrogen bond. 2 

Our previous studies of a number of complexes formed 
by Ar and various hydrides, such as Ar-NH3,8 Ar-H20,1l 
Ar-CH4,12 and Ar-HCI13 (see also Ref. 14), seem to indi
cate that the ability to form a H-bonded structure is related 
to the self-consistent-field (SCF) deformation (or induc
tion) energy. The induction energy depends upon two fac
tors: high polarizability of the rare-gas atom and the 
strength of the electric field along the X-H bond in the 
hydride. For example, in the Rg-HX (X=F, CI, Br) com
plexes the global minimum usually occurs for the H-bond 
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geometry Rg-H-X.IS The only exception found is He-HBr, 
which combines the least polar HBr with the least polar
izable He. Furthermore, the secondary minimum for the 
Ar-HX complexes (Ar-X-H) is the closer in energy to the 
primary minimum the lower the dipole moment of HX.15 

The Rg-H2X complexes are also consistent with this 
picture. In Ar-H20 a broad minimum encompasses both 
the H-bond geometry and the (coplanar) T-shaped struc
ture with almost perpendicular arrangement of the C2-
water axis and the Ar-O axis. II ,16 Ar-H2S (Ref. 17) and 
He-H20,18 on the other hand, reveal coplanar T structures 
only. Both H2S and He are less polar and less polarizable, 
respectively, than H20 and Ar. 

In the Rg-H3X van der Waals systems, as mentioned 
above, no H-bonded structures have been found yet. In 
search for a likely candidate we turn to the Kr atom which, 
by virtue of its high polarizability, appears to be more 
likely than Ar to form a complex involving the H-bond 
structure with ammonia. In the present paper, ab initio 
studies of Kr-NH3 and Kr-H20 are reported. It is antic
ipated that the comparison of these two systems, along 
with their Ar analogs,· Ar-NH3 and Ar-H20, will shed 
new light on the nature of the H bond. 

The study will be carried out within the framework of 
the perturbation theory of intermolecular forces l9 com
bined with the supermolecular M011er-Plesset perturbation 
th 2021 Th· h·d· . eory.' IS approac provi es, III a consistent man-
ner, all the contributions to the interaction energy along 
with the total PES, and it has proven quite successful in the 
analysis of a number of Ar-molecule complexes.8,1l-13 

II. METHOD AND DEFINITIONS 

The supermolecular M011er-Plesset perturbation the
ory (MPPT) interaction energy corrections are derived as 
the difference between the values for the total energy of the 
dimer and the sum of the subsystem energies, in every 
order of perturbation theory 

(1) 

The sum of corrections through the nth oroer will be de
noted AE(n); thus, e.g., AE(3) will symbolize the sum of 
Ap:SCF, AE(2), and AE(3). Each individual AE(n) correction 
can be interpreted20 in terms of intermolecular M011er
Plesset perturbation theory (IMPPT) which encompasses 
all well-defined and meaningful contributions to the inter
action energy such as electrostatic, induction, dispersion, 
and exchange, and may be expressed in the form of a dou
ble perturbation expansion. 19 The IMPPT interaction en
ergy corrections are denoted €(ij), where i and j refer to the 
order of the intermolecular interaction operator and the 
intramolecular correlation operator, respectively (see Ref. 
19 for more details). 

A. Partitioning of 4.pCF 

Ap:SCF can be dissected as follows (cf. Refs.iO and i 1 
for more details) 

Ap:SCF = AEHL+ AEcF 
def' (2) 

AEHL=€(10)+~L 
es exch' (3) 

-whe;e A~L and- AF!dC;t are the Heitler-London and SCF
deformation contributions, respectively. AEHL is further 
divided into the electrostatic €~O) and exchange ~!h com
ponents. The SCF deformation originates from mutual 
electric polarization restrained by the Pauli (antisymme
try) principle.22,23 

B. ~artitioning of 4.e2
) 

AE(2) = €(12) + €(~O) + AE(2) + AE(2) 
es,r dlsp der exch· (4) 

€~,;) denotes the second-order electrostatic correlation en
ergy with response effects,21 and €~t~ the Hartree-Fock 
dispersion energy. AE~~t and AE~~~h stand for the second
order deformation correlation correction to the SCF defor
mation and the second-order exchange correlation, respec
tively. The latter encompasses the exchange-correlation 
effects related to electrostatic correlation and dispersion 
and can be approximated as follows8,21 (provided the 
deformation-correlation contribution is negligible): 

(5) 

C. Calculations of interaction energies 

Unless stated otherwise, calculations of all the super
molecular and perturbational interaction terms are per
formed using the basis set of the entire complex, i.e., 
dimer-centered basis sets (DCBS).24-28 This procedure 
amounts to applying the counterpoise method of Boys and 
Bernardi.29 To assure the consistency of evaluation of the 
MPPT and IMPPT interaction energy corrections all the 
intermolecular perturbation terms €(if) must be derived in 
DCBS as well. 30 

D. Basis sets and geometries 

Medium-size polarized basis sets of Sadlell (lOs6p4d/ 
5s4p) contracted to [5s3p2d/3s2p] were used for H20 and 
NH3. The krypton atom has been described by the well
tempered basis set of Huzinaga, Klobukowski, and 
Tatewaki32 (16s13plOd) contracted to (9s6p4d). The ex
ponents and coefficients, except for the two most diffuse d 
orbitals, were taken from Ref. 32, whereas the two most 
diffuse d orbitals were optimized by Andzelm et af. 33 The 
Kr basis set which is referred to as the spd basis is shown 
in Table I. 

The calculations were carried out using GAUSSIAN 88 

(Ref. 34) and90 (Ref. 35) programs and the intermolec
ular perturbation theory package of Cybulski. 36 

The geometrical parameters of Kr-H20 and Kr-NH3 
complexes are defined in Fig. 1. The scan of the potential
energy surface was limited to the vicinity of the van der 
Waals minimum. Therefore, only the coplanar motion of 
the Kr atom around water was considered; see· Fig. 1 (a). 
Theout-of-plane Rg motions were found to increase the 
energy in the case of previously studied Ar-H20 com
plex. 11 In the case of Kr-NH3 two scans of the PES were 
particularly interesting X=O° and X=60°. In the former 
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TABLE I. Basis set for krypton. Exponents are in ar;2. The SCF energy 
is -2752.03855887 hartrees, and the second-order MP (MP2) correc-
tion (the range of frozen core is 1-10) is -0.15856780382 hartrees. 

Coefficients 

Exponents Is 2s 3s 

Is, 2s, 3s 826606.45 0.000 149 0.000 019 0.000 006 
131 163.09 0.001 119 0.000 141 0.000 045 
29210.966 0.006092 0.000 773 0.000 247 

8156.7678 0.025257 0.003254 0.001036 
2649.7239 0.084443 0.011 340 0.003621 
960.44868 0.220612 0.032949 0.010507 
372.57014 0.401754 0.077 095 0.024815 
150.82764 0.343918 0.107866 0.034780 
62.134097 0.065070 -0.051945 -0.016605 
26.566302 0.000 513 -0.515351 -0.182835 

4s 11.486045 1.0 
5$ 4.9941865 1.0 
6s 2.1668098 1.0 
7s 0.85482273 1.0 
8$ 0.33896199 1.0 
9$ 0.12277414 1.0 

Coefficients 

Exponents 1p 2p 3p 

1p, 2p, 3p 8156.7678 0.000 443 -0.000 180 0.000 049 
2649.7239 0.002228 -0.000 909 0.000 248 
960.44868 0.011921 -0.004906 0.001332 
372.57014 0.049358 -0.020696 0.005661 
150.82764 0.168679 -0.073665 0.020176 
62.134097 0.382716 -0.178778 0.049679 
26.566302 0.421964 -0.198351 0.054541 
11.486045 0.142601 0.155880 -0.055839 
4.9941865 0.004 943 0.571 673 -0.206760 
2.166809 8 0.002304 0.384684 -0.152423 

4p 0.85482273 1.0 
Sp 0.338961 99 1.0 
6p 0.12277414 1.0 

1d 372.57014 -0.001570 
150.82764 -0.008162 
62.134097 -0.040081 
26.566302 -0.137174 
11.486045 -0.309 108 
4.9941865 -0.405223 
2.1668098 -0.301638 

2d 0.85482273 1.0 
3d 0.552 1.0 
4d 0.150 1.0 

the Kr atom passes between two N-H bonds, and in the 
latter it eclipses one N-H bond. The internal geometrical 
parameters of H20 and NH3 were the following: O-H 
=0.9572 A, H-O-H= 104.524' and N-H= 1.012 42 A, 
H-N-H = 106.67°. 

III. RESULTS AND DISCUSSION 

A. Anisotropy of interaction energies 

1. Kr-H:zO 

The interaction energies obtained at the MP2/spd level 
for Kr-H20 are listed in Table II. The region around the 
minimum qualitatively resembles that for Ar-H20. II The 
region is fairly broad and Kr can move almost isoenerget-

(al 

(b) 

FIG. 1. Geometrical parameters of the complexes considered: (a) Kr
H20 (Ar-Hp); (b) Kr-NH3 (Ar-NH3). 

ically (within less than 1 em-I) from e=IOO' to e=120' 
at R=7.5 ao. When R is allowed to vary, the motion rang
ing from e=60° at R=7.0 ao to e= 120' at R=8.0 ao, 
raises the energy by less than 8.5 cm -I above the mini
mum. In the case of the previously studied Ar-H20, II a 
similar path was somewhat shifted toward smaller e angles 
and was fiatter; the angular motion of Ar ranged from 60° 
at 6.61 ao to 120' at 7.56 ao corresponding to an energy 
increase of ca. 3 cm - I above the minimum. II Furthermore, 
the minimum for Kr-H20 is deeper and shifted toward 
large angles and longer distances than in the Ar-H20 case. 
Indeed, for Ar-H20 the minimum of ca. - 81. 7 cm -I oc
curred at the (R,e) values of (7.09 ao, 80') while for Kr
H20 the minimum of about -103.5 cm- I occurs at (7.5 
ao, 100°). It is possible to conclude that Kr more nearly 
approaches the H-bonded position than Ar, in agreement 
with our expectations based on the larger polarizability of 
Kr. Finally, we note that the barrier to the in-plane motion 
(at 8=0.0°) is slightly larger in Kr-H20 (24.7 cm- I) than 
in Ar-H20 (21.4 cm -I). It is important to note that all the 
above estimates, in particular that of De> may be too small 
by some 20%-30%, primarily due to the basis-set unsat
uration of the dispersion component.B,II-13 

Table III provides the partitioning of the interaction 
energies at two geometries in the region of the van der 
Waals minimum: the T geometry with (7.0 ao, 80°) and the 
H-bond geometry with (7.5 ao, 120'). The results qualita
tively resemble those obtained for Ar-H20. Indeed, for 
both complexes, the major difference between the T and 
H-bond geometries is due to the substantially larger SCF
deformation (or induction) effeet in the latter. It is also 
seen that the T geometry is favored by the dispersion and 
electrostatic terms, whereas the H-bond geometry is fa
vored by the SCF-deformation term. A neglect of the SCF
deformation contribution for the H-bond geometry would 
qualitatively distort the shape of PES by raising subs tan-
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TABLE II. Rand e dependence of the I1ECF and the total I1E(2) iiIteraction energies for Kr-HzO 
coplanar (X=OO) configuration (for definitions see the text); all energies in /Lhartrees. 

e R=7.0 ao R=7.5 ao 

(deg) SCF I1E(2) SCF I1E(2) 

180 827.2 -90.9 276.5 -348.9 
160 926.0 -75.0 306.0 -367.5 
140 1073.7 -93.0 345.9 -418.5 
120 1001.1 -211.7 315.5 -468.1 
100 705.6 -360.2 222.0 -471.7 
80 430.4 -435.9 136.3 -435.4 
60 294.1 -434.0 92.5 -393.2 
40 258.8 -398.5 77.3 -366.4 
0 263.9 -359.2 71.2 -351.9 

tially the energy of the H-bonded configuration. Finally, it 
is worthwhile to note that the SCF-deformation effects are 
larger for Kr than for Ar. 

2. Kr-NH3 

The values of the interaction energy obtained at the 
MP2 level are listed in Table IV. We first focus on the van 
der Waals minimum region (R,e,X=OO) with R ranging 
from 7.0 ao to 8.0 ao and e from 0° to 180° and the region 
of the H-bond configuration (R,e,X=600) with R ranging 
from 7.5 ao to 8.5 ao and e from 0° to 180°. The van der 
Waals minimum for Kr-NH3 occurs at (7-.5 ao,80°, 0°) 
with De= 108 cm -I and corresponds to a T configuration. 
Compared to Ar-NH3 it is deeper and shifted toward 
larger distances, as the respective values for Ar-NH3 are 
De~91 cm- I and Re~7.09 ao. 8 The H-bond configuration 
(8.0 ao, 100°, 60°) of Kr-NH3 corresponds to a saddle 
point on the PES, some 16.5 cm- I above the global mini
mum. It is worth reiterating that all the above estimates, in 
particular that of De' may be too small by 20%-30%, pri
marily due to the basis-set unsaturation of the dispersion 
component.8,11-13 

R=8.0 ao 

SCF I1E(2) 

68.3 -360.51 
74.0 -383.7 
78.9 -431.1 
68.3 -449.0 
49.8 -409.9 
33.3 -349.8 
23.1 -306.2 
15.9 -287.3 
7.7 -282.8 

One reason that Kr-NH3 does not form a H-bonded 
structure is the fact that in the range of R from 7 to 8 ao the 
potential-energy surface is folded in such a way that the 
region between N-H bonds (X=OO) constitutes a "valley" 
on the PES while the region eclipsing an H atom (X=600) 
is on a "ridge" (see Table IV). The origin of this pattern is 
the strong exchange repulsion present near the hydrogen 
atoms. At longer distances 9-10 ao, however, the configu
ration of the surface is seen to reverse. For example, at 
R=9 ao the region at X=Oo be{:omes less favorable than 
the one at X=60° (see Table IV). Consequently, at longer 
distances the valley appears that leads toward an H atom 
of ammonia. The valley is due to the dispersion energy, 
which in the absence of strong exchange-repUlsion domi
nates in this range of R. It should be emphasized that the 
long-range valleys leading to H atoms were first detected 
on the PES of Ar-NH3 obtained by the inversion of V-T
R spectra.37 Our result provides additional evidence that 
the present-day spectroscopic techniques combined with 
inversion methods are accurate enough to provide the fin
est details of the PES. Finally, we might add at this junc
ture that similar long-range valleys corresponding to 

TABLE III. Interaction energy contributions for Kr-HzO and Ar-HzO in the H-bonded and T geometries. 
The parameters in parentheses correspond to the (R,e) values; all energies in tthartrees. 

Kr-HzO Ar-HzO 

T H-bond T H-bond 
(7.0 ao> 80°) (7.5 ao, 120°) (7.09 ao, 80°) (7.56 ao, 120°) 

430.4 315.5 156.8 111.7 
-866.3 -783.7 -528.8 -474.7 
-435.9 -468.2 -372.0 -364.9 

837.7 797.3 323.1 341.1 
-219.6 -171.5 -80.6 -72.8 
-187.7 -'-310.3 -85.7 -156.5 
-309.5 --393.3 -114.8 -176.3 
-356.9 -452.6 -131.0 -20-1.4 

-40.2 -47.4 -17.8 -11.1 
-972.5 -877.1 -582.6 -542.5 

146.4 140.7 71.6 76.9 
106.6 77.6 56.7 41.5 

-542.1 -561.6 -425.8 -430.8 
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TABLE IV. Rand e dependences of the t::.Ef'CF and the total t::.E(2) interaction energies for Kr-NH3; 
energies in J.Lhartrees, R in 00. 

X=O.O" 

R=7.0 R=7.5 R=8.0 R=9.0 R=10.0 e 
(deg) SCF AE(2) SCF AE(2) SCF t::.E(2) SCF t::.E(2) SCF t::.E(2) 

180 614.2 -119.7 261.6 -258.5 
160 624.0 -139.3 2.6 -139.6 
140 584.9 -229.2 31.1 -247.9 -0.6 -144.5 
120 1164.2 -66.1 456.9 -374.3 172.6 -394.7 11.4 -256.3 -3.5 -143.2 
100 826.2 -354.9 308.1 -482.9 109.1 -426.7 7.5 -248.8 -3.9 -134.9 
80 621.5 -447.6 228.4 -491.2 79.5 -410.2 5.4 -231.4 -2.6 -124.9 
60 607.5 -356.4 230.5 -426.6 83.3 -369.4 
40 695.3 -204.2 269.1 -351.0 97.5 -334.4 
0 312.2 -330.9 109.7 -311.1 

X=60·0' 

R=7.5 R=8.0 R=8.5 R=9.0 R=IO.0 

140 777.1 -131.4 308.0 -317.5 115.7 -318.7 38.9 
120 857.8 -182.7 324.0 -374.1 113.5 -361.2 33.4 
100 731.9 -298.1 268.9 -415.9 90.6 -371.6 24.7 
80 491.6 -388.7 178.9 -412.6 59.9 -343.0 16.3 
40 108.9 -334.0 

hydrogen-bonding orientation were also noticed in our cal
culations for the complex between Ar and such a poor 
proton donor as CH4•

12 

The partitioning of the interaction energy is shown in 
Table V. In contrast to the Ar-H20 or Kr-H20 cases, the 
decompositions at the two configurations, H-bonded and 
T, do not differ qualitatively. For instance, the SCF
deformation and induction effects are relatively small and 
unimportant for both geometries. One may conclude that 
Kr is as reluctant as Ar to form an H bond to ammonia. 
However, the T configuration minimum in the Kr-NH3 
case appears to be shifted slightly toward larger e angles, 
thus indicating a more H-bond character. 

TABLE V. Interaction energy contributions for Kr-NH3 and Ar-NH3 in 
the H-bonded and T geometries. The parameters in parentheses corre
spond to the (R,e) values; all energies in J.lhartrees. 

Kr-NH3 Ar-NH3 

T H-bond T 
(7.5 ao. 80") (8.0 ao, 100') (7.1 ao, 80') 

t::.Ef'CF 228.4 268.9 252.5 
t::.E"2) -719.6 -684.8 -667.2 
t::.E(2) -491.2 -415.9 -414.7 

~~h 415.7 491.2 437.8 
£(10) 

co -129.8 -123.3 -132.9 
t::.E{;l -S7.5 -99.0 -S2.4 
£(20) 

ind -140.0 -164.3 -126.4 
£~~:r -158.2 -188.1 
£(12) 
co-r -32.8 -26.9 -33.2" 

£(20) -802.2 -748.9 -757.0 dlsp 

t::.E:,ilh IIS.4 91.0 123.0 
£(21) 

dlsp 96.9 66.4 

t::.Ff'CF +£a~~ -573.8 -480.0 -S04.5 

'This value corresponds to £~2). 

-265.6 -1.3 -156.3 
-293.9 -4.7 -167.5 
-292.3 -5.2 -162.2 
-262.3 -3.4 -143.5 

IV. CONCLUSIONS 

A. Comparison of Kr-H20 and Kr-NH3 

In search for factors which would characterize possible 
differences/similarities between the properties of NH3 and 
H20 pertaining to the ability off ormation of the H-bonded 
structures we focus on the two dominant attractive contri
butions SCF deformation and dispersion. 

The dispersion contribution is an entirely electronic 
contribution in the sense that it is not directly related to the 
charges and positions of the nuclei. Indeed, the dispersion 
energy is an electron correlation effect and its expression 
includes only the two-electron integrals. Considering the 
X-H-Y hydrogen-bond interaction, the dispersion energy 
will be the smaller the more strongly electrons are shifted 
toward the X atom, i.e., the more is this bond polar. There
fore, the dispersion energy does not favor the H-bonded 
structures. 

On the other hand, the induction and the SCF
deformation contributions reflect the electric polarization 
caused by both the electron charge cloud and the charges 
on nuclei. Consequently, in the X-H-Y interaction the ef
fects will be the larger the more electrons are shifted to
ward X, i.e., the more polar the X-H bond gets. Therefore, 
the induction and SCF-deformation effects favor the H
bond structure. 

In the atom-molecule interactions involving closed
shell species, the interplay between these two effects, the 
dispersion and SCF deformation, may be well character
ized by analyzing the ratio of these two contributions, 
t::.F!J.CjF / €~rs~. The maxima of this ratio should help indicate 
the regions of PES which are particularly active in the 
induction interaction. It should be added that the electro
static term (although quantitatively non-negligible) which 
in these complexes originates from charge-overlap effects is 
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FIG. 2. R dependence of the SCF deformation (dashed line) and disper
sion (solid line) energies for Kr-HzO and Kr-NH3. The following ab
breviations have been used: "T-NH3"-Kr-NH3 at 8=80°, X=oo; "H
NH3"-Kr-NH3 at 8=100°, X=60o; "T-HzO"-Kr-HzO at 8=80°, X=Oo; 
"H-HzO"-Kr-HzO at 8= 120°, X=O'. ~ 

of secondary importance as far as the anisotropy is con
cerned. 

To illustrate this point the dispersion and SCF
deformation energies are plotted in Fig. 2 for Kr-NH3 and 
Kr-H20 complexes. The comparison of the H-bonded con
figurations of both complexes indicates that Kr-NH3 has 
larger dispersion and smaller SCF-deformation energies 
than Kr-H20 (see Fig. 2). This means that electrons in the 
O-H bond are shifted more strongly toward the heavy 
atom than those in the N-H bond. In other words, the 
O-H bond may be viewed as more polar. 

The 8 dependence of the ratios AEd;r I €~fs~ (def! disp ) 
plotted in Fig. 3 leads to further interesting conclusions. 
The three curves correspond to the R distances of the min
imum for Kr-H20 (R=7.5 ao), the minimum for Kr-NH3 

0.4 I I 

0.3 

0.2 

0.1 -

o 
- 2 0 20 60 

J'l~ 

I b, 
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I 
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P 
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e, deg 
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-
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FIG. 3. e dependence of the ratio b.J!j<;{ I €~rs~ for Kr-HzO and Kr-NH3. 
"T" corresponds to X=O.O', "H" corresponds to X=60'. 

<p, a.u. 
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FIG. 4. 8 dependence of the electric field (q,) at the position ofKr around 
HzO (R=7.5 ao) and NH3 (R=8.0 ao). The values shown are the pro
jection of the field vector on the O(N)-Kr axes. 

(R=7.5 ao), and of the saddle point at the H-bond con
figuration for Kr-NH3 (R=8.0 ao). The ratios def/disp 
have maxima at the heavy-atom ends (8=0.0°), as well as 
at the hydrogen ends (8= 100-120°). The region of the T 
configuration for Kr-NH3 (80°':""100°) is very fiat with a 
tiny fiat maximum around the H-H edge of ammonia. It is 
seen that all the three heavy-atom maxima are very close in 
magnitude. The maxima at the H ends, on the other hand, 
differ markedly. In the NH3 case the H maximum is much 
lower than the N maximum, whereas in the case of H 20 
the H maximum is much higher than that at the ° end. 
T!J.is)ehavior strongly suggests that the O-H bond and the 
N-H bond are intrinsically different in their ability to form 
H bonding. By virtue of maximizing the defl disp ratio the 
former can be considered H-bond active while the latter 
cannot. 

The results of Fig. 3 lead us to the conclusion that the 
regions around Nand 0, as well as the H of H20, are 

_ capable of maximizing the electrostatic and induction in
teractions, whereas the region around the H of NH3 is not. 
To confirm this observation the magnitude of the electric 
field in the position of Rg as a function of the angle 8 is 
plotted in Fig. 4. A large electric field is seen at both heavy 
atoms and at the H ends of water. The electric field at the 
H end in NH3 is much smaller. Consequently, the ° and H 
ends in H20, as well as the N end in NH3, are expected to 
strongly attract ions, polar molecules, as well as highly 
polarizable species. Several known structures of van der 
Waals complexes involving water confirm this conclusion, 
namely H20-Na+,38 H20-CI-,39 CHc H 20,40 Hr H 20Y 
On ~ the other hand, it is also known that for complexes 
where the electrostatic and induction interactions are quite 
small, the directions of approach to water and ammonia 
are those which minimize the exchange repulsion, that is, 

~ the T configurations [examples: He-H20, 18 H-H20,42 Ar
NH3 (Ref. 8)]. An intermediate situation is observed in 
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Ar-H20,11 whose broad minimum encompasses both types 
of situations. 
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