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ABSTRACT

Hydrogen bonded neutral clusters of ammonia, (NH;), (n = 2-6), have been theoretically investigated
employing the D95++(d,p) (and wherever necessary, higher) basis sets at the Hartree-Fock (HF) level as well as
with second-order Maller-Plesset (MP2) perturbation theory. While the ammonia trimer and tetramer exhibit perfect
molecular symmetries and are nonpolar, the pentamer and hexamer both optimize with slight deviations from perfect
symmetries and are seen to posses marginal, but nonzero dipole moments. The (NHs), linear clusters are seen to be

chemically softer than the corresponding cyclic ones.
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INTRODUCTION

In recent times, there have been a large number of
accurate theoretical as well as experimental
investigations on hydrogen bonded molecular clusters of
polar molecules such as (H,0), (n = 2-10) and (HF), (n =
2-10), as well as their anions [1-7]. These systems can
be probed only by ultrafast dynamical studies employing
the sophisticated techniques of femtosecond-pulsed
laser spectroscopy [6-7]. On the theoretical side, several
accurate methods such as the Moller-Plesset
perturbation theory and Coupled Cluster methods with
extended basis sets have been used to describe the
crucial role of electron correlation in these rather bound
neutral as well as anionic clusters [1-5]. As in the case of
water and hydrogen fluoride, the ammonia molecule too
possesses an electric dipole moment (of around 1.8
Debye), and hence is also expected to polymerize into
higher order, (ie. n > 2) neutral (NH3), clusters by
hydrogen bonding, the experimental signature for the
existence of which has indeed been observed [8-9].

One, and for its time fairly exhaustive, set of ab
initio computations for neutral (NH3), (n = 1-5) polymers
had been carried out in 1984 by Hirao et al. [10] at the
Hartree-Fock level, their best basis set employed being
6-31G**. While Hirao et al. obtained decent structures
for the n = 3 clusters, for the ammonia dimer, their cyclic
structure with C,, symmetry turned out to be more stable
than the asymmetric one, a result in contradiction to the
two more recent, accurate and independent theoretical

* Corresponding author. Tel/Fax : +62-85868077123
Email address : angga_vanniveau@yahoo.co.id

investigations of Zhu and Yang [11] and Cybulski [12],
who have demonstrably emphasized incorporation of
electron correlation for a proper theoretical description
of (NH3;),. Both the aforementioned conclusions support
the experimental findings of Odutola et al. [8], who
carried out, in 1979, molecular beam electric deflection
of ammonia polymers. Odutola et al. [8] further
conjectured that existence of ammonia polymers larger
than the dimer should be compatible only with nonpolar
cyclic structures (with zero dipole moment), since they
seemed to elude detection by inhomogeneous electric
fields. Olthof et al. [31] presented a model potential for
ammonia dimer derived from the vibrational-rotation
tunneling states and further developed a model for
monomer inversion in the dimer [14]. The most recent,
state-of the-art computation on the (NH3), dimer was
performed by Lee and Park [15] at the Hartree-Fock
(HF), MP2, and MP4 (single point) levels, who used a
series of correlation-consistent basis sets cc-pVXZ (X =
D,T,Q) and their augmented versions, strengthen the
conclusion [11-14] that the asymmetric C; dimer is
more stable than the centrosymmetric C,, one. A
‘polarization model’ for the (NHj3), polymers (n = 3-6)
was proposed by Turner and David [16], who, in line
with the nonpolar nature of the clusters for n = 3. were
led to planar (for nitrogen atoms) geometries
representing the most stable structures. Novaro et al.
[17] used their so-termed ‘bare-minimal’ Gaussian
basis set for their studies on the trimer (NH;);, with
several geometrical configurations with rigid, unrelaxed
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monomers, augmented by three-body terms in the
intermolecular potential representing numerically small
yet physically significant contributions to electron
correlation, that were decisive for relative stability. The
importance of correlation for a decent representation of
the intermolecular potential especially at large distances
has been further corroborated by Sadlej et al. [18] in
their accurate theoretical studies on the NHj; --- H,O
complex. Thus, in essence, for a correct theoretical
description of the neutral (NH3), clusters, a proper
inclusion of electron correlation is extremely crucial.

Signorell’s group has been studying structural and
dynamical properties of a system consisting of 28
ammonia molecules using molecular dynamics (MD)
simulations [19]. A snapshot of a typical pure ammonia
simulation at ca. 300 K is shown in figure 1. The
structure of ammonia molecules is dominated by the
hydrogen bond interactions and this, naturally, also
affects the dynamical properties of ammonia in many
ways. One may expect that diffusion of ammonia
molecules is rather slow for a molecule as small as
ammonia, due to the hydrogen bond network. Indeed,
this is the case but one must always bear in mind that
the hydrogen bond network is not at all static. Hydrogen
bonds are continuously broken and formed in the liquid
phase of ammonia. This fluxional behaviour is very
important in the analysis of the behaviour of ammonia
solvation shells around ions and phenomena such as
proton transfer.

For neutral ammonia clusters of large size (n = 34)
model theoretical studies supporting the experimental
findings have been reported [20-21]. Further, there are
reports on the experimental as well as theoretical
investigations on the ionic clusters of ammonia [22-26].
Although studies on molecular complexes formed with
neutral ammonia clusters have been reported [27-33],
accurate theoretical computations on neutral ammonia
clusters (for n > 2) seem to be rather scarce. The
present work endeavors to eliminate this deficiency
through an accurate, ab initio theoretical investigation on
neutral (NH3), clusters (2 < n < 6), at different levels of
electron correlation.

a

Figure 1. Snapshot of a simulafion of ammonia at 300 K.
The dotted lines represent hydrogen bonds [21]
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COMPUTATIONAL METHODS

The clusters of ammonia from dimer through
hexamer (along with an exhaustive search for their
corresponding energetically close isomers) were
optimized at the RHF and MP2 levels of theory with
the D95++(d,p) basis sets as well as higher ones as
was found necessary, employing the Gaussian 98W
suite of programs [34]. Single point energies have been
obtained at the MP3, and MP4 levels using the
corresponding MP2 optimized gometries. A set of
frequency calculations was further carried out on some
clusters at the RHF and MP2 levels to determine which
of the conformers of (NH3), were truly minimal on the
potential energy surface (PES).

RESULT AND DISCUSSION

The ab initio equilibrium structures of the (NHj3),
clusters resulting from the computations carried out as
describe above are depicted in Figure 2. The hydrogen
bonding is displayed both for the actual minimal-energy
structures as well as their energetically close variant.
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Figure 2. Geometries of ammonia clusters at MP2/
D95++(d,p) level
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Table 1. Relative energies® in kcal/mol of ammonia clusters using D95++(d,p) basis set’

Cluster RHF MP2 MP3
NH; Cs, 0.0 0.0 0.0
(NH3)2 Con -2.38 -3.81 (-2.21) -3.64
(NH3)3 Cs -2.51 (-1.16) -4.12 (-2.60) -3.81
(NH3)3 Can -8.34 (-3.7) -13.12 (-8.62) -12.33
(NH3)4 Can -13.15 (-7.04) -20.16 (-14.24) -19.1
(NH3)4 Lin -8.53 -13.21 -12.76
(NHs)s Cyc -15.87 (-9.06) -25.37 (-18.20) -24.23
(NH3)s Lin -11.74 -18.19 -17.36
(NHs)s Cyc -19.78 (-10.75) -31.76 (-22.28) -30.35
(NHs)s Lin -15.02 -23.07 -22.15

“The energy (in au) values of NH; at various levels are: RHF = -56.2011, MP2 = -56.3925, MP3 = -56.4043, MP4 = -56.4067.
Values in parentheses indicate relative energies after inclusion of ZPE at the respective levels

Table 2. HOMO-LUMO gap and dipole moments of ammonia clusters at RHF/ D95++(d,p) level geometry

Cluster Sym HOMO-LUMO gap (eV) Dipole moment (Debye)?
NH3 Cs, 12.64 1.72
(NH3), Con 12.52 0.00
(NH3)3 Cs 11.15 2.33
(NHs)3 Can 12.22 0.00
(N H3)4 CyC C4h 11.63 0.00
(NH3)4 Lin C, Linear 10.89 6.15
(NHs)s Cyc C, 11.85 0.27
(NH5)s Lin C, Linear 11.22 8.32
(NH3)s Cyc C: 11.77 1.24
(NH3) Lin C, Linear 11.14 9.17

°At MP2/DZP level

Table 1 gives their relative energies at various
levels of theory while Table 2 gives certain other
properties of interest like HOMO-LUMO gap and dipole
moment. It may be noted that for the dimer, the structure
with C; symmetry that exhibits a dipole moment of 2.31
Debye is indeed more stable than the centrosymmetric,
nonpolar cyclic C,, one (Figure 2a and b), in qualitative
conformity with the earlier works [11-12,15]. The present
work leads to a relative stability of the former over the
latter of about 0.067 kcal/mol MP2/ D95++(d,p) level of
calculation; this number stabilizes the Cs over C,, by
about 2.6 times that is suggested in [15]. This may be
attributed to the size of basis set used. However, the
qualitative trends are correctly brought out by this basis,
which justifies its use for analysis of higher clusters.
Further, at MP2/D95++(d,p) and MP2/D95++(2d,2p)
levels the C,, has one imaginary frequency indicating
that only the C dimer exists as a true minimum on the
corresponding PES.

Since the work by Odutola et al. [8] is suggestive of
nonpolar ammonia clusters for n = 3-6, we looked for
symmetric as well as near symmetric clusters. The trimer
at both the RHF and MP2 levels optimizes to Cj,
symmetric cyclic structure with apparently no other
energetically close PES (local-) minima structures
(Figure 2c). Further, the investigations on the tetramer
lead two different conformers; the most stable, cyclic
C4n symmetric structure is found to be stabilized by 4.62

kcal/mol relative to the more spread linear one. Thus,
as conjectured by Odutola et al. [8] both the trimer and
the most stable tetramer indeed do give nonpolar and
cyclic (‘ring’, as in [8]) optimized structures.

The pentamer poses a very intriguing question,
since our exhaustive search over the most stable
species of (NH3)s revealed that the optimized
equilibrium structure for the pentamer is certainly not
one with a perfect Cs, symmetry, but rather a cyclic
non-(nitrogen)-planar one with a dipole moment of a
mere 0.27 Debye (Figure 2g). To confirm this, we
performed  Cs,  symmetry-constrained  geometry
optimization at both RHF and MP2 levels, using the
D95++(d,p) and D95++(2d,2p) basis sets. The
vibrational frequencies at these levels show two
imaginary frequencies indicating that the Cs, structure
is actually not a minimum on the PES even though it
has a zero dipole moment. The relative energies, in
kcal/mol, of the pentamer in the two computations
turned out to be as follows: for the ‘relaxed’
computation: -15.87 (RHF) and -25.37 (MP2), while for
the ‘Cs,-constrained’ computation: -15.6 (RHF) and -
23.77 (MP2). Thus, the conjecture of higher (n > 2)
ammonia clusters being nonpolar appears to be only
partly true. In addition, a pentamer with a linear
structure (dipole moment -8.32 Debye) is also
observed on the PES, as shown in Figure 2f.
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We carried out an extensive sarch on hexamers
with near as well as perfect Cg, symmetry. Two
structures were obtained, namely linear and cyclic, as
depicted in Figure 2h,i, respectively (the corresponding
dipole moment being 1.24 and 9.17 Debye). The MP2
relative energies of the cyclic and linear haxamer
structures, respectively, are: -31.76 and -23.07 kcal/mol.
This emphasizes the fact that the most stable higher-
order ammonia clusters with n = 5 and 6 are in fact
slightly polar; imparting only a partial validity (for n = 3
and 4) to Odutola et al. [8] conjecture of nonpolarity of
higher clusters. This scenario therefore reflects a strong
need for extremely accurate experiments on neutral
ammonia clusters.

It may be noted that for n = 4-6, the linear species
are typically higher in energy by around 5-7 kcal/mol
than their most stable, relatively compact counterparts,
which signifies a deficiency of hydrogen bonding of two
H-bonds. Further, the MP2 and MP4 relative energies
are remarkably similar, indicating that MP2 energies are
sufficient for obtaining trends. We also have reported the
HOMO-LUMO gap values for the species in Table 2,
which may be taken to be a measure of hardness [35] in
a Koopmans-sense. The HOMO-LUMO gap decrease
with increasing clusters size for most stable cyclic
structures, indicating enhancement in their chemical
softness and hence the chemical reactivity. It may also
be noted that the cyclic clusters are indeed more stable
than the corresponding linear clusters and exhibit higher
HOMO-LUMO gaps (Table 2) which is in accordance
with the Hard-Soft Acid-Base principle [35].

Comparison between our ab initio calculations and
previous MD simulation [19] for structure of ammonia
molecules is not comparable since ab initio calculations
reflect the situation at 0 K and also much too small to be
representative for the bulk of a liquid. The MD simulation
will provide us with detailed structural and dynamical
properties while ab initio calculations only provide
statical structures. However, both methods provide
conclusive evidence that the ammonia cluster structures
and dynamics are completely dominated by hydrogen
bond rearrangement at the global minimum energy
structure.

CONCLUSION

For the dipole-bonded neutral agglomerates of
ammonia, the (NHj), clusters, an accurate
representation of electron correlation is indispensable in
a proper theoretical treatment. These clusters for n=
2-6 have been studied herein using the D95++ basis
sets at the Hartree-Fock level as well as second-(fully
optimized), third-and fourth-order (single point) levels of
the Moller-Plesset perturbation theory. Different,
energetically close (and local minima on the PES)
structures to the most stable ones have also been
reported. The present study reaffirms the conclusion of
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Cs symmetry for the most stable dimer as borne out in
the previous works, and further investigates the higher
order clusters. While the ammonia trimer and tetramer
exhibit perfect molecular symmetries and are nonpolar,
in conformity with surmise of the 1979 experiments, the
pentamer and the hexamer both optimize with slight
deviations from perfect symmetries and are seen to
possess marginal, but nonzero dipole moments. The
cyclic (NH3), clusters, become chemically softer with
‘n’, as inferred from their Koopmans HOMO-LUMO
gaps. It may be remarked that the n = 5 and 6
ammonia clusters, with their only marginal dipole
moments, may well have eluded the experiments
performed 1979, but pose a strong need for accurate
experimentation for their detection as well as
theoretical computations with a higher basis, for their
further corroboration.

ACKNOWLEDGEMENT

This work was supported by a fundamental
research grant of Pekan Sains Fisika VIIl. We also
gratefully acknowledge the crucial help rendered to us
by Prastowo Adi, M.Eng in making a lot of references
available and also Citra Dewi Hapsari, M.Eng.Sc for
helpful discussions.

REFERENCES

1. Kryachko, E.S., 1997, Chem. Phys. Lett, 272, 132.

2. Kim, J., Majundar, D., Lee, H.M., and Kim, K.S,,
199, J. Chem. Phys, 110, 9128.

3. Sadlej, J., Kzimirski, J.K., and Buck, U., 1999, J.
Phys. Chem. A, 103, 4933.

4. Smith, D.M.A., Smets, J., Elkadi, L., and
Adamowicz, 1998, J. Chem. Phys, 109, 1238.

5. Kulkarni, S.A., Bartolotti, L.J., and Pathak, R.K,,
2000, J. Chem. Phys, 113, 2697.

6. Liu, K., Curzan, J.D., and Saykally, R.J., 1996,
Science, 271, 929.

7. Viant, M.R., Curzan, J.D., Lucas, D.D., and
Saykally, R.J., J. Phys. Chem, 1997, 101, 9032.

8. Odutula, J.A., Dyke, T.R.,, Howard, B., and
Muether, J.S., 1979, J. Chem. Phys, 70, 4884.

9. Suzer, S., and Andrews, L., 1987, J. Chem. Phys,
87, 5131.

10. Hirao, K., Fujikawa, T., Hinoshi, H., and Yamabe,
S., 1984, Chem. Phys. Lett, 104, 184.

11. Zhu, T., and Yang, W., 1994, Int. J. Quantum
Chem, 49, 613.

12. Cybulski, S.M., 1994, Chem. Phys. Lett, 228, 451.

13. Olthof, E.H.T., van der Avoird, A., and Wormer,
P.E.S., 1994, Chem. Phys, 101, 8430.

14. Olthof, E.H.T., van der Avoird, A., Wormer, P.E.S.,
Loesser, J.G., and Saykally, R.J., 1994, J. Chem.
Phys, 101, 8443.

Herudi Kandau et al.



396

15.
16.
17.
18.
19.
20.

21.

22.
23.
24.
25.
26.
27.
28.

20.

Indo. J. Chem., 2008, 8 (3), 392 - 396

Lee, J.S., and Park, S.J., 2000, J. Chem. Phys, 112,
230.

Turner, P.J., and David, C.W., 1981, J. Chem. Phys,
85, 3501.

Novaro, O., Cruz, S., Castillo, S., Kolos, W., and
Les, A, 1981, J. Chem. Phys, 74, 1118.

Sadlej, J., Moszynski, M., Doborowski, J., and
Mazurek, A.P., 1999, J. Phys. Chem. A, 103, 8529.
Firanescu, G., Luckhaus, D., and Signorell, R., 2006,
J. Chem. Phys., 125, 14501.

Dykstra, C.E., and Andrews, L., 1990, J. Chem.
Phys. 92, 6043.

Card, D.A., Folmer, D.E., Sato, S., Buzza, S.A., and
Castleman Jr, AW., 1997, J. Phys. Chem. A, 101,
3417.

Babalev, N.K., and Lakhbo, V.K., 1985, Chem. Phys.
Lett., 240, 585.

Barnett, R.N., Landman, U., Cleveland, C.L., and
Kestner, K.R., 1988, Chem. Phys. Lett, 148, 249.
Desfrancois, C., Lisfi, A., and Schermann, J.P.,
1992, Z. Phys. D; Atoms Mols. Clust, 24, 297.
Stampfli, P., 1995, Phys. Reports, 255, 1.
Freudenberg, T., Stert, V., Radloff, W., Ringling, J.,
Korn, G., and Hertel, V., 1997, Chem. Phys. Lett,
269, 523.

Wei, S., Purnell, J., Buzza, S.A., and Castleman Jr,
AW., 1992, J. Chem. Phys, 97, 9480.

Shinohara, H., Nishi, N., and Washida, N., 1985, J.
Chem Phys, 83, 1989.

Ichihashi, H., Yamabe, J.Y., and Murai, K.., 1996, J.
Phys. Chem , 100, 10050.

30.
31.

32.

33.

34.

35.

Park, J.K., 1999, Bull. Korean Chem. Soc, 20, 592.
Kleninger, M., and Suhai, S., 1996, J. Comput.
Chem, 17, 1508.

Shin, D.N., DeLeon, R.L., and Garvey, J.F., 1998,
J. Phys. Chem. A, 102, 772.

Takasu, R., Hashimoto, K., Okuda, R., and Fuke,
K, 1999, J. Phy. Chem. A, 103, 349.
Frisch, M.J., Trucks, G.W., Schlegel, H.B.,

Scuseria, G.E., Robb, M.A., Cheeseman, J.R,,
irzewski, V.G., Montgomery, J.A.Jr., Stratmann,
R.E., Burant, J.C., Dapprich, S., Millam, J.M.,
Daniels, A.D., Kudin, K.N., Strain, M.C., Farkas, O.,
Tomasi, J., Barone, V., Cossi, M., Cammi, R,
Mennucci, B., Pomelli, C., Adamo, C., Clifford, S.,
Ochterski, J., Petersson, G.A., Ayala, P.Y., Cui, Q.,
Morokuma, K., Malick, D.K., Rabuck, A. D,
Raghavachari, K., Foresman, J.B., Cioslowski, J.,
Ortiz, J.V., Baboul, A.G., Stefanov, B.B., Liu, G,,
Liashenko, A., Piskorz, P., Komaromi, I,
Gomperts, R., Martin, R.L., Fox, D.J., Keith,T., Al-
Laham, M.A., Peng, C.Y., Nanayakkara, A,
Challacombe, M., Gill, P.M.W., Johnson, B.,
Chen, W., Wong, M.W., Andres, J.L., Gonzalez, C.,
Head-Gordon, M., Replogle, E.S., Pople, J.A.,
1998, Gaussian 98, Revision A.7; Gaussian, Inc.:
Pittsburgh, PA.

Parr, R.G., and Yang, W., 1989, Density Functional
Theory of Atoms and Molecules, Oxford University
Press, New York, pp.87.

Herudi Kandau et al.




394

[image: image1.jpg]





PAGE  

395

[image: image2.jpg]







AB INITIO STUDY OF AMMONIA CLUSTERS: (NH3)n (n = 2-6) 


Herudi Kandau1, Hanggara Sudrajat2,*, Andreas Napitupulu3,  Syahrul Khairi2, Zaky Al-Fatony2, 

and Herman Siagian4 


1Department of Physics, Faculty of Mathematics and Natural Sciences


Gadjah Mada University, Sekip Utara Yogyakarta 55281

2 Department of Chemistry, Faculty of Mathematics and Natural Sciences


Gadjah Mada University, Sekip Utara Yogyakarta 55281

3Department of Physical Engineering, Faculty of Engineering


Gadjah Mada University, Jl. Grafika No.2 Yogyakarta 55281

4Physics Education Department, Faculty of Mathematics and Natural Sciences


State University of Yogyakarta, Karangmalang, Depok, Yogyakarta 55283

Received 24 March 2008; Accepted 10 October 2008

ABSTRACT


Hydrogen bonded neutral clusters of ammonia, (NH3)n (n = 2-6), have been theoretically investigated employing the D95++(d,p) (and wherever necessary, higher) basis sets at the Hartree-Fock (HF) level as well as with second-order Møller-Plesset (MP2) perturbation theory. While the ammonia trimer and tetramer exhibit perfect molecular symmetries and are nonpolar, the pentamer and hexamer both optimize with slight deviations from perfect symmetries and are seen to posses marginal, but nonzero dipole moments. The (NH3)n linear clusters are seen to be chemically softer than the corresponding cyclic ones.  

Keywords: ab initio calculation, ammonia clusters, Hartree-Fock, Møller-Plesset.

INTRODUCTION


In recent times, there have been a large number of accurate theoretical as well as experimental investigations on hydrogen bonded molecular clusters of polar molecules such as (H2O)n (n = 2-10) and (HF)n (n = 2-10), as well as their anions [1-7]. These systems can be probed only by ultrafast dynamical studies employing the sophisticated techniques of femtosecond-pulsed laser spectroscopy [6-7]. On the theoretical side, several accurate methods such as the Møller-Plesset perturbation theory and Coupled Cluster methods with extended basis sets have been used to describe the crucial role of electron correlation in these rather bound neutral as well as anionic clusters [1-5]. As in the case of water and hydrogen fluoride, the ammonia molecule too possesses an electric dipole moment (of around 1.8 Debye), and hence is also expected to polymerize into higher order, (i.e. n > 2) neutral (NH3)n clusters by hydrogen bonding, the experimental signature for the existence of which has indeed been observed [8-9].


One, and for its time fairly exhaustive, set of ab initio computations for neutral (NH3)n (n = 1-5)  polymers had been carried out in 1984 by Hirao et al. [10] at the Hartree-Fock level, their best basis set employed being 6-31G**. While Hirao et al. obtained decent structures for the n ≥ 3 clusters, for the ammonia dimer, their cyclic structure with C2h symmetry turned out to be more stable than the asymmetric one, a result in contradiction to the two more recent, accurate and independent theoretical investigations of Zhu and Yang [11] and Cybulski [12], who have demonstrably emphasized incorporation of electron correlation for a proper theoretical description of (NH3)2. Both the aforementioned conclusions support the experimental findings of Odutola et al. [8], who carried out, in 1979, molecular beam electric deflection of ammonia polymers. Odutola et al. [8] further conjectured that existence of ammonia polymers larger than the dimer should be compatible only with nonpolar cyclic structures (with zero dipole moment), since they seemed to elude detection by inhomogeneous electric fields. Olthof et al. [31] presented a model potential for ammonia dimer derived from the vibrational-rotation tunneling states and further developed a model for monomer inversion in the dimer [14]. The most recent, state-of the-art computation on the (NH3)2  dimer was performed by Lee and Park [15] at the Hartree-Fock (HF), MP2, and MP4 (single point) levels, who used a series of correlation-consistent basis sets cc-pVXZ (X = D,T,Q) and their augmented versions, strengthen the conclusion [11-14] that the asymmetric Cs dimer is more stable than the centrosymmetric C2h one. A ‘polarization model’ for the (NH3)n polymers (n = 3-6) was proposed by Turner and David [16], who, in line with the nonpolar nature of the clusters for n ≥ 3. were led to planar (for nitrogen atoms) geometries representing the most stable structures. Novaro et al. [17] used their so-termed ‘bare-minimal’ Gaussian basis set for their studies on the trimer (NH3)3, with several geometrical configurations with rigid, unrelaxed monomers, augmented by three-body terms in the intermolecular potential representing numerically small yet physically significant contributions to electron correlation, that were decisive for relative stability. The importance of correlation for a decent representation of the intermolecular potential especially at large distances has been further corroborated by Sadlej et al. [18] in their accurate theoretical studies on the NH3 --- H2O complex. Thus, in essence, for a correct theoretical description of the neutral (NH3)n clusters, a proper inclusion of electron correlation is extremely crucial. 


Signorell’s group has been studying structural and dynamical properties of a system consisting of 28 ammonia molecules using molecular dynamics (MD) simulations [19]. A snapshot of a typical pure ammonia simulation at ca. 300 K is shown in figure 1. The structure of ammonia molecules is dominated by the hydrogen bond interactions and this, naturally, also affects the dynamical properties of ammonia in many ways. One may expect that diffusion of ammonia molecules is rather slow for a molecule as small as ammonia, due to the hydrogen bond network. Indeed, this is the case but one must always bear in mind that the hydrogen bond network is not at all static. Hydrogen bonds are continuously broken and formed in the liquid phase of ammonia. This fluxional behaviour is very important in the analysis of the behaviour of ammonia solvation shells around ions and phenomena such as proton transfer. 

For neutral ammonia clusters of large size (n ≥ 34) model theoretical studies supporting the experimental findings have been reported [20-21]. Further, there are reports on the experimental as well as theoretical investigations on the ionic clusters of ammonia [22-26]. Although studies on molecular complexes formed with neutral ammonia clusters have been reported [27-33], accurate theoretical computations on neutral ammonia clusters (for n  > 2)  seem to be rather scarce. The present work endeavors to eliminate this deficiency through an accurate, ab initio theoretical investigation on neutral (NH3)n clusters (2 ≤ n ≤ 6), at different levels of electron correlation.

Figure 1. Snapshot of a simulation of ammonia at 300 K. The dotted lines represent hydrogen bonds [21]

COMPUTATIONAL METHODS

The clusters of ammonia from dimer through hexamer (along with an exhaustive search for their corresponding energetically close isomers) were optimized  at the RHF and MP2 levels of theory with the D95++(d,p) basis sets as well as higher ones as was found necessary, employing the Gaussian 98W suite of programs [34]. Single point energies have been obtained at the MP3, and MP4 levels using the corresponding MP2 optimized gometries. A set of frequency calculations was further carried out on some clusters at the RHF and MP2 levels to determine which of the conformers of (NH3)n were truly minimal on the potential energy surface (PES).

RESULT AND DISCUSSION

The ab initio equilibrium structures of the (NH3)n clusters resulting from the computations carried out as describe above are depicted in Figure 2. The hydrogen bonding is displayed both for the actual minimal-energy structures as well as their energetically close variant. 



Figure 2. Geometries of ammonia clusters at MP2/ D95++(d,p) level


Table 1. Relative energiesa  in kcal/mol of ammonia clusters using D95++(d,p) basis setb

		Cluster

		RHF

		MP2

		MP3



		NH3 C3υ

		0.0

		0.0

		0.0



		(NH3)2 C2h

		-2.38

		-3.81 (-2.21)

		-3.64



		(NH3)3 Cs

		-2.51 (-1.16)

		-4.12 (-2.60)

		-3.81



		(NH3)3 C3h

		-8.34 (-3.7)

		-13.12 (-8.62)

		-12.33



		(NH3)4 C4h

		-13.15 (-7.04)

		-20.16 (-14.24)

		-19.1



		(NH3)4 Lin

		-8.53

		-13.21

		-12.76



		(NH3)5 Cyc

		-15.87 (-9.06)

		-25.37 (-18.20)

		-24.23



		(NH3)5 Lin

		-11.74

		-18.19

		-17.36



		(NH3)6 Cyc

		-19.78 (-10.75)

		-31.76 (-22.28)

		-30.35



		(NH3)6 Lin

		-15.02

		-23.07

		-22.15





aThe energy (in au) values of NH3 at various levels are: RHF = -56.2011, MP2 = -56.3925, MP3 = -56.4043, MP4 = -56.4067. 


 b Values in parentheses indicate relative energies after inclusion of ZPE at the respective levels

Table 2. HOMO-LUMO gap and dipole moments of ammonia clusters at RHF/ D95++(d,p) level geometry

		Cluster

		Sym

		HOMO-LUMO gap (eV)

		Dipole moment (Debye) a



		NH3 

		C3υ

		12.64

		1.72



		(NH3)2 

		C2h

		12.52

		0.00



		(NH3)3 

		Cs

		11.15

		2.33



		(NH3)3 

		C3h

		12.22

		0.00



		(NH3)4 Cyc 

		C4h

		11.63

		0.00



		(NH3)4 Lin

		C1 Linear

		10.89

		6.15



		(NH3)5 Cyc

		C1

		11.85

		0.27





		(NH3)5 Lin

		C1 Linear

		11.22

		8.32



		(NH3)6 Cyc

		C1

		11.77

		1.24



		(NH3)6 Lin

		C1 Linear

		11.14

		9.17





aAt MP2/DZP level


Table 1 gives their relative energies at various levels of theory while Table 2 gives certain other properties of interest like HOMO-LUMO gap and dipole moment. It may be noted that for the dimer, the structure with Cs symmetry that exhibits a dipole moment of 2.31 Debye is indeed more stable than the centrosymmetric, nonpolar cyclic C2h one (Figure 2a and b), in qualitative conformity with the earlier works [11-12,15]. The present work leads to a relative stability of the former over the latter of about 0.067 kcal/mol MP2/ D95++(d,p) level of calculation; this number stabilizes the Cs over C2h by about 2.6 times that is suggested in [15]. This may be attributed  to the size of basis set used. However, the qualitative trends are correctly brought out by this basis, which justifies its use for analysis of higher clusters. Further, at MP2/D95++(d,p) and MP2/D95++(2d,2p) levels the C2h has one imaginary frequency indicating that only the Cs dimer exists as a true minimum on the corresponding PES.   


Since the work by Odutola et al. [8] is suggestive of nonpolar ammonia clusters for n = 3-6, we looked for symmetric as well as near symmetric clusters. The trimer at both the RHF and MP2 levels optimizes to C3h symmetric cyclic structure with apparently no other energetically close PES (local-) minima structures (Figure 2c). Further, the investigations on the tetramer lead two different conformers; the most stable, cyclic  C4h symmetric structure is found to be stabilized by 4.62 kcal/mol relative to the more spread linear one. Thus, as conjectured by Odutola et al. [8] both the trimer and the most stable tetramer indeed do give nonpolar and cyclic (‘ring’, as in [8]) optimized structures. 


The pentamer poses a very intriguing question, since our exhaustive search over the most stable species of (NH3)5 revealed that the optimized equilibrium structure for the pentamer is certainly not one with a perfect C5h symmetry, but rather a cyclic non-(nitrogen)-planar one with a dipole moment of a mere 0.27 Debye (Figure 2g). To confirm this, we performed C5h symmetry-constrained geometry optimization at both RHF and MP2 levels, using the D95++(d,p) and D95++(2d,2p) basis sets. The vibrational frequencies at these levels show two imaginary frequencies indicating that the C5h structure is actually not a minimum on the PES even though it has a zero dipole moment. The relative energies, in kcal/mol, of the pentamer in the two computations turned out to be as follows: for the ‘relaxed’ computation: -15.87 (RHF) and -25.37 (MP2), while for the ‘C5h-constrained’ computation: -15.6 (RHF) and -23.77 (MP2). Thus, the conjecture of higher (n > 2) ammonia clusters being nonpolar appears to be only partly true. In addition, a pentamer with a linear structure (dipole moment -8.32 Debye) is also observed on the PES, as shown in Figure 2f.


We carried out an extensive sarch on hexamers with near as well as perfect C6h symmetry. Two structures were obtained, namely linear and cyclic, as depicted in Figure 2h,i, respectively (the corresponding dipole moment being 1.24 and 9.17 Debye). The MP2 relative energies of the cyclic and linear haxamer structures, respectively, are: -31.76 and -23.07 kcal/mol. This emphasizes the fact that the most stable higher-order ammonia clusters with n = 5 and 6 are in fact slightly polar; imparting only a partial validity (for n = 3 and 4) to Odutola et al. [8] conjecture of nonpolarity of higher clusters. This scenario therefore reflects a strong need for extremely accurate experiments on neutral ammonia clusters.


It may be noted that for n = 4-6, the linear species are typically higher in energy by around 5-7 kcal/mol than their most stable, relatively compact counterparts, which signifies a deficiency of hydrogen bonding of two H-bonds. Further, the MP2 and MP4 relative energies are remarkably similar, indicating that MP2 energies are sufficient for obtaining trends. We also have reported the HOMO-LUMO gap values for the species in Table 2, which may be taken to be a measure of hardness [35] in a Koopmans-sense. The HOMO-LUMO gap decrease with increasing clusters size for most stable cyclic structures, indicating enhancement in their chemical softness and hence the chemical reactivity. It may also be noted that the cyclic clusters are indeed more stable than the corresponding linear clusters and exhibit higher HOMO-LUMO gaps (Table 2) which is in accordance with the Hard-Soft Acid-Base principle [35].  


Comparison between our ab initio calculations and previous MD simulation [19] for structure of ammonia molecules is not comparable since ab initio calculations reflect the situation at 0 K and also much too small to be representative for the bulk of a liquid. The MD simulation will provide us with detailed structural and dynamical properties while ab initio calculations only provide statical structures. However, both methods provide conclusive evidence that the ammonia cluster structures and dynamics are completely dominated by hydrogen bond rearrangement at the global minimum energy structure.

CONCLUSION


For the dipole-bonded neutral agglomerates of ammonia, the (NH3)n clusters, an accurate representation of electron correlation is indispensable in a proper theoretical treatment. These clusters for       n = 2-6 have been studied herein using the D95++ basis sets at the Hartree-Fock level as well as second-(fully optimized), third-and fourth-order (single point) levels of the Møller-Plesset perturbation theory. Different, energetically close (and local minima on the PES) structures to the most stable ones have also been reported. The present study reaffirms the conclusion of Cs symmetry for the most stable dimer as borne out in the previous works, and further investigates the higher order clusters. While the ammonia trimer and tetramer exhibit perfect molecular symmetries and are nonpolar, in conformity with surmise of the 1979 experiments, the pentamer and the hexamer both optimize with slight deviations from perfect symmetries and are seen to possess marginal, but nonzero dipole moments. The cyclic (NH3)n clusters, become chemically softer with ‘n’, as inferred from their Koopmans HOMO-LUMO gaps. It may be remarked that the n = 5 and 6 ammonia clusters, with their only marginal dipole moments, may well have eluded the experiments performed 1979, but pose a strong need for accurate experimentation for their detection as well as theoretical computations with a higher basis, for their further corroboration.
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