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Surface reactivity of tributyl thiophosphate: effects of temperature
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The surface reactivity of tributyl thiophosphate on iron surfaces has been studied in sifu by attenuated total reflection Fourier-
transform infrared spectroscopy, X-ray photoelectron spectroscopy and temperature-programmed reaction and desorption
spectroscopies. The results show that at temperatures lower than 373 K the molecule forms a physisorbed layer on the iron
substrate. At 373 K a reaction takes place with the formation of an organic layer, together with iron polyphosphate and sulfate. At
higher temperatures temperature-programmed desorption results suggest that the mechanism involves P-O bond scission to yield
butoxy groups. This could be preceded by P=S bond scission to give tributyl phosphite, which then, in turn, undergoes P-O bond
scission to produce butoxy groups. The results obtained following tribological testing are in agreement with those of thermal tests:

evidence of polyphosphate and sulfate formation is found.
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spectroscopy (TPRS), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FT-IR)

1. Introduction

Virtually all engine operating conditions, including
those encountered in aerospace and automobile appli-
cations, require the use of lubricant additives, which
modify friction and wear behavior, as well as other
lubricant properties. Depending on the application,
antiwear additives can be used either as solutes in oils or
alternatively in the vapor phase, for systems operating in
high-temperature (>823 K) environments. A well-
studied group of such antiwear additives consists of the
organophosphate compounds; to this group belong
tributyl phosphate (TBP), tricresyl phosphate (TCP)
and trixylyl phosphate (TXP), as well as zinc dialkyl
dithiophosphate (ZnDTP). A common feature of recent
review papers [1-3] reporting on different aspects of the
research in this field, is that the surface reactivity, and
therefore the antiwear properties of the lubricant addi-
tives, seem to be related to the formation of a surface
film that not only differs in composition from the sub-
strate but also is characterized by different mechanical
properties. This has led to the application of a plethora
of analytical techniques, ranging from pin-on-disk tests
to the use of ex situ surface-analytical tools, such as
X-ray photoelectron spectroscopy (XPS) [4-8], Auger
electron spectroscopy (AES) [9,10], X-ray absorption
near-edge structure (XANES) [11-13], and time-of-flight
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secondary-ion mass spectroscopy TOF-SIMS [14,15],
which are used to characterize the film formed prior to
the measurements. In situ (also called “in contact’)
methods, such as attenuated total reflection Fourier-
transform infrared (ATR-FT-IR) [16,17] and Raman
spectroscopies have also been applied [18,19].

Many studies aimed at elucidating the reaction
mechanism of TBP, TCP and related compounds have
been performed using different surface analytical
techniques [20,21], including temperature-programmed
reaction spectroscopy (TPRS) — often in combination
with AES, both on clean iron surfaces [22] and on
oxidized iron [23], and more recently using a quartz
crystal microbalance [24,25]. These studies provided
evidence that in the cases of TBP and TCP the film
formation takes place following breakage of the C-O
bond for the alkyl class and via P-O bond scission in the
case of the aryl class. Although studies with alkyl and
aryl phosphites have been undertaken [26,27], to our
knowledge no data are available on the corresponding
sulfur-containing compounds. Some workers have
studied the tribological properties of thiophosphate lu-
bricant additives and the films formed by their reaction
on iron surfaces. The interest in these compounds arises
from their potential for use as ashless antiwear additives
for possible replacement of zinc dialkyldithiophosphate
(ZnDTP) [28-32]. Experimental evidence obtained
by several research groups also shows that in addition
to phosphorus, sulfur plays an important role in the

1023-8883/06/0900-0197/0 © 2006 Springer Science+Business Media, Inc.



198 A. Rossi et al./Surface reactivity of tributyl thiophosphate

C4H9—C\ // S
v/
C,H,—0 0—C,H,

Scheme 1. Tributyl thiophosphate (TBT).

reaction mechanism of dithiophosphates as lubricant
additives, although the reasons for this are not yet fully
understood [2,3].

In this work the reactivity of 0,0,0,-tributyl phosp-
horothionate, also known as tributyl thiophosphate
(TBT) (see scheme 1), with polycrystalline iron has
been investigated at different temperatures by means
of TPRS and AES and also under sliding contact
boundary lubrication conditions with in situ ATR-
FT-IR and (ex situ) XPS. Our objective was to gain
insight into the reaction mechanism of TBT, to com-
pare it with that of TBP and to understand the origin
of any observed differences. TPRS measurements have
provided information on bond strengths with the sur-
face and on desorption and decomposition mechanisms
and kinetics. ATR-FT-IR spectroscopy has allowed
identification of the functional groups present in the
molecule, permitting the modifications occurring in
the contact region to be followed on a molecular level
and revealing whether their cause is thermal or an
effect of mechanical stress. XPS has provided elemental
identification as well as chemical-state information and
quantitative analysis of the overlayer films.

2. Experimental
2.1. Materials

TBT was synthesized at Ciba Specialty Chemicals
(Basel, Switzerland) from tributyl phosphite and an
equimolar quantity of elemental sulfur (383-393 K, ca.
75 min). Subsequently, it was purified by chromatogra-
phy using a thin silica layer as a chromatographic plate
and toluene and hexane as eluents [Information pro-
vided by Dr. H. Camenzind (Ciba Specialty Chemicals)].
Elemental analysis, Fourier transform infrared spec-
troscopy, mass spectroscopy and nuclear magnetic res-
onance 'H and "*C were performed, in order to check
the purity of the sample. XPS data on a frozen sample
deposited on mica were also collected.

Trapezoidal ATR elements of single crystal germa-
nium with an angle of incidence of 45°, dimensions of
72 x 10 x 6 mm and 7 reflections have been used in this
work for the infrared spectroscopy measurements. The
iron coating of the crystals was performed by magnetron
sputtering at the Paul Scherrer Institut (PSI, Villigen,
Switzerland). Before each experiment, the thickness of
the iron coating was checked by ellipsometry and found
to be 12.0 =+ 0.3 nm. The XPS analysis of the iron sur-
face before testing indicated the presence of an iron

oxide film and its thickness was calculated from XPS
data to be equal to 2.6 £ 0.3 nm [33].

2.2. Methods

2.2.1. In situ attenuated total reflection infrared
(ATR-FT-IR) tribometry

ATR FT-IR spectra were obtained with a Nicolet
Magna-IR System 550 Fourier Transform Spectrometer
equipped with an ATR assembly heatable to 200 °C
(Greasby Specac, Portmann Instruments AG, Biel-
Benken, Switzerland). The spectra were measured using
the experimental conditions listed in table . As a
background spectrum, the single-beam spectrum of the
iron-coated germanium ATR crystal was acquired
before each experiment. The ATR FT-IR spectra pre-
sented in this work are reported after subtraction of the
background spectrum, without any other correction.

Adsorption test at 353 K and 373 K. Adsorption tests
were performed by depositing the TBT directly onto
the iron-coated germanium crystal of the attenuated
total reflection infrared (ATR-FT-IR) spectrometer.
ATR spectra were collected at 298 K, both before
thermal testing, and during thermal tests at 353 and
373 K. Spectra were acquired at different times after
cooling the crystal to room temperature: these alter-
nating heating-cooling cycles were applied due to the
increasing absorbance of the germanium with temper-
ature [17].

Tribological tests at 353 and 373 K. Sliding tests were
performed using an in situ ATR-FT-IR tribometer un-
der sliding conditions at high temperatures as previously
described in detail [17]. The tribological experimental
conditions used in this work (table 1) were chosen so as
to ensure boundary lubrication conditions. Also, in this
case, the ATR-FT-IR spectra have been measured after
cooling the ATR tribometer down to room temperature
after each heating cycle.

Following the tribological tests the samples were
washed with cyclohexane (p.a. 299.5%, Fluka), and
transferred to the X-ray photoelectron spectrometer.

2.2.2. X-ray photoelectron spectroscopy (XPS)
XPS analyses were carried out using a PHI 5700
spectrometer equipped with a concentric hemispherical

Table 1.

Tribological experimental conditions.
Apparent contact area 0.1 mm?
Normal load 7N
Apparent contact pressure 60 MPa
Average sliding velocity 20 mm/min
Lubricant Tributyl thiophosphate
Temperature 298, 353, 373 K

Relative humidity 50%
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analyzer in the standard configuration (Physical Elec-
tronics, Eden Prairie, MN, USA). The vacuum system
consists of a turbo-molecular pump, ion pump, and a
titanium sublimation pump. The base pressure before
the analysis was better than 10”7 Pa. The X-ray source
was AlK, (1486.6 e¢V), run at 300 W. The incident angle
was 54.7° and the emission angle was 45° with respect to
the sample surface normal. All the spectra were obtained
in digital mode. A constant pass energy of 23.50 eV
through the hemispheres of the electron analyzer oper-
ated in the Fixed Analyzer Transmission (FAT) mode
was used for the narrow-scan; the wide-scan spectra
were acquired with a pass energy of 187.85 eV. The
instrument was operated in minimum-area mode and
the aperture was 0.4 mm diameter. The instrument was
calibrated using the inert-gas-ion-sputter-cleaned
SCAA90 reference materials Cu, Ag and Au [34]. The
accuracy of the binding energy values was found to be
+0.05eV. The binding-energy values reported in
this work are the mean values over at least three
independent measurements. The standard deviation is
also reported.

Sample charging was corrected by referring all bind-
ing energies to the carbon 1s signal at 285.0 eV. The
spectra were resolved into their Gaussian—Lorentzian
components after background subtraction using CASA
XPS software (V2.0, CASA Software Ltd, UK).

The atomic concentration of element j was calculated
as:

/Sy
LN I/ Sy)

J

where /;; is the area of the peak i of the element j, and Sj;
is the sensitivity factor. The sensitivity factors were
calculated from the Scofield photoionization cross sec-
tions [35], the inelastic mean free path corrected for the
emission angle, and the transmission function of the
analyzer, as described in Ref. [36], assuming the sample
to be homogeneous. The inelastic mean free path, i.e. the
mean distance that particles with a given kinetic energy
(KE) travel between inelastic collisions in a substance,
corrected for the emission angle () was calculated as:

/\,j:é—i—Bx VKE x cos ¥,
where the values of 4 and B are 31 and 0.087, respec-
tively, and Aj; is in nm. These values are valid for
organic compounds, according to [37], and they have
been used to calculate the sensitivity factors for pure
compounds measured frozen on mica (table 2).

2.2.3. TPRS

The temperature-programmed-reaction spectra and
the Auger electron spectra were obtained in a stainless-
steel ultra high vacuum (UHV) chamber with a base
pressure of <1077 Pa. The chamber is equipped with an

ion-sputtering gun for surface cleaning by argon ion
(Ar™) bombardment, a quadrupole mass spectrometer
(QMS), and a cylindrical mirror analyzer (CMA) for
AES. Standard leak valves were used to introduce high
vapor pressure compounds such as 1-butene, 1-butanol,
and butanal into the UHV chamber for adsorption on
the Fe surface. A high-mass doser was used for the
adsorption of extremely low vapor pressure compounds,
such as TBP or TBT. This doser consists of a glass
sample vial at the end of a long (~40 x 1.25 cm diame-
ter) collimating tube.

The Fe sample consisted of polycrystalline Fe
(99.99 + %) foil, and was spot-welded to tantalum wires
that were in mechanical contact with a liquid nitrogen
reservoir through a sample holder. The sample could be
cooled to 110 K or heated resistively to higher than
1000 K with the temperature measured by a K-type
thermocouple spot-welded to the back of the Fe sample.
Initial cleaning of the Fe sample was achieved by
repeated cycles of Ar" ion bombardment followed by
thermal treatment to 800 K. Routine sample prepara-
tion was accomplished with 1.0 keV Ar" ion bom-
bardment for 50 min at 200 K followed by thermal
treatment at 800 K for I min. TBT was kept in the glass
vial of the high-mass doser and the dosing tube was
moved into the chamber to position the end of the tube
approximately 5 mm from the Fe surface.

The TPRS spectra were obtained by first adsorbing a
monolayer of the TBT on the cleaned Fe surface at
110 K. At 110 K the TBT will adsorb molecularly on
the Fe surface without subsequently desorbing into the
vacuum. The surface was then positioned in front of the
QMS and heated at a constant rate of 1 K/s. The mass
spectrometer was used to monitor the signals of ioni-
zation fragments generated at several different m/q
ratios by the desorbing reaction products.

2.2.4. Auger electron spectroscopy

The Auger electron spectra were obtained from the Fe
surface before and after TPRS experiments using a sin-
gle-pass, cylindrical-mirror analyzer (Varian Inst.). The
primary electron beam was incident on the Fe surface
along its normal with a beam energy of 3 keV. The
modulation voltage used to record the spectra was 3 eV.
All spectra were obtained with the sample held at 110 K.

3. Results

TBT has been characterized by means of transmission
FT-IR, ATR, and XP spectroscopies. The results
obtained from in situ ATR thermal and tribological tests
in the presence of pure TBT, and from the subsequent
ex situ XPS analysis, are reported in the following
paragraphs; finally, the results obtained with the tem-
perature programmed reaction spectroscopy are
described.
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Table 2.

IR frequencies (cm™") and functional group assignments for the IR spectra of TBT.
Transmission ATR (Ge uncoated) ATR (Ge/Fe) Functional group
Tributyl thiophosphate
2960, 2935, 2896 (sh) 2960, 2935, 2896 (sh) 2956, 2932 vasCH3, v,sCH,
2875, 2846 (sh) 2875, 2844 (sh) 2872 vsCHjs, vCH,»
1465 m, 1460 (sh), 1433 w 1466 m, 1460 (sh), 1433 w 1458 m, 1431 w 0.sCH3, 0CH,
1382 w 1381 w 1379 w 0sCH3
1264 vw, 1234 w 1264 vw, 1234 w 1232 w
1150 w, 1120 w 1149 w, 1120 w 1147 w, 1120 w vC-O—(P)
1059 s, 1024 vs, 987 s 1058 s, 1021 vs, 986 s 1056 m, 1016 s,
980 (sh), 958 (sh) 977 (sh), 958 (sh) 973 (sh), 956 (sh) vP-O—(C)
904 m 903 m 896 m broad
851 (sh), 836 m, 809 m broad 851 (sh), 835 m, 809 m broad P=S (D)
737 w/m 737 w/m pCH,
648 (sh), 628 w/m P=S (II)

v = symmetric stretching. v,s = asymmetric stretching. J,; = asymmetric bending. d; = symmetric bending. p = rocking. sh = shoulder.
w = weak. m = medium.

3.1. Characterization of tributyl thiophosphate ATR spectra of the TBT, are reported in Table 2. The
assigned functional groups are in agreement with the
literature [38—43]. Three spectral regions can be distin-
guished in the TBT spectra (figure 1):

3.1.1. Transmission FT-IR and ATR spectra

In figure 1, the transmission FT-IR and ATR spectra
of TBT are reported. The ATR spectra have been
measured using an uncoated and an iron-coated (10 nm) (i) the region at high wavenumbers (30002800 cm™")

germanium ATR crystal. The IR frequencies and the — symmetric and asymmetric stretching vibrations
assigned functional groups for the transmission and the of the CH3, CH, and CH groups;
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Figure 1. Transmission FT-IR and ATR spectra of TBT. The whole spectral region (a) and three enlarged regions (b—d) are shown. The ATR

spectra have been acquired using germanium ATR crystals, uncoated and coated with iron. ATR and baseline corrections have been applied to
the ATR spectra.
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(ii) the region between 1500 and 1200 cm™' — bending
vibrations of CH; and CH, groups;
(iii) and the fingerprint region (1200-400 cm™").

In the transmission spectrum, the very intense vP—O—~C)
band falls at 1024 cm™', but it is shifted to 1021 and
1020 cm™! in the ATR spectra collected on germanium
and iron-coated germanium, respectively. The charac-
teristic P=S (I) and P=S (II) absorption bands are
detected at 836 and 628 cm™', respectively. The IR
bands shown in the ATR (Ge/Fe) spectrum are skewed
towards low wavenumbers, and the relative intensities of
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the vP-O—(C) signals are different with respect to the
transmission and the ATR (Ge uncoated) spectrum.

3.1.2. XPS

In figure 2, the wide scan and the detailed XPS spectra
of Cls, Ols, P2p and S2p of TBT frozen on mica, an
inert substrate, are reported. The Cls signal contains two
components at 285.0 and 286.7 eV, assigned to the car-
bon of the aliphatic chains of the butyl groups and to
carbon bonded to oxygen (C—O-P) [45], respectively. The
Ols of the C—O-P group shows a single peak with a
maximum at 533.0 eV. The binding energy of the P2p;,,
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200 288 286

Binding Energy (eV)
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140 138

136
Binding Energy (eV)

134 132

Figure 2. Survey and high-resolution XPS spectra of Cls, Ols, P2p and S2p of TBT frozen on mica.
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Table 3.
XPS binding energies (B.E.), full widths at half-maximum height (FWHM) and experimental results of quantitative analysis of TBT (frozen on
mica).
Cls (1) Cls (2) Ols P2ps)» S2ps/» (1) S2p32(2)
Assignment C-H C-O-P C-0O-P (-CO);-P=S P=S s°
B.E. (eV) 285.0 286.6 533.0 134.1 162.3 163.8
FWHM 1.5 1.5 1.5 1.3 1.4 1.4
Area ratio 3:1 6:1
Atomic % calc. 70.6% 17.6% 5.9% 5.9% -
Atomic % exp. 71.0% 16.4% 6.5% 6.1% -

component has been found at 134.1 eV: the P2p spec-
trum is a convolution of the P2p;, and P2p,,, compo-
nents that were resolved keeping their difference and
their branching ratio equal to 0.95 and 0.5 eV, respec-
tively. The S2p is asymmetric because of the spin-orbit
splitting and it has been fitted using two Gaussian—
Lorentzian functions at a fixed separation of 1.2 eV and
with an intensity ratio of 0.5. The S2p signal has been
fitted with two doublets, having the maxima of their
S2p;/, components at 162.3 and 163.8 eV, respectively.
The first component is assigned to the sulfur in the P=S
group whereas the second component (only few percent
of the intensity of the main peak) can be assigned to
traces of elemental sulfur used for the chemical synthesis
of the TBT. Table 3 reports the results of quantitative
analysis of the elemental composition of the TBT: good
agreement is found between the calculated and the
experimental atomic concentration values.

3.2. Adsorption tests at different temperatures

3.2.1. ATR

ATR spectra of TBT have been measured using ger-
manium ATR crystals coated with iron, immediately
after the deposition of TBT on the crystal and during
the adsorption tests at 353 and 373 K. The TBT ATR
spectrum collected at 353 K (0 h) on an iron-coated
germanium ATR crystal shows the expected character-
istic IR absorption bands (see spectrum ATR (Ge/Fe) in
figure 1 and column 3 in table 2). At 353 K, the
acquired TBT ATR spectra (not shown here) do not
show changes even after heating for periods of 38 h,
whereas significant changes in the TBT ATR spectrum
have been observed after 20 h of heating at 373 K
(figure 3). The TBT reacted with the iron film, which
was partially removed, leading to a very intense
absorption band having a maximum at 1023 cm™'. Two
bands, one between 1350 and 1190 cm™' and the other
between 1187 and 1138 cm™!, were detected after 20 h of
heating at 373 K.

3.2.2. XPS

Ex situ XPS analysis of the iron-coated germanium
ATR crystal was performed after the in situ ATR thermal
testat 373 K, in which changes in the TBT ATR spectrum
were detected. In figure 4, the detailed XPS spectra of Cls,

Ols, P2p, S2p, and Fe2ps, of TBT on an iron-coated
germanium ATR crystal, after heating at 373 K for 20 h,
are reported. Table 4 lists the binding energy values of the
peak maxima after resolving the multicomponent signals
using model Gaussian—Lorentzian curves with a FWHM
at the maximum height and G/L ratio taken equal to those
obtained for the pure TBT frozen on mica. The intensity
ratios within the different components of the same element
are also shown. These data are reported together with
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Figure 3. TBT ATR spectra collected during a thermal test at

373 K, on a germanium ATR crystal coated with iron. In (a) and (b)

are shown the whole spectral region and the fingerprint region,
respectively.
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Figure 4. High-resolution XPS spectra of Cls, Ols, P2p, S2p and Fe2p;,, of TBT on an Fe-coated Ge ATR crystal after thermal treatment at
373 K for 20 h.

those obtained after the tribological test performed at the
same temperature. A reaction with iron occurs following
heating at 373 K: iron reacts with the TBT but the surface
is not homogeneous, in some places the iron coating is
removed whereas in other regions a film covers the surface.
The latter fact can be seen by looking at the XP iron signal:
the native oxide layer, under the thermal film, contributes
to the XP Fe2p signal with the component at 710.5 eV.
The other two components at 712.3 and at 714.8 eV
might be assigned to iron sulfate (FeSO,4) plus iron
poly(thio)phosphate, and to Fe,(SOy)s, respectively. The
sulfur exhibits two components: a weak one at 164.0 eV,
possibly due to an intermediate sulfur species, and the

most intense one at 168.8 eV. This second component can
be assigned to the iron sulfate compounds. Also the
phosphorus spectrum presents a new signal with a peak
maximum at 135.7 eV. The Cls spectrum with the signals
at 286.6 and 288.0 ¢V suggests the formation of organic
derivatives that contain oxygen functionalities.

3.3. Tribological tests

3.3.1. ATR tribometry
Sliding tests in the presence of TBT have been carried
out at 353 and 373 K. The ATR spectra of TBT acquired
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Figure 5. ATR spectra of TBT ATR spectra acquired during a
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during tribological stress at ambient temperature and at
353 K, using an iron-coated germanium ATR crystal do
not show significant changes during sliding for periods of
up to 38 h. After 20 h of sliding at 373 K, significant
changes have been detected in the TBT ATR spectrum
(figure 5). A very intense absorption band having a max-
imum at 1023 cm™" and a new broad band between 1300
and 1100 cm™', with a maximum at ca. 1130 cm™', are
detected. A very weak and broad band appears between
1600 and 1750 cm™'. This band may be assigned to the

stretching vibration of a carbonyl group [39].

3.3.2. XPS spectra

The iron-coated germanium ATR crystal has been
analyzed by XPS after in situ ATR tribological tests
performed at 373 K. The surface was not homogeneous:
in some points the coating appeared to be removed. The
spectra shown here were collected in the contact region
where the tribological film was clearly visible and the
survey spectrum did not show the presence of the ger-
manium signal due to the substrate. In figure 6, the

A. Rossi et al./Surface reactivity of tributyl thiophosphate

high-resolution XPS spectra of Cls, Ols, P2p, S2p and
Fe2ps, are displayed. Table 4 summarizes binding
energy values and intensity ratios between the different
components. The reaction during tribological testing
yields a film with signals of Cls, Ols, P2p;,, and Fe2ps,
having the same energy within the experimental uncer-
tainty (£0.2 eV) but with quite different intensity ratios.
Differences are observed in the S2p signal, which besides
the peak at 168.8 eV (assigned to a sulfate group) shows
a second peak at higher binding energies (170.5 eV).
This peak might be assigned to the presence of
(CH50),SO (see below).

3.4. Temperature-programmed reaction spectra

Figure 7 shows the temperature-programmed reac-
tion spectra (TPRS) of TBT on Fe. One monolayer of
TBT was adsorbed on the Fe surface at 120 K. The
surface was then heated at 1 K/s while using the mass
spectrometer to measure the desorption rates of its
decomposition products during heating. One monolayer
of TBP was then adsorbed on the Fe surface and its
decomposition products were examined during heating.
Figure 8 shows the TPRS of TBP on Fe. The primary
products of TBP and TBT decomposition are butene,
butanal, and butanol. Table 5 shows the TPRS peak
areas for the desorption products of TBP and TBT on
Fe and the ionization patterns of butene, butanal, and
butanol collected in our apparatus. The TPR spectra
suggest that the decomposition of the TBT leads to the
formation of more oxygenated products than the
decomposition of TBP. Auger spectra of the Fe surface
following the thermal decomposition of TBP and TBT
by heating to 800 K are shown in figure 9. Decompo-
sition of TBP results in the deposition of phosphorus
onto the surface, while TBT also deposits sulfur.

4. Discussion
4.1. Composition of the thermal film

The ATR-FT-IR spectra collected at 353 K remain
unchanged over time when compared with the trans-
mission spectra and with those collected on both
uncoated and iron-coated germanium crystals. These
results suggest that at low temperatures the interaction
at the molecular level between TBT and the iron sub-
strate, even in the presence of 2.6-nm oxy-hydroxide
layer formed in contact with the air, is weak. The
monolayer is probably only physisorbed on the sub-
strate. After heating at 373 K a reaction occurs which
even causes the partial removal of the iron coating from
the ATR germanium crystal surface. The two bands
between 1350 and 1190 cm™" and 1187 and 1138 cm™
might be assigned to the stretching vibrations of the
sulfate group in organic sulfate that generally appear in
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Figure 6. High-resolution XPS spectra of Cls, Ols, P2p, S2p and Fe2p;/, of TBT on an Fe-coated Ge ATR crystal after tribological testing at
373 K.

Table 4.
Binding energy values (+0.1 eV) and area ratios obtained after curve-fitting of the photoelectron signals.

Cls (1) Cls(2) Cls(3) Ols (1) Ols(2) Ols(3) S2psp» (1) S2pss (2) S2psn (3) P2pss (1) P2psys (2) Felpss

Frozen on mica 285.0 286.6 — - 533.0 - 162.3 163.8 - 134.1 - -

Area ratio 3:1 6:1

Deposited on iron 285.0 286.6 288.3  532.1 533.3 5348 - 164.0 168.8 134.1 135.7 712.5

and heated at 373 K

Area ratio 5:4:1 8:2:1 1:17 5:1

Sliding test at 373 K 285.0  286.4  288.1 5322 5334 5348 - - 168.8 134.3 135.6 712.5
170.5

Area ratio 1:4:1 2:3:2 2:1 1:2

These values refer to spectra shown in figures 2, 4 and 6.
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Figure 7. TPR spectra of TBT decomposition on Fe. TBT was

adsorbed at 110 K and then heated at 1 K/s while monitoring the

signals of desorbing product ionization fragments. The products

desorbing in the temperature range 370-640 K are predominantly
butanal.

the ranges 1415-1180 cm™" and 12001185 cm ™' [43,44].
The very intense peak at 1023 cm™! that is due to vP-O—
C might also suggest the presence of an organic phos-
phate. The fact that the P-O-P signal found at
~916 cm™' is not clearly detected might be due to the
convolution of the different signals in this region.

The XPS results for thermally treated TBT on iron
indicate that the component of the Cls signal at
286.6 eV is more intense than in pure TBT (figure 4 and
table 4). This signal may contain contributions due to
butanal and butanol that may be forming, as indicated
by the TPR spectra (figure 7 and table 5). The Ols
spectrum can be modeled using three Gaussian—
Lorentzian functions but their precise assignment is
made difficult because of the simultaneous presence of
contributions due to the native iron oxide layer, mainly
to the peak at 532.1 £ 0.1 eV, and to the peaks due to
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Figure 8. TPR spectra of TBP decomposition on Fe. TBP was adsorbed

at 110 K and then heated at 1 K/s while monitoring the signals of

desorbing product ionization fragments. The products desorbing in the
temperature range 370-640 K are predominantly butene.

the sulfates [46] and the oxygen containing functional-
ities (butoxy groups) and non bridging oxygen of the
polyphosphates chains. Nevertheless the presence of the
peak at 534.8 £ 0.1 eV, attributable to a bridging oxy-
gen [47], substantiates the formation of polyphosphate
chains. The presence of sulfate and polyphosphate is
confirmed by the appearance of the signals at
168.8 £ 0.2 eV for the S2p and at 135.6 eV for the P2p
(figure 4). The sulfur peak due to the P=S group is no
longer detectable whereas a small signal at 164.0 eV
suggests that the formation of the sulfate might involve
the intermediate deposition of elemental sulfur S©.
Previous research has shown that the thermal
decomposition of TBP yields predominantly butene and
it was suggested that the TBP decomposes by C—O bond
scission to give butyl groups on the surface [48]. The
decomposition of TBT to butanal suggests that the

Table 5.
TPRS peak areas for the desorption products of TBP and TBT on Fe and the ionization patterns of butene, butanal, and butanol.

Fragment mlqg  Aiputene (170370 K) A putanol (150-320 K)  Apuanar (130-340 K)  Aqpp (370-640 K) At (370-640 K)
CiHs™" 41 100 100 100 100 100
C;H," 43 0 53 99 36 82
CiHg ™" 44 0 30 99 24 74
C,H;" 55 14 17 15 12 8
C,Hg™" 56 27 53 17 21 20
CHo" or CsHsO" 57 1 7 26 12 21
C,H,O" 72 0 2 25 5 20
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Figure 9. AES spectra of the Fe surface before and after the adsorption

and decomposition of TBP and TBT. The sputtered surface still has

some carbon and oxygen contamination. After the adsorption and

decomposition of TBP there is evidence of the deposition of phospho-

rus. After the adsorption and decomposition of TBT there is evidence
of the deposition of both sulfur and phosphorus.

mechanism involves P-O bond scission to give butoxy
groups. These then tend to react by f-hydride elimina-
tion to yield butanal. The formation of the butoxy
groups from TBT might be preceded by P=S bond
scission to give tributyl phosphite, which then undergoes
P-O bond scission to give the butoxy groups. This
would be consistent with the surface chemistry of tri-
methyl phosphite and tributyl phosphite, which
decompose to produce alkoxy groups on Fe [49-51]
(scheme 2).

R=0

/

(RO)sP=S ——> (RO)sP + S ——> 3RO + P + S

Scheme 2. TBT reaction mechanism on Fe surface.

4.2. Composition of the tribological film

The tribological test combined with heating seems to
promote the reaction with the oxidized iron surface. The
changes detected with ATR-FT-IR spectroscopy fol-
lowing tribological stress (figure 5) are similar to those
observed by thermal treatment (figure 3) at 373 K, with
the difference that the intensity of the band at 1130 cm™

is, relative to the band at 1123 cm™!, much higher in the

spectrum acquired after tribotesting, and that the band
maximum is shifted towards lower wavenumbers. This
may suggest the formation of alkyl sulfones, which
generally absorb at 1335-1300 cm™' and 1170—
1130 cm™' [43,44]. On the other hand XPS indicates that
the film after tribological stress consists of an organic
layer mainly involving species containing carbon bon-
ded to oxygen (Cls signal at 286.4 eV), and a mixture of
iron sulfate and poly(thio)phosphate, as is suggested by
the binding energies of the phosphorus, oxygen and iron
XPS signals (table 4). The sulfur signal at 164 eV com-
pletely disappeared, whereas a new signal at even higher
binding energy than that of iron sulfate may suggest the
presence of alkyl-S—-O groups.

4.3. Role of sulfur in the surface chemistry of TBT

It has to be emphasized that the presence of sulfur
facilitates the chemical and the tribochemical reactions
at temperatures of 373 K. At room temperature the
molecule is physisorbed. The reaction between TBT and
iron occurs very probably via an initial P=S bond
scission; the presence of sulfur in the molecule lowers the
temperature of reaction by around 50 K compared to
the surface reaction of tributylphosphate [33]. Sulfur
reacts with iron and mainly forms iron sulfate, whereas
the scission of the molecule at the C—-O-P bond can
explain the formation of the polyphosphates on the iron
surface due to the presence of a natural oxide film that
might supply the oxygen for the reaction.

The formation of long-chain polyphosphate seems to
be facilitated by the presence of sulfur, as has also been
suggested in the case of di- and triphenyl phosphates that
could react to form long chain polyphosphates when the
lubricant oil was blended with sulfurized ester [52].
Glasses with lower Fe/P ratios possess longer P-O-P
chains [47].

The presence of a component at higher binding
energy, 170.5 eV, in the sulfur spectra recorded after the
tribological test can be assigned to the presence of a
sulfur-containing organic compound, in which the S
atom is bonded to oxygen. To support this assignment
the Auger parameter (using the S2p and S KLL ener-
gies) was calculated and a quite significant change was
found: from 2274.4 + 0.1 eV for the pure frozen TBT to
2277.0 £ 0.1 eV for the thermal film at 373 K and
2276.6 = 0.1 eV for the component that appears after
the sliding test. These shifts of the Auger parameter are
of the same order of magnitude of those reported in Ref.
[53] for compounds such as (CH3),SO and (CH30),SO.

5. Conclusions

The results presented in this work indicate the for-
mation of iron polyphosphates and sulfate together with
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butanal as the organic product, following thermal
decomposition of TBT on iron surfaces. These thermal
and the tribochemical reactions do not occur at tem-
peratures below 373 K.

After tribological tests the surface composition is
similar to that observed following thermal reaction in a
qualitative sense, whereas the amounts of sulfate and
polyphosphate are higher following mechanical stress.

The role of sulfur is that of facilitating the reac-
tion—lowering the reaction temperature and favoring
the formation of long-chain iron polyphosphates.
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