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ABSTRACT: In this work, four kinds of imidazole phosphate
ionic liquids (ILs) with different anionic and cationic alkyl chain
lengths were synthesized. The physicochemical properties and
tribological performance of ILs were evaluated. The experimental
results revealed that the tribological properties of ILs were
positively correlated with the cationic chain length and negatively
correlated with the anionic chain length. The effect mechanism can
be summarized in two aspects: on the one hand, anions with
shorter alkyl chain lengths possess stronger adsorption performance
and better film forming ability on the friction pair surfaces, which
makes the ILs form more robust and stable lubricating film; on the
other hand, ILs with longer cationic alkyl chain lengths possess
milder tribo-chemical reactions, which can effectively enhance the
tribological performance and decrease the corrosion wear.

1. INTRODUCTION
With the continuous development of modern industry, there is
an increasing number of severe working conditions for the
employment of mechanical equipment, such as high loads,
corrosion environments, and other harsh working environ-
ments.1 Lubricating oil and grease can efficiently reduce
friction and wear by avoiding direct contact of sliding pairs.
However, most of them are prone to failure under a harsh
environment.2 Accordingly, a new type of synthetic lubricants
is urgently required to enhance their tribological properties.
Ionic liquids (ILs) as the new kind of high-performance
lubricants and lubricant additives have been adopted since
2001 arising from their distinctive physicochemical properties,
including negligible volatility, high heat resistance, non-
flammability and favorable designability of molecular struc-
tures, and so forth.3−6 Since then, ILs have entered the
tribology researcher’s field of vision and aroused extensive
attention. A large quantity of ILs have been synthesized and
their tribological properties have been explored.7−10

The friction-reducing and antiwear mechanisms of ILs have
been extensively investigated and diffusely recognized as two
aspects: one is the lubricating films formed by the anions and
cations that adsorb on the sliding pair surfaces, and the other is
the tribo-chemical reactions between ILs and substrate
surfaces.11−13 Meanwhile, ILs containing active elements
(such as N and P) possess strong electronegativity and are
liable to form chemical bonds with metal elements.14−16

Therefore, alkyl imidazole ILs are extensively utilized as
general lubricants for friction pairs owing to their remarkable
corrosion resistance, high load-bearing properties, and

tribological properties. Zheng et al. uncovered that guani-
dine-based ILs as the additives of di(2-ethylhexyl) phthalate
and polyethylene glycogen (PEG200) can effectively enhance
their wear resistance.13 In addition, the synergistic effect of
nitrogen and phosphorus can significantly promote the wear
resistance performance of ILs. Liu et al. revealed that
asymmetric tetra-alkyl-phosphonium ILs exhibit better tribo-
logical properties than traditional ILs.4

In our previous studies, the cations with longer alkyl chains
of imidazolium-based ILs presented outstanding adsorption
ability and tribological performance.17 Pejakovic ́ et al. detected
that the friction-reducing and antiwear properties of ILs are
both promoted with the increase of the anionic alkyl chain
length.18 Previous research just simply interpreted the
influence of cationic or anionic alkyl chain length on
tribological properties, but the effect of anionic alkyl chain
length and cationic and anionic alkyl chain lengths in the same
system are rarely mentioned.

In this work, to further confirm the influence of anionic and
cationic alkyl chain lengths on the tribological performance of
ILs, four molecular structures of ILs are designed: long alkyl
chain cation and long alkyl chain anion, long alkyl chain cation
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and short alkyl chain anion, short alkyl chain cation and long
alkyl chain anion, and short alkyl chain cation and short alkyl
chain anion. Through the evaluations of their tribological
properties, adsorption behavior, and the analysis of wear scar
surfaces, the influencing mechanism of anionic and cationic
alkyl chain lengths on the tribological performance of ILs will
be revealed more clearly and accurately.

2. EXPERIMENTAL SECTION
2.1. Materials and Synthesis of ILs. Di(6-methylheptyl)

phosphate (99%), dibutyl phosphate (≥97%), N-methylimi-
dazole (≥99%), 1-bromopropane (99%), and 1-bromodecane
(98%) were purchased from J&K. Metallic sodium was bought
from Sinopharm Chemical Reagent Co., Ltd. The sodium
phosphates were lab-made. 1-Propyl-3-methyl-imidazole dibu-
tyl phosphate ([PMIM][DBP]), 1-propyl-3-methyl-imidazole
diisooctyl phosphate salt ([PMIM][DEHP]), 1-decyl-3-meth-
yl-imidazole dibutyl phosphate sodium salt ([DMIM][DBP]),
and 1-decyl-3-methyl-imidazole diisooctyl phosphate sodium
salt ([DMIM][DEHP]) were synthesized according to the
literature.19 The synthetic route and molecular structures of
the four ILs are illustrated in Figure 1. The infrared spectra of
the ILs (in Figure S1) and the nuclear magnetic results proved
the successful synthesis of the four ILs.

2.2. Characterization. A SVM3000 Stabinger viscometer
was employed to measure kinematic viscosity of ILs at 25, 40,
and 100 °C. STA 449 C Jupiter simultaneous thermogravim-
etry and differential scanning calorimetry were introduced to
detect the thermostability of the four ILs from room
temperature (RT) to 600 °C in a nitrogen atmosphere, and
the heating rate was 10 °C/min. The corresponding testing
results of the four ILs are depicted in Table 1 and Figure 2.
The kinematic viscosity of [DMIM][DBP] and [PMIM]-
[DEHP] are larger than those of [DMIM][DEHP] and
[PMIM][DBP], and their decomposition temperatures are
very close, approximately 200 °C.

A ball-on-disc SRV-IV oscillating reciprocating friction and
wear test apparatus (the type of movement in tribometer:
ASTMD 5707-098) was introduced to detect the tribological
property. The material of the upper steel ball (ø 1.0 cm) and
the lower steel disc (ø 2.4 × 0.79 cm) was AISI 52100 steel.
The added amount of lubricant in each test was approximately
0.20 mL. The lubricant and wear debris were removed from
the steel ball and the disc surfaces with alcohol cotton after the
friction test; then the fresh lubricant was added to the untested

site to start the new one. Test parameters in the experiments
are described in Table 2.

A JSM-5600LV scanning electron microscope (SEM) and a
Micro-XAM 3D noncontact surface mapping profiler were
introduced to detect the morphologies of wear scars and wear
volumes separately. Before testing, the samples were cleaned
with ethanol under ultrasound for three times to completely
remove the ILs and wear debris. A DSA100 contact angle
(CA) meter and DCAT 15 surface tension meter were
separately utilized to measure the CAs of ILs on the surface of
the steel blocks and their surface tensions. A PHI-5702 X-ray
photoelectron spectrometer (XPS) and an energy dispersive
spectrometer (EDS) were adopted to investigate the element
composition and distribution of wear scar surfaces. The copper
block corrosion tests of four ILs were performed. The specific
steps and test results are as follows. The copper blocks (1.0 ×
1.0 × 0.30 cm) were polished with 400-600-800-1200-1500
grade sandpaper in sequence. Subsequently, the polished metal
blocks were cleaned ultrasonically three times with ethanol.
The dried metal samples were immersed in the corresponding
ILs. After being treated at 200 °C for 2 h, the metal blocks
were taken out and the ILs on the surface were rinsed off with
ethanol.

Figure 1. Synthetic process and corresponding molecular structures of
the four ILs.

Table 1. Kinematic Viscosities and Decomposition
Temperatures of ILs

ILs
kinematic viscosity

(mm2/s)
viscosity
index

decomposition
temperature/°C

25 °C 40 °C
100
°C

[DMIM]
[DBP]

401.8 164.9 20.1 142 209.3

[DMIM]
[DEHP]

1032.1 426.1 32.6 111 228.9

[PMIM]
[DBP]

436.9 175.9 18.1 114 174.0

[PMIM]
[DEHP]

120.6 58.8 9.3 139 214.5

Figure 2. Thermal decomposition temperature curves of the four ILs.

Table 2. Experimental Parameters in the SRV-IV Test

amplitude
(mm)

frequency
(Hz) load/contact pressure test time

sliding
distance

1 25 300 N/2.03 GPa 30 min 90 m
1 25 initial load: 50 N increase

by 50 N/3 min
stop when
stuck
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3. RESULTS AND DISCUSSION
3.1. Tribological Test. The tribological properties of steel

blocks lubricated by the four ILs were detected with the ball-
on-disc SRV-IV tribotester. The friction coefficients (COFs)
are shown in Figure 3a under the conditions of 300 N, 25 Hz,
and RT. In the initial stage of friction, the COFs of the four ILs

are relatively high (about 0.16). As the friction experiment
continues, the COFs gradually decrease and tend to be stable.
It is worth noting that the COFs of [DMIM][DBP] and
[DMIM][DEHP] decreased to approximately 0.093 and 0.11
in the later stage of friction process. While the COFs of
[PMIM][DBP] and [PMIM][DEHP] exhibit a downward

Figure 3. Friction coefficients of the four ILs under different test conditions: (a) 300 N, 25 Hz, and RT; (b) varying loads, 25 Hz and RT.

Figure 4. (a−d) and (a′−d′) wear scars lubricated by ILs under constant load and varying loads separately; (e,e′) wear volumes under constant
load and varying loads, respectively.

Table 3. Wear Volumes of ILs under Constant and Varying Loads Separately

sample [DMIM][DBP] (μm3) [DMIM][DEHP] (μm3) [PMIM][DBP] (μm3) [PMIM][DEHP] (μm3)

constant load 52.8 × 10−4 73.2 × 10−4 71.8 × 10−4 87.9 × 10−4

varying load 56.5 × 10−4 156.4 × 10−4 123.0 × 10−4 183.2 × 10−4
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trend during the friction process, but they are still 0.094 and
0.12. In other words, the ILs with long alkyl chain cations
([DMIM][DBP] and [DMIM][DEHP]) exhibit better anti-
friction performance than the ones with short alkyl chains
([PMIM][DBP] and [PMIM][DEHP]) when they possess the
same anions. Interestingly enough, comparing the COFs of the
four ILs in terms of anionic alkyl length, ILs ([DMIM][DBP]
and [PMIM][DBP]) with short anionic alkyl chains possess
lower COFs (approximately 0.094) than the ones ([DMIM]-
[DEHP] and [PMIM][DEHP]) with long anionic alkyl chains.
The specific reasons will be analyzed and probed below.

Meanwhile, the tribological properties of ILs under variable
load were measured as illustrated in Figure 3b. The initial load
was 50 N, and it increased by 50 N every 3 min. The
experiment would be stopped when the friction pair was stuck.

As revealed by Figure 3b, a similar conclusion can be obtained
compared with that under constant load. The tribological
properties of ILs under variable loads demonstrate the same
regularity as those under constant loads: [DMIM][DBP] >
[PMIM][DBP] > [DMIM][DEHP] > [PMIM][DEHP].
Whenever the load increases, the COFs of ILs will undergo
a sudden change, and then they will rapidly decrease and
remain stable, which to some extent demonstrates that the
lubricating film formed by IL is tough and stable.20 The
maximum non-seizure loads of ILs reach 450 N except for
[PMIM][DBP] (400 N), indicating that all four ILs possess
outstanding extreme pressure performance. When the anion
contains a short alkyl chain and the cation possesses a long
alkyl chain, the corresponding tribological performance is the
best.

The 3D image detected by the 3D profilometer is generally
utilized to determine the morphology of wear scar surface,
wear depth, and corresponding wear volume.21,22 Figure 4a−d
and a′−d′, respectively, demonstrate the 3D images of the
wear scars lubricated by the four ILs under constant load and
varying loads. Figure 4a,a′,b,b′,c,c′,d,d′ correspond to
[DMIM][DBP], [DMIM][DEHP], [PMIM][DBP], and
[PMIM][DEHP], respectively. Figure 4e,e′ correspond to
the calculated wear volumes, and the concrete values of ILs are
demonstrated in Table 3. The wear volumes of [DMIM]-
[DBP] and [PMIM][DBP] are smaller than those of
[DMIM][DEHP] and [PMIM][DEHP], that is, the shorter
the anionic alkyl chain length, the smaller the wear volume and
the better the wear resistance. The wear volumes of
[DMIM][DBP] and [DMIM][DEHP] are smaller than those
of [PMIM][DBP] and [PMIM][DEHP]. The longer the
cationic alkyl chain length, the greater the antiwear perform-
ance. Aforementioned results are consistent with the friction
test outcomes, as illustrated in Figure 3.

3.2. Analysis of Wear Morphology of Steel Block. SEM
is the commonly adopted method to detect wear marks and
surface topographies. Analyzing the morphologies of wear scars
can facilitate us to explain the interface behavior of lubricants
during the friction process and the wear forms can be further
confirmed.23,24 Figures 5a1−d1 and a2−d2 illustrate the SEM
images of the wear scars lubricated by the four ILs under
constant load and varying loads, and they correspond to
[DMIM][DBP], [DMIM][DEHP], [PMIM][DBP], and
[PMIM][DEHP], respectively. As demonstrated in Figure 5,

Figure 5. SEM micrographs of the wear scar surfaces under (a1−d1) 300 N and (a2−d2) varying loads.

Figure 6. CAs between the four ILs and the steel blocks.

Figure 7. STFs of the four ILs.
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the wear scars of Figure 5a1,a2,c1,c2 (corresponding to
[DMIM][DBP] and [PMIM][DBP] separately) are relatively

shallow, and the main wear form is abrasive wear. Figure
5b1,b2,d1,d2 (corresponding to [DMIM][DEHP] and

Figure 8. XPS spectra of (a) Fe 2p, (b) N 1s, (c) O 1s, and (d) P 2p of wear scar surfaces lubricated by [DMIM][DBP], [DMIM][DEHP],
[PMIM][DBP], and [PMIM][DEHP], respectively, under the condition of 300 N and 25 Hz.

Figure 9. EDS analysis of wear scar surfaces lubricated by the four ILs.
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[PMIM][DEHP] separately) have deeper wear scars, and the
main wear type is adhesive wear.

3.3. Interaction between ILs and Sliding Pair
Surfaces. ILs can form highly ordered adsorption films on
the surfaces of the friction pairs, which can greatly affect their
tribological performance.25 Meanwhile, the film-forming ability
of ILs can be demonstrated intuitively through the measure-
ment of their CAs. Under normal circumstances, the smaller
the CA is, the faster the oil droplets spread on the surface, and
the stronger the ability of the IL to form a film.26,27 The CA
measuring instrument is introduced to measure the CAs
between the ILs and the steel blocks, and the corresponding
testing results are depicted in Figure 6. From the figure point
of view, the CA of [DMIM][DBP] (15.84°) is the smallest
among the four ILs. Following [PMIM][DBP], the CA is
17.76°. The CAs of [PMIM][DEHP] and [DMIM][DEHP]
are larger and they are 28.42 and 29.6°, respectively. It
indicates that [DMIM][DBP] and [PMIM][DBP] comparing
with [PMIM][DEHP] and [DMIM][DEHP] are more likely
to form adsorption films on the friction pair surfaces. It can be
attributed to that the shorter the alkyl chain length of the
anion, the more negative charges it carries. Meanwhile, the
metal material surfaces usually have positive charges.28 As a
result, ILs with a shorter anionic alkyl chain length possess
lower CAs and they are more prone to constitute more
compact adsorption films on the steel surfaces. In addition, the
adsorption film formed by anions with long chain length is
thicker, and this adsorption film has high compressibility and
poor density and suffers from greater friction in the process of
friction and wear.29,30

The CA of IL on the steel block surface of is often affected
by the surface tension of the liquid itself.29 To compare the
adhesion of ILs on the steel block surfaces, the surface tension
forces (STFs) of the four ILs were measured at RT as
presented in Figure 7. Testing results manifest that it exhibits a
similar law to that of the CAs. The STFs of [DMIM][DBP]
and [PMIM][DBP] are less than those of [DMIM][DEHP]
and [PMIM][DEHP]; that is, one IL with a shorter anionic
alkyl chain length is more easily to adsorb and make up a film
on the steel block surface. Meanwhile, the longer cationic alkyl
chain length, the lower the SFTs in this system, manifesting
that the ILs possess better adsorption capacity and film-
forming ability.

3.4. Composition Analysis of Lubricating Film.
3.4.1. XPS Analysis of Worn Surfaces. XPS can identify the
element composition by measuring the binding energies
between elements and determine the chemical shift of the
element and judge the atomic valence.30,31 Therefore, XPS has
been diffusely adopted to detect tribo-chemical reactions in the
friction process and further analyze the chemical composition
of wear scar surfaces. The corresponding test results of Fe 2p,
N 1s, O 1s, and P 2p are illustrated in Figure 8. The binding
energies of Fe 2p are approximately 709.2 and 723.5 eV, as
shown in Figure 8a, which are assigned to tough ferric oxide.32

According to the O 1s test results (531.5 eV), it can be
assigned to composite oxides (such as phosphates and
oxynitrides), as depicted in Figure 8b.33 The peaks of N 1s
appear at 398.8 eV corresponding to oxynitrides and nitrogen-
containing organic compounds, as described in Figure 8c. The
binding energy of P 2p is approximately 132.9 eV, as
represented in Figure 8d, which can be classified as iron
phosphate and complex organic phosphorus compounds.24

During the friction process, tribo-chemical reactions between
the active elements (N and P) and the sliding pair surfaces
occurred and a tougher wear-resistant layer was generated.
Based on aforementioned experimental results, it can be
concluded convincingly that the wear surface is composed of
an inorganic compound film (including iron oxide, oxynitrides,
and iron phosphate) and an organic boundary adsorption film.
In addition, the absorption peak intensity of [PMIM][DBP]
and [PMIM][DEHP] are much higher than those of
[DMIM][DBP] and [DMIM][DEHP] indicating that chem-
ical reactions are prone to occur when the ILs possess short
cationic alkyl chains.

3.4.2. Energy Dispersive Spectrometry Tests of Wear Scar
Surfaces. When the contact load reaches several hundred
Newtons, the pressure between the sliding pairs can reach the
order of 106 Pa. In such a harsh environment, tribo-chemical
reactions are prone to occur between ILs and friction pair
surfaces.16 EDS is often introduced to detect the tribo-
chemical products and element contents.34 Figure 9 provides
the element distribution of iron, carbon, nitrogen, and
phosphorus on the wear scar surfaces. The occurrence of C,
N, and P on the wear scar surfaces indicates the occurrence of
tribo-chemical reactions during the friction process. To further
verify the intensity of the tribo-chemical reactions, EDS
analysis was performed to probe the wear scars lubricated by
the four ILs, and the statistical results are illustrated in Table 4.
Comparing the test results, the wear scar surfaces lubricated by
[DMIM][DEHP] and [PMIM][DEHP] contain higher
contents of nitrogen and phosphorous than those lubricated
by [DMIM][DBP] and [PMIM][DBP]. Meanwhile, the
carbon content of wear scar surfaces increases significantly
with the reduction of cationic alkyl chain lengths and the

Table 4. Mass Contents of Wear Scar Surfaces

ILs Fe % C % P % N %

[DMIM][DBP] 70.23 29.40 0.34 0.03
[DMIM][DEHP] 69.33 30.03 0.56 0.08
[PMIM][DBP] 64.50 34.98 0.45 0.07
[PMIM][DEHP] 57.76 41.51 0.64 0.09

Figure 10. SEM images of the copper block surfaces after corrosion treatments: (a) [DMIM][DBP], (b) [DMIM][DEHP], (c) [PMIM][DBP],
and (d) [PMIM][DEHP].
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increase of anionic alkyl chain lengths. These results suggest
that violent tribo−chemical reactions are more likely to occur
between [DEHP]-based ILs and the friction pair surfaces, and
the severe tribo-chemical reactions will accelerate the wear of
sliding pairs.

3.4.3. Corrosion Tests of ILs. The corrosion property can
reflect the adsorption capacity of the IL on the substrate
surface and the degree of the chemical reaction.35,36 Based on
this, the copper blocks were immersed in the four ILs,
respectively. To better simulate the severe thermal effect
during the friction process, the copper blocks and the ILs were
placed in an oven at 200 °C for 2 h.37,38 The corresponding
corrosion treatment results of steel blocks are illustrated in
Figures S2 and S3. Figure 10 demonstrates the SEM of the
copper block surfaces after the corrosion treatment. At 200 °C,
all four ILs were decomposed (mainly the decomposition of
the imidazole group) and rapidly underwent chemical
reactions with the copper block surfaces. The corrosion of
[DMIM][DBP] and [PMIM][DBP] is relatively light, with
only partial pitting as exhibited in Figure 10a,c. The corrosion
morphology of [DMIM][DEHP] contains pitting and pits, and
the degree of corrosion is more serious than those of the
previous two, as manifested in Figure 10b. [PMIM][DEHP]
displays the most severe corrosion, and large areas of corrosion
pits appear as illustrated in Figure 10d. Above results reveal
that ILs with short anionic alkyl chains possess a strong film-
forming ability and low corrosiveness.

Subsequently, EDS measurements were carried out to
analyze the corrosion degree and element composition of the
copper block surfaces, and the corresponding test results are
illustrated in Figure 11 and Table 5. Through further elemental
analysis of the copper block surfaces, it can be detected that
the surfaces of copper blocks soaked in the ILs with longer
anionic alkyl chains possessed more nitrogen and phosphorus
elements. Meanwhile, it can also be perceived in more detail
that the ILs exhibit weak corrosion property with the increase
of cationic alkyl chains when they possess the same anions. It is
generally known that the occurrence of corrosion will result in
corrosion wear and aggravate the wear of sliding pairs in the
process of friction. The corrosion test results can give a good
interpretation to the tribological performance of the four ILs.
The longer the anionic alkyl chain, the more serious the
corrosion of the sliding pair. The most immediate effect of
corrosion is to increase the roughness of the material surface.
In general, the rougher the surface of the material, the more
severe the wear of the sliding pair in the process of friction.
The corrosion test results can give a good interpretation to the
tribological performance of the four ILs.

4. CONCLUSIONS
In summary, four imidazole-based phosphate ILs were
synthesized and their tribological properties for steel−steel
sliding friction pairs were evaluated. Tribological test results
indicate that the ILs with longer cationic alkyl chain lengths
and shorter anionic alkyl chain lengths exhibit better
tribological performance. And anions have a greater impact
on the tribological properties of ILs. To further explore the
intrinsic mechanism of aforementioned results, various
characterization methods and testing techniques are employed.
The reasons for aforementioned results can be attributed to
two aspects. For one thing, ILs with shorter anionic alkyl chain
possess higher charge density and are more prone to form

Figure 11. EDS analysis of the copper block surfaces after the corrosion treatments.

Table 5. Element Composition of the Copper Block
Surfaces after Corrosion Treatments

ILs Cu wt % C wt % O wt % N wt % P wt %

[DMIM][DBP] 85.98 10.02 3.08 0.62 0.10
[DMIM][DEHP] 78.71 16.12 3.95 1.09 0.13
[PMIM][DBP] 84.91 10.35 3.81 0.78 0.14
[PMIM][DEHP] 79.01 14.56 3.72 2.61 0.09
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more compact and steady adsorption film on the friction pair
surfaces. Meanwhile, ILs with longer cationic alkyl chain have
milder tribo-chemical reactions with the steel surfaces, which
can effectively enhance the tribological performance and
reduce the corrosion wear during the friction process.
Combining the above-mentioned two factors, the imidazole
phosphate ILs with long cationic alkyl chain and short anionic
alkyl chain possess good tribological properties.
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