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ABSTRACT
Nanodiamonds (NDs) have potential uses in many applica-

tions, including as additives for liquid lubricants, where they
may be combined with more traditional chemicals to form
protective films on sliding surfaces. It has been shown that
NDs can function synergystically with tri-cresyl phosphate
(TCP) to facilitate film formation on air baked iron. Here, re-
active molecular dynamics simulations of TCP and NDs on an
amorphous iron oxide surface reproduce experimental obser-
vations of the temperature at which film formation begins with
NDs present and the effect of NDs on film composition. Anal-
ysis of chemical bonding in the simulations shows that the film
formed in the presence of NDs is comprised of NDs and TCP
that are both directly and indirectly bonded to the surface. No-
tably, the amount of phosphorous in the film, which is impor-
tant for surface protection, is increased by TCP molecules that
are indirectly bonded to the surface via NDs, which suggests
that indirect bonding is one mechanism by which NDs facil-
itate film growth. The synergy of NDs and TCP has impor-
tant implications for the development of NDs as emerging lu-
bricant additives which must function with existing additives
such as TCP in many applications.

I. INTRODUCTION

Chemical reactions between liquid phase species and a
solid surface are the precursors to growth of solid or semi-
solid films in a variety of applications. Understanding the
pathways for these reactions is therefore an important step to-
wards optimization of film growth parameters [1, 2]. Here, we
focus on reactions between tri-cresyl phosphate (TCP) and an
amorphous iron oxide surface. This is an important system
because TCP is a chemical additive that is included in lubri-
cant formulations to minimize wear of moving components.
TCP is widely used in lubricants in the aviation industry as
well as some automotive engines [3]. In a mechanical system,
TCP functions by chemically reacting with ferrous surfaces to
form films that protect those surfaces from wear under harsh
sliding conditions [4, 5].

Despite the success of TCP as a lubricant additive, it is as-
sociated with environment and health concerns that encour-
age the development of alternatives [6, 7]. However, emerg-
ing lubricant additives must, at least initially, be compatible
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with existing additives such as TCP. One family of emerg-
ing lubricant additives that has been the focus of many stud-
ies in recent years is nanoparticles [8]. Of particular interest
for some applications are diamond nanoparticles, or nanodi-
amonds (NDs), which offer high thermal conductivity, high
hardness, high melting point and the ability to withstand ex-
treme environments [9]. ND additives have been shown to re-
duce friction and wear in both oil- and water-based lubricated
systems [9–14]. However, the compatibility of NDs with ex-
isting lubricant additives, including TCP, is not yet fully un-
derstood.

Of particular concern is the fact that NDs have been re-
ported to increase the activation energy for some processes
[15], which could adversely affect TCP–surface reactions and
in turn limit TCP film growth. However, recently, a quartz
crystal microbalance (QCM) was used as an in situ tool [16]
to measure reaction temperatures of TCP on ferrous surfaces
[17]. These measurements showed that, contrary to expec-
tation, the addition of NDs facilitated the formation of TCP
films on air baked Fe surfaces [18]. The composition of the
resultant film was also found to be affected by the NDs, with
the presence of NDs increasing the amount of carbon and oxy-
gen relative to the amount of iron in the film. These findings
were extremely promising because they showed that NDs can
have a synergistic effect on the formation of protective films in
lubricated contacts [18]. However, the experimental approach
did not provide a fundamental explanation for the observed
benefit of NDs on TCP films. Therefore, here we use molec-
ular dynamics simulations (MD) here to explore the interac-
tions between TCP, NDs and amorphous iron oxide surfaces
to explain the underlying physics.

II. METHODS

Simulations were designed to capture chemical reactions
between TCP molecules and an amorphous iron oxide surface,
with and without NDs, across the same range of temperatures
reported in the previous QCM study. Two models were cre-
ated, one with NDs and one without NDs, as shown in Fig. 1.
In both systems, the dimensions of simulation domain were 5
nm × 5 nm × 10 nm, with periodic boundaries in the plane of
the surface and a fixed boundary in the surface–normal direc-
tion. A repulsive wall at the height of 9.8 nm was employed
to prevent atoms from traveling out of the simulation box.
Both models contained 32 TCP molecules, corresponding to
approximately a monolayer, and one of the systems also con-
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tained 5 NDs. All interactions were described by the ReaxFF
force field [19], which enabled the model to capture formation
and breaking of covalent bonds, with a recently developed pa-
rameter set that captured all relevant atomic interactions [20].
In both systems, atoms in the bottom 0.3 nm of the iron ox-
ide were fixed in place. Temperature was controlled using a
Nosé-Hoover thermostat with a damping parameter of 25 fs
applied to all unconstrained atoms. Simulations were run us-
ing LAMMPS [21] with a time step of 0.25 fs.

The amorphous iron oxide was created by annealing a slab
of crystalline Fe2O3 iron oxide (5 nm × 5 nm in the plane of
the surface and 1.7 nm thick). Annealing was performed by
increasing the temperature from 300 to 4000 K over 25 ps,
holding at 4000 K for 125 ps, and then decreasing back to
300 K over 500 ps [20]. The surface was then passivated
by introducing water molecules into the model. A simula-
tion with the amorphous iron oxide surface and water was
run at 700 K for 500 ps, after which the number of chem-
ical bonds was constant. After the simulation, any water
molecules not covalently bonded to the surface were removed
from the model. The hydroxyl group density on the final sur-
face was 8.31 nm−2, consistent with the range of 5 to 9 nm−2

reported in previous studies [22]. The resultant passivated
amorphous iron oxide model was comparable to the surface
of the sample used in previous experimental measurements of
a pure iron film baked in air at 513 K for two hours [18].

The ND particles were created by cutting from a block of
carbon atoms in a diamond structure such that the surfaces
of the cut material had the minimum energy [23]. The re-
sultant particles had a diameter of approximately 1 nm. The
NDs were passivated by placing them in a simulation with wa-
ter molecules at 500 K for 500 ps. During the hydroxylation
process, water molecules reacted with the ND surface leading
to the formation of CH and COH chemical groups. The ob-
servation of hydrogen and hydroxyl terminated carbon atoms
on the surface of NDs has been reported in previous studies
[24]. In the QCM experiments, the NDs had a diameter of
30 nm and, in an oil dispersion, were prepared in a manner
that is expected to result in COOH termination. The presence
of COOH groups is expected based on previous experimental
observations [25] as this chemistry has been shown to improve
dispersion by promoting electrostatic attraction with the an-
choring groups of the dispersants [10]. Thus, our model NDs
were several times smaller than those in the experiment and
likely had different termination. The size scale was limited by
the simulation method and the termination was determined by
the force field through the simulation of the NDs with water.
Despite these differences, the model NDs were a reasonable
approximation since all of the reactions that we observed were
between the un-terminated C atoms in the NDs and either O
from the TCP or Fe on the surface.

Both models were initially equilibrated at room tempera-
ture for 0.25 ns. Then, the temperature was increased linearly
at a rate of 1000 K/ns to a maximum temperature of 550 K.
This is the same temperature range as reported in the previous
QCM experiments [18], although the heating rate was orders
of magnitude faster than in the experiments due to the small
time scale of the model. The simulation was repeated three

FIG. 1. Snapshots of the simulations consisting of TCP molecules on
an amorphous iron oxide surface, with and without NDs. Close-up
views of the TCP and ND are shown as insets above the simulation
snapshots. Colors represent: Hydrogen - white, Oxygen - blue, Phos-
phorous - red, carbon in TCP - black, carbon in NDs - faded grey.

times for each model to enable statistical analysis of results.
For each replica, the TCP molecules were placed at differ-
ent initial positions such that the simulations captured the po-
tential interaction of TCP with many different reactive sites
on the surface. Also, to confirm the heating rate did not af-
fect results, simulations were repeated once more at a rate of
500 K/ns. During the simulation, the number and type of co-
valent bonds between TCP and the iron oxide surface were
recorded.

III. RESULTS AND DISCUSSION

FIG. 2. Number of covalent bonds formed between TCP and the iron
oxide surface as a function of temperature without (left) and with
(right) NDs as a function of temperature. The top figures show the
total number of bonds and the middle and bottom figures show the
number of Fe–C and O–C bonds, respectively. The symbols are the
average and the lines/shading represent the standard error of the three
independent simulations.
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Figure 2 shows the number of bonds between TCP
molecules and the iron oxide surface, with and without NDs
present. At all temperatures, the chemical bonds that formed
were between C atoms in the TCP and either Fe or O atoms
on the surface. Two key observations can be made from these
results. First, there were more chemical bonds formed be-
tween TCP and the surface when the NDs were present. This
is consistent with the observation from QCM experiments on
air baked Fe which showed an abrupt frequency shift (indicat-
ing film growth) only for the system with NDs [18]. Second,
the increase in bonding with NDs observed in Fig. 2 occurred
between 400 and 470 K. This is similar to the temperature of
the abrupt frequency shift in the QCM experiments which oc-
curred at 500 K [18]. Further, the frequency shift observed at a
single temperature on the experimental time scale is captured
by the orders-of-magnitude faster simulations as an increase
in bonding over a range of temperatures, potentially explain-
ing why the shift is so abrupt in the experiments. These same
trends were observed in our simulations at the slower temper-
ature ramp rate of 500 K/ns.

To better understand the elementary steps leading to TCP
film formation in the presence of NDs, we analyzed individ-
ual chemical bonds formed during the simulation. The unique
bonding sites on the TCP are differentiated and identified in
the upper panel of Fig. 3. We observed that most of the di-
rect TCP–surface bonds were formed between the C5 or the
C6 of the TCP and Fe on the surface. Representative snap-
shots of these bonds are shown in the middle panel of Fig. 3.
We also observed direct chemical bonding between the ND
and the surface via Fe–CND bonds. This is consistent with
experimental detection of NDs embedded in the film grown
in QCM as shown in the insets to Fig. 4. Finally, the simu-
lations showed bonding between C atoms in the NDs and the
double-bonded O atom in the TCP. In many cases the NDs to
which the TCP molecules bonded were themselves bonded to
the surface. Therefore, the NDs provide a means of indirectly
bonding the TCP to the surface. This observation suggests
that the NDs contribute to film formation by enabling indirect
bonding between the TCP and surface.

We next analyzed the composition of the film forming on
the surface through these reactions at 490 K, a temperature
near which bonding was observed in the simulations and the
frequency shift was measured in the experiments. From the
simulations, we calculated the surface density of each type of
atom that was either directly or indirectly bonded to the sur-
face. An example of an indirectly bonded atom is an atom in
a TCP molecule chemically bonded to an ND that is chemi-
cally bonded to the surface. Figure 4 shows that the densities
of all atom types (C, O and P) were dramatically larger in the
system with NDs. These results are consistent with the film
composition reported from the experimental study obtained
using electron dispersive X-ray spectroscopy (EDS) [18]. In
the experiments, the molar composition of the film without
NDs was 9.8 for C, 7.6 for O and 0.02 for P; with the NDs it
was 20.0 for C, 18.0 for O and 0.3 for P. The same trend is
observed in Fig. 4 where the density of all elements is greater
with the NDs present, and the relative amount of each element
increases as P<O<C both with and without NDs. The ratio of

FIG. 3. Snapshots from simulations illustrating the most commonly
observed reactions between TCP, the iron oxide surface and the NDs.
All atoms are faded except those involved in a given reaction. The
unique reaction sites on the TCP are labeled in the upper panel.

FIG. 4. Simulation surface density of carbon, oxygen and phospho-
rous in the film at 490 K, quantified by the number of atoms in the
TCP or NDs that are directly or indirectly bonded to the surface. In-
set are 300 nm × 1500 nm atomic force microscope topography im-
ages (height scale is approximately 36 nm dark to light) of the film
grown in QCM experiments; adapted from the graphical abstract of
Ref. [18].

C to O is higher in experiments than in simulations, which is
attributable to the fact that the experimental measurement cap-
tured both the film and substrate on which it formed, while the
simulation calculation included only atoms from the TCP and
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NDs. The compositions of all three elements increased in the
presence of the NDs, both in experiments and simulations. In
the simulations, it was found that that the increase was due
to both NDs directly bonded to the surface, as well as TCP
molecules and NDs indirectly bonded to the surface (Fig. 4).
This effect is particularly relevant for P, which is an impor-
tant constituent of the film in terms of reducing wear in mov-
ing components. Here, we show that indirectly bonded TCP
molecules contribute significantly to the increased amount of
P in the film with NDs. These results suggest that one mecha-
nism by which the NDs facilitate film formation is the ability
to indirectly bond the TCP to the surface.

IV. CONCLUSIONS

In summary, we used reactive molecular dynamics simula-
tion to investigate the origins of previously observed differ-
ences between TCP film formation on ferrous surfaces with
and without NDs present. First, the simulations showed that
NDs increased the number of bonds between TCP and iron ox-
ide – this is consistent with the measurement of a frequency
shift at 500 K in QCM experiments with NDs, indicating film
formation. Second, analysis of individual chemical bonds in
the simulation showed that TCP can bond with the surface
both directly and indirectly. The direct bonding was shown

to occur primarily between the C5 and C6 on the TCP and
Fe on the surface. The indirect bonding of TCP molecules
was shown to occur through the O atom on the TCP bonding
with C on the ND, where that ND was bonded to the surface.
Next, simulation results revealed a higher density of C, O and
P directly or indirectly bonded to the surface in the presence
of NDs, comparable to EDS measurements of a higher per-
cent of those elements with NDs. The higher density of ele-
ments originally from the TCP is in part due to TCP molecules
bonded to the surface via an ND. These finding reveal that the
NDs can facilitate film formation through their ability to bond
TCP molecules indirectly to the surface. The simulations thus
support and then explain the previous experimental findings
of synergy between NDs and TCP. Taken together, the exper-
iments and simulations show that, contrary to expectations,
NDs do not suppress TCP–surface reactions, which encour-
ages use of these additives in lubricated components.
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