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A B S T R A C T

Diamond-like carbon (DLC) coatings combined with functionalized copolymers are promising environmentally 
friendly lubrication systems and alternatives to metal containing additives. This study examines silicon-doped 
DLC (Si-DLC) lubricated with block copolymers bearing amine (DMAEMA) or hydroxyl (HEMA) groups. Fric
tion and wear tests over 20–80 ◦C and under different loads show that both copolymers provide lower friction 
relative to nonfunctionalized PLMA, but only DMAEMA sustains low friction and low wear under 100 N 
boundary lubrication.

To clarify the mechanism, a distribution-based ab initio adsorption analysis was carried out on an amorphous 
Si-DLC model using a screening procedure across multiple surface sites and molecular orientations. The 
adsorption energy distributions show that DMAEMA frequently forms stable N–Si bonds (often ≤ − 2.0 eV) and 
dual N–Si + O–Si bonds (about − 2.4 eV), whereas HEMA centers near − 1.5 eV for OH–Si bonds, with weaker 
dual OH–Si + O–Si bonding (about − 2.0 eV). This separation of adsorption energy distributions accounts for the 
divergence in high load behavior.

Together, experiments and modeling underline the role of functional group chemistry in determining tribo
logical performances on Si-DLC, and adsorption energy distributions, and guide additive selection for Si DLC in 
electric and hybrid drivetrains.

1. Introduction

Lubrication technology is rapidly evolving to meet the demands of 
higher fuel efficiency and the increasing adoption of electrified power
trains. Frictional losses still account for a significant portion of energy 
dissipation in vehicles, and in electric and hybrid vehicles, the operating 
environment differs from that of conventional engines [1,2]. Lower 
bulk-oil temperatures, more frequent start-stop cycles, and exposure to 
electrical currents require lubricants that are effective across a broad 
temperature range and under different mechanical and chemical con
ditions [3,4]. Lubricant additives are also at a pivotal stage of 

transformation, as the demand for environmentally benign and high- 
performance solutions continues to rise in parallel with shifts in en
gine technology and vehicle electrification. Zinc dialkyldithiophosphate 
(ZnDDP) has been a widely used anti-wear additive due to its ability to 
form protective films even under high-pressure conditions [5,6]. How
ever, concerns about the sulfur and phosphorus content in ZnDDP, 
which can damage aftertreatment devices such as catalytic converters, 
have led to stricter regulations [7,8]. These environmental and regula
tory challenges have accelerated the search for alternative additives that 
do not contain metals or ash-forming elements [9–11].

One promising alternative involves the use of functionalized block 
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copolymers. These polymers contain nonpolar backbones for oil solu
bility and polar functional groups that can interact with surfaces. Early 
work demonstrated that methacrylate-based copolymers with carbox
ylic or amino groups can adsorb onto metallic surfaces and reduce 
friction under boundary conditions [12–14]. More recently, Kossoko e
t al. showed that a diblock PIB‑PEG friction modifier (PFM) can achieve 
μ ≈ 0.035 at 100 ◦C by forming a chemisorbed polymer film on steel 
[15], while Gmür et al. used a nitrocatechol‑grafted poly(lauryl meth
acrylate) brush to obtain 0.05 friction with only 0.5 wt% additive and 
confirmed nanometer‑thick brush layers by QCM‑D [16]. These results 
suggest that the surface interaction properties of the functional groups 
are more critical than the polymer backbone itself. However, such 
findings have been primarily demonstrated on conventional substrates 
such as steel, and comparative studies employing different functional 
groups on alternative tribological surfaces remain scarce.

In parallel, diamond-like carbon (DLC) coatings have been widely 
adopted in the automotive industry for their high hardness, excellent 
wear-resistance, chemical inertness and low friction [17–21]. The 
inherently low surface reactivity of DLC with conventional oils and 
additives, once considered a major limitation for achieving boundary 
lubrication in liquid lubrication systems [18,22], has been successfully 
addressed through elemental doping. As a result, a wide range of doped 
DLC coatings incorporating elements such as silicon has been developed 
to enhance interfacial interactions and tribochemical activity [23–26]. 
Omiya et al. demonstrated that combining silicon doped DLC (Si-DLC) 
with an amine‑bearing block copolymer (PLMA‑b-PDMAEMA) yields 
synergistic friction and wear reductions via the formation of strong N–Si 
interfacial bonds [27–29]. Nevertheless, it remains an open question 
whether other functional groups such as hydroxyl groups, which have 
been previously reported to reduce friction on steel [12,30,31], can offer 
comparable tribological benefits on Si-DLC surfaces, and whether their 
effectiveness is significantly influenced by operating temperature.

This study presents a comparative analysis of amine-functionalized 
(DMAEMA) and hydroxyl-functionalized (HEMA) block copolymers 
applied to an identical Si-DLC substrate over a broad temperature range 
(20–80 ◦C) and varying load conditions. A combined approach involving 
macro-scale tribometry and ab initio density functional theory is 
employed to elucidate the influence of anchor-group chemistry on 
adsorption energy and tribofilm stability. Temperature-dependent ag
gregation behavior, assessed by dynamic light scattering, is correlated 
with frictional performance to identify the operating regimes in which 
metal-free polymer/Si-DLC systems can fulfill the demanding low- 
temperature and high-load requirements of electric and hybrid vehicle 
drivetrains.

2. Materials and Methods

2.1. Coatings

The DLC coatings were deposited on M2 steel disks (50 mm diameter, 
801 Vickers hardness), referring to previous studies [24]. The steel 
samples, polished to a surface roughness (Ra) of ~ 1 µm, underwent 
deposition in a Teer Coatings unbalanced magnetron sputtering system. 
This system employed four targets: pure chromium, pure graphite (two 
targets), and pure silicon. A 300 nm chromium interlayer was deposited 
first to enhance adhesion. The Si-DLC coating was approximately 1 µm 
thick. The coating composition was evaluated using SEM with EDS, and 
hardness and Young’s modulus were measured using a Micromaterials 
Nanotest platform with a Berkovich indenter, applying a maximum load 
of 10 mN. Surface morphology was analyzed by AFM (Innova Veeco) in 
tapping modes with specific scan settings. The Si-DLC studied in this 
work contains 14.4 at.% Si and shows an average surface roughness (Ra) 
of 5.2 ± 0.2  nm. Its measured hardness reaches 19.4 ± 0.6 GPa, while 
the Young’s modulus is 204 ± 4 GPa. The nanoindentation tests were 
carried out with a maximum load of 3 mN, and the resulting indentation 
depth did not exceed 10 % of the Si-DLC coating thickness (~1 µm). This 

ensured that the measured hardness and Young’s modulus values reflect 
the intrinsic properties of the coating, minimizing the influence of the 
substrate. Further experimental details regarding the nanoindentation 
protocol can be found in our previous work [24,27]. XPS characteriza
tions of samples prepared according to the same protocol were per
formed in our previous work [27,28], and indicate that the Si-DLC 
substrate is covered by a uniform Si-O-C mixed oxide layer with a 
thickness of about 1 nm. Previous Raman spectroscopy measurements 
on samples with the same Si concentration have shown that the for
mation of sp3 bonds is promoted by the presence of Si, with an estimated 
sp3 content of 56 % [27,28].

2.2. Lubricants

Copolymers of lauryl methacrylate (LMA) with 2-dimethylami
noethyl methacrylate (DMAEMA) (PLMA-b-PDMAEMA), as well as 
LMA with 2-hydroxyethyl methacrylate (HEMA) (PLMA-b-PHEMA), 
were synthesized via the Supplemental Activator and Reducing Agent 
Atom Transfer Radical Polymerisation (SARA ATRP) method (Fig. 1) 
[14]. In a typical procedure, copper wire (Cu0, 99.9 %: 1 mm diameter, 
12 cm length) and copper (II) bromide (Acros Organics, 99 %: 0.015 
mmol) were introduced into a Schlenk reactor under a nitrogen atmo
sphere. Separately, a mixture containing ethyl-α-bromophenylacetate 
(Sigma Aldrich, 97 %: 0.203 mmol), LMA, N,N,N’,N’’,N’’-pentam
ethyldiethylenetriamine (Aldrich, 99 %: 0.045 mmol), and anisole 
(Sigma Aldrich, 99.0 %, 7.5 mL) was prepared and deoxygenated by 
purging with nitrogen. The Schlenk reactor was then immersed in a 
preheated oil bath to allow the polymerization of LMA to proceed for 3 
h. For the synthesis of PLMA-b-PDMAEMA, DMAEMA (Acros Organics, 
99 %: 7.81 mmol) was then added and the reaction was continued for 
another hour. To obtain PLMA-b-PHEMA, the same procedure was fol
lowed, except that after three hours of LMA polymerization, HEMA (TCI, 
95 %: 4.93 mmol) was added instead of DMAEMA and stirring was 
continued for only 30 min. Both block copolymers were isolated using 
the same procedure [14] and their composition was determined by 1H 
NMR (Table 1). The NMR chemical shift of the PLMA-b-PHEMA is shown 
in the Supplementary Information. The molecular weights and dis
persity were measured using multi-detector calibration.

The lubricants were prepared from polyalphaolefin 4 (PAO 4) as the 
base lubricant with 8 wt% of the different polymers by mixing 8 g of the 
polymer in 92 g of PAO 4 using an analytical balance.

2.3. Tribological tests

To investigate friction behavior under low-load conditions, initial 
tribological tests were performed using a Rtec MFT-5000 tribometer 
(Rtec Instruments) in a reciprocating ball-on-disk setup. A 3/8-inch SiC 
ball was employed at a load of 3 N, corresponding to a Hertzian contact 
pressure of approximately 1.0 GPa. The stroke length was set to 15 mm, 
and testing was carried out for 20 min at a frequency of 0.2 Hz (sliding 
speed 0.006 m/s). The tribological tests were conducted under boundary 
lubrication conditions, as confirmed by a calculated λ value of 0.03 
based on the Hamrock–Dowson equation [32]. In order to assess the 
polymer’s temperature responsiveness, tests were conducted at 20 ◦C, 
30 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C, with the coefficient of friction recorded 
throughout. The temperature range of 20–80 ◦C was selected based on 
previous studies in which functionalized polymers exhibited significant 
friction-reducing effects around 80 ◦C [14,33]. In addition, this range 
reflects typical lubricant temperature conditions in hybrid and electric 
vehicles, where oil temperatures are generally lower than in conven
tional combustion engines and often remain below 80 ◦C during normal 
operation [3,4,34]. Thus, the selected range allows for the evaluation of 
both low- and high-temperature tribological behavior under conditions 
relevant to practical applications.

Subsequently, to evaluate wear performance under more severe 
(high-load) boundary lubrication conditions, an additional series of 
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wear tests were performed using the same tribometer and SiC ball at 
80 ◦C. In this case, the applied load was increased to 100 N, and the ball 
was reciprocated over a 1 mm stroke at 5 Hz for 20 min. After the tests, 
all samples were cleaned with heptane, and the wear scars were exam
ined by white light interferometry (Rtec Instruments) to quantify wear 
volume. The reported wear rates represent mean values and standard 
deviations based on three repeated tests. By comparing the outcomes 
from these low- and high-load tests, the influence of load on both friction 
and wear performance was systematically assessed.

2.4. First principles calculations

Ab initio density functional theory (DFT) [35] calculations were 
performed to compare the adsorption energy of DMAEMA and HEMA 
functional groups on Si-DLC.

For the molecular adsorption study we employed our program Xsorb 
[36], that allows to screen a large number of initial adsorption config
urations and efficiently identify the most relevant ones by employing a 
two-step optimization process. First, many initial structures are gener
ated by combining translations (adsorption sites) and rotations of the 
molecule. In the pre-optimization step, all these initial structures are 
optimized with large convergence thresholds on energy and forces, in 
order to have an approximate outline of the distribution of adsorption 
energies, then a subset of the initial configurations are fully optimized 
with more stringent convergence thresholds (10-3 Ry/bohr on forces and 
10-4 Ry on energies). In this case, we selected the subset for the full 
optimization by including the lowest energy configurations on a per-site 
basis, i.e. for a given site, we chose a subset of among the molecular 
rotations that resulted in lower energy in the pre-optimization stage.

The structures of the DMAEMA and HEMA monomers are shown in 
Fig. 2a and Fig. 2b, respectively. For both molecules, the hydrocarbon 
chain was terminated with methyl groups on the two sides where the 

Fig. 1. Chemical structure of PLMA, PLMA-b-PDMAEMA and PLMA- b − PHEMA prepared by SARA ATRP.

Table 1 
Physical properties of synthesized polymers.

Polymer Name Ratio of each polymer [mol%] Mw [kg/ 
mol]

Mw/ 
MnPLMA PDMAEMA PHEMA

PLMA 100 0 0 25 1.07
PLMA-b- 

PDMAEMA
90 10 0 26 1.06

PLMA-b-PHEMA 90 0 10 27 1.05

Fig. 2. Ball and stick representation of the DMAEMA (a) and HEMA (b) functional groups, and top view of the Si-doped DLC surface model (c). Highly reactive under- 
coordinated C atoms in the Si-DLC surface were passivated with H atoms. In the images, C atoms are colored in black (molecules) and grey (surface), H atoms are 
colored in white, O in red, N in blue and Si in yellow.
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monomer is connected to the repeating units to form the polymer. For 
the Si-DLC, an amorphous model with 10 at.% Si concentration was 
generated with melt-quench molecular dynamics simulations, using the 
pre-trained universal machine learning force field CHGNet [37]. The 
radial pair distribution function, bond angle distribution and coordi
nation number were checked to validate the model. The bulk amorphous 
structure was then cut to obtain a slab, annealed with molecular dy
namics to heal the surface dangling bonds, and optimized with DFT. A 
few H atoms were added to passivate some remaining very reactive, 
under-coordinated carbon atoms, finally obtaining the surface visible in 
Fig. 2c.

For the molecular adsorption study with Xsorb, we generated many 
initial adsorption configurations by placing the functional groups of 
each monomer on superficial Si atoms (adsorption sites) of Si-DLC. As 
functional groups we considered the (tertiary) amine group for 
DMAEMA and the hydroxyl group for HEMA, corresponding to the 
actual “active region” of the two molecules, and also the carbonyl group 
(part of the ester group) which is common to both molecules. Regarding 
molecular rotations, it was not possible to choose meaningful rotation 
angles from the symmetries of the surface due to its amorphous nature, 
and a reasonable tradeoff between computational cost and sampling 
coverage was obtained by including 4 horizontal molecular rotations of 
multiples of 90◦ for each site. The combination of 4 rotations per site and 
8 surface sites resulted in 72 initial adsorption configurations for each 
molecule. For each site, the most favorable adsorption configuration in 
the pre-optimization step (out of the 4 corresponding to the rotations for 
that site) was selected for the full optimization, resulting in 16 fully 
optimized adsorption structures for each molecules that were considered 
for the analysis of the adsorption energy distribution.

All the (spin-polarized) DFT calculations were performed with the 
plane wave code implemented in Quantum Espresso [38], using the 
Perdew-Burke-Ernzerhof (PBE) parametrization [39] of the generalized 
gradient approximation (GGA) for the exchange–correlation functional. 
The core electrons were approximated by employing ultrasoft pseudo
potentials [40] and van der Waals dispersion interactions were included 
with the semi-empirical Grimme D2 [41] scheme. The plane wave 
expansion was truncated at a kinetic energy cutoff of 40 Ry for the 
wavefunctions and 320 Ry for the charge density.

The lateral size of the Si-DLC simulation cells was 18.8 Å × 15.0 Å, 
with a slab thickness of ~ 10 Å, and a vacuum region of 14 Å in the z- 
direction to suppress interactions with the periodic replicas (leaving 
approximately 10 Å of vacuum with the molecule adsorbed on the sur
face). Due to the large size of the cell, the Brillouin zone was sampled 
only at the Γ-point.

2.5. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed to 
evaluate the size distribution of polymer aggregates in PAO 4 at different 
temperatures. The aim of the analysis was to determine the temperature- 
dependent structural states of the synthesized copolymers (PLMA, 
PLMA-b-PDMAEMA, and PLMA-b-PHEMA) and their impact on lubri
cation performance. DLS measurements were performed using a Mal
vern Zetasizer Nano ZS instrument equipped with a He-Ne laser (633 
nm, 4 mW) at a scattering angle of 173◦. Samples were prepared by 
dissolving each polymer in PAO 4 at a concentration of 8 wt%, followed 
by stirring at 60 ◦C for 1 h to ensure homogeneous dispersion. The 
particle size distribution was measured at four different temperatures: 
20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C.

3. Results and Discussion

3.1. Friction test in Low-Load Condition

To assess the tribological performance of PLMA, PLMA-b- 
PDMAEMA, and PLMA-b-PHEMA, friction tests were conducted at five 

different temperatures (20 ◦C, 30 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C), as 
illustrated in Fig. 3. In all tested temperatures, the functionalized co
polymers (PLMA-b-PDMAEMA and PLMA-b-PHEMA) consistently 
exhibited lower friction coefficients than PLMA. This observation is 
consistent with previous findings, where the amino groups in PLMA-b- 
PDMAEMA interacted strongly with silicon-containing surfaces to form 
tribofilms [27]. By analogy, the hydroxyl groups in PLMA-b-PHEMA are 
similarly inferred to interact with the silicon in Si-DLC, promoting 
friction reduction.

A clear temperature dependence was also found. Friction generally 
decreased with increasing temperature. For PLMA, friction initially 
decreased at 60 ◦C and 80 ◦C, but began to increase after about five 
minutes of testing. In contrast, the functionalized copolymers showed a 
rapid decrease in friction from 40 ◦C and remained in a stable low- 
friction state until the end of the tests. This behavior suggests that the 
functional groups in these copolymers enable robust adsorption on the 
Si-DLC surface and maintain effective lubrication even at higher 
temperatures.

At the lower temperatures of 20 ◦C and 30 ◦C, it took longer for the 

Fig. 3. Friction coefficient evolution of (a) PLMA, (b) PLMA-b-PDMAEMA, and 
(c) PLMA-b-PHEMA as a function of time at different temperatures on Si- 
DLC surfaces.
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functionalized copolymers to stabilize in a low-friction regime. This 
delay can be attributed to the temperature-dependent structural states of 
the polymers, which influence how quickly the copolymers adsorb to the 
surface. This explanation is also supported by the accompanying DLS 
analyses. In addition, PLMA-b-PDMAEMA showed a sharper initial 
reduction in friction at these temperatures compared to PLMA-b- 
PHEMA. This suggests possible differences in the interactions of the 
functional groups of PLMA-b-PDMAEMA and PLMA-b-PHEMA with the 
Si-DLC surface.

3.2. Wear test in High-Load Condition

The wear performance was then evaluated for each of the three 
polymer solutions. Fig. 4(a) shows the average coefficient of friction 
measured one minute before the completion of the friction test, while 
Fig. 4(b) compares the wear ratio between the samples. PLMA-b- 
PDMAEMA exhibited the lowest coefficient of friction and the wear 
ratio. Although PLMA-b-PHEMA had a reduced wear ratio compared to 
PLMA, its coefficient of friction remained at a similar level to that of 
PLMA. In line with the results of friction tests, these results confirm that 
PLMA-b-PDMAEMA performs better than PLMA-b-PHEMA in terms of 
both friction and wear. The evolution of the friction coefficient over the 
entire 20-minute duration is presented in Fig. S2 of the Supplementary 
Information.

3.3. First principles molecular adsorption calculations

Our previous studies have shown that the adsorption of DMAEMA 
functional groups on the Si-DLC surface is a key factor for the formation 
of a stable lubricating film that can reduce friction and wear even under 
harsh conditions of boundary lubrication [27]. By forming strong N-Si 
bonds, the adsorbed functional groups act as anchoring points for the 
entire copolymer, forming a lubricating film that can withstand the 

extreme mechanical forces that occur at surface asperities and prevent 
the additives from being expelled from the contacts under high loads, 
reducing the risk of adhesion to the counter-surface. Through a 
comparative ab initio analysis of the adsorption of DMAEMA and HEMA, 
we aim to evaluate the ability of HEMA to form bonds with the Si-DLC 
surface via the hydroxyl group, compared to the analogous mecha
nism of DMAEMA via the amine group.

Due to the random nature of the amorphous Si-DLC, we investigated 
the adsorption processes from a statistical point of view. Using the Xsorb 
program, we generated many initial adsorption configurations, consid
ering adsorption on different Si atoms on the surface and different ori
entations of the molecule. A two-step screening process was applied, 
consisting of an initial partial optimization of all the generated struc
tures, and a final full optimization of the most relevant configuration for 
each adsorption site. A more detailed explanation of the procedure can 
be found in the Methods section.

For each molecule, 72 initial configurations were tested in the pre- 
optimization stage, of which 16 were fully optimized and considered 
for the energy distribution analysis. Representatives of the different 
bonding modes for DMAEMA and HEMA are reported in Fig. 5a and 
Fig. 5c, respectively. Both molecules show analogous bonding patterns 
with Si atoms of the surface: through the functional “head” group (ter
tiary amine for DMAEMA and hydroxyl for HEMA), through the 
carbonyl group, or both at the same time. For comparison, weakly 
physisorbed configurations are included for the two molecules. The 
distribution of adsorption energies for DMAEMA and HEMA are re
ported in the histograms of Fig. 5b and Fig. 5d, with color coding rep
resenting the different bonds described above. The adsorption energy is 
defined as 

Eads = Eslab+mol − Eslab − Emol 

where Eslab+mol is the energy of the structure with the molecule adsorbed 
on the slab, Eslab is the energy of the slab without the molecule, and Emol 
is the energy of the molecule in vacuum. Using this definition, more 
negative values of adsorption energy correspond to more favorable 
adsorption.

The distribution of adsorption energies clearly shows that HEMA is 
less strongly adsorbed than DMAEMA: bonds formed by the OH group of 
HEMA are associated with an adsorption energy of − 1.5 eV (green peak 
in Fig. 5d), while N-Si bonds of DMAEMA are below − 2 eV (blue bar in 
Fig. 5b). The same trend is observed for the configuration with two 
bonds, involving also the carbonyl group: OH-Si + O-Si results in an 
adsorption energy of − 2 eV for HEMA, while N-Si + O-Si reaches − 2.4 
eV for DMAEMA. By taking as reference the energy of weak phys
isorption (generally larger than − 1 eV for both molecules), the N-Si 
bond in DMAEMA is significantly stronger (more than 1 eV energy gain 
with respect to physisorption) than the OH-Si bond in HEMA (0.5 eV 
energy gain).

These computational results agree very well with the experimental 
observations: at low loads, both DMAEMA and HEMA show good 
tribological performances, with a similar reduction of CoF. This can be 
attributed to the fact that the functional groups allow the formation of 
chemical bonds with Si-DLC, anchoring the whole copolymers and 
forming an adsorbed lubricating film. On the other hand, under more 
extreme conditions of high load, only DMAEMA is able to maintain good 
tribological performances (friction and wear reduction) as it is able to 
form much more stable bonds, while the weaker bonds of HEMA can be 
broken by such strong mechanical forces and the copolymer film is more 
likely to detach from the surface.

While the computational study is limited to monomers rather than 
the full polymer chains, the main goal is to compare the local strength of 
the bonds that can be formed between the functional groups of the two 
molecules. Furthermore, due to the low amount of available Si atoms at 
the surface (10 % doping), the effect of nearby monomers is not likely to 
strongly affect the adsorption mechanism (e.g. through the formation of 

Fig. 4. (a) Average friction coefficient measured one minute before test 
completion, and (b) comparison of wear ratios for PLMA, PLMA-b-PDMAEMA, 
and PLMA-b-PHEMA.
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a self-assembled monolayer with lateral van der Waals interactions be
tween the monomers, which would require a much higher density of 
surface Si dopants).

From this analysis it appears that under mild, low load conditions the 
OH group in HEMA is able to reduce friction by chemically bonding to 
the Si atoms in Si-DLC, analogous to DMAEMA, while under harsher, 
high load conditions the OH-Si bond is not strong enough to maintain 
the anchoring of the adsorbed film to the surface, so HEMA cannot 
provide friction and wear reduction.

3.4. Particle size evaluation using DLS

In order to determine the temperature-dependent structural states of 
the polymers, DLS　measurements were carried out at four different 
temperatures: 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C. Fig. 6 shows the particle 
sizes observed for the three polymers in PAO solutions under these 
conditions. A clear trend can be seen, where the measured particle size 
decreases with increasing temperature. In general, many oil-based vis
cosity index improvers exhibit relatively collapsed chains at lower 
temperatures. At higher temperatures, their affinity for oil improves, 
resulting in enhanced solubility and an expanded coil volume. In this 
study, the polymers had a molecular weight of about 25 kg/mol, and the 

chain length was estimated to be a few tens of nanometers. The struc
tures detected by DLS, which were several hundred nanometers in size, 
indicate that these measurements are polymer aggregates rather than 

Fig. 5. Representative configurations of the four bonding modes for DMAEMA (a) and HEMA (c) on Si-DLC: weak physisorption (no bonding), bonding through the 
functional “head” group (tertiary amine for DMAEMA – N-Si bond circled in blue – and hydroxyl for HEMA – OH-Si bond circled in green), through the carbonyl 
group (O-Si bond – circled in red), or both at the same time. C atoms are colored in black (molecules) and grey (surface), H atoms are colored in white, O in red, N in 
blue and Si in yellow. (b), (d): histograms of the adsorption energy distribution for DMAEMA and HEMA, using the same color code as the bonds in (a,c), and grey 
bars for physisorption. Configurations with two bonds are colored in purple (DMAEMA) and brown (HEMA), as the dashed ellipses in (a,c).

Fig. 6. DLS-measured particle sizes of PLMA, PLMA-b-PDMAEMA, and PLMA- 
b-PHEMA at 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C.
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individual polymer chains. This suggests that the aggregates formed at 
lower temperatures gradually disintegrate as the temperature increases.

A particularly interesting observation is that the functionalized co
polymers at 20 ◦C have significantly larger aggregates of about 500 nm 
compared to PLMA. This suggests that the functional groups present in 
the copolymers promote micelle-like assemblies, leading to larger ag
gregates compared to non-functionalized PLMA. The results of the fric
tion test support this interpretation. At 20 ◦C, the functionalized 
copolymers showed less pronounced friction reduction. The DLS results 
indicate that the large aggregates probably hinder the adsorption of the 
functional groups on the surface, and thus reduce the effectiveness of 
friction reduction. On the other hand, the aggregates gradually dis
integrated at higher temperatures. This facilitated the migration of the 
functional groups to the surface and contributed to improved friction 
reduction and wear performance.

4. Conclusion

In this study, we investigated the tribological behavior of Si-DLC 
coatings lubricated with oil-soluble block copolymers bearing amine 
(PLMA-b-PDMAEMA) or hydroxyl (PLMA-b-PHEMA) functional groups, 
complemented by experimental and first-principles analyses. Tribolog
ical tests showed that both functionalized copolymers significantly 
reduce friction compared to non-functionalized PLMA, particularly at 
higher temperatures. DLS measurements showed that the functionalized 
copolymers formed larger polymer aggregates at lower temperatures, 
which slowed adsorption on the surface and delayed friction reduction. 
At higher temperatures, the degradation of these aggregates promoted 
rapid surface adsorption and improved lubricity.

First-principles DFT calculations showed that the amine-containing 
DMAEMA units formed more stable N–Si bonds with Si-DLC than the 
hydroxyl-containing HEMA units, resulting in lower adsorption energies 
(more negative) and stronger surface anchoring. This theoretical finding 
is consistent and can explain the experimental observation that PLMA-b- 
PDMAEMA exhibits better frictional and wear performance than PLMA- 
b-PHEMA. Although both amine and hydroxyl groups reduce friction 
under mild conditions, only the stronger amine–Si bond can withstand 
the high contact stresses typically encountered in boundary lubrication. 
These results are clear evidence that optimizing the functional groups of 
the copolymer to build robust interfacial bonds with Si-DLC is crucial for 
sustained friction and wear reduction. Furthermore, the temperature- 
dependent structural states of the polymeric additives, as revealed by 
DLS, illustrate the importance of controlling aggregate behavior to 
ensure rapid surface adsorption and effective lubrication. Overall, this 
work provides valuable insight into the development of advanced 
lubricant additives that combine targeted surface chemistry with 
favorable thermal behavior to enable improved tribological perfor
mance under a wide range of operating conditions.
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[31] K. Şarkaya, G. Akıncıoğlu, S. Akıncıoğlu, Investigation of tribological properties of 
HEMA-based cryogels as potential articular cartilage biomaterials, Polym.-Plast. 
Technol. Mater. 61 (2022) 1174–1190.

[32] B.J. Hamrock, D. Dowson, Ball Bearing Lubrication (the Elastohydrodynamics of 
Elliptical Contacts), J. Lubr. Technol. 104 (1981) 279–281.

[33] M. Müller, K. Topolovec-Miklozic, A. Dardin, H.A. Spikes, The design of boundary 
film-forming PMA viscosity modifiers, Tribol. Trans. 49 (2006) 225–232.

[34] B. Leach, R. Pearson, Engine Lubrication and Cooling during Hybrid Vehicle 
operation, SAE Technical Paper (2014).

[35] P. Hohenberg, W. Kohn, Inhomogeneous Electron Gas. Physical Review. 136 
(1964) B864.

[36] E. Pedretti, P. Restuccia, M.C. Righi, Xsorb: a software for identifying the most 
stable adsorption configuration and energy of a molecule on a crystal surface, 
Comput. Phys. Commun. 291 (2023) 108827.

[37] B. Deng, P. Zhong, K. Jun, J. Riebesell, K. Han, C.J. Bartel, et al., CHGNet as a 
pretrained universal neural network potential for charge-informed atomistic 
modelling, Nat. Mach. Intell. 5 (2023) 1031–1041.

[38] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, et al., 
QUANTUM ESPRESSO: a modular and open-source software project for quantum 
simulations of materials, J. Phys. Condens. Matter 21 (2009) 395502.

[39] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865.

[40] D. Vanderbilt, Soft self-consistent pseudopotentials in a generalized eigenvalue 
formalism, Phys. Rev. B 41 (1990) 7892.

[41] S. Grimme, Semiempirical GGA-type density functional constructed with a long- 
range dispersion correction, J. Comput. Chem. 27 (2006) 1787–1799.

T. Omiya et al.                                                                                                                                                                                                                                  Applied Surface Science 715 (2026) 164586 

8 

http://refhub.elsevier.com/S0169-4332(25)02302-5/h0075
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0075
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0075
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0080
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0080
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0085
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0085
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0090
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0090
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0095
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0095
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0100
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0100
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0105
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0105
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0110
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0110
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0110
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0115
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0115
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0115
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0120
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0120
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0120
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0125
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0125
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0125
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0125
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0130
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0130
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0130
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0135
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0135
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0135
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0140
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0140
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0140
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0140
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0145
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0145
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0145
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0150
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0150
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0150
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0155
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0155
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0155
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0160
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0160
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0165
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0165
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0170
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0170
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0175
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0175
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0180
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0180
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0180
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0185
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0185
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0185
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0190
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0190
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0190
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0195
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0195
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0200
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0200
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0205
http://refhub.elsevier.com/S0169-4332(25)02302-5/h0205

	Amine- and hydroxyl-functionalized copolymers as lubricant additives on Si-doped DLC: A comparative experimental and comput ...
	1 Introduction
	2 Materials and Methods
	2.1 Coatings
	2.2 Lubricants
	2.3 Tribological tests
	2.4 First principles calculations
	2.5 Dynamic light scattering

	3 Results and Discussion
	3.1 Friction test in Low-Load Condition
	3.2 Wear test in High-Load Condition
	3.3 First principles molecular adsorption calculations
	3.4 Particle size evaluation using DLS

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


