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Abstract

Tricresyl phosphate (TCP) forms protective films on moving mechanical compo-
nents through thermally driven decomposition and interactions with the ferrous sur-
faces of the components. These reactions are hidden from view in moving interfaces,
but are known to be sensitive to both the surface material and the isomeric form
of the TCP. Here, temperature-programmed reaction spectroscopy (TPRS) and gas
chromatography-mass spectroscopy (GC-MS) are complemented by reactive molecular
dynamics (MD) simulations to investigate the thermal decomposition of meta and para
isomers of TCP reacting with ferrous materials. Key observations are that the primary
decomposition product of TCP is cresol, more cresol is generated on Fe,O5 than on
Fe;0,, and that para-TCP isomers are more reactive than meta-TCP isomers. These
trends are explained using the simulations to identify multiple reaction pathways lead-
ing to cresol formation. The likelihood of each pathway is quantified and correlated to
surface material and TCP isomer trends in terms of energy barriers for the rate-limiting

steps in the decomposition reactions.

Introduction

Phosphate esters are relevant to many different applications and used primarily as surfac-
tants.X They are also used in the automotive and aviation industries as lubricant additives,
where they protect moving mechanical components from wear in extreme conditions.”® One
of the most widely used and extensively studied phosphate ester lubricant additive is tri-
cresyl phosphate (TCP). TCP functions as an anti-wear additive by reacting with ferrous
surfaces to form protective films, called tribofilms. Characterization of these films has shown
that they can be comprised of iron phosphate,? organic polyphosphates™ or iron polyphos-
phate.® Further, multiple mechanisms for the conversion of TCP into a tribofilm have been
proposed, including the formation of phosphoric acid through hydrolysis of the TCP, adsorp-

tion of TCP on the surface followed by thermal decomposition, and adsorption followed by



decomposition through a nucleophilic attack by other surface-adsorbed species.*¥ Consis-
tent across all of these mechanisms is the decomposition of the TCP.” However, a challenge
to understanding the decomposition reaction pathways leading to TCP tribofilm formation
is that the reaction rates and products are dependent on multiple factors.™

Film formation reactions from TCP and other phosphate esters have been characterized
indirectly, using friction or wear measurements as a proxy for film growth, or directly using
various experimental characterization techniques. Commonly used direct approaches involve
identifying organic compounds produced from thermal decomposition in the gas phase using,
for example, gel permeation chromatography (GPC),®¥ temperature programmed desorp-
tion (TPD)%#1% and gas chromatography-mass spectroscopy (GC-MS).%¥* Such techniques
quantify reactivity from the abundance of gaseous compounds and the lowest temperature
at which they are observed. These methods also identify reaction products, and prior stud-
ies have shown that the primary products of TCP decomposition are tolyl-TCP, cresol and
higher molecular weight species. #8157

Atomistic simulations have been used to study this topic as well. 11822 Since decomposi-
tion and film formation reactions involve the formation and breaking of chemical bonds, the
three relevant simulation methods are density functional theory (DFT), ab initio molecular
dynamics (AIMD) simulation, and reactive molecular dynamics (MD) simulation. These
tools can mimic experiments by modeling heating processes and tracking the rate of reaction
product formation. However, their strength lies in the ability to demonstrate reaction path-
ways, including intermediates that may not be detectable using experimental methods. Here,
we focus on the use of the experimental and computational tools to characterize the effect
of the surface and the molecular species on thermal decomposition reactions of phosphate
esters, with emphasis on TCP and ferrous surfaces.

Decomposition reactions leading to film formation are necessarily affected by the nature
of the surface itself. For example, TCP was found to exhibit better anti-wear performance

on nitrided and oxy-nitrided surfaces compared to sulfurized steels.”s Another comparison of



TCP reactivity on different surfaces in vapor-phase lubrication showed that decomposition
rates on iron and copper were relatively fast, but were slower for quartz, nickel, and tung-
sten. 24 A comparison of gold and iron showed that TCP physisorbed and then desorbed
at higher temperatures on inert gold surfaces but decomposed and formed a film on ferrous
surfaces.”” A study that included both commercial-grade TCP and pure TCP isomers found
that reactivity on various metals/oxides increased with increasing surface oxidation state.®
That study also showed that different types of steel exhibited different levels of reactivity,
with 316C stainless steel being the least active. The difference in reactivity between ferrous
surfaces is particularly important since the surfaces of lubricated mechanical components
have been reported to be chemically heterogeneous and comprise multiple iron oxides.?"%8

Experimental studies on the effect of surfaces have been complemented by reactive MD
simulations that showed that C-O dissociation reactions in tri(n-butyl)phosphate and tri(s-
butyl)phosphate proceed faster and at lower temperatures on a-Fe(110) than Fe;O0,.18 The
same study also suggested that hydroxylation of the surface to form Fe;O,—OH further
inhibited dissociation. In contrast, P-O dissociation was faster on the Fe;O, than the a-
Fe(110) surface. This result, which was consistent with the experimental observation of
more reactivity on iron oxide,® was explained by the need for oxygen atoms on the surface
to enable P-O scission via nucleophilic substitution.®® Other reactive MD simulations of
thermal decomposition of TCP on Fe;O,—OH showed that the dominant reaction pathway
involved Fe-C bonding.*® These reactions were then shown to be accelerated by the pres-
ence of nanodiamonds on the surface in both simulations and quartz crystal microbalance
experiments.?!

In addition to surfaces, the rates of dissociation reactions depend on the chemistry and
structure of the molecular species. GPC was used to compare TCP to three alkyl phos-
phates, which showed that the TCP decomposed at a higher temperature than any of the
alkyl phosphates.?? Similarly, the decomposition temperature of TCP on steel measured by

X-ray photoelectron spectroscopy®® was higher than that for tributyl phosphate on iron ox-



ide measured using TPD.*® A study that included commercial-grade TCP and three pure
TCP isomers (para—p, meta—m, ortho-o) showed that reactivity characterized by GPC was
sensitive to the type of TCP and surface.® Specifically, on Fe,O, surfaces, it was found
that reactivity increased as commercial TCP = ortho < meta =~ para; on Fe’, reactivity in-
creased as ortho < meta =~ para ~ commercial TCP.® In another study, GC-MS experiments
performed between 673 and 723 K showed a larger number of decomposition products for
para-TCP than meta-TCP.2? The decomposition products for both TCP isomers were then
shown to be dependent on the availability of a metal surface and oxygen.

The effect of reactant chemistry has also been explored using simulations. Ab initio
MD simulations of trimethyl phosphite and tributyl phosphite confined and sheared between
Fe(110) slabs showed that dissociation of both molecules proceeded along the same pathway
at high load, but that more phosphorous was likely to be released with the smaller molecule
because of the greater number of adsorbed molecules per unit area.?? It was further shown
that the energy of dissociation adsorption decreased as the number of detached methoxy
groups increased.®! Lastly, reactive MD simulations compared TCP with four alkyl phos-
phates (primary linear, primary branched, secondary, and tertiary).™® Analysis of thermal
decomposition on Fe;O, showed that the onset temperature for C-O cleavage increased as
tertiary < secondary < primary < TCP, indicating the tertiary alkyl was the most reactive,
and this trend was explained by the relative stability of radicals formed by C-O dissociation.
However, the P-O cleavage rate was faster for the primary alkyl than the other molecules,
and this was explained by steric hindrance that inhibited nucleophilic attack by the surface
oxygen. 18

As the above review demonstrates, the rates and pathways of decomposition reactions
leading to film formation depend on the reactant species and surfaces. However, trends
are inconsistent across the different studies, possibly because most studies used just one
experimental or simulation technique to quantify reactivity. Here, we combine two different

experimental methods, temperature-programmed reaction spectroscopy (TPRS) and GC-



MS, with reactive MD simulations to explore thermal decomposition reactions of TCP on
ferrous surfaces. We particularly focus on reactions between TCP and iron oxides, as these
material systems are most relevant to lubricated mechanical components. Specifically, the
experiments and simulations are combined to characterize the decomposition products and
reactivity of three different ferrous surfaces — Fe with native oxide, Fe,O; and Fe;O, —
and two isomers of TCP — meta and para. Results obtained using the various techniques are
compared and contrasted. Finally, key trends that are consistent across the different methods

are explained in terms of reaction pathways identified and quantified in the simulations.

Methods

Temperature-Programmed Reaction Spectroscopy

TPRS experiments were accomplished using a custom-built environmental chamber capable
of high vacuum (<10 mTorr base pressure) or a controlled gas environment up to 1.1 atm.
Air with relative humidity between 18% and 35% or nitrogen with a purity of 99.9% was
introduced to the chamber after pumping to <10 mTorr for each experiment. A Hiden
HPR-20 R&D atmospheric sampling quadrupole mass spectrometer was used to analyze the
mass over ion charge of desorption products up to 300 m/z. Molecules were ionized with
a hot-filament (emission current 250 pA) electron impact ionization source within the mass
spectrometer with an ionization energy of 70 eV. The differentially-pumped inlet of the mass
spectrometer was connected to the environmental chamber through a heated glass capillary
suspended about 1 cm from the specimen with a specified response time of < 500 ms. In order
to maintain a constant pressure in the environmental chamber, make-up air or nitrogen was
leaked into the chamber to compensate for gas pumped by the mass spectrometer inlet. Any
reacted and/or desorbed molecular species will therefore appear in the mass spectrometer
signal as a peak with increasing temperature because molecules are continually depleted

from the chamber gas at a constant rate. As the species is released from the specimen,



the signal rises with increasing concentration in the chamber gas, indicating the start of
reaction/desorption. As desorption slows with temperature increase and surface reactant
consumption, the signal peaks when desorption equals depletion rate from the chamber.
Once desorption completes at higher temperature, the chamber concentration then drops
back below detectable limits.

Powders of Fe (99.997%), Fe,O4 (99.99%), or Fe;O, (99.997%) from AlfaAesar were
placed in a 1-cm diameter flat-bottomed borosilicate glass vial which had been cleaned for
10 min in an air plasma cleaner. The mass of powder used was 20 mg for Fe, and 13 mg
for Fe,O5 and Fe;O,, which should correspond to roughly the same surface area assuming
similar particle size distributions. No mass signal was observed at 2, 91, 108, and 165 m/z
from dry powders heated to over 750 K. 1 pLL TCP (mixture of meta- and para-isomers,
<1% ortho-isomer, SYN-O-AD 8484 from ICL-IP America, Inc.) was dissolved in 50 pL of
anhydrous ethanol (99.9%), then placed in drops with a pipette directly onto the powder.
The ethanol was then allowed to evaporate completely in the air or under vacuum until no
ethanol signal was observed in the mass spectrometer. The vial was placed on a resistively
heated ceramic heater surface about 1 cm beneath the orifice of the heated glass capillary.

Temperature was monitored at the bottom surface of the glass vial embedded in the
powder with a K-type thermocouple. Temperature ramps were begun at 303 K with a
heating rate of 0.25 K/s to allow for even heating of the powder. TCP (368 m/z) evaporated
into the mass spectrometer was seen to correlate with a significant signal at 165 m/z as
the most prominent and highest mass fragment, and signals at 91 m/z and 108 m/z from
toluene and cresol, respectively, due to fragmentation of the TCP in the mass spectrometer.
Relative sensitivities of 6.8 for 91 m/z, and 1.0 for 108 and 165 m/z were used in the mass
spectrometer signal. The ratio of 91 m/z:165 m/z was 0.621, and 108 m/z:165 m/z was 0.124
from the pure TCP signal, according to the NIST Chemistry Webbook.## Contributions due
to fragmentation of TCP molecules that reached the detector were removed by subtracting

the signal of 165 m/z multiplied by these ratios from the signal of 91 and 108 m/z so that



the resulting data only represents toluene and cresol that desorbed as such from the sample.

Fig. [1] illustrates the molecular structures of mmm-TCP, ppp-TCP and their fragments.

Gas Chromatography — Mass Spectrometry

Pyrolysis products were analyzed by means of a gas GC-MS instrument with a desorption
interface. Desorption was achieved via a CDS Analytical Model 2000 Pyroprobe (coil type)
connected through a heated interface chamber to the splitless injector of an Agilent (Santa
Clara, California) GC/MS system (Model 6890N GC and Model 5973N MSD). The GC
column used was a HP-5 capillary column (0.25 mm x 30 m, 0.25-pm film). The injector
temperature was 523 K; the Pyroprobe interface was set to a temperature of 523 K. The
GC oven temperature program was as follows: 373 K isothermal for 1 min, 373-523 K at
40 K/min, and 523 K isothermal for 1 min. The Pyroprobe was programmed to give a 20-s
desorption pulse at 523 K at a heating rate of 1,000 K/s. The pulse temperature is based on
calibration provided by the vendor and was not measured for this study. Samples consisted
of approximately 2 mg of Fe, Fe,O; or Fe;O, plus 1 uL of TCP solution (100 ul TCP in
ImL ethanol). TCP solution was applied directly by syringe to a solid substrate that was
pre-loaded into a quartz tube. Neat TCP was analyzed by applying the solution to glass
wool. The quartz tube containing the sample was then placed in the coils of the Pyroprobe,

which was then inserted into the Pyroprobe interface.

Reactive Molecular Dynamics Simulations

The molecular dynamics simulations captured TCP molecules interacting with Fe;O, and
Fe, O, surfaces (snapshots in Fig. S1). Atomic interactions were modeled using the ReaxFF*
force field with a parameter set previously developed for Fe/P/O/C/H. This parameter set
has been shown to accurately reproduce P and PO adsorption energies on Fe(001)% as well
as the adsorption and dissociation energies of intact and dissociated tri(n-butyl)phosphate on

a-Fe(100)™¥ by comparison to energies calculated using DFT. All simulations were run using



the large-scale atomic/molecular massively parallel simulator (LAMMPS)®*# with a timestep
of 0.25 fs. The temperature was controlled using a Nosé-Hoover thermostat applied to the
free atoms. Post-processing of results was carried out using Python scripts and OVITO
software."”

To construct the model systems, first, crystalline unit cells of Fe,O4 and Fe;O, were
created and duplicated in the [100], [010] and [001] directions using QuantumATK.*" The
crystalline slabs of material were then annealed to create disordered surfaces. The annealing
process consisted of heating from 300 K to 4000 K over 25 ps, equilibration at 4000 K
for 125 ps, and then cooling to 300 K over 500 ps, following a procedure used previously
for the creation of amorphous Fe;O, surfaces.*® Next, the slabs were truncated from the
bottom such that they were all the same size: 2.5 nm x 2.5 nm in the plane of the surface
and 2.0 nm thick. The positions of the atoms in the bottommost 0.3 nm of the slabs were
fixed to approximate the bulk of the material. Periodic boundary conditions were applied
in the plane of the surface, and a non-periodic boundary condition was used in the vertical
direction.

The amorphous substrates were next passivated by hydroxylation. For this process, 300
water molecules were placed above the substrates, and the temperature was set to 700 K for
750 ps to accelerate reactions. Then the system was cooled down to 300 K, after which any
atoms not covalently bonded to the surface were removed. After passivation, the surfaces
were extended in the two directions parallel to the surface and truncated from the bottom
to have a final dimension of 5 nm x 5 nm x 1.3 nm (length x width x thickness).

Once the surface models were complete, 64 TCP molecules were placed at random posi-
tions and orientations above the surface, starting ~ 0.5 nm from the topmost surface atoms.
The simulation was started with energy minimization, followed by thermal equilibration at
300 K for 100 ps. A repulsive wall was placed at the height of 5.4 nm to prevent atoms
from leaving the simulation box. The temperature was increased from 300 K to 700 K at

a fixed heating rate of 0.1 K/ps, and then further increased to 1700 K at a heating rate of



1 K/ps. The slower heating rate at the beginning was applied to provide the system with
enough time for adsorption reactions to take place. The higher heating rate was applied to
accelerate desorption.

Simulations were performed for the two surfaces, Fe,O, or Fe;O,, and TCP having three
meta-cresol substituents (mmm) or TCP with three para-cresol substituents (ppp). Two
independent simulations were run for each of the four surface/isomer combinations. Results
were analyzed in terms of the type and number of chemical species observed during the
desorption stage of the simulations. Snapshots of mmm-TCP and ppp-TCP molecules as

well as cresol and toluene decomposition products are shown in Fig. [}

Nudged Elastic Band

Nudged Elastic Band (NEB) %% calculations were performed to compute the energy bar-
riers for different reaction pathways. NEB was implemented using LAMMPS with the same
ReaxFF potential as described above for the dynamic simulations. The NEB method en-
ables calculation of the Minimum Energy Path (MEP) for any transition and has been used
to compute energy barriers for various reactions, including adsorption, desorption, and de-
composition.® ' In the NEB calculations performed here, 24 number of replicas were used,
including the initial and final replicas. The initial and final states were taken directly from
the reactive simulation and the intermediate replicas were initially created via linear inter-
polation.

All the replicas were connected by springs to ensure the replicas would be equally spaced.
The total force acting on a replica was the sum of the spring force along the tangent and
the true force perpendicular to the tangent.”® The series of replicas converged to the MEP
by minimizing the total force acting on each of the replicas by damped dynamics.?? The
climbing image method was also incorporated in the NEB calculations, where the replica
with the highest energy is detected after the regular NEB minimization and is driven to the

top of the energy barrier to maximize its energy.4? This improved the resolution of the energy
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Figure 1: Snapshots of atomistic models of mmm-TCP, ppp-TCP, m-cresol, p-cresol and
toluene. The atoms in the TCP are numbers according to their position in the structure.

profile near the saddle point and prevented the saddle point replica from slipping down from
the high energy regions towards the minima. A perpendicular spring with a spring constant
ranging from 100 to 50,000 Kcal/ (mol.Az) was also employed until a force criterion of 0.9

kcal/(mol.A) was met for the saddle point.
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Results

The result of the TPRS experiments performed with TCP on Fe, Fe;O,, and Fe,O; powders
are shown in Fig. [2| for a temperature ramp rate of 0.25 K/s in air and in dry nitrogen
gas environments. In the air (Fig. 2h), cresol (108 m/z) was the most prominent desorp-
tion product by two orders of magnitude, as indicated by the relative signal strength (note
multiplication factor of x2.2 for cresol to x94 for toluene). In both Fe and Fe,O, powder,
desorption of cresol began at around 450 K with a peak at 520 K, although significantly
more product was desorbed for Fe. In Fe;O, powder, desorption of cresol began around 475
K and peaked around 530 K with less than half of the peak area of the Fe powder. Toluene
desorbed around 515 K for the Fe powder, but no clear toluene signal was detected for either
of the oxide powders. No TCP desorption was observed in any of the powders in the air.

In a nitrogen gas environment at a ramp rate of 0.25 K/s (Fig. ), cresol was again the
greatest desorption product, by over one order of magnitude. Fe had an onset desorption
temperature for cresol of 550 K with two peaks at 590 K and 640 K, while cresol from Fe,O,
had the same onset and peak temperatures with a markedly larger higher temperature peak.
Cresol from Fe;O, had a lower temperature onset of around 500 K and a peak at 575 K. In
contrast to the air environment, the cresol peak from Fe,O4 had the largest area of the three
powders in the nitrogen environment. The areas of the cresol peaks from Fe;O, and Fe were
similar to each other. A small amount of toluene was produced from all three powders at
around 575 K. TCP was also observed to desorb with peaks at 550 K for Fe;O,, and 580 K
for Fe and Fe,O;.

The results of GC-MS experiments performed on the three different iron-based substrates
and neat TCP are shown in Fig. 3] Fig. [3a) displays the selected ion chromatogram (SIC)
for a MS signal of m/z = 107, which corresponds to cresol, for neat TCP and TCP reacted
with Fe, Fe,O; and Fe;O,. A MS signal from toluene was not observed. The earlier signal
in Fig. [3(a) starting at around 4 min retention time resulted from cresol molecules released

from the specimens directly. TCP mixed with the three iron-based powders released cresol
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(a) Air environment (b) Dry nitrogen environment
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Figure 2: Thermal programmed reaction spectroscopy of TCP on Fe, Fe,O,, and Fe;O, with
a heating rate of 0.25 K/s in (a) an air environment and (b) a dry nitrogen environment.
Masses 91, 108, and 165 m/z, top to bottom in each panel, correspond to toluene, cresol, and
TCP. Cresol and toluene contributions from TCP cracking products in the mass spectrometer
have been removed. Signal strength relative to cresol in dry nitrogen is indicated.

which appeared at retention times beginning around 3.8 minutes, increasing to a peak at
about 4.0 minutes (or shoulder for Fe;O,), then a second peak at 4.4 minutes, before trailing
off over the next two minutes. The signals from the three powders differed in shape, but
were similar in magnitude (note the decrease in abundance signal scale from the TCP neat
down to the TCP + Fe,0;). The results of the iron powders contrasted with the behavior of
neat TCP that produced cresol with a retention time of 4.2 minutes to peak at 4.4 minutes
before trailing off. The intensity of cresol from neat TCP was about four times less than the
cresol produced by the powders.

The later signals in Fig. (a) resulted from TCP molecules that desorbed from the speci-
mens whole, and were then fragmented in the electron impact ionization section of the mass

spectrometer. Here, four peaks were observed at retention times of 9.3, 9.5, 9.7, and 9.9
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minutes for the three powders and from neat TCP. These peaks correspond to the four iso-
mers present in the TCP, i.e. TCP with three meta-cresol substituents (mmm), TCP with
two meta- and one para-cresol substituents (mmp), TCP with one meta- and two para-cresol
substituents (mpp), and TCP with three para-cresol substituents (ppp), from low to high
retention times in the GC. Fig. [3(b) shows the peak area of the four isomers from Fig. [3|(a),
normalized to the meta-meta-para isomer peak area. From the GC-MS peak areas of the
neat TCP, the isomer distribution ratio observed is roughly 1:3:3:1 mmm:mmp:mpp:ppp,
with a slightly higher abundance of the meta-containing isomers. Key observations are that
the normalized peak area is lower for the ppp-TCP than the mmm-TCP (and similarly lower
for mpp than mmp) and, comparing the different powders, the abundance of desorbed TCP
is highest for neat TCP, then decreases progressively for Fe;O, to Fe to over an order of

magnitude lower for Fe,O,.
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Figure 3: Figure 2: (a) GC-MS SIC for a MS signal of m/z = 107 corresponding to cresol
for neat TCP and TCP reacted with Fe, Fe,O4 and Fe;O,. (b) Normalized GC-MS peak
areas for the different TCP isomers from 9 to 10 minutes retention time in (a).
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Results from reactive MD simulations of mmm-TCP and ppp-TCP isomers on Fe;O, and
Fe,O surfaces are shown in Fig. [l Consistent with the TPRS and GC-MS experiments,
there is little toluene produced. Instead, the primary reaction products are cresol, tolyl-TCP,
and higher molecular weight species (subsequently referred to as oligomers) resulting from
bonding between TCP and/or radicals generated by TCP decomposition.

We specifically analyzed the cresol, since this was the primary reaction product observed
in the experiments. The results in Fig. 4] do not show any statistically significant differences
between the amount of cresol formed on the two oxide surfaces. To compare the reactivity on
the two oxide surfaces, the number of cresols formed from mmm- and ppp-TCP are shown
in Fig. S3(a) for Fe;O, and Fig. S3(b) for Fe,O5. This figure shows that, in all cases,
the rate of cresol generated significantly increases after the formation of the first two cresol
species (see the horizontal dash line on Fig. S3). The temperature corresponding to this
increase was found to be lower for ppp-TCP than mmm-TCP (850 K on Fe;O, and 1250 K
on Fe, O, for ppp-TCP vs. 1175 K on Fe;O0, and 1425 K on Fe,O4 for mmm-TCP). Further,
the number of p-cresol is consistently higher than the number of m-cresol, on both surfaces
and at any temperature (averaged over time, four more p-cresol than m-cresol, see Fig. S3).

Note that there are several key differences between the MD and experiments. First, the
TPRS and GC-MS spectra exhibit peaks due to the reaction rate increases with tempera-
ture leading to more desorption followed by a decrease in desorption products due to lack of
availability of reactants on the surface. The decrease cannot be captured in the simulations
because of the finite size of the model and the fact that the reaction products do not leave
the simulation domain after desorption. Also, desorption in the TPRS measurements starts
around 450 K, which is significantly lower than the formation temperature in the simula-
tions (1000 K). This quantitative mismatch is attributable to the much faster heating rate
in MD compared to experiments. #4434 Faster heating rates allow for less time at critical
temperatures and so cause higher desorption temperatures. 40

Regardless of their differences, the results from two different experimental methods and
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Figure 4: Number of chemical species as a function of temperature observed from simulations
of desorption for mmm-TCP and ppp-TCP on Fe;O, and Fe,O4 surfaces. Lines are averages
of two independent simulations and shaded regions reflect the standard error of the two
independent simulations.

MD simulations reveal several key trends. First, a primary reaction product of thermal
decomposition of TCP was cresol in the TPRS and GC-MS experiments as well as in the
simulations. Also, both simulations and GC-MS experiments show that the para-TCP isomer
is more reactive than the meta-TCP isomer on both Fe;O, and Fe,O,. Lastly, regarding the
role of surface chemistry, GC-MS experiments suggested higher reactivity of TCP on Fe,O,
than Fe;0,.
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Discussion

Analysis of Observed Experimental Trends

In TPRS, the most prominent desorption product was cresol in both air and nitrogen envi-
ronments. A small signal from toluene was observed only for Fe powders in air and for all
three powders in N,. Sung et al. demonstrated that mmm-TCP and mmm-cresol on single
crystal Fe in vacuum both had desorption peaks of mmme-cresol at 285 to 315 K and 505 to
515 K, while a smaller amount of toluene desorption was detected around 345 and 500 K.1°
In the present experiments with powders, presumably any desorption around a temperature
of 300 K was already complete before the ramp due to awaiting ethanol desorption at room
temperature, and a starting temperature for the ramp of 303 K. The desorption temperature
observed in the powders at higher temperatures was quite similar for mmm-cresol with peaks
from 520 K to 650 K, despite nearly an order of magnitude difference in the ramp rates (Sung
et al. used 2 K/s). Considering the greater surface area, spaces between the powder parti-
cles, and greater inhomogeneity of the powder surfaces, the desorption temperature could be
expected to display a larger range of values for the present study. Further, as observed for
the Fe single crystal, a small amount of toluene was produced in the Fe powder. However,
the Fe powder produced significantly less toluene than the single crystal when compared to
cresol, presumably due to some surface oxidization of the powder. Toluene was not detected
for the oxide powders. It is significant that atomically clean Fe and air-exposed Fe and
oxides both produce primarily cresol from TCP at similar temperatures, and that toluene
production decreases with oxide content.

Another consequence of the lack of available oxygen in the environment appears to be
a lower overall reactivity of the TCP on the powder surfaces. First, there was less con-
sumption of the TCP by the powders, since a small TCP signal is present in the nitrogen
environment. Concomitant with this TCP desorption, a cresol desorption (and very small

toluene desorption) was observed. Second, the onset of the reaction and desorption of cresol
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occurred at higher temperatures in the nitrogen environment of around 25 to 100 K higher
for this concomitant signal. Therefore, the energy needed for the initial reaction was in-
creased slightly in the nitrogen environment. Third, a second desorption of cresol occurred
at higher temperatures in the nitrogen environment (but not in air), as represented by the
second, higher temperature peak in the Fe,O, and Fe signal and the extended shoulder in
the Fe;O, signal. This second reaction and desorption required additional thermal energy
and may have originated from TCP that remained after the first reaction, perhaps through
delay of one of the three cresol release pathways described in the simulations.

GC-MS results agree with the TPRS in that cresol is the main product released from
the Fe, Fe;O,, and Fe,O5 powders. The earlier onset and intensities of the cresol reten-
tion peaks around 4 minutes indicate that significantly more cresol molecules were released
from the powders than from neat TCP, and more readily. The intensity of the second set
of retention peaks of desorbed TCP molecules with respect to the cresol retention peaks
decreased from neat TCP to Fe;O, to Fe to Fe,O4, indicating the increasing binding of the
TCP molecules throughout this series. From the relative intensities of the second set of re-
tention peaks within the grouping from each substrate, we can form some conclusions about
the relative reactivity of the four isomers. When normalized to the “mmp” TCP isomer and
then compared with neat TCP, two observation are made: isomers containing para-cresol
are preferentially depleted relative to isomers containing meta-cresol and para-depletion de-
pends on the substrate such that Fe,O4 > Fe > Fe;O,. Based on XPS analysis of aged Fe
surfaces by Olla,?® it is clear that “exposed” Fe surfaces such as those used in the current
investigation are comprised of not only Fe metal, Fe II and Fe III oxides (including Fe,O4
and Fe;O,), but also a significant level of FeO(OH). Under the conditions of our GC-MS
analysis (i.e. 523 K), the temperature is sufficient to dehydrate FeO(OH) and convert it
to Fe,04,%" thereby increasing the overall level of Fe,O4 on the surface of the Fe particles.
While the level is certainly not as high as that on neat Fe,Oj particles, it is assumed to be

significantly higher than that on the surface of Fe;O, particles. Based on this assumption,
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it is concluded that the preferential depletion of p-cresol TCP isomers (ppp and mpp) is
correlated with Fe,O, content on substrate surfaces. This finding is in general agreement
with results of Saba and Forster® for tri-p-TCP with Fe,O, and Fe, which showed Fe,O,
>> Fe when reacted at 748 K. While they did not investigate the reaction of ppp-TCP with
Fe;O,, general conclusions from their study of tri-m-TCP reaction with Fe and Fe oxides
suggest Fe;O, to be more reactive than Fe to TCP. Given that Saba and Forster pre-heated
their substrates at 723 K prior to exposure to TCP and the fact that that the surface of
Fe would be expected to be mostly oxide, it is not clear why reaction rates of TCP with
Fe powders should be different than with Fe oxides, unless the surfaces had been protected

from oxidation. There is no mention that this was the case.

Reaction Pathways

The origins of the key trends discussed above were investigated using the atomic-scale de-
tails available from the simulations. First, the reaction pathways leading to cresol formation
were identified. It was found that the decomposition of TCP leading to the formation of
cresol proceeded via three primary pathways: hydroxylation, adsorption, and oligomeriza-
tion. Snapshots of representative reactions are shown in Fig. Direct dissociation of the
TCP P-O bond due to thermal vibration was also observed at higher temperatures, but this
occurred infrequently compared to the main three pathways.

The hydroxylation pathway shown in Fig. [oa began with water molecules and OH groups
from the surface. Depending on the orientation and proximity of a TCP molecule to such
water and OH groups, they could initiate a nucleophilic attack on the P atom of the TCP
which would then undergo a hydroxylation reaction. Investigation of several hydroxylation
cases suggest that the newly attached OH group weakens the other P-O bonds, eventually
leading to P-O bond dissociation and the formation of cresol.

The adsorption pathway is illustrated in Fig. [5p. This pathway was initiated by reactions

between C atoms in the cresol rings and Fe atoms on the surface as observed in previous
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Figure 5: Snapshots of the key steps of the three cresol formation reaction pathways: (a)
hydroxylation, (b) adsorption and (c) oligomerization. From left to right, the first images
show the TCP molecule before reaction, and the last images show the dissociation of a P-O
bond to form cresol. The adsorption snapshots were taken from a simulation of ppp-TCP on
the Fe;O, surface and the snapshots for the other two pathways were taken from a simulation
of mmm-TCP on the Fe,O4 surface. The red, blue, black, white and brown spheres represent
P, O, C, H and Fe atoms, respectively.

studies.’820 Then, one of the three P-O bonds broke to create a cresol molecule. The
dissociated cresol could be the one that initially formed the Fe-C bond, or it could be one
of the two other rings. The former case produced an adsorbed cresol as the remainder of the
TCP moved away freely in the form of tolyl phosphate. The latter case, shown in Fig. (b,
produced a free cresol molecule, leaving the remainder of the TCP adsorbed on the surface.
The adsorbed TCP molecule was sometimes hydroxylated before P-O bond dissociation.
Interactions between multiple TCP molecules or TCP and various radicals or other
molecules resulted in the formation of higher molecular weight species. These oligomers

containing between two to four P atoms and more than three cresol rings are consistent with

20



polymeric products observed in previous experiments.“®? Some of the oligomers lost one or
more cresol rings to produce cresol in the system, as in the case shown in Fig. [f. In some
instances, the oligomers were also adsorbed on the surface through either Fe-C bonds or
Fe-O bonds.

The relative frequency of each reaction pathway observed in the MD simulations was
calculated. A summary of the reaction pathway statistics for mmm- and ppp-TCP on the
two oxides is given in Table [I} where direct P-O dissociation refers to cresol formed not

through one of the three primary pathways.

Table 1: Percent of the total cresol formation reactions that occurred via each
of the identified pathways in the reactive MD simulations.

mmm-TCP ppp-TCP
Fe,O4 Fe,O, Fe,O4 Fe, O,
Hydroxylation 43% 59% 39% 36%
Adsorption 5% 14% ™% 15%
Oligomerization 43% 24% 50% 46%
Direct P-O Dissociation 9% 3% 4% 3%

The relative frequency of the different reaction pathways in Table [1| can be correlated
qualitatively to the different reactivity of the TCP isomers and oxide surfaces in experiments.
First, the GC-MS results indicated Fe,O; was more reactive than Fe;O, in terms of cresol
formation. In Fig. B, the first step of the adsorption pathway is the formation of Fe-C
bonds. This is consistent with our previous MD simulations that showed chemisorption of
TCP on iron oxide occurs predominantly through Fe-C bonding."*#% Therefore, the higher
Fe/O ratio of Fe;O, compared to Fe,O5 means that there are more Fe atoms available on the
Fe;O, surface for bonding. This is consistent with the nearly three times higher probability of
the adsorption reaction pathway on Fe;O, compared to Fe,O4 in Table|[l| In contrast, more
cresol is formed through non-adsorption reactions, including oligomerization, hydroxylation,

and direct P-O bond dissociation on the Fe,O4 surface.

21



The Fe/O ratio of the two surfaces can also affect the hydroxylation and oligomeriza-
tion pathways. These pathways, shown Fig. [fh and. Bk, involve reactions with OH whose
oxygen atoms originate from the surface and H atoms either from the surface or the TCP
molecules. During the surface preparation stage of our simulations, we found that 1.3 times
more H/OH bonded to the Fe,O, surface than the Fe;O,; see Fig S2. Therefore, more OH is
available to participate in hydroxylation and oligomerization pathways on the Fe,O4 surface.
This is reflected by the greater likelihood of these pathways in Table [1] for all cases except
hydroxylation of mmm-TCP.

Lastly, MD simulations and GC-MS show that ppp-TCP is more reactive than mmm-
TCP. The higher reactivity of ppp-TCP can be observed in Fig. S4, showing that a greater
number of carbon atoms take part in the adsorption reaction. Also, the results show that, in
contrast to mmm-TCP, which bonds to the surface primarily via the C5 and C6 atoms, ppp-
TCP adsorbs through bonding with all of the carbon atoms in the cresyl ring. Comparing
the relative frequency of the reaction pathways for the two isomers in Table [I, we observe
that m-cresol forms mostly from the hydroxylation pathway whereas p-cresol is most often
the product of the oligomerization pathway. The origin of this difference was investigated in

terms of the energetics of the reaction pathways using NEB.

Energy Barriers

NEB was used to calculate the energy barrier for the rate-limiting step of each pathway for
both mmm-TCP and ppp-TCP. The adsorption pathway was analyzed on both oxide sur-
faces. For the hydroxylation, adsorption and oligomerization pathways, the initial and final
images used in the NEB calculation were taken directly from the dynamic simulations. The
initial and final images for the direct dissociation reactions were created using QuantumATK.
The NEB-predicted energy profiles for the P-O bond dissociation step of the hydroxylation
reaction pathway for mmm-TCP and ppp-TCP are shown in Fig. [ Clearly, the energy

barrier for this step of the reaction is lower for ppp-TCP than for mmm-TCP.
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Figure 6: Energy profiles and corresponding P-O distance for the P-O bond dissociation step
of the hydroxylation reaction pathway calculated using NEB. The NEB-predicted energy
barrier for mmm-TCP is about 13 kcal/mol higher than for ppp-TCP. The insets show
snapshots of the initial, saddle point and final replicas. The atom color scheme is the same
as in Fig. [f

A similar analysis was performed for the adsorption and direct P-O dissociation pathways,
for both isomers and, in the case of adsorption, both surfaces. The resultant NEB-calculated
energy barriers are reported in Table 2 The barrier for the oligomerization pathway was in
the range of 45 to 76 kcal/mol but could not be isolated further since each oligomerization
reaction was involving slightly different chemical species. Considering the data in Table[2] the
energy barrier for direct dissociation is higher than those for adsorption and hydroxylation,
as expected. The lowest energy barrier, 20.5 kcal/mol, was obtained for ppp-TCP and the
hydroxylation reaction pathway.

The energy barrier for the adsorption pathway was slightly lower than for the hydrox-
ylation pathway for mmm-TCP but higher for ppp-TCP. The rate-limiting step for the
adsorption pathway, however, is the adsorption of TCP on the surface through the creation
of Fe—C bonds. The energy barrier for that step is always higher than the P-O bond dis-
sociation step and the magnitude of the energy barrier for adsorption differs depending on

the surface, isomer, and number of Fe-C or Fe-O bonds created. One NEB calculation

predicted the energy barrier of the adsorption step to be about 65 kcal/mol for mmm-TCP
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Table 2: Energy barriers for different reaction pathways leading to cresol forma-
tion calculated from NEB. All energies reported in kcal/mol. The oligomeriza-
tion pathway is not shown since the energy barrier for that pathway depended
on the chemical composition of the oligomer.

mmm-TCP ppp-TCP
Hydroxylation 31.7 20.5
Adsorption on Fe,O4 28.3 27.9
Adsorption on Fe;O, 28.6 25.8
Direct P-O Dissociation 76.7 75.8

on Fe;O, surface. The higher energy barrier for Fe-C or Fe-O bond formation inhibited
cresol formation through the adsorption pathway which is why there are only a few cases of
adsorption pathway reported in Table [T}

Another general trend in Table 2] is that ppp-TCP energy barriers are lower than mmm-
TCP energy barriers, especially for the hydroxylation reaction pathway. The approximately
13 kcal/mol lower energy barrier for ppp-TCP hydroxylation pathway compared to mmm-
TCP is a key reason for the higher reactivity of ppp-TCP that was observed both in the
GC-MS experiments and the reactive simulations. The difference between mmm-TCP and
ppp-TCP must be attributable to their different structures. Note that the energy barriers cal-
culated from NEB are based on the empirical ReaxFF interaction model.14%4% So although
trends are likely to be correct since the force field was parameterized for a similar model

system,*”

an empirical model-based approach cannot always be used to calculate energy
barriers,*! and ab initio calculations would be required to provide quantitative validation.
To understand how the structural differences between the two isomers affect the energy
barrier for dissociation, the rotation of the dissociating cresol ring during the hydroxylation
pathway was analyzed. This process was quantified as the angle of rotation around the P-O,
O-C1 and C3-C4 axes, as illustrated in Fig.[7] The calculated angles for ppp-TCP shown in
Fig. are very different from those for mmm-TCP in Fig. [7c. Specifically, all three angles

increased rapidly at the onset of the bond dissociation for mmm-TCP. A simultaneous initial
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steep increase can also be seen in the energy profile of the mmm-TCP hydroxylation pathway
in Fig. @ Within the initial 0.2 A change of the P-O distance, the energy went up to about
13 kcal/mol. This suggests that more energy was expended to rotate the m-cresol than to
stretch the P-O bond at the beginning of the reaction. On the other hand, p-cresol rotated
less than 5° around any of the axes, indicating that no extra rotation is required to facilitate

the dissociation reaction of p-cresol.
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Figure 7: Rotation of the cresol ring as it moves away from the TCP molecule in NEB
calculations. (a) Illustrations of the angles of rotation around P-O axis, O-C1 axis and C3-
C4 axis, from top to bottom image. Snapshots on the left side are taken from the initial
replicas and those on the right are from 7th replica for rotation around P-O bond and from
5th replica for the other two. Since cresol is a planar molecule, only the top half of the
cresol ring is shown for rotation around the O-C1 axis to provide an unobstructed view of
the rotation. Angles of rotation during the reaction are shown for (b) ppp-TCP and (c)
mmm-TCP as a function of P-O distance.
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Conclusions

In this study, we combined TPRS and GC-MS experiments with reactive MD simulations to
study the thermal decomposition of TCP on ferrous surfaces. The investigation particularly
focused on surface chemistry and TCP isomers, both of which can affect the decomposition
rates and pathways. The TPRS experiments performed in air and nitrogen environments
using a mixture of TCP isomers on Fe, Fe;O,, and Fe,O; powders identified cresol as the
main product of TCP decomposition. Further, characterization of the pyrolysis products
using GC-MS experiments showed that reactivity trended as para-TCP > meta-TCP and
Fe,O; > Fe > Fe;0,. Reactive MD simulations captured the decomposition of TCP and
tracked the formation of all reaction products, including oligomers, tolyl-TCP, cresol and
toluene. Consistent with both sets of experiments, cresol was the predominant reaction
product. Moreover, consistent with the GC-MS, the simulations showed that ppp-TCP is
more reactive than mmm-TCP.

The simulations identified three primary reaction pathways leading to cresol formation:
adsorption, oligomerization and hydroxylation. A statistical analysis was performed to de-
termine the relative likelihood of each pathway. The statistical analysis was compared qual-
itatively to the GC-MS reactivity trends on the different oxide surfaces. The results were
explained in terms of the availability of Fe on the surface for the adsorption pathway and OH
released from the surface for the hydroxylation and oligomerization pathways. The higher re-
activity of ppp-TCP compared to mmm-TCP isomers was explained by lower energy barriers
for the ppp-TCP decomposition in NEB calculations. The energy difference was correlated
to the energy needed to rotate the m-cresol for dissociation to occur via the hydroxylation
pathway.

The subject of this study is directly relevant to phosphate-based antiwear additives and
ferrous surfaces present in many industrial applications, particularly in aviation. Therefore,
the relative reactivity of TCP isomers and the role of surface chemistry presented here

can potentially be leveraged to design more effective antiwear additives that provide better
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surface protection and ultimately improve the energy efficiency and useful lifetime of moving
mechanical components. Further, the results have more general implications for fundamental
understanding of how both the chemical composition of reactants and surface chemistry affect
decomposition reactions.

Supporting Information Snapshots of the two model systems, changes in the number of
adsorbed atoms during the hydroxylation process, comparison between the number of cresol
groups produced from mmm-TCP and ppp-TCP, statistical analysis of bonding between
mmm-TCP and ppp-TCPisomers.
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Supporting Information

Fe,0,

Figure S1: Perspective view snapshots of the two model systems comprising 64 TCP
molecules on OH passivated Fe;O,4, and Fe,O4
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Figure S2: Change in the number of adsorbed atoms during the hydroxylation process for
Fe;0,, and Fe,O4. The Fe,O; surface bonded with 1.3 times more H/OH than the Fe,O,

surface.
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Figure S3: Comparison between the number of cresol groups produced from the decomposi-
tion of TCP in MD simulations with mmm-TCP and ppp-TCP on (a) Fe;0, and (b) Fe,O,.
The number of cresols from ppp-TCP is constantly higher than from mmm-TCP. The critical
temperatures, identified by red and black arrows for ppp-TCP and mmm-TCP, respectively,
correspond to the temperatures at which two cresols are first observed in the simulation.
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Figure S4: Statistical analysis of bonding between mmm-TCP (at the top) and ppp-TCP iso-
mers (bottom) on Fe;O, (left) and Fe,O4 surfaces (right) at the moment of cresol formation.
Comparison between the two surfaces shows higher adsorption of ppp-TCP than mmm-TCP
as well as a lower probability of TCP adsorption on the Fe,O5 surface that has the smaller
Fe/O ratio. In all cases, most of the cresols form through non-adsorption reaction pathways.
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