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Abstract

Energy conservation and efficiency enhancement necessitate continuous advancement
in the development and preparation of multifunctional, high-performance lubricant
additives. This paper reports three novel ashless, phosphorus-free, multifunctional
nitrogen-containing heterocyclic dialkyl dithiocarbamate derivative additives (Py-2-DBDTC,
PDM-DBDTC, and BZT-DBDTC). Thermal stability, oxidation resistance, and tribological
properties were investigated for the synthesized additives. All three additives demon-
strated excellent thermal stability and oxidation resistance. Furthermore, their extreme-
pressure properties improved by 116.33% or more compared to the base oil, while wear
reduction rates also exceeded 58.32%. Under both point-to-point and point-on-flat fric-
tion conditions, the friction-reducing performance of all three additives was equally out-
standing. Across a broad temperature range (25 °C-150 °C), all additives maintained
their friction-reducing properties. Analysis of the worn surface morphology reveals
that all three additives undergo tribochemical reactions during the friction process, form-
ing tribofilms containing sulfur elements. Research indicates that introducing different
nitrogen-containing heterocyclic structures into dialkyl dithiocarbamates can effectively
enhance the adsorption capacity of the additives on metal surfaces and promote the for-
mation of tribofilms at the friction interface, thereby significantly improving tribological
performance. These systematic investigations not only provide important guidance for the
molecular design and industrial application of multifunctional lubricant additives but also
further advance the development of sustainable lubrication technologies.

Keywords: nitrogen-containing heterocycles; dialkyl dithiocarbamate; oxidation resistance;
tribological property; high-temperature performance

1. Introduction

The development of modern industry depends on the efficient operation of mechani-
cal systems, in which friction and wear between components result in significant energy
losses and increase the likelihood of mechanical failure [1-5]. To address these issues,
the application of lubricating oil to friction- and wear-prone parts provides a straight-
forward and efficient solution [6-8]. Lubricants typically comprise a base oil and ad-
ditives, with the latter playing a central role. These additives are diverse, including
extreme-pressure agents, anti-wear agents, friction modifiers, and antioxidants [9,10]. They
enhance the overall lubrication performance through synergistic effects [11]. However, the
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mechanisms of different additives vary and are often complex and difficult to elucidate in
depth [12,13]. Therefore, while exerting positive effects, different additives may also
introduce unpredictable antagonistic interactions. In this context, multifunctional lu-
bricant additives integrate multiple tribological properties into a single component.
This strategy not only effectively avoids potential antagonistic effects between individ-
ual additives but also simplifies the complex formulation process, thereby improving
application efficiency [14-16].

As a typical multifunctional lubricant additive, zinc dialkyl dithiophosphate (ZDDP)
has been widely used in various friction conditions [17,18], yet the P in its structure
generates ash that can clog oil pipelines, while the Zn may cause adverse effects such
as electrochemical corrosion on metal components, thereby increasingly highlighting its
limitations [19,20]. In contrast, dialkyl dithiocarbamate derivatives feature an ash-free and
phosphorus-free composition. Containing both N and S in their structure, they promote
the adsorption of additive molecules onto metal surfaces during the friction process and
undergo tribochemical reactions with the metal substrate to form a chemical reaction film,
thereby exhibiting multiple tribological properties. For instance, Y.-W. Kim et al. [21] syn-
thesized a series of dibutyl dithiocarbamate derivatives with varying alkyl chain lengths
and evaluated their tribological performance, confirming their excellent thermal stability.
Surface analysis indicated that sulfur atoms reacted with iron oxides on the metal surface
during friction to form a tribofilm, resulting in outstanding anti-wear and friction-reducing
properties. Similarly, Huang et al. [22] prepared three thiazole-based dialkyl dithiocarba-
mate derivatives, which were shown to improve extreme-pressure resistance, anti-wear
performance, and friction reduction. Wear surface analysis revealed that nitrogen adsorbed
onto the lubricated surface, while sulfur chemically reacted with the metal to form a
reaction film containing sulfates, organic sulfur compounds, and FeS,, collectively con-
tributing to their tribological effectiveness through both physical adsorption and chemical
film formation.

Building on the structural features of the dialkyl dithiocarbamate group, structural
modification through the introduction of different polar functional groups to further en-
hance the tribological properties of dialkyl dithiocarbamate derivatives has become a
current research focus. Nitrogen-containing heterocyclic compounds, in particular, have
attracted attention due to their stable cyclic structures, which not only confer excellent load-
bearing capacity and tribological performance but also provide good high-temperature
stability [23,24]. For example, Zhang et al. [25] designed and synthesized two triazine-based
derivatives as organic friction modifiers and investigated their tribological performance un-
der high-temperature conditions. The results indicated that these derivatives can effectively
adsorb onto the substrate surface, reducing friction and wear, while maintaining outstand-
ing anti-friction properties even at elevated temperatures. Similarly, Zeng et al. [26] syn-
thesized two ash-free and phosphorus-free hydroxyl-containing dithiocarbamate-triazine
compounds. Experimental results demonstrated that both additives exhibit high thermal
stability in rapeseed oil. Mechanistic analysis revealed that during boundary sliding, the ad-
ditives form a protective film on the metal surface composed of inorganic sulfides, sulfates,
oxidized compounds, and organic nitrogen-containing compounds, thereby endowing
the lubricant with excellent extreme-pressure, anti-wear, and friction-reducing properties.
Furthermore, Xiong et al. [27] synthesized two nitrogen-containing heterocyclic imidazo-
line compounds and studied their tribological, antirust, and anti-corrosion properties as
additives in water—glycol fluid. The findings showed that these additives possess favorable
corrosion resistance, extreme-pressure performance, and anti-wear capabilities. Analysis
suggested a synergistic tribological effect between the nitrogen-containing heterocyclic
group and the imidazoline group, with the presence of organic nitrogen compounds, iron
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oxides, and sulfides in the friction film identified as key factors contributing to the improved
tribological performance.

By integrating the performance advantages of thiocarbamates and nitrogen-containing
heterocyclic compounds, this study designed and synthesized a series of novel ashless,
phosphorus-free multifunctional nitrogen-containing heterocyclic dialkyl dithiocarbamate
lubricant additives, whose molecular structures are depicted in Scheme 1. Through the
strategic reaction of dialkyl dithiocarbamates with halides of compounds containing hetero-
cycles, such as pyridine and benzothiazole, derivatives with different nitrogen heterocycles
or varying numbers of dialkyl dithiocarbamate groups were designed and obtained. Their
structure-activity relationships were investigated, and the lubrication mechanism was
studied through wear surface analysis.
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Scheme 1. Synthesis Scheme 1. Synthesis routes for nitrogen-containing heterocyclic dialkyl dithio-
carbamate derivatives: (a) Synthetic route of intermediate NaDBTC; (b) Synthetic routes of final
products Py-2-DBDTC, PDM-DBDTC and BZT-DBDTC.

2. Experimental Section
2.1. Materials

n-Butylamine (99.0%), carbon disulfide (99.0%), 2-(Bromomethyl) pyridine hydrobro-
mide (96.0%), and 2-(Chloromethyl) benzothiazole (98.0%) were all obtained from Saien
Chemical Technology Co., Ltd. (Shanghai, China). Tetrahydrofuran (99.9%) was pur-
chased from China National Medicines Chemical Reagent Co., Ltd. (Shanghai, China).
2,6-Bis(bromomethyl)pyridine (98.0%) and sodium hydroxide (98.0%) were supplied by
Shanghai Titan Scientific Co., Ltd.(Shanghai, China). The base oil PAO4 was sourced from
ExxonMobil Corporation. Commercially available dibutyl dithiocarbamate (DBDTC) was
utilized as a comparative lubricant additive in this study. All reagents were of commercial
grade and used without further purification.
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2.2. Synthesis
2.2.1. Synthesis of Pyridin-2-ylmethyl dibutyl dithiocarbamate (Py-2-DBDTC)

In a 500 mL round-bottomed flask, 2.714 g (0.021 mol) of di-n-butylamine and 30 mL
of tetrahydrofuran solution were added. Meanwhile, 20 mL of aqueous sodium hydroxide
solution containing 0.840 g (0.021 mol) of sodium hydroxide was added, and the mixture
was placed in an ice-water bath at 0 °C. A solution of 1.60 g (0.021 mol) of carbon disulfide
dissolved in 10 mL of tetrahydrofuran was added dropwise, with continuous stirring
sustained in the ice bath for 0.5 h. Then, the ice bath was removed, the temperature was
raised to 25 °C, and the reaction was allowed to proceed for another 6 h. Through the
substitution reaction, the intermediate butyl dithiocarbamate (NaDBTC) was obtained, and
the solution exhibited a yellow-green color.

Subsequently, the solution containing the intermediate was placed in a 0 °C
ice bath and 20 mL of tetrahydrofuran solution containing 2.53 g (0.01 mol) of
2-(bromomethyl)pyridine hydrobromide was added dropwise. The mixture was stirred
in the ice bath for 0.5 h, then heated to 85 °C, and stirred for 18 h until the reaction was
complete. The reaction was quenched with water. Add 200 mL of water and 100 mL of
ethyl acetate to the solution. Separate the organic and aqueous phases, and then dry over
anhydrous sodium sulfate. Finally, remove the solvent by distillation to obtain the crude
product. Column chromatography (elution: PE/EA = 8/2) yielded a deep-green liquid pure
product (2.93 g, 73.43%). The NMR and mass spectrometry data are detailed in Supporting
Information S1. NMR spectra are provided in Figure S1(a2,a3). Characteristic molecular
ion peaks are shown in Figure S2a.

2.2.2. Synthesis of 2,6-Bis (dibutyl dithiocarbamoyl methyl) pyridine (PDM-DBDTC)

An equivalent amount of the intermediate (NaDBTC) was prepared in a 500 mL
round-bottom flask using the method described in Section 2.2.1. Under an ice bath
maintained at 0 °C, 20 mL of tetrahydrofuran solution containing 2.65 g (0.01 mol) of
2,6-bis(bromomethyl)pyridine was added dropwise to the intermediate solution. Stirring
was maintained in the ice bath for 0.5 h, after which the temperature was raised to 85 °C
and reflux was carried out for 24 h. Upon completion of the reaction, it was quenched with
water. After being washed with water, the organic phase was extracted with ethyl acetate
solution. The crude product was obtained by drying with anhydrous sodium sulfate and
removing the solvent via distillation. Purification by column chromatography (elution:
PE/EA =9/1) was performed, yielding the pure product as a yellow liquid (3.26 g, 65.37%).
The NMR and mass spectrometry data are detailed in Supporting Information S1. NMR
spectra are provided in Figure S1(b2,b3). Characteristic molecular ion peaks are shown
in Figure S2b.

2.2.3. Synthesis of Benzothiazol-2-ylmethyl dibutyl dithiocarbamate (BZT-DBDTC)

The final product BZT-DBDTC was synthesized via a substitution reaction between
1.84 g (0.01 mol) of 2-(chloromethyl) benzothiazole and 2.27 g (0.01 mol) of the inter-
mediate (NaDBTC), employing a methodology analogous to that for PDM-DBDTC and
Py-2-DBDTC. The yield was 74.70%. The product was a dark-brown liquid. The NMR
and mass spectrometry data are detailed in Supporting Information S1. NMR spectra are
provided in Figure S1(c2,c3). Characteristic molecular ion peaks are shown in Figure S2c.

2.3. Structural Analysis of the Synthesized Compounds

Multiple analytical methods were employed to comprehensively characterize the
structures of the compounds. The specific experimental procedures are as follows:
Fourier-Transform Infrared Spectroscopy (FI-IR, PerkinElmer Frontier) was used to an-
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alyze the compounds and functional group structures within the wavenumber range
of 5004000 cm~!. 'H NMR and *C NMR of the compounds were acquired at 600 MHz
and 150 MHz, respectively, using a nuclear magnetic resonance spectrometer (AVANCE
HD, Bruker, Billerica, MA, USA). The relative molecular masses of the compounds were
determined using a mass spectrometer (MS6230-TOF, Agilent, Santa Clara, CA, USA).

2.4. Thermal Stability, Oxidation Stability, and Copper Strip Corrosion Measurement

The thermal stability of the three additives was evaluated using thermogravimetric
analysis (TGA 55, TA Instruments, New Castle, DE, USA). Test conditions comprised a
nitrogen atmosphere, an initial temperature of 40 °C, a heating rate of 10 °C/min to 500 °C,
and a 10 min dwell at 500 °C. The initial oxidation temperature was measured using a Swiss
Mettler-Toledo PDSC instrument (Greifensee, Switzerland) to characterize the samples’
oxidative stability. The initial oxidation temperature was determined according to ASTM
E2009-08 (2014) [28]. Test samples were prepared by blending each additive into PAO4
base o0il at concentration ratios of 0.1 wt.%, 0.3 wt.%, 0.5 wt.%, 1.0 wt.%, and 2.0 wt.%. A
3.3 mg oil sample was placed in a sample pan and heated at a rate of 10 °C/min under an
oxygen pressure of 3.5 MPa and flow rate of 50 mL/min until oxidative exothermic release
occurred. The initial oxidation temperature was determined as the intersection point of
the baseline extrapolation line and the tangent line at the maximum oxidative peak rate.
According to the standard GB/T 5096-2017 [29], the polished copper strips were immersed
in oil samples containing different concentrations of additives and maintained at 100 °C for
three hours to complete the corrosion tests on non-ferrous metals for the three synthesized
compounds and the commercial additive (DBDTC). The results are shown in Figure S3
and Table S1.

2.5. Tribological Testing

The tribological experiments employed an MS-10A four-ball friction and wear tester
manufactured by Xiamen Tianji Co., Ltd. (Fujian, China). to assess the anti-wear, friction-
reducing, and extreme-pressure properties of oil samples under point-to-point mode. The
test balls were Grade 2 standard balls (AISI-52100) produced by Falex, with a diameter of
12.7 mm, material GCr15, and hardness of 59-61 HRC. The extreme-pressure performance
of the oil samples was evaluated in accordance with GB/T 3142—2019 [30], which is
technically comparable to ASTM D2783 [31] in terms of test principles and evaluation
criteria. The maximum load without seizure (Pp) was measured at a rotational speed of
1450 r/min, a test temperature of 25 °C = 5 °C, and a test duration of 10 s. Anti-wear
performance was evaluated according to standard method NB/SH/T 0189—2017 [32] at
75 °C, with load levels of 196 N, 294 N, and 392 N, rotational speed of 1200 r/min, the
experiment being repeated twice, and duration of 60 min.

Per Aachard’s wear law [33], the wear rate is calculated as follows:

14

K=_—
FL

1)
where V denotes the wear volume (um?), F represents the normal load (N), and L indicates
the sliding distance (mm). This equation facilitates the comparison of wear rates among
samples under specific experimental conditions, thereby aiding in the evaluation of the
anti-wear properties of various additives.

To evaluate the tribological properties of the synthesized compounds over a wide
temperature range, linear reciprocating friction and wear tests were conducted using a
multifunctional tribometer (Bruker UMT-Tribolab). The experimental parameters were
optimized based on the ASTM G133 [34] standard and the practical service conditions of
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the compounds. During testing, an 8 mm diameter AISI-52100 steel ball was subjected to
a 5 N (initial contact pressure 900 MPa) normal load and reciprocated at a frequency of
1 Hz with a 10 mm stroke on an AISI-52100 steel base plate. Experiments were conducted
under variable temperature conditions at 25 °C, 75 °C, 100 °C, and 150 °C. Prior to testing,
both the substrate and steel balls underwent ultrasonic cleaning with petroleum ether and
ethanol to remove surface impurities. To ensure the reliability of the average coefficient of
friction, at least two replicate tests were conducted at each test temperature.

The surface morphology of the steel balls was characterized using optical microscopy,
a non-contact optical 3D surface profiler (ContourGT-K, Bruker, Ettlingen, Germany), and
scanning electron microscopy (SEM; ZEISS GeminiSEM 300, Oberkochen, Germany). Fur-
thermore, the elemental composition and chemical properties of the friction surfaces were
analyzed by the EDS surface energy spectrum, Raman spectroscopy (Horiba LabRAM
HR Evolution, Kyoto, Japan), X-ray photoelectron spectroscopy (XPS; Thermo Scien-
tific K-Alpha, Waltham, MA, USA), and time-of-flight secondary-ion mass spectrometry
(ToF-SIMS). All the data plotting in the text was done using the software Origin 2025b.

3. Results
3.1. Structural Characterization of Multifunctional Nitrogen-Containing Heterocyclic Alkyl Thioamides

Figure 1 displays the FT-IR spectra of the three synthetic products Py-2-DBDTC,
PDM-DBDTC, and BZT-DBDTC. Table 1 lists the infrared absorption peak information
corresponding to each functional group in the three compounds. In Figure 1a, the peaks
near 2952.39 cm ! and 2882.75 cm~! correspond to the C-H stretching vibrations of the
~CHj; and —~CHj groups, respectively. The absorption peak near 1568.73 cm~! corresponds
to the stretching vibration of C=C or C=N bonds, indicating the presence of the central
pyridine aromatic ring. The absorption peaks at 1460.12 cm ! and 1390.33 cm ™! repre-
sent the bending vibrations of the -CH, and -CHj3 groups, respectively; the absorption
peak near 1234.50 cm ! corresponds to the C-N stretching vibration of the tertiary amino
group; the peak near 1198.08 cm ! represents C-S stretching vibrations; and peaks near
874.26 cm~! and 730.09 cm ! correspond to out-of-plane bending vibrations of C-H
bonds within the pyridine ring. This supports the 1,2,6-trisubstituted structure of the
pyridine ring and confirms the successful synthesis of Py-2-DBDTC. Comparing the molec-
ular structures of Py-2-DBDTC and PDM-DBDTC reveals identical functional groups.
Figure 1b and Table 1 confirm the successful synthesis of PDM-DBDTC.
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Figure 1. The FT-IR spectra of (a) Py-2-DBDTC, (b) PDM-DBDTC, and (c) BZT-DBDTC.
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Table 1. Infrared data for Py-2-DBDTC, PDM-DBDTC, and BZT-DBDTC and their corresponding
functional groups.

Functional Py-Z-D_BDTC PDM-D_BDTC BZT—D]EDTC
(cm™1) (cm~1) (cm—1)
-CHj3;, -CH, 2952.39, 2882.75 2968.09, 2898.53 2952.39, 2882.75
C=C,C=N 1568.73 1588.27 1436.26
-CH,, -CHj; 1460.12, 1390.33 1454.68, 1408.68 1436.26, 1394.09
C-N 1234.50 1248.09 1200.96
C-S 1198.08 1054.16 1048.04
aromatic ring (-CH) 874.26, 730.09 886.79, 744.53 878.11, 740.62

I and

In the infrared spectrum of Figure lc, absorption peaks near 2940.97 cm™
2881.01 cm ™! correspond to the C-H stretching vibrations of the -CHj; and -CH, groups,
respectively; the absorption peak near 1464.80 cm ! corresponds to the stretching vibra-
tion of C=C or C=N bonds; peaks near 1436.26 cm~! and 1394.09 cm~! correspond to
the bending vibrations of -CH, and -CHj3 groups; the absorption peak at 1200.96 cm ™!
represents the C-N stretching vibration of the tertiary amino group; the absorption peak
near 1048.04 cm ™! corresponds to C-S stretching vibrations; and peaks near 878.11 cm ™!
and 740.62 cm ™! are attributed to out-of-plane C-H bending vibrations of the aromatic
ring, confirming the ortho-substituted structure of the benzothiazole ring. In summary,

BZT-DBDTC has also been successfully synthesized.

3.2. Thermal Stability and Oxidation Stability Performance

Under complex and variable friction conditions, ensuring the sustained efficacy of
multifunctional lubricant additives is paramount to the additives themselves. Among these,
TGA thermal decomposition testing and PDSC initial oxidation temperature testing provide
straightforward and intuitive evaluations of an additive’s thermal decomposition stability
and thermal oxidation stability. As illustrated in Figure 2a, the initial decomposition
temperatures of all three additives exceeded 200 °C. Additive PDM-DBDTC demonstrated
the most outstanding performance with an initial decomposition temperature of 283.42 °C.
BZT-DBDTC followed with an initial decomposition temperature of 260.10 °C. Py-2-DBDTC
exhibited the lowest initial decomposition temperature among the three additives.

The antioxidant performance of the three additives was evaluated by measuring their
initial oxidation temperature using pressurized differential scanning calorimetry (PDSC)
at different concentrations. As shown in Figure 2b, the initial oxidation temperature of all
three additives continued to rise with increasing concentration and reached its respective
maximum at an additive concentration of 3.0 wt.%. Specifically, the oil samples containing
PDM-DBDTC and BZT-DBDTC achieved initial oxidation temperatures of 214.19 °C and
214.69 °C, respectively, representing an increase of approximately 16.9 °C compared to the
base oil. In contrast, the oil sample with 3.0 wt.% Py-2-DBDTC exhibited an initial oxidation
temperature of 206.33 °C, indicating significantly lower oxidation stability than the former
two additives. In summary, the antioxidant performance of the oil samples showed a
positive correlation with additive concentration. Organic sulfur compounds, as typical
secondary antioxidants, exert their antioxidative effect by decomposing peroxides via
sulfur-containing functional groups [35,36]. Consequently, a higher additive concentration
corresponds to a greater number of sulfur-containing functional groups, leading to more
rapid decomposition of peroxides and thereby enhancing antioxidant performance.
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Figure 2. (a) TGA curves of Py-2-DBDTC, PDM-DBDTC, and BZT-DBDTC; (b) initial oxidation
temperature of oils with different concentrations.

3.3. Analysis of Tribological Properties
3.3.1. Frictional Behavior Under Point-to-Point Rotational Friction Conditions

The anti-wear performance of additives was evaluated using a four-ball friction and
wear tester under a point-to-point rotational friction mode, with experimental results shown
in Figure 3a. It can be observed that under pure base oil conditions, the wear scar diameter
measured 0.808 mm. In contrast, the wear scar diameters for lubricants with additives
at every concentration were smaller than that of the base oil. As additive concentration
increased, the wear scar diameters of the three oil samples exhibited a trend of initially
decreasing before subsequently increasing. At an additive concentration of 0.1 wt.%, all
oil samples achieved their minimum wear scar diameters. The oil sample containing
PDM-DBDTC exhibited a wear scar diameter of 0.406 mm, representing a 49.75% reduction
compared to the base oil and demonstrating marginally superior anti-wear performance
compared to Py-2-DBDTC (0.443 mm) and BZT-DBDTC (0.440 mm) oils. Further increasing
the additive concentration caused a gradual increase in the wear scar diameters, reaching
their maximum values at a concentration of 2.0 wt.%. Based on these results, it can be
inferred that at the optimal concentration, the additive molecules decompose during
the friction process, and the S-S bonds in their structure break and undergo chemical
reactions with the metal to form a protective tribochemical film, thereby exerting an anti-
wear effect [37]. However, a further increase in additive concentration leads to amplified
corrosive effects from the active sulfur elements in the molecular structure, which can
cause corrosion or embrittlement of the metal surface [38]. Consequently, the anti-wear
performance is overshadowed by this corrosive inhibition, resulting in an increase in the
wear scar diameter. As shown in Figure S3, the synthesized compounds and the commercial
additive exhibit comparable levels of corrosion on copper strips. When the concentration
is below 0.5 wt.%, all samples cause relatively mild corrosion to the copper strips. As the
concentration increases further, their corrosive behavior changes significantly. When the
concentration reaches 2.0 wt.%, the corrosion level caused by each type of additive on the
copper strips reaches the highest grade.
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Figure 3. Tribological performance of Py-2-DBDTC, PDM-DBDTC, and BZT-DBDTC at different
concentrations: (a) average wear spot diameter; (b) average coefficient of friction; (c) load-carrying
capacity (Pp value).

In the point-to-point rotational friction mode, the influence of additive concentration
on friction-reducing performance is illustrated in Figure 3b. At a 0.1 wt.% additive con-
centration, no significant friction-reducing effect was observed compared to the base oil.
At a concentration of 0.3 wt.%, the friction coefficients of all three additive-containing oil
samples exhibited a significant reduction compared to the base oil. Furthermore, each
additive achieved its optimal anti-friction effect at a concentration of 1.0 wt.%. Beyond
this concentration, the friction coefficient showed no noticeable change, indicating that the
anti-friction effect stabilized. Regarding the above phenomenon, it may be attributed to the
fact that at relatively low additive concentrations, the adsorption of additive molecules on
the substrate surface involves competitive interactions, preventing stable adsorption and
thus resulting in an inhibition of friction reduction for the oil samples at this concentration.
As the concentration gradually increases, the additives can adsorb stably at the friction in-
terface and undergo tribochemical reactions with the substrate to form a tribofilm, allowing
the friction-reducing effects of the additives to become significantly pronounced.

The extreme-pressure properties of additives serve as a key factor in the load-carrying
capacity of lubricants during friction processes, effectively preventing adhesion and wear
between metal components under severe extreme-pressure conditions. To further investi-
gate the influence of additive concentration on extreme-pressure performance, a four-ball
test machine was employed. As shown in Figure 3c, all three additives significantly en-
hanced the extreme-pressure performance of the base oil across all concentrations tested.
Extreme-pressure performance exhibits a close and positive correlation with additive con-
centration. When the concentration of all three additives reached a maximum of 2.0 wt.%,
each oil sample attained its maximum no-seizing load (PB). Notably, the Py value of the oil
sample containing BZT-DBDTC reached 921.2 N, representing a 147.37% improvement over
the base 0il’s extreme-pressure performance, while the PB values for the PDM-DBDTC-
and Py-2-DBDTC-containing oils reached 862.4 N and 803.6 N, respectively. All three
additives demonstrated outstanding extreme-pressure performance. Notably, unlike the
anti-wear behavior patterns of the additives, extreme-pressure performance consistently
exhibited linear growth with increasing concentration. This is primarily related to the
strength of the C-S bond within the additive structure and the sulfur content [39,40]. As
the load continues to increase, the C-S bonds within the molecular structure begin to
break, forming a solid sulfide iron film. A higher additive content further facilitates this
process, inhibiting metal adhesion and seizure, thereby effectively utilizing the additive’s
extreme-pressure properties [41].
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Subsequently, a typical commercial ashless additive, dibutyl dithiocarbamate
(DBDTC), was selected for comparative evaluation of anti-wear, friction-reducing, and
extreme-pressure performance under identical conditions with the synthesized compounds.
The results are presented in Figure S4. It can be observed that the wear scar diameters of the
three synthesized compounds reach their minimum values at a concentration of 0.1 wt.%,
with their optimal wear scar diameters being smaller than that of the commercial addi-
tive at 0.5 wt.%. Comparative data on friction coefficients reveal that, at 0.3 wt.%, the
three synthesized compounds exhibit a significant reduction in friction coefficient com-
pared to the base oil, whereas the commercial additive demonstrates friction-reducing
performance only when its concentration is increased to 1.0 wt.%. Extreme-pressure test
data indicate that the extreme-pressure performance of both the synthesized compounds
and the commercial additive improves with increasing concentration, with all four additives
exhibiting similar extreme-pressure properties.

3.3.2. Frictional Behavior Under Ball-on-Flat Reciprocating Sliding Conditions

To comprehensively investigate the tribological properties of multifunctional additives
under varying operating conditions, reciprocating friction tests were conducted on each
additive using a UMT friction tester. Optimal concentration screening was performed at
75 °C, as illustrated in Figure 4. Overall, all three additives demonstrated significantly
reduced friction compared to the base oil in reciprocating mode, exhibiting a close correla-
tion with concentration. At 0.1 wt.%, the friction curves of the three additive-containing
oil samples did not flatten, with only a modest decrease in the coefficient of friction. How-
ever, when the concentration was increased to 0.3 wt.%, the anti-friction effects of all
three additives became markedly pronounced, with friction curves flattening and friction
coefficients decreasing substantially. Among these, the PDM-DBDTC and Py-2-DBDTC
oil samples achieved optimal anti-friction performance, exhibiting average friction coef-
ficient reductions of 45.54% and 43.60%, respectively, compared to the base oil. Beyond
0.3 wt.%, both samples showed a slight increase in friction coefficient. The average friction
coefficient of the BZT-DBDTC oil sample, however, decreased continuously with increasing
concentration, achieving optimal anti-friction performance at 2.0 wt.%. The average friction
coefficient was reduced by approximately 46.10% compared to the base oil.

Figure 4e,f present optical characterization of wear patterns on friction pairs using the
base oil sample and various oil samples at 0.3 wt.% concentration. The base oil exhibited
severe grooves and severe wear scarring. In contrast, the surfaces of wear scars from
friction involving the three additive-containing oil samples appeared smooth and flat, with
no discernible grooves. This demonstrates that all three additives deliver equally excellent
wear resistance performance under reciprocating mode.

3.3.3. The Effect of Temperature on Tribological Properties

To address complex and variable friction conditions, tribological testing was con-
ducted on three oil samples containing 0.3 wt.% additives across a broad temperature range
of 25-150 °C, investigating the influence of temperature on the additives’ friction-reducing
properties. As shown in Figure 5a, all three additives exhibited superior anti-friction per-
formance below 75 °C, with friction coefficients significantly lower than the base oil. This
indicates that during the friction process conditions, the additives facilitate the formation
of physically adsorbed films and friction chemical reaction films, thereby delivering anti-
friction effects. Above 100 °C, both the anti-friction performance and repeatability of the
base oil deteriorated markedly. The friction coefficients of all additives generally increased
but remained significantly lower than the base o0il, maintaining superior anti-friction
performance. As shown in Figure 5a, the average friction coefficients of Py-2-DBDTC,
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(a)

PDM-DBDTC, and BZT-DBDTC oil samples at 150 °C decreased by 39.19%, 51.59%,
and 54.13%, respectively. Notably, the friction-reducing effects of PDM-DBDTC and
BZT-DBDTC o0il samples showed no discernible difference above 100 °C, with their
friction curves remaining nearly identical. Conversely, the friction-reducing efficacy of
Py-2-DBDTC oil samples markedly diminished, with its friction curve distinctly higher
than the other two. By comparing the molecular structures of Py-2-DBDTC and
PDM-DBDTC, it can be observed that PDM-DBDTC contains a significantly greater number
of dithiocarbamate groups, the key functional groups responsible for tribological perfor-
mance, than Py-2-DBDTC. This structural difference facilitates a more effective formation
of tribochemical films in PDM-DBDTC. Similarly, comparing the molecular structures of
BZT-DBDTC and Py-2-DBDTC reveals that the benzothiazole ring in BZT-DBDTC exhibits
stronger adsorption capability, which accelerates the participation of additive molecules in
the formation of chemical reaction films during the friction process. It is hypothesized that
these factors contribute to the superior friction-reducing performance of PDM-DBDTC and
BZT-DBDTC compared to Py-2-DBDTC.

(b)
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Figure 4. Friction coefficient of (a) Py-2-DBDTC, (b) PDM-DBDTC, and (c) BZT-DBDTC at different
concentrations at 75 °C; (d) average coefficient of friction for Py-2-DBDTC, PDM-DBDTC, and
BZT-DBDTC at various concentrations; (e-h) Wear scar morphologies of steel balls sequentially
lubricated with PAO4, 0.3 wt.% Py-2-DBDTC, 0.3 wt.% PDM-DBDTC and 0.3 wt.% BZT-DBDTC.
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Figure 5. (a) Average coefficient of friction at 25-150 °C; (b) friction curves of PAO4, 0.3 wt.%
Py-2-DBDTC, 0.3 wt.% PDM-DBDTC, and 0.3 wt.% BZT-DBDTC at 150 °C.

3.4. Analysis of Worn Surfaces
3.4.1. Characterization of Abrasion Scratch Morphology

To further validate the lubrication performance and mechanisms of the three
additives—Py-2-DBDTC, PDM-DBDTC, and BZT-DBDTC—the surface morphology of
the wear scars on steel balls after prolonged four-ball tests was analyzed using white
light interferometry and scanning electron microscopy (SEM). The analysis was con-
ducted on the base oil and the three oil samples containing 0.3 wt.% additive, as shown
in Figure 6 and Table 2. Results indicate that under base oil lubrication conditions,
the wear scar depth reached 29.16 pm with a width of 0.89 mm, exhibiting the high-
est wear rate (Kyw: 1.538 x 107> um3/(N-mm)). Images reveal severe grooving in the
base oil wear scar, exhibiting an extremely rough morphology with a limited lubricat-
ing effect, failing to effectively reduce surface wear. In contrast, the wear rates on the
steel ball surface were significantly reduced after lubrication with the three additive-
containing oil samples. Following lubrication with PDM-DBDTC, the wear scar depth
reached 7.19 um and width 0.49 mm, with the lowest wear rate among the three additives
(Kw: 4.827 x 10~ um3/(N-mm)). Py-2-DBDTC and BZT-DBDTC also demonstrated ex-
cellent lubricating properties, reducing wear rates by 62.10% and 58.34%, respectively,
compared to the base oil. Electron microscope images reveal that the abrasion marks
lubricated by all three additives exhibit no pronounced grooves, with relatively smooth
surfaces. This indicates that the additives effectively reduce wear while improving surface
smoothness, thereby delivering anti-wear and friction-reducing lubrication effects.

Table 2. Steel ball wear rates from four-ball tests of PAO4, 0.3 wt.% Py-2-DBDTC, 0.3 wt.%
PDM-DBDTC, and 0.3 wt.% BZT-DBDTC.

Samples v F L Kw
P (um3) (N) (mm) (um3/(N-mm))
PAO4 4.589 196 325,058 1.538 x 10>
0.3 wt.% Py-2-DBDTC 1.895 196 325,058 5.829 x 10~
0.3 wt.%PDM-DBDTC 1.569 196 325,058 4.827 x 107
0.3 wt.% BZT-DBDTC 2.083 196 325,058 6.408 x 107°
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(C4) (d4)

Figure 6. Surface wear and morphology of steel balls after the four-ball friction tests: (aj—ag) PAO4;
(b1—ba) 0.3 wt.% Py-2-DBDTC; (c1—¢c4) 0.3 wt.% PDM-DBDTC; (d1—d4) 0.3 wt.% BZT-DBDTC.

3.4.2. Elemental Analysis of the Worn Steel Ball Surface

Energy-Dispersive Spectroscopy (EDS) analysis was performed to characterize the
distribution of C, O, S, Fe, and N elements on the worn surfaces. As shown in Figure 7, no
significant nitrogen deposition was detected on the surfaces lubricated with the three oil
samples containing 0.3 wt.% additives, which may be attributed to the low sensitivity of
EDS. Significant carbon enrichment was observed on wear scars from both the base oil and
additive-containing oils, indicating the formation of carbon-based protective films during
friction that reduce direct metal contact and lower friction and wear. The observed oxygen
enrichment is hypothesized to result from reactions between freshly exposed metal surfaces
and atmospheric oxygen, forming iron oxides. Additionally, significant sulfur enrichment
was detected at wear scar sites lubricated with additive-containing oils, suggesting that the
additives undergo tribochemical reactions with the metal surface to form a protective film.
This tribochemical film effectively isolates friction pairs, reduces the friction coefficient,
and significantly enhances anti-wear performance.

https://doi.org/10.3390/lubricants14010035


https://doi.org/10.3390/lubricants14010035

Lubricants 2026, 14, 35 14 of 20

Fe

Esﬂpr-r'
e
© 100 _
s c
1.0 4 2 Hs
o
e\‘?0.8- -Fe
95 = £ =+ 0.27 0‘24“ - S
0.2 4 0.16
0 91.51
0.0
90 ~ 89.39 vAO“Pom.oaﬂgg_i.oavé%_gaom I
RS
'i;_; ~ 14.54 84.35 1.6 8727
10 9.59
7.66
54
0-

PAO4 PDM-DBDTC Py-2-DBDTC BZT-DBDTC

Figure 7. EDS mapping of steel wear scars after the four-ball friction tests: (a) PAO4, (b) 0.3 wt.%
Py-2-DBDTC, (c) 0.3 wt.% PDM-DBDTC, (d) 0.3 wt.% BZT-DBDTC. (e) EDS elemental composition
analysis of friction surfaces.

3.4.3. Surface Scratch Raman and XPS Analysis

Raman spectroscopy analysis of the worn surface was conducted to examine the com-
position of the protective layer formed on the metal surface, as shown in Figure 8a. Within
the spectrum, peaks near 366 cm ™! and 668 cm ™! correspond to characteristic features of
Fe;O3 and Fe30y, respectively [42]. The D peak near 1396 cm ™! reflects disordered carbon
structures within carbon-based materials, while the G peak at 1574 cm ™! originates from
in-plane vibrations of sp?-hybridized carbon atoms [9,10]. The presence of both D and G
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peaks indicates the existence of carbon-based materials on the metal surface. The peak near
2910 cm ! represents —CHx (x = 1/2/3) groups within alkyl chains [43]. Comparing the
Raman spectra of the base oil and additive in Figure 8a reveals an extremely weak signal
for the iron oxide peak in the base oil. Combined with the three-dimensional morphology
of the abrasion surface, this indicates severe plastic deformation of the base oil-lubricated
surface during friction, suggesting possible delamination and peeling of the friction oxide
layer. In contrast, the surface micro-scratch morphology lubricated by the three oil samples
containing 0.3 wt.% additives showed no severe plastic deformation, with a relatively
strong Fe,O3 peak signal. This indicates that the metal surface lubricated by additives can
retain the friction oxide layer. Moreover, the simultaneous appearance of the D and G peaks
in the Raman spectra effectively characterizes the structural features of the carbon film [39],
indicating that the carbon film formed at the friction interface primarily consists of disor-
dered carbon materials derived from sp?-hybridized carbon structures [36,40]. Based on
the comprehensive Raman data, it can be concluded that the wear scar surfaces lubricated
by both the pure base oil and the additive-containing oil samples are mainly composed of
amorphous carbon films and iron oxides.

To further investigate the lubrication mechanism, XPS characterization analysis
was performed on the metal surface after friction, as shown in Figures 8 and S5.
Figure 8b displays the Cls spectrum data of the friction surface. The peak at 284.8 eV
corresponds to C-C/C-H bonds, while the peak near 287.6 eV corresponds to C-O or C-N
bonds [44]. Figure 8c presents the Fe2p spectrum data. Peaks at 710.5 eV and 724.0 eV
indicate the formation of Fe,O3, Fe304, and Fe(OOH) on the abraded surface. In the
Ols spectrum, combined with the 710.5 eV peak in the Fe2p spectrum, the peak near
529.9 eV corresponds to iron oxides, while the peak at 531.7 eV corresponds to C-O
bonds [45]. Figure 8e shows the N1s spectrum, revealing a C-N bond peak at 399.6 eV [46].
Figure 8f presents the S2p XPS spectrum, where the peak at 168.1 eV corresponds to SO42~,
while those near 163.1 eV and 162.0 eV correspond to S2- [26]. Based on the combined
results, it can be concluded that a thin film containing C, N, and O is formed on the friction
surface. Furthermore, it can be inferred that the additive molecules preferentially adsorb
onto the steel surface during the lubrication process. Subsequently, under friction, the addi-
tives decompose, and the active S elements—which play a key functional role—undergo
chemical reactions with the metal surface. This leads to the formation of a lubricating film in
the friction zone, composed of sulfides, inorganic sulfates, oxides, and related compounds.

3.4.4. Time-of-Flight Secondary-Ion Mass Spectrometry (ToF-SIMS) Analysis

To verify the above hypothesis, ToF-SIMS analysis was performed on the friction
interfaces lubricated by the three types of oil samples containing 0.3 wt.% additives. The
results are presented in Figure 9. The data reveal a series of hydrocarbon ion fragments,
such as C;H3*, C;Hs*, and CsHy ™, indicating the decomposition of hydrocarbon base oil
into chain-scission molecules during friction. Simultaneously, the worn surfaces exhibit
a substantial number of nitrogen- and sulfur-containing ion fragments, including NH,*,
CN™, SO5;7, and SO4~, along with the presence of FeOH*. These findings confirm that
the active nitrogen (N) and sulfur (S) elements from the additive molecules participate in
the formation of the surface tribofilm. Overall, the results demonstrate that the additive
molecules effectively adsorb onto the metal surface. During high-speed and high-load
friction, the dialkyl dithiocarbamate or benzothiazole groups in the additive molecules
undergo cleavage of S-S or C-S bonds. The resulting active sulfur atoms then chemically
react with the metal surface to form a protective film composed of sulfides, inorganic
sulfates, oxides, and related compounds. It is the presence of this protective film that
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prevents direct contact between the friction pairs, thereby significantly reducing friction
and wear through enhanced tribological performance.
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Figure 8. (a) Raman spectra of wear surface lubricated by PAO4, 0.3 wt.% Py-2-DBDTC, 0.3 wt.%
PDM-DBDTC, and 0.3 wt.% BZT-DBDTC; comparison of XPS spectra of worn surfaces after lubrica-
tion with PAO4, 0.3 wt.% Py-2-DBDTC, 0.3 wt.% PDM-DBDTC, and 0.3 wt.% BZT-DBDTC: (b) Cl1s,
(c) Fe2p, (d) O1s, (e) N1s, and (f) S2p.

3.5. Speculation on the Mechanism of Lubrication

Based on the aforementioned experiments and characterization of the worn surfaces,
it can be hypothesized that the lubrication mechanism of nitrogen-containing heterocyclic
alkyl dithiocarbamate derivatives is as illustrated in Figure 10. Firstly, the presence of
nitrogen-containing heterocycles within the additive molecular structure increases adsorp-
tion sites, promoting the formation of coordination bonds between additive molecules and
the metal surface, thereby accelerating the formation of the physical adsorption layer. As
the friction process progresses, the adsorption layer may undergo desorption and decom-
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position due to the harsh friction environment characterized by high temperatures and
pressures. Consequently, the S-S and C-S bonds within the additive molecules break. The
resulting active sulfur atoms then undergo tribochemical reactions with the metal substrate,
forming a friction film composed of sulfide compounds and inorganic sulfates. This syner-
gistic interaction between the adsorbed layer and the chemically reacted film enables the
additive to sustain superior tribological performance during the friction process.
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Figure 9. ToF-SIMS data of the wear surfaces lubricated by (a) 0.3 wt.% Py-2-DBDTC, (b) 0.3 wt.%
PDM-DBDTC, and (c) 0.3 wt.% BZT-DBDTC.
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Figure 10. Friction mechanism diagram.

4. Conclusions

We have synthesized three novel nitrogen-containing heterocyclic alkyl dithiocarba-
mate derivatives as ashless, phosphorus-free multifunctional lubricant additives. This
study also examined the tribological properties of the additives under various operat-
ing conditions and investigated the influence of structure on the molecular tribological
performance of the additives. The principal conclusions are as follows:

Three nitrogen-containing heterocyclic dialkyl dithiocarbamate derivatives were syn-
thesized via a simple and efficient method, with their structures confirmed by NMR, IR,
and MS characterization techniques.
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Thermogravimetric analysis indicated that the synthesized additives exhibited excel-
lent thermal stability, with thermal decomposition temperatures exceeding 230 °C. Initial
oxidation temperature tests demonstrated that the synthetic additives can improve the
oxidation stability of the base oil.

Tribological test results showed that these three additive molecules not only pos-
sess outstanding extreme-pressure properties but also exhibit remarkable anti-wear and
friction-reducing effects under point-to-point friction conditions. Under the ball-on-
flat reciprocating sliding mode, all three additives exhibited relatively superior friction-
reducing properties. With increasing temperature, the friction-reducing performance of
PDM-DBDTC and BZT-DBDTC remained stable, with the wear scar diameter at 150 °C
reduced by 51.59% and 54.12%, respectively, versus the neat base oil.

Analysis of the friction surface reveals that the strategic incorporation of polar func-
tional groups enhances the adhesion of additive molecules on the metal surface and
accelerates the efficiency of chemical film formation during friction. The active sulfur
elements within the additive molecules undergo tribochemical reactions with the metal
surface, forming a chemical reaction film composed of sulfides, inorganic sulfates, ox-
ides, and related compounds. This film effectively prevents direct contact between the
friction pairs.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/lubricants14010035/s1. Figure S1. 'H NMR spectra of
(al) Py-2- DBDTC, (b1) PDM-DBDTC, and (c1) BZT-DBDTC; '3C NMR spectra of (a2) Py-2- DBDTC,
(b2) PDM-DBDTC, and (c2) BZT-DBDTC. Figure S2. MS spectra of (a) Py-2- DBDTC, (b) PDM-DBDTC,
and (c) BZT-DBDTC. Result of copper corrosion: Figure S3. (a)-(e): From left to right are commercial
additive DBDTC, PDM-DBDTC, Py-2-DBDTC, and BZT-DBDTC. Figure S4. Different mass fractions
of (a) the average wear spot diameter of Py-2- DBDTC, PDM-DBDTC, BZT-DBDTC and DBDTC;
(b) the average coefficient of friction of Py-2-DBDTC, PDM-DBDTC, BZT-DBDTC and DBDTC;
(c): the PB of PDM-DBDTC, Py-2-DBDTC, BZT-DBDTC and DBDTC. Figure S5. XPS survey spectrum.
Table S1. Summary of copper strip corrosion ratings.
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