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’ INTRODUCTION

The size, shape, and structural control of nanoparticle growth
is an important issue in the design of materials with novel,
fine-tuned properties.1�5 Experimental work has developed a
number of viable methods for the production of nanoparticles,
but much of the design of these processes is based on empirical
observations.6�11 The method of copper particle synthesis from
reverse micelles is a chemical reduction process that uses
hydrazine to reduce a copper salt in water-in-oil droplets.12�14

Many factors affect the resultant particle morphology by altering
the reaction conditions: for example, the composition of the
water�oil mixture.15 In this work we have focused on the shape
control obtained as an effect of the concentration of the reducing
agent.16,17

Two types of copper particle formed in the synthesis are
cuboctahedral- and decahedral-based shapes as shown in
Figure 1. The cuboctahedra cover the range of shapes from cubic
particles, containing only the (100) copper surface, to octahedra,
which have only (111) surfaces. The intermediate shapes exist
with varying proportions of the two surfaces. An increase in the
hydrazine concentration results in the distribution of shapes
produced shifting toward more cubic particles. The decahedral
particles have a 5-fold rotational axis where five tetrahedra are
joined, giving (111) surface faces. Increasing the hydrazine
concentration results in elongation along the rotational axis,
giving a truncated decahedron and exposing (100) surface on the
sides. Interaction of the reaction mixture with the different
surfaces is important in determining the final morphologies.
Therefore, in this work we have compared the interactions of
hydrazine and water on the close-packed, and most stable, (111)

surface with the square-packed (100) surface that is seen in the
experimental particles and, as a less stable surface,18 is potentially
more reactive.

We aim to improve nanoparticle production methods by
gaining an understanding of the processes occurring at the
molecular level. Initial attempts to rationalize experimental
observations have compared isolated gas-phase adsorption of
the reducing agent on different copper surfaces.19 Although the
conclusions drawn align with the experimental data, a number of
approximations were necessarily made in the model. In this work
we have extended those calculations by providing a much better
model of the experimental conditions. In particular we have
looked at the effect of water as an important component of the
reaction system.

We use ab initio methods to model the systems of copper
surfaces, hydrazine, and water. We first consider the complete
displacement of water from the copper surfaces to adsorb the
hydrazine. This method of competitive adsorption has been used
successfully for other molecules,20 but the results in our case are
inconclusive and highlight the need to consider the complete
system of hydrazine and water cooperatively adsorbed at the
copper surfaces. As a precursor to this combined study, we first
use molecular crystal structures to gauge the suitability of the
density functional theory (DFT) method for the simulation of a
mixed system of hydrazine and water. Finally we run a number of
ab initio molecular dynamics (MD) simulations of the coopera-
tive adsorption of both species to compare the thermodynamics
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to pursue an accurate description of the hydrazine�water system adsorbed on low-index surfaces of
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bonding. A comparison of the thermodynamics of simulations with andwithout hydrazine adsorbed
at the surface suggests that hydrazine will adsorb on the (111) surface but not on the (100) surface.
These findings explain the experimental crystal shapes induced by reducing agent through a
mechanism of binding to and accelerating the growth of the (111) faces.
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during simulation and study the extensive hydrogen-bonded
structures that form through snapshots at various points. Similar
methods have been used to study successfully both water alone
and water adsorbed at copper surfaces.21,22 Modeling of surface
adsorption processes of molecules with explicit water has pre-
viously been limited to classical parametrizations and multiscale
models23,24 although more recently ab initio simulations have
become viable.25 The work presented here is a fully ab initio
treatment of several models up to cooperative adsorption across
different surfaces.

’METHODS

All our calculations have been carried out at the DFT level of theory
using plane-wave pseudopotential methods implemented in the Vienna
ab initio simulation package (VASP).26�29 The details of the calcula-
tions are identical to those given in ref 19. The total energy calculations
employed the generalized gradient approximation (GGA) PW91 pro-
jector augmented wave (PAW) potentials30�33 with a plane-wave cutoff
energy converged at 400 eV. Self-consistent electronic minimization was
converged to 0.1 meV between consecutive steps. The surfaces are
modeled as periodic slabs cut from the optimized bulk metal with six
atomic layers, the bottom two of which are fixed at their bulk positions.
The slabs, including all the adsorbates, are separated by a vacuum gap of
at least 10 Å perpendicular to the surface. For the 2� 2 slab we have used
a 5 � 5 � 1 k-point grid, whereas for the larger cells we have used a
reduced 3 � 3 � 1 grid. The structures of the surfaces are shown in
Figure 2.
The surface structures were optimized with the conjugate gradient

minimizer in VASP. The ions are moved toward the ground-state
structure according to the forces, improving on previous iterations by
refining steps to reduce the parallel components in the forces in
successive steps. The convergence criterion was set at 0.1 meV in the
total energy between successive ionic steps.
The dynamics of the systems were investigated with Born�

Oppenheimer molecular dynamics (BOMD), also by use of VASP.
The forces at each time step are calculated from the ground-state

electronic structure and the positions and velocities of the ions
integrated according to Newtonian mechanics. The models were
equilibrated at the desired temperature with velocity scaling. During
data collection runs, the temperature is controlled with a Nos�e thermo-
stat. The overall accuracy of the calculations was lowered from the total
energy calculations to save computational costs, but we ensured that the
forces were well converged at each step so that the energy remained
stable by using time steps up to 1 fs. The relative energy drift per atom in
all cases was about �5 � 10�8 ps�1.

The adsorption energies of individual molecules and of the complete
hydrazine�water system are calculated as the difference between the
calculated total energy of the surface�adsorbate systems and the sum of
the energies of an identical isolated relaxed surface and all the isolated
individual molecules in the system, where the ideal geometry for the
hydrazine is the relaxed gauche conformer, shown in Figure 3. All
energies are given per simulation cell, as we consider only a single
hydrazine molecule in each cell.

The images of the simulated systems in this work show the bonding in
the molecules and their intermolecular interactions, where bonding is
assigned by a distance cutoff. Hydrogen bonding is calculated by

Figure 2. Plan views of the copper surface structures showing the 2� 2 simulation cells used for isolated adsorption and the
√
3�√

3 R30� cell also
used for the (111) surface (distances are given in angstroms).

Figure 1. Schematic of shapes of copper particles produced in experimental synthesis, with spheres showing atomic positions and outlines showing
general particle shapes: (a) cuboctahedron with growth on (111) faces to give a cubic particle; (b) truncated decahedron with growth along the [110]
direction, elongating the particle.

Figure 3. Stability of conformers of hydrazine with their calculated
energies relative to the most stable gauche conformer.
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considering a distance cutoff of 2.5 Å and excluding the bonded
hydrogen atoms at distances less than 1.2 Å. As the structures are
reasonably ordered, this protocol produced an acceptable distribution
without having to consider other factors, such as the bonding angles.34

’ ISOLATED COMPETITIVE SURFACE ADSORPTION

As a first approximation to the adsorption of hydrazine in the
presence of water, the relative strengths of adsorption of the two
molecules can be compared directly to give an estimate of the
energy required to displace one molecule with the other.
Although the adsorption behavior of water at copper surfaces
has been studied previously, we reconsider it here as the uniform
treatment of both the hydrazine and water adsorption by the
same methods and identical systems allows for a direct quanti-
tative comparison.

A single water molecule has been adsorbed in the 2 � 2
simulation cell at each of the copper surfaces, and the optimized
geometry has been calculated. The ideal geometry for the
adsorption of a water molecule is found to match the expected
result for each surface.35�39 Although the water molecule has
fewer degrees of freedom than hydrazine (e.g., torsional angles),
the potential energy surface (PES) of adsorption for the water
has a number of local minima and is quite flat near the global
minimum.36 The correlation of our optimized structures with
previous studies indicates that they have relaxed to the global
minima and not local minima. The molecule binds through the
oxygen atom in an atop position on a surface copper atom,
with the molecule lying nearly flat with respect to the surface,
although slight variations occur in the geometries on the
different surfaces.

The adsorption structures are shown in Figure 4. On the (111)
surface, the hydrogen atoms are pointing up slightly from the
plane of the surface. On the (100) surface, which has a lower
packing density than the (111) surface, there is a slight descent of
the hydrogen atoms into the hollows between the copper atoms.
The orientation of the molecule on the (111)

√
3 � √

3 R30�
surface is slightly more skewed, but the figure also shows that the
separation between the periodic images of themolecule is smaller
in this higher surface coverage, which may lead to spurious
interactions that affect the adsorption.

The adsorption energies for each surface/water system are
given in Table 1. The strongest adsorption energy for hydrazine
under identical conditions to the present calculations, taken from
ref 19, are used to calculate the energy of displacement. The
adsorption strength of water to each surface follows a similar
trend to the adsorption of hydrazine, with the adsorption energy
more exothermic on the less stable surface. Binding of both
hydrazine and water is stronger on the (100) surface than on the
most stable (111) surface. Themagnitudes of the values correlate
well with previous data.35,36

Considering, in the first instance, a direct displacement of
one water molecule by hydrazine, the difference in adsorption
energies is exothermic in all cases, which implies that the
hydrazine adsorption is preferred for single-molecule exchange.
The order of the binding strength of hydrazine to the different
surfaces does not change with the additional consideration of
water; binding with displacement of water is still stronger on the
(100) surface than on the (111) surface.

As the hydrazine molecule is effectively double the size of
individual water molecules, at high coverage it would probably
displace two or more water molecules from the surface. Con-
sidering the difference in adsorption energies between hydrazine
and two water molecules brings the displacement energies for
both the surfaces with a 2 � 2 cell closer together and closer to
zero; adsorption is only slightly exothermic when two water
molecules are replaced with hydrazine. Hydrazine is still slightly
favored over water, although the margin is much smaller and
the difference between adsorption on the different surfaces is
negligible.

As we have noted in previous adsorption studies, this gas-
phase approach fails to account for many important factors.

Figure 4. Optimum geometries for a single water molecule adsorbed on the low-index copper surfaces showing the simulation cell and periodic images
as plan (top) and side (bottom) views (O = red, H = white).

Table 1. Adsorption Energies for Hydrazine and Water
Molecules and the Energy Difference for Displacing One and
Two Water Molecules with a Hydrazine Molecule

surface cell
Eads,H2O/

eV
Eads,N2H4

/
eV

ΔEH2OfN2H4
/

eV
ΔE2H2OfN2H4

/
eV

(111) 2 � 2 �0.17 �0.42 �0.25 �0.08
(100) 2 � 2 �0.24 �0.57 �0.34 �0.10
(111)

√
3 �

√
3 R30� �0.21 �0.32 �0.12 0.09
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A transfer of molecules to and from an isolated gas phase is
unrealistic for the system that we are interested in, as is con-
sidering an isolated molecule on the relevant surfaces, particu-
larly as our attempt to isolate the adsorbedmolecules has ignored
the strong structure-influencing properties of intermolecular
interactions, which is exemplified to some extent by the

√
3�√

3
R30� (111) surface.

Although the adsorption displacing two isolated water mol-
ecules is exothermic for both the 2� 2 surface cells, the

√
3�√

3
R30� cell for the (111) surface is an exception. Here the
adsorption energy per water molecule is more than half that
for hydrazine, due to the effect of intermolecular interactions, as
indicated by the difference in adsorption energies for the two cell
sizes of this surface. A decrease in the cell size—and increase in
water coverage—increases the adsorption strength of water at
the surface. Water undergoes cooperative adsorption; the ex-
posed δ� on the oxygen atom and δþ on the polarized
hydrogen atoms of the periodic images will have an attractive

interaction. In the
√
3�√

3 R30� cell, the separation of periodic
oxygen atoms is 4.45 Å and the closest hydrogen to a periodic
oxygen is 3.53 Å. In the 2� 2 cell, these distances have increased
to 5.14 and 4.16 Å, respectively, diminishing the interaction and
resulting in overall weaker adsorption. In this study the water is
interacting with its own periodic images, but the cooperative
effect of hydrogen-bonded ring structures of many molecules has
been found to greatly stabilize the adsorption of water on various
metal surfaces.40,41

In contrast to the adsorption of water, the decrease in the size
of the (111) simulation cell enhances repulsive, destabilizing
interactions between the hydrazine periodic images more than
any cooperative, stabilizing interactions in this particular geome-
try (Table 1). Hence, adsorption of hydrazine in the smaller cell
is overall weaker. The smaller cell size is closer to the limit of
monolayer hydrazine coverage, and unlike the oxygen in water,
the nitrogen atoms in the hydrazine are much less exposed and
are obscured from the periodic images by the hydrogen atoms,
which will interact repulsively. Combined with the opposite
change in the adsorption strength of water, in the smaller
(111)

√
3�√

3 R30� surface cell the adsorption of hydrazine is
not sufficiently strong to displace the equivalent of two water
molecules on thermodynamic grounds. Even when the case of
the more isolated hydrazine in the 2 � 2 cell is considered,
displacing two water molecules at the higher coverage still yields
0 eV for adsorption. However, in the experimental systems the
hydrazine is in a dilute solution and the large separation expected
between adsorbed molecules will effectively remove hydrazine�
hydrazine interactions. The intermolecular interactions between
molecules at the surface will be replaced by the hydration shell of
the molecule, and the interactions between the hydrazine and
water, as well as with the surface, will be key in stabilizing the
adsorption.

Clearly this method of comparison of displacing isolated
adsorbates is unsuitable for the investigation of the copper�
hydrazine�water system, although it has identified areas for
improvement. In particular, consideration of water in this way has
so far not demonstrated any major effect on the relative binding
interactions to differentiate the experimentally observed adsorp-
tion behavior of hydrazine on the different copper surfaces. To
gain a reasonable understanding of the copper system, the
cooperative adsorption and behavior of the two species needs
to be studied.

’HYDRAZINE CRYSTAL STRUCTURE

The cooperative adsorption of water and hydrazine will
involve the interactions of both species, not only with the surface
but also with each other. As it is our aim to account for the effects
from intermolecular interactions in our calculations, it is useful to
study first the molecular crystal structures of the adsorbing
species and hence the individual interactions between the
molecules, which will provide a measure of the accuracy with
which the method describes these interactions. Although pure
water has been very well studied previously as both solid and
liquid by these DFT methods,41,42 only crystallographic data
exist for the hydrazine and hydrazine monohydrate molecular
crystals.

X-ray studies have provided the positions of the nitrogen
atoms in the crystalline structure of hydrazine,43 from which the
authors have deduced the least stable eclipsed conformer for the
molecule in the structure, with the hydrogen atoms satisfying

Table 2. Structural Parameters of Crystalline Hydrazine with
Molecules in Eclipsed and Gauche Conformationsa

ref 43 eclipsed gauche

Unit Cell Parameters

a/Å 3.56 3.31 (�7.0%) 3.29 (�7.5%)

b/Å 5.78 5.37 (�7.2%) 5.40 (�6.6%)

c/Å 4.53 4.53 (�6.3%) 4.46 (�1.5%)

β/deg 109.5 106.3 (�3.0%) 109.8 (0.3%)

V/Å3 87.9 72.3 (�17.7%) 74.7 (�15.0%)

F/g 3 cm
�3 1.21 1.47 (7.2%b) 1.42 (3.8%b)

Fractional Atomic Coordinates

Nx1 0.037 0.025 0.022

Ny1 0 �0.014 �0.000

Nz1 0.362 0.378 0.359

Nx2 0.736 0.744 0.736

Ny2 0 0.012 0.001

Nz2 0.050 0.047 0.032

Atomic Separations

dN�N/Å 1.46 1.46 (�0.2%) 1.45 (�1.0%)

N2�N3/Å 3.19 2.90 (�9.2%) 3.00 (�5.9%)

N2�N8/Å 3.25 3.08 (�5.1%) 3.16 (�2.7%)

N5�N4/Å 3.30 3.10 (�6.1%) 3.08 (�6.7%)

N7�N5/Å 3.62 3.23 (�10.8%) 3.44 (�5.1%)

N5�N6/Å 3.67 3.33 (�9.3%) 3.45 (�6.1%)

Three-Body Angles

N2N3N2/deg 125 136 (8.5%) 128 (2.5%)

N5N4N5/deg 122 112 (�1.7%) 123 (0.4%)

N2N3N4/deg 114 110 (�3.2%) 109 (�4.7%)

N3N4N5/deg 131 102 (�22.0%) 103 (�21.4%)

N1N2N8/deg 90 86 (�4.9%) 82 (�8.6%)

Binding Energy

Ebind/kJ 3mol�1 �23.5 �45.0
aUnit cell parameters, fractional atomic coordinates, atomic separations,
three-body angles, and binding energy are given for each structure with
the percentage difference from the X-ray crystallographic structure.
bDensity comparisons are taken against the experimental density
extrapolated to 1.37 g 3 cm

�3 at 0 K.
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C2h
2 �P21/m crystal symmetry. However, subsequent nuclear

magnetic resonance (NMR) work has concluded that the
molecule is staggered with overall C2

2�P21 crystal symmetry.44

Here we have modeled both structures for comparison.
The optimized geometry has been calculated for the two-

molecule unit cell, and relevant structural data are given in
Table 2. The nitrogen atoms in Table 2 are indexed and the
structure for the crystal with gauche molecules is shown in
Figure 5. The enthalpy of crystal formation favors this staggered
structure over an eclipsed one; the binding energy for the gauche
crystal at �45.0 kJ 3mol�1 is nearly double that of the crystal
containing the eclipsed conformer, supporting the findings from
NMR for the staggered conformation of the molecule and in
contrast to the suggestion by Collin and Lipscomb.43 The
thermodynamic data provided in the X-ray study can also be
compared with the calculated values. The heat of vaporization for
hydrazine is given as 45 kJ 3mol�1 (10.7 kcal 3mol�1), which is
similar to the calculated binding energy for the gauche confor-
mation and much greater than that for the eclipsed conformer.
Although the binding energy is not necessarily directly compar-
able to the enthalpy of vaporization, it gives a reasonable
approximation, if we assume a noninteracting gas for the
hydrazine. The proportion of the energy attributed to the
hydrogen bonding is the major component at 29 kJ 3mol�1

(7 kcal 3mol
�1) and is probably well accounted for by the model.

The remaining forces due to dispersion interactions are known
not to be fully accounted for by the DFT method.45 However,
much of the error has been shown to be recovered when the
PW91 functional is used for small, hydrogen-bonded molecules
when the accuracy in the interaction energy is estimated to be
within around 10%.46 In any case, discrepancies in the dispersion
forces will have only minimal impact on the geometries of the
structures that are obtained, as they are reasonably isotropic in
comparison to the directional nature of the hydrogen bonding.47

Comparison of both structures with the X-ray structure shows
a number of significant differences, particularly in the cell lengths
and volumes (Table 2). As our calculations are carried out for the
ground-state optimized structures at 0 K, contraction will be
expected from the crystal structure as measured at finite tem-
perature (∼�15 �C). The density for the solid when extrapo-
lated to 0 K gives a much better agreement, although the
calculated structures are slightly more dense.48 The relative
positions of the atoms and orientation of the molecules are in
moderate agreement. Although the cell size differences are
generally anisotropic, the overall structural arrangements are
fairly well replicated, particularly in the gauche crystal. The
majority of the hydrogen bonds lie close to the ab plane with
the N�N bonds aligned nearer to the c vector. A greater

contraction of the hydrogen bonds would account for the larger
thermal dependence in a and b over c. Although the atom
separations show an almost uniform contraction, both structures
fail substantially to reproduce at least one of the angles.

Overall, the method adequately reproduces the hydrogen-
bonded structure of the hydrazine crystal. It also confirms that
the gauche conformation is the most favored configuration for
the molecule in the crystal structure.

’HYDRAZINE MONOHYDRATE CRYSTAL STRUCTURE

For the study of the combined behavior of water and
hydrazine, the monohydrate crystal that forms at low tempera-
tures provides a structure, shown in Figure 6, that is formed
wholly from intermolecular interactions between the two differ-
ent molecules. Each hydrazine molecule in the structure is
hydrogen-bonded to six water molecules, with all four of its
hydrogen atoms forming hydrogen bonds with different water
molecules. Each water molecule also has six hydrogen bonds, in a
nearly octahedral arrangement; the two exposed lone pairs on the
oxygen are involved in hydrogen bonds to four hydrazine
molecules. The unit cell, containing three hydrazine�water pairs,
was optimized to give the ground-state structure.

Comparison of the simulated structure with the one measured
by X-ray crystallography49 is given in Table 3. As the structure
was obtained at finite temperature (�165 �C), the volume of the
ground-state calculated structure is substantially smaller. The
contraction is reasonably isotropic, where the cell has maintained
the hexagonal shape, and it is also less than for the pure hydrazine
crystal, which was of course obtained at a higher temperature.
Aside from the hydrogen-bond distances that have contracted,
the structure is reproduced well by the simulation. Most of the
angles fall within about 1% of the experimental values, with an
even spread of smaller and larger values.

The calculated crystal structures show that the method gives a
reasonable description of the hydrazine intermolecular interactions
but a much better description of the interactions between hydrazine
and water. As the modeled surface�adsorbate systems contain a
relatively low concentration of hydrazine, the intermolecular inter-
actions of water itself and with the hydrazine will be the most
important in determining the thermodynamic behavior at the sur-
face, and themethod is therefore suitable for the present calculations.

’COOPERATIVE SURFACE ADSORPTION

The molecular crystal structures have indicated that hydrogen
bonding is a major factor in determining both the energetics and
geometries of the interactions between hydrazine and water.
These will, therefore, also have an important effect in

Figure 5. Crystal structure of gauchemolecular hydrazine viewed (left to right) along the [100], [010], and [001] directions and a single formula unit in
the unit cell (N = blue, H = white; N atoms were indexed according to Table 2).
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competition with the geometric and positional factors of the
interaction with the surfaces already seen for the isolated
molecules, and any intermolecular interactions arising from the
periodic cell images. As the size of the system increases, the large
number of degrees of freedom makes it less feasible to construct
and refine expected adsorption geometries to search for low-
energy minima or the global minimum on the PES. Hence, with
the inclusion of water in the system, we have usedMD to explore
the entire system and generate a range of cooperative adsorption
geometries.

In our MD simulations we have increased the size of the
simulation cell to a 3� 3 supercell, where the hydrazinemolecule
has been adsorbed together with a shell of 12 water molecules,
ensuring a sufficient gap between the periodic images of the slabs.
With 54 copper atoms in the surface, the total simulation size is
96 atoms. This setup also isolates the hydrazine from its lateral
periodic images and allows space for a hydration shell of the
molecule to form.

Although the time scales currently achievable with BOMDwill
give only limited statistics for sampling of the system, particularly
for long time scale processes, with no guarantee that the
simulation will sample the ground state, the results will give an
indication of the interplay of the important interactions and how
the system behaves at finite temperatures. Snapshots taken at
low-energy positions throughout the trajectory will isolate the
strong interactions that determine the thermodynamic minima.

As the adsorption/desorption processes are unlikely to occur
spontaneously during the short simulations, two trajectories were
begun on each surface, one with hydrazine adsorbed onto the
surface copper atoms and one with the molecule suspended in
the water above the surfaces. The initial configurations for the
water were obtained from previous simulations that had therma-
lizd and then displaced slightly to accommodate the addition of
hydrazine. Previous studies have suggested that the water is
overly structured at 300 K42 with these methods; hence the
systems for the copper surfaces were equilibrated by scaling the
velocities at each step to a temperature of 350 K for at least 2 ps
before they were run in the constant number, volume, and
temperature (NVT) ensemble for between 12 and 15 ps with
the thermostat temperature also at 350 K. Geometry optimiza-
tion to the local ground-state structure was also carried out on
snapshots at various instances throughout the simulations.
(111) Surface. A stable minimum on the PES was found for a

configuration with hydrazine adsorbed at the surface by bridging
surface copper atoms. Very little diffusion occurs around the

Figure 6. Crystal structure of molecular hydrazine monohydrate viewed (left to right) along the [100], [010], and [001] directions and a single formula
unit in the unit cell (N = blue, O = red, H = white; atoms were indexed according to Table 3).

Table 3. Structural Parameters of Crystalline Hydrazine
Monohydratea

ref 49 this work difference/%

Unit Cell Structure

a/Å 4.873 4.711 �3.32

b/Å 4.873 4.711 �3.32

c/Å 10.94 10.49 �4.07

γ/deg 120 120 0

V/Å3 225.0 201.7 �10.34

Fractional Atomic Coordinates

Nx 0.5954 0.5922

Ny 0.8373 0.8338

Nz 0.3124 0.3092

Ox 0.7268 0.7217

Oy 0 0

Oz 0.8333 0.8333

Atomic Separations

O1�N2/Å 2.790 2.688 �3.66

O1�N1/Å 3.113 2.971 �4.56

O1�N3/Å 3.149 3.029 �3.81

N1�N7/Å 1.447 1.447 0

Three-Body Angles

N1O1N2/deg 111.2 112.6 1.28

N1O1N3/deg 74.2 74.6 0.55

N1O1N4/deg 145.9 146.1 0.12

N1O1N5/deg 82.6 82.6 �0.02

N1O1N6/deg 87.6 86.5 �1.29

N2O1N3/deg 78.7 78.8 0.08

N2O1N5/deg 161 160.7 �0.16

N2O1N6/deg 113.8 112.7 �0.95

N3O1N5/deg 93.4 94.9 1.63

O2N1O6/deg 107.2 106.4 �0.78

O1N1O6/deg 99.7 99.8 0.08

O6N1N7/deg 120.8 118.0 �2.29

O1N1O2/deg 111.2 112.6 1.28

O2N1N7/deg 109.8 110.7 0.85

O1N1N7/deg 107.7 108.7 0.91
aUnit cell structure, fractional atomic coordinates, atomic separations,
and three-body angles are given for each structure with the percentage
difference from the X-ray crystallographic structure.
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adsorbed species during the simulation, particularly in the latter
stages of the simulation, as the snapshots from this phase of the
MD simulation all minimize to an identical low-energy structure.
Previous work on the adsorption of hydrazine from the gas

phase onto vacuum surfaces has shown that, on the (111) surface,
hydrazine thermodynamically prefers adsorption through a sin-
gle interaction to copper rather than a configuration bridging two
surface atoms. In the presence of water, however, the bridging
configuration has been stabilized significantly and remains for the
duration of the simulation. The bridging configuration is dis-
favored at the vacuum interface as steric factors prevent the
molecule binding close to the surface in the fully relaxed gauche
conformation. The energy penalty to torsionally rotate the N�N
bond and the resulting longer Cu�Nbonds is not outweighed by
the benefit of both nitrogen atoms strongly interacting with the
surface. However, the energy difference between the optimum
bridging configuration and the singly bound gauche adsorption
for the isolated molecules is not so large that the gauche bridging
conformer could not be stabilized. In the presence of water,
however, the bridging hydrazine molecule relaxes to an eclipsed
conformation, even in the most favored of the optimized snap-
shots, although for the isolated molecule the eclipsed conformer
is 0.39 eV less stable than the gauche (Figure 3).19

A closer look at the geometry of cooperative adsorption (see
Figure 7a) shows that stabilization originates from a highly
structured network of hydrogen bonds between all the mol-
ecules. The hydrazinemolecule itself is involved in four hydrogen
bonds to the surrounding water, and the energy benefit of the
hydrogen bonding will easily outweigh the torsional energy
penalty. As a result of the periodic boundaries of the simulation
cell, the water is also involved in a longer-range network of
hydrogen bonds. The distance between periodic hydrazine
molecules is suitable for the formation of a chain of hydrogen
bonds, with chains of two water molecules connecting the

periodic images of the hydrazine molecules. The different
orientations of the hydrogen-bonded chains ultimately result in
ring structures close to the surface. The water molecules are
oriented only with hydrogen atoms facing the surface at a
distance of about 2.3 Å; there is no direct adsorption through
Cu�O bonding.
The lower layer of molecules near the surface is also hydrogen-

bonded to an upper layer of water molecules that are in a stable
network of six-membered rings. The formation of the rings is
aided by the hexagonal periodic cell, with chains of four hydrogen
bonds separating a molecule from its periodic image. The upper
layer of molecules almost directly overlies the positions of the
lower layer of molecules, resulting in a number of vertical four-
and five-membered rings of molecules.
For the duration of the MD run, the system maintains this

approximate structure, and therefore the energy of the system is
fairly stable throughout. The energy can also be compared with
that for a system where the hydrazine is not adsorbed at the
surface. In Figure 8, the energy profile during the dynamics for
the adsorbed hydrazine is generally more negative than that of
the system with the free solvated hydrazine, indicating that
adsorbed hydrazine is a more stable system.
In the MD simulation with the hydrazine not adsorbed on the

surface but freely moving within the water, we observe more
diffusion of the molecules, and optimization of various snapshots
results in a number of different configurations.
Although there is no dissociation of the hydrazine molecule

into two �NH2 fragments, toward the end of the simulation
proton exchange occurs between the species, as water donates a
proton to the hydrazine molecule. The optimized structure after
proton exchange is shown in Figure 7b. Hydrazine is a weak base
with a pKa of 8.10.

50 As the bare metal surface acts as a Lewis acid,
it is likely that under these conditions some proportion of the
protonated form would be observed. After proton exchange, the

Figure 7. Optimised snapshots at the indicated times after equilibration showing cooperative adsorption of hydrazine and water on the (111) surface
(N = blue, O = red, H = white). Energies are the adsorption energy for the ground state optimized structure from the gas phase per simulation cell.
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hydrazine is effectively NH2NH3
þ and retains this structure until

the end of the simulation. The corresponding OH� formed in
the process accepts four hydrogen bonds to its oxygen atom,
compared to two for the majority of the water molecules in the
structure. Energetically, this proton exchange does not seem to
have a large effect on the overall stability of the structure; the
most stable of these optimized structures are again determined
by the extensive network of hydrogen bonding—the geometry in
Figure 7c, for example, is more stable and no proton exchange has
occurred. Although the OH� is involved in one more hydrogen
bond overall than a typical water molecule in the structure, the
energy benefit is offset by the disruption of the regular hexagonal
hydrogen-bonding network of the water molecules. This is
compounded by the NH3 end of the protonated hydrazine,
which causes all three interacting water molecules to face away
from the hydrazine, reducing the flexibility in forming networks
of hydrogen bonds. In comparison, the more stable structures
such as that in Figure 7c reveal layered ring structures, including
molecules from the periodic images, with much closer registry
between the upper and lower layers. In these structures, in
contrast to the case where the hydrazine is bonded to the surface,
a number of water molecules interact directly with the surface via
their oxygen atoms. Whereas the isolated water molecules,

described earlier in this work, lie flat on the surface, in this case
they face upward to form hydrogen bonds.
The torsional angle of the protonated hydrazine has only

staggered or eclipsed states, and the molecule prefers to stagger
the hydrogen atoms. The torsional angle for the unprotonated
molecule stays close to the gauche conformer for the majority of
the time, only rarely getting close to trans or eclipsed torsional
angles, and the geometries with the molecule as the trans
conformer do not show a significant energy difference from the
geometries involving gauche conformers.
The individual snapshots relaxed to their local ground states

tend to show more stable structures where the hydrazine is
bridging the surface atoms. Averages of the energy of adsorption
taken over a significant portion of the simulation, listed inTable 4,
show that to adsorb the hydrazine on the surface from the
solution would be a thermodynamically favorable process as the
difference in energies is exothermic, albeit with a large error. The
magnitude of this energy difference is also greater than the
energies obtained from either the gas-phase adsorption or the
competitive adsorption models.
(100) Surface. In gas-phase adsorption on the (100) surface,

the hydrazine slightly favors a bridging configuration. In the
initial configuration for theMD run, themolecule is adsorbed in a
nonbridging geometry, but after about 4 ps the second nitrogen
atom adsorbs to the neighboring surface copper atom. The
molecule then stays in the bridging geometry for the rest of
the simulation, oscillating between the two gauche torsional
conformers and passing through the eclipsed conformation as it
switches. At the stage when the molecule first makes the bridging
configuration, the energy profile of the simulation descends to an
energy minimum, after which the energy remains fairly stable for
the remainder of the simulation. The optimized geometries of the
bridging structures again provide the most stable configurations.
In contrast with the (111) surface, the hydrazine in these
structures is closer to the preferred gauche conformer.
The most stable structure from the snapshots for adsorp-

tion on the (100) surface is shown in Figure 9a, with Figure 9b
showing the structure prior to bridge formation. Again, there
is a very clear network of hydrogen bonds present and the
hydrazine molecule is hydrogen-bonded to four different
water molecules. The overall distribution of the water is,
however, less regular than the layered series of ring structures
that are formed on the (111) surface. In some of the
optimized structures, voids appear as the system attempts
to increase the hydrogen bonding in small clusters and cages
of rings of hydrogen-bonded water. These structures are
consequently less stable than the equivalent structures with
hydrazine adsorbed on the (111) surface. The number density
of water on the (100) surface is only 13% lower than on the
(111) surface (0.20 compared to 0.23 Å�2).

Figure 8. Energy profiles over time of adsorbed hydrazine on different
copper surfaces during molecular dynamics. Profiles with the molecule
adsorbed and desorbed are given for the final 5 ps of each simulation.
The energy is shown as the difference from the isolated constituent
molecules of the system.

Table 4. Configurational Binding Energy for Hydrazine Ad-
sorbed with Water on Different Surfacesa

(111) surface (100) surface

adsorbed/eV �5.72 ((0.40) �5.37 ((0.35)

desorbed/eV �5.15 ((0.38) �5.53 ((0.35)

Eads/eV �0.57 0.16
aValues are calculated as the average over the final 5 ps of the dynamics
simulation compared to the sum of the isolated constituent molecules
and are listed with their standard deviations.
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The dynamics were also run with the hydrazine not adsorbed
on the surface. Water replaces hydrazine at the surface and forms
Cu�O bonds. The free hydrazine remains almost exclusively as
the gauche conformer for the duration of the simulation. Upon
optimization of the snapshot structures, the resulting geometries
form six-membered rings both parallel and perpendicular to the
surface. The most stable of these ground-state structures is
shown in Figure 9c. The hydrazine is located at the interface
with the vacuum, which excludes some of its hydrogen atoms
from hydrogen bonding, although the molecule retains all the
N 3 3 3H�Owater hydrogen bonds.While the hexagonal symmetry
of the (111) surface cell matched the symmetry of the ring
structures, on the (100) surface the adsorbed molecules have
become aligned more closely to the underlying square symmetry
of the surface with a number of distinct rows and columns visible
in the arrangement of the water molecules. This patterning could
be due to the underlying symmetry of the surface atoms;
however, it could equally be a result of the periodic constraints
of the system. Further work would need to be carried out with
larger systems to determine the effect of the underlying square
lattice on the arrangement of water molecules.
Although the strongest adsorption is found with the hydrazine

adsorbed on the surface, the energy difference between the two
adsorption states of the molecule is much lower than on the
(111) surface, as shown in the energy profile of the MD in
Figure 8, which does not show any difference between the energy
of the two states. Average values for the adsorption energies,
given in Table 4, actually show a slight preference for desorption
of the molecule (again with a significant statistical error), which
is-the converse of the result on the (111) surface.
Summary. The structure and behavior of all the systems

investigated are strongly determined by the hydrogen-bonding
properties of the mixture. The models, when propagated
with MD, provide structural and energetic information of the

systems, which differ markedly from the gas phase adsorption
studies.
The results of the cooperative hydrazine�water adsorption

suggest a different ordering of adsorption strengths onto the
surfaces from the gas-phase study. The adsorption is strongest on
the (111) surface, and the molecule prefers to desorb from the
(100) surface. The experimental results must therefore be
rationalized differently. In the gas-phase study, hydrazine was
assumed to poison growth on the surfaces that it binds to most
strongly, leaving the (111) surfaces less occupied and therefore
free to grow at a higher rate. However, experimentally the particle
sizes increase with higher hydrazine concentrations, which does
not agree with poisoned surface growth, or indeed the fact that
hydrazine as the reducing agent promotes growth where it is
located. Hydrazine adsorbed at a surface will reduce the metal
ions at that surface to cause metal growth where it is adsorbed.
The preferential adsorption at the (111) surfaces found in the
present study will thus increase the growth rate there. With
adsorption on the (100) surface disfavored, an increased hydra-
zine concentration will not have an impact on those surfaces.
This differential adsorption behavior is in line with the change in
experimental structures, which can be explained by preferential
growth of the (111) faces. The effect of the greater hydrazine
concentration in the reactionmixture will increase growth rate on
all the surfaces, giving the larger particles, but particularly so on
the (111) surfaces, leading to different particle morphologies. Of
course, the model is still some way from accurately depicting the
complete system for nanoparticle growth, and this conclusion is
speculative and based only on the results presented here. Among
the factors that would also need to be considered are the edge
effects on the facets of a growing nanoparticle, which are not
treated in the periodic system; the energy barriers for adsorption
affecting the dynamics of the process; and the overall nanopar-
ticle nucleation rate.

Figure 9. Optimized snapshots at the indicated times after equilibration, showing cooperative adsorption of hydrazine and water on the (100) surface
(N = blue, O = red, H = white). Energies are the adsorption energy for the ground-state optimized structure from the gas phase per simulation cell.
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Although the results have expanded significantly the previous
work on this system and have led to much better insight, there is
still room for improvement. The time scales simulated are still
quite short; for example, taking the average energy over time has
a standard deviation of 0.4 eV. As this is the same order of
magnitude as the adsorption energies, longer simulations are
needed to improve the statistical accuracy and reliability of the
results, and with these large errors the conclusions based on the
average energy cannot be firmly supported. The optimized
snapshots do, however, already offer a more quantitative treat-
ment of the configurations of the system that have been sampled.
The methods of potential of mean force should be used with ab
initio MD at solid�liquid interfaces for a rigorous treatment of
the adsorption, but with an increased computational cost this is
left for study in future work.51�53

In this study we began two trajectories on each surface;
however, the impact of the initial configurations will not be
realized without further simulation. While the hydrazine in the
(100) surface system moved from a nonbridging to a bridging
geometry, on the (111) surface system the bridging is imposed
initially. Even if a nonbridging geometry is preferred, the system
would be subject to energy barriers and time limitations that
would prevent it from making the transition (although prelimin-
ary work on a third surface showed several transitions between
bridging and nonbridging configurations). Furthermore, the
initial configuration of the water and its fluctuations could have
a larger effect on the energy than adsorption of the hydrazine.
The size of the system is also important. Even though we have
removed the interaction of amolecule with its periodic image, the
periodic cell and its symmetry still have an influence on the
geometry of the bonding. Increasing the cell size further could
improve this but at an increased computational cost. It would also
be necessary to increase the number of water molecules in the
system, to ensure that complete coverage of the surface and
solvation of the hydrazine is always achieved.
Finally, the DFT method accurately describes most of the

system, except for the dispersive interactions. Although the
magnitude of these forces will be relatively small, they are less
rigidly structure-forming than hydrogen bonds and should be
implemented to give the most complete description of the
system.54 Unfortunately, all of these improvements carry a
significant computational cost. Even the systems modeled here
required long calculations on massively parallel national high-
performance computing facilities, making bigger systems and
more accurate methods at present prohibitive. At the other end of
the scale, deriving an empirical description of the system with
interatomic potential methods would enable longer simulations
of much larger systems, but current descriptions of the copper
surface interactions are difficult to obtain and do not achieve the
accuracy we need.

’CONCLUSION

We have used DFT to model the behavior of hydrazine at
copper (111) and (100) surfaces in the presence of water.
Studying the competitive adsorption between the isolated hy-
drazine and water molecules is shown to be insufficient to
describe the hydrazine�water�copper systems that are impor-
tant in nanoparticle shape control.

The full system of hydrazine and water at the surfaces is shown
to be strongly influenced by the network of hydrogen bonds that
forms with the cooperative adsorption of the two species. In MD

of the system, binding of the hydrazine to the surface is suggested
to be a thermodynamically favorable process on the (111) surface
but not on the (100) surface. These results of more realistic
systems are substantially different from the previous gas-phase
studies, showing the need to include explicitly solvent interac-
tions when aqueous systems are studied. We can explain the
experimental shapes of the copper nanoparticles by considering
an excess of reducing agent at the (111) surfaces that promotes
growth on those surfaces over the (100) surfaces.
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