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The results of the second-order Mgitd?lesset perturbation theory calculations with the aug-cc-pvTZ basis
set for the NH---H,O complex have been used to parametrize a set of -atdom potentials. A simple
nonpolarized and polarized ammoniaater potential is proposed. The quality of these potentials has been
tested by performing the rigid body Diffuse Monte Carlo calculations of the energetics, rotational and
quadrupole coupling constants for dimes@..NHs. The present potentials are the first ones predicting the
structures of the trimers @D),...NH; and (NH)....H,O confirmed by ab initio calculations. These potentials
were successfully used in Monte Carlo simulations of the interaction of ammonia with an ice particle (N.
Uras, V.; Buch, J. P.; Devlin, Phys. Chem. R00Q 104, 9203).

I. Introduction wave and radio frequency spectra, observed by molecular beam
_electric resonance spectroscapirhe detailed microwave study

Over the past years, a number of papers have appeared iny stockman et & provides the equilibrium structure of the
which the properties of ammonia in the liquid and solid phases complex. Second group of papers for gaseous complex is
have been calculated on the basis of at@om potential  deyoted to the matrix isolation studies of MHH,O in the Ar,
functions (see, for instance refs-B). Also, the effective pair-  Ne, and Kr matrixes. Nelander et%l22and Yeo and Ford
potential models, parametrized for the properties of the pure registered vibrational frequencies of the ammonia and water
liquids have been used in molecular dynamics simulations of jntramolecular modes and several intermolecular modes of the
liquid water? Interest in these works was mainly focused on complex. Because of the atmospheric importance, the study the
the structure of one-component systems. However, aqueousadsorption of ammonia on the ice nanocrystals was investigated
mixtures, such as those containing ammonia have found severaln ref 24 as an example of the formation of “active” adsorbates,
scientifical and industrial importance. Water and ammonia are \hich are attached to the ice surface and modify the hydrogen
known to be two of the most important molecules in chemical ponding networies:26
evolution studie$;” and in interstellar chemisty.1° As a major The aim of the experimental studies of weakly bound
trace gas of the atmosphere, the transport of ammonia acrosgomplexes is to obtain both the structures and the potential
the air-water interface is very important in atmospheric fynctions. Indeed, a successful determination of the potential
chemistry, see ref 11. Some of the experimental work mentionedgnergy surfaces for van der Waals and hydrogen-bonded
above has been accompanied by simple theoretical investigationg.omplexes has so far been possible only for atom-molecule
aimed at the proper interpretation of the data and better complexes. See, for instance, refs 27, 28. Only recently,
understanding of the processes involved. Necessary for all owerful dynamical techniques have been developed for refine-
research of this type is the knowledge of the interaction between ment of the potential surfaces of systems as large as the water
water and ammonia molecules. dimer2®

Many studies revealed that the clustering between water and A complementary approach to obtain structural and potential
ammonia is extensive and predominant over formation of pure function information for weakly bound complexes are the ab
water or pure ammonia clustet®3This is consistent with the initio calculations. Although the accuracy of the ab initio

theoretical predictions showing that the NHH,O mixed calculations is still below the state-of-the-art accuracy of the

clusters have larger hydrogen-bond energy than those of thespectroscopic data, the calculations provide information on the

corresponding homonuclear clustéts!’ shape of the potential energy surfaces without any initial
Recently, the Ni#t+-H,O complex was examined by micro- assumptions.

wave and tunable far-infrared laser spectroscdgy.The Previous ab initio potential energy surfaces for the most stable

spectroscopic constants were published, obtained from micro-conformers of NH-:-H,O were reported in a few papets3®
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Recently, optimal structures, interaction energies, and harmonic
vibrational frequencies of the Ni-H,O complex have been
determined from the second-order Mgtdtlesset perturbation Xy
theory calculations with the aug-cc-pVTZ basis®¥éthe nature

of the intermolecular interactions in the complex was investi-
gated by symmetry-adapted perturbation theory (SAPT). As
revealed by the SAPT analysis, the main binding contributions
are the electrostatic and induction components.

Most of the simulations to date used “effective” pair
potentials: simple empirically parametrized model potential. In
contrast to other systems for which numerous intermolecular Figure 1. Definition of cluster coordinates.
potentials was proposed in the literature, there was only one ] ) ) ] )

Monte Carlo simulation of agueous ammonia solution based the interaction energies by adding the correction for the zero-

on minimal basis set calculations for the comptéxiowever, point vibrational motion. In our work, the zero-point correction
a small basis set used and the neglect of the BSSE correctionVas calculated at the MP2 level. Dissociation energies is not
put in question the reliability of this potential. corrected for deformation error. In these complexes, the

This work belongs to a series of our theoretical investigations deformation error is quite small, as was shown in ref 36. We
of H,0 complexes with small molecules using the combination Made no attempt to optimize the complexes including the CP
of ab initio calculations and Diffusion Monte Carlo (DMC) correction, although methods for doing this have been recently
evaluation$9 4! Understanding of weak interactions between suggested’ This means that no account has been taken of BSSE
H,O and other molecules is needed, for example in study of IN the optimized geometries and harmonic frequencies.
molecular solvation in water and ice and in investigations of !N the second stage, the points on the potential energy surface
gas adsorption on icy surface. This paper was stimulated by (PES) have been calculated using the second-order Mugller
recent experimental study of ice nanocrystals with ammhia. Plesset perturbatlo_n theory (MP2). In the PES calculations, the
It presents a new wateammonia pair potential obtained by ~MOnNOmer geometries were kept constant: for water r(€H)
means of ab initio calculations. Potentials describe here was0-9572 A, HOH= 105.52; for ammonia r(NH)= 1.01242 A,
used in Monte Carlo simulations to calculate the structure of HNH = 106.67. The C?A%rzdlnate system is shown in Figure 1.
the ice-adsorbate system as a function of covetagée goal ~ The interaction energl, “ was calculated as a function Bf
of this paper is thus 3-fold:iXto compute the potential energy ~WhereR is a radius vector connecting the nitrogen and oxygen
surface of the Nit+-H,O complex and to study the effect of ~atoms. For each orientation of the intermolecular aRgshe
the rotation of the water and ammonia molecules on the shapePotential was calculated as a function of six anglég:and6o
of this surface; () to construct the nonpolarizable and polariz- Petween the symmetry axig @r C; and the intermolecular axis;
able potential of this system which yields a fair description of W0 anglesyn andyo, which describe the rotation of ammonia
certain properties of the condensed phases of agqueous mixturénd water molecule_s about_ their symmetry axes and two
of ammonia; i) to calculate the dimer rotational and quadru- @ngles: ¢o and¢y which describe the motion of the symmetry
pole coupling constants averaged over the zero-point motion@xes G and G out of O2N1H3 plane (see Figure 1).
by Diffusion Monte Carlo method (DMC) and to utilize the We decided to use the aug-cc-pvTZ atomic b&hs shown
potential for the determination of the possible structure of the DY Xantheas et &> this basis set accurately reproduces the
mixed trimers assuming pairwise interaction between molecules9eometries, frequencies and electric properties of isolated
in the clusters. This paper is organized as follows. In section Molecules and their complexes and was used by us in many
Il, we briefly describe the ab initio and DMC calculations carried Papersi®®2°3 .
out in this work. In section IlI, we present different methodolo- ~ B. DMC Calculations. Weakly bonded clusters tend to be
gies for construction of the potentials. Section IV discusses the floppy and, thus, are better represented by a distribution of
shape of the potential energy surface obtained for the dimer configurations corresponding to the zero-point motion, than by
from ab initio calculations and the results of DMC calculations. & Single minimum energy configuration. Diffusion Monte Carlo

Finally, section V concludes our paper. (DMC) is a convenient numerical method to study clusters in
their ground vibrational states. Here, DMC is employed to
Il. Methods of Calculations calculate the dimer rotational and quadrupole coupling constants

averaged over the zero-point motion, using fitted potentials
A. Supermolecular Calculations.The supermolecular cal-  described above. The resulting values are compared to experi-
culations have been done with the Gaussiaf? §ogram in ment. In addition, mixed waterammonia trimers are investi-
two stages. First, full geometry optimizations have been carried gated.
out using the MP2 method for the isolated subunits and for the = Rigid body DMC (RBDMC) is a numerical method to solve
entire complex. The vibrational frequencies have been computedthe time independent Schtimger equation by a random walk
within the harmonic approximation at the MP2 level. All  of a cloud of replicas of a quantum system. Here, we provide
calculations were performed on frozen core approximation. The only a brief summary of the method. The basic DMC algorithm
interaction energy of the complexjy", n = 2,4 has been s described in refs 54, 55 the rigid body version is given in ref
obtained by subtraction of the energies of complex and of the 56. Applications to other cluster systems can be found, e.g., in
monomers. In the calculations of the interaction energies, we refs. 40, 41, 56.
employed the full basis of the dimer, i.e., we corrected the The method is based on the substitutionzof it in the
computed interaction energies for the basis-set superpositionSchralinger equation, converting of it to the diffusion equation.
error using the prescription of Boys and Berndfdi his is a The formal solution is
commonly accepted procedure to obtain reliable interaction
energies**despite some controversial arguments reported in Zann-exp(—tE /) (1)
n

the literature?® Dissociation energieBy " were obtained from
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wherej, denotes an eigenstate of the Hamiltoni&n,is the
corresponding energy ard, is an arbitrary expansion coef-
ficient. In the long time limit, the density of the cloud of replicas

mimics the ground state. The random-walk method to find the
ground state of the system is a simulation of a process containing
random movements (random translation and rotation of mol-
ecules in the replicas), and multiplication/disappearance of

replicas of low/high potential energy, respectivély*56The

calculation employed 2000 replicas, and a time step of 30 atomic

units. Expectation values of quadrupole coupling and rotational

constants, and of other geometric properties, averaged over the P
instantaneous configurations generated by the simulation, were

calculated as in ref 40, using the descendent weighting mé&thod.

I1l. Intermolecular Potentials

In this study, we obtained two intermolecular potential
functions for the ammoniawater system: nonpolarizable and

polarizable potential energy surfaces (PES). The PES were

constructed as analytical fits to 850 ab initio points. Then DMC

Rzepkowska et al.

Briefly, for a many body system consisting of point charges
and point dipoles, the dipole polarization energy can be given
by the following equatiof?

N

V=—(12) p-E (3)
=
wherep; is the induced dipole moment at moleciule
N
= o,E; = a(E) + Tip) (4)

j=Ij=i

o is the polarizability of moleculé and N is the number of
molecules in the systent’ is the electrostatic field from the
charges

N
EY =1 quij/ri:js)

=1

(5)

calculations were carried out for the ground vibrational state whereg is the charge at sitg r; is the vector from charge site
(gvs), and for rotational and quadrupole coupling constants_j to polarizability centef. The dipole tensor, Tis given by
averaged over gvs; the results were compared to the experi-

mental data. In all these calculations, the ammonia and water
geometric parameters were assumed rigid and equal to the

parameters used in the ab initio mapping.
A. Nonpolarizable Potential. For describing the energy
surface analytically, the ammoniavater intermolecular poten-

(6)

wherer;; denotes the distance between two polarizability centers.
To avoid numerical instabilities at short distances, a “shielding
factor” fs is employed for electrical fields of point charges of

tial is represented as a sum of electrostatic interactions betweerH-atoms, calculated at the polarizability centers. (For the

charge sites on each molecule and a single Lenndodes (12
6) term between nitrogen and oxygen atoms

Vi = 4e((0lron) — (0fron)) + Y (@airy) ()
]

negative chargeds = 1). The form of the shielding factor was
adopted from ref 59

fo=1— exp(-ri/rd)

()

wherers=1.75 A, and j denotes a distance between an H-atom,

wherer;; denotes intermolecular distance between point charges@nd a polarizability center.

g andg;. A similar form of potential was employed successfully
in the past for the ED..H,O (e.g., 2) and Nhkl..NHg®
interactions.

The point charges and their positions for N&hd HO were
adopted from the work of Tanabe and Rd&deThe fitted
nonpolarizable potential included three point charges ¢@ H
and four point charges on NHThe positive charges were placed
at the H-atomsg = 0.62e for HO, andq = 0.462e for NH.
The negative charges were placed on the w@teaixis and on
the ammoniaC; axis, 0.2677 and 0.156 A from O and N, toward
the H-atoms, respectively. For Lennardbnes terms, we used
NH3;—NH3; and HO—H,O dimer terms and applied Lorentz
Berthelot mixing rules$? The LennaretJones parameters were
further adjusted to fit the ab initio points with final valueseof
= 0.2076 kcal/mol and = 3.27 A. For the entire PES region,

IV. Results and Discussion

A. Shape of the Potential Energy Surface.The main
features of the interaction potential between water and ammonia
molecules are determined by the symmetry of the complex. Ab
initio calculations at the MP2/aug-cc-pvTZ level predicted for
the dimer a global minimum corresponding to the trans
conformer (Figure 2a). The cis conformer (Figure 2b) is a saddle
point (one imaginary frequencyj.The optimized geometries,
which are the global minima on PES at the MP2/aug-cc-pvTZ
level for the two trimers (BO),...NH; and (NH)....H,O are
illustrated in Figure 2c and 2d too.

Table 1 presents the energetics of the complexes: the dimer
and two trimers. The ab initio calculation for the trimer
(H20),...NH3 has been reported in ref 11, whereas the trimer

the standard deviation between the fit and ab initio points was (NH3).... H,O has been investigated, to our knowledge, neither

1071 cnt! and, in the negative PES region, 114 ©m
B. Polarizable Potential. The polarizable potential was

experimentally nor theoretically. The fact that the cis structure
of NHs...H,O differs only marginally from the trans one supports

composed of pairwise-additive energies (Coulomb and Len- the conclusion of the earlier theoretical and experimental
nard-Jones terms) and the energy associated with the inducedfindings that the ammonia molecule in the complex is almost
dipoles. The pair-additive part is of the same functional form free to rotate about it€3 axis. Inclusion of the correlation effects
as the nonpolarizable potential; its parameters are also the samat the MP2 level is important and increases the interaction
except for Lennard-Jones = 3.285 A. A single dipole energy from—4.468 kcal/mol to—6.323 kcal/mol for trans form,
polarizability center was placed on the water axis and on i.e., by about 40%. The MP4 calculations for the dimer change
the ammoniaC; axis, 0.48 A from O and N, respectively, toward slightly this number and give nearly identical results. For the
the H-atoms (as in the water potential MKW, described in ref structures of the dimer considered in Table 1 the convergence
58). Experimental polarizabilities were used for water=¢ of the Mgller—Plesset expansion for the interaction energy
1.429 ) and ammoniad = 2.226 A3). Discussion of energy  appears to be good, the MP2 approximation providing over 97%
terms associated with induced dipoles can be found in Ref 59. of the MP4 result for both, the trans and cis geometries of
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Figure 3. Interaction energy for the rotation of the ammonia molecule
at the MP2/aug-cc-pvTZ level as a function Bf and yn for the
configurationfo = 48, Oy = 30 = ¢o = ¢n = 0°.

(d)

(e}

Figure 2. Geometries (MP2/aug-cc-pvTZ) of thgit--HOH complex
corresponding to the (a) trans, (b) cis conformers e®HNH; and
global minima of the trimers, and (c) §8),...NHz and (d) (NH)....HO.

cis and trans forms we found a barrier of 2.2 €mThe
experimental estimate of this barrier height is 18.5.0 cn1.18
Experimentally, the height of the barriev4) was obtained by
fitting the parameteiVs in the potential term of the nuclear
motion Hamiltonian to the observed microwave spetiihe
agreement between theory and experiment is not perfect.
However, this barrier is very difficult to determine, both
theoretically and experimentally, due to the extreme flatness of

TABLE 1: Interaction Energies, and Dissociation Energies
(in kcal/mol) for the trans, cis Conformers of the NHz:--H,O
Complex and for the Trimers (H20),...NH3, (NH3),...H,O
Calculated at the MP2/Aug-cc-pvTZ Level. (ZPE correction
calculated at the MP2 level)

H0..NH - H0..NHs  (H20)...NHs  (NHg)2...H.O the potential energy surface in this region.

trans cis The HO tunneling motion is strongly coupled to the ammonia
ElF —4.468 —4.472 —10.416 —8.287 internal rotation (see Figure 4). Contrary to the nearly free
EMP? —6.365 —6.361 —15.520 —13.577 rotation of ammonia about it8;3 axis, water rotation about its
EMP4 —6.323 —6.320 —15.402 —13.454 symmetry axis have a barrier gy = 90°. This point on PES
DI 1.787 5.406 3.789 is the saddle point, vyhigh corresponds to t.h(.e bifurcated structure
DVP2 3.990 10.510 9.079 of the complex® Taking into account the minimum energy path,
DVP4 3.969 10.393 8.956 which involves the optimization of all the geometrical parametrs

for all the points except for the N+O2H7 angle, we found
NHa...HO, respectively® As one can see from the Table 1, the barrier of 1267 crit. Experimentally, the barrier height was
there is a significantly greater binding energy of ammonia to estimated to 840 cm!8if only the motion of the water subunit
two hydrogen-bonded water molecules in the trimeiq)d...NHs was considered in the tunneling process. The theoretical value
than there is to a single water molecule. This energy arises fromof the barrier is considerably higher than the experimental®ne.
the formation of a second hydrogen bond with ammonia Itis possible that further lowering of the rotation barrier can be
molecule acting as a donor of electron and the second waterobtained by introducing more polarization functions to the basis
molecule acting as the acceptor of H-bond. For the trimer set.

(NHs)2...H,O, one can notice also the greater binding energy  C. Application of the Potential Function to the Dimers

of water to two hydrogen-bonded ammonia molecules than thereand Trimers. DMC ResultsThe final PES calculated from the

is to a single ammonia molecules in the complexOH.NHs. nonpolarizable potential (dashed lines) is shown in Figure 5
A second ammonia molecule forms the H-bond with water for different configurations of the ammontavater dimer. For
molecule as a donor of H-bond and with the second ammoniathe entire PES region, the standard deviation between the fit
molecule as an acceptor of H-bond. The experimental dissocia-and ab initio points was 1071 crhand, in the negative PES
tion energy of this dimer and trimers is not known. Extensive region, 114 cm?. The final polarizable PES for the different
calculations of the binding energies of van der Waals complexesconfigurations is shown in Figure 5 using solid lines. Over the
indicate that our value calculated in the aug-cc-pvTZ basis setentire PES region, the standard deviation between the fit and
is underestimated, mainly due to an underestimation of the ab initio points was 1111 cnt and, in the negative PES region,
dispersion component of the interaction energy, by about 10 the standard deviation between the fit and ab initio points was

15%°51

B. Tunneling Motion of the Molecules in the Complex.
We are turning now to the internal motion of the molecules in
the dimer HO...NH;. We investigated the energetics of the NH
rotation about th&; axis of ammonia (described by the angle
xn) and HO rotation about th€, axis of water (described by

90 cnTl,

The results of the rotational and quadrupole coupling
constants averaged over the zero-point motion for the dimer
are given in Table 2. The numerical accuracy of the rotational
B andC constants is several tens MA%*1 The A constant is
much more difficult to calculate accurately, using the simple

the angleyo). These results are shown in Figures 3 and 4. The version of rotational constant evaluation employed in this DMC

trans structure correspondsye = 0°, the cis one tgn = 60°.
The MP2 energy difference trans-cis is equal to 0.41comly.

study, and the numerical accuracy does not exceed several
percent!! The calculated and experimental values agree within

Taking into account the minimum energy path connecting the the accuracy of the DMC method.
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Figure 4. Interaction energy for the rotation of the water molecule at the MP2/aug-cc-pvTZ level as a fundR@ndfo for the configuration

0o =48, Oy = yn = ¢o = ¢n = 0°.
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Figure 5. PES calculated from the nonpolarized (dashed lines) and polarized (solid lines) potential for different configurations of the-ammonia

A potential surface for the dimer can be utilized to determine DMC simulations were run, with the nonpolarizable and
the possible strutures of larger clusters, assuming pairwise polarizable potentials. Fordd...H,O, TIP4P potential was used
in the nonpolarizable cageand the MKW potential of ref 58

interactions between molecules in the cluster. BothdNHH,O

and (HO),...NH; complexes were investigated. Two sets of in the polarizable one. The nonpolarizable and polarizable
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TABLE 2: Rotational and Quadrupole Constants (in MHz)
for the trans Conformer of the NHz:+H,O and ND3:+-D,O
Complex

variable non-polarizable  polarizable exp 18

NHa...HO

A(MHz) 152 666 152 184 147 714

B(MHz) 6149 6196 6169

C(MHz) 6094 6140 6111

guadrupole const. —3.040 —3.156 —3.126
NDs...D,0

A(MHz) 77394 76871

B(MHz) 5258 5301 5220

C(MHz) 5183 5225 5142

guadrupole const. —3.208 —3.326 —3.344

TABLE 3: Comparison of the Geometrical Parameters
(distances in A Angles in Degrees) of the (}D)...NHz and
(NH3),...H,O Trimers Calculated by ab Initio and DMC
Methods (all symboles explaned at Figure 2c,d)

(H20)2...NHs (NH3)2...H.O
abinitio  non-polar polar abinitio non-polar polar
angles
1 57.22 57.48 56.68 61.77 60.94 61.05
2 65.27 68.00 67.27 54.50 53.40 54.34
3 57.50 54.61 56.17 63.72 65.79 64.71
heavy atom distance
A 3.0404 3.20 3.18  3.1293 3.33 3.25
B 2.8082 291 292  3.0749 3.19 2.92
C 2.7975 281 284 28411 2.93 3.14
heavy atom..H distance
a 2.2064 2.39 230 2.2021 2.43 2.37
b 1.8733 1.99 2.03 2.1625 2.30 2.23
c 1.8779 191 2.05 1.8987 2.00 1.99

TABLE 4: Rotational Constants (MHz) Calculated for the
(H20),...NH3 and (NHs),...H,O Trimers

rotational (H20)....NH; (NHs)z...H:0

const abinitio non-polar polar abinitio non-polar polar
A(MHz) 7176 7136 6864 6609 6379 6397
B(MHz) 5782 5239 5169 5329 4717 4924
C(MHz) 3286 3077 3003 3044 2789 2865

potentials for the NH..NHz; of refs 3 and 62 were used,
respectively. The energy of ¢@)....NHs; at the ab initio

minimum geometry is-14.65 kcal/mol for the nonpolarizable
potential, and—14.53 kcal/mol for the polarizable one, as
compared to the-15.40 kcal/mol ab initio value at the MP4/
aug-cc-pvTZ level. The energy of (N}3...H,O at the ab initio

minimum geometry is-11.42 kcal/mol for the nonpolarizable
potential, and-12.64 kcal/mol for the polarizable potential, as
compared to the-13.45 ab initio value at the MP4/aug-cc-pvTZ

level. The trimers in their ground vibrational states (calculated

by DMC) maintain the cyclic structure found by ab initio

calculations. Geometric properties and rotational constants of
the clusters are given in Table 3 and Table 4; the definitions of
the different angles and distances are given in Figs 2c,d. The
DMC expectation values of the different properties are compared

J. Phys. Chem. A, Vol. 106, No. 9, 2002795

(i) The equilibium geometry calculated for the dimer at MP2/
aug-cc-pvTZ levels agrees well with the experimental measure-
ments. The trans structure with a nonlinear equilibrium hydrogen
bond is a global minimum. Th®, dissociation energy is
computed to be-3.969 (MP4) kcal/mol, ca. 30% of which arises
from correlation effects.

(i) A new PES was constructed for the®l...NH; complex,
by fitting ab initio points to an analytic function, followed by
the calculations of rotational and quadrupole coupling constants
for the different isotopic species. The later quantities were
calculated by DMC averaging over the zero-point motion. The
agreement with experiment is very good.

(i) The present potential is the first ab initio potential
predicting the proper symmetry of the trimer structures assuming
pairwise interactions between molecules in the clusters. Geom-
etries and equilibrium rotational constants for the trimers derived
from the fits are satisfactorily similar to the ones predicted by
ab initio results. Our results can be utilized by spectroscopists
to determine the possible experimental structures of the trimers.
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