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Abstract

Oleamide and Synovene lubricant additives when mixed together show a clear co-operative effect leading to friction and
wear reduction. Sum Frequency Generation vibrational spectroscopy has been used to record in situ spectra of these addi-
tives with the aim of understanding the behaviour of these molecules when adsorbed on steel immersed in a model base oil
at pre-selected temperatures. The spectra of the individual components and of mixtures have been recorded up to 130 °C.
Individual spectra from both molecules have been distinguished using per-deuterated oleamide. The temperature at which
maximum ordered adsorption of pure Synovene molecules occurs drops from ~ 130 to~70 °C in the mixture with oleamide.
Our results show that co-adsorption occurs, which causes a change in net polar orientation of the oleamide component sug-
gesting the hydrocarbon chains of the oleamide molecules reverse their polar orientation when Synovene is present. The net
effect of co-adsorption and change in orientation as well as conformation of the two molecules could explain the reduction

of friction and wear observed at the metal-metal interface.

1 Introduction

Small amounts of friction modifiers and anti-wear additives
added to lubricating oil play a vital role in improving friction
and wear performance in tribological contacts, resulting in
reduced fuel consumption and lower carbon emission both of
which are desirable environmental goals [1, 2]. The applica-
tion of analytical surface science techniques in determining
the structure of the protective layers formed by such addi-
tives in model lubricants (additive and additive combina-
tions in base oil) under thermal and tribological conditions
is important for gaining a better understanding of lubricant
performance [3, 4]. Two additives with proven anti-wear
properties used in commercial lubricating oil are Synovene
and oleamide, which have shown significant reductions in
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wear in engine testing. Our aim is to understand the friction
and wear reduction mechanism at a molecular level using the
non-linear optical technique of Sum Frequency Generation
(SFG) spectroscopy [5].

Synovene is a natural product consisting of a 1:3 di-ester
formed from glycerol, citric acid and palm oil (a mixture
of fatty acids comprising mainly palmitic (C16) and oleic
(C18) acids) whilst oleamide has a single aliphatic chain
with a cis double bond at its mid-point and an amide termi-
nal group. In the present work, changes in the adsorption of
Synovene and oleamide onto steel on their own and from
mixtures in base oil as a function of increasing temperature
are investigated by SFG to monitor the structural behaviour
of their aliphatic chains.

In SFG, two pulsed laser beams, one at a fixed visible
frequency and the other tuneable in the infrared region, are
temporally and spatially overlapped at an interface such as
at a solid/liquid interface. The sum of the two frequencies
is monitored as the infrared frequency is swept. When the
infrared frequency coincides with a vibrational mode of a
molecule present at the interface, there is a change in the
intensity at the sum of the two input frequencies. Monitor-
ing the sum frequency provides a vibrational spectrum of
the interface molecules upshifted into the visible region
of the electromagnetic spectrum where detectors are more
sensitive. SFG is interface specific and non-invasive and
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has proven to be particularly useful for detecting the C—H
stretching modes of hydrocarbon films at interfaces. Gen-
erally only molecules adsorbed at the interface produce an
SFG spectrum. There is no contribution from bulk phases
above the surface, so it is feasible to detect adsorbed mol-
ecules in the presence of a liquid over-layer provided the
liquid is transparent to the laser and SFG beams, such as
the oil film used in the present experiments.

Specific surface selection rules apply for SFG spectra
to be generated. First, molecules at the interface must
have a net polar orientation. The functional groups of
interest here are the terminal methyl groups and the more
numerous methylene groups of the aliphatic chains. The
intensity of the SFG spectrum is modified by factors such
as surface coverage and molecular tilt angles. A second
SFG selection rule requires the adsorbed molecules to be
both infrared and Raman active. A consequence of this
selection rule is that it is possible to differentiate between
structures where the aliphatic chains in an adsorbate are
conformationally well-ordered, i.e. whether the methyl-
ene groups of the chain are all trans, or are disordered
with gauche defects in the chain. Only in disordered chains
where there is a breakdown in the methylene local symme-
try are methylene groups, both infrared and Raman active.
Hence a SFG spectrum where the methylene resonances
are prevalent indicates disordered hydrocarbon chains.

Recently SFG spectroscopy was used to investigate the
adsorption of Synovene on steel and on ZDDP/steel wear
tracks from solutions in per-deuterated oil [6]. The detec-
tion of SFG spectra in both cases meant that not only was
Synovene adsorbed at the oil/metal and at the oil/ZDDP/
metal interfaces but that the aliphatic chains of Synovene
had a net polarisation order with respect to the surface. An
intense spectrum was observed when the film was initially
formed near the melting point of Synovene (~ 17-27 °C).
This was attributed to the formation of an ordered multi-
layer. This intense initial spectrum decreased in intensity
with increasing temperature, most likely due to a decrease
in multilayer film thickness and crystallinity, thinning to a
monolayer film. The present work is aimed at investigating
how the adsorption of Synovene on steel may be modi-
fied in the presence of oleamide. At first, the SFG spectra
of Synovene and oleamide were recorded individually on
steel under oil as the temperature was raised incrementally
to 130 °C, followed by recording spectra of their mixtures
at oil/steel interface over the same temperature range. Pre-
vious work done by us has shown that both Synovene and
oleamide reform on steel surfaces within a time frame of
less than half of the rotation rate of the cam shaft. This
suggests that the static adsorption of both materials is of
some relevance to its lubricating action. Further work is
ongoing to ascertain the changes in structure under shear.
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2 Experimental

Synovene, oleamide and per-deuterated oleamide (d-oleam-
ide) solutions were made up in hexadecane (Aldrich) or per-
deuterated hexadecane (QMX isotopes, 98% isotopic purity).
The concentration of oleamide used was 0.1%, the maximum
solubility of oleamide in hexadecane, and 0.6% for Synovene
by weight. (Higher concentration of Synovene were used
to produce SFG spectra of this additive with satisfactory
signal to noise ratios.) Diamond polished (0.1 pm) 1018
mild steel coupons supplied by European Corrosion Sup-
plies Ltd. (Kidderminster, UK) were used as the substrates
and washed in acetone and Decon solution, and UV ozone
cleaned for 40 min to remove hydrocarbon contamination
from the atmosphere. For SFG measurements, a thin layer of
additive-in-oil solution was trapped on top of the substrate
(coupon) by a hemi-cylindrical CaF, prism used to transmit
the input and sum frequency beams. A cartridge heater in
close contact with the substrate was used to change the tem-
perature of the coupon, the oil solution and the prism. The
temperature was measured with a calibrated k type thermo-
couple integral to the experimental cell.

SFG spectra in the C-H or C-D stretching region were
recorded with a picosecond spectrometer (EKSPLA),
described in detail elsewhere [7]. Briefly, co-propagating
visible (532 nm) and infrared laser beams (~ 29 ps, 50 Hz)
were incident on the bare steel. Both S and P polarisa-
tions with respect to the surface normal could be selected
for visible, infrared and sum frequency beams. The two
polarisation combinations used here were SSP and PPP
(sum frequency, visible, infrared). As a consequence of
the reflectivity of metals to infrared and visible light the
intensity of the SFG spectra in the PPP polarisation are
generally greater than those in the SSP polarisation. Fur-
thermore, the SSP polarisation only generates spectra from
molecules with a net polarisation along the surface nor-
mal, whereas PPP spectra can arise from molecules both
perpendicular and parallel to the surface.

The SFG signal was recorded every 2 cm™! and all the
spectra shown are three-point averages of the experimental
data. At least four repeats of each sequence of temperature
spectral scans were recorded for both polarisation combi-
nations. Although unlikely to identify any possible con-
tribution from the prism/oil interface, the SFG spectrum
of a Synovene solution was recorded with the infrared
laser frequency set to 2940 cm™!, the position of the most
intense Synovene resonance, with the metal substrate well
displaced by ~5 mm from the prism. No significant SFG
signal was detected eliminating any contribution from the
prism/oil interface.

To confirm that, a co-operative interaction was pre-
sent in the model system used here; the coefficient of
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friction and wear data were recorded on a high frequency
reciprocating rig (PCS Instruments, UK). Experimental
parameters were set to 400 g loading equivalent to ~ 1 GPa
Hertzian peak pressure, steel-on-steel contact (AISI52100,
800 HV, 210 GPa) at 50°C. Stroke length was 1000 pm at
50 Hz with a ball diameter of 6 mm for pure hexadecane,
0.1% oleamide, 0.6% Synovene and a mix of 0.1% oleam-
ide and 0.6% Synovene all in hexadecane.

3 Results
3.1 Friction and Wear Measurements

Both oleamide and Synovene individually show a clear
reduction in the measured coefficient of friction (CoF) com-
pared to the hexadecane base oil. The variation in coefficient
of friction is shown in Fig. 1. However, in combination there
is an additional decrease in the CoF indicating a co-operative
effect of the additive mix within the initial 20 min rubbing
contact suggesting that the mode of action of the addi-
tives in the model system is consistent with that observed
in the engine tests of fully formulated oils. The wear vol-
ume loss with Synovene and its mixture with oleamide is
one order lower than with oleamide alone; however, due to
the extremely small wear volume, the difference observed
between Synovene alone and the 6 to 1 mix is not statisti-
cally significant. (see Supplementary information SI).

3.2 Oleamide and Synovene Adsorbed Separately
on Steel

Figure 2 shows the SFG spectra of oleamide adsorbed onto a
steel coupon surface from a solution in d-oil recorded in the
PPP and SSP polarisation combinations as the temperature
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Fig.1 Variation in the coefficient of friction for hexadecane (base
oil), oleamide, Synovene and a 1:6 mix of oleamide and Synovene
with time at 50 °C
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Fig.2 PPP (upper panel) and SSP (lower panel) spectra in the C—H
stretching region recorded after a 0.1% oleamide in d-oil (hexade-
cane) solution was adsorbed on steel at sequentially increasing tem-
peratures

was increased. SFG spectra in the C—H region from the long
aliphatic chains of surfactants adsorbed at solid/liquid and
air/liquid interfaces have been widely reported in the lit-
erature and the resonances in Fig. 2 can be attributed to
the aliphatic chain of oleamide. The spectral assignment is
shown in Table 1 where the d resonances arise from meth-
ylene (CH,) groups and r resonances from methyl (CH;)
groups and where + superscripts denote symmetric stretch-
ing modes and — superscripts asymmetric ones:

The most intense spectra in both polarisation combina-
tions occur around 70 °C. The resonances with the pre-
dominant intensity in both polarisations are the d* and rgg*
although their ratio is not constant at different temperatures.
It can be seen from Fig. 2 that there are noticeable variations
in the relative intensities of all the spectral features compar-
ing one temperature spectral scan to another. Furthermore,
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Table 1 Assignment of SFG vibrational resonances

Peaks (cm™)) Assignment Denoted as
2855, 2102 Sym methylene stretch dt

2878, 2075 Sym methyl stretch rt

2900 Sym methylene stretch Fermires  dpg*

2915, 2182 Asym methylene stretch d-
2942,2120,2131  Sym methyl stretch Fermi res R’

2966, 2222 Asym methyl stretch -

3010, 2250 Olefinic CH/CD stretch (CH/CD

adjacent to the double bond)

the resonances are not clearly resolved. These observations
can be attributed to two factors: the wide variation in orien-
tation angles that can be adopted by the aliphatic chain of
oleamide and the many conformations that the chain may
adopt at different temperatures. This is in marked contrast
with the much narrower resonances found in the SFG spectra
of the aliphatic chains of well-packed self-assembled mon-
olayers of molecules like octadecane thiol [8].

In Fig. 2, the difference in room temperature scans and
maximum intensity temperature scans is very clear. Addi-
tionally, to clarify the temperature dependence, the inte-
grated intensity of the complete SFG spectrum was cal-
culated at each temperature and plotted as bar charts (see
Fig. 3). The overall integrated intensity of the SFG spectra
is an approximate measure of the degree of molecular (polar
and conformational) ordering on the surface. In well-ordered
systems the intensity of the resonances from the methyl and
methylene modes have a different tilt angle dependency.
Consequently, the tilt angle can be determined from an
analysis of the relative peak intensities, in particular of the
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Fig.3 Bar chart of the integrated intensities of the SFG spectra of
oleamide adsorbed on steel as a function of temperature (the room
temperature data are displaced to the left for clarity)
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methyl symmetric and anti-symmetric modes within a given
polarisation combination. However, for more disordered sys-
tems as is the case here, the spectra are predominantly due
to the methylene modes. The overall intensity of the spectra
can then be approximately equated to the degree of ordering
on the surface. The data in Fig. 3 qualitatively support the
conclusion that the temperature has a significant influence
on the molecular ordering and the maximum intensity of
the spectra. It is possible that the change in the molecular
ordering influences the friction experienced at the interface.
Figure 4 shows the variation of the average of the friction
coefficients recorded during the entire test, as a function of
temperature for oleamide, Synovene and their 6:1 mixture.
(Steady-state and time-averaged breakdown of this result
with error bars is given in Supplementary Information Fig-
ure S-4.) The disordering in oleamide molecules may cancel
out the effect of temperature on friction on a macroscale,
thereby causing the average friction to be similar at all three
temperatures tested.

It is clear from an inspection of the oleamide PPP spectra
that there is evidence of the olefinic C—H stretching mode at
~3010 cm™! at temperatures below 110 °C, an effect that is
also seen in the per-deuterated version of oleamide (shown
later in Fig. 10) suggesting that the per-deuteration does not
significantly perturb the thermal response of oleamide on
its own. However, as the temperature is increased, both the
olefinic stretch and the methyl 1* stretch decrease in intensity
relative to the other stretching modes. This is indicative of
an interaction of the double bond with the steel surface that
is lost at elevated temperature, implying that the C—C double
bond becomes disordered between 90 and 110 °C, whilst the

[ oleamide [ synovene [ 1 to 6 mix

0.12 4

Coefficient of friction

30 50 90
Temp degrees C

Fig.4 Variation of time-averaged friction coefficient as a function of
temperature
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orientation of the whole of the alkyl chain becomes com-
pletely randomised by 130 °C.

Figure 5 shows the corresponding temperature-dependent
spectra for the adsorption of Synovene in d-hexadecane on
steel. The same spectral assignments apply as for oleamide.
The temperature sequence was begun at a slightly higher
temperature than the room temperature spectrum because
very high intensity spectra are observed at the ambient tem-
perature of the laboratory (16—17 °C) attributed to multilayer
formation. This observation is described in more detail in
[6]. Not surprisingly, given the different structures of the
two molecules, there are differences in the spectra of the two
molecules although the d* and r* g resonances remain prom-
inent in both polarisations. We note that a similar spectral
intensity has previously been observed by Zhang et al. for an
alkane thiol monolayer on mild steel where it was attributed
to either a breakdown product or an oxidation effect on the
steel surface [9]. Synovene shows a similar increase in con-
formational disordering of the alkyl chain with temperature.
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Fig.5 PPP (upper panel) and SSP (lower panel) spectra in the C-H

stretching region recorded after a 0.6% Synovene in d-oil solution
was adsorbed on steel at sequentially increasing temperatures

Whilst the overall profiles of the PPP spectra of adsorbed
oleamide and Synovene are qualitatively similar, the SSP
spectra of the two molecules are markedly different. Fur-
thermore, as can be seen by comparing Figs. 2 and 5, the
sequential changes in intensity with temperature are different
and the maximum intensity occurs at a markedly higher tem-
perature for Synovene than for oleamide. Hence, oleamide
resonances have become very weak at 110 °C disappearing
completely by 130 °C, whereas Synovene resonance intensi-
ties at first fall with increasing temperature and then rapidly
increase to a maximum at 130 °C. Figure 6 shows the inte-
gration of the SFG resonance intensities versus temperature
corresponding to the data for oleamide in Fig. 5. These SFG
observations mean that not only are Synovene molecules still
present on the surface at the highest temperature but that
they are adsorbed with a net polar orientation with respect
to the surface. This may be a significant factor contributing
towards the decrease in the friction as temperature increases
(see Fig. 4) when Synovene is present on its own.

3.3 Adsorption from Oleamide and Synovene
Mixtures in Oil

Next to investigate any changes in the adsorption of Syno-
vene in the presence of oleamide, spectra of mixtures of
Synovene and d-oleamide in d-hexadecane in the ratios
of 6:1, 3:1 and 1:1 were recorded at temperatures up to
130 °C. The spectra for the 6:1 ratio are shown in Fig. 7.
In the C—H region, SFG spectra in the mixture must arise
from the Synovene component and may be compared with
the spectra of Synovene on its own in Fig. 5. The corre-
sponding bar diagrams are Figs. 8 and 6, respectively. It
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Fig.6 Total SFG intensity of Synovene adsorbed on steel as a func-
tion of temperature (the room temperature data are displaced to the
left for clarity)
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Fig.7 PPP (upper panel) and SSP (lower panel) spectra of the
adsorbed layer formed on steel from a 6:1 Synovene: d-oleamide mix-
ture in d-oil as the temperature is raised from room temperature to
~130°C

can be seen that there are significant differences between
the spectra of Synovene alone and of Synovene in the mix-
ture particularly in the PPP spectra, most notable is the
increase in the methylene 2850 cm™! resonance intensity
relative to that of the Fermi resonance at 2940 cm™". In the
light of the findings of Zhang et al., this may suggest that
there is a change in the interaction of the adsorbed fric-
tion modifiers and the iron oxide surface film. However,
considerable additional work would be required to confirm
this. Furthermore, the temperature at which the intensity is
a maximum drops from 130 °C (or higher) in pure Syno-
vene adsorption to around 70 °C in the mixture. This is
confirmed by the bar charts, Figs. 6 and 8. The observed
spectra in the more Synovene dilute solutions (not shown)
indicate a reduction in ordered Synovene adsorption as
the mixing ratio is decreased. Most notably, there is little
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Fig.8 PPP and SSP bar chart showing total integrated peak area of
the spectra from an adsorbed layer formed on steel from a 6:1 Syno-
vene: d-oleamide mixture in d-oil as the temperature is raised from
room temperature to ~ 130 °C

evidence for Synovene adsorption on the steel surface at
all in the 1:1 mix at temperatures above 70 °C.

To investigate the behaviour of the deuterated oleamide
component in the mixture, spectra were recorded in the
C-D stretching region and are shown in both polarisations
in Fig. 9. The most notable feature is the change of phase
direction in the resonances in both cases. Since the phase of
the d-oleamide signals is now opposite to that of the Syno-
vene, this suggests that their SFG active C—H functional
groups are pointing in opposite directions on the surface
but still orientated along the surface normal. This switching
of phase and hence of net oleamide polar orientation when
Synovene is present suggests that the structural reorientation
of oleamide has been caused by the presence of Synovene.

To further ascertain the effect of Synovene on oleamide,
the spectra in the C-D region of only d-oleamide in hexa-
decane were recorded and are shown in Fig. 10. The similar
phase of the spectra in Figs. 10 and 2 shows that d-oleamide
adsorbed on its own behaves the same as oleamide on its
own and thus it is confirmed that Synovene has a detectable
effect on the orientation of d-oleamide (and oleamide) when
present in a mixture. This change in orientation and relative
adsorption of the molecules could lead to lowering of the
boundary friction as seen in Figs. 1 and 4, and of the wear
(see Supplementary Information S1).

The weaker d-oleamide spectra in Fig. 10 compared with
Fig. 9 supports the result from Figs. 8 and 11, namely that
the molecules are co-adsorbed. The spectra in Fig. 10 can
be assigned from the C-D stretching mode positions given
in Table 1. The difference in the spectra between 2050 and
2200 cm™ in the two figures arises from two factors. Firstly,
the weaker spectra in the mixture is due to co-adsorption
of Synovene which reduces the area occupied by oleamide.
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Fig.9 PPP (upper panel) and SSP (lower panel) spectra in the C-D
stretching region of the adsorbed layer formed on steel from a 6:1
Synovene: d-oleamide mixture in d-oil as the temperature is raised
from room temperature to~ 130 °C

Secondly, the presence of Synovene also changes the orien-
tation and conformation of the oleamide chains giving rise
to different relative intensities.

4 Conclusion

SFG vibrational spectroscopy has been used to gain insight
into the friction and wear reduction mechanisms of two
lubricant additives Synovene and oleamide at a molecu-
lar level. When these two additives adsorb on steel from a
model base oil at temperatures up to 130 °C, at least some
parts of their hydrocarbon chains orientate perpendicular to
the surface. Based on the spectral intensity of the methyl res-
onances of the molecules, the maximum ordered adsorption
occurs at ~70 °C for oleamide and at 130 °C for Synovene.
However, the optimum intensity of Synovene spectra in the
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Fig. 10 PPP (upper panel) and SSP (lower panel) spectra in the C-D
stretching region recorded after a 0.1% d-oleamide in h-oil (hexade-
cane) solution was adsorbed on steel at sequentially increasing tem-
peratures up to ~ 130 °C
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Fig.11 PPP and SSP bar chart showing total integrated peak area
of the spectra (Fig. 9) from an adsorbed layer formed on steel after
a 0.1% d-oleamide in h-oil (hexadecane) solution was adsorbed at
sequentially increasing temperatures
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mixture falls to ~70 °C, similar to that of pure oleamide
spectra. It is also significant that when mixed spectra from
both molecules are detected on the steel surface. The reduc-
tion in the intensity of the Fermi resonances in the mixed
SFG spectra points to a change in the electronic structure
of the iron oxide surface and/or co-operative interaction. If
the latter is the case, it suggests the formation of a mixed
additive complex at the interface. The co-adsorption results
in a change in net polar orientation of the oleamide compo-
nent implying that the hydrocarbon chains of the oleamide
molecules reverse their polar orientation when Synovene is
present. We postulate that the reduction in friction and wear
at a metal-metal interface when both additives are present
as compared to when they are present individually is a direct
consequence of co-operative behaviour between both addi-
tive molecules.
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