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We present a strategy to enhance the tribological performances of diamond-like carbon (DLC) films based on
synergistic chemical modifications in the polymer lubricant additives and in the carbon film. Our experiments
revealed that the polymer functionalization with nitrogen-containing groups and the DLC doping with silicon
atoms result in significant friction and wear reduction under severe boundary lubrication conditions. Atomic
Force Microscopy revealed the formation of a lubricious tribofilm. Ab initio calculations highlighted the key role

of N-Si interactions in promoting the polymer chemisorption on the film, which represents the first, essential step
for the tribofilm formation. Our findings suggest that targeted chemical modifications in lubricants and films can
substantially advance the tribological performances of DLC films for various industrial applications.

1. Introduction

Polymers can be used as additives to base oil with several advan-
tages, including environment sustainability, low friction coefficients,
excellent load-carrying capacity, and the ability to reduce wear and
prevent surface damage [1]. The unique role of polymers in lubrication
is further amplified when they have specific side groups to possess
precise characteristics that enhance their performance on steel surfaces,
making them highly suitable for applications in numerous industrial
sectors [2-6]. Functionalized copolymers, in particular, have garnered
significant attention owing to their exceptional tribological properties
[7,8]. These copolymers are synthesized by incorporating specific
functional side groups into the polymer backbone, imparting them with
tailored reactivity [8]. By judiciously selecting the functional groups,
these copolymers can reduce wear and friction effectively, improving
tribological performance on steel surfaces [9,10]. Moreover, the absence
of metal in this copolymer eliminates the issue of diesel particulate filter
clogging often encountered with zinc dialkyldithiophosphates (ZnDTP),
a conventional anti-wear agent [11].

While functionalized copolymers have demonstrated remarkable

potential, diamond-like carbon (DLC) films that have captured the
automotive industry’s attention for their superior abilities to reduce
wear and friction [12-16]. Thus, to create a lubrication system that
combines DLC and additives, some studies were conducted to determine
the synergistic effect of DLC and ZnDTP, as well as the friction-reducing
effect of glycerol mono-oleate on DLC [17,18]. However, the low reac-
tivity of conventional lubricants and polymers with DLC films presents a
significant challenge in achieving optimal lubrication performance [14,
19]. To address this challenge, researchers have explored doped DLCs,
where specific elements or compounds are introduced to modify the
surface properties and enhance reactivity [20,21]. These doped DLCs
offer numerous advantages, such as improved adhesion, reduced fric-
tion, enhanced wear resistance, and increased compatibility with lu-
bricants and polymers [22-26]. Among various doped DLC films,
silicon-doped DLC (Si-DLC) film has demonstrated exceptional poten-
tial due to its unique properties, including excellent tribological per-
formance, increased surface reactivity, and strong interfacial adhesion
[27].

Previous ab initio molecular dynamics simulations by our group
showed that Si dopants improve the tribological performances of DLC in
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humid environments due to the key role played by silicon in enhancing
the reaction rate for water molecule dissociation, favoring the surface
hydroxylation and thus increasing its hydrophilicity [28,29]. These
studies provided insights into the effects of dopants on the wetting
properties and friction-reduction performance of carbon-based mate-
rials, suggesting that the film composition can be optimized to achieve
superior lubrication performance. However, new lubrication systems
which combine functionalized copolymers and DLC films have not yet
been explored.

Here, we aim to comprehensively investigate the interaction be-
tween functionalized copolymers and Si-DLCs in enhancing lubrication
performance. The research involves wear and friction measurements,
surface analyses, and first principles calculations of the additive-surface
reactivity to provide a deep understanding of the microscopic mecha-
nisms and establish a correlation between the molecular structure and
composition of functionalized copolymers and their lubricating
properties.

2. Experimental
2.1. DIC films

The DLC films were deposited on M2 steel disks with a 50 mm
diameter and a hardness of 801 Vickers and 2 cm square mono-
crystalline Si substrates. In preparation for the deposition process, the
steel substrates were subjected to a polishing step using 3 pm diamond
paste. This polishing procedure resulted in a surface roughness (Ra) of
approximately 100 nm for the steel samples. The depositions were
performed in a Teer Coatings unbalanced magnetron sputtering system
with four cathodes. The targets were powered by direct current (DC)
power supplies, and the substrates were subjected to a pulsed DC bias of
—50 V. Four targets measuring 380 x 175 mm were utilized: one made
of pure chromium, two made of pure graphite, and one made of pure
silicon. To improve the adhesion of the film, a 300 nm thick chromium
interlayer was deposited before the deposition of DLC film. The DLC
deposition process involved maintaining constant power on the two
graphite targets while varying the power on the silicon target to control
the silicon content in the Si-DLC films. The deposition occurred in an
argon atmosphere, with the chamber pressure controlled to maintain
appropriate sputtering conditions. The target power applied to the sili-
con target ranged from 120 W to 350 W, resulting in silicon contents in
the coatings from 4.8 at% to 14.4 at%. The duration of the process was
adjusted to achieve a consistent coating thickness of approximately 1.0
um. The process parameters, including the gas flow rate and chamber
pressure, were optimized to ensure uniform coating deposition and
desired properties. The composition of films was evaluated using scan-
ning electron microscopy (SEM) equipped with energy-dispersive X-ray
spectroscopy. The film hardness and Young’s modulus were measured
using a Nanotest platform from Micromaterials that was equipped with a
Berkovich indenter. The measurements were taken at 16 different lo-
cations, and the standard deviation was calculated. Table 1 summarizes
the designations assigned to the DLC films investigated in this study,

Table 1
Properties of pure-DLC and Si-DLCs.

DLC Si Roughness: R, Hardness Young sp° content
Name [at [nm] [GPa] Modulus [%]
%] [GPa]

pure- 0 49+0.1 15.6 + 167 £ 3 26
DLC 0.6

Si-DLC 4.8 6.7 £ 0.2 14.0 + 166 + 5 30
4.8% 0.9

Si-DLC 8.3 6.4 + 0.1 12.4 + 165 + 3 42
8.3% 0.5

Si-DLC 14.4 5.2+ 0.2 19.4 + 204 + 4 56
14.4 % 0.6
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along with their corresponding properties. Si-DLC films are recognized
for experiencing a decrease in hardness due to reduced residual stress in
the phase of low Si concentration and an increase in hardness resulting
from SiC formation in higher Si concentrations [27,30,31]. As in pre-
vious studies, this study also observes two trends with increasing Si
content: up to 10 at% Si content, there is a slight decrease in hardness
and Young’s modulus remains almost constant. Therefore, the decrease
in hardness is related to external factors, such as a decrease in residual
stress. Additionally, as the Si content increases, both the hardness and
Young’s modulus increase.

The morphology of the DLCs was determined by atomic force mi-
croscopy (AFM, Innova Veeco). Surface topography was observed using
tapping mode, and the lateral signal on the surface was measured using
contact mode. All surface topography measurements using tapping and
contact mode were performed with the following settings: scan size = 5
pum x 5 ym, scan rate = 1.2 Hz. The lateral signal measurement employed
a NANOSENSORS PPP-LFMR cantilever with a force constant of 0.2 N/
m.

To gain a deeper understanding of the films’ crystal structure at a
detailed level, Raman spectroscopy and angle-resolved X-ray photo-
electron spectroscopy (ARXPS) were employed. Raman spectroscopy
was performed by Renishaw inVia™ confocal Raman microscope. A 532
nm laser was irradiated on the surface with 1800 lines/mm grating with
a laser spot size of approximately 1 ym and a power of 50 mW at an
acquisition time of 10 s. The spatial resolutions in lateral and axial di-
rections were 0.25 and 1 pm, respectively. Measurements were taken at
three different spots. Fig. S1 in the Supplementary Information shows a
simultaneous downshift of the G peak and a decrease in the Ip/I; ratio,
indicating a reduction in the average size of graphitic sp> bonded clus-
ters and an enhancement of sp> bond formation due to the presence of Si
[32]. The sp3 content in the DLC film can be determined using FWHM of
G peak [33,34]. The calculated sp® content in each DLC film is presented
in Table 1.

The ARXPS measurements were conducted within a high-vacuum
environment, where the pressure did not exceed 1 x 107° mbar, uti-
lizing a hemispherical analyzer (SPECS Phoibos 100 MCD-5). A 9 eV
pass energy facilitated a consistent resolution of 0.9 eV. For the cali-
bration of binding energies, the reference lines Au 4 {7/, at 84.0 eV, Ag
3ds/2 at 368.3 eV, and Cu 2p3/, at 932.7 eV were employed. The X-ray
source, featuring a dual anode of Mg and Al, was maintained at 300 W,
employing Mg Ko radiation (hv = 1253.6 eV). The sample positioning on
a stage with four degrees of mobility allowed the variation of the
emission angle from 0° to 50°, enabling the execution of ARXPS ana-
lyses. Based on ARXPS measurements using two different angles, it is
expected that the thickness of the Si mixed oxide layer covering the Si-
DLC is approximately 1.2 nm (Fig. S2 in the Supplementary
Information).

2.2. Lubricants

The functionalized copolymers were synthesized according to the
outlined procedure, having lauryl methacrylate (LMA) as the alkyl
group and 2-dimethylaminoethyl methacrylate (DMAEMA) as the
functional group by atom transfer radical polymerization (ATRP)
(Fig. 1) [35]. Briefly, copper wire (Cuo, Alfa Aesar, 99.9 %, 1 mm
diameter) and copper (II) bromide (Acros Organics, 99 %) were added to
a Schlenk reactor sealed with a rubber septum and purged with nitrogen.
A mixture of ethyl-a-bromophenyl acetate (Sigma Aldrich, 97 %), LMA
(TCL, 97.0 %), N,N,N,N,N-pentamethyldiethylenetriamine (Aldrich, 99
%), and anisole (Sigma Aldrich, 99.0 %) was prepared in a separate
round bottom flask and purged with nitrogen for at least 30 min. The
reactor was placed in a preheated water bath at T = 50 °C with stirring
for 4 h. The DMAEMA (Acros Organics, 99 %) was then added to the
Schlenk reactor. The synthesis was stopped after different reaction times
depending on the copolymer (Table 2). To evaluate the tribological
properties of the functional group, three polymers, non-functionalized
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Fig. 1. Chemical structure of PLMA and PLMA-b-PDMAEMA prepared by ATRP.

Table 2
Physical properties of synthesized polymers.

Polymer Name Reaction time of PDMAEMA M,, M,/
PDMAEMA amount [kDa] M,
[mol%]

PLMA - 0 38 1.07

PLMAgs-b- 1hr 5 38 1.08
PDMAEMASg

PLMAg3-b- 2 hr 17 34 1.03
PDMAEMA;,

PLMA, PLMAgs-b-PDMAEMASs, and PLMAgs-b-PDMAEMA;7, were syn-
thesized. The amount of DMAEMA in the block copolymer structure was
calculated from 'H NMR. The NMR chemical shift of the block copol-
ymer is shown in the Supplementary Information. The final product was
isolated by drying overnight at room temperature under airflow. The
final yield of the block copolymer was > 70 %.

The polyalphaolefin 4 (PAO 4) as the base lubricant with 8 wt% of
the polymer was prepared by mixing 8 g of the polymer in 92 g of PAO 4.
The kinematic viscosity of the solution at 80 °C was 8.5 mm?2/s. Dy-
namic light scattering (DLS) was utilized to measure the particle ag-
gregation size of the polymers dissolved in PAO 4 using a particle size
analyzer (Zetasizer Nano ZS, Malvern Instruments).

2.3. Tribological tests

Friction tests employing a ball-on-disk tribometer (Rtec MFT-5000)
in reciprocating motion were conducted under a load of 3 N, corre-
sponding to a maximum Hertzian contact pressure of 1.0 GPa. The load
cell utilized to measure friction has a resolution of 6 mN and can provide
a maximum normal force of 200 N. The tribometer was calibrated by the
equipment manufacturer, Rtec Instruments. These friction tests were
conducted with a frequency range of 5.0 to 0.2 Hz and a stroke length of
15 mm, and each test was repeated at least three times. Before con-
ducting the friction test, a running-in operation was performed for 5 min
at a frequency of 3.3 Hz (corresponding to an average sliding velocity of
approximately 0.1 m/s) to stabilize the changes in the coefficient of
friction (CoF). In this study, tribological tests were conducted at 80 °C,
referring to the condition under which the friction reduction effect of
functionalized polymers occurred in past studies [7,36]. The calculated

A values ranged between 0.3 and 0.03, indicating testing across the
mixed to boundary lubrication region as per the Hamrock-Dowson
equation [37]. Each test, utilizing a new 3/8-inch diameter SiC ball
with a roughness of 25 nm, lasted for 20 s at different frequencies. The
changes in frequency range and respective sliding speeds are given in
Table 3. The average steady-state CoF were determined for each sliding
speed.

Furthermore, a wear test was performed using the same tribometer at
80 °C. A load of one hundred N was applied over a continuous sliding
period of 20 min. The test involved a SiC ball with a 3/8-inch diameter,
reciprocating over a stroke length of one mm at a frequency of 5 Hz.
After the tribological tests, the surface of samples were thoroughly
cleaned with heptane, and the wear profiles were analyzed using a white
light interferometry (Rtec Instruments). The wear rates reported are the
mean values, including standard deviations, derived from three repeated
tests.

2.4. Computational method

To elucidate the influence of the functional group on the copolymer-
surface interaction, we compared DMAEMA, constituting the functional
part of the copolymer, and a shortened version of LMA, which composes
the rest of the copolymer. The hydrocarbon tail of LMA was shortened
from twelve to six carbon atoms to reduce the computational effort,
mainly due to the large size of the simulation cell that would be required
to contain the non-shortened molecule. The ball-and-stick representa-
tion of the two molecules is visible in Fig. 2.

The two structures are similar, both having the same C=0 bond on
the side attached to the carbon backbone of the copolymer, while the
main difference is the presence of a N atom in DMAEMA as opposed to a
simple hydrocarbon tail in LMA.

»:wfv ’ Atengty
LMA DMAEMA

Fig. 2. Ball-stick representation of: (a) shortened LMA and (b) DMAEMA. C
atoms are colored in gray, H in white, O in red and N in blue.

Table 3

Frequency ranges and sliding speeds during friction testing.
Step 1 2 3 4 5 6 7 8 9
Hz 5.00 4.50 4.00 3.50 3.00 2.75 2.50 2.25 2.0
m/s 0.150 0.135 0.120 0.105 0.090 0.083 0.075 0.068 0.060
Step 10 11 12 13 14 15 16 17 -
Hz 1.8 1.5 1.3 1.0 0.8 0.6 0.4 0.2 -
m/s 0.053 0.045 0.038 0.030 0.024 0.018 0.012 0.006 -
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As substrate we first considered the dimer-reconstructed C (001)
diamond surface, which is terminated by carbon dimers, where the
carbon atoms form double bonds, giving rise to a surface morphology
constituted by rows of 3-fold coordinated C atoms in a bonding
configuration which is between sp? and sp® with a dangling bond. Even
if the C(001) surface is different from the DLC surface on the large scale,
the local bonding configuration may resemble that of the hydrogen-free
DLC surface [38,39], since sp2 layers are often observed on DLC after
tribological tests [40], and non-planar C atoms with dangling bonds may
also locally appear in the amorphous surface. Indeed the C(001) surface
has been previously employed as a simple model for DLC in various
works [41-44].

However, the real structure of amorphous DLC is very complex, due
to the presence of a distribution of different bond angles and lengths.

To evaluate the applicability of our findings derived from the
simplified C(001) surface model, the adsorption behavior of DMAEMA
and LMA was further investigated on a more intricate model repre-
senting amorphous DLC.

To assess the generalizability of the results obtained for the simpli-
fied model of the C(001) surface, the adsorption of DMAEMA and LMA
was studied also on a more realistic model of amorphous DLC. This DLC
structure was built through molecular dynamics simulations using a
machine-learning interatomic potential trained on ab initio data, spe-
cifically developed for amorphous carbon [45]. The simulations were
carried out with the TurboGAP software [46-48]. Details on the pro-
cedure used to create the amorphous model are reported in the Sup-
plementary Information.

To study the adsorption of LMA and DMAEMA on the different sur-
faces, it is necessary to sample a very large number of adsorption con-
figurations, corresponding to different rotations and horizontal
displacements of the molecules on the surface. For this purpose, we
developed the program Xsorb [49], designed to carry out this
“screening” procedure in an automatized way. In particular, Xsorb
generates several configurations by changing the lateral and vertical
position of the molecule with respect to the surface. For every position,
different molecular rotation around the molecular axis and surface
symmetry directions are considered. All these initial configurations are
optimized until the energy and the forces become lower than the given
threshold values. Only the most stable configurations are further opti-
mized using smaller threshold values. In this way, the configurations
with the highest statistical importance are identified among a large
number of possibilities, thus avoiding relying just on the user choices,
but still with a reasonable computational effort.

We applied Xsorb to screen more than a hundred initial configu-
rations across the various molecule-substrate combinations. Different
values of the initial molecule-surface separation were considered for
every relative molecule-surface lateral position and orientation. This
allowed us to sample both physisorption and chemisorption regimes. In
the former regime, the molecule weakly interacts with the surface
mainly through van der Waals interactions, and is trapped in a local
energy minimum at a quite large distance from the surface; in the
chemisorption regime, the molecule is more strongly bonded to the
surface through covalent/ionic bonds and localizes at a smaller distance.

The DFT calculations were performed using the plane-waves, pseu-
dopotential program included in the Quantum Espresso package [50].
The exchange correlation functional was described by the GGA-PBE
approximation [51]. The plane wave basis set was truncated by a cut-
off of 40 Ry for the kinetic energy and 320 Ry for the charge density. The
Brillouin zone was sampled at the I' point, which provides an
accurate-enough k-point density thanks to the large size of the supercells
used in this study. The calculations were performed with
spin-polarization. A gaussian smearing of 0.02 Ry was also employed.
The convergence thresholds used for the energy and force were 10~Ry

and 10’3B§ly", respectively. For the crystalline C(001) surface, a simu-

lation cell of 20.2 A x 15.1 A x 24.0 A size was used, containing a
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diamond slab 7.8 A thick, composed of 5 bilayers (reconstructed on both

sides), and a vacuum region 16 A thick to separate the slab from its
periodic replicas along the (001) direction. The PBE surface energy of
the dimer-reconstructed surface was carefully checked, obtaining an
excellent agreement with the MaterialsProject database [52,53]. For the
amorphous surface, a simulation cell of 18.8 A x 18.8 A x 24.0 A size was
used, containing a slab ~14 A thick. To better capture the nonlocal,
long-range interactions, which play an important role in molecular
adsorption, we included van der Waals corrections with the Grimme-D2
scheme [54]. It has, in fact, been extensively shown that the PBE func-
tional often underestimates the adsorption energy, especially for organic
molecules on crystal surfaces[55,56].

3. Results
3.1. Friction test

To evaluate the tribological performance of copolymers containing
varying functional group contents, friction tests were conducted using
both undoped and Si DLCs. The measured friction coefficients as a
function of the sliding velocity are presented in Fig. 3. For the undoped
film (Fig. 3a), the presence of functional groups in the copolymer does
not produce any significant change in the frictional behavior, which may
indicate that all the copolymers weakly interact with the DLC surface.

The inclusion of Si dopants in the film altered this picture, and
different friction behaviors were recorded for the different copolymers
that were considered. As shown in Fig. 3b for Si-DLC 4.8 %, the CoF
remained relatively unchanged for the non-functionalized PLMA and
PLMAg3-b-PDMAEMA;;, while PLMAgs-b-PDMAEMAs exhibited a
decrease in CoF, particularly at lower sliding speeds. This friction
reduction became more consistent on Si-DLC 8.3 % and Si-DLC 14.4 %
films, where the PLMAgs5-b-PDMAEMA;5 produced a surprisingly low CoF
of 0.04 in the lowest speed range. Notably, unlike other copolymers, the
CoF for PLMAg3-b-PDMAEMA 7 did not decrease on the Si-DLC 14.4 %
substrate. In fact, an increase in CoF was observed at low sliding speeds.
This indicates that the addition of functional groups is effective in
reducing friction on the Si-DLCs in the low-speed region, but an
appropriate amount of functional groups is required to obtain an
effective friction reduction.

3.2. Surface analysis

We analyzed the surface morphology of the different DLC films used
in the tribology test through atomic force microscopy (AFM). In each
panel of Fig. 4, we report the surface image acquired outside the wear
trace as representative of the situation before the frictional test and three
images acquired inside the wear trace after the tribological tests
involving the three different considered copolymers. Overall, the surface
topography outside the wear trace shows the characteristic nodular
structure of DLCs. This does not change considerably inside the wear
trace for the undoped substrate (Fig. 4a). On the contrary, particles of
various sizes appear inside the wear traces of doped DLC. Especially on
the Si-DLC 8.3 % and Si-DLC 14.4 % substrates, very large particles are
observed when the friction test is performed with the PLMAgs-b-
PDMAEMASs.

A detailed analysis of the particles formed in the friction tests
involving the PLMAgs-b-PDMAEMA5 and the Si-DLC 8.3 % substrate is
shown in Fig. 5. The tapping mode was employed to measure more ac-
curate topography (Fig. 5a, b) and the contact mode was utilized to
calculate the lateral signal on the surface (Fig. 5S¢, d). The surface profile
along the cross-section indicated by a blue line in Fig. 5b shows that the
particle shape is bidimensional, with a thickness of about 17 nm and a
very smooth surface (the roughness is about 0.5 nm). The observed
particle formation suggests these particles are patches of tribofilms. It
should also be noted that the combination of the PLMAg5-b-PDMAEMA5
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Fig. 3. Friction properties of copolymers with three different amounts of functional groups on pure-DLC (a), and doped films with different concentrations of Si

atoms (b-d) with the standard deviation.

and Si-DLC 8.3 % or Si-DLC 14.4 % substrates produces large particles
that showed a significant friction reduction effect. Fig. 5S¢, d display the
outcomes of lateral signal measurements conducted in contact mode on
a patch of tribofilm subjected to testing with PLMAgs-b-PDMAEMA5 on
Si-DLC 8.3 %. The surface height and signal force results depicted in
Fig. 5d correspond to the blue line in Fig. 5¢. The comparison of trends
in lateral force and friction coefficient can be made by observing the
increase or decrease in the lateral signal [18,57]. The AFM measure-
ments produced results with different scans from left to right (forward)
and right to left (backward). However, it is important to note that the
signal derived from topography maintains the same tilt direction as the
cantilever, regardless of the scan direction. Therefore, by subtracting the
lateral forward signal from the lateral backward signal, the impact of
topography was minimized. The results reveal that the lateral signal on
the tribofilm patch remains consistently low and stable, suggesting that
the friction reduction attributed to Si-DLC 8.3 % is a direct result of the
formation of the tribofilm. The tribofilm acts as a protective layer that
reduces direct contact between the sliding surfaces, thereby minimizing
friction. The stable and low lateral signal further implies that the tri-
bofilm provides a consistent and uniform shear resistance, which is
critical for maintaining low friction over time.

3.3. Wear test

A wear test was conducted to assess the wear characteristics of
functionalized polymers. Given the observed aggregation and poor
reactivity of PLMAgs-b-PDMAEMA; ;7 with Si-DLG, this study conducted a
comparative wear performance analysis between PLMA and PLMAgs-b-
PDMAEMAEG. Fig. 6a presents the average CoF values for one minute just
before the wear test concluded, along with the standard deviation from
three repeated tests. The CoF for the entire 20 min during the wear test is
shown in Fig. S4 in the Supplementary Information. The results indicate
no discernible difference between the two polymers on pure-DLC, while
on Si-DLC, the CoF decreased with the use of the functionalized polymer.
Fig. 6b depicts the wear rates of all DLCs after wear testing from three
repetitions. In the case of undoped DLC, the wear ratio remains

unaffected by the type of polymer used. However, as the silicon con-
centration within the DLC film increases, a improvement in wear per-
formance was observed in the presence of functionalized polymers. This
suggests that the increased Si content enhances the interaction with
PLMAgs5-b-PDMAEMA;, promoting the formation of a tribofilm that
protects the surface contact. At Si-DLC 14.4 %, the wear rate increased
even in the presence of PLMAgs-b-PDMAEMAs. This is likely due to the
increase in hardness attributed to SiC formation in the Si-DLC. As re-
ported in other studies [58,59], the generation of hard debris particles
during wear may contribute to the observed increase in wear rate.
Analysis of the wear depths (all exceeding 50 nm) suggests that the thin
surface oxide layer (approximately 1.2 nm) on the Si-DLC films was
readily removed during the wear test. This indicates that the function-
alized polymer lubricant likely interacted with the underlying Si-DLC
film from the beginning of the experiment.

3.4. Dynamic light scattering

The friction test revealed that for Si-doped DLCs, the addition of
PLMAys-b-PDMAEMA; led to a significant reduction in the CoF in the
low-speed range, while the PLMAg3-b-PDMAEMA;; did not produce a
reduction of the CoF, but rather an increase in the low-speed region
(Fig. 3). This indicates that a specific amount of functional groups is
necessary to effectively reduce friction on Si-DLCs. Since this difference
could be due to the aggregation of the copolymers, DLS was used to
measure the size of the polymer particles in the solution. The size
measured for PLMAgs-b-PDMAEMA;; was 232 nm, which was larger
than the size of 146 nm measured for PLMAgs-b-PDMAEMAs, indicating
that the first copolymer is more aggregated than the second. From this
result, it can be deduced that friction reduction was not observed at a
higher concentration of functional groups, as the aggregation contrib-
utes to the reduction of functional groups available for the interaction
between the dopants and the substrate (Fig. 7).
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3.5. First principles calculations

The first essential step for the formation of a tribofilm by molecular
additives is represented by their adsorption on the surface. Indeed, once
the molecules adsorbed, they can prevent a direct solid-solid contact by
steric hindrance or by forming tribofilms that decrease the interfacial
adhesion and friction. To get insights into the adsorption properties of
the functionalized additives on doped DLC, we analyzed the molecule-
surface interactions by DFT calculations. As explained in the methodo-
logical section, the local bonding configuration was studied by consid-
ering the dimer-reconstructed C(001) diamond surface, both undoped
and silicon-doped (8.3 % coverage). Previous DFT calculations revealed

that the most favorable location for the dopant in the C(001) surface is a
substitutional site in the dimer [28]. The experimental analysis of
Si-DLC films corroborates this result, identifying the Si dopant sur-
rounded by C-sp? atoms as the prevailing configuration [60].

The most stable adsorption configurations for each molecule on each
substrate in the two adsorption regimes are reported in Fig. 8. For each
configuration we provide the adsorption energy Ey4; defined as:

Eads = Eslab+mal — Egiab — Emot

where Eggpmor is the energy of the configuration with the molecule
adsorbed over the surface, Eyq is the energy of the substrate without the
molecule, and E,,; is the energy of the isolated molecule (in vacuum). A
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negative value for E 4 indicates that the adsorption process is accom-
panied by an energy gain (equal to — Eg;).

Both LMA and DMAEMA have a stable physisorption configuration
on undoped diamond (Fig. 8a,b), with almost identical adsorption en-
ergies. The inclusion of a Si-dopant in the surface does not affect the
adsorption of LMA, which is physisorbed (Fig. 8c) with an energy gain
equivalent to that on the undoped surface. A completely different
behavior is observed for DMAEMA: in this case the molecular attraction
is enhanced by the presence of the Si dopant and during the relaxation
process at T = 0 K the molecule gets closer and closer to the surface until
a chemical bond is established between the N and Si atoms (Fig. 8d).
Notably, the initial molecule-surface separation is the same as that
considered for the clean surface, but while in this case the molecule is
trapped in the physisorption minimum of Fig. 8b, the presence of the Si
dopant makes this local minimum disappear and promotes a stronger
molecular binding with a high associated energy gain of 2.39 eV. This
comparison shows that only the combination of DMAEMA and Si-doped
surface produces an increase in chemical reactivity, with the formation
of a bond and a significant change in adsorption energy, while all the
other three combinations result in weak physisorption with almost
identical adsorption energies, mainly due to van der Waals interactions.

The generalizability of the results obtained for the crystalline C(001)
surface was studied by considering a model of the amorphous surface,
including the substitutional Si dopant in two regions with different
morphology: one with a planar, graphitic-like environment, and the
other with a non-planar environment. More details and images of the
two surface structures are reported in the Supplementary Information.

The adsorption structures and energies of DMAEMA and LMA with
the substitutional Si in the two environments obtained with ab initio

calculations are reported in Fig. 9. Even if the adsorption energy varies
significantly from the values obtained for the crystalline C(001) surface,
the trend between DMAEMA and LMA is maintained. DMAEMA always
forms a N-Si bond, as opposed to LMA which does not bond to the sur-
face. The energy difference between DMAEMA and LMA for the same
local environment of the substitutional Si is also of the order of 1 eV,
showing a non-negligible energy gain from the formation of the N-Si
bond.

Even if this study on amorphous DLC is still limited to two local
surface environments, and a much more extensive computational study
would be needed to capture the variability of the amorphous surface and
to accurately reproduce the real DLC used in the experiments, these
results show that the qualitative behavior is consistent across different
surface environments, providing good indication that the N-Si bond
formation is not specific only to the simple model of the crystalline C
(001) surface, but is relevant also to the amorphous DLC surface.

A more in-depth study on the N-Si bond that anchors DMAEMA to the
substrate was performed for the crystalline C(001) surface by analyzing
the charge redistribution that takes place upon the formation of the bond
between the molecule and the heterodimer. Before the formation of the
bond, the N atom in DMAEMA showed a negative partial charge
(—0.20e), while the Si atom in the substrate showed a positive one
(+0.44e) due to a charge transfer to the three neighboring C atoms
(—0.20e on each of the two C atoms of the atomic plane below the dimer,
and —0.12e on the C atom of the Si-C heterodimer). The presence of
these partial charges of opposite sign on N and Si gives rise the elec-
trostatic attraction that promotes the molecular attachment to the sur-
face in the absence of any energy barrier. When the bond is formed, a
charge transfer from N to the surface is observed, since N becomes less
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negative (—0.13). Simultaneously, the C atom in the heterodimer gains
charge, reaching the value —0.38, while the Si atom undergoes a further
charge loss, becoming significantly positive (+1.13).

The charge density difference associated to the formation of this
bond, visible in Fig. 10, suggests the formation of a dative bond, where
the charge is donated by the N atom, with a consequent disappearance of

Tribology International 200 (2024) 110183

the lone pair located on this atom when in the isolated molecule (the
corresponding charge depletion is visible Fig. 10a, which displays a high
value of the charge difference isosurface).

The formation of a N-Si dative bond has been extensively described
by previous experimental and computational studies [61-65] for mol-
ecules with a similar structure to DMAEMA, such as TMA (tri-methyl
ammonium) and N,N-Dimethylbutylamine. All these studies were per-
formed for the 2 x 1 dimer-reconstructed Si (001) surface, instead of the
Si-doped C (001) surface, but the local N-Si interaction is most likely
similar. The partial ionic nature of the N-Si bond, being the Si atom
depleted by further charge accumulation on the C atom of the hetero-
dimer, is also in agreement with the results for the pure Si
dimer-reconstructed surface [61]. Moreover, the charge accumulation
on the C of the heterodimer, forming a very reactive dangling bond
(Fig. 10c¢) has also been discussed in previous works: the formation of
the N-Si bond seems, in fact, to promote a net transfer of charge from the
molecule to the surface, resulting in the appearance of a dangling bond
on the other atom of the heterodimer [62].

In addition to the above-described formation of N-Si bond that allows
for DMAEMA chemisorption on the substrate, an O-Si bond can be also
established, as shown in the Supplementary Information. However, we
do not believe that the formation of this bond is the mechanism that
gives rise to the observed improvement of the tribological properties
obtained with polymer functionalization, because the same O-Si bond

Fig. 8. Most stable adsorption configurations seen from lateral and top view of LMA (a,c) and DMAEMA (b,d) on undoped and Si-doped diamond. For the hy-
drocarbon tail of LMA only physisorption configurations exist, while for DMAEMA a chemical bond between nitrogen and silicon of the Si-doped surface is formed
(d). The adsorption energy of each configuration is reported in the rectangular box. The atoms are colored as follows: grey for carbon in the substrate, black for
carbon in the molecule, white for hydrogens, yellow for silicon, red for oxygen and blue for nitrogen.

Fig. 9. Comparison of adsorption configurations for DMAEMA on planar (a) and non-planar (c) regions, and LMA on planar (b) and non-planar (d) regions of the DLC
surface. DMAEMA forms a N-Si chemical bond on both regions, while LMA is not attracted by the surface. The adsorption energy of each configuration is reported in
the rectangular box. The atoms are colored as follows: grey for carbon in the substrate, black for carbon in the molecule, white for hydrogens, yellow for silicon, red

for oxygen and blue for nitrogen.
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Fig. 10. Charge density difference for the adsorption of DMAEMA on Si-doped diamond. Progressively lower values of the isosurface are represented. Charge
accumulation (depletion) is represented in yellow (blue). A strong depletion below the nitrogen in a) is associated to the formation of a dative bond from the nitrogen
lone pair. In b) the charge transfer from N is partially compensated by a transfer from the neighboring C molecular atoms, and the charge accumulation on the C of
the heterodimer becomes visible. In ¢) the formation of the N-Si bond is manifested through a charge accumulation in the middle of the bond, and the formation of a

dangling bond above the C of the heterodimer becomes apparent.

can be formed also with LMA, as shown in the Supplementary Infor-
mation. Moreover, the oxygen in both molecules is not part of the
molecule termination but is instead located on the side of the main
polymer backbone. Thus, when the polymer is immersed into the PAO
oil during sliding, the oxygen atoms may have a much lower chance of
getting close enough to the surface to form a bond.

4. Conclusion

This study demonstrates the achievement of consistent wear and
friction reduction, even under the boundary lubrication regime, through
synergistic chemical modifications in both the polymer lubricant addi-
tive and the substrate film. Additionally, surface analysis utilizing AFM
has unveiled that PLMAgs-b-PDMAEMA5 forms patches of tribofilm on
the Si-DLC surface.

To gain insights into the first step of tribofilm formation, we per-
formed ab initio calculations of molecular adsorption for the molecules
that constitute the copolymer. Both undoped and Si-doped crystalline
diamond surfaces, and Si-doped amorphous surfaces were considered.
The results show that on the undoped surface both the functional and
non-functional molecules are weakly physisorbed. On the contrary, the
presence of a Si dopant highly increases the surface attraction for the
DMAEMA molecule and promotes its spontaneous chemisorption
through the formation of a N-Si bond, which is observed both on the
crystalline and amorphous model of the DLC. A detailed analysis of the
electronic mechanisms for this bond formation is provided and its key
role in the early stage of tribofilm formation is discussed. Further in-
vestigations on the structure and composition of the tribofilm will be the
subject of a forthcoming article, which will also include molecular dy-
namic simulations of tribofilm formation, the first important step of
which consists in the process of molecular chemisorption addressed in
the present work.

Overall, our study provides valuable insights into the tribological
properties of functionalized copolymers on DLCs and highlights the
importance of the Si doping of the substrate, in combination with the
inclusion of an appropriate amount of functional groups into the
copolymer, in achieving effective friction reduction and wear reduction.
These findings may contribute to the development of advanced films
with enhanced frictional properties for various applications in industries
such as automotive and manufacturing.
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