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A B S T R A C T

Metal-free polymer additives used in conjunction with diamond-like carbon (DLC) coatings offer an environ
mentally sustainable approach for reducing friction and wear under boundary lubrication. In this study, a 
functionalized block copolymer, poly(lauryl methacrylate)-block-poly(2-dimethylaminoethyl methacrylate) 
(PLMA-b-PDMAEMA), is investigated as a friction modifier for silicon-doped DLC (Si-DLC) coatings. Tribological 
tests reveal that this copolymer significantly lowers friction compared to both a PLMA homopolymer and the 
base oil alone. ToF-SIMS, synchrotron-based XPS, and cross-sectional FIB-TEM analyses confirm the in-situ 
formation of a robust tribofilm, with a thickness of approximately 5–12 nm. Depth-resolved chemical analysis 
reveals a stratified structure in which the PDMAEMA segment chemisorbs onto reactive silicon sites via N–Si 
bonds, while the PLMA alkyl chains form a low-shear, oleophilic outer interface. The tribofilm remains intact 
after sliding under a Hertzian contact pressure of approximately 1 gigapascal, indicating excellent mechanical 
resilience. These findings demonstrate that molecular-level design of copolymers enables strong substrate 
anchoring and friction reduction without the use of metals, phosphorus, or sulfur. The mechanistic insights 
gained from this work provide design principles for next-generation, sustainable lubricant additives capable of 
forming self-assembled, nanoscale tribofilms on reactive DLC surfaces under demanding conditions.

1. Introduction

Controlling friction and wear in mechanical systems is critical to 
improving energy efficiency, reducing emissions, and extending 
component lifetimes [1–3]. Traditionally, lubricant additives such as 
zinc dialkyldithiophosphates (ZnDTPs) and molybdenum di
thiocarbamates (MoDTCs) have been widely used to protect surfaces 
under boundary lubrication conditions by forming tribofilms that pre
vent direct metal-to-metal contact [4–7]. However, the environmental 
impacts and catalyst poisoning associated with phosphorus- and sulfur- 
containing additives have prompted the development of more sustain
able, metal-free alternatives [8,9].

Polymeric additives offer a promising route to overcome these 
challenges. In particular, copolymers can be tailored at the molecular 

level to improve viscosity, increase adsorption, and achieve better 
tribological performance [10,11]. By incorporating functional groups 
into specific segments of the polymer chain, stable and protective 
adsorbed layers can be formed on substrates, that can reduce friction 
without relying on phosphorus or sulfur compounds [12,13]. In partic
ular, poly(methacrylate) based copolymers with functional groups such 
as amines or hydroxyls have been designed to form boundary films 
through physical adsorption and chemical interactions with the steel 
surface [14–16]. These copolymers have demonstrated improved fric
tion and wear performance under mixed and boundary lubrication re
gimes by anchoring to oxide layers on steel. Functionalized copolymers 
have been successfully applied to steel surfaces, and more recently, they 
have been explored for use with diamond-like carbon (DLC) films, which 
are characterized by high hardness, low friction, and excellent wear 
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resistance [17]. Among various types of DLC, silicon-doped DLC (Si- 
DLC) has attracted increasing attention due to its enhanced surface 
reactivity and improved compatibility with lubricant additives [18]. 
Recent studies suggest that Si-DLC surfaces are more amenable to 
adsorption and tribofilm formation by polar or functionalized polymeric 
additives, leading to better friction-reducing and anti-wear performance 
[19,20]. In the study, the poly(lauryl methacrylate)-block-poly(2- 
(dimethylamino)ethyl methacrylate) (PLMA-b-PDMAEMA) was inves
tigated, which was specifically designed to combine excellent solubility 
in base oils (through the nonpolar PLMA block) with a high density of 
amine functional groups (in the PDMAEMA block) capable of interacting 
strongly with Si-DLC surfaces. This molecular architecture enables se
lective adsorption and tribofilm formation via N–Si bonding, offering a 
new strategy for phosphorus-free lubrication on functionalized DLC 
surfaces.

However, the detailed chemical composition and bonding states of 
these tribofilms remain unclear. A better understanding of these aspects 
is essential to elucidate the mechanisms by which functionalized co
polymers reduce friction and wear. In this work, tribological tests and 
advanced surface analysis techniques, including time-of-flight second
ary ion mass spectrometry (ToF-SIMS) and synchrotron-based X-ray 
photoelectron spectroscopy (XPS), are employed to identify key chem
ical markers, determine the binding states within the tribofilm, and 
establish correlations between the molecular structure of the PLMA-b- 
PDMAEMA, tribofilm formation, and the resulting friction and wear 
characteristics. The knowledge gained from this work will support the 
rational design of next-generation, environmentally friendly lubrication 
systems that utilize functionalized copolymers for improved perfor
mance on doped DLC coatings.

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 [18]. The steel 
samples, polished to a surface roughness (Ra) of ~100 nm, 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. For Si-DLC coatings, the power on graphite 
targets remained constant, while the silicon content was varied by 
adjusting the power on the silicon target. All DLC coatings were 
approximately 1 µm thick, based on cross-sectional scanning electron 
microscope (SEM) analysis conducted on Si substrates. The coating 
composition was evaluated using SEM with energy-dispersive X-ray 
spectroscopy. The film hardness and Young’s modulus were measured 
using a Micromaterials Nanotest platform equipped with a Berkovich 
indenter, applying a maximum load of 10 mN. The measurements were 
performed at 16 different locations on each sample, and the average 
values and standard deviations were calculated to ensure statistical 
reliability. Surface morphology was analyzed by AFM (Innova Veeco) in 
tapping mode with specific scan settings. Properties of the coatings are 
summarized in Table 1, demonstrating trends in roughness, hardness, 

Young’s modulus, and sp3 content with varying Si content. The sp3 

content of the DLC film was evaluated based on the full width at half 
maximum (FWHM) of the G peak obtained from Raman spectroscopy 
[21,22].

2.2. Lubricants

Lauryl methacrylate (LMA) and 2-dimethylaminoethyl methacrylate 
(DMAEMA) copolymers were synthesized via Supplemental Activator 
and Reducing Agent Atom Transfer Radical Polymerisation (SARA 
ATRP) following a procedure described (Fig. 1) [16]. In brief, a Schlenk 
reactor was charged with copper wire and copper (II) bromide under 
nitrogen. Separately, a mixture of ethyl-α-bromophenyl acetate, LMA, N, 
N,N,N,N-pentamethyldiethylenetriamine, and anisole was prepared and 
purged with nitrogen. The reactor was then placed in a preheated oil 
bath to allow the reaction to proceed for 3 h. The DMAEMA was then 
added for the synthesis of PLMA-b-PDMAEMA, and the reaction 
continued for another hour. To assess the tribological impact of the 
functional group, PLMA and PLMA-b-PDMAEMA were synthesized, and 
the DMAEMA content was determined by 1H NMR (Table 2).

The polyalphaolefin 4 (PAO 4) used as the base lubricant was pur
chased from KEMAT. A mixture containing 8 wt% of the synthesized 
polymer was prepared by mixing 8 g of the polymer with 92 g of PAO 4. 
A defined volume (20 μL) of the polymer-PAO 4 mixture was drop-cast 
onto the center of each coated steel disk using a micropipette. The disks 
were allowed to rest for 5 min to ensure uniform spreading. The same 
procedure was followed for all samples to ensure reproducibility.

2.3. Tribological tests

The tribological tests were conducted using the Rtec MFT-5000 
tribometer (Rtec Instruments) in a ball-on-disk reciprocating sliding 
configuration. A 3/8-inch SiC ball was employed, and the applied load 
was set to 3 N to achieve a Hertzian contact pressure of 1.0 GPa. Based 
on previous studies [19], the most effective friction reduction was 
observed at a low sliding velocity of 0.2 Hz (0.006 m/s) (Fig. 2). 
Therefore, the sliding tests to obtain the samples for further analysis by 
ToF-SIMS and XPS were performed at this velocity for a duration of 40 
min. The stroke length was set to 15 mm, and the tests were conducted at 
a temperature of 80 ◦C. All surface characterizations were carried out 
after the tribological tests. The analyzed areas were selected from 
representative wear regions located at the center of each wear scar. The 
same procedure and location were used consistently for all samples to 
ensure reproducibility and comparability.

2.4. Surface analysis

2.4.1. ToF-SIMS analysis
ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry) was 

performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Münster, 
Germany). The spectrometer is equipped with a Bi cluster primary ion 
source and a reflectron type time-of-flight analyzer. UHV base pressure 
was <3 × 10-8 mbar. For high mass resolution the Bi source was oper
ated in “high current bunched” mode providing short Bi3+ primary ion 
pulses at 25 keV energy, a lateral resolution of approx. 4 μm, and a target 
current of 0.34 pA at a cycle time of 100 µs. The short pulse length of 1.3 
ns allowed for high mass resolution. The primary ion beam was scanned 
across a 500 × 500 µm2 field of view on the sample, and 128 × 128 data 
points were recorded. Primary ion doses were kept at 2 × 1011 ions/cm2 

(static SIMS limit). Spectra were calibrated on the omnipresent C-, CH–, 
CH2

–, C2
–, C3

–, or on the CH+, CH2
+, and CH3

+, C2H3
+, and C3H5

+ peaks. Based 
on these datasets the chemical assignments for characteristic fragments 
were determined. For data evaluation the area of the wear scar was used 
(70 × 500 µm2), if not stated otherwise.

For depth profiling a dual beam analysis was performed in interlaced 
mode: The primary ion source was again operated in “high current 

Table 1 
Physical and structural properties of Pure DLC and Si-DLC coatings, including 
silicon content, surface roughness, hardness, Young’s modulus, and sp3 carbon 
content.

DLC 
Name

Si 
[at. 
%]

Roughness: Ra 

[nm]
Hardness 
[GPa]

Young 
Modulus 
[GPa]

sp3 content 
[%]

Pure 
DLC

0 4.9 ± 0.1 15.6 ±
0.6

167 ± 3 26

Si-DLC 14.4 5.2 ± 0.2 19.4 ±
0.6

204 ± 4 56
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bunched” mode with a scanned area of 500 × 500 µm2 and a sputter gun 
(operated with Ar1300

+ ions, 5 keV, scanned over a concentric field of 750 
× 750 µm2, target current 0.5nA) was applied to erode the sample. The 
accumulated ion fluence is used as an arbitrary measure for depth.

2.4.2. XPS analysis
X-ray Photoelectron Spectroscopy (XPS) was performed at the 

CIRCE-NAPP branch of BL24 at the synchrotron ALBA (Barcelona). The 
endstation [23,24] is equipped with a Phoibos NAP150 electron 
analyzer from SPECS, positioned at the Magic Angle. The available en
ergy range at CIRCE is 90–2000 eV and the beam spot measures 100 ×
20 (H × V) µm2). The photons incidence angle was approximately 40◦. 
The overall energy resolution in the experimental conditions (pass en
ergy = 10 eV for core levels, 20 eV for surveys, exit slit 20 µm) was better 
than 0.3 eV. The binding energy was calibrated using 284.8 eV of C1s.

2.4.3. FIB-TEM analysis
Cross-sectional TEM lamellae were prepared using a Zeiss 550L 

cross-beam system. The wear track region of interest was first located 
using the in-situ SEM, and a protective platinum (Pt) layer was deposited 
on the surface by ion-beam induced deposition (IBID) to prevent damage 
from the Ga+ ion beam during milling. Prior to FIB processing, a thin 
layer of gold (Au) had already been deposited on the sample surface as a 
conductive coating. Following Pt deposition, trenches were milled on 
both sides of the target region to define the lamella. Coarse milling was 
performed at high accelerating voltage (30 kV) and high beam currents, 
to obtain a 1 µm thick lamella. The lamella was then lifted out using an 
in-situ micromanipulator and attached to a Cu TEM grid using Pt 
deposition. Final thinning of the lamella to achieve electron trans
parency (~100 nm thickness) was also carried out at progressively lower 
energies (typically down to 5 kV or 2 kV) to reduce ion-beam damage, 
surface amorphization, and curtaining effect.

High-resolution transmission electron microscopy (HRTEM) and 
high-angle annular dark-field scanning transmission electron micro
scopy (HAADF-STEM) were performed using a Tecnai G2 F20 micro
scope operated at an accelerating voltage of 200 kV. This microscope 
was used to observe the cross-sectional structure of the wear track re
gions and to identify the layered morphology formed during tribological 
contact. To obtain higher spatial resolution and compositional infor
mation, complementary HAADF-STEM imaging, energy-dispersive X-ray 
spectroscopy (EDX) and electron energy loss spectroscopy (EELS) ana
lyses were carried out using a Thermo Fisher Spectra 300 microscope 
operated at 300 kV, equipped with a SuperX detection system and a 
Gatan Continuum K3 EELS spectrometer with direct electron detection. 
Elemental maps for C and Si were collected to analyze the chemical 
distribution within the tribofilm and across the interface with the un
derlying Si-DLC layer.

3. Results and discussion

3.1. Chemical structure analysis of polymers

To characterize the chemical structure of the polymers at Si-C sur
faces, ToF-SIMS was employed to analyze individual polymers. Several 
drops of a PLMA and a PLMA-b-PDMAEMA solution in hexane were 
deposited onto a silicon wafer and air dried, and the surfaces were 
analyzed. The resulting positive and negative secondary ion spectra are 
shown in Fig. 3. In Fig. 3, blue circles indicate peaks originating from 
PLMA, while red circles correspond to peaks derived from PLMA-b- 
PDMAEMA. In the negative ion spectra, both polymers exhibited peaks 
corresponding to C3H3O− (m/z = 55) and C4H5O2

− (m/z = 85), indicative 

Fig. 1. Molecular structures of PLMA and PLMA-b-PDMAEMA used as lubricant additives. The presence of PDMAEMA blocks introduces amine functionality, which 
plays a key role in tribofilm formation on Si-DLC surfaces.

Table 2 
Molecular characteristics of the synthesized PLMA and PLMA-b-PDMAEMA co
polymers, including the molar ratio of PDMAEMA, number-average molecular 
weight (Mw), and polydispersity index (Mw/Mn).

Polymer name PDMAEMA amount 
[mol%]

Mw [kDa] Mw/Mn

PLMA 0 25 1.07
PLMA-b-PDMAEMA 10 25 1.06

Fig. 2. Friction properties of PLMA and PLMA-b-PDMAEMA on Si-DLC with the 
standard deviation.
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of the polymer backbone [25]. Additionally, a peak corresponding to 
C12H23O− (m/z = 183), representing the long carbon chain of PLMA, 
was observed in both polymers [25].

The differences between PLMA and PLMA-b-PDMAEMA were 
observed in the positive ion spectra. Specifically, characteristic peaks of 
PDMAEMA, such as C2H4N+ (m/z = 42), C3H8N+ (m/z = 58, hard to 
separate from the adjacent C4H10

+ ), C4H10N+ (m/z = 72), C6H9O2
+ (m/z 

= 113) were detected in the mass spectra of PLMA-b-PDMAEMA 

[26–30]. These results suggest that these positive peaks are valid 
markers for evaluating tribofilms on wear scars in the presence of PLMA- 
b-PDMAEMA.

3.2. Friction behavior of polymers

Tribological tests were performed on both Pure DLC and Si-DLC 
coatings in the presence of PLMA and PLMA-b-PDMAEMA. 

Fig. 3. Representative ToF-SIMS spectra of PLMA and PLMA-b-PDMAEMA drop-cast on Si wafers. (a) and (b) show negative ion spectra, while (c) and (d) show 
positive ion spectra. Characteristic ion fragments from PLMA are highlighted in blue, while those from the PDMAEMA-containing block copolymer are marked in red. 
These peaks serve as key chemical markers for identifying polymer-derived fragments in subsequent tribofilm analyses. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Average coefficient of friction (CoF) during the final 5 min of tribological tests on Pure DLC and Si-DLC coatings, lubricated with PAO 4, PLMA, or PLMA-b- 
PDMAEMA. The results show that only PLMA-b-PDMAEMA significantly reduces friction on Si-DLC, highlighting the importance of amine functionality and surface 
reactivity. Tests were conducted at 80 ◦C under 1.0 GPa Hertzian contact pressure.
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Additionally, a baseline experiment was conducted on Si-DLC using only 
the base oil (PAO 4) without any polymeric additives. The average co
efficient of friction (CoF) recorded during the final five minutes of the 
40-minute test is presented in Fig. 4. In the case of the pure DLC coat
ings, the presence of functional groups in the functionalized copolymer 
did not lead to a significant change in the frictional behavior. In contrast, 
for the Si-DLC coatings, replacing only the base oil (PAO 4) with PLMA 
did not lead to any appreciable effect, while PLMA-b-PDMAEMA caused 
a significant reduction in friction. Furthermore, the CoF in the presence 
of PLMA-b-PDMAEMA, remained relatively stable throughout the tests 
for both coatings (see Fig. S1 in the Supplementary Information). These 
results indicate the effectiveness of PLMA-b-PDMAEMA in reducing 
friction on Si-DLC coatings, likely due to enhanced interactions between 
its functional groups and reactive silicon sites.

3.3. Surface analysis of wear scars using ToF-SIMS

The surface analysis of the wear scars was carried out after the 
tribological tests. First, static ToF-SIMS analyses were performed on 
each wear scar, focusing on positive secondary ion peaks. The C2H4N+

(m/z = 42) peak was used to compare the amount of DMAEMA amine 
groups on the surface, (Fig. 5(a)), as other nitrogen-containing peaks, 
such as C3H8N+ and C4H10N+, overlap with carbon chain peaks such as 
C4H10

+ and C5H12
+ . The results showed that the amount of nitrogen- 

containing species in the wear scars was lower in PAO 4 alone or in 
the presence of pure PLMA, while the combination of PLMA-b- 
PDMAEMA and Si-DLC had the highest amount of nitrogen-containing 
species. Next, the C4H5O+ peak (m/z = 69) was analyzed to compare 
the amount of polymer backbone, as shown in Fig. 5(b). It was found 
that more polymer backbone was present in the wear scars when PLMA- 
b-PDMAEMA was used compared to PLMA, and this effect was more 
pronounced for Si-DLC coatings. It is also noteworthy noting that in the 
case of PAO 4 alone, the presence of C4H5O+ was negligible. In the 
negative ion spectra, the intensity of the peaks corresponding to the 
polymer backbone also showed trends consistent with those of the 
positive ion spectra (Fig. S2).

For a more detailed analysis, the depth profiles of the positive peaks 
in the presence of PLMA-b-PDMAEMA on pure DLC and Si-DLC are 
shown in Fig. 6. It is evident that the C2H4N+ (m/z = 42) and C4H5O+

(m/z = 69) peaks are more abundant on Si-DLC, particularly near the 
surface. These findings suggest that the interaction between PLMA-b- 
PDMAEMA and Si-DLC promotes the formation of a tribofilm enriched in 
nitrogen-containing species, which may contribute to the observed 
friction reduction.

The depth-dependent evolution of the characteristic fragments 
within the tribofilm formed on Si-DLC in the presence of PLMA-b- 
PDMAEMA was evaluated (Fig. 7). The depth profiles of the Si+, C2H4

+, 
C4H5O+, and C12H23O− peaks were normalized such that the maximum 

Fig. 5. Static ToF-SIMS: Comparison of (a) C2H4N+ (m/z = 42) and (b) C4H5O+ (m/z = 69) peak intensity in wear scars for PLMA and PLMA-b-PDMAEMA on Pure 
DLC and Si-DLC surface, with PAO 4 on Si-DLC serving as the benchmark.
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intensity of each peak was set to 1. The results show that the intensity of 
C12H23O− , C4H5O+, and C2H4

+ signals gradually decrease, while the Si+

signal from the underlying Si-DLC coating becomes more prominent. 
Once Si+ stabilizes, the other peaks become negligible. This observation 
suggests that the long alkyl chain of PLMA (C12H23O− ) is mainly located 
at the outermost surface. Thereafter, the backbone fragment (C4H5O+) 
which is common to both PLMA and PDMAEMA begins to decrease. The 
amine-related fragment of PDMAEMA (C2H4N+) remains closer to the 
interface between the tribofilm and the coating, indicating that the 
amine groups persist over most of the tribofilm depth.

In order to compare the differences in the composition of the tribo
film, a comparison was made with the polymer alone. Fig. 8 shows a 

depth comparison between the polymer alone and the tribofilm formed 
on Si DLC in the presence of PLMA-b-PDMAEMA. The ratio of the amine 
groups (C2H4N+) to the polymer backbone (C4H5O+) was calculated as a 
function of depth. When the polymer alone was applied, this ratio 
remained nearly constant at about 0.2 throughout the depth. In contrast, 
the ratio in the tribofilm, gradually increased with depth eventually 
approaching 1. These results indicate that the amine groups within the 
tribofilm exhibit preferential adsorption to Si-DLC, which differs from 
the behavior observed when the polymer itself is applied.

To further illustrate the proposed mechanism, schematic diagrams 
are presented in Fig. 9. As shown in Fig. 9(a), when the PLMA-b- 
PDMAEMA copolymer is deposited on the Si wafer without sliding, the 
molecular arrangement remains random, and the amine groups are 
uniformly distributed. In contrast, Fig. 9(b) depicts the situation after 
sliding on the Si-DLC surface, where tribological stress and interfacial 
interaction with silicon atoms promote the selective localization of the 
amine-containing PDMAEMA segments near the interface. This rear
rangement under shear is consistent with the increasing C2H4N+/ 
C4H5O+ ratio observed in the depth profile and suggests the formation of 
a compositionally graded tribofilm anchored by N–Si bonding.

3.4. Chemical bonding analysis of tribofilms using synchrotron-based XPS

The chemical bonding states in the tribofilms that had formed on the 
wear scars were then elucidated using synchrotron-based XPS. By 
adjusting the photon energy, it is possible to examine different sampling 

Fig. 6. Depth profiles of (a) C2H4N+ (m/z = 42) and (b) C4H5O+ (m/z = 69) 
peaks on Pure DLC and Si-DLC in the presence of PLMA-b-PDMAEMA.

Fig. 7. Depth profiles of relative intensities for Si+, C2H4N+, C4H5O+, and 
C12H23O− within the wear scar formed on Si DLC in the presence of PLMA-b- 
PDMAEMA.Each peak intensity was normalized to its respective maximum 
value (set to 1).

Fig. 8. Depth profiles of the ratio of amine groups (C2H4N+) point-to-point 
normalized to polymer backbone signal (C4H5O+), comparing the polymer 
alone (drop cast onto Si wafer, representing a bulk copolymer sample) with the 
tribofilm formed in the presence of PLMA-b-PDMAEMA on Si-DLC.

Fig. 9. Schematic representation of (a) the polymer film morphology after 
drop-casting PLMA-b-PDMAEMA on the Si wafer without sliding and (b) the 
tribofilm formed on Si-DLC after sliding.
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depths, enabling depth-resolved analysis of the tribofilm. Increasing the 
photon energy raises the kinetic energy of the emitted photoelectrons, 
allowing signals from deeper regions to be detected. Focusing on the 
silicon peaks, two different bonding states were identified, Si-C bonds 
(peak at 100.8 ± 0.2 eV) and Si-O-C bonds (peak at 102.6 ± 0.2 eV) [18] 
(Fig. S3). The evolution of these peaks at different photon energies is 
show in Fig. 10(a). The results indicate that with increasing depth, the 
intensity of the Si-C bonds increases while that of the Si-O-C bonds de
creases. This trend indicates that the surface is covered by an oxide 
layer, which changes into a more carbide-rich layer with increasing 
depth.

Next, attention was focused on the nitrogen XPS peaks. Two 
nitrogen-related binding states were detected, N-Si bonds (peak at 398.8 

± 0.2 eV) and N-C bonds (peak at 399.8 ± 0.2 eV) [31,32] (Fig. S4). The 
depth-dependent changes of these peaks are shown in Fig. 10(b). With 
increasing the probing depth, the relative intensity of the N-C bonds 
decreased, while the relative intensity of the N-Si bonds increased. It is 
noteworthy that at a photon energy of about 700 eV, both intensities 
reach a steady state. Considering that N-C bonds indicate the amine 
groups of PDMAEMA, and N-Si bonds reflect the adsorption of 
PDMAEMA on the Si-DLC surface, these results suggest that the outer
most surface is enriched with amine groups of PDMAEMA, while in the 
depth of the tribofilm, the fraction of N-Si bonds gradually increases.

In addition, changes in the carbon bonding states were investigated. 
The C 1 s spectrum was fitted into six components, which correspond to 
C-Si (283.5 ± 0.2 eV), C–C sp2 (284.6 ± 0.2 eV), C–C sp3 (285.3 ± 0.2 
eV), C-O (286.6 ± 0.2 eV), C=O (288.0 ± 0.2 eV), and O-C=O (288.8 ±
0.2 eV) as shown in Fig. S5 and reported in previous literature [33–39]. 
A depth-dependent variation of C–C and oxygen-containing carbon 
bonds (C–O and C=O) was observed, as shown in Fig. S6. However, the 
overall change was around 4 percent, which is within the potential 
margin of error for multi-peak fitting. Therefore, the trends in carbon 
bonding are less conclusive compared to the more prominent depth- 
related changes observed in the silicon and nitrogen signals. These re
sults are presented in the Supplementary Information for reference.

In the subsequent analysis, the atomic ratios in the tribofilm were 
determined using unified kinematic energies of 450 eV and 900 eV. 
Furthermore, the detection depth corresponding to these kinematic 
energies was estimated using the IMFP-TPP2M software [40–42]. Fig. 10
(c) shows the depth-dependent changes of the nitrogen and silicon 
peaks, which exhibit the strongest variation with photon energy. The 
results show that the N-Si signal stabilizes near 6 nm from the surface, 
while the Si-O-C peak, which corresponds to the oxide layer, begins to 
decrease. This observation suggests that the boundary between the tri
bofilm and the underlying Si-DLC substrate lies at this depth.

Table 3 presents the atomic ratios at each depth. The results clearly 
indicate that, at greater depths, the amounts of nitrogen and silicon 
increase. One possible explanation for this trend is that the tribofilm’s 
subsurface layers contain nitrogen-rich compounds, which could have 
formed through adsorption processes.

This depth-dependent N–Si bonding behavior is consistent with 
previous studies on amine-functionalized polymers interacting with 
oxide-terminated DLC surfaces [19,20], suggesting a general mechanism 
for anchoring under tribological conditions. The formation of chemi
cally anchored N–Si bonds not only stabilizes the interfacial structure 
but likely contributes to the reduced wear and friction observed in Fig. 4, 
by maintaining film integrity under sliding.

3.5. FIB-TEM analysis of the tribofilm on Si-DLC

Cross-sectional FIB-TEM analysis clarified the morphology and 
thickness of the tribofilm formed on the Si-DLC surface in the presence of 
PLMA-b-PDMAEMA. Fig. 11(a) shows a representative HAADF image in 
which a protective Pt layer is deposited on top of a thin Au film. The Au 
film was deposited prior to Pt deposition to safeguard the tribofilm from 
collapse during the subsequent Pt coating step. Below these layers, a 

Fig. 10. Depth-resolved synchrotron-based XPS analysis of the tribofilm 
formed on Si-DLC after lubrication with PLMA-b-PDMAEMA, measured at ki
netic energies of 450 and 900  eV. (a) Evolution of Si–C and Si–O–C bonding 
components. The Si–C contribution increases with depth, indicating a transition 
from surface oxidation to a more carbide-rich subsurface. (b) N–C and N–Si 
bond fractions as a function of sampling depth. The dominance of N–C near the 
surface and the increase of N–Si with depth suggest that PDMAEMA segments 
first adsorb via amine groups and then chemically anchor to the Si-DLC sub
strate. (c) Quantitative atomic concentrations of nitrogen and silicon, showing 
an enrichment of both elements at greater depths, consistent with the formation 
of an interfacial region stabilized by N–Si bonding.

Table 3 
Atomic composition of the tribofilm at different sampling depths, derived from 
XPS measurements using kinematic energies of 450 eV and 900 eV. The data 
show increasing nitrogen and silicon content with depth, supporting the for
mation of an N–Si rich interfacial layer that anchors the tribofilm to the Si-DLC 
substrate.

Kinematic Energy [eV] 450 900

Depth Profile [nm] 4.8 7.9
N [at. %] 0.1 5.6
C [at. %] 97.1 87.4
Si [at. %] 2.7 7.0
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distinct tribofilm can be seen over the Si-DLC substrate. The tribofilm 
thickness ranges from 5 to 12 nm, closely matching the ~6 nm depth 
estimated by synchrotron-based XPS.

Fig. 11 shows HAADF imaging and elemental maps. The carbon 
signal in Fig. 11(c) appears similarly intense in both the tribofilm and 
the Si-DLC, reflecting their carbon-rich nature. Fig. 11(d) shows that 
silicon can only be detected in the Si-DLC layer. Fig. 11(e) overlays the 
carbon and silicon maps, confirming that the silicon-doped layer lies 
beneath a carbon-based film. These observations demonstrate that a 
polymer-derived tribofilm forms on the Si-DLC and that its thickness 
agrees well with the XPS results, supporting the interpretation that the 
amine-containing segments of PLMA-b-PDMAEMA are anchored to the 
silicon-doped surface, while the alkyl segments forms a low-friction 
surface layer.

3.6. Mechanism of tribofilm formation on Si-DLC

The proposed mechanism for the tribofilm formation on Si-DLC in 

the presence of PLMA-b-PDMAEMA is shown in Fig. 12. The tribofilm is 
characterized by a layered structure consisting of polymeric components 
adsorbed on the Si-DLC surface. This structure plays a critical role in 
reducing friction and improving wear resistance.

In the outermost layer, the long alkyl chains of the PLMA segment 
(indicated as C12H23O− ) are oriented outwards and forms a low-shear 
interface that interacts effectively with the lubricant medium. These 
chains form a highly oleophilic surface that minimizes direct contact 
between the surfaces and reduces friction during sliding.

Beneath the alkyl chain layer are the polymer backbone fragments 
(indicated as C4H5O+) which form the structural basis of the tribofilm. 
These components contribute to the overall integrity and mechanical 
stability of the tribofilm under high loading conditions. In comparison, 
the C2H4N+ signal shows a shallower slope in the depth profile (Fig. 7), 
indicating that the amine groups from the PDMAEMA segment are more 
concentrated in the bottom part of the tribofilm. These functional groups 
exhibit strong interactions with the Si-DLC surface, likely forming stable 
chemical or coordination bonds. This depth-dependent accumulation 
supports the interpretation that the amine-containing PDMAEMA seg
ments anchor the tribofilm to the Si-DLC coating via N–Si bonding. Such 
interactions are essential for ensuring strong adhesion to the substrate 
and maintaining the durability of the tribofilm during sliding.

The observed structure of the tribofilm explains the superior tribo
logical performance observed in the presence of PLMA-b-PDMAEMA. 
The outermost oleophilic layer reduces shear stress, while the amine- 
rich inner layer improves adhesion to the Si-DLC surface, preventing 
delamination of the film. This layer architecture ensures stable friction 
reduction and effective wear protection, even under demanding lubri
cation conditions.

4. Conclusion

This study elucidates the detailed structure and performance of a 
tribofilm responsible for the enhanced tribological behavior of a novel 
lubrication system that combines PLMA-b-PDMAEMA block copolymers 

Fig. 11. Cross-sectional FIB-TEM and EDX elemental mapping of the tribofilm 
formed on Si-DLC after sliding in the presence of PLMA-b-PDMAEMA. (a) Cross- 
sectional HAADF image of the tribofilm formed on Si-DLC after sliding in the 
presence of PLMA-b-PDMAEMA. (b) HAADF image of the cross section, (c) 
elemental map showing the distribution of carbon, (d) elemental map showing 
the distribution of silicon, and (e) overlay of carbon (red) and silicon (blue), 
illustrating a carbon-enriched tribofilm layer on top of the silicon-containing 
DLC. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 12. Adsorption and Tribofilm Formation Mechanism on Si-DLC with 
PLMA-b-PDMAEMA. (a) Illustration of the adsorption process of PLMA-b- 
PDMAEMA on Si-DLC, showing red schematics representing PDMAEMA (amine 
groups) and blue schematics representing PLMA (alkyl chains). (b) Fully formed 
tribofilm structure after sliding, highlighting the layered configuration with 
PDMAEMA segments interacting strongly with the Si-DLC surface and PLMA 
segments forming the outer oleophilic layer. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.)
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with Si-DLC coatings. Comprehensive surface analyses, including ToF- 
SIMS, synchrotron-based XPS, and cross-sectional FIB-TEM, confirmed 
the in-situ formation of a polymer-derived tribofilm with a thickness of 
approximately 5–12 nm on the Si-DLC surface. The tribofilm remained 
stable under a Hertzian contact pressure of approximately 1 gigapascal, 
demonstrating mechanical robustness under severe boundary lubrica
tion conditions. The tribofilm exhibits a chemically stratified structure. 
The amine functionalities of the PDMAEMA segment are strongly 
anchored to the silicon-rich substrate through N–Si chemisorption, 
while the long alkyl chains of the PLMA segment extend outward into 
the lubricant phase, forming a low-shear and oleophilic outer layer. This 
dual-layer configuration suppresses direct asperity contact, leading to 
reduced friction and improved wear protection.

The correlation between polymer functionality, particularly the 
presence of amine groups, and tribofilm formation underscores the 
importance of precise copolymer design for the development of metal- 
free lubrication systems. The present findings provide a mechanistic 
foundation for designing next-generation lubricant additives that ach
ieve stable and low-friction performance on doped DLC surfaces, offer
ing a more sustainable alternative to conventional phosphorus and 
sulfur-containing additives.
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Near ambient pressure XPS at ALBA, J. Phys.: Conf. Series, IOP Publishing (2013) 
072023.

[24] D. Ruano Sánchez, Caracterización de catalizadores basados en cobre en 
condiciones de reacción mediante técnicas espectroscópicas in situ, TDX (Tesis 
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