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Developing a supramolecular polymer gel based on carbonized polymer dots with highly efficient lubrica-
tion properties is very challenging. Here, we obtained a kind of carbonized polymer dots (CPDs) by ther-
mal reflux of long-chain aliphatic amines in halogenated benzene solvents. The CPDs nano-gel achieved
high lubrication performance due to entangling effect of long chain and reversible thixotropic behavior
after gel formation. Two-dimensional correlation synchronous (2D-COS) showed the CPDs connect small
carbon dots into large hydrophobic structures through their own dense chain entanglement, thus trap-
ping oil to form gel. Chain entanglement, as a non-permanent crosslinking, can slide under stress, and
this flexible and dynamic characteristic allows it to maintain efficient and long-lasting lubrication without
hysteresis during friction. The tribological test results showed a significant reduction of 38.14% in the co-
efficient of friction and 93.71 % in wear scar diameter after lubrication with CPDs nano-gel. Moreover, the
serial analysis for the friction interface and computational methodologies revealed that the formation of
tribochemical film between friction pairs is the key to reduce wear. This study underscored the possibility
of utilizing carbonized polymer dots for self-assembly applications, and we anticipate that supramolec-
ular carbonized polymer dots gels have great potential in lubrication and emission reduction, ultimately
contributing to the development of a sustainable society.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of modern industry, higher
requirements have been put forward for the performance of
mechanical equipment. The working environment for the rotating
components of transmission devices is becoming increasingly
harsh, leading to lubrication failure, and even peeling and fracture
in the contact areas of these rotating components, which seriously
impacts their service life [1,2]. Friction not only results in energy
waste and economic losses, but can also trigger production acci-
dents. According to reports, over 30% of energy consumption is
used to overcome friction; about 80% of machine components fail
due to wear and tear; >50% of mechanical equipment accidents
are caused by lubrication failure or excessive wear [3]. Reducing
the energy loss caused by friction was used to extend the service
life of mechanical systems, usually through efficient lubrication
materials [4]. Among them, the application of liquid lubrication
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was more extensive and diverse [5]. However, the characteristic of
liquid lubricants is that they are prone to leakage and volatiliza-
tion, resulting in reduced lubrication effect, and may even cause
pollution to the equipment or the use environment [6]. Lubricat-
ing grease could avoid the above problems, but it faces complex
processes, and long operation time [7]. Therefore, it is essential
to develop a simple and effective method for constraining liquid
lubricants to avoid oil leakage and excessive viscous resistance.
Recently, supramolecular gel has been used as lubricant in the
field of friction [8]. Supramolecular gels are usually formed by
small molecules in selected solvent media through a variety of
non-covalent interactions, including hydrogen bonding, van der
Waals forces, -7 stacking, London dispersion force, dipole-dipole,
hydrophobic interactions, and electrostatic interactions [9], which
can spontaneously aggregate in solvent to form three-dimensional
network structure [10]. This network structure contains many cav-
ities that can accommodate a large number of organic and water
molecules, forming a jelly like semi-solid structure of the system
[11]. Those gels with the characteristics of flexible adjustment driv-
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Fig. 1. (a) Temperature-dependent Fourier transform infrared (FT-IR) spectra of CPDs nano-gel, synchronous (b) and asynchronous (c) spectra of the CPDs nano-gel. The
opposite variation directions of the band intensity are represented by the pink and blue colors, respectively. POM of 12.5 wt% CPDs nano-gel at 50 °C (d), 40 °C (e) and

30 °C (f).

ing forces generally benefit from dynamic noncovalent interactions,
which are usually lacking in the chemically cross-linked polymeric
gels. So far, most organic gels belong to small molecular organic
gels. These small molecules are interconnected by non-covalent
bonds and exhibit polymer properties in solution. Under external
stimulation, they can be reversibly transformed between aggre-
gates and monomers. However, sometimes the mechanical prop-
erties and viscoelasticity of gels composed of small molecules can
not meet the requirements. At present, there have been studies us-
ing polymer-based gels to solve the above problems [12,13], but
these studies are still based on linear polymer hydrogels, which
are relatively rare in the fixation of organic solvents or oils. There-
fore, it is necessary to develop a kind of polymer organic gel factor
which can form stable crosslinking.

Inspired by our previous work [14] on carbon dot aggregates as
lubricant additives, this myristylamine-derived carbonized polymer
dots (CPDs) fabricated via thermal reflux demonstrate autonomous
gelation behavior. Two-dimensional correlation synchronous spec-
trum (2D-COS) and polarizing optical microscope (POM) were used
to investigated the gel process of CPDs in situ. The results showed
that because there were abundant hydrophobic chains on the sur-
face of CPDs dissolved in polyalphaolefin (PAO), the chains would
cross and tangle, and eventually form aggregates. These aggre-
gates will become gel when they absorb solvents. Unlike chemi-
cal crosslinking, chain entanglement can slide against each other
under stress. The tribological test results showed a significant re-
duction of 38.14% in the coefficient of friction (COF) and 93.71%
in wear scar diameter (WSD) after lubrication with CPDs nano-
gel. Through chemical analysis of the friction surface and compu-
tational modeling of the lubrication state, explored the potential
friction mechanisms was the formation of tribochemical film be-
tween friction pairs is the key to reduce wear. This highly effective
gel lubricant is simply prepared by CPDs, which provides a promis-
ing energy saving method. It is critical to improve the service life
and reliability of transmission rotating parts, and is conducive to
the sustainable development of the environment and ecosystem.

The synthesis steps of the CPDs are shown in Fig. S1 (Sup-
porting information), spectral and structural information are given
in Figs. S2 and S3 (Supporting information). The thermal proper-
ties and rheological properties of the CPDs nano-gel are given in
Figs. S4 and S6 (Supporting information), which showed that CPDs
nano-gel formed gel due to some interactions, and the sol/gel tran-
sition occurred with the increase and decrease of temperature. In
order to obtain the changes in the temperature response mecha-
nism of CPDs nano-gel, the coagulation/sol process of CPDs nano-
gel was investigated in situ.

The temperature response mechanism of CPDs nano-gel can
be revealed by the temperature dependent FI-IR (Fig. S6). Fig. S6
showed temperature dependent band mainly occurs between
1250cm™! and 1800cm!, as shown in Fig. 1a, when magnified,
as the temperature increased, the changes in the 1734, 1644,
1566cm™! band became increasingly apparent, belonging to the
stretching vibration of double bonds (C=0). The same situation
also occurred in the 1484, 1385, and 1313cm™! bands, which be-
long to the C-H. During the heating process, the molecular struc-
ture or chain conformation of temperature responsive polymers
will change, while infrared spectroscopy can analyze the changes
in molecular structure or chain conformation by capturing the
frequency changes of molecular groups [15]. Fig. 1a showed that
this change with temperature was caused by hydrogen bonding
or changes in molecular conformation. However, due to the seri-
ous overlap of signals detected by conventional infrared or Raman
spectroscopy tests, weak signals are masked, making it difficult to
analyze the information changes during dynamic changes.

In order to obtain the fine structure and temperature response
mechanism changes of temperature responsive polymers, the ki-
netic sequence of the thermal response of C=0 and C-H could be
further analyzed by 2D-COS (Figs. 1b and c), which was applied
with the synchronous spectra and asynchronous spectra. There
are four cross peaks (1734, 1734), (1566, 1566), (1485, 1485), and
(1313, 1313) in the synchronous spectrogram, and three main au-
tomatic peaks (1734, 1485), (1734, 1566), and (1566, 1313) in the
asynchronous spectrogram. Among them, 1734 and 1566 cm™! cor-
respond to C=0 bending vibration, while 1485 and 1313 cm™! cor-
respond to C-H bending vibration, which all peaks corresponded
and no sub peaks. Therefore, changes caused by hydrogen bonds
can be excluded [16]. According to the Nado rule [17], the or-
der of absorption peak response during the heating process is
1734 — 1556 — 1313 — 1485, indicating that during the heating
process, C=0 has a better response to temperature than C-H.
Therefore, there is a conformational change but no chemical bond
change in CPDs.

To further verify the conformational change, POM was used to
track the real-time state of the CPDs nano-gel during the cool-
ing process, and observed the growth and gel of CPDs polymer in
situ, as shown in Figs. 1d-f and Figs. S5d-f (Supporting informa-
tion). With the decrease of temperature, the CPDs was reassem-
bled into some nanofibers with a diameter of over 100 nm, which
conforms to the theory of crystal mismatch [18], when the un-
dercooling is low, the nucleation potential barrier of crystal mis-
match is very high, so the fibers tend to grow in one dimension,
and the degree of fiber branching and entanglement is relatively
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Fig. 2. (a) Coefficient of friction curves of CPDs nano-gel with different concentra-
tions under 294N, 1200 rpm, 25 °C. (b) CPDs nano-gel average coefficient of friction
and wear volume under different concentrations under 294 N, 1200 rpm. (c) Coeffi-
cient of friction curves of 12.5 wt% CPDs nano-gel with different load (1200 rpm,
25 °C) and (d) 12.5 wt% CPDs nano-gel average coefficient of friction and wear
volume under different load (1200rpm, 25 °C). (e) Coefficient of friction curves of
12.5 wt% CPDs nano-gel with different rate (294N, 25 °C) and (f) 12.5 wt% CPDs
nano-gel average coefficient of friction and wear volume under different rate (294 N,
25 °C).

low. On the contrary, it will cause branching at the tips of the
fiber.

Investigations were conducted systematically to assess lubri-
cating property, polymer gels with concentrations of 7.5 wt%,
10.0 wt%, 12.5 wt%, 15 wt% and 17.5 wt% were tested by four-ball
method (Fig. 2). As shown in Figs. 2a and b, under friction test at
294N, compared with CPDs nano-gel, the friction coefficient for
PAO experienced obvious fluctuations and increased first and then
decreased, accompanied by the maximum wear trajectory width.
Compared with the PAO, the COF and the WSD for the CPDs nano-
gel decreased obviously. Meanwhile, with the increase of CPDs
content, the COF and WSD of CPDs nano-gel would decrease then
level off. It can be reasonably inferred that CPDs not only captures
PAO to form the gel, but also exists in the base oil in the form of a
lubricant additive. Meanwhile, to be as reliable oil-lubrication ma-
terials, it is necessary to investigate its lubrication behavior under
high loads. So, the anti-wear property of the CPDs nano-gel was
investigated upon applying different load (Fig. 2c). The minimum
wear was obtained at 294N (Fig. 2d). For CPDs nano-gel, lubrica-
tion failure occurred at 588N, far greater than pure PAO (480N,
Fig. S7 in Supporting information), explained CPDs nano-gel has
better carrying capacity. The influence of rotational speed on
the friction coefficient of CPDs nano-gel showed that the friction
coefficient was larger at low rotational speed, but decreases at
high rotational speed. And the wear area increased initially and
then decreased with the increasing rotational speed (Fig. 2f). At
low speed (Fig. 2e), friction mainly came from indentation caused
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by steel surface wear. At this time, the temperature of the contact
surface was low, and it was not easy to form an oxide film, so
the friction coefficient was relatively large. With the increase of
rotational speed, the contact surface generated a lot of heat, which
helped the formation of oxide film. The presence of an oxide film
helped to reduce direct contact, thereby reducing the coefficient
of friction.

Further observations were conducted to assess wear conditions,
focusing on the three-dimensional morphology, corresponding sec-
tion curve, and SEM images of the wear surface (Fig. 3). As shown
in Fig. 3a;-a4, the wear surface after PAO lubrication was a large
deep pit with a wear volume of 2.94 x 10° um3. It was accom-
panied by rough wear marks, including deep furrows, micropits,
and high bulges, which indicated that the contact points had se-
vere adhesive wear under PAO. By contrast, the CPDs nano-gel
effectively prevents further wear and tear. As can be seen from
Fig. 3d;-d4, the wear volume after 12.5 wt% CPDs nano-gel lubri-
cation was significantly reduced (1.85 x 104 um3), which was only
6% of the wear volume after PAO lubrication. At the same time,
it was observed that the wear track was smooth, which greatly
alleviates the adhesive wear of steel contact. The wear volumes
of 7.5 wt% (Fig. 3b;-bs), 10 wt% (Fig. 3cq-c3), 15 wt% (Fig. 3e;-
e3) and 17.5 wt% (Fig. 3f;-f3) CPDs nano-gel were reduced to
2.07 x 10°, 8.85 x 104, 2.11 x 10* and 3.52 x 10° um?, respectively.
It follows that CPDs nano-gel could significantly improve its anti-
wear properties. To test the above hypothesis, X-ray photoelectron
spectroscopy (XPS) was used for examining the surface information
of the worn surface.

The lubricant at the contact point may react chemically with
the friction pair during the friction process. In order to analyze the
interface interaction between the CPDs nano-gel and the steel ball,
the wear surface after the PAO and 12.5 wt% CPDs nano-gel were
compared by XPS spectra. As shown in Figs. 4a, ¢, e and g, under
the lubrication of PAO and CPDs nano-gel, C-O and O-C-O bonds
(C 1s: 286.6 and 288.7¢eV; O 1s: 531.6 and 533.1 eV) existed on the
friction pair surface [19,20]. This indicated that an organic layer
containing carbonyl and hydroxyl compounds had formed on the
surface of the steel [21]. At the same time, the C-O-C peak inten-
sity was high under the lubrication of CPDs nano-gel, which most
likely originates from the frictional degradation of PAO and CPDs in
the gel system, while under the lubrication of PAO, layer produced
comes from frictional degradation of PAO. N 1s (Fig. 4f) shows that
compared with before friction (Fig. S3e in Supporting information),
two new peaks were detected on the worn surface, belonging to
the Fe-N coordination bond (399.48 eV) and the oxidized nitrogen
(401.68eV) [22], proving that N is involved in the coordination and
oxidation processes. Meanwhile, compared with PAO as a lubricant
(Fig. 4b), Fig. 4f shows a new peak (-NH4") confirms a more com-
plex and effective tribochemical reaction under the lubrication of
CPDs nano-gel, yielding a superior lubricating film.

The results shown in Figs. 4d and h supported the above con-
Jecture, Fe 2p spectra showed exists Fe 2p;, and Fe 2p;, of
Fe®, which were at 707.0 and 719.6eV, Fe 2p3j, and Fe 2pq, of
Fe,03, which were at 710.5 and 723.9 eV [23]. Combined with O 1s
(529.8 eV), indicating the presence of Fe,O3 in the formed tribo-
layer, which was caused by frictional chemical reaction between
steel and dissolved water and oxygen in lubricants. The Fe,03 had
been proven to have an excellent friction-reducing effect [24], but
had weaker wear resistance and lower shear strength. Therefore,
when only PAO was used as lubricant, Fe and Fe,03; were detected
on the wear trajectory because Fe,03 is continuous abrasion and
regeneration (Fig. 4d). In comparison, the CPDs nano-gel lubricated
surface showed that only Fe,03 exists, indicating that the Fe,03
was protected effectively by adsorbed CPDs and the steel ball had
not been further worn down (Fig. 4h).
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by 12.5 wt% CPDs nano-gel at room temperature (294N, 1200 rpm, 30 min).

To obtain a more intuitive observation the actual thickness of
the tribofilm, randomly cutting the wear surfaces of the steel ball
lubricated with CPDs nano-gel by focused ion beam (FIB) (Fig. 5).
Figs. 5a and b showed that the thickness of the friction film is
about 500-700nm. A clear boundary was observed between Pt
coating and Fe substrate, indicating the formation of a friction film
on the metal surface, which was mainly composed of elements
such as C, N, O by frictional degradation of PAO and CPDs in the
gel system. From Fig. 5c¢, it can be observed that the C, N and O
were uniformly distributed along the tribofilm layer without any
element aggregation. The EDS in cross-sectional showed the main
component of C in the friction film, which was the result of accu-
mulation of a large amount of CPDs in the wear area. (Figs. 5c-h,
Table S1 in Supporting information).

The anti-friction effect of the lubricant was directly affected by
the thickness of the lubricating film. At the same time, the thick-
ness of the lubricating film can also be made by the lubricating
machine used to judge the lubricating agent. In this study, the steel
surface has periodic wear and tear, so it is not suitable to measure
the film thickness by optical interferometry. The four-ball friction

and wear experiment belong to the point contact type. Accord-
ing to the Hamrock-Dowson [25] elliptical contact minimum film
thickness (H,;,) formula:

Hmin — 3.63RXUoA68G0A49WoA073 (1 — 061 e—OAGSk) (1)
where U=nu/E'Rx, G=aE', W=w/(E'Rx2). Specifically, n is the vis-
cosity of the lubricant at room temperature, u (*~0.399 m/s) is the
relative sliding velocity, E' (~2.27 x 10! Pa) is the equivalent elas-
tic modulus of steel ball and Rx (~3.175mm) is the comprehen-
sive radius of curvature of the ball. @ (~15GPa’!) [26] refers to
the viscosity-pressure coefficient of the lubricant, w is the exper-
imental load, for the four-ball long grinding experiment, the ex-
perimental load is 294 N. The detailed calculation process for these
parameters can be found in Supporting information. H,,;, is about
763 nm, which is close to what we measured in Fig. 5. Additionally,
the lubrication state (A) was classified using the following equa-
tion:

H, min

/2 2
U1+02

A= (2)
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where o1 (0.213) and o, (0.189) are the average surface roughness
of the wear trajectories of the top ball and the three bottom balls,
respectively. In this work, it is calculated that the lubrication sta-
tus of the PAO lubricant is in boundary lubrication (A =0.35), CPDs
nano-gel lubricant is in mixed lubrication (A =2.71) (more details
are available in the Table S2 in Supporting information).

Based on the above, the schematic diagram about the lubrica-
tion mechanism of CPDs nano-gel as lubricant shown in Fig. 6.
Essentially, the friction between interfaces comes from relative
sliding between surface micro-bulges. Therefore, minimizing direct
contact between these micro-asperities is crucial for reducing in-
terfacial friction. As for the friction pair between steel and steel
lubricated by PAO, the friction-induced high temperatures accel-
erated the transformation of Fe304 to Fe,03 [26,27]. As shown in
Fig. 6, with the shear produced by friction, CPDs was released from
the CPDs nano-gel because of shear-thinning properties, which was
adsorbed on the surface of the Fe,03, forming a friction film with
excellent boundary lubrication [28]. Additionally, under high shear
rates, the CPDs was released to enhances the viscosity of PAO, ef-
fectively enhancing the load-carrying capacity of the oil film. Based
on the XPS of the wear marks (Fig. 4), it can be concluded that
the main component of the lubricating film is iron oxide, which
provides protection for the friction pair [29]. Based on the above
characteristics, the CPDs nano-gel could be well applied in vari-
able working conditions. However, the continuous increase of CPDs
agent content does not always help lubrication. The shear resis-

tance could be significantly improved because of the excessive
CPDs, as shown in Fig. S6, obstructing the release of CPDs and PAO,
ultimately degrading tribological performance and increasing fric-
tion and wear (Fig. 2). Thus, the best tribological performance can
be achieved in the CPDs nano-gel system by adding 12.5 wt% CPDs.

In summary, a novel self-constraint CPDs nano-gel lubricant
was fabricated by a facile yet efficient route. Unlike most gel based
on the hydrogen bond, it enables gel to better disperse stress
when experiencing external shear force and bearing pressure by
dispersing stress to other molecular chains through dense entan-
glement, and avoid fracture and lubrication failure caused by local
stress concentration. As an effective lubricant, the CPDs nano-gel
played a key in friction reducing and anti-wear. The tribological
test results revealed a notable decrease of 38.14% in the COF and
a 93.71% decrease in the wear scar diameter of PAO when supple-
mented with 12.5 wt% CPDs. Further investigation into the wear
surface and the calculation of the mathematical model, it was con-
cluded that the unique lubrication effect of CPDs nano-gel might
be due to the large supramolecular adsorption between the fric-
tion pairs to form a thicker oil film, thus reducing the wear loss.
This study underscored the potential of utilizing carbonized poly-
mer dots for self-assembly applications, and we anticipate that
supramolecular carbonized polymer dots gels have great potential
in lubrication and emission reduction by extending the mechani-
cal life, ultimately contributing to the development of a sustainable
society.
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Supplementary material that may be helpful in the review pro-
cess should be prepared and provided as a separate electronic file.
That file can then be transformed into PDF format and submitted
along with the manuscript and graphic files to the appropriate ed-
itorial office.
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