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ABSTRACT

Lubricant additives that reduce wear by forming protective tribofilms on sliding surfaces are
crucial to maintaining the efficient and reliable operation of many engineering systems. The most
important of these additives, zinc dialkyldithiophosphate (ZDDP), has been in use for almost a
century; however, several aspects of the physicochemical mechanisms through which it reduces
wear remain unclear. While changes to the molecular structure of ZDDP are known to affect
tribofilm formation and antiwear performance, the underlying mechanisms are not well
understood. Here, we show using macroscale tribometer experiments under well-defined
temperature and stress conditions, how the ZDDP tribofilm formation rate on steel from a high-
friction base oil can be controlled by tailoring the additive’s alkyl substituents. Our results suggest
that the chain-length, branching and presence of cycloaliphatic groups can affect the packing
density, steric hindrance, and stress transmission, leading to large differences in the temperature-
and stress-dependencies of the tribofilm formation rate. These changes can be successfully
explained using the Bell model; a simple modification of the Arrhenius equation commonly used
to model the kinetics of mechanochemical processes. Using this model, large differences in the
activation energy, pre-exponential factor, and activation volume for the various ZDDPs studied
become apparent. We expect these results to be useful both for the development of high-
performance lubricant additives for specific applications and for improving macroscale tribology

models that consider the effects of growing tribofilms.



INTRODUCTION

The development of more sustainable lubricants with tailored tribological performance is a crucial
activity in the pursuit of net zero greenhouse gas emissions.! Modern lubricants consist of a
mixture of base oils, which are most often nonpolar hydrocarbons, blended with several different
types of additives, which can be polar organic molecules, polymers, or organometallic
compounds.? Probably the most important of these additives is zinc dialkyldithiophosphate
(ZDDP), which was originally developed as an antioxidant, but is now used primarily for its
remarkable antiwear performance.’ ZDDP reduces wear by forming protective ‘tribofilms’ on
rubbing steel surfaces.’ Despite decades of research and development to find a more
environmentally-friendly alternative,Y ZDDP remains ubiquitous in engine lubricants. To
rationally design antiwear additives with improved performance, a molecular-level understanding
of the tribofilm formation and wear-reduction mechanisms of ZDDP are first required.> The
tribofilms formed by ZDDP on steel substrates are mainly composed of zinc and iron
polyphosphates.®> These are formed by nucleophilic substitution reactions at the P atoms, which
result in the formation of the P-O—P chains.’ This reaction can be accelerated by removing the
alkyl or aryl groups through C—O cleavage.® Therefore, ZDDPs containing different alkyl and aryl
groups show greatly varying tribofilm growth and antiwear performance;”® however, the

underlying molecular mechanisms for these differences in macroscale behavior remain unclear.

In recent years, the mechanochemical aspects of ZDDP tribofilm formation have attracted
widespread attention. Atomic force microscopy (AFM) experiments showed that ZDDP tribofilm
formation rate increases exponentially with temperature and stress.!” This discovery indicated that

ZDDP tribofilm formation is a stress-augmented, thermally activated (SATA) process.'' The rate



constant, k, for a SATA process can be given by a modified form of the Arrhenius equation, which
was originally proposed by Evans and Polanyi,'? but is now usually known as the Bell model:"?

k = Aexp (——E“_GAV*)

P (D,
where 4 is the pre-exponential factor, E, is the activation energy, o is the applied stress, AV is the
activation volume, and kg is the Boltzmann constant.'* Although both the normal stress'’ and the
shear stress'>!® have been used in this equation for ZDDP tribofilm formation, recent experiments
have demonstrated that the latter controls the reaction rate in macroscale experiments.!'>:!
Tribometer experiments at different scales have suggested that ZDDP tribofilm formation follows
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either fractional-order!®!” or zero-order'®!® kinetics, indicating that ZDDP adsorbs onto steel

surfaces before it dissociates and forms a tribofilm.

Much faster tribofilm growth has been observed for ZDDPs with secondary alkyl substituents
compared to primary ones in macroscale tribometer experiments under both mixed/boundary (load
mostly supported by the solid asperities)® and full-film elastohydrodynamic lubrication (EHL)
(load supported by the pressurized lubricating fluid)'® conditions, which has been rationalized by
the greater stability of the carbocation formed during C—O cleavage in the former.!® Since the
initial C—O cleavage reaction is the rate-determining step for ZDDP tribofilm formation,'® this
bond is likely to be the key mechanophore for this process. Although shear stress controls the rate
of tribofilm formation at the macroscale,'® at the molecular level it is likely that the rate of C—O

cleavage is accelerated by tensile stress. '



The structure and position of the chemical groups surrounding the mechanophore is known to
influence the reactivity of mechanochemical processes. For example, in polymer
mechanochemistry, longer chains are known to lead to enhanced reactivity in both bulk liquid
flows!” and solid grinding experiments.?’ Single-molecule force spectroscopy experiments have
shown how the ‘lever-arm effect’ can enhance mechanochemical reactivity by polymer backbones
acting as phenomenological levers that impose greater mechanical distortion on the
mechanophore.?! Cyclopropane-based polymers containing E-alkenes showed activation lengths
(force-dependent equivalent of the stress-dependent activation volume) that were a third larger
than those containing Z-alkenes.?? Substituent effects can differ depending on the reaction
pathway; for example, cyclobutene-based polymers containing trans-alkyl handles provided more
mechanical leverage than frans-ester handles in conrotatory reactions, whereas cis-ester handles
gave more mechanical leverage than cis-alkyl handles in disrotatory reactions.?* The enhanced
mechanical leverage of dialkyl relative to diester attachments was consistent with quantum
chemical calculations reported previously on trans-cyclobutene derivatives.?* In similar polymers,
replacing a methylene in the pulling attachment with a phenyl group dropped the force necessary
to achieve a given rate constant in SMFS experiments by a factor of three, which was attributed to
a combination of electronic stabilization and mechanical leverage effects.”> More conventional
substituent effects that can be explained through linear free energy relationships,?® have also been
identified using SMFS. For example, spiropyran-derived polymers containing more electron-
withdrawing substituents in the para position to the labile spirocyclic C—O bond required less
force to break.?” Substituent effects have also been predicted for small molecules from quantum

chemical calculations;*®* however, to our knowledge, substituent effects, such as the lever arm



effect, are yet to be detected experimentally for molecular or organometallic systems, such as

ZDDP.

Here, we investigate the mechanochemical tribofilm formation of ZDDPs containing several
different aliphatic substituents on steel surfaces in a ball-on-disk tribometer under full-film EHL
conditions. The methods used here are similar to those described by Zhang et al.'®, but employing
different base oils and additives. In these experiments, the temperature and shear stress conditions
can be carefully controlled,*® which is not the case in mixed/boundary lubrication conditions as
present in most mechanochemistry apparatus, such as ball mills.>' This is because the stress is
applied through confined base oil molecules rather than randomly contacting solid asperities.!>!¢
This approach also avoids tribofilm wear*? and other potential drivers of tribofilm growth, such as
frictional heating, triboemission, and generation of catalytic surfaces.*> For measurable tribofilm
formation to occur under these conditions, large stresses are required, which can be achieved by
using either hard surfaces' or very high applied loads.!® Moreover, base oils that provide high

shear stress such as traction fluids with bulky cycloaliphatic groups!>!6

or polymers with pendant
methyl groups'® are required. High additive-surface affinity is also needed to form ZDDP
tribofilms under these conditions.>* Unlike previous studies using lower-purity commercial
additives,!%!5"!7 the ZDDPs used here contain a wide range of well-defined alkyl groups to provide
a more detailed understanding of the substituent effects on tribofilm growth under
mechanochemical conditions. Using the Bell model,'® large differences in the activation energy,

pre-exponential factor, and activation volume for the various ZDDPs studied become apparent.

We anticipate that these results will be useful both for the development of high-performance



antiwear additives for specific applications® and for improving the accuracy of macroscale

tribology models that include the effects of tribofilm growth.’>~*
METHODOLOGY
Materials

All the tribometer experiments used through-hardened AISI 52100 steel balls and disks from PCS
Instruments (Acton, UK). For the Hertz pressure and shear stress calculations,'¢ the elastic
modulus was taken as 207 GPa and 0.3 was used for the Poisson’s ratio.*” The ball had a root-
mean-square (RMS) roughness, Rq = 8.5 nm, while for the disk, Rq = 6.0 nm. The steel ball and
disc were soaked in toluene for at least 24 hours before a test and then ultrasonically cleaned in

toluene, followed by Analar acetone, before being mounted in the tribometer.

We studied seven ZDDPs with different alkyl groups; four primary (oct-1-yl, 2-ethylhexyl, 2-
cyclohexylethyl, and dodec-1-yl) and three secondary (oct-2-yl, but-2-yl, and 4-methylpent-2-yl).
The ZDDPs were synthesized by Afton Chemical Corporation (Richmond, VA). The ZDDPs were
synthesized from single high-purity (=98 %) alcohols, purchased from MilliporeSigma (St. Louis,
MO) and used without further purification. This ensured that high-purity ZDDPs with well-defined
chemical structures were tested.” Our "H-NMR and *C-NMR analysis confirmed that six of the
ZDDPs contained only the expected alkyl group, while the oct-2-yl ZDDP contained 98 mol.%
oct-2-yl and 2 mol.% oct-1-yl. Previous studies have suggested that negligible alkyl rearrangement
occurs during ZDDP synthesis.!® The ZDDPs were mostly (>80 mol.%) in their neutral form, but
they did contain a small amount of the basic form.*’ Previous tribology studies have shown that

the two forms behave quite similarly.®> All of the solutions contained a total ZDDP concentration



of 800 ppm of phosphorus, which is similar to the treat rate used in commercial lubricant

formulations. '

Strong additive adsorption is important to tribofilm formation under full-film EHL conditions.**
Previous powder adsorption experiments have shown very similar adsorption behavior for linear
primary (n-butyl), methyl-branched primary (i-butyl), and secondary (s-butyl) ZDDPs from n-
hexadecane onto iron oxide surfaces.*! Therefore, for most of the ZDDPs studied here, the
adsorption behavior is not expected to significantly affect the tribofilm formation rate on steel.
However, for the ZDDPs containing longer branches** (2-ethylhexyl) and particularly the bulky
cycloaliphatic substituents*? (2-cyclohexylethyl), SAMs with lower packing densities are expected

to form, which may affect their mechanochemical reactivity.

Indopol H-8, provided by INEOS (London, UK), was used as the base oil for of the tribometer
experiments in this study. This is a polybutene oligomer with an average molecular weight, M, =
490 g mol™! (degree of polymerization =~ 4) and a polydispersity index, Mw/M, = 1.85. EHL fluid
film thickness is determined by the lubricant viscosity at the inlet, where pressure is relatively low
(~100 MPa). At ambient pressure, Indopol H-8 has a kinematic viscosity of 15 cSt at 100 °C, which
is similar to the low-molecular weight polyisobutene (14 cSt at 100 °C), but much higher than the
poly-a-olefin base oil (6 cSt at 100 °C) and the DM2H traction fluid (4 ¢St at 100 °C) that we have
used previously.'¢ The high viscosity of Indopol H-8 ensured that thick fluid EHL films (4 > 50

nm) were formed under all of the conditions used here.
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Figure 1. (a) Variation in the fluid film thickness with entrainment velocity for Indopol H-8 at
different temperatures (60—120 °C) and a constant load (20 N). The vertical black line indicates
the entrainment velocity used in the tribofilm growth experiments (0.75 m s!). (b) Variation in the
friction coefficient with slide-to-roll ratio at different for Indopol H-8 at the different temperatures
(60—110 °C) and loads (600-1500 N) used in the tribofilm growth experiments. The vertical black

line indicates the slide-to-roll ratio used in the tribofilm growth experiments (2 %).

The fluid film thickness of Indopol H-8 was measured in an EHD2 rig from PCS Instruments
(Acton, UK) using ultra-thin film interferometry,* as shown in Figure 1a. This technique requires
the disk to be optically transparent, so a steel/glass contact, rather than steel/steel as used in the
tribometer experiments, was employed. The measured fluid film thickness values were corrected
using the equation due to Chittenden et al.** to account for the difference in reduced elastic
modulus between glass and steel, as well as the large loads (W = 600—1500 N) applied in the
subsequent tribofilm growth experiments. The severity of the asperity contact can be quantified by
the A ratio, which is the ratio of the EHL film thickness to the composite RMS surface roughness,

Ry. The R, of the steel/steel ball-on-disk combination was 10.4 nm, so the 4 ratios in this study



varied between approximately 5 (120 °C) and 21 (60 °C). Since 4 > 5, full-film EHL conditions
with negligible direct asperity contact can therefore be assumed in all the tribofilm growth
experiments.*® This ensures that the stress conditions are well controlled®® and mitigates tribofilm

wear® and competing tribochemical phenomena.*’

Unlike EHL film thickness, EHL friction is determined by viscosity in the central region of the
contact, where the pressure is very high (> 1 GPa).>® Whereas lubricant base oils designed to give
low friction such as poly-a-olefin have low pressure-viscosity coefficients (o), polymers (e.g.
polyisobutene) and traction fluids (e.g. 2,3-dimethyl-2-[(3-methylbicyclo[2.2.1]hept-2-
yl)methyl]-bicyclo[2.2.1]Theptane) have high a values.'® Although the o value has not been
reported for Indopol H-8, it is expected to be similar to the value measured for high-molecular
weight polybutenes (o =~ 30 GPa™).*’ Therefore, EHL friction (and thus shear stress) is likely to be
sufficiently high to promote tribofilm growth on the steel surfaces in the accessible temperature
and load range.!® To quantify the shear stress conditions under which the tribofilms were grown,
we measured this quantity in ball-on-disk tribometer experiments using the Extreme-pressure
Traction Machine (ETM) from PCS Instruments (Acton, UK). Figure 1b shows that, in the absence
of ZDDP, the friction coefficient of Indopol H-8 slightly increases with increasing load and
decreases with increasing temperature. The EHL friction was also measured during the tribofilm
growth experiments to ensure that this did not change due to the presence of the tribofilm.!° To
convert the measured EHL friction coefficients to maximum shear stresses, they were multiplied
by the maximum Hertz pressure (Pmax = 2.5—3.5 GPa) at the corresponding load. This approach
provides the stress conditions in the central region of the ball-on-disk contact, where the tribofilm

is formed.'®
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Methods

For the tribofilm growth measurements, we performed ball-on-disk tribometer experiments using
the ETM (schematic shown in Figure S1).!® We used the same ratio of the sliding velocity to the
entrainment velocity, known as the slide-to-roll ratio (SRR = 2 %) as in our previous tribofilm
growth study.!® Since Indopol H-8 has a higher viscosity than the traction fluid DM2H used in our
previous study,'® a sufficiently thick fluid film could be generated with a lower entrainment
velocity (U =0.75 m s '), and the sliding velocity was reduced accordingly (s = 0.015 m s™!) to
maintain the same SRR. This approach reduced frictional heating compared to the conditions used
in our previous study.'® The amount of frictional heating during the tribofilm growth experiments

was estimated using the Archard equation,*

employing the recently measured thermal
conductivity of through-hardened AISI 52100 steel.* The rise in surface temperature in the contact
due to frictional heating is expected to increase slightly with load from 2.6 °C at 600 N to 4.8 °C

at 1500 N. Thus, the significant increase in tribofilm formation rate at higher loads observed below

cannot be explained by frictional heating, which confirms mechanochemical acceleration.

During each test, the lubricant was added to the test chamber and the system was heated with the
ball and disc rotating but not in contact. Once the desired lubricant temperature (7 = 60—120 °C)
was reached, a short running-in procedure was carried out at conditions of U= 0.1 ms™!, SRR =
50 %, and W = 100 N load for 1 minute. The short running-in stage neither resulted in any
measurable change in surface roughness of the specimens nor was it essential for subsequent
tribofilm formation; however, it did improve the repeatability of the tribofilm formation tests,

possibly by removing any adsorbed contaminants on the test specimens by rubbing.'® The contact

11



was then unloaded and U increased to 0.75 m s~ with SRR = 2 %. The target load (W = 600—1500
N) was then applied and an extended test carried out under full-film EHL conditions. The
accessible loads correspond to a maximum Hertz pressure range of 2.5-3.5 GPa in the steel/steel

ball-on-disk contact.'®
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Figure 2. Representative example (oct-2-yl ZDDP at 80 °C and 1000N) of the tribofilm thickness
growth over time, measured from the SLIM images shown on the right. Dashed lines are the linear
fits used to calculate the rates assuming zero-order kinetics; only the filled symbols are used for

the fitting.

The tribofilm thickness was determined every 5—15 minutes using spacer-layer imaging (SLIM).*°
During the tests, the ball was raised from the disk, motion was halted, and the ball was loaded
upward, within the test chamber, against a coated glass window with a load of 100 N. White light
was then shone into the resulting contact, where some is reflected by a semi-reflective coating on

the underside of the glass. The remaining light passes through a silica spacer layer and the tribofilm

12



formed on the ball, before being reflected back from the steel substrate. The two beams undergo
optical interference depending on their optical path difference, which corresponds to the tribofilm
thickness. An interference image was captured as a red-green-blue (RGB) pixel map using a high-
resolution camera. A calibration chart of RGB color versus optical path difference obtained using
ultra-thin film interferometry** was then used to convert this RGB pixel map to a tribofilm
thickness map. A refractive index of 1.6 was assumed for the tribofilm.® A representative set of

SLIM images and the corresponding tribofilm thicknesses are shown in Figure 2.
RESULTS AND DISCUSSION

Figure 3 shows how the tribofilm thickness varies with rubbing time for the different ZDDP
solutions in Indopol-HS8 at the same concentration (800 ppm P), temperature (80 °C) and load
(1000 N) condition. At the start of the tests, the tribofilm formation rate is approximately linear in
all cases, which is indicative of zero-order kinetics.'® The tribofilm formation rates are much higher
for all the secondary ZDDPs than the primary ones, which is consistent with previous tribometer
experiments with commercial ZDDPs under mixed/boundary ® and full-film EHL conditions.'® The
three secondary ZDDPs and one of the primary ZDDPs (oct-1-yl) level out at a maximum tribofilm
thickness of between 50—150 nm, while the other primary ZDDPs continue to increase linearly
over the duration of the experiments. A similar range of maximum tribofilm thicknesses have been
observed in previous experiments.®!%1¢ This levelling-off behavior has been attributed to the
reduction in contact stress for thicker ZDDP tribofilms due to their lower stiffness compared to

the underlying steel substrate.'”
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Figure 3. Variation in the tribofilm thickness with rubbing time for the primary (oct-1-yl, 2-
ethylhexyl, 2-cyclohexylethyl, and dodec-1-yl) and secondary (oct-2-yl, but-2-yl, and 4-
methylpent-2-yl) ZDDPs for a single temperature (80 °C) and load (1000 N) condition in steel/steel
contacts. Points represent mean results from three tests, vertical bars represent one standard
deviation. Dashed lines are the linear fits used to calculate the rates assuming zero-order kinetics;

only the filled symbols are used for the fitting.

The differences in tribofilm formation rate with chain length, branching, and the presence of
cycloaliphatic groups are more subtle. For the primary alkyl ZDDPs, the reactivity at 80 °C and
load 1000 N increases in the order: dodec-1-yl < 2-cyclohexylethyl < 2-ethylhexyl < oct-1-yl.
Comparing the linear alkyls, the ZDDP with the longer chain (dodec-1-yl) forms tribofilms much
more slowly than that with shorter chains (oct-1-yl). A reduction in friction with increasing chain
length has also been noted for oct-1-yl and dodec-1-yl ZDDPs under boundary lubrication

conditions.’! These observations suggest that ZDDP (or its dissociation products) form self-
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assembled monolayers (SAMs) on top of the growing ZDDP tribofilm that are responsible for both
the boundary friction response’ and surface reactivity. SAM formation has also been linked to the
antiwear performance of ZDDPs in previous studies where molecules with larger monolayer
cohesive energies gave lower wear.’>> It has been shown that for a range of systems and processes
at solid-liquid interfaces that SAMs formed from surfactants with longer alkyl chains generally
show lower chemical reactivity.>*>® This is due to the formation of more densely packed, ordered
monolayers®’ that are more difficult for approaching molecules to penetrate to react with the
surface. This effect is likely responsible for the slower tribofilm growth of dodec-1-yl ZDDP than
octyl-1-yl ZDDP, since the more densely packed monolayer hinders adsorption, decomposition,
and ultimately tribofilm formation on the steel surface. For the primary ZDDPs with Cg alkyl
groups, the tribofilm growth rate increases in the order: 2-cyclohexylethyl < 2-ethylhexyl < oct-1-
yl. This suggests that the increased steric bulk has a larger effect on the rate than the lower packing
density expected for the ethyl-branched*” and particularly cyclohexyl-containing®> ZDDPs
compared to the linear one. Previous studies of other systems have also shown lower reactivity for

surfaces protected by branched alkyl monolayers compared to linear ones.**8

For the secondary alkyl ZDDPs at 80 °C and 1000 N, the reactivity increases in the order: oct-2-
yl <4-methylpent-2-yl < but-2-yl. The trend is similar to the primary ZDDPs in that the secondary
ZDDPs with longer alkyl chains give slower tribofilm formation rates, which can again be
attributed to the formation of more densely packed SAMs. The presence of methyl branches in the
4-methylpent-2-yl ZDDP seems to have a minimal effect on the tribofilm growth rate, since the
rate is approximately halfway between oct-2-yl and but-2-yl, as would be expected for a linear

hex-2-yl group. A similar order of tribofilm growth rate for ZDDPs with the same substituents has

15



recently been reported under mixed/boundary conditions,” where the tribofilm will be partially

worn away as it grows.®

To obtain a more complete understanding of substituent effects on mechanochemical reactivity of
ZDDP, we studied how the tribofilm formation rate varied with temperature (60—120 °C) and load
(600—1500 N). Figure 4 shows the tribofilm growth for a representative primary (oct-1-yl) and
secondary (oct-2-yl) ZDDP. Tribofilm growth is linear for both ZDDPs up to a constant thickness.
The growth rate increases with both temperature and load. The growth rate is faster for the oct-2-
yl ZDDP than the oct-1-yl ZDDP for all the temperature-load combinations studied. Results for

the other primary and secondary ZDDPs are shown in Figure S2 and Figure S3, respectively.

16
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Figure 4. Variation in the tribofilm formation rate with temperature at a constant load of 1000 N

(a, ¢) and shear stress at a constant temperature of 80 °C (b, d) for primary oct-1-yl (a, b) and

secondary oct-2-yl (c, d) ZDDPs. Results for the other ZDDPs are shown in the Figure S2 and

Figure S3. Dashed lines are the linear fits used to calculate the rates assuming zero-order kinetics;

only the filled symbols are used for the fitting.

Figure 5 shows the temperature and shear stress dependence of the tribofilm growth rate for all the

ZDDPs. The rates are calculated from the slopes of the linear fits in Figure 4, Figure S2, and Figure

S3. For all the ZDDPs, the rate increases exponentially with both temperature and shear stress,

which is indicative of a SATA process.!! Under all the conditions studied, the tribofilm growth

rate is much faster for the secondary ZDDPs than the primary ZDDPs.' The tribofilm growth rate

17



is negligible (< 0.1 nm min™") for the dodec-1-yl ZDDP when T < 80 °C, irrespective of the load.
This could be due to the formation of a close-packed SAM by the dodec-1-yl ZDDP at low
temperature that become less ordered (or possibly partially desorbed) at higher temperature,
allowing additional ZDDP molecules to adsorb, decompose, and form tribofilms. For dodec-1-yl
thiol SAMs on gold surfaces, the order-disorder transition temperature is 50 °C,>’ while the
desorption temperature is 110 °C.>® The headgroup-substrate affinity will affect these values, so it
is not possible to determine whether an order-disorder transition or desorption is the primary cause
of the substantial increase in reactivity of the dodec-1-yl ZDDP above 80 °C. From an application-
focused perspective, this type of antiwear additive could be very useful in high-temperature
applications (such as heavy-duty diesel engines®’) because it would effectively form tribofilms and

also provide very low boundary friction under these conditions.’
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Using Equation 1,3 the slopes of the rate-stress (Figure 5a) plots were used to calculate 47", while
the slopes and intercepts of the rate-temperature (Figure 5b) plots were used to calculate £, and
In(4), respectively (see Table 1 and Figure S4).! The AV values are also normalized by the
molecular volumes, Vmol. The Vol values shown in Table 1 were calculated using the 3V software
with a probe size of 3 A3.52 The ZDDP structures used were relaxed in ChemBio3D Ultra 14 Suite

(PerkinElmer, Waltham, MA) using the MM2 forcefield.®

The AV is slightly smaller for the primary oct-1-yl (0.09 nm*) ZDDP than the secondary oct-2-yl
(0.10 nm?) ZDDP, implying a similar stress-dependency of their reactivity. The E, is higher for
the oct-2-yl (66 kJ mol™') than the oct-1-yl (56 kJ mol™!) ZDDP, despite the lower thermal stability
of secondary ZDDPs.>** These E, values are consistent with previous measurements for
commercial secondary (82 kJ mol™),'® primary (56 kJ mol™),'® and mixed primary/secondary (79
kJ mol™!)!® ZDDPs. On the other hand, 4 is around than two orders of magnitude larger for the oct-
2-yl (2.5 x 10° nm s) than the oct-1-yl (5.9 x 10° nm s') ZDDP. Since the difference in E,
suggests faster rates for oct-1-yl than oct-2-yl, the experimentally observed larger rates for oct-2-
yl must be primarily due to the differences in AV" and particularly 4. This can be visualized in
Figure 3, where the rates for the oct-2-yl ZDDP are shifted vertically (larger intercept) with respect
to the oct-1-yl ZDDP. These observations are also consistent with the differences noted by Zhang

et al.'

, although the differences in 4 between the commercial secondary (2.0 x 10" nm s') and
primary (1.1 x 10° nm s!) were even larger than in the current study. The current experiments
support the hypothesis that the mechanochemical decomposition of primary and secondary ZDDPs
5,64

proceeds through different chemical mechanisms.'¢ Indeed, previous glassware experiments

and first principles calculations® of thermal decomposition in the absence of steel surfaces have

19



shown that C—O bonds are broken through different mechanisms for primary and secondary
ZDDPs; alkyl group transfer (from —OR to —SR) for the former and alkene elimination for the

latter.

Table 1. Kinetic parameters extracted from the fits to Equation 1 shown in Figure 3. Mean values
are shown with 95 % confidence intervals. E, and 4 calculated at 1000 N, AV calculated at 80 °C

(*dodec-1-yl AV calculated at 120 °C).

Substituent E., y () | AV Voot | AV Voo
kI mol' | nms’! nm?> nm’ %
oct-1-yl 56 £1 5.9 x 103 9+1 0.09+0.01 |1.26 7+1
2-ethylhexyl 68 +2 1.9 x 10* 101 0.13+0.01 |1.32 101
2-cyclohexylethyl | 102 +3 2.1 x 10’ 17+1 0.20+0.04 | 1.18 17+3
dodec-1-yl 123+9 1.8x10"0 |24+3 0.19+0.02* | 1.72 I1+£1*
oct-2-yl 66 +4 2.5%x10° 12=+1 0.10+0.02 | 1.18 9+2
but-2-yl 72 +7 1.7 x 10° 14+£3 0.11+0.02 |0.78 14 £3
4-methylpent-2-yl | 55+ 6 4.4 x10° 8+2 0.10+0.02 |1.03 9+2

The AV"/Vimol values in Table 1 suggest that a 7—17 % deformation of the ZDDP molecules occurs
when moving from the ground state to the transition state for the mechanochemical reaction.®

These values fall within the range estimated for other tribological processes involving molecular
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systems (2—27 %), which have been derived both from experiments and molecular
simulations.'*¢16"-70 The AV”" values are similar to those obtained previously for commercial
primary (0.13 nm®) and secondary (0.15 nm®) ZDDPs.!¢ There do not seem to be any systematic
differences between the 4V values for primary and secondary ZDDPs. However, the primary Cs
ZDDPs containing branched (2-ethylhexyl, 0.13 nm?) and particularly the bulky cycloaliphatic (2-
cyclohexylethyl, 0.20 nm?) substituents have larger AV" values than those with linear (oct-1-yl,
0.09 nm®) alkyl groups. The exact physicochemical meaning of AV" remains unclear for
tribochemical reactions;’""’> however, a larger activation volume (or activation length?'*?) implies
that, at a given stress, there is a greater distortion of the molecule from the ground state to transition
state along the reaction path.®® In other words, compared to the oct-1-yl groups, the 2-ethylhexyl
and particularly 2-cyclohexylethyl groups act as metaphorical crowbars, allowing the shear (or
tensile!?) stress to be transmitted across a greater distance as the C—O bond-breaking reaction
proceeds.”> This implies that the lever-arm effect, previously identified in polymer
mechanochemistry under applied force,?! can also affect mechanochemical reactivity of
comparatively small organometallic compounds such as ZDDP under applied stress. From a
practical perspective, ZDDPs with branched and cycloaliphatic substituents could be particularly

useful for wear protection in low-temperature, high-stress applications, such as gear oils.”?
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Figure 6. Linear relation between E, and In(4) for the different ZDDPs studied, suggesting a
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kinetic compensation effect.”” Vertical and horizontal bars show 95 % confidence intervals.

Legend is the same as in Figure 5.

Figure 6 shows that, for the various ZDDPs studied here, there is a linear relationship between E,
and In(4), which is indicative of the kinetic compensation effect.”* ZDDPs that have a large E,
also show higher In(4) (e.g. dodec-1-yl), which suggests both a high energy barrier and a high
frequency of successful collisions.'? From transition state theory,®® this can also be interpreted as
the tribofilm growth reactions having a larger enthalpic barrier, but also a smaller entropic
penalty.” ZDDPs with primary linear alkyl groups sit on the linear fit in Figure 6 (within statistical
uncertainty), while those with branched (2-ethylhexyl) and cycloaliphatic (2-ethylcylohexyl)
primary alkyl groups sit above it. Thus, ZDDPs with branched and cycloaliphatic groups have a
larger E, for a given In(4) compared to ZDDPs with linear alkyl groups, which can be attributed
to their higher thermal stability due to increased steric bulk. Conversely, most of the ZDDPs with

secondary alkyl groups (oct-2-yl and but-2-yl) fall below the linear fit in Figure 6, implying a
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smaller E, for a given In(4), which can be attributed to their lower thermal stability, due to the

increased stability of the secondary carbocation.>%*

In this study, we have demonstrated that the Bell model'?

can be used to rationalize the large
differences in mechanochemical reactivity of the various ZDDPs studied (Figure S5). Linear
secondary alkyl ZDDPs are inherently less stable than primary ones with the same chain length
under mechanochemical conditions, which is mostly due to a higher pre-exponential factor (Table
1).1%61 Since they form SAMs with a higher packing density, ZDDPs with longer chain lengths
require higher temperatures to form tribofilms, which manifests as a higher activation energy. We
observe an increase in the activation volume moving from linear, to branched, and to cyloaliphatic
substituents, which suggests a molecular-scale analogue of the lever-arm effect that has been
observed in polymer mechanochemistry.?! These kinetic parameters can be directly used to inform
macroscale models of tribofilm growth inside rubbing contacts.>>*® We also expect that, coupled
with information regarding their friction and wear performance under mixed/boundary
conditions,’ the improved understanding of substituents effects on tribofilm growth identified here

under mechanochemical conditions to be useful in the rational design of antiwear additives with

improved performance for specific applications such as heavy-duty diesel engines® and gear oils.”

CONCLUSIONS

We have studied the tribofilm formation rate of four primary and three secondary ZDDPs with
well-defined alkyl substituents in steel/steel contacts under full-film EHL conditions. For all of the
ZDDPs, the tribofilm growth rate increases exponentially with temperature and shear stress, which
confirms that this is a SATA process. We have shown how the parameters for the Bell equation

can be used to rationalize the order of mechanochemical reactivity for the different ZDDPs. The
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chain-length, branching and presence of cycloaliphatic groups in the ZDDP alkyl substituents
affects the packing density, steric hindrance, and stress transmission, which leads to significant
differences in the activation energy, pre-exponential factor, and activation volume. We anticipate
that these results will be useful both for the rational design of lubricant additives with improved
performance and the development of more accurate macroscale tribology models that consider the

effect of growing of tribofilms.
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