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During engine tests, it has been observed that the combined use of molybdenum dithiocarbamates
(MoDTC) and methylene-bis(dithiocarbamates) (MBDTC) in formulated engine oils resulted in better fuel
efficiency, keeping the friction coefficient stable at low values for a longer period of time as compared
to the same oil devoid of MBDTC. Therefore, the interactions between MBDTC and MoDTC have been
investigated at the molecular level. The qualitative and quantitative evolution of MoDTC in two engine
oils similarly formulated, but with and without MBDTC, were compared during engine tests using
a specifically developed high performance liquid chromatography-mass spectrometry (HPLC-MS)
analytical method. Parallel to the molecular study, the evolution of the friction coefficients of both
lubricants as well as the evolution of the fuel consumption of the engine were determined. The
combined use of MoDTC and MBDTC was shown to exhibit better fuel efficiency and to maintain
a relatively low friction coefficient for longer periods of time as compared to the oil devoid of MBDTC. It
could be determined that the enhanced performances observed were presumably related to an
extension of the lifetime of MoDTC in the engine oil containing MBDTC. Since the MoDTC remaining at
the end of the engine test in oil containing MBDTC exclusively bear ligands corresponding to the

dithiocarbamate moieties of MBDTC, it can be concluded that the prolonged existence of MoDTC was
Received 13th May 2022

Accepted 3lst July 2022 due to the progressive replacement of the degraded dithiocarbamate ligands on MoDTC educts by those

released from MBDTC during engine functioning. As a result, the concentrations of MoDTC could be
maintained at a useful level for a longer period in the engine oil containing MBDTC, leading to better fuel
consumption performances.
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Molybdenum-based complexes such as molybdenum
dithiocarbamates (MoDTC, Fig. 1) are effective friction modi-
fiers'>*® that have been shown to reduce friction coefficients to
relatively low values under boundary lubrication conditions by
generating lamellar structures of MoS, layers at the tribo-

1. Introduction

The recent introduction of the new GF-6 lubricant specification
by ILSAC (International Lubricant Standardization and
Approval Committee) in 2020 has called for better fuel economy

and reduction of smoke emissions. The addition of several new
tests reflects higher standard and performance requirements
for GF-6 oils as compared to GF-5 oils. To date, several tech-
nologies have been adopted to reduce fuel consumption and air
pollutants, including hybridization of automotive power-
trains,'”® engine downsizing and turbocharging,**® gasoline
direct injection,”® combustion optimization,® improving aero-
dynamics,'®" vehicle weight reduction'*® etc. Another impor-
tant approach to fulfill this new specification is to minimize the
parasitic energy losses associated with friction in engines using
appropriately designed formulated engine lubricants.**

“University of Strasbourg, CNRS, Institut de Chimie de Strasbourg UMR 7177, F-67000
Strasbourg, France. E-mail: p.schaef@unistra.fr
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contact.”? Their effectiveness to reduce friction and to
improve fuel efficiency has been investigated using either
engine tests or bench friction tests in previous studies.*****
However, it has been shown that MoDTC are unstable during oil
ageing and undergo thermo-oxidative degradation during
engine operation to form undesirable Mo-species such as
molybdenum oxides (MoO,) and other highly oxidized
compounds.”?***” Moreover, the accumulation of oxidized
products can also impede the formation of a MoS, tribofilm at
the rubbing surfaces and cause a drop in friction reduction
performance of engine oils.*®

Nevertheless, it has been observed that the addition of
antioxidants improves significantly the fuel efficiency of lubri-
cant oils containing MoDTC.>**® Other studies suggest that the
combined use of MoDTC with phenolic and amine antioxidants
exhibits excellent synergism that provides good retention of
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Fig. 1 Chemical structures of the compounds mentioned in the text.

friction reducing capabilities of engine oils.** Sulfur-containing
peroxide decomposers and radical inhibitor-type antioxidants
such as zinc dithiophosphates (ZnDTP; Fig. 1) are also believed
to increase the durability of friction reducing properties of
MoDTC and to reduce the decomposition rate of MoDTC under
thermo-oxidative conditions.”®** Thus, it clearly appears that
the presence of effective antioxidants may contribute to delay
the consumption rate of MoDTC caused by thermo-oxidative
degradation.

In this context, the present study is dedicated to the inves-
tigation of the impact of MBDTC 2 (Fig. 1) as a lubricant addi-
tive on the service life of MoDTC in formulated lubricants. For
this purpose, comparative engine tests were performed using
the same formulated engine oils containing MoDTC without
and with the addition of MBDTC (referred to as “oil A” and “oil
Aumeprc”, respectively). Oil performances were compared in
terms of tribological properties, duration of the friction
reducing capacity of the lubricants, evolution of the fuel
consumption of engines and evolution of the concentration of
MoDTC with time. The qualitative and quantitative evolution of
the MoDTC was monitored using a specifically developed high
performance liquid chromatography-mass spectrometry (HPLC-
MS) analytical method.*

2. Experimental section

2.1. Materials (formulated lubricants and additives)

The chemical structures of the compounds employed and dis-
cussed in this study are presented in Fig. 1. The formulated
engine oils SAE 30 (oils A and Aypprc) used in this work were
provided by TotalEnergies Marketing Services. Oils A and
Aumpprc have essentially the same composition and the additive
package comprises, notably, MoDTC (Sakuralube 525; 1 wt%)
la-1c as friction modifiers, secondary ZnDTP 3 (1 wt%) as anti-
wear additive, alkylarylamines 4 as antioxidants and salicylates
5 as detergents (Fig. 1). These two oils only differ by the pres-
ence of MBDTC 2 (Vanlube 7723, 2 wt%) in the case of oil
Aumeprce. The MoDTC complexes 1a-1c (Sakuralube 525) in the
formulated engine oils were purchased from Adeka while
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MBDTC 2 (Vanlube 7723) was provided by Vanderbilt
Chemicals.

2.2. Engine tests

Engine tests have been carried out according to a modified
ASTM D8114 procedure for fuel economy retention measure-
ment as specified in the ILSAC-GF-6A - test sequence VIE. Oils A
and Aupprc were separately introduced into the engine and
aged at temperatures close to 115 °C for 143 h. Meanwhile,
tribological friction coefficients and fuel economy were
measured along the lubricant ageing periods. Tribological
friction coefficients were determined using a ball on three flats
setup (see section 2.3). On the other hand, fuel consumption
was measured under the engine test conditions and compared
to those measured using the reference oil SAE 20W-30 (speci-
fication reference). In fact, there are six engine test conditions
(stage 1 to stage 6) with six different speed/torque/temperature
conditions according to the classical ASTM D8114 standard test
method.* However, in this article, we will only discuss the
results obtained from stage 1 and 3 engine test conditions
corresponding to high temperature and high torque operating
conditions. Indeed, under such conditions, a significant part of
the friction losses is related to the “boundary lubrication
regime”*>*® where MoDTC are known to be effective.

During the engine tests, oil samples were regularly collected
over a period of 143 h for tribological tests and for HPLC-MS
analyses.

2.3. Ball-on-flat tribotests

Tribological tests were carried out using an Anton Paar MCR302
rheometer with a T-PTD-200 tribology assembly (ball-on-three-
flats). Schematics of the geometry are illustrated in Fig. 2.
Using a pipette, approximately 1 mL of the test oil is introduced
in the test cell in order to immerse the three lubricated contacts
between the ball and the three flats. A Peltier module precisely
controls the temperature of the lubricant in the test cell.

The following parameters were chosen in our experiments:
test temperature was 110 °C, normal load 5 N and sliding speed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematics of the Anton Paar MCR302 with the ball-on-three-
flats geometry. Side (left) and top (right) view.

was kept constant throughout 15 min test at 0.01 m s~ . Upper
ball was made of AISI 52100 hardened steel (roughness) and
flats were made of 100Cr6 hardened steel (60-66 HRC). The
surface roughness of the ball was 0.032 um (Ra,) and 0.35 pm
(Ra,) for the flats. The lubrication regime in the three lubricated
contact is determined using the lambda ratio 4 described in eqn
(1) where % corresponds to the average film thickness in the
contact. The lambda value calculated for our test conditions was
0.98. Values below the unity are generally representative of
a “boundary lubrication regime”***¢ where significant asperities
to asperities contacts occur, favouring the reaction of additives
and tribofilm formation.

The observation of friction reduction with MoDTC contain-
ing oils during tribotests in this study is also indicative of tri-
bofilm formation characteristic of the boundary lubrication
regime.

PO S (1)

\/Ral + Ra}

Two examples of friction curves measured with the selected
tribological setup on an engine lubricant containing MoDTC
and tested in fresh conditions (blue curve) and aged conditions
(red curve) are shown in Fig. 3. The oil was aged using a glass-
ware oxidation test at 170 °C for 72 h with 100 ppm iron catalyst.
The blue curve is characteristic of the formation of a low friction
tribofilm on the contact surface, whereas the red curve does not
show any friction reduction performance, thereby indicating
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Fig. 3 Examples of friction curves measured on the ball-on-three-
flats tribotest on an engine lubricant containing MoDTC. Blue curve:
fresh oil; red curve: aged oil (glassware oxidation test, 170 °C, 72 h,
100 ppm iron catalyst).
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the lack of activation of the MoDTC in the lubricated contact.
Similar curves are generated on engine test samples, and only
final friction coefficients measured at the end of the 15 min
tribotest are reported in this study.

The precision values on the friction coefficient were calcu-
lated over a data set of 84 friction tests on the same reference
oil. A standard deviation of 1.8 x 102 has been calculated on
the friction coefficient leading to a +0.002 confidence interval at
95% on the mean friction coefficient value.

2.4. HPLC-MS analyses

Oil samples collected during engine tests were analyzed by
HPLC-MS using an Agilent HP 1100 series instrument equipped
with an auto-injector and connected to a Bruker Esquire
3000”" jon trap mass spectrometer. A Chemstation chroma-
tography manager software (HPLC; Agilent) and a Bruker Data
Analysis software (MS; Bruker) were used. Separations were
achieved on a Zorbax SIL 5 pm column (Agilent, 4.6 x 250 mm)
at 30 °C. The sample injection volume was set at 10 pL.
Compounds were eluted with a flow rate of 0.4 mL min~" in
isocratic mode using n-heptane/isopropanol: 98.5: 1.5 v/v as
the mobile phase. The mass spectrometer was equipped with an
atmospheric pressure photoionization source (APPI) used in the
positive ionisation mode. Conditions for MS analyses were:
nebulizer pressure 50 psi, APPI temperature 420 °C, drying
temperature 350 °C, drying gas (N,) flow 5 L min~", capillary
voltage —2 kV, corona 4 microamperes, scan range m/z 400-
2000. HPLC-MS analyses were performed in triplicate for each
sample collected. Each sample was prepared as follows: 20 puL of
internal standard (2,3-bis(n-octadecyloxy)propan-1-ol; 1.7 mg
mL~") were added to an aliquot (20 mg) of each sample
collected from engine test diluted in 1 mL of solvent (n-heptane/
isopropanol: 95 : 5 v/v). The samples were then diluted by 10-
fold using the same solvent before analysis by HPLC-MS.

3. Results and discussion

3.1. Tribological performance of oils A and Ayprc after
engine tests - friction coefficients and fuel economy

Fig. 4 shows the evolution with time of the friction coefficient
during the engine test performed following the ASTM D8114
standard test method using oils A and Aypprc.

Similar low values of friction coefficients were observed for
both oils during the first 40 h of engine test. However, the
friction coefficient of oil A increased sharply and reached
a value of u = 0.119 after 68 h of ageing time, implying a huge
loss of the ability of oil A to reduce friction. Such a behaviour is
likely related, at least partly, to a loss of performance of MoDTC
complexes in this oil. On the other hand, oil Aysprc showed
a much lower value of the friction coefficient after 68 h of ageing
time (4 = 0.049) and a value of the friction coefficient compa-
rable to that of oil A after 68 h was attained for oil Ayigprc only
after 110 h of ageing time (u = 0.121). These results, showing
that the friction reducing capability of oil Aypprc after 110 h of
ageing time is similar to that of oil A after 68 h of ageing time (u
= 0.121 vs. 0.119), indicate that oil Ay;pprc possesses a better
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Fig. 4 Evolution of friction coefficients for oil A and Awugprc as
a function of ageing time under engine test conditions.

retention of friction reducing capabilities over longer periods of
time as compared to oil A.

Parallelly to the measurement of friction coefficients, the
percentages of fuel economy induced by oils A and Amgprc
relative to fuel consumption when a reference lubricant (SAE
20W-30) was used were measured under stage 1 and 3 engine
test conditions as described in section 2.2. The percentages of
fuel economy for oils A and Aysprc relative to the reference oil
were calculated for various ageing times according to eqn (2).

% of fuel economy = [(Fctested oil — Fcreference oil)/FCreference Oil]
x 100 @)

Eqn (2): formula used to calculate the percentage of fuel
economy induced by the use of 0il A or oil Aypprc relative to the
reference oil (SAE 20W-30) during engine test performed
following the ASTM D8114 standard method. FC: fuel
consumption (in kg).

Fig. 5 depicts the evolution of the percentage of fuel economy
for oils A and Aypprc as a function of ageing time. Fuel
consumption using oil Aygprc Was always shown to be lower
than that measured with oil A after 54 h of ageing time under
both stage 1 and stage 3 engine test conditions (Fig. 5). These
results clearly showed that the use of oil Aypprc led to a better
fuel efficiency of the engine.

3.2. HPLC-MS analysis of MoDTC in oils A and Aygprc
during engine tests

3.2.1 Qualitative analysis of MoDTC. HPLC-MS qualitative
analysis was carried out using the samples collected from oils A
and Avsprc after 40 h, 82 h and 143 h of engine test at 115 °C.
Our HPLC-MS analytical method was developed in order to
separate the mixture of MoDTC substrates 1a-1c for identifi-
cation purposes based on their mass spectra (Fig. 6 and 7).

The HPLC chromatograms of oils A and Aygprc at 7= 0 h
showed the presence of MoDTC 1a-1c which appear as three
distinct peaks (partly) separated under the chromatographic
conditions used (Fig. 6a and b). The mass spectra of the MoDTC
substrates 1a-1c are characterized by a diagnostic complex
isotopic pattern due to the presence of 2 molybdenum atoms
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Fig.5 Evolution of the percentage of fuel economy related to the use
of oils A and Augprc relative to the fuel consumption of engine using
a reference oil (SAE 20W-30) under stage 1 (a) and 3 (b) of engine test
performed following the ASTM D8114 standard.

(Fig. 7a—c). Compounds 1a and 1b (resp. 1c) are separated by
140 mass units (resp. 280 mass units) corresponding to 2 x
CsH;o (resp. 4 x CsHjp) alkyl chains from the DTC ligands
(Fig. 6a-c). For both oils, a progressive decrease in concentra-
tion of MoDTC 1a-1c was observed with time, these compounds
having completely disappeared between 82 and 143 h (Fig. 6a
and b). However, in the case of the oil Aypprc, the formation
with time of new derivatives was noted (Fig. 6b). The specific
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Fig. 6 Chromatograms (HPLC-MS, APPI) showing the distribution of
MoDTC in (a) oil A and (b) oil AugpTtc after O h, 40 h, 82 h, 143 h of
engine test.
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Fig.7 Mass spectra (APPI detection, positive ionisation mode) of (a—c)
MoDTC substrates la—1c and (d—f) newly formed MoDTC complexes
1d-1f.

complex isotopic patterns observed on the mass spectra of the
newly formed compounds confirmed that 2 Mo atoms are
present on their molecular structures (Fig. 7d-f), like in the case
of the genuine MoDTC 1a-1c. In addition, the molecular masses
of the newly formed compounds (i.e., [M + H]" 693-700, 804-817
and 943-957; Fig. 7d-f) are separated by 140 mass units between
the first and second eluted compounds, and by 112 mass units
between the second and third eluted compounds, suggesting
that these compounds correspond to a MoDTC series differing
respectively by the presence of a “C;oH,o” and “CgH;6” alkyl
entity. Sulfurized MoDTC complexes could also be detected on
the mass spectra (Fig. 7) as reported in our previous work.*”

The formation of the new Mo species from the MoDTC
substrates 1a-1c can be explained by the replacement of one or
two of their original dithiocarbamate ligands bearing Cg or C,3
alkyl chains by dithiocarbamate ligands bearing C, alkyl chains,
the latter obviously originating from MBDTC 2. The concen-
tration of the new MoDTC complexes 1d-1f increased in oil
Ayvpprc between 0 and 40 h of engine tests, and progressively
decreased between 40 and 143 h, but, in contrast to the genuine
MoDTC 1a-1c, they were still present after 143 h of engine
functioning (Fig. 6b).

3.2.2 Quantitative analysis of MoDTC. Aliquots of oils A
and Aysprc were collected after 40 h, 82 h and 143 h of engine
test for HPLC-MS quantitative analysis. The relative abundances

100 _10o0 =
2 Oil A £ Oil AuspTrc
@ 80 pia 80 1la
2 2
§ 60 pib § 60 11ib
3 >
2 40 Bic < 40 iic
g g
5 20 g 20 .
g , < o |
40 143 0 40 82 143
—Time (h) —

(a) (b)

Fig. 8 Evolution of the relative abundance of MoDTC la-1cin (a) oil A
and (b) oil AMBDTC during engine test. Error bars correspond to
triplicate HPLC-MS analyses of each sample.
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Fig. 9 Evolution of the concentrations of the newly formed MoDTC
complexes (a) MoDTC 1d, (b) MoDTC 1e and (c) MoDTC 1f in formu-
lated oil AmgpTc during engine test. *Y-axis: arbitrary units. IS: internal
standard. Error bars correspond to triplicate HPLC-MS analyses for
each sample.

of MoDTC species were determined relative to an internal
standard which was added prior to HPLC-MS analysis (see
section 2.4).

As mentioned above, for both oils A and Ayigprc, the relative
concentrations of the MoDTC substrates la-1c decreased
progressively over time during the first 82 h of engine test and
MoDTC 1a-1c were completely consumed between 82 and 143 h
(Fig. 8).

At the first sight, it appeared that MoDTC 1la-1c were
consumed faster in the case of the oil containing MBDTC (oil
Apmpprc), with only ca. 9-14% of the initial MoDTC remaining
after 82 h vs. ca. 15-18% in the case of oil A. However, in oil
Ameprc, the decrease of the concentrations of the MoDTC
substrates la-1c was accompanied by the formation of new
MoDTC complexes with dithiocarbamate ligands bearing C,
alkyl chains (see above).

Quantification showed a progressive increase of the
concentrations of these newly formed MoDTC complexes 1d-1f
during the first 40 h of engine test, followed by their degrada-
tion between 40 and 143 h (Fig. 9). It is worth noting that
MoDTC 1d and 1e bearing one ligand with C, alkyl chains were
already present at the starting point (7 = 0 h) of the engine test
(Fig. 9a and b), which can be explained by the fact that this oil
was homogenized by a pre-heating step at 60 °C for 60 min.

This clearly shows that the ligand exchange reaction between
the genuine MoDTC and MBDTC is a rather fast-occurring
process. Examination of the behaviour of the different newly
formed MoDTC homologues 1d and 1e throughout the engine
test experiment showed that MoDTC 1d and 1e bearing only one
exchanged ligand presented the same concentration profile,
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100

b) Summed MoDTC 1a-1f
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Fig. 10 Evolution of relative abundance of the total pool of MoDTC in
(a) oil A and (b) oil AmgpTc during engine test.
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Fig.11 Scheme showing the ligand transfer reactions between MBDTC 2
1d-1f with dithiocarbamate ligands bearing C4 alkyl chains.

with a sharp increase in concentration during the first 40 h,
followed by a progressive decrease during the next 103 h of
engine test. This decrease can be explained by two concomitant
processes: first, part of the MoDTC 1d and 1e were progressively
consumed upon engine functioning and participated to the
formation of the MoS, tribofilm, and second, since these two
species of MoDTC 1d and 1e represent intermediates in the
formation of MoDTC 1f bearing two exchanged ligands, they
were progressively converted into MoDTC 1f with time. The
concentration profile of MoDTC 1f, the end product of the
ligand exchange reactions, was different in the sense that
formation of this compound was only observed after 40 h of
reaction, and then its concentration progressively decreased.
Contrary to the MoDTC substrates 1a-1c in both oils A and
Amppre, these three newly-formed MoDTC 1d and 1e complexes
could still be detected in o0il Aveprc after 143 h of engine test
and were likely still active to form a MoS, tribofilm (Fig. 10).

The evolution of the complete pool of MoDTC in the oils A
and Aypprc after engine tests are shown in Fig. 10. The global
concentrations of MoDTC in oil A (sum of 1a-1c) decreased over
time with half of the initial MoDTC being consumed after 40 h
and fully consumed between 82 and 143 h of engine test
(Fig. 10a). For the oil Aypprc, although the global concentra-
tions of MoDTC complexes (sum of 1a-1f) also decreased over
time, small amounts of MoDTC were still present after 143 h,
the persisting MoDTC species (ca. 3%) being however exclu-
sively present as newly formed MoDTC 1d-1f (Fig. 10b).

Since the only MoDTC species persisting after 143 h of
engine tests bear dithiocarbamate ligands with C, alkyl chains
(i.e., MOoDTC 1d-1f) in 0il Aypprc (Fig- 11), their presence can be
attributed to the continuous formation of new MoDTC
complexes that result from ligand transfer reactions from the
MBDTC compound 2 to the genuine MoDTC 1a-1c as well as to
the partly altered MoDTC due to the thermo-oxidative condi-
tions prevailing during the engine test (Fig. 11).

4. Conclusion

Based on engines tests performed using a formulated engine oil
containing MoDTC and MBDTC and, for comparison, the same
formulated engine oil devoid of MBDTC, our study has shown
that the combined use of MoDTC and MBDTC results in an
enhanced preservation of fuel efficiency with ageing time. It
could be established unambiguously, and for the first time, at
the molecular level using HPLC-MS, that this performance
improvement was most likely related to the interactions
between MoDTC and MBDTC which showed beneficial effect on
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and MoDTC la—1c leading to the formation of new MoDTC complexes

the lifetime of MoDTC in lubricants, allowing the friction
coefficient of engine lubricants to be maintained at lower level
for longer periods of time and, as a consequence, fuel
consumption to be reduced. Indeed, using a specifically devel-
oped HPLC-MS method, MoDTC could still be detected in the
formulated lubricant containing MBDTC after 143 h of engine
test, whereas MoDTC were completely consumed after only ca.
82 h under the same conditions in the same formulated lubri-
cant but devoid of MBDTC. Since the remaining MoDTC after
prolonged functioning of engine were shown to exclusively bear
ligands corresponding to DTC moieties from MBDTC, it can be
concluded that the prolonged existence of MoDTC was due to
the progressive replacement of the degraded DTC ligands from
MoDTC educts by DTC ligands released from MBDTC during
engine functioning. These newly formed MoDTC complexes
were progressively consumed during engine functioning as
were the genuine MoDTC species, but were shown to be
concomitantly regenerated and remained in the formulated
engine oil at concentrations high enough to ensure the reduc-
tion of the friction coefficient to lower levels for an extended
duration, as indicated by the tribological measurements. For
the MoDTC progressively degraded upon engine functioning,
MBDTC thus represents a “stock” of DTC ligands which are
released by a yet unknown mechanism during engine func-
tioning and regenerates active MoDTC species, leading to better
fuel efficiency performances of the engine.
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