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Abstract

Structures and interaction energies of dimers and trimers of hydroxylamine (NH2OH) were investigated using an intermo-
lecular potential derived from the test-particle model (T-model). The T-model results were examined using ab initio calcula-
tions at various levels of accuracy, ranging from MP2/6-311G(d,p) to MP2/6-31111G(2d,2p) for the dimers, as well as from
MP2/6-31G(d,p) to MP2/6-31111G(2d,2p) for the trimers. Both T-model and MP2 calculations confirmed that a cyclic
arrangement of O–H…N hydrogen bonds (H-bonds) represents the absolute minimum energy geometry of the dimers. Several
local minimum energy geometries were suggested based on the T-model and MP2 results. For the trimers, the T-model and
MP2 predicted a slightly different absolute minimum energy geometry. The T-model preferred a compact H-bonded structure,
whereas MP2 with the largest basis set preferred a stacked H-bond arrangement. Ab initio calculations at the SCF/6-
31111G(2d,2p) level showed that the effects of electron correlation play an important role in the association of compact
H-bonded clusters. Some properties of liquid NH2OH were investigated based on the T-model potential. Molecular Dynamics
(MD) simulations were performed for the liquid at 318 and 329 K. MD results suggested a slightly higher possibility of finding
the O–H…O H–bond, compared to the O–H…N H–bond in the liquid. There was no direct evidence showing the existence of
cyclic dimers in the liquid.q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Structures, energetics and dynamics of hydroxyla-
mine (NH2OH) dimer have been investigated in the
past 10 years, using various spectroscopic and compu-
tational methods [1–11]. Consisting of both O–H and
N–H groups in the same molecule, clusters of NH2OH
could be formed using several types of hydrogen
bonds (H-bonds), e.g. O–H…N, O–H…O, N–H…N
and N–H…O. Yeo et al. [1,4,6] investigated H-bonds
in (NH2OH)2, as well as in NH2OH–NH3, and
NH2OH–H2O, using matrix–isolation infrared (IR)

spectroscopy and ab initio calculations with the
6-31G(d,p) basis set. Ab initio results showed the
absolute and at least three local minimum energy
geometries on the dimer potential energy surface. A
six-membered cyclic structure with two identical
O–H…N H-bonds was reported to represent the
most stable structure in the gas phase [1]. The result
was supported by an analysis of the observed bands in
the IR spectra [7]. Based on the shifts of the wave-
numbers of the H-bonded O–H and N–H stretching
absorption bands, it was pointed out in [6] that the
O–H…N H-bond is stronger than the O–H…O and
N–H…N H-bonds, respectively. It was also noted in
[4] that the N–H…O H-bond is the least favourable
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for the dimer. The N–H…O H-bond had been,
therefore, excluded in further investigations.

Michopoulos et al. [10] presented an intermolecular
potential function to describe the interaction between
two NH2OH molecules. The potential energy function
was derived based on ab initio calculations with a
supermolecular approach. The SCF-ECP (self-consis-
tent field-effective core potential) method was
employed with a DZP (double zeta plus one polariza-
tion function) basis set for heavy atoms. With special
emphasis on the six-membered cyclic structure and
some selected H-bonded configurations, 658 energy
values were computed, from which the absolute and
four local minimum energy geometries were verified
with larger basis set calculations, as well as with
higher level of theory calculations by the CEPA
(Coupled Electron Pair Approximation) method. It
was pointed out that, although the absolute interaction
energies computed from the SCF-ECP method were
not accurate, the relative stability order for the dimers
was quite well preserved, in comparison with the
CEPA results. All the SCF-ECP interaction energies
were fitted to an analytical potential energy function,
for which the potential parameters were determined.
The dipole moment deduced from the fitted fractional
atomic charges was reported to be 1.16 D, compared
to the experimental value of 0.59̂ 0.05 D [12]. The
intermolecular potential energy function was applied
in Monte Carlo (MC) simulations of liquid at 318 K
[11]. It turned out that the average potential energy
per molecule derived from MC was rather low. In
order to obtain a more realistic potential energy of
the liquid, the authors had to include some cut-off
distance in the potential function. This might be
evidence showing the incompleteness of the potential
energy surface, especially in the repulsive regions.
Since the Basis Set Superposition Error (BSSE) was
not corrected in the previous work [10], it could also
have made a contribution in the average potential
energy of the liquid.

In the present study, an intermolecular potential to
describe the interaction between NH2OH molecules
was constructed using the test-particle model (T-
model) [13]. The reported equilibrium structures of
the dimers were reinvestigated based on the T-
model potential. Since only three dimeric forms
have been discussed in detail so far [1–11], the T-
model potential was applied in searching for other

possible equilibrium dimer structures in the gas
phase. For the first time, the structures and energetics
of the trimers in the gas phase were systematically
investigated based on the T-model potential. In
order to examine the T-model results, some lowest-
lying energy geometries predicted by the T-model
potential were examined using ab initio calculations
at various levels of accuracy. The T-model potential
was applied in the calculations of properties of liquid
NH2OH at 318 and 329 K, using Molecular Dynamics
(MD) simulations. The results are discussed in
comparison with the previous MC results [11], as
well as with available experimental data on the
same and similar systems.

2. The test-particle model (T-model)

In previous publications [14–20], the T-model had
been used in the construction of intermolecular poten-
tials of various chemical systems, ranging from
weakly associated molecules, such as NH3 [14],
CHClF2 [15], CS_2;CO2 [16] and N2 [17], to strongly
H-bonded systems, such as NH2COH [18], HF and
HCN [19]. The computed T-model potentials had
been tested and applied successfully in the investiga-
tion of various gas and liquid properties. Since the
T-model includes the dispersion energy in an approxi-
mate way, it was also applied satisfactorily in the
studies of dimers of heterocyclic aromatic
compounds, such as pyridine [20] and the base pairs
of DNA [19]. The most recent publication on phenol
[21] confirmed that the T-model potentials are quite
suitable for the investigation of structures and
energetics of large interacting systems, in which
both H-bonding andp–p interaction play a dominant
role. The derivation of the T-model has been
presented in detail elsewhere [13]. Here, only some
relevant aspects will be briefly summarized.

In the T-model, the interaction energy (DE)
between molecules A and B is written as a sum of
the first-order interaction energy (DE1

SCF) and a
higher-order term (DEr).

DE � DE1
SCF 1 DEr �1�

DE1
SCF accounts for the exchange repulsion and

electrostatic energy contributions. It is computed from
ab initio calculations [13] and takes the following
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form:

DE1
SCF�
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whereAij andBij are the potential parameters andRij

are the site–site distances. The exponential term in
Eq. (2) represents the size and shape of the interacting
molecules A and B. The point charges (qi andqj) are
obtained from the requirement that a point-charge
model reproduces the electrostatic potentials of mole-
cules of interest. In our previous study [20], we
showed that the potential derived (PD) charges [22]
are also applicable. In the present study,qi andqj for
NH2OH were determined by a fit of the electrostatic
potentials at points selected according to the CHelpG
scheme [23]. The electrostatic potentials used in the fit
were derived from ab initio calculations at the MP2/6-
311G(d,p) level of theory. About 5300 electrostatic
energy values were employed in the fit of the atomic
charges. The dipole moment computed from the
CHelpG point charges was 0.68 D, in comparison
with the experimental value of 0.59̂ 0.05 D [12].

The higher-order energy contributions,DEr in Eq.
(1), could be determined by a calibration of the
incomplete potential to the experimental or theoretical
properties, related to the intermolecular interaction,
such as the second virial coefficients (B(T)), dimeri-
zation energies or potential energies of liquid etc.DEr

represents the dispersion and polarization energy
contributions to the intermolecular potential. It takes

the following form:

DEr � 2
X
i[A

X
j[B

C6
ij Fij �Rij �R26

ij �3�

where

Fij �Rij � � exp 2�1:28R0
ij =Rij 2 1�2

h i
; �4�

Rij , 1:28R0
ij � 1; elsewhere

and

C6
ij � C6

3
2

aiaj

�ai =Ni�1=2 1 �aj =Nj�1=2
; �5�

R0
ij in Eq. (4) are the sum of the van der Waals radii of

atoms.ai andNi in Eq. (5) denote the atomic polariz-
ability and the number of valence electrons of the
corresponding atom, respectively.Fij(Rij) is a damping
function introduced to correct the behavior ofRij

26 at
shortRij distance. Eq. (5) is the Slater–Kirkwood rela-
tion. Only C6 in Eq. (5) is unknown. Since there was
no appropriate experimental data available for
NH2OH, C6 was determined in the present study by
calibration of the incomplete T-model potential with
the dimerization energy. The value of C6 was deter-
mined to be 1.24. The derivation of C6 will be
explained in detail in the next section.

The geometry of NH2OH was taken from [24] and
kept constant throughout the calculations. The
computed T-model parameters are listed in Table 1,
together with the CHelpG charges on atoms. HN and
HO in Table 1 label N-hydrogen and O-hydrogen of
NH2OH, respectively.

3. NH2OH dimers and trimers

The T-model potential computed in the previous
section was employed in the calculations of equili-
brium structures and interaction energies of
(NH2OH)2. A minimization routine was employed in
searching minimum energy geometries of (NH2OH)2.
Starting from randomly generated dimer structures,
the absolute and several local minimum energy
geometries were located. Some lowest-lying energy
geometries are shown in Fig. 1, together with the
corresponding interaction energies and some charac-
teristic atom–atom distances. The atom–atom
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Table 1
Parameters for the T-model potential of NH2OH. Values are in
atomic unitsa

Atom Atom Aij Bij Atom qi

N N 90.246658 1.974382 N 2 0.7447
O N 139.808960 2.135996 O 2 0.4482
HN N 7.657971 1.867015 HN 0.3836
HO N 7.494500 1.970678 HO 0.4257
O O 234.172897 2.326429
HN O 9.561495 2.010890
HO O 9.466287 2.131662
HN HN 0.838114 1.770723
HO HN 0.731122 1.863703
HO HO 0.628205 1.966987

a m � 0.68 D; HN � N-hydrogen; HO � O-hydrogen.
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distances will be used in the discussion of the struc-
ture of liquid in Section 4.

In order to examine the T-model results, the equili-
brium structures in Fig. 1 were reoptimized using ab
initio calculations at the MP2/6-311G(d,p) level of

accuracy. The basis set used is slightly larger than
that employed in [1]. Starting from the dimer
structures in Fig. 1, geometry optimizations were
carried out by keeping the monomer geometry fixed.
Traditional Z-matrices [25] of internal coordinates
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Fig. 1. Absolute and local minimum energy geometries of (NH2OH)2 obtained from the T-model potential, compared with those from MP2.
Energy values are in kJ/mol and atom–atom distances in A˚ . (………) values derived from MP2/6-31111G(2d,2p) using the 6-311 G(d,p)
optimized geometries. [………] values optimized based on MP2/6-31 111G(2d,2p).



were used to describe the structures of the dimers. Six
variables in the Z-matrix were optimized using the
Berny algorithm [26], included in Gaussian 94 [27].
The counterpoise corrections [28] of BSSE were made
only for the newly optimized structures. The opti-
mized dimer structures and the corresponding MP2
interaction energies, both with and without counter-
poise corrections, are included in Fig. 1. Some
selected atom–atom distances are also reported in
Fig. 1 for comparison. The discussion on the interac-
tion energies will be made based on the counterpoise
corrected values (DEMP2CP). DEBSSEin Fig. 1 is just the
difference betweenDEMP2CP andDEMP2.

A remark should be made here on the derivation of
C6 in Eq. (5). From our experiences [14,15,18–21],
the values of C6 were close to 1 in many cases. There-
fore, the value of C6 was initially set to 1 for NH2OH.
The T-model potential with C6 � 1 predicted a six-
membered cyclic structure, similar to dimer A in Fig.
1, to be the absolute minimum energy geometry. Start-
ing from this dimer structure, MP2/6-311G(d,p) and
the optimization routine in Gaussian 94 located a
minimum energy geometry close to the starting
geometry, withDEMP2CP of 2 39.64 kJ/mol. The C6
parameter had been increased from 1 until the abso-
lute minimum energy geometry possessed the interac-
tion energy close to theDEMP2CP value. The optimal
value of C6 was found to be 1.24, with the interaction
energy (DET-model) of 2 39.28 kJ/mol (see dimer A in
Fig. 1).

The O–H…N H-bond distance of dimer A was
computed to be 2.97 A˚ . The value is slightly larger
than the MP2 result. The T-model potential predicted
another six-membered cyclic structure (dimer B in
Fig. 1) to be a stationary point. It is 5.46 kJ/mol less
stable than dimer A. The O–H…O and N–H…N
H-bond distances were computed to be 2.94 and
3.06 Å, respectively. The O…HO and N…HN

distances were 1.99 and 2.37 A˚ , respectively. Starting
from dimer B, Gaussian 94 predicted a similar dimer
structure to be a local minimum. The MP2 result
showed slightly smaller/N…H–N and/O–H…O,
compared with the T-model results.DEMP2CPof dimer
B was 2 26.85 kJ/mol, with the O…HO and N…HN

distances of 1.88 and 2.19 A˚ , respectively.
The T-model potential also predicted a five-

membered cyclic structure, in which the oxygen
atom in one molecule acts simultaneously as proton

acceptor and donor H-bonding at the oxygen and
nitrogen atoms of the other molecule (see dimer C
in Fig. 1). Dimer C possesses Cs symmetry and is
about 5.25 kJ/mol less stable than dimer B. Starting
from dimer C, the optimization routine in Gaus-
sian 94 generated a slightly different H-bonded
structure. The /N–O…N–O dihedral angle of
the newly optimized dimer is about 808, compared
with nearly 08 in dimer C. In order to investigate
the relative stability of these two configurations,
an additional geometry optimization was made
using Gaussian 94. Starting from dimer C, the geome-
try optimization was carried out by constraining the
dimer structure to Cs symmetry. The newly optimized
structure is dimer C in Fig. 1. The interaction energy
of dimer C is the same as the unconstrained optimized
geometry.

The T-model potential predicted a dimer structure
with cyclic arrangement of two N–H…O H-bonds to
be another local minimum energy geometry (see
dimer D in Fig. 1).DET-model of dimer D is slightly
higher than dimer C, 2 28.44 kJ/mol. Both N–
H…O H-bonds in dimer D are identical and almost
linear. Both N–H…O distances are 3.05 A˚ . Starting
from dimer D, a similar dimer structure was located
by Gaussian 94, withDEMP2CP of 2 18.03 kJ/mol. It
should be noted that, for dimers A, B and C, the T-
model and MP2 results agree well with those reported
by Yeo et al. [1]. However, the present study
suggested that dimer D could also be one of the
local minima on the energy surface.

The T-model potential predicted a bifurcated-cyclic
structure, with Cs symmetry, to be another stationary
point, dimer E in Fig. 1. For dimer E, the O–H group
of a molecule acts simultaneously as proton donor and
acceptor binding at the oxygen atom and both hydro-
gen atoms of the other molecule.DET-model in this case
is 2 27.50 kJ/mol. Starting from dimer E, Gaussian
94 suggested another five-membered cyclic structure
to be a local minimum. This dimer structure is repre-
sented by a cyclic arrangement of the O–H…O and
O–H…N H-bonds, withDEMP2CPof 2 16.48 kJ/mol.
Starting from the geometry of dimer E, another
geometry optimization was carried out by constrain-
ing the dimer structure to Cs symmetry. The minimum
energy geometry was found to be dimer E’ in Fig. 1,
with the interaction energy slightly higher than the
unconstrained optimized geometry.
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Based on the interaction energies discussed above,
the stability orders for the dimers can be summarized
as:

T-model: A. B . C $ D . E

MP2: A . B $ C . E . D
MP2CP: A. B . C . D . E

Some remarks should be made here on the MP2/6-
311G(d,p) results.DEBSSE reported in Fig. 1 are still
considerably large and anisotropic for MP2/6-
311G(d,p). They are ranging from 20.73 kJ/mol in
dimer A to 9.58 kJ/mol in dimer E0. The standard
deviation of DEBSSE in this case is 3.94 kJ/mol.
Based on the above results and the facts that the coun-
terpoise correction yields only the upper boundary of
the interaction energies, it is reasonable to expect that
the reported stability orders derived from MP2 and
MP2CP could be changed if the size of the basis set
was increased. In order to check the validity of the
above stability orders, a further investigation was
made. Dimer A was selected as a test case, since it
possesses the largestDEBSSE. Starting from the MP2/
6-311G(d,p) optimized geometry in Fig. 1, another
geometry optimization was carried out at the MP2/
6-31111G(2d,2p) level of accuracy. Addition of
more polarization functions, as well as diffuse func-
tions, was aimed at reducingDEBSSEand, at the same
time, improving the description of H-bonds. The
newly optimized geometry was, as expected, almost
identical to the starting geometry, see the values in
square brackets in Fig. 1. The geometry optimization

in this case did not significantly lower the inter-
action energy, only about 0.3 kJ/mol. MP2/
631111G(2d,2p) yielded much smallerDEBSSE,
about 14 kJ/mol lower than that of MP2/6-
311G(d,p). These results suggested that the geometry
optimization could be made with acceptable accuracy
using MP2/6-311G(d,p) and only a single MP2/
631111G(2d,2p) calculation on the optimized
geometry is required to improve the interaction
energy.

Based on the above information, another set of
MP2/6-31111G(2d,2p) calculations was made for
all the MP2/6-311G(d,p) optimized structures. The
energy values are given in parentheses in Fig. 1.
The stability orders in this case are:

MP2: A . B $ C . E . D
MP2CP: A. B . C . E $ D

As seen in Fig. 1,DEBSSE are significantly reduced
and become more isotropic for MP2/6-
31111G(2d,2p), ranging from 4.11 to 6.77 kJ/mol
for dimers E’ and A, respectively. The standard devia-
tion of DEBSSE is reduced to 0.84 kJ/mol in this case.

The T-model potential was further applied in the
investigation of equilibrium structures and interaction
energies of (NH2OH)3. In this case, there were many
possibilities to combine three NH2OH molecules to
form H-bonded complexes. Based on the T-model
potential, equilibrium structures of (NH2OH)3 were
searched using the same procedure as carried out for
the dimers. The absolute and several local minimum
energy geometries were generated. Only the first five
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Fig. 2. Energy optimized (NH2OH)3 obtained from the T-model potential, compared with the those from MP2 and SCF. Energy values are in kJ/
mol and atom–atom distances in A˚ . (………) values derived from MP2/6-31111G(2d,2p) using the 6-31G(d,p) optimized geometries.
[………] values optimized based on MP2/6-31111G(2d,2p).



lowest-lying energy geometries are shown in Fig. 2,
together with the interaction energies. In order to
make the discussion on the trimer structures simple,
each NH2OH was labeled witha, b andc and H-bonds
were represented by dashed lines.

In order to examine the T-model results, all the
equilibrium structures shown in Fig. 2 were
reoptimized using ab initio calculations at the MP2
level. The same procedure as in the case of the dimers
was employed for the trimers. Starting from the struc-
tures obtained based on the T-model potential, the
Berny optimization routine in Gaussian 94 was
applied to locate the nearest stationary points on the
potential energy surface. Twelve variables in the
Z-matrix were allowed to change in the optimizations.
In order to maintain reasonable CPU time, the basis
set used in this case was reduced to 6-31G(d,p) in the
MP2 calculations. A single point counterpoise correc-
tion [28] was applied for the newly optimized struc-
tures. The optimized structures are shown in Fig. 2,
together with the corresponding interaction energies.
Since the effects of electron correlations are known to
increase with an increase of the size of molecular
clusters, it is worthwhile to investigate these effects
in the trimers. Therefore, additional geometry optimi-
zations were carried out separately at the SCF level.
The basis set used in the SCF calculations was
6-31111G(2d,2p). The optimized trimer structures
at the SCF level are included in Fig. 2, together with
the corresponding interaction energies.

The T-model potential predicted trimer A to be the
most stable structure, withDET-model of 277.49 kJ/
mol. Trimer A consists of six H-bonds. The
H-bonds between moleculesa and b are similar to
those in dimer A, and the ones between moleculesb
andc are the same as in dimer B. The cyclic arrange-
ment of the N–H…O H-bonds, as in dimer D, is
responsible for the attraction between moleculesa
and c. The second lowest-lying minimum energy
geometry on the energy surface was predicted to be
trimer B, with the interaction energy of275.42 kJ/
mol. Trimer B can be built from dimers A and D.
Molecule b bridges moleculesa and c by three N–
H…O H-bonds. The T-model potential predicted
trimer C to be only 0.02 kJ/mol less stable than trimer
B. The H-bonds between moleculesa andb, as well as
moleculesb andc, are similar to those in dimer B. The
NH2 and OH groups in moleculec bridge moleculesa

andb, through the N–H…O, N–H…N and O…H–O
H-bonds. The T-model potential predicted a stacked
H-bonded structure, trimer D in Fig. 2, to be another
local minimum energy geometry. It possesses the
interaction energy of274.30 kJ/mol. The H-bonds
in trimer D are the same as those in dimers A and
B. A cyclic arrangement of three O–H…O H-bonds,
as in the case of water [29], methanol [30] and phenol
trimers [21] was found to be another local minimum
energy geometry, trimer E in Fig. 2. The interaction
energy in this case is271.28 kJ/mol. Based on the
T-model results, the stability order for the trimers is
written as:

T-model: A. B $ C . D . E

At the MP2/6-31G(d,p) level, Gaussian 94
predicted equilibrium geometries similar to the T-
model results. The stability orders derived from
MP2/6-31G(d,p) are:

MP2: A . D . E . B . C
MP2CP: D. A . B . E . C

It is seen that the stability orders obtained from the
T-model, MP2 and MP2CP are not exactly the same.
The discrepancies between the MP2 and MP2CP
stability orders could be attributed to BSSE.DEBSSE

for the trimers are, as expected, much larger than
those for the dimers, ranging from about 48 kJ/mol
for trimer E to about 29 kJ/mol for trimer D. The
standard deviation ofDEBSSE amounts to 7.87 kJ/
mol. In order to systematically check the above stabi-
lity orders, a further investigation, similar to that
carried out for the dimers, must be made for the
trimers. Trimer A was selected as a test case. The
trimer structure obtained from MP2/6-31G(d,p) was
reoptimized using MP2/6-31111G(2d,2p). The
newly optimized geometry was virtually the same as
the starting geometry. It is only about 2 kJ/mol more
stable than the starting geometry. The energy values
for the newly optimized geometry are shown in square
brackets in Fig. 2.DEBSSE in this case was reduced to
14.7 kJ/mol, compared to 47.15 kJ/mol in the case of
MP2/6-31G(d,p). These findings suggested one to
improve the interaction energies of the trimers by
following the same procedure as done for the dimers.
Therefore, MP2/6-31111G(2d,2p) calculations on
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the MP2/6-31G(d,p) optimized geometries were
carried out. The energy results are given in paren-
theses in Fig. 2. The stability orders in this case are:

MP2: D . A . E $ B . C
MP2CP: D. A . B . E . C

DEBSSE for MP2/6-31111G(2d,2p) are more isotro-
pic, with the standard deviation of 0.78 kJ/mol.

At the SCF level, open-end H-bonded structures
seem to be more favourable than the compact clusters.
Starting from the compact trimers, A, B, C and E, the
Berny optimization located only three different
stacked H-bonded structures to be the minimum
energy geometries. This indicates that the details of
the SCF potential energy surface are completely
different from those of the T-model and MP2. This
is, certainly, due to the neglect of the effects of elec-
tron correlation in the SCF calculations. Starting from
trimer A, the trimer built from dimers A and B was
found to be the most stable at the SCF/6-
31111G(2d,2p) level. DESCFCP in this case is
251.94 kJ/mol, compared toDEMP2CP of trimer A of
271.94 kJ/mol, using the same basis set. This indi-
cates that trimer A is stabilized by the dispersion
energy of about220 kJ/mol. Trimer B consisting of
dimers A and D is 6.39 kJ/mol less stable than the
absolute minimum. The least stable trimers in this
series are the ones built from dimers B. They possess
DESCFCP of about 242.5 kJ/mol.DEBSSE at the SCF
level are quite isotropic and not as large as those at
the MP2 level. They amount to about 4 kJ/mol at
most.

Before leaving the present section, several remarks
should be made on the results reported here. First of
all, the equilibrium geometries of the dimers and
trimers deduced based on the T-model potential
were shown to be acceptable. They are not much
different from those obtained from the MP2 calcula-
tions. This suggests that, in the situation in which
there are many possibilities to form H-bonded
complexes, the T-model could serve as a primary
search tool to explore the most probable absolute, as
well as local minimum energy geometries on the
potential energy surfaces. If the size of the molecule
of interest is not too large, an ab initio supermolecular
approach at higher levels of theory may follow, start-
ing from the equilibrium geometries predicted by the

T-model potential. The combination of the T-model
and ab initio supermolecular approach will help
reduce computational time and resources in the
study of structures and energetics of molecular clus-
ters. It should also be stressed that small discrepancies
between the T-model and MP2 results were as
expected, since the T-model and MP2 are obviously
based on different theories and approximations. The
MP2 results showed that the 6-311G(d,p) basis set is
quite accurate for the geometry optimization.
However, in order to obtain reasonable interaction
energy values, one has to minimize BSSE by increas-
ing the size of the basis set, e.g. by adding diffuse
functions as well as polarization functions in the
MP2 calculations. The present study also illustrated
that MP2/6-31111G(2d,2p) is a more appropriate
choice for the investigation of the dimers and trimers
of NH2OH, sinceDEBSSEare quite small and isotropic.

4. Molecular dynamics (MD) simulations of liquid
NH2OH

NH2OH is rather unstable in both liquid and solid
phases. It is soluble in water, liquid ammonia and
methanol. The melting and boiling points of NH2OH
are at 306 and 331 K, respectively [31]. Based on the
T-model potential deduced in the previous section,
properties of liquid NH2OH were investigated by
considering 512 NH2OH molecules confined in a
cubic box subject to periodic boundary conditions.
MD simulations were performed at 318 and 329 K.
The liquid density was fixed at the experimental
value of 1.204 g/cm3 [31]. The box length correspond-
ing to the experimental density was 28.56 A˚ . The cut-
off radius was fixed at half of the box length. The long
range Coulomb interactions were handled using the
Ewald summation. The time step used in solving the
equations of motion was 0.0005 ps. The equilibration
of the liquid system at each temperature consumed
about 12 000 MD steps. After equilibrations, the
liquid properties were investigated by following the
trajectories of molecules in 12 000 MD steps. Moldy
program [32] was employed in the MD simulations.
The force routine in Moldy was modified to handle the
T-model potential.

Since the experimental data on structure of liquid
NH2OH are restricted, a similar H-bonded liquid
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should be chosen for comparison. Having comparable
molecular weights,aswell as functional groups,CH3OH
and CH3NH2 could be selected as candidates. However,
after a literature survey, it was found that CH3OH
is more appropriate since some characteristic
physical properties of CH3OH and NH2OH are
similar. There are also more theoretical and experi-
mental data on CH3OH in both gas and liquid states.
Some important information which supported the
selection of CH3OH will be briefly summarized here.

Structures of liquid CH3OH were reported based on
MC [33,34] and MD [35–37], as well as X-ray diffrac-
tion techniques [38]. A direct analysis of the X-ray
structure function led to the conclusion that the average
number of nearest oxygen neighbors per oxygen atom
lies between 1.40 and 1.55 [38]. The radial distribution
functions obtained from X-ray studies of liquid CH3OH
indicated extensive zig-zag O–H…O H-bonding chains
[38], similar to those found in the solid. The dipole
moment of CH3OH is slightly smaller than water,
1.7 D [39]. The dielectric constant and boiling points
are 33.6 and 337.8 K [39], respectively. The absolute
minimum energy geometry of (CH3OH)2 was reported
based on ab initio calculations at the SCF/CEP-
31G(d,p) (Compact Effective Core Potential) level
to be an open-chain O–H…O H-bonded dimer, with
the interaction energy of217.22 kJ/mol [40]. The
value for MP2/CEP-31G(d,p) was219.31 kJ/mol.
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Table 2
Potential energies (DE) and self-diffusion coefficients (D) of liquid
NH2OH derived from MD with the T-model potential

Average temperature(K) DE(kJ/mol) D(1025 cm2s21)

318 2 65.55 0.82
329 2 63.89 1.22

Fig. 3. Atom–atom pair correlation functions for liquid hydroxylamine, derived from MD at 329 K. (a) —gNN(RNN); ……… gNO(RNO); - - -
gOO�ROO�. (b) —gNH(RNH); ……… gOH(ROH); - - - gHH(RHH). (c) —gNH�RN

NH�; ……… gNH�RO
NH�. (d) —gOH�RN

OH�; ……… gOH�RO
OH�.



Weak C–H…O H-bonds were also observed around
the methyl group [40]. This suggested the possibility
to find a head-to-tail arrangement of O–C–H…O–C–
H H-bonded chains in the liquid. The association in
the O–C–H…O–C–H H-bonded chain is expected to
be weaker than the O–N–H…O–N–H H-bonded
chain in liquid NH2OH.

The potential energies of liquid NH2OH at 318 and
329 K are listed in Table 2. MD predicted the poten-
tial energy of the liquid at 318 K to be2 65.55 kJ/
mol, comparable with the experimental heat of subli-
mation of 64.1 kJ/mol [41]. The value for solid
CH3OH is 37.4 kJ/mol [39]. This indicates slightly
weaker intermolecular interactions in the condensed
phases for CH3OH.

Since the structure and peak locations ofgij(Rij) are
quite similar at both temperatures, only the ones at
318 K are discussed in detail.gij(Rij) are shown in
Fig. 3. The structure of liquid NH2OH could be
deduced fromgNN(RNN), gNO(RNO) andgOO(ROO), and
the average H-bonded structures could be inferred
from gNH(RNH) andgOH(ROH).

gNN(RNN), gNO(RNO) and gOO(ROO) show a similar
peak structure, that is, the main peak is accompanied
by a small shoulder at a slightly longer distance. Inte-
grations ofgNN(RNN), gNO(RNO) andgOO(ROO) to their
first minimum indicated that there are 11–12 NH2OH
molecules in the first solvation shell. ForgNN(RNN), the
main peak, the shoulder and the first minimum are
seen atRNN � 3.20, 4.05 and 4.90 A˚ , respectively.
The main peak could be attributed to, either the N–
H…N H-bonds, similar to those found in dimer B, or
the N–N non-bond distances as in dimers A and D.
The shoulder at 4.05 A˚ could be compared with the
N…N distance, not involved in H-bond formation
(see dimers C and E). Integration ofgNN(RNN) to the
first maximum yielded the average number of nearest
nitrogen neighbors (nNN(RNN)) to be about two. For
gNO(RNO), the main peak and the shoulder are seen at
RNO� 3.05 and 4.10 A˚ , respectively. The main peak is
compatible with both O–H…N and N–H…O H-bond
distances. Integration ofgNO(RNO) to the first maxi-
mum yielded 1.7 molecules in closest contact. The
main peak and the shoulder ofgOO(ROO) are located
atROO� 2.85 and 4.05 A˚ , respectively. They could be
assigned to the O–H…O H-bond and O…O non-
H-bond distances, respectively. The main peak of
gOO(ROO) is located at approximately the same

position as in the case of liquid CH3OH [38]. Integra-
tion of gOO(ROO) to the first maximum suggested about
1.3 molecules in closest contact. SincegNN(RNN),
gNO(RNO) and gOO(ROO) show similar peak structures
and peak heights, one expects almost equal probabil-
ity of finding N…N, N…O and O…O in the range
which could form H-bonds.

It was pointed out based on the X-ray diffraction
analysis of liquid CH3OH [38] that the average
number of nearest oxygen neighbors (nOO(ROO))
could be qualitatively related to the length of the
O–H…O H-bonded chains.nOO(ROO) � 2 implies
the presence of infinite zig-zag H-bonded chains.
nOO(ROO) is reduced to 1 in the dimeric form. For
liquid CH3OH, the value was determined to lie
between 1.4 and 1.5 [38]. SincenOO(ROO) is 1.3 for
liquid NH2OH, one might expect that liquid NH2OH
and CH3OH could possess similar O–H…O H-
bonded networks. The relationship betweennOO(ROO)
and the number of monomers in the O–H…O H-
bonded chains (M) was suggested [38] to be
nOO(ROO) � 2(M 2 1)/M. The number of monomers
in the H-bonded chains for liquid CH3OH was inferred
from X-ray diffraction [38] to be between 3 and 4, and
that deduced from computer simulations was fewer
than 10 monomers [36]. If this relationship is correct,
M, for liquid NH2OH, is about 3, and one could expect
open-chain H-bonds to dominate the liquid structure.

In order to distinguish between the H-bond and the
non-H-bond N…N distances,gNH(RNH) was investi-
gated in detail. Since the totalgNH(RNH) in Fig. 3(b)
shows nearly no structure, a refinement was made. In
this casegNH(RNH) for the N–H…N H-bonds and that
for the O–H…N H-bonds were filtered out of the total
gNH(RNH). They aregNH�RN

NH� and gNH�RO
NH� in Fig.

3(c), respectively.gNH�RN
NH� shows a small shoulder

and a hump at 2.75 and 3.90 A˚ , respectively. The
distances seem to be too long to compare with the
dimers in Fig. 1. A small hump is seen at 2.40 A˚ for
gNH�RO

NH�. The location of the hump seems also to be a
little too far to match exactly with the O–H…N
H-bond distance in dimer A. The shoulder of
gNH�RN

NH� and the hump ofgNH�RO
NH� could, however,

be attributed to the N–H…N and O–H…N H-bonds,
in which the N–H, as well as O–H, bonds deviate
considerably from the N…N and O…N axes, respec-
tively. The deviation from the linearity of the H-bond
protons suggests that the cyclic arrangements of
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H-bonds, as in the dimers in Fig. 1, might not domi-
nate the liquid structure. NH2OH tends to make use of
all available proton donors and acceptors to form, as
extensive as possible, H-bonded networks with its
neighbors. The situation is similar to formamide
[18], in which the cyclic dimer is energetically more
stable than the linear dimer in the gas phase, but it is
found much less often in the liquid.

The existence of the cyclic arrangement of O–
H…N H-bonds could be further discussed based on
gNH�RO

NH� and gNH�RN
NH�. Since the first hump of

gNH�RO
NH� is comparable with the shoulder of

gNH�RN
NH�, the probability of finding O–H…N and

N–H…O H-bonds is expected to be roughly the
same. This confirms that the majority of the
H-bonds in the liquid are not the cyclic O–H…N
H-bonds as in dimer A.

ForgOH(ROH), only the main peak is seen at 2.35 A˚ .
In order to distinguish between O…H–O and O…H–
N H-bonds,gOH�RO

OH� andgOH�RN
OH� were filtered out

of gOH(ROH). The main peak ofgOH�RO
OH� is seen at

2.15 Å. This could be assigned to the H…O distance
in O–H…O H-bonds. Since the main peak of
gOH�RO

OH� is the most structured, compared to all
othersgXH�RY

XH� (where X and Y are O or N), one
might conclude that the O–H…O H-bonds slightly
dominate the liquid structure. This seems to support
the previous suggestion that the O–H…O H-bonded
networks in liquid NH2OH and CH3OH are quite simi-
lar and dominate the liquid structure.

At this point, one might conclude that, although the
cyclic arrangements of H–bonds are energetically
more favourable in the dimers, there is no direct
evidence showing their existence in an appreciable
amount in the liquid. The results in this section
suggest further that, all types of H-bonds, such as
O–H…N, O–H…O, N–H…N as well as N–H…O
could be present in the liquid, with a slightly higher
possibility for O–H…O.

Comparison of the structure of liquid NH2OH
derived from the present MD and the previous MC
[11] reveals both similarity and discrepancy. The peak
locations ofgij(Rij) are slightly different. The main
peak of gOO(ROO) derived from MC is split and
about 30% lower than those ofgNN(RNN) andgNO(RNO).
The first solvation shell was predicted by MC to
contain 13 NH2OH molecules, from which four are
the closest neighbors. The number of molecules in the

first shell is compatible with the present results. The
first solvation shell derived from MC is, however,
slightly larger than that from MD.gOH�RO

OH� and
gNH�RO

NH� from MC are rather structured. They show
slightly higher probability of finding O–H…N
compared to O–H…O, whereas those from the
present MD show slightly higher probability for O–
H…O. Both MD and MC suggested a possibility to
find the N–H…O and N–H…N H-bonds in the liquid.
However, they seem to rule out the possibility to find
cyclic dimers in the liquid.

The self-diffusion coefficients (D) derived from
MD were reported in Table 2. The value at 329 K is
1.22 × 1025 cm2/s21. The experimental values for
liquid CH3OH at the temperature range between 283
and 328 K were reported to be ranging from 1.84×
1025 to 3.79 × 1025 cm2/s21 [42] The present MD
results on liquid NH2OH are compatible with the
experimental values of liquid CH3OH.

5. Conclusion

An intermolecular potential to describe the interac-
tion between NH2OH molecules was constructed
based on the T-model. The computed T-model poten-
tial was applied in the investigation of equilibrium
structures and interaction energies of (NH2OH)2 and
(NH2OH)3. The T-model potential predicted a cyclic
arrangement of O–H…N H-bonds to be the absolute
minimum energy geometry for the dimer. The dimer
structure is compatible with the previous spectro-
scopic and ab initio results reported by Yeo et al.
Other possible equilibrium dimer structures were
also reported based on the T-model potential. This
included the dimer with cyclic N–H…O H-bonds.
Several trimer structures were suggested by the
T-model potential to represent stationary points on
the potential energy surface. The absolute minimum
energy geometry of the trimer was found to be a
compact cluster with six H-bonds. Some lowest-
lying energy geometries of the dimers and trimers
predicted by the T-model potential were re-examined
using ab initio calculations at the MP2 level, with the
6-311G(d,p) and 6-31G(d,p) basis sets for the dimers
and trimers, respectively. The energy results were
improved by increasing the size of the basis set to
6-31111G(2d,2p). Starting from the equilibrium
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structures of the dimers and trimers, predicted by the
T-model potential, the Berny optimization routine in
Gaussian 94 located stationary points which were, in
general, not far from the initial structures. Although
the stability orders for the dimers and trimers,
deduced from the T-model and MP2, were not exactly
the same, one might conclude that both methods yield
similar and reasonable potential energy surfaces for
the dimers and trimers. Small discrepancies were
expected since the T-model and MP2 are based on
different theories and approximations. It was proposed
in the present study that the T-model could act as a
primary search tool to explore all possible equilibrium
structures of molecular clusters. If the molecules
under consideration are not too large, more accurate
results could be supplied by ab initio calculations in a
supermolecular approach, starting from the T-model
results. This combination will help reduce computa-
tional resources in the investigations. In the situation
in which ab initio calculations could not be made
easily on the clusters, the T-model has been proved
to be quantitatively an acceptable choice. At the SCF
level, open-end H-bonded structures seem to be more
favourable than the compact H-bonded clusters. It was
shown in the present study that the effects of electron
correlation play an important role in the association of
the compact H-bonded clusters.

Liquid NH2OH was studied by MD at 318 and
329 K. The structure of liquid NH2OH is quite similar
to liquid CH3OH. The MD results showed a slightly
higher possibility of finding the O–H…O H-bond
compared to O–H…N H-bond in the liquid. The
present MD and the previous MC results seem to
rule out the possibility of finding cyclic arrangement
of H-bonds in the liquid.
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