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A B S T R A C T

Environmental concerns have made the development of non-flammable, high-specific heat capacity, and high- 
performance lubricants an urgent priority, driving an increased demand for aqueous-based formulations. A 
key challenge for their widespread application is achieving low friction across a broad range of speeds. A low- 
viscosity system composed of polyalkylene glycol (PAG), water, and diethylene glycol offers superlubricity (i. 
e., friction coefficient ≤0.01) at rolling speeds above 150 mm/s; however, significant friction remains at lower 
rolling or sliding speeds. This limitation can be addressed by introducing eco-friendly and non-toxic gallate 
molecules. For example, adding 1 % lauryl gallate stabilizes the friction coefficient at approximately 0.04 with no 
measurable wear. To activate the anti-friction and anti-wear properties of gallates, the molecules must have alkyl 
chains with eight or more carbon atoms.

Large-scale molecular dynamics simulations have been conducted to explore the key mechanisms by which 
gallate molecules achieve such superior lubricity. This is made possible through innovative machine learning 
techniques that enable simulations with Density Functional Theory (DFT) accuracy, allowing the modeling of 
large systems over extended timescales. Simulations reveal that the superior lubricity of gallates results from the 
strong anchoring of molecular patches that chemisorb onto the iron surface in specific orientations, enabling the 
alkyl chains to form an inert cushion at the steel/steel interface. Lubrication occurs thanks to this chemical inert 
buffer region, which effectively separates the metal surfaces realizing a beneficial friction and wear reducing 
tribofilm, with a clear dependence on the chain length. These findings by a combined experimental- 
computational approach provide valuable insights for the development of sustainable lubricants, advancing 
the field of green tribology.

1. Introduction

The current trend toward fossil fuel conservation and environmental 
protection is driving tribologists to explore alternatives to traditional 
fuel-based lubricants. Polyalkylene glycol (PAG) is considered as a 
promising candidate for engine oil formulations, offering superior 
friction-reducing and load-bearing capabilities compared to conven
tional mineral-based and synthetic oils [1,2]. Additionally, PAG aqueous 
solutions can form hydrated films on ceramics, helping the achievement 
of superlubricity (coefficient of friction, CoF <0.01) in both the mixed 

lubrication (λ = 2.4) and elastohydrodynamic lubrication regimes [3].
However, when PAG is directly used to lubricate steel surfaces, ad

ditives such as MoS2 and WS2 quantum dots are required to achieve an 
ultralow CoF ≤0.1 [4]. These additives promote the formation of a 
protective tribofilm on steel, avoiding direct metal-to-metal contact. 
Nanosized MoS2 deposited on graphene is an efficient additive for PAG, 
creating low-friction layers on steel surfaces [5]. Apart from Mo-based 
additives, hydroquinone bis (diphenyl phosphate) has also proven to 
be an excellent anti-wear agent for PAG, enabling the formation of a 
polyether-containing tribofilm [6].
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To broaden the choice of additives for PAG, we have extensively 
investigated the tribological performance of gallate molecules through 
both experimental studies and molecular dynamics simulations using 
machine learning interaction potentials (MLIP) with Density Functional 
Theory (DFT) accuracy. Gallates are attractive due to their abundance, 
renewability, eco-friendliness and antioxidant properties. For instance, 
gallic acid is a natural component found in sumac, tea and oak. Known 
for its oxygen scavenging ability, gallic acid is used in the medical 
treatment of cancer [7] and cardiovascular and inflammatory diseases 
[8]. Additionally, gallic acid and gallates family are also applied in 
cosmetic [9] and food industries [10] as antioxidant agents. In lubricant 
applications, gallate molecules such as propyl gallate [11] have been 
used as antioxidant agents in vegetable oils to increase their stability. 
For example, propyl gallate in B30 (a blend of 30 % biodiesel in diesel) 
results in the formation of an ester-based tribo-film reducing both fric
tion and wear [12]. Gallates like 2-octyldodecyl gallate can also modify 
TiO2 nanoparticles, improving dispersion stability and lowering friction 
[13]. Furthermore, by replacing the hydrogen atoms of gallic acid with 
alkyl chains, these gallate derivatives can be used directly as lubricants. 
Among them, substituting hydrogen atoms of phenolic hydroxyl groups 
with propyl chain and the hydrogen atom of the carboxylic group with 
dodecyl chain is the most efficient way to obtain low friction [14].

The role of the alkyl chains and the underlying friction reduction key 
mechanisms are unraveled exploring how gallate molecules interact 
with iron surfaces by means of DFT calculations and MLIP molecular 
dynamics simulations. First, the formation of a stable self-assembled 
monolayer (SAM) is revealed, triggered by molecules chemisorbed 
following the tribochemically activated dissociation of terminal OHs 
which promotes the creation of strong Fe-O-C bridges between the 
surface and the aromatic ring of the molecules which, as a results, adsorb 
in the upright orientation. The SAM is further stabilized by hydrogen 
bonding and vdW attraction between adjacent molecules. Second, 
following the dynamics, even in harsh tribological conditions, shows 
that these SAMs can withstand local loads of several GPa, with the alkyl 
chains forming a cushion, inert, region that keeps apart the most reac
tive parts of the molecules and the surfaces. This way, sliding is domi
nated by vdW interactions between the alkyl chains, thus substantially 
reducing friction and wear at the iron-iron interface. In agreement with 
experimental findings, the greatest reduction in friction is obtained for 
gallate molecules with longer alkyl chains.

This research pushes forward the application of gallate molecules in 
tribology, revealing their potential as efficient friction modifier and 
wear inhibitor in PAG-based aqueous solution. Reciprocating tests were 
conducted to evaluate the effect of gallate chain length on tribological 
behavior, being the solubility of the molecule successfully maintained 
within the adopted liquid solution The two most outstanding gallates, 
octyl gallate and lauryl gallate, were subsequently selected for MTM 
tests to evaluate their performance across a wide speeds range. X-ray 
Auger electron spectroscopy (XAES) and atomic force microscopy (AFM) 
analyses unveiled the underlying lubrication mechanisms. This study 
not only expands the selection of additive for PAG-based solutions but 
also addresses their limitations by utilizing robust gallate molecules that 
form stable layers on steel surface.

2. Experimental & computational sections

2.1. Materials & liquid preparations

For the tests conducted using the reciprocating tribometer, steel balls 
and discs were purchased from PCS instruments (London, UK) with 
surface roughness values of 19.7 and 4.4 nm, respectively. The steel balls 
have a diameter of 12.7 mm. As for steel specimens used in the mini- 
traction machine (MTM), they were also bought from PCS in
struments. However, the balls in this setup have of 19.5 mm, with sur
face roughness values of 8.2 nm for the balls and 3.1 nm for the discs. All 
the information about the samples is summarized in Table 1.

The liquid base lubricant, named “331” in the following, is prepared 
by mixing three components: PAG (Breox 75w 55000), diethylene glycol 
and distilled water in a 3:3:1 ratio. Breox 75w 55000 was purchased 
from BASF (Ludwigshafen am Rhein, Germany) and diethylene glycol 
(purity ≥99 %) was sourced from Sigma-Aldrich (St. Louis, USA). Before 
use, the mixture was magnetically stirred for 10 min to ensure homo
geneity. As a non-flammable and biodegradable hydraulic fluid, “331” is 
currently used in industries such as mining, agriculture, tunneling and 
hydraulic pumps.

Additives such as gallic acid (GA), propyl gallate (PG), butyl gallate 
(BG), octyl gallate (OG) and lauryl gallate (LG) were purchased from 
Sigma-Aldrich, each with a purity ≥99 %. Due to the poor solubility of 
gallates in “331”, we used TEA (triethanolamine) as a solubilizer in this 
study. TEA was provided by TotalEnergies (Courbevoie, France). The 
molecular structures of all compounds are shown in Fig. 1.

To dissolve the additives, 0.5 wt% TEA was added to “331”, and the 
mixture was magnetically stirred for 10 min. The viscosity of “331” +
0.5 wt% TEA at 25 ◦C was measured at 261 mPa s. Subsequently, 1 wt% 
of each gallate additive was added into the mixture. The solution was 
then heated to 60 ◦C and magnetically stirred for an additional 15 min. 
Before use, the final solution was cooled to ambient temperature. All 
prepared solutions were optically transparent, with corresponding 
photos shown in Fig. 1c. The base solution of “331” + 0.5 wt% TEA, as 
well as the solutions containing OG and LG, remained colorless. In 
contrast, the addition of GA and PG turned the solutions light yellow, 
while the introduction of BG resulted in a light pink color.

2.2. Tribological experiments

A first set of tribotests was conducted using a reciprocating trib
ometer in a ball-on-disk configuration [15]. A normal force of 10 N was 
applied to the disk, resulting in a maximum Hertzian pressure of 860 
MPa and a contact diameter of 148 μm, as calculated based on [16]. The 
sliding speed on the ball side was controlled by a mechanical arm 
following a sine function, with a maximum speed of 3 mm/s at the 
midpoint of the track. All tests were performed three times at 25 ◦C 
under boundary lubrication regime.

The second set of tests was performed using a Mini-Traction Machine 
(MTM, PCS instruments, London, UK) allowing to test lubricant tribo
logical performance over a wide range of speeds. The test protocol was 
divided into five steps. All steps were conducted at a temperature of 
25 ◦C, with a normal force of 35 N and a slide-to-roll ratio of 100 %. Two 
timed steps were performed at speeds of 250 mm/s and 10 mm/s, each 
for 20 min (Fig. 2). Before and after a timed step, a Stribeck curve was 
systematically obtained, covering speeds from 5 mm/s to 2500 mm/s.

Table 1 
Characteristics of body and counter-body materials.

Supplier Diameter (mm) Elastic modulus (GPa) Poisson ratio Surface roughness (nm) Hardness (GPa)

Steel ball PCS instruments 12.7 210 0.3 19.7 8.3
Steel disk PCS instruments – 210 0.3 4.4 8.3
Steel ball (MTM) PCS instruments 19.5 210 0.3 8.2 8.3
Steel disk (MTM) PCS instruments – 210 0.3 3.1 8.3
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2.3. Surface analysis

After rinsing the worn steel surfaces with ethanol, wear scars were 
imaged by digital microscopy (VHX-6000, Keyence, Osaka, Japan). 
Topographic information such as wear depth, wear volume and surface 
roughness (Sa), were quantified using an interferometer (ContourGT-X, 
Bruker, Billerica, USA). Surface roughness (Sa) information was ob
tained from an area of 126 × 95 mm2. The wear curvature radius was 
also acquired with the interferometer.

The top-surface chemistry was investigated using X-ray photoelec
tron spectroscopy (XPS) and X-ray-induced Auger electron spectroscopy 
(XAES). Both analytical techniques were powered by a ULVAC-PHI 
Versa Probe II spectrometer equipped with an Al Kα source (1486.6 
eV). Photoelectron and Auger electron signals were collected from a 50 
× 50 μm2 area at a take-off angle of 45◦ and a pass energy of 23.5 eV. The 
XPS and XAES spectra were treated using Multipack software.

Deeper information was recorded using Raman spectroscopy 
(Invia™ confocal Raman spectroscopy, Renishaw, Gloucestershire, UK). 
A 633 nm laser was employed, and the laser power was maintained 
below 10 mW to avoid surface modification.

High-resolution topography information was further investigated 
using atomic force microscopy (AFM). AFM analysis was carried out on a 
Park NX 10 (Park Systems, Suwon, South Korea) with RESP tips (contact 
tips with k = 0.9 N/m) purchased from Bruker (Massachusetts, USA). 
The height profile and lateral force were recorded in contact mode, 

while the adhesion force was recorded in pin-point mode. The AFM tip 
remained in contact with the steel samples during the mode shifting, 
ensuring that the height profile, lateral force, and adhesion force were 
recorded in the same area within a water environment to minimize the 
impact of capillary forces on adhesion. Friction force was obtained from 
the lateral force signal by taking half the difference between the forward 
and backward scan signals. Although lateral force calibration was not 
performed, all experiments were conducted using the same tip and op
tical adjustments, allowing direct comparison of the obtained values.

2.4. Ab initio calculations and molecular dynamics simulations with 
machine learning interaction potentials

Steel based surfaces present several types of oxide with the degree of 
iron oxidation decreasing while nearing the metal substrate. In tribo
logical conditions however, part of the superficial oxides will be 
removed and molecules easily come in direct contact even with the pure 
iron surface, which is much more reactive and can significantly favor 
molecule chemisorption [17] with respect to iron hydroxides/oxides. 
Thus, it can be expected that the most beneficial effect of the additives 
would be in alleviating direct Fe-Fe contacts and the computational 
work here has been focused on the simulation of an iron substrate in the 
presence of the gallate molecules to investigate the specific role of the 
alkyl chain length. Ab initio calculations were performed for systems 
with four different gallate molecules (PG, BG, OG, and LG) adsorbed on 
Fe (110), used as representative of the native steel surface, within a 3 ×

2 supercell (14.20 × 12.05 Å) with a thickness of 4 atomic layers, using 
spin–polarized density functional theory (DFT) implemented in VASP 
package version 6.3.2 [18] using the projector–augmented wave (PAW) 
method with the Perdew–Burke–Ernzerhof (PBE) functional [19] and 
the DFT–D2 method of Grimme [20,21] to account for the van der Waals 
(vdW) dispersion interactions. The detailed setup for the DFT calcula
tions can be found in Ref. [22].

A Deep Neural Network (DNN) machine learning interaction po
tential (MLIP) was trained using the DeepMD–kit package with the 
DeepPot– SE (Deep Potential–Smooth Edition) model [23]. To effec
tively improve the DNN potential, additional data frames were gener
ated through an active learning approach [24,25] employing DFT based 
static and ab initio molecular dynamics (AIMD) calculations. Details 
about the AIMD simulations, the training process, and the active 
learning approach to generate more data for the MLIP training are 
presented elsewhere [22,25]. Molecular dynamics simulations with the 
DNN potential were performed with Lammps [26] with a time step of 0.1 

Fig. 1. Molecular structures of (a) GA, PG, BG, OG, LG and (b) TEA. (c) Photos of the prepared solution after cooling to ambient temperature.

Fig. 2. Test protocol of MTM with five steps.
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fs in the NVT ensemble at 300 K using separate Nosé-Hoover thermostats 
for each of the iron slabs. Tribological conditions were simulated 
imposing a fixed relative velocity of υ = 50 m/s along the x direction 
between the uppermost and the bottom-most layer of iron atoms at 
different applied loads ranging from 0.5 GPa to 2.5 GPa (see Fig. 3). 
Averages were performed over atomic configurations collected at every 
10 fs along the simulated trajectories.

3. Results

3.1. Gallates performance in reciprocating sliding test configuration

In tests performed with the reciprocating tribometer, the formulation 
of base oil “331” added with 0.5 wt% TEA exhibited a gradual increase 
in the friction coefficient from 0.15 to 0.22 over time. Such a high 
friction coefficient at low sliding speeds is not practical for applications. 
Introducing GA, PG and BG into “331” + TEA reduces the CoF during the 
running-in period; however, it eventually approaches the base oil value 
and remains above 0.12. In contrast, the addition of OG and LG signif
icantly reduces the steady CoF to a value ≤ 0.06. Notably, this ultralow 
friction state is achieved early in the test during the running-in period. 
When comparing OG and LG, LG demonstrates greater efficiency in 
friction reduction than OG stabilizing CoF at approximately 0.04, while 
the steady CoF of OG is around 0.06.

On the other hand, friction induces topography changes on steel 
surfaces. After lubrication with “331” + TEA, the steel ball is fully 
covered with grey Fe3O4 species, as indicated by the characteristic 
Raman peak of Fe3O4 detected at 670 cm− 1 [27] (Fig. 5g). The wear scar 
diameter on the steel ball is 212 μm (Fig. 5a) corresponding to a wear 
volume is − 2678 μm3 (Fig. 4b), indicating that the Fe3O4 species ex
ceeds the material loss due to shear. On the contrary, the disk side ex
periences significant wear, with a wear volume of 45898 μm3. The 
addition of GA, PG, and BG alters the topography of steel surfaces 
(Fig. 5b–d) and forms Fe3O4 species (Fig. 5g) in the wear track. How
ever, these three additives do not reduce the total wear volume of the 
balls and disks. Especially, in the case of GA, the wear diameter on the 
steel ball is enlarged to 346 μm (Fig. 5b), with a corresponding wear 
volume of 132180 μm3 (Fig. 4b). In addition to Fe3O4, the D and G peaks 
of amorphous carbon are detected at 1323 cm− 1 and 1571 cm− 1 [28]. An 

additional peak is recorded at 1470 cm− 1, which is also present in hy
droquinone [29].

Following the CoF reduction with the addition of OG or LG, the total 
wear volume decreases significantly with these two additives (Fig. 4b). 
In the case of OG lubrication, the steel ball is found to have a wear 
diameter of 184 μm (Fig. 5e) and a material loss of 8873 μm3, while no 
measurable wear is observed on the disk side. For the LG case, the wear 
diameter on the steel ball is 149 μm (Fig. 5f), with no measurable wear 
detected on either side. It is noteworthy that the Hertzian diameter is 
148 μm in this context. Upon closer examination of optical images, light 
yellow species are found (not shown here) inside the wear track for both 
cases, which correlates well with the formation of Fe3O4 and Fe2O3 
peaks detected by Raman at 217, 286, 402, and 1321 cm− 1 (Fig. 5g) 
[30].

XPS analysis revealed the chemical distribution of the steel top sur
face. The as-received steel surface contained only carbon, oxygen and 
iron, as expected. However, after the friction tests, nitrogen was found 
on all steel surfaces (Table 2), indicating that TEA contributes to changes 
in surface chemistry, as it is the only nitrogen source present. Comparing 
the cases with gallate molecules GA to OG, the nitrogen content de
creases as the carbon amount in the alkyl chains increases. The nitrogen 
content of the LG lubrication case is similar to that of OG, suggesting that 
both OG and LG may inhibit the adherence of TEA to the steel surfaces. 
Concerning iron content, the use of GA significantly reduces iron content 
from 9.9 % to 1.8 % compared to the base liquid lubrication case. 
Correspondingly, the GA case exhibits the highest carbon content among 
all analyses, which can be attributed to carbon species either being 
attached to or formed on the steel surface (Fig. 5g). Another noteworthy 
element is the relative decrease in the intensity of the C-O(H) contri
bution in the wear tracks lubricated by gallate compounds compared to 
the gallate powders. This could be due to the thermally activated 
breaking of the OH bonds, in particular during friction (Fig. S1).

The most significant difference between the gallate molecules is the 
alkyl chain length as shown by the XPS C1s core levels recorded on the 
powders through the relative intensities of the different contributions 
from C-C/C=C, C-O(H), O=C-O and pi/pi* (Fig. S1). XAES was also 
performed to quantify the length using the characteristic peak at 
approximately 261 eV, which represents the -(CH2-CH2)n-structure [31]. 
Regarding XAES analysis of gallate powders, a remarkable peak is found 
at 261.2 eV for LG and 261.6 eV for OG (Fig. 6a). The peak location shifts 
to higher kinetic energy with a decrease in the alkyl chain length 
(Fig. 6d). This trend is also evident in the transition from LG to PG. For 
GA and PG, both exhibit peaks located at 263.1 eV. Conversely, OG and 
LG show the most prominent peak areas, represented as the area be
tween the dashed line and the XAES spectrum from 259.6 to 265.6 eV 
(Fig. 6a). A declining trend in peak area is observed with a decrease in 
the number of carbons in the alkyl chain (Fig. 6c). For the GA case, the 
peak area is negligible, which aligns with the fact that GA does not 
possess a -(CH2-CH2)n-linear chain.

Concerning the correlation between peak location/area and alkyl 
chain length, steel surfaces lubricated with different solutions exhibit a 
relationship similar to that of gallate powders (Fig. 6c and d). However, 
the peak locations after friction are generally about 0. 3 eV lower than 
those of the gallate powders. As for the peak areas after friction, they are 
almost identical to the values observed for the gallate powders. These 
similarities strongly suggest that gallate molecules are firmly attached to 
the steel surfaces. Consequently, the alkyl chain features, such as the 
peak position and area of the -(CH2-CH2)n-group, are preserved when 
analyzing the rubbed steel surfaces. It is important to note that these 
alkyl chain features cannot originate from “331” or TEA, as the XAES 
spectrum of steel lubricated with this solution does not exhibit a 
remarkable -(CH2-CH2)n-signal near 261 eV, and their peak shape re
sembles that of GA case, which lacks alkyl chains.

XAES results confirm that gallate molecules are attached to steel 
surfaces. To further investigate the distribution of these molecules, AFM 
was employed. For the steel surface lubricated with “331” + TEA, 

Fig. 3. Model with two opposing gallate monolayers confined between two Fe 
(110) substrates for MLIP molecular dynamics simulations in tribolog
ical conditions.

Y. Long et al.                                                                                                                                                                                                                                    Materials Today Nano 30 (2025) 100629 

4 



scratches of approximately 30 μm were observed (Fig. 7a). Despite this 
significant difference in topography, no corresponding variation in 
friction and adhesion force distribution was detected within the 
scratches; the friction and adhesion forces were similar to those in areas 
outside the scratches. This lack of correlation between surface height 
and force was also observed in the cases of GA, PG, and BG (not shown 
here).

Steel surfaces lubricated with OG and LG are covered by patches with 
an average height of approximately 10 nm (Fig. 7b and c), which are 
easily distinguishable from other areas due to their lower friction and 
adhesion forces. The OG-lubricated surface shows significantly higher 
patch coverage compared to the LG-lubricated surface. However, within 
these patches, the average friction is 0.054 V for the LG case and 0.065 V 
for the OG case. Additionally, the average adhesion force is 37 nN for LG 

and 42 nN for OG. These findings are consistent with performances 
obtained with the reciprocating tests, where LG lubrication demon
strates a lower CoF compared to OG.

In conclusion, XPS/XAES analyses demonstrate that gallate mole
cules have chemically bounded to steel surfaces and conserved their 
original alkyl chains during the reciprocating tests conducted at a 
reduced sliding speed range (maximum 3 mm/s). AFM further unveils 
that only OG and LG lubricant additives provide ultralow friction, low 
adhesion patches on steel surfaces, which are non-homogeneously 
distributed. Meanwhile, the patches created by LG exhibit lower fric
tion compared to those formed by OG.

3.2. Gallate performance in MTM test configuration

MTM further investigates the lubricity of the base liquid and addi
tives to extend their performance across a wide speed range. When the 
liquid base “331” + TEA lubricates a steel pair without undergoing a 
timed step, superlubricity is achieved (CoF ≤0.01) at rolling speeds 
above 150 mm/s (Fig. 8a). Even at rolling speeds below 20 mm/s, it can 
maintain a CoF around 0.08. However, its lubricity deteriorates at 
rolling speed ≤20 mm/s if the steel pair is subjected to a timed speed of 
250 mm/s or 10 mm/s. The short-term rolling at a fixed speed results in 
a sudden increase of CoF when the rolling speed is ≤ 20 mm/s. For 
instance, after sliding at 10 mm/s, the CoF can reach 0.18 within the 
tested speed range.

The limitation of the practical application of “331” + TEA lies in its 

Fig. 4. Tribological tests conducted using the reciprocating tribometer: (a) Friction curve as a function of time. (b) Wear volumes of the balls and corresponding to 
each lubricant type.

Fig. 5. Optical images of steel balls lubricated with “331” + TEA: (a) without additive; (b) with GA; (c) with PG; (d) with BG; (e) with OG; (f) with LG. The blue scale 
bar represents 100 μm. (g) Raman spectra of steel wear after lubrication with different solutions, with analysis locations marked by yellow stars (a-f).

Table 2 
Elemental composition of the steel surface after friction test, as determined from 
XPS survey spectra.

C1s O1s Fe2p3/2 N1s

(331+TEA) 50.2 37.7 9.9 2.2
+GA 63.5 32.1 1.8 2.6
+PG 43.3 42.0 13.5 1.2
+BG 42.2 41.3 15.5 1.0
+OG 39.8 46.8 12.8 0.6
+LG 46.4 41.8 11.1 0.7
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poor lubricity at low rolling speeds. Therefore, additives are expected to 
preserve the low friction of the water-based liquid at rolling speeds 
≥150 mm/s while addressing the high friction issue at lower rolling 
speeds. The addition of OG and LG at 0.1 wt% (noting that higher 
amounts of gallates, such as 1 wt%, can slightly increase CoF at rolling 
speeds ≥1500 mm/s) fulfills these requirements. They maintain a CoF 
below 0.003 at rolling speeds above 250 mm/s and ensure CoF ≤0.07 at 
rolling speeds below 250 mm/s (Fig. 8b and c). Their addition signifi
cantly changes the Stribeck curve, producing a plateau-like curve for 
rolling speeds below 30 mm/s. Additionally, timed steps at 250 mm/s 
and 10 mm/s have no impact on the final shape of the Stribeck curve. 
Therefore, the lubricity of “331” + TEA is enhanced by the OG/LG 
addition, resulting in a formulated lubricant remains exceptionally sta
ble, even under severe conditions (low rolling speeds).

3.3. Ab initio (DFT) calculation of the adsorption of gallate molecules on 
iron surface

The minimum energy configurations of (PG, BG, OG and LG) gallates 
molecules adsorbed on the Fe (110) surface were investigated ab initio to 
draw initial ideas about the strength and configurations of the Fe-gallate 
interactions. A single molecule was initially geometrically optimized at 
several adsorption sites with either a perpendicular or a parallel orien
tation of the aromatic ring on the iron (110) surface (Fig. 9a and b). For 
intact molecules DFT adsorption energies are lower with the aromatic 
ring parallel to the surface, thanks to the formation of multiple chemical 
bonds between surface iron atoms and the carbon atoms of the ring 

(Fig. 9a). However, it is known that surfactant molecules can, even 
spontaneously, deprotonate when adsorbed on iron/iron oxides surfaces 
[32]. It is well-known that the iron surface is highly catalytic [33] and 
facilitates the spontaneous dissociation of the OH [34]. Deprotonation is 
thermally activated already at 300 K, as observed for the BG molecule 
[22]. Indeed much more favorable adsorption energies are found for all 
four molecules (Fig. 9g insert), when the perpendicular oriented 
adsorption is considered, allowing for the removal of two hydrogen 
atoms from the OH groups at the base of the molecule. In particular, the 
dissociative adsorption promotes the formation at the interface of 
multiple, direct, Fe-O-C chemical bridges that stabilize the aromatic ring 
perpendicularly to the surface (Fig. 9c), a finding which is also in a good 
agreement with the XPS spectra measured experimentally (Fig. S1). On 
the contrary, the occurrence of deprotonation of the OH groups cannot 
be observed with reference ReaxFF models [35] even under high loads 
and sliding in harsh tribological conditions [22], underlying the 
importance of quantum accurate description of the molecule-surface 
interaction which is achieved by DFT and inherited by the deep neural 
network potential.

Moreover, thanks to this molecular orientation, there is a sizable 
energy gain when more molecules are added (Fig. 9d, e, f) with the 
formation of an ordered monolayer structure [36,37], which is further 
stabilized both by the establishment of hydrogen bonding between 
molecules and by the attractive vdW interactions between the alkyl 
chains. The monotonic decrease of adsorption energies per molecule is 
shown in Fig. 9g for the undissociated case. The energy gain is higher the 
longer is the length of the alkyl chain of the molecule and, for OG and 

Fig. 6. The normalized CKLL first derivative: (a) for gallate molecule powders and (b) for steel wear tracks lubricated by different solutions. The dashed lines connect 
data points at 259.6 eV and 265.6 eV in KE. The area between the dashed line and the XAES spectrum between 259.6 eV and 265.6 in KE eV is referred to as the peak 
area. c-d correlation between (c) peak area and (d) peak location, and the carbon content in the alkyl chains of gallate molecules.
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LG, it can compensate and even surpass the energy advantage of the 
single molecule parallel adsorption (Fig. 9g insert). These results testify 
the presence of a competition between these two preferred adsorption 
geometries, with the case of the molecule aromatic ring parallel to the 
iron surface favored at low coverages in the absence of dissociations 
while, with increasing molecular concentration, the perpendicular one 
becomes more and more favorable the longer is the alkyl chain leading, 
after deprotonation, to the formation of stable ordered SAMs.

The coverage of the Fe (110) surface does not depends from the alkyl 
chain length and a full coverage is achieved at a density of 0.035 mol
ecules per Å2 (for the considered systems corresponding to six molecules 
in the 3 × 2 supercell [22]), where one observes the formation of an 
ordered self-assembled monolayer (SAM), well matched with the peri
odicity of the Fe (110) surface (Fig. 9f).

3.4. (MLIP) molecular dynamics simulation in tribological conditions

To identify the nature of the underlying mechanisms responsible for 
the tribological performances of gallate compounds, and particularly the 
effect of the alkyl chain length, numerical simulations were performed 
with an ad-hoc trained DNN potential (details of the training are given in 
the SI; see Fig. S2 and Fig. S3). The initial conditions of the atomic 
configurations for the MLIP-MD simulations were built starting with the 
full coverage SAM adsorbed on the Fe (110) surface, obtained by 
replicating the optimized DFT supercell with 6 adsorbed molecules in 
order to obtain a larger MD supercell with a surface area of 42.6 × 36.15 
Å2 and each of the two opposing SAMs containing 54 molecules (Fig. 3). 
The models with 66 % coverage (36 molecules per SAM) were then 
obtained by removing 1/3 of molecules. The total number of iron atoms 
staying fixed to 2160 in both systems.

Frictional properties of the Fe-gallate systems with different chain 
lengths are presented in Fig. 10 as a function of the applied load for two 

Fig. 7. AFM analysis on steel surface lubricated by (a) “331” + TEA, (b) “331” + TEA + OG and (c) “331” + TEA + LG. Their heights (top), lateral force (middle), 
and adhesion force (bottom) distribution in an area of 2.5 × 2.5 μm2 are listed.

Fig. 8. Tribological tests performed on MTM: (a) “331” + TEA, (b) “331” + TEA + 0.1 wt% OG and (c) “331” + TEA + 0.1 wt% LG. Steps 1 and 3 are the Stribeck 
curves before and after a timed step at 250 mm/s respectively. Step 5 is the Stribeck curve after a timed step at 10 mm/s.
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different coverages. The Fe-Fe separation distances between the two 
iron substrates are relatively large for all gallate molecules. The Fe-Fe 
gaps range from 16 Å to 36 Å for 100 % coverage and from 12 Å to 
26 Å for 66 % coverage with a quasi-linear inverse dependence on the 
applied load, and a monotonic increase with the chain length. The most 
significant reduction is found with the longer OG and LG chains as the 
applied load increases (Table S1). It is worth mentioning that the 
roughly estimated lengths of the molecules (as depicted in Fig. S4) are 
~10.04, 10.97, 15.80 and 20.75 Å for PG, BG, OG, and LG, respectively. 
At 100 % coverage the relative ratios of these lengths are well reflected 
in the behavior of the separation distances for the different molecules, a 
clear sign of the stability of the ordered SAM layers under tribological 
conditions.

Resistive forces per unit area present not only the expected mono
tonic increase, roughly proportional to the applied load, but also a clear 
dependence on the alkyl chain length of the molecules (Fig. 10). At full 
coverage with the lowest applied pressures (0.5 GPa) a remarkably low 
friction was obtained for all gallate molecules, with a slightly higher 
value only for the PG system. Indeed, these roughly similar, low, values 
for the frictional forces at the lowest load can be explained by a friction 
mechanism dominated by the Pauli repulsion and the weak vdW inter
action between the well-ordered alkyl chains in the SAMs. As the applied 
load increases, the friction increases in a more pronounced way for PG 
and BG molecules, but only in a significantly slower way for the OG and 
LG molecules. For the latter there appear to be only minor differences 

between the frictional forces for the full and the 66 % coverages, with a 
much more pronounced increase in friction values observed for the 
shorter chain molecules, PG and BG, especially at lower loads.

Overall, the MLIP-MD results show that for the longer chains (OG 
and LG) friction remains relatively low in a remarkably consistent way 
for all the loads in the studied range and independently of the SAM 
coverage. The shorter chains (BG and PG), on the contrary, can only 
provide some degree of friction reduction with ordered SAMs at full 
coverage and for the mildest applied pressures, but they fail doing so at 
high applied loads, indeed at all loads in the 66 % coverage case. The 
MLIP molecular dynamics results confirm, well in line with experi
mental findings, the occurrence of a beneficial chain length effect on 
friction. This effect becomes more pronounced when the molecules are 
loosely packed, i.e. when it is no longer possible to observe a stable, 
ordered SAM.

To understand more in depth the underlying mechanisms leading to 
higher friction reductions for the long chains and the different behavior 
at lower coverage densities, it is important to analyze in detail the 
structures of the Fe-gallate systems under sliding conditions. The system 
snapshots in the upper panels of Fig. 11a–d are taken at the sliding time 
of 500 ps, for the PG and LG respectively at full and 66 % coverage, with 
1 GPa applied pressure. For all systems, molecular adhesion is well 
conserved during the sliding, stabilized by the Fe-O-C bridges resulting 
from the deprotonation of two initial Fe-OH bonds. At full coverage, 
apart rare exceptions, for the vast majority of the molecules the aromatic 

Fig. 9. Stable structures of gallate adsorption on Fe(110) surface: (a) BG parallel adsorption, (b) OG intact molecule perpendicular adsorption, (c) dissociative 
adsorption for the OG molecule, (d, e, f) perpendicular adsorption of 2-4-6 gallate molecules. (g) Adsorption energies per molecule as a function of the number of 
molecules in the 3x2 supercell with, in the insert, the comparison between the single molecule adsorption energies of the undissociated in the parallel configuration 
and of the twice deprotonated in the perpendicular configuration.

Fig. 10. Frictional properties of Fe-gallate systems with different chain lengths: resistive force per unit area as a function of the Fe-Fe separation distances at full (a) 
and 66 % (b) coverage. The applied pressure in GPa is specified in the symbol legends.
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rings stand perpendicularly while the last three/four -CHx groups of the 
alkyl chains become flattened to better accommodate with compression 
and sliding. This behavior is featured by sharper peaks in the density 
profiles located near the iron substrates (Fig. 11a–d, lower panels). 
These flat layers remain ordered and evenly distributed, in both the 
short-chain (PG and BG) and, more pronounced, in the long-chain (OG 
and LG) systems, and they can be assumed to be responsible for load 
bearing and friction reduction.

The most significant structural difference between the short and the 
long chain systems can be found in the vertical distribution of the oxy
gen atoms. For LG (and OG) peaks in the density of the oxygen remain 
well separated by the, flattened, alkyl chains, while for PG (and BG) 
there is no gap. In particular, in the short-chain systems, much shorter 
distances are found between the highest C-O groups of the molecule in 
the opposing monolayers and even the distances of the oxygen atoms of 
one monolayer from the iron atoms of the opposed surface, a situation 
that becomes more pronounced as the load increases. As a result, 
stronger chemical reactive interactions become more frequent between 
the opposing layers, particularly in the case of PG. The greater increase 
of friction observed for the short-chain systems can be primarily asso
ciated with these stronger interactions across the interface, that cannot 
take place in the longer chain systems where the alkyl chains, either in 
an ordered or even somewhat disordered fashion, are able to sustain an 
effective separation at the interface with weaker vdW interactions 
dominating the friction behavior.

The reduction of the Fe-Fe interfacial distances at low coverage 
shown in Fig. 11 can be associated with the loss of the perpendicular 
orientation of part of the gallate molecules. Their aromatic rings adsorb 
onto the Fe surface filling space left by the removal of gallate molecules 
previously adjacent in the 100 %-coverage systems. There is additional 
disorder in the alkyl chain with a consequent loss of intermolecular 
hydrogen bonding.

4. Discussion

It is worth mentioning that without TEA, only 1 wt% GA, PG, and BG 
can be fully dissolved inside “331”. This is because increasing alkyl 
chain length results in a greater hydrophobicity of the molecules. Given 
that “331” is a polar liquid, it is reasonable that a longer alkyl chain 

length would negatively impact the solubility of gallate molecules in 
“331”. However, tribological tests (Fig. 4a) have demonstrated that 
adding GA, PG, and BG to “331” + TEA does not sufficiently reduce 
friction and wear. This indicates that the gallate core and gallate mol
ecules with short alkyl chains (Cx < C8) are not robust enough to bear the 
load and maintain separation between the two surfaces. In contrast, the 
addition of OG and LG significantly ameliorates the friction and wear 
performances of the water-based lubricant (Fig. 4a). This finding is 
consistent with other studies on the effect of fatty acid chain length on 
friction [38], which report a pronounced friction reduction when the 
alkyl chain length is above C6.

XAES results show that alkyl chains remain present on steel surfaces 
after friction even under severe loading condition. The gallate molecules 
are expected to anchor onto the steel surfaces through chemisorption of 
the polar core and physisorption of the alkyl chain. Polar groups, such as 
hydroxyl (OH), have stronger affinity for steel surfaces compared to non- 
polar groups like CH3 [39], and gallate polar core contains 3 
OH-functions. Indeed, gallic acid is frequently used as a corrosion in
hibitor for steel, as it chemically adsorbs onto steel surfaces and forms 
highly stable complexes with iron [40]. This process also produces 
hydroxyquinone due to the oxidation of gallic acid, which explains the 
Raman peak observed at 1470 cm− 1.

The lubrication regime calculation further supports the crucial role 
of gallate molecules in lubricating the contact. For instance, in tests 
performed with the reciprocating tribometer at 3 mm/s and 25 ◦C, 
Table 3 shows that, regardless of the addition of OG or LG, the final 

Fig. 11. Snapshots of Fe-gallate sliding systems at 1 GPa and 500 ps (a-d) and the corresponding atomic density profiles (e-h), obtained averaging over 10 ps after 
the first 500 ps of the sliding process.

Table 3 
Relevant parameters for tests conducted with reciprocating tribometers at 3 
mm/s and 25 ◦C. The Lambda (λ) value represents the ratio between composite 
surface roughness and the liquid film thickness, with the latter calculated using 
the Nijenbanning-Venner-Moes equations [41]. The pressure-viscosity coeffi
cient of “331” + 0.5 wt% TEA is assumed to be 7 GPa− 1 [42].

OG LG

Ball Disk Ball Disk

Roughness after tests (nm) 53.9 8.6 11.0 4.5
Radius of wear curvature after tests (mm) 14.1 – 6.8 –
Liquid film thickness (nm) 10.0 6.8
λ 0.18 0.57
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Lambda (λ) ratio, calculated at the end of the friction experiment, re
mains well below unity, indicating that friction arises from the contact 
between asperities. Therefore, the remarkable friction-reducing prop
erties of OG and LG under severe sliding and rolling/sliding conditions 
can be attributed to their ability to remain firmly anchored to the con
tacting asperities while maintaining a dense, orderly chain structura
tion, effectively keeping the opposing surfaces separated.

The friction reduction observed in the MLIP molecular dynamics 
results in Fig. 10 highlights the importance of the alkyl chains with the 
longer chain OG and LG molecules outperforming the shorter PG and BG 
counterparts, in agreement with the experimental findings. The 
breaking of OH bonds to form direct Fe-O-C configurations, also 
observed in the XPS analysis, is fundamental to stabilize the upright 
orientation of the aromatic ring of the molecules in the SAM throughout 
the sliding process. As a result, friction reduction is commanded by the 
environment of the tightly packed alkyl chains [43], while the magni
tudes of the resistive forces are relatively consistent among different 
chain lengths. Friction reduction is higher, with a lesser dependence on 
the chain length, when full coverage gallate SAMs are sandwiched be
tween the two iron surfaces. This can be explained by the fact that the 
alkyl chains remain more tightly packed and present each other a more 
flattened surface. At lower coverages, the structure of the SAMs becomes 
somewhat disordered with part of the molecule adsorbed with the aro
matic ring parallel to the surface. In these conditions, an effective fric
tion reduction can only be attained with the longer chain molecules, OG 
and LG.

In summary, from the analyses of the molecular structures of the 
gallate systems under sliding conditions, we propose a mechanism of 
friction reduction which is based on the formation of a SAM in which the 
head group positions are stabilized by the formation of Fe-O-C chemical 
bonds that results from OH bond dissociation, with the alkyl chains 
playing the major role as friction supportive layer. The more ordered is 
the SAM the higher is the friction reduction. This property, in the cases 
studied here, is secured by the longer chains OG and LG molecules, 
which have been proven, in agreement with the experimental tribo
logical tests, to provide better frictional performance, in all studied 
geometries, compared to the shorter chains BG and PG molecules.

5. Conclusions

This study presents an effective strategy to reduce friction and wear 
on steel substrates in PAG aqueous solutions (such as "331″) at low 
sliding speeds, achieved by the addition of organic gallate molecules. 
Significant reductions in both friction and wear are observed when the 
alkyl chain length of gallates is ≥ 8 carbon atoms, with C12 (lauryl 
gallate, LG) outperforming C8 (octyl gallate, OG) in lubricity. Specif
ically, the addition of OG to "331" + TEA results in a 73 % reduction in 
the coefficient of friction (CoF) and an 81 % reduction in wear, while LG 
eliminates measurable wear and achieves an 82 % reduction in CoF. 
Additionally, MTM testing demonstrates that the inclusion of either OG 
or LG in "331" + TEA preserves the low-friction characteristics of the 
water-based lubricant at high rolling speeds and makes friction nearly 
independent of rolling speed at values below 30 mm/s. The lubricity is 
stable and robust, as evidenced by the unchanged Stribeck curve even in 
the boundary lubrication regime.

As confirmed through XAES analysis, AFM imaging and DFT- 
accurate MLIP molecular dynamics simulations, the superior lubricity 
is attributed to the presence of long alkyl chains that form molecular 
layers strongly adsorbed onto the steel surface. These layers convert 
steel-to-steel contact into interactions between alkyl chains, where 
lubrication is facilitated by Pauli repulsion and weak van der Waals 
forces. Computational analysis further reveals that the deprotonation of 
the basal hydroxyl groups in gallate molecules is crucial for the strong 
adhesion of these molecular patches to the iron surfaces. These findings 
offer valuable insights for designing effective, eco-friendly water-based 
lubricants with enhanced tribological performance.
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