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1. Introduction

Dithiocarbamate transfer reaction from
methylene-bis(dithiocarbamates) to molybdenum
dithiocarbamates in engine lubricants investigated
using laboratory experimentsy

Yu Min Kiw, 22 Philippe Schaeffer, *@ Benoit Thiébaut® and

Chantal Boyer®

@ Pierre Adam,

Elaboration of new engine oil specifications and growing level of environmental awareness have been
calling for better fuel efficiency and reduction of carbon emissions. In this context, molybdenum
dithiocarbamates (MoDTC) are important lubricant additives used to reduce friction coefficients and
hence to improve fuel economy. It has been recently shown that under engine test conditions, the
combined use of MoDTC and methylene-bis(dithiocarbamates) (MBDTC) leads to the prolonged
existence of MoDTC complexes at useful levels in formulated engine oil due to ligand transfer reactions,
resulting in the synergistic enhancement of tribological performances. In order to investigate the
process of this ligand transfer at the molecular level in detail, laboratory ageing experiments involving
MoDTC, MBDTC and zinc dithiophosphates (ZnDTP) — a combination of additives frequently used in
formulated lubricants — in solution in hydrocarbon base oils were performed under thermal and
thermo-oxidative conditions. The evolution of the concentrations of the substrates and of their
transformation products were followed using HPLC-MS, Probe-MS analyses and NMR spectroscopy. It
could be shown that Zn(i) complexes such as ZnDTP are able to induce dithiocarbamate (DTC) transfer
reactions from MBDTC to MoDTC through a mechanism involving activation of carbon-sulfur bonds on
MBDTC. Zn(n) ions act as a Lewis acid inducing the release of DTC from MBDTC. Oxidative conditions
(NO, in air) were also shown to induce the release of DTC from MBDTC, even in the absence of Zn(i)
ions, which then become available for ligand exchange with MoDTC or for re-complexation of the
metal core of Mo complexes (M0,0,S, or Mo oxysulfides) after partial oxidative degradation of the
genuine MoDTC ligands.

of molybdenum dithiocarbamates (MoDTC) as effective friction
modifiers in lubricants since they lower significantly the friction

Energy saving, worldwide concerns over CO, emission and the
introduction of new engine oil specifications are among the major
driving forces to increase fuel economy in internal combustion
engines."™ The development of new engine technologies* and
lubricants® plays a significant role in attempting to achieve this
goal. Over the past decades, different families of additives have
been widely employed in lubricant oils to protect the engine
metallic parts from thermal, chemical and mechanical degrada-
tion as well as to improve the overall lubricating performances.’
One of the most general trend to improve fuel efficiency is the use
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coefficient at the tribological contacts under boundary lubrication
conditions.® "

However, MoDTC undergo thermo-oxidative degradation during
engine functioning, resulting in the progressive loss of the ability of
lubricants to reduce friction.”"™* To date, only a few studies have
been carried out to follow at the molecular level the progressive
degradation of MoDTC, as well as their chemical transformation
pathways. Fourier transform infrared spectroscopy (FI-IR),>™**
mass spectrometry (MS),"”*™’ UV-vis spectrophotometry,"® and
NMR spectroscopy' > are among the main analytical techniques
reported in the literature to investigate the evolution and chemical
behaviour of MoDTC in lubricants. A better understanding of their
degradation pathways in engine oil when subjected to thermo-
oxidative degradation is still important since it might potentially
lead to the design of novel molecules with improved tribological
properties and enhanced resistance to alteration.
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Despite the excellent efficiency of MoDTC to reduce friction
coefficient to relatively low values, the tribological performances
of MoDTC in engine oils still highly depend on the nature and
chemistry of the other additives present in formulated oils. The
occurrence of synergistic or antagonistic interactions between
MoDTC and other lubricant additives plays an important role in
minimizing the friction in automobile engines. For example,
zinc dithiophosphates (ZnDTP), which are amongst the most
widely used multifunctional additives in engine oils,** have been
shown to promote the formation of MoS, and to enhance the
persistence of the MoS, tribofilm when used in combination
with MoDTC.*"** In this respect also, the synergistic interactions
between MoDTC and methylene-bis(dithiocarbamates) (MBDTC)
have been recently shown to increase the durability of MoDTC
and to extend the friction reducing capability of formulated
engine lubricants to longer periods under engine test
conditions.”® Since the MoDTC remaining after prolonged func-
tioning of the engine were shown to exclusively bear ligands
corresponding to DTC moieties from MBDTC - the genuine
MoDTC species having been completely degraded -, it was
concluded that the prolonged existence of MoDTC was due to
the progressive and constant replacement of the degraded DTC
ligands from MoDTC educts by DTC released from MBDTC
during engine functioning.”*

The present study aimed to deepen the knowledge of the
interactions between MoDTC and MBDTC and to explore their
synergy at the molecular level in the presence of different lubri-
cant additives. For this purpose, laboratory ageing experiments
under thermal (non-oxidizing) and thermo-oxidative conditions
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reproducing those undergone by lubricants in operating engines
have been performed on mixtures involving MoDTC, MBDTC and
eventually Zn(i1) complexes in solution in a hydrocarbon base oil
or in fully formulated lubricants. The evolution of the substrates
and of their transformation products formed upon alteration was
followed using HPLC-MS, Probe-MS analyses and NMR spectro-
scopy. Focus has been put on the evaluation of the effect of ZnDTP
and oxidative conditions on the interactions between MoDTC and
MBDTC. Interactions of MBDTC with other lubricant additives
have, to our knowledge, not been investigated at a molecular
level so far using such an approach, MBDTC being postulated
to mainly act as an antioxidant in additivated lubricants.** A
comprehensive understanding of the underlying chemical pro-
cesses involved in the interaction between MoDTC and MBDTC in
lubricants is indeed expected to offer new strategies for molybde-
num tribochemistry optimization in real engine systems.

2. Experimental section

2.1. Materials (oils and additives)

The mineral base oil used in this work was provided by
TotalEnergies Marketing Services. The two fully formulated oils
(referred to as “oil A” and “oil Aypprc”’) were also provided by
TotalEnergies Marketing & Services and have globally a similar
composition comprising, notably, alkylated aryl amine antioxi-
dants and secondary zinc dithiophosphates 2b (bold numbers
refer to the chemical structures shown in Fig. 1). The sole
difference between oil A and oil Aypprc is the additional presence
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Fig. 1 Chemical structures of the compounds mentioned in this work.
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of MBDTC 3a (2 wt%) in the oil Ayppre. The commercial product
Sakuralube S525 (mixture of MoDTC 1la-1c¢; 10 wt% Mo in
hydrocarbon base oil) was purchased from Adeka. The primary
ZnDTP complexes 2a with (ethylhexyl) alkyl chains (7.3 wt% P in
base oil, trade name: OLOA 269R) and the secondary ZnDTP 2b
(mixture of compounds with C; and Cg alkyl chains; 7.0 wt% P in
base oil, trade name: Infineum C9426) were both purchased from
Infineum. MBDTC 3a (Vanlube 7723) was obtained from Vander-
bilt Chemicals. Unless otherwise indicated, all the purchased
additives were used without prior purification. ZnDTC 5a, MBDTC
3b and methylene-bis(dithiophosphate) (MBDTP) 4 were obtained
by synthesis (¢f § 2.2, § 2.3 and Kiw et al."™).

2.2. Synthesis of methylene-bis(di-n-decyl-dithiocarbamate) 3b

MBDTC 3b was prepared according to a published procedure.”
NaOH (1.6 g, 40 mmol, 2.4 eq.) and n-didecylamine (5.0 g,
16.8 mmol, 1 eq.) were mixed and dissolved in water (15 mL) at
5 °C. Carbon disulfide (2.3 mL, 38 mmol, 2.3 eq.) was added
dropwise under stirring into the reaction mixture and the
temperature was kept below 15 °C. Stirring was continued for
a further 30 min (T < 15 °C). A large excess of methylene
chloride (20 mL) was added and the mixture was stirred for 1 h.
The crude mixture was then transferred into a separatory
funnel and ethyl acetate (100 mL) and water (100 mL) were
added. The organic phase was recovered, and the mixture was
re-extracted with ethyl acetate (100 mL). The combined organic
layers were dried over magnesium sulfate, filtrated and con-
centrated in vacuo. Purification on silica gel using cyclohexane/
methylene chloride (90:10 v/v) as eluent yielded methylene-
bis(di-n-decyl-dithiocarbamate) 3b (5.29 g, 83%) as a red-
orange oil.

'H-NMR (500 MHz; CDCl,): 5.40 (2H, s), 3.91 (4H, t, J = 7.8 Hz),
3.60 (4H, t, J = 8.0 Hz), 1.75-1.63 (8H, m), 1.2-1.33 (56H, m), 0.88
(12H, t, ] = 6.0 Hz).

C-NMR (126 MHz; CDCl;): 195.09, 55.78, 53.06, 46.26,
32.03, 29.71, 29.69, 29.66, 29.48, 29.45, 29.37, 27.46, 27.03,
26.98, 26.37, 22.84, 14.28.

Probe-MS (EI, 70 eV): m/z (relative intensity) 418 (100%), 386
(4), 340 (15), 308 (9), 200 (9), 170 (23), 85 (23). See also Fig. S1
and S2 (ESI¥) for detailed "H- and "*C-NMR spectra of 3a and 3b
respectively, and Fig. S3 (ESIt) for the mass spectrum of 3b
under EI ionization mode (probe MS).

2.3. Synthesis of methylene-bis(dithiophosphate) 4

The synthesis of MBDTP 4 was carried out to obtain a reference
compound for identification purposes (¢f. § 3.2) because this
compound is currently not commercially available. Prior use,
ZnDTP 2a was purified by column chromatography on silica gel
eluting first with cyclohexane (2 dead volumes) to remove the
base oil, and then with methylene chloride (3 dead volumes) to
recover pure ZnDTP 2a.

Purified ZnDTP 2a (78 mg, 101 pmol), NaI (14 mg, 93 pmol),
CH,CIBr (100 pL, 193 mg, 1.52 mmol) and MeOH (250 pL) were
mixed in a vial which was closed and heated at 60 °C for 6 h,
after which CH,CIBr and MeOH were removed under a flux
of argon. Nal (14 mg, 93 umol), MeOH (250 pL) and toluene

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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(250 pL) were added to the crude mixture which was heated for
a further 14.3 h. After cooling to room temperature and addi-
tion of water (20 mL), the organic phase was extracted with
methylene chloride (20 mL) and washed with water (20 mL),
dried over anhydrous Na,SO, and the solvents were removed
under reduced pressure. The crude extract (66 mg) was purified
on silica gel by eluting with a mixture of methylene chloride/
cyclohexane (1:3 v/v; 25 mlL), yielding a fraction (50 mg)
containing MBDTP 4 as the predominant constituent as shown
by MS analysis. For characterization purposes, an aliquot
(14 mg) of this fraction was fractionated by thin layer chroma-
tography (TLC) on silica gel (20 cm x 20 cm; 0.5 mm silica gel
thickness) using ethyl acetate/cyclohexane (2.5:97.5 v/v) as
eluent. The TLC plate was developed twice and the main
fraction (R ~ 0.8) was scrapped off from the plate, yielding
ca. 7 mg of pure MBDTP 4.

'H-NMR (500 MHz; CDCL,): 4.27 (2H, t, ] = 17.3), 4.06 (4H, m),
3.96 (4H, m), 1.62 (4H, m), 1.39 (8H, m), 1.30 (22H, m), 0.91
(26H, m).

13C-NMR (126 MHz; CDCl,): 70.38, 70.36, 70.32, 70.30, 39.90,
39.88, 39.83, 39.81, 37.17, 37.13, 37.10, 30.07, 30.00, 28.92,
28.89, 23.47, 23.40, 22.97, 14.07, 10.99, 10.96.

Note that there are several signals comprised within a small
ppm range for a given carbon atom because the synthesized
MBDTP 4 corresponds to a mixture of diastereomers due to the
occurrence of an asymmetric centre on the ethylhexyl alkyl
chains.

3'P-NMR (121 MHz; CDCl;): 93.0 (2P, s) HPLC-MS (APPI,
positive mode), m/z (relative intensity) 721 (100%; [M + H]"), 609
(62), 497 (44), 385 (12), 273 (7). Probe-MS (EI, 70 eV): m/z
(relative intensity) 609 (10%), 497 (48), 385 (92), 273 (100) see
also Fig. S4 (ESIf) for 'H- and "*C-NMR spectra of 4, Fig. S5 and
S6 (ESIt) for HPLC-MS chromatogram and mass spectra of 4
under APPI and EI ionization mode (probe MS).

2.4. Laboratory oil ageing experiments

Table 1 shows the starting products and experimental condi-
tions used for the different laboratory oil ageing experiments.
50 g of hydrocarbon base oil containing MoDTC and other
additives (1 or 2 wt%, wt% refers to weight percent of the
commercial additives) were heated under stirring (1500 rpm) to
insure a good homogenization of the temperature within the
reaction medium at 135 °C in a multi-necked round-bottomed
flask with a constant flow of gas (100 mL min~") bubbling
within the reaction medium using argon or NO, in air (2000 ppm)
for non-oxidative and thermo-oxidative experiments, respectively.
Additionally, thermo-oxidative ageing experiments (NO,,
2000 ppm in air) were performed on formulated engine oils (oils
A and Aupprc) at 135 °C under stirring (1000 rpm) to insure
homogenization of the temperature within the reaction mixture
and a good mixing of the oil and the reactive gases during the
thermo-oxidative experiments.

In combustion engines, the internal temperature of the
lubricating oil is in the range 90-105 °C*® with significantly
higher temperatures at certain zones of the engine lubricating
system. The temperature of 135 °C selected for the laboratory

New J. Chem., 2022, 46, 22341-22352 | 22343
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Table 1 Starting products and experimental conditions used for the oil ageing experiments
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Experiment Starting products Atmosphere Temperature (°C)
1 MoDTC 1a-1¢ + MBDTC 3a“ Argon 135
2 MoDTC 1a-1c¢ + MBDTC 3a + ZnDTP 2a“ Argon 135
3 MoDTC 1a-1c¢ + MBDTC 3a + ZnDTP 2b“ Argon 135
4 MoDTC 1a-1¢ + MBDTC 3b + ZnDTP 2a“ Argon 135
5 MoDTC 1a-1c¢ + MBDTC 3a + ZnDTC 5a“ Argon 135
6 MoDTC 1a-1c¢ + MBDTC 3a® NO,” 135
7 Formulated oil A NO,’ 135
8 Formulated 0il Aypprc NO,? 135

¢ In hydrocarbon base oil. 2000 ppm NO, in air.

experiments thus corresponds to a compromise taking into
account the occurrence of hot spots in the engine. In this
respect, temperatures up to 160 °C are generally reported in
the literature for lubricant ageing experiments.'*>”*®

For the different experiments, the starting products were
dissolved in the hydrocarbon oil base (50 g). Aliquots of oil
samples (1 mL) were collected at 1 h intervals through a septum
using a syringe for analysis by HPLC-MS and for tribological tests.
The first sample was collected when the oil mixture reached
135 °C (defined as T = 0 h). In the case of the experiments carried
out under NO, in air, the oil mixtures were first heated up to
135 °C under argon bubbling, and then argon was replaced by
2000 ppm of NO, in air.

2.5. Reaction between MBDTC 3a and ZnDTP 2a (neat
mixture)

A mixture of MBDTC 3a (275 mg, 0.65 mmol) and purified
primary ZnDTP 2a (500 mg, 0.65 mmol; see § 2.3 for the
purification of 2a) was vacuum-sealed in a glass tube which
was heated at 150 °C for 8 h. An aliquot (5 mg) of the mixture
was dissolved in CDCI; for NMR analysis (‘H, °C, *'P) and
another aliquot (ca. 1 mg) of the reaction mixture was dissolved
in n-heptane/isopropanol (95:5 v/v; 1 mL) for HPLC-MS
analysis.

2.6. High pressure liquid chromatography-mass spectrometry
(HPLC-MS) analyses

MoDTC involved in oil ageing experiments were analyzed by
HPLC-MS using an Agilent HP 1100 series HPLC instrument
equipped with an auto-injector and connected to a Bruker
Esquire 3000”" ion trap mass spectrometer with an atmo-
spheric pressure photoionization (APPI) source operating in the
positive mode as described in Kiw et al."®> Sample preparation
and quantification of MoDTC derivatives were carried out as
described in Kiw et al.'® It is worth noting that under the
analytical conditions developed by Kiw et al.,"> ZnDTP deriva-
tives could not be detected.

3. Results
3.1. Interactions between MoDTC and MBDTC

DTC transfer reactions were investigated by means of labora-
tory oil ageing experiments involving MBDTC 3a (2 wt%) and
MoDTC 1a-1c (1 wt%) in solution in a hydrocarbon base oil

22344 | New J. Chem., 2022, 46, 22341-22352

under argon bubbling at 135 °C for 18 h (Experiment 1,
Table 1). Complementary experiments were performed using
primary and secondary ZnDTP (2a and 2b, respectively, 1 wt%;
experiments 2 and 3, Table 1) in order to evaluate the role of Zn
species in the interactions between MBDTC 3a and MoDTC 1a-1c.
An experiment was also performed using the synthesized MBDTC
3b bearing C;, alkyl chains instead of the commercial MBDTC 3a
bearing C, alkyl chains (Experiment 4, Table 1). In addition, DTC
exchange reactions between MoDTC 1a-1c and MBDTC 3a were
investigated in the presence of ZnDTC 5a (Experiment 5, Table 1)
and under NO, in air (Experiment 6, Table 1). Experiments were
also carried out with fully formulated engine oils (oils A and
Ampprc; see § 2.1) under thermo-oxidative conditions (Experi-
ments 7 and 8, Table 1). Identification and monitoring of the
evolution of the concentration of the various MoDTC derivatives
and of the newly-formed products were performed by HPLC-MS.

3.1.1. Reaction between MoDTC and MBDTC. For the
experiments involving MoDTC 1la-1c¢ and MBDTC 3a, ligand
transfer reactions only took place to a limited extent, resulting
in the moderate formation of MoDTC 1d and 1e after 18 h and a
slight decrease of the concentration of the MoDTC substrates
1a-1c (Fig. 2). According to their protonated [M + H] ions in
HPLC-MS analysis, compounds 1d and 1le were shown to
correspond to “mixed” MoDTC species bearing one DTC ligand
with Cg or Cy; alkyl chains from the genuine MoDTC substrates
la-1c and a second DTC ligand bearing C, alkyl chains

» 100 Experiment 1 —1a

2} MoDTC 1a-1c + MBDTC 3a —1b

S 80

s ——1c

o 1d

Q

B 40 —1e
—i_’——‘(

5 20

©

o &

< 0 = = i :

0 5 10 15 20

Time (h)

Fig. 2 Evolution of the concentrations of MoDTC 1a—1c and of the newly
formed MoDTC 1d-1f bearing DTC ligands with C4 chains in an experi-
ment involving MoDTC la-1c and MBDTC 3a in hydrocarbon base oil
under argon bubbling (Experiment 1, Table 1). IS: internal standard. *Y-axis:
arbitrary units. Error bars correspond to triplicate HPLC-MS analyses for
each sample.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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originating from MBDTC 3a (¢f. Fig. S7, ESIT for the HPLC
chromatograms and mass spectra of MoDTC 1d and 1e). In
contrast to the results obtained by Kiw et al.** during engine
tests involving MoDTC 1a-1c and MBDTC 3a in a formulated
oil, the MoDTC species bearing two DTC ligands with C, alkyl
chains (1f) was not detected, thus showing that, under these
conditions, the transfer of DTC from MBDTC to MoDTC was
rather limited.

3.1.2. Reaction between MoDTC and MBDTC in the
presence of ZnDTP. The potential role of ZnDTP - a widely
used anti-wear additive in formulated engine oils - in the
interactions between MoDTC and MBDTC was investigated by
heating MoDTC 1a-1c (1 wt%), MBDTC 3a (2 wt%) and ZnDTP
(2a or 2b, 1 wt%) in hydrocarbon base oil at 135 °C under argon
atmosphere (Experiments 2 and 3, Table 1).

In contrast to the experiment carried out without ZnDTP
(cf § 3.1.1.), the progressive formation of a yellowish precipitate
in the reaction mixture over time was observed in the presence
of both primary and secondary ZnDTP (see Fig. S8, ESIt for the
visual aspect of the reaction mixture for the experiment with
primary ZnDTP 2a). This precipitate was retrieved by filtration
from the reaction mixture, dissolved in n-heptane/isopropanol
(95:5 v/v; 1 mL) and analysed using APPI-MS and Probe EI-MS
in the case of the reaction with primary ZnDTP 2a (Fig. S9,
ESIY). It could be determined that the precipitate corresponded
predominantly to MoDTC 1f and MoDTC 1d-1e to a minor
extent. The shorter alkyl chains (C,Ho) of the DTC ligands as
compared to those from the starting MoDTC 1a-1c are likely to
be responsible for the lower solubility of the newly-formed
MoDTC complexes 1d-1f (notably in the case of 1f) in the
hydrocarbon base oil and thereby explaining their progressive
precipitation in the hydrocarbon base oil. These complexes
(1d-1f) result from DTC exchange reactions between MoDTC
1la-1c and MBDTC 3a. In the present experiment, the formation
of a precipitate suggests that the yield of this exchange was
obviously significantly increased as compared to the experi-
ments performed without ZnDTP and could be explained by the
fact that ZnDTP species is involved in the DTC exchange
reaction between MBDTC and MoDTC.

In parallel, based on HPLC-MS analysis, the formation of mono-
and di-sulfurized analogues of all the MoDTC species present in the
reaction mixture was observed (compounds 1S-1a-1f and 2S-1a-1f;
see Fig. S10, ESIt for the quantification results of 1S-1d-1f and
2S-1d-1f). They result from the sulfurization of MoDTC induced
by ZnDTP, their occurrence and mode of formation being
described in Kiw et al.(2022)."° In the following discussion,
since DTC exchange reaction is the focus of the present article,
the sulfurized analogues of MoDTC will not be considered
further, although they can represent up to 47% and 18% of
the transformation products of the initial MoDTC in the case of
the experiments involving secondary ZnDTP 2b and primary
ZnDTP 2a, respectively (see Fig. S11, ESIT).

As a result, the relative concentrations of the MoDTC sub-
strates 1a-1c significantly decreased with time in the presence of
both primary and secondary ZnDTP (Fig. 3). Meanwhile, the
concentration of the newly formed MoDTC complexes 1d and 1e

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 3 Evolution of the concentrations of MoDTC 1a—1c and of the newly
formed MoDTC 1d-1f during the experiments involving MoDTC la-1c
and MBDTC 3a in the presence of (a) primary ZnDTP 2a (Experiment 2,
Table 1) and (b) ZnDTP 2b (Experiment 3, Table 1). IS: internal standard.
*Y-axis: arbitrary units. Error bars correspond to triplicate HPLC-MS
analyses for each sample.

increased during heating but tended to slowly decrease after-
wards (Fig. 3), whereas those of the MoDTC complex 1f increased
initially with time and seemed to reach a plateau between 15 and
18 h (Fig. 3).

The progressive decrease of the concentration of MoDTC 1d
and 1e can be partly explained by the fact that these species
correspond to the intermediate MoDTC species that are ultimately
transformed into MoDTC 1f. In addition, it could be shown that
the precipitate formed during the experience corresponded to a
mixture of MoDTC 1d-1f (see above), which indicates that a
noticeable part of the newly-formed MoDTC bearing C,-alkyl
chains - and notably MoDTC 1f- escaped from the pool of the
samples collected (in solution) for quantitative analysis through-
out the experiment.

3.1.3. Comparison between secondary and primary ZnDTP.
The formation rates of MoDTC 1d and 1e were similar in the
experiments involving primary (2a) and secondary (2b) ZnDTP
(Fig. 4a and b; red and blue colours) whereas the formation of
the MoDTC complex 1f after 18 h was slightly slower in the
experiment involving secondary ZnDTP 2b (Fig. 4c).

However, as pointed out previously, it is worth noting that the
formation of a precipitate containing predominantly the MoDTC
1f (¢f Fig. S9, ESIt) during the experiments prevented a precise
quantification to be made. By comparison, in the absence of
ZnDTP, the MoDTC complexes 1d and 1e were formed at a
significantly slower rate (Fig. 4a and b, green colour), and MoDTC
1f was not formed at all (Fig. 4c, green colour). It should be noted
that an oil ageing experiment involving MoDTC 1a-1¢, MBDTC 3a,
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Fig. 4 Evolution of the concentrations of the newly formed MoDTC (a) 1d (b)
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and MBDTC 3a (Experiment 1, Table 1); (ii) blue colour: MoDTC 1la-1c, MBDTC
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la—1c, MBDTC 3a and primary ZnDTP 2a (Experiment 2, Table 1). IS: internal
standard. *Y-axis: arbitrary units. Error bars correspond to triplicate HPLC-MS
analyses for each sample. The initial concentrations of the substrates for the
experiments were: MoDTC: 1 wt%; MBDTC: 2 wt%; ZnDTP: 1 wt% (if present).

and Zn(acac), - another Zn(u) species - in a hydrocarbon base oil
under argon atmosphere at 135 °C also resulted in the formation
of the new MoDTC complexes 1d-1f (results not shown).

3.1.4. Role of the alkyl chain length of MBDTC on the DTC
transfer reactions between MBDTC and MoDTC. Since the
formation of MoDTC complexes with C, alkyl chain substituents
resulted in their partial precipitation in the reaction mixture
-thus distorting the quantification results - (¢f § 3.1.2.), a
similar oil-ageing experiment involving MoDTC 1a-1c¢ (1 wt%)
and primary ZnDTP 2a (1 wt%) in the presence of the Cio
substituted MBDTC 3b (see § 2.2.) instead of MBDTC 3a (Experi-
ment 4, Table 1) was performed, longer alkyl chains on MBDTC
3b as compared to those from MBDTC 3a likely resulting in a
better solubilisation of the newly-formed MoDTC species in
the hydrocarbon base oil. Again, the neoformation of MoDTC
complexes bearing C,, alkyl chains 1g-1i was evidenced using
HPLC-MS analysis (Fig. 5 and Fig. S12, ESI}) as a result of DTC
transfer reactions from MBDTC 3b to MoDTC 1a-1c.

As expected, no precipitate was formed during the experi-
ment (Fig. S13, ESI{), and HPLC-MS quantification showed the
concomitant decrease of the concentration of the MoDTC
substrates 1a-1c (Fig. 5¢) together with the progressive increase
in concentration of the MoDTC complexes 1g-1i over time
(Fig. 5d) as was observed in the case of the experiment with
MBDTC 3a (Fig. 5a and b).
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3.1.5. Interactions between MoDTC, ZnDTC and MBDTC.
The role of zinc dithiocarbamates (ZnDTC) - another type of Zn
complex bearing DTC ligands - in the DTC transfer reactions
between MBDTC 3a and MoDTC 1a-1c was also investigated.
For this purpose, an oil ageing experiment involving MoDTC
la-1c - with Cg and C;3 DTC ligands - (1 wt%), MBDTC 3a -
with C, DTC moieties - (2 wt%) and ZnDTC 5a - with C;q DTC

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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ligands - (1 wt%) in a hydrocarbon base oil was carried out
under argon atmosphere at 135 °C for a period of 18 h (Experi-
ment 5, Table 1). As a result, new MoDTC complexes with DTC
ligands bearing C, alkyl chains (MoDTC 1d-1f), C,, alkyl chains
(MoDTC 1g-1i) and a mixture of both (MoDTC 1j) were detected
by HPLC-MS (Fig. 6 and Fig. S14, ESI).

These compounds were formed by DTC exchange reactions
between the MoDTC 1a-1¢, MBDTC 3a and ZnDTC 5a. Accordingly,
during the first 3 h of experiment, a rapid decrease of the
concentrations of the MoDTC substrates 1a-1c over time was
observed (Fig. 6a) paralleling the progressive formation of the
ligand exchange products 1g-1i (Fig. 6b).

3.2. Investigation of the interactions between MBDTC 3a and
ZnDTP 2a

In order to get a better understanding of the role of ZnDTP in
accelerating the DTC transfer reactions between MBDTC and
MoDTC species, the interactions between MBDTC and ZnDTP
were investigated by 'H- and "*C-NMR spectroscopy as well as
by HPLC-MS. For this purpose, MBDTC 3a was mixed with
ZnDTP 2a in a 1: 1 molar ratio without further dilution, vacuum
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sealed in a glass tube and heated at 150 °C for a period of 8 h
prior analysis.

NMR analysis of the reaction mixture after 8 h at 150 °C
showed that the 'H chemical shifts of the protons on the
methylene groups adjacent to the functional groups (o-OP or
o-N) of the substrates ZnDTP 2a and MBDTC 3a, and of the
compounds postulated to be formed during the DTC exchange
reaction (ie., ZnDTC 5b, methylene-bis(dithiophosphate)
(MBDTP) 4 and the mixed species with DTP/DTC ligands
or moieties; Fig. 7) are all in a range comprised between 3.0-
5.5 ppm (Fig. 8).

Since MBDTP 4 was not commercially available, it was
specifically synthesized (¢f. § 2.3) in order to obtain reference
'H- and "*C-NMR spectra. The differences in the 'H chemical
shifts of the signals of these compounds in the 3.0-5.5 ppm
range as well as the interpretation of their integral values
allowed the educts and the various products formed by reaction
between ZnDTP 2a and MBDTC 3a to be distinguished. The 4
methylene groups adjacent to the functional groups of ZnDTP
2a (resp. ZnDTC 5a) have the same chemical shift due to
symmetry reason and only 1 multiplet is observed for these
protons at 4.07 ppm for 2a (resp. 3.75 ppm for 5b) (Fig. 8a and b).
In the case of MBDTC 3a, the two alkyl chains on the same DTC
moiety are not equivalent because of the limited rotation around
the C-N bond. As a result, two signals at 3.93 and 3.61 ppm are
observed for the methylene groups adjacent to the N-CS, bonds
of 3a. The signal observed at 5.37 ppm (Fig. 8c) corresponds to
the protons from the central methylene group.

In the case of MBDTP 4, all the methylene groups located o
to the O-P bond are identical. The two protons on these
methylenes are however not equivalent because of the presence
of an asymmetric center at C-2 (2-ethylhexyl alkyl chains), thus
explaining the presence of two multiplet signals (H;, and H,,
Fig. 8d) at 3.96 and 4.05 ppm. The complexity of the coupling
pattern can be explained by the occurrence of 3] P-H couplings
in addition to the %/ and ] H-H couplings. Similarly, the signal
at 4.30 ppm (H,, Fig. 8d) which corresponds to the methylene
linked to the two dithiophosphate moieties appears as a triplet
because of the ] couplings with both P atoms (see Fig. S15, ESIt
for the partial P-decoupled "H-NMR spectrum of MBDTP 4).

The partial disappearance of the substrates ZnDTP 2a and
MBDTC 3a, and the formation of new compounds was observed
on the "H-NMR spectrum of the mixture after 8 h of heating at
150 °C (Fig. 9).
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. . FLO/P\S/\SAN/RQ \N%\ /Zn< ;P\ 1
S R 1 ) RS S S OR;
RiO< )/’S\ o ~ORy Ro< Jk ~ )( R 150 °C Rz 2
R NTTSTRST T — > M(DTP)(DTC) 6 Zn(DTP)DTC
ZnDTP 2a * MeoTC3a on i i A N NP N N/Rz
H1O\/P\S/\S’P\’o 1 /N*<‘S/ \,>_ \R
R,0 OR; Ry S 2
Ry = CgHy7; Ra = C4Hg MBDTP 4 ZnDTC 5b

Fig. 7 Ligand exchange reactions between ZnDTP 2a and MBDTC 3a potentially leading to the formation of different compounds bearing DTP and DTC

moieties or ligands.
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The newly formed compounds could be identified based on
the comparison of the "H-NMR spectra of the reaction mixture
(Fig. 9) and of reference compounds (Fig. 8 and Kiw et al.™® -
Fig. S5, ESIT). Thus, the signal at 3.75 ppm (Fig. 9, green colour)
presents chemical shifts and a coupling pattern comparable
with that of the methylene groups located on o position to the

MBDTP 4
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Fig. 9 Partial *H-NMR spectrum (3.0-5.5 ppm, 500 MHz, CDCls) of the
mixture obtained after 8 h of heating at 150 °C of MBDTC 3a and ZnDTP 2a
ina 1:1 molar ratio. *: impurities.
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N-CS, bonds of ZnDTC 5a bearing n-decyl alkyl chains (Fig. 8b
and Kiw et al."® - Fig. S5, ESI%). It is, therefore, most likely
that it corresponds to ZnDTC 5b with DTC ligands bearing C,
alkyl chain originating from MBDTC 3a. The formation of
MBDTP 4 was evidenced by the appearance of a triplet at
4.27 ppm (Fig. 9, red colour) which is similar to that of the
central methylene group of the reference synthetic compound
(Fig. 8d and Fig. S4, ESIt). In addition, the signals at 4.02 and
3.93 ppm are also compatible with those of the methylene
groups adjacent to the O-P bonds of MBDTP 4. However,
integration of these signals suggests that they are superim-
posed with the signals of other compounds present in the
mixture as discussed below.

The signal at 4.75 ppm (Fig. 9, blue colour), which is absent
in the "H-NMR spectra of reference compounds (Fig. 8), was
attributed to the central methylene group of M(DTP)(DTC) 6
bearing mixed DTP/DTC moieties. Indeed, this chemical shift
has an intermediate value between that of the methylene group
from MBDTC 3a and MBDTP 4. In addition, this signal appears
as a doublet due to the coupling of the protons from the central
methylene group with one P atom from the dithiophosphate
moiety. The chemical shifts of the methylene groups located on
o position to the N-CS, and O-P bonds of M(DTP)(DTC) 6 are
expected to be similar or even identical to those of the MBDTC
3a and MBDTP 4, respectively, and most likely contribute to the
signals at 4.02, 3.93 and 3.61 ppm (Fig. 9, blue colour). By
interpreting the integrated areas of the signals at 5.37, 4.75 and
4.27 ppm in (Fig. 9), around 45% of MBDTC 3a, 38% of
M(DTP)(DTC) 6 and 16% of MBDTP 4 were formed after 8 h
of reaction between MBDTC 3a and ZnDTP 2a. The mixed
Zn(DTC)(DTP) complex was also expected to be formed during
the reaction, but was however not detected by NMR at
room temperature because the ligand exchange between the
different forms of Zn complexes is too rapid on the NMR time
scale.'®

In addition to this NMR study, HPLC-MS analysis of the
mixture recovered after 8 h revealed the presence of a newly-
formed compound showing a mass spectrum with [M + H]" at
mj/z 721 identified as MBDTP 4 based on the comparison with
the mass spectrum and retention time of synthetic MBDTP 4
(see § 2.3). As mentioned earlier (¢f. § 2.6), it is worth noting
that under the currently used HPLC-MS analytical conditions,
ZnDTP, ZnDTC and Zn(DTP)(DTC) species cannot be detected.

By combining the 'H, >C NMR and HPLC-MS results, it
clearly appears that partial DTC/DTP exchange reactions took
place between MBDTC 3a and ZnDTP 2a at high temperatures
(150 °C), leading to the formation of ZnDTC 5b, MBDTP 4 and
mixed M(DTP)(DTC) 6. In this respect, the formation of the
intermediate ZnDTC species in this process may be central to
the transfer of DTC from MBDTC to MoDTC in the presence of
ZnDTP since ZnDTC have been shown to exchange ligands with
MoDTC (see above and Kiw et al.'”). Possibly due to the relative
inertness of MoDTC, this exchange is extremely slow at room
temperature. The reaction is faster (although not immediate) at
135 °C, the equilibrium between MoDTC and ZnDTC being
reached relatively rapidly."®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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3.3. Effect of NO, on the interactions between MoDTC and
MBDTC under laboratory conditions

The interactions between MoDTC and MBDTC in the absence of
ZnDTP was also investigated under thermo-oxidative conditions
at the laboratory scale. To this aim, an oil ageing experiment was
carried out using MoDTC 1a-1c and MBDTC 3a under a flow of
NO, in air (2000 ppm) at 135 °C. Monitoring of the evolution of
the reaction mixture with time by HPLC-MS showed that the
relative concentrations of the initial MoDTC 1a-1c decreased,
mainly due to thermo-oxidative degradation and to DTC transfer
reactions with MBDTC 3a (Fig. 10a).

Indeed, MoDTC 1d-1f bearing C, DTC ligands originating
from MBDTC were formed and their concentrations increased
gradually during the oil ageing experiment despite the absence of
Zn derivatives (Fig. 10b). As pointed out in Section 3.1.1, when a
similar reaction medium was used, but under inert atmosphere
(Experiment 1, Table 1), MoDTC 1d-1e were formed in extremely
low amounts, MoDTC 1f being even undetectable under these
conditions. These results suggest that, in the absence of ZnDTP,
the DTC transfer reactions between MBDTC and MoDTC take place
at a faster rate under oxidative conditions than under non-oxidative
conditions. The former conditions are thus able to induce the release
of DTC from MBDTC which then become available for complexing
the metal core of Mo species (M0,0,S, or Mo oxysulfides) and to
replace the ligands from degraded MoDTC upon oxidation.

3.4. Effect of MBDTC on the enhanced persistence of MoDTC
in formulated lubricants under thermo-oxidative laboratory
conditions

Previous studies have shown that during engine tests, the
presence of MBDTC 3a in a formulated oil (oil Aypprc) resulted
in an enhanced persistence of MoDTC and extended significantly
the friction reducing capability of this oil as compared to the same
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Fig. 10 Evolution of the concentrations of (a) MoDTC la-1c and of (b)
the newly formed MoDTC 1d-1f during the experiment involving MoDTC
la-1c and MBDTC 3a under thermo-oxidative conditions (Experiment 6,
Table 1). IS: internal standard. *Y-axis: arbitrary units. Error bars correspond
to triplicate HPLC-MS analyses for each sample.
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oil devoid of MBDTC 3a (oil A).>> The predominant MoDTC
remaining at the end of the engine test (after 143 h) comprised
mainly MoDTC 1d-1f with C, alkyl chains formed by the pro-
gressive replacement of the genuine DTC ligands from MoDTC
educts by DTC released from MBDTC. In order to determine the
mechanisms involved in this enhanced persistence of MoDTC in
the presence of MBDTC, a simplified - as compared to an engine
complex system - laboratory model was set up. To this aim, the
thermo-oxidative conditions undergone by lubricant additives from
the same two formulated engine oils (0il A et Ayeprc) were simulated
using oil ageing experiments under bubbling with a blend of 2000
ppm NO, in air at 135 °C (Experiments 7 and 8, Table 1).

Fig. 11 shows the evolution of the relative concentrations of
MoDTC 1a-1c substrates in the oils A and Aypprc during the
laboratory ageing experiments.
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Fig. 11 Evolution of the relative abundance of MoDTC species in for-
mulated engine oils during laboratory ageing experiments (Experiments 7
and 8, Table 1) under thermo-oxidative conditions: (a) MoDTC 1a—1c in oil
A; (b) MoDTC l1a-1c in oil Augprc; (c) newly formed MoDTC complexes
1d-1f in oil Augprc: (d) summed MoDTC 1la-1f in oil A (red colour) and
Amgsptc (blue colour). IS: Internal standard. *Y-axis: arbitrary units. Error
bars correspond to triplicate HPLC-MS analyses for each sample.
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Upon oil ageing, the MoDTC substrates la-1c decreased
progressively over time in both oils, and were completely
consumed between 12-14 h in oil A and between 14-16 h in oil
Aumeprce. However, in the case of the oil Ayppre, newly formed
MoDTC complexes 1d-1f were detected, their relative concentra-
tions increasing during the first 4 h (Fig. 11c), and then decreas-
ing gradually before being totally consumed between 24-26 h. The
formation of the MoDTC complexes 1d-1f in oil Aypprc ascer-
tained the occurrence of ligand transfer reactions between
MBDTC 3a and MoDTC 1a-1c. The whole MoDTC complex pool
in 0il Aypprc (summed MoDTC 1a-1f) decreased gradually over
time, but MoDTC were completely consumed much later than in
the case of the oil A (i.e., between 24-26 h vs. 12-14 h).

These results clearly show that MoDTC complexes persisted
for a longer period of time in oil Aygprc. Since both oils were of
similar composition, except for the additional presence of
MBDTC in o0il Aypre, this enhanced persistence can most likely
be attributed to DTC transfer reactions from MBDTC 3a to the
partially degraded MoDTC substrates 1a-1c or to the metal cores
of Mo complexes (M0,0,S, or Mo oxysulfides) remaining after
thermo-oxidative degradation of the initial DTC ligands. The
results of these two laboratory experiments are in good agreement
with those obtained previously in the case of engine tests invol-
ving oils A and Aypprc under engine operating conditions.”

4. Discussion

DTC transfer reactions between MBDTC and MoDTC have been
unambiguously evidenced by HPLC-MS analysis and NMR
spectroscopy, and laboratory experiments have shown that
these reactions appear to be induced by the presence of Zn(u)
complexes such as ZnDTP and Zn(acac),. The Lewis acid
properties of Zn(u) complexes as well as the capacity of Zn(u)
to bind to sulfur atoms and, in particular, to activate dithioa-
cetals, have been previously reported in other contexts.***°
Therefore, in the case of the experiments involving MBDTC
and ZnDTP, Zn(u) ions are likely to act as Lewis acids, being
able to activate C-S bonds from MBDTC towards nucleophilic
attack (Fig. 12). The dithiophosphate ions from ZnDTP 2a,
which are good nucleophilic species, could then attack the
central methylene group of MBDTC 3a and substitute their
DTC moieties, thus leading to the release of ZnDTC 5b and to
the formation of methylene-bis(dithiophosphate) 4 together
with the mixed methylene-(dithiophosphate)(dithiocarbamate)
species 6 (cf § 3.2). In the case of the experiments involving
other Zn(u) species such as Zn(acac), or ZnDTC 5a, nucleo-
philes other than dithiophosphates available in the reaction
medium comprising OH ™~ or DTC could also attack the central
methylene group of MBDTC, leading to the release of DTC from
MBDTC to form ZnDTC species.

If Zn(u) species, and notably ZnDTP, were shown to effi-
ciently promote the release of DTC from MBDTC and most
likely play a significant role in this process in formulated engine
lubricants, ZnDTP are highly sensitive to oxidation and dithio-
phosphates were shown to be rapidly degraded during engine
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Fig. 12 Proposed mechanism of C-S bond activation of MBDTC by
ZnDTP complexes, the latter acting as a Lewis acid that promotes the
reaction.

tests or laboratory experiments.”>*' Therefore, although Zn(n)
ions most likely remain available during ageing of lubricants
under thermo-oxidative conditions, dithiophosphates progres-
sively disappear and other species such as, for instance, hydro-
xide ions, thiolates or amines from other additives might
intervene as ‘“nucleophilic species” in the release of DTC from
MBDTC in the case of altered lubricants as described in Fig. 12.

In addition, the results of the laboratory ageing experiments
involving MoDTC and MBDTC in a base oil at 135 °C under
oxidative conditions (2000 ppm of NO, in air) in the absence of
any source of Zn(u) (§ 3.3) also showed the progressive formation
of MoDTC with ligands originating from MBDTC with the con-
comitant decrease of the genuine MoDTC species. It therefore
seems that the mere thermo-oxidative conditions are capable of
inducing the release of DTC from MBDTC which then become
available for complexing the metal core of Mo complexes
(Mo0,0,S, or Mo oxysulfides) and to replace the degraded ligands.
The release of DTC from MBDTC under such conditions might
proceed via a process comprising the oxidation of the sulfur atom
from one DTC ligand involved in the dithioacetal bond of
MBDTC, followed by the release of the second intact DTC in a
process analogous to that described in a different context by Liu
and Thayumanavan®” for dithioacetals under oxidative conditions
(Fig. 13).

o)
M HBC“‘ J\ SH ~———

&
H OH * HC hydrolysis \ﬂ/ C4H9

Fig. 13 Proposed oxidative cleavage mechanism of MBDTC under NO,
(2000 ppm in air). Adapted from Liu and Thayumanavan.*?
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It could thus be demonstrated that the progressive release of
DTC from MBDTC induced either by Zn(u) or oxidative condi-
tions insured a progressive supply of “fresh” DTC ligand which
is potentially able to replace degraded/oxidized DTC ligands on
the metal core of Mo complex (M0,0,S, or Mo oxysulfides) and
thus to regenerate the initial structures of MoDTC complexes in
lubricants. This process might therefore allow the enhanced
persistence of MoDTC ensuring friction reduction properties of
engine lubricants for extended periods.

In addition to MBDTC, it appears that ZnDTC also easily
exchange their DTC ligands towards altered Mo species. How-
ever, MBDTC represent better “provider” of DTC ligands
than ZnDTC for altered MoDTC in lubricants, since ZnDTC
are highly oxidizable and thus decompose easily upon
oxidation to form disulfides (thiurams) or other degradation
products. Such is not the case with MBDTC, DTC occurring
as dithioacetals and being likely more resistant towards oxida-
tive processes. DTC can thus be potentially released in the
engine oil following a delayed/controlled process, providing
progressively fresh DTC for the regeneration of MoDTC
complexes.

5. Conclusion

The extension of friction reducing properties of engine oils for
longer periods of time plays an important role in energy saving
and in coping with global environmental problems. The control
of thermo-oxidative degradation of Mo-based friction modifiers in
formulated engine oils upon engine functioning remains a key
challenge to achieve this objective. In this context, a preliminary
study has shown that the interactions between MoDTC and
MBDTC has a beneficial effect on the life time of MoDTC in
engine lubricants and on the persistence of their tribological
properties. This effect was associated with DTC transfer reactions
between MBDTC and MoDTC and it was assumed that the DTC
from MBDTC are progressively transferred to the metal core of
MoDTC after oxidative degradation of their ligands. As a result,
the concentrations of MoDTC could be preserved at a useful level
over extended ageing periods, thus maintaining the friction
reducing properties of engine oils.

Additionally, the role of Zn(u) complexes (e.g., ZnDTP,
Zn(acac),) on ligand transfer reactions between MBDTC and
MoDTC could be clearly demonstrated in the present study.
Thus, Zn(u) ions are likely to act as a Lewis acid that is able to
activate the C-S bond cleavage of MBDTC, thus inducing the
release of DTC from MBDTC as ZnDTC. The latter then become
available for ligand exchange with MoDTC or complexation of
the metal core of Mo complexes after oxidative degradation of
their initial ligands. In the absence of Zn(u) ions, the release of
DTC from MBDTC can also be induced by oxidative processes
under thermo-oxidative conditions. DTC from MBDTC thus
represent potentially a ‘“stock” of DTC ligands which can be
progressively released during functioning of the engine and
replace ligands from MoDTC educts degraded by thermo-
oxidative processes following processes promoted by Zn(ir) ions
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and/or oxidative conditions. The MoDTC species remaining
after thermo-oxidative degradation of simple mixtures or of
fully formulated lubricants containing MoDTC and MBDTC in
an oil base consist mainly of newly formed complexes with DTC
ligands originating from MBDTC as was also observed during
engine tests in a preliminary study.

The results obtained provide insight in future additive
design by considering similar delayed DTC transfer mechanisms
demonstrated by MBDTC aimed at extending the functional
lifetime of MoDTC. One might, notably, envisage to pursue
the investigation of potential structures bearing other types of
functionalities liable to allow the progressive release of DTC
during engine functioning. The present study that investigated
the interactions between MoDTC with other additives at the
molecular level can also help to predict the friction reduction
efficiency of engine oils as well as to provide guidance for the
optimization of MoDTC tribological performance for the future
development of engine oils.
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