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Abstract The adsorption of the lubricant additive Syno-

vene on steel and on ZDDP/steel wear tracks from base oil

has been investigated by sum frequency generation (SFG)

vibrational spectroscopy, an interface specific technique.

SFG spectra (resonances) were investigated in the C–H

stretching region and arise from the aliphatic chains of the

palm oil constituent of Synovene. The observation of SFG

spectra means that Synovene is adsorbed at the oil/metal

and at the oil/ZDDP/metal interfaces and that the aliphatic

chains of Synovene have a net polarisation order with

respect to the surface. The intense spectrum observed when

the film is first formed decreases in intensity with

increasing temperature. It is proposed that this is due to a

decrease in film thickness as the film tends towards

monolayer thickness. A dependence of the intensity and

shape of SFG resonances on film thickness due to a

thickness-dependent interference effect has been observed

in other thin film systems, most notably lipid films on gold.

Supporting evidence for the film thickness hypothesis

comes from examining the spectra of different thickness

films of palmitic acid on steel, one of the constituents of

Synovene. The spectra on the wear track are less intense

and less reproducible than on the bare metal. After periods

of several days at room temperature the spectra on both

surfaces gain in intensity implying a return to thicker layers

of Synovene under cold conditions.

Keywords Sum frequency generation � Steel � ZDDP �
Lubrication

1 Introduction

Oil additives play a vital role in mitigating the effects of

wear in tribological contacts. Metal dialkyl dithiophos-

phonates are amongst the most widely used additives for

reducing wear and friction by tribofilm formation, as well

as inhibiting corrosion and oxidation, under boundary layer

conditions. Although a wide range of different metal

dithiophosphates have been investigated, the zinc dialkyl

dithiophosphates (ZDDP) are the most commonly used [1].

The application of surface science analytical techniques in

determining the structure of the protective layer formed

from wear additives in base oil containing ZDDP under

thermal and tribological conditions is an important objec-

tive for gaining a better understanding of and improving

lubricant performance [2, 3]. For this purpose a range of

in situ and ex situ surface science techniques have been

applied to ZDDP-coated surfaces, with and without the

presence of base oil. These include near edge X-ray

absorption spectroscopy (XANES) [4], X-ray photoelec-

tron spectroscopy (XPS) [5] and Auger electron spec-

troscopy [6] to probe the chemical composition of the

surface. Attenuated total internal reflection (ATR) infrared

spectroscopy has been used to determine the molecular

structure of the surface layer or layers [7]. Investigating

changes in the surface topography with increased rubbing

time (as a model for tribological action) has been under-

taken with atomic force microscopy (AFM) [8].
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The present investigation sets out to answer a comple-

mentary question, namely what differences are there, if

any, in the surface orientation and conformation of lubri-

cant surfactants added to base oil off and on ZDDP wear

tracks? The specific additive we have investigated is

Synovene, an additive patented and developed for use in

lubricant compositions by Castrol. Synovene is a natural

product consisting of a diester formed from glycerol, citric

acid and natural fatty acids comprising mainly palmitic

(C16) and oleic (C18) acids. However, as a natural product

it has a relatively large chain length distribution. It may

also contain additional surface active components. We use

the nonlinear optical technique of sum frequency genera-

tion (SFG) vibrational spectroscopy to examine the

adsorption of Synovene onto the wear track formed by

rubbing ZDDP in base oil on steel under tribological

conditions.

SFG is an interface specific nonlinear optical technique

in which a fixed-frequency visible laser beam and a tunable

infrared laser beam are combined spatially and temporally

at the surface or interface to generate photons at the sum of

the two input frequencies [9–11]. The sum frequency light

is monitored as the infrared laser frequency is tuned and

changes in intensity when the infrared frequency coincides

with a vibrational mode in molecules at the interface. This

generates a vibrational spectrum of the interface that yields

information on the polar orientation and conformational

order of the molecules in the interfacial film. SFG is

interface specific with sub monolayer sensitivity and

unaffected by the bulk phases either side of the interface.

However, it requires the molecules comprising the surface

film to have a net polar orientation. In addition vibrational

bands are only SFG active if the vibrational mode has

nonzero infrared and Raman transition moments.

The SFG vibrational resonances of interest in this work

arise from the C–H stretching vibrations of the aliphatic

chains of the additive. The recorded SFG spectra are spatial

averages of the interface extending over hundreds of

microns in the surface plane. To confirm the presence of a

ZDDP derived film in the region of interest prior to SFG

spectroscopy, the wear track and adjacent bare metal were

examined with a scanning electron microscope (SEM) and

complementary energy dispersive X-ray analysis (EDXA).

2 Experimental Details

Wear tracks were formed on diamond-polished (0.1 lm)

EN1A bright mild steel plates using a bespoke recipro-

cating plate on static ball rig based on the Cameron Plint

design. The plate was thermostated at 95 �C with a contact

pressure of circa 1.5 GPa and surface speed of 0.1 m s-1.

The Ø 20 mm bearing steel balls had a hardness of 65

HRC. ZDDP (Castrol T206 additive) and Synovene were

made up in 30 % ZDDP and 0.5 % by weight Synovene

solutions, respectively, in a base oil of per deuterated

hexadecane (QMX isotopes, 98.5 % isotopic purity). The

wear tracks were *500 lm wide and of different thick-

nesses depending on the rubbing time. Most of the work

reported here was carried out on ZDDP layer thicknesses of

order 70 nm by comparison with the results of Naveira-

Suarez et al. [8]. Following formation of the layer the plate

was sonicated in acetone and washed in Decon solution,

then UV ozone cleaned for 40 min to remove hydrocarbon

contamination from the atmosphere and oxidise the methyl

groups intrinsically present in ZDDP. The plate was then

covered with a fresh Synovene in base oil layer before

recording SFG spectra with a picosecond spectrometer

(EKSPLA), described in detail elsewhere [12]. Briefly, co-

propagating visible (532 nm) and infrared laser beams

(*29 ps, 50 Hz) were incident on the substrate, compris-

ing bare steel and adjacent wear track, through a hemi-

cylindrical CaF2 prism which was used to sandwich a thin

film of oil on top of the metal substrate. Both S and P

polarisations with respect to the surface normal could be

selected for visible, infrared and sum frequency beams.

Although unlikely to occur, in order to identify any con-

tribution from the prism/oil interface prior to each run the

laser infrared frequency was set to 2940 cm-1 and the SFG

intensity recorded before advancing the sample up to the

face of the prism. In no case was significant intensity

observed in the SFG signal, indicating that any contribution

from the prism is likely to be negligible.

SEM images were obtained using a JEOL model JSM-

5510LV microscope with concurrent Oxford Instruments

Inca EDX analysis package using an acceleration voltage

of 20 kV at a working distance of 20 mm.

3 Results and Discussion

Figure 1 shows SEM images and EDX analysis of the bare

steel surface and of the adjacent wear track after ozone

cleaning. The SEM images confirm the formation of the

wear track whilst the presence of elemental sulphur,

phosphorus and zinc in the EDX analysis suggests that a

phosphate glass is present in the wear track.

Figures 2 and 3 show the SFG spectra of Synovene

under base oil in the C–H stretching region recorded on and

off the wear track in two polarisation combinations of the

input and sum frequency beams, namely SSP (Fig. 2) and

PPP (Fig. 3) (beam polarisation sequence: sum frequency,

visible, infrared). Although ZDDP also has methyl groups

and small, detectable C–H SFG resonances, these were not

observed here following cleaning and UV ozone treatment.

Hence the SFG C–H resonances shown in Figs. 2 and 3 can
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Fig. 1 SEM images (15009 magnification, 10 lm scale bar shown) and EDX analysis of a the steel surface and b the ZDDP wear track
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be attributed to adsorbed Synovene itself and specifically to

the long aliphatic hydrocarbon chains of the palm oil

moiety in Synovene. SFG spectra from the long aliphatic

chains of surfactants adsorbed at solid/liquid and air/liquid

interfaces have been widely reported in the literature [13,

14].

Some qualitative comments about the intensities of the

spectra shown in Figs. 2 and 3 can be made regardless of

the assignment of individual resonances. Firstly the pres-

ence of SFG resonances indicates a net polar orientational

ordering of the Synovene molecules at both steel/oil and

ZDDP/oil interfaces. Secondly the high intensity of the

SFG spectra recorded immediately after the Synovene in

oil layer has been formed decreases as the sample is slowly

warmed above the melting point of bulk Synovene

(*17–27 �C). (Because Synovene consists of several fatty
acids it melts over an extended temperature range, as

demonstrated by the thermogram shown in the supporting

information Fig S1.) Thirdly the SSP spectrum is much

more intense than the PPP spectrum on steel but more

nearly equal to the intensity of the PPP spectrum on ZDDP.

Lastly the difference in the relative intensities of the fea-

tures in the spectra indicates the presence of different

structural forms of Synovene, i.e. order and conformation,

at the different interfaces.

Given the increased surface roughness of the ZDDP

wear track compared with the bare polished metal surface it

was a surprise that such a strong SFG spectrum was

detected. SFG is a coherent laser technique in which the

principle of conservation of momentum dictates that the

SFG output angle is rigidly defined. A high surface

Fig. 2 SFG spectra in the SSP polarisation combination of Synovene

under oil recorded at different temperatures and times after the initial

film was formed on a the steel surface and b the ZDDP wear track.

The inset spectra in a are magnifications of the much smaller signals

recorded at 70 �C and immediately on cooling. The numbers on the

peaks in b correspond to the assignments given in the text

Fig. 3 SFG spectra in the PPP polarisation combination of Synovene

under oil on a the steel surface and b the ZDDP wear track recorded

under the same conditions as given in Fig. 2
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roughness therefore causes significant scattering of the

emitted SFG beam and consequently a loss of signal

intensity. This may be partly responsible for the different

intensities observed between the steel and ZDDP interfaces

observed at 70 �C. Nevertheless the observation of a SFG

spectrum from the wear track indicates the potential of the

technique for probing molecular structure at rough as well

as smooth surfaces in tribology.

For detailed spectral assignment of the C–H resonances

from the Synovene hydrocarbon chains we select the cold

spectra from the wear track shown in Figs. 2b (SSP) and 3b

(PPP); these are more clearly resolved than the spectra from

the bare steel. It should be noted that whilst the initial spectra

at room temperature from the bare metal and from the ZDDP

wear track are different in absolute intensity (and in the

relative intensities of the features within the spectra), the

positions of the resonances are the same. From Fig. 2b they

can be assigned as follows: (1) symmetric methylene (CH2)

stretch, d?, 2855 cm-1; (2) symmetric methyl (CH3) stretch,

r?, 2878 cm-1; (3) symmetric methylene stretch Fermi

resonance, dFR
? ,*2900 cm-1; (4) symmetric methyl stretch

Fermi resonance, rFR
? , 2942 cm-1; and (5) asymmetric

methyl stretch, r-, 2966 cm-1.

Due to the SFG symmetry selection rules the methylene

resonances from the aliphatic chains do not necessarily

dominate the SFG spectrum in the way that they do in linear

IR spectroscopy. Anymethylene (d) resonances appearing in

the spectra indicate the presence of gauche defects in the

hydrocarbon chains; that is, the CH2 groups are not all trans

to each other. This results in the loss of the centro-symmetry

of neighbouring CH2 groups so that they become both

infrared and Raman active and therefore, as mentioned ear-

lier, SFG active. The d?/r? ratio may be used as a qualitative

measure of conformational disorder in hydrocarbon chains.

Several differences in the spectra from the two surfaces

can be readily identified. For example, in the spectra from

the initially adsorbed layer in the SSP polarisation (Fig. 2a,

b) the d? and r? C–H resonances on steel are poorly

resolved whilst they are well resolved in the spectra of the

ZDDP track. On the other hand the r- resonance is much

more intense on the steel substrate. Generally the rFR
? res-

onance seems to be the most intense resonance in all the

spectra. This may be due to the effect of an underlying iron

oxide layer as postulated by Zhang et al. [15] in their SFG

study of alkanethiols on mild steel surfaces where the rFR
?

resonance was prominent. Also evident in the initial room

temperature spectra from the wear track (Figs. 2b, 3b) is a

weak C–H stretching resonance at 3010 cm-1 presumably

arising either from the single C–H bond in the glycol

component of Synovene or from a small olefinic compo-

nent of the Synovene which is clearly absent in the spectra

on bare steel. In the former case the implication is that the

glycerol backbone is ordered with a net orientation of the

unique glycerol CH bond in the film formed on ZDDP but

not in that formed directly on steel. In the latter case the

olefinic component is present as an ordered constituent on

the ZDDP film but not on the film on steel. Whilst this

feature is particularly weak and close to the level of the

noise, it is consistently reproducible and therefore has been

included in our analysis for this reason.

Additionally two broad resonances observed in the

spectra from bare steel in both polarisations (Figs. 2a, 3a)

at 3200 and 3300 cm-1 are due to O–H stretching modes.

These arise either from residual water at the interface or

from the numerous hydroxyl groups present in Synovene.

These are not detectable in the spectra from the wear track.

The absence of these features in the wear track indicates a

significant difference in the film composition and structure

between that on ZDDP and that on steel, and correlates

with the presence of the isolated C–H band at 3010 cm-1.

Further work is required to determine whether these fea-

tures are due to surface water or OH bonds within the

Synovene film structure.

A plausible hypothesis for the high intensity spectra

observed when the cold Synovene in oil layer is first laid

down, particularly on the bare metal, is that a multilayer of

Synovene is formed. As only the topmost layer is strongly

SFG active and this layer is displaced from the metal (or

ZDDP) surface by several tens of nm or more due to the

remaining bulk Synovene which is SFG inactive, a thick-

ness-dependent interference effect on the intensity and line

shape of SFG C–H resonances can occur. Phase thickness

effects have been thoroughly studied and quantified for well-

ordered multilayer lipid films formed on metals, particularly

on gold. In these examples the layers are comprised of close-

packed alkyl chains orientated perpendicular to the surface

that remain conformationally well ordered, i.e. no gauche

defects, in the multilayer. It has been shown that the thick-

ness-dependent effect is due to optical interference between

the nonresonant susceptibility of the metal substrate and the

resonant susceptibility of the SFG active layer or layers [16–

18], in particular the topmost layer of the film. Furthermore

the effect is different for the SSP and PPP polarisations.

Although they are structurally more complex than ordered

lipid multilayers, similar thickness-dependent effects have

been observed in the SFG spectra of polymer films [19].

Because of their different structures the layers or

aggregates of Synovene must pack differently on the sur-

face in comparison with well-ordered lipid multilayers.

This view is supported by the presence of the d resonances

from the methylene groups in the chain due to gauche

defects, for example in Fig. 2b. These resonances are

absent for symmetry reasons in the spectra of well-packed

lipid multilayers. Nevertheless the presence of the SFG

resonances and the variation in their intensity suggests that

there are layers of Synovene of different thicknesses on the
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surface and with net polarisation order in their hydrocarbon

chains.

To test this hypothesis we have examined the SFG

spectra of different thickness palmitic acid layers on mild

steel (spectra shown in Supporting Information S2).

Ordered multilayers of palmitic acid (a constituent of

Synovene) were formed by Langmuir–Blodgett deposition

to prepare films up to 70 layers thick on steel. This was

sufficient to demonstrate the existence of a thickness-de-

pendent effect on the SFG spectrum. Figure 4 shows how

the intensity of the resonances varies with thickness in both

polarisation combinations. It is noted that the r? (i.e. r?,

rFR
? ) and r- resonances reach a maximum at about 50 layers

in the SSP polarisation with the intensity of the SSP

polarisation resonances much higher than the PPP reso-

nances. The variation in the PPP polarisation is similar to

earlier PPP measurements on gold, namely varying slowly

over a lm length scale. The r- intensity in the PPP

polarisation is already intense at just a monolayer thick film

and goes through a minimum before rising again at about

60 monolayer thicknesses. It is essential to emphasise that

only a qualitative comparison between lipid multilayers on

gold and on steel can be made from these results because of

the different optical properties of the two metals, particu-

larly the much smaller susceptibility of steel compared

with gold. In addition the more complex nature of the

Synovene molecule, namely the presence of both saturated

and unsaturated hydrocarbon chains, makes accurate

modelling of any thickness variation in Synovene layers

difficult. Notwithstanding it seems reasonable to conclude

that the high intensity signals observed initially, compared

with the signal intensity post-heating, is caused by the

initial presence of multilayer films of Synovene.

In both polarisation combinations the spectra on bare

steel are more intense than on the ZDDP-coated wear track

by an order of magnitude or more. A possible explanation

for the less intense spectra on the wear tracks compared

with the bare metal is the different SFG responses from

metal and dielectric substrates. This includes different SFG

selection rules. However, the ZDDP layer is less than

100 nm thick and does not in itself constitute a solid

dielectric substrate, and therefore, a more plausible

explanation has been sought. It has been shown that when a

monolayer alkyl film is deposited on thin mica sheets

supported on a gold substrate, i.e. analogous to the Syno-

vene film separated from the steel surface by the ZDDP

layer as investigated here, the spectrum arises from an

interference effect between the metal substrate and the

surfactant film as described above [20, 21]. A more likely

explanation then is that although the actual Synovene layer

may be the same thickness as on the steel surface, the

combined thickness of the Synovene layer and the ZDDP

layer is greater than the Synovene layer alone giving rise to

a different SFG response, i.e. corresponding to different

parts of the intensity versus thickness curve shown in

Fig. 4. It seems therefore unlikely that the differences in

intensity arise simply from differences in the SFG

responses of steel and ZDDP-coated steel.

As the sample is slowly heated to just above the melting

point the intensity of the corresponding SFG spectra both

on the bare metal and on the wear track begins to decrease.

This can be explained by the thinning of the adsorbed

material corresponding to fewer layers in the film. Fig-

ures 2 and 3 show the spectra obtained before, during and

after heating the samples at 70 �C. The initially large signal
intensity decreases significantly on heating and remains

small on subsequent cooling. Nevertheless the presence of

the spectra at both low and high temperatures means that

significant polarisation order is maintained in the SFG

active layer. The intensity of the spectra recorded on the

cooled sample gradually increases again with time and

Fig. 4 Integrated intensities of the r SFG resonances from different

thickness layers of palmitic acid formed by Langmuir–Blodgett depo-

sition on steel. Upper figure r- resonances, lower figure r? resonance:

SSP (red) and PPP (black) polarisations (Color figure online)
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after a period of several hours to days has returned to

approximately the same intensity as in the cold starting

sample. These spectra are represented by the dotted traces

in Figs. 2 and 3. To summarise, the SFG spectra in either

polarisation are largest when the Synovene in oil solution is

first deposited on the steel- or ZDDP-coated substrates and

decreases substantially on heating and recovers to the

higher intensity of the initial ‘cold’ spectra after prolonged

cooling. From the discussion above this implies that the

Synovene multilayers or aggregates decrease in thickness

as heat is applied, probably thinning to monolayer thick-

ness at higher temperatures.

4 Conclusion

TheadsorptionofSynoveneon steel andonZDDPwear tracks

on steel from solutions in base oil has been confirmed using

the interface specific technique of SFG spectroscopy. The

SFG spectra in the C–H stretching region arise predominantly

from the aliphatic chains intrinsic to Synovene. The appear-

ance of the spectra means that the SFG active Synovene layer

or layers have a net polarisation order with respect to the

surface.Thehigh intensity of the spectrawhen theSynovene is

first adsorbed ismost likelydue to the formationofmultilayers

or aggregates. The intensity of these spectra decreases when

the sample iswarmed,which can be accounted for by a change

in the separation of the SFG active layer from the metal sur-

face. This hypothesis of thickness-dependent SFG intensity is

supported qualitatively by complementary experiments in

which the intensity of spectra ofmultilayers of palmitic acid of

different thicknesses is measured. The spectra on the ZDDP

wear track are less intense than on the baremetal both initially

and on heating. This can be explained qualitatively by the

different thickness of the Synovene plus ZDDP layer which is

thicker overall in comparison to the Synovene film on steel.

The presence of OH resonances in the spectra on steel but not

on the ZDDP and the absence of the 3010 cm-1 band on steel

confirm that different film structures are present at the steel

and ZDDP interfaces.
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