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The first additives that improve the tribological properties
of ionic liquids were designed. They were evaluated by a ball-
on-flat type tribo-test under reciprocating motion. Tetraalkylam-
monium and tetraalkylphosphonium salts of N-protected aspart-
ic acid was dissolved in 1-alkyl-3-methylimidzolium bis(tri-
fluoromethylsulfonyl)imide. They prevented wear remarkably
and reduced friction considerably. The salt of N-protected gluta-
mic acid prevented wear but did not reduce friction under the
conditions we have evaluated. A new model of boundary film
composed of liquid clathrate structure is proposed herein.

Ionic liquids are unique fluids that possess non-flammabili-
ty, non-volatility, and outstanding thermo-oxidative stability.
These properties are desirable for lubricating fluids, especially
for lubricants used under extreme conditions. Since ionic liquids
are composed of anion and cation, variation in their structure is
estimated more than one million compounds.1 The tribological
properties of certain ionic liquids have been reported.2 In our
previous work, 1,3-dialkylimidazolium-derived ionic liquids
were found to exhibit comparable tribological properties to the
conventional synthetic lubricants such as perfluoropolyethers.3

We also pointed out the importance of additives that improve
the tribological properties of ionic liquids. However, ionic liq-
uids are strange solvents; they hardly dissolve the conventional
lubricant additives. Simple carboxylic acids improved the tribo-
logical properties of dialkylimidazorium-derived ionic liquids.4

However, these carboxylic acids are volatile and corrosive.
Based on our concept of molecular design of lubricant addi-
tives,5 chemical modification of carboxylic acid by introduction
of certain functional group was examined. Here, we wish to
report molecular design of the first additives that improve
anti-wear properties of ionic liquids.

In our preliminary work, we found that dicarboxylic acids
such as succinic and glutaric acid reduced friction of 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(BIMI-TFSI), while adipic acid did not. Solubility of these
simple acids in BMIM-TFSI still remains the problem. These
simple compounds are volatile and corrosive in fact, however
the relation between chemical structure and the tribological
properties are of interest. Recently, aspartic acid- and glutamic
acid-derived ionic liquids were developed.6–8 The structural
features of them are functionalized dicarboxylic acid obtained
from natural resources. The ionic structure is beneficial to
dissolve them into ionic liquids. Thus, we synthesized tri-
alkylammonium and trialkylphosphonium salts of these amino
acids. The free amino group was protected by benzyl or acetyl
group to improve the stability. Structure of the designed addi-
tives is shown in Figure 1. Samples for the tribo-test were pre-
pared by dissolving the additive in BIMI-TFSI at the concentra-
tion of 10mmol kg�1.

The tribological properties were obtained using a ball-on-
flat type tribo-tester under reciprocating motion at 75 �C for
30min. Test conditions are; applied load of 20N (corresponds
to Hertz contact stress of 1.7GPa), frequency of 1.0Hz, ampli-
tude of 5.0mm. The ball specimen was 6.35mm in diameter
made of SUJ2 steel (JIS). The flat specimen was �25� 7mm
made of SUJ2 steel (JIS). Friction force was monitored through-
out the test. The data was converted to friction coefficient. Width
of wear scar on ball and flat specimen after the test were
measured by an optical microscope. Two tests were run for each
set of test parameters, and differences in the results were less
than 15%.

Friction trace during the tribo-test is summarized in
Figures 2 and 3. Low friction without fluctuation is desirable
as lubricants. Friction of the additive-free BMIM-TFSI gradual-
ly increased after running-in period for 250 s. Fluctuation of fric-
tion was also observed throughout the friction test. NBu–AcGlu
and NBu–AcAsp showed similar friction trace after a short run-
ning-in period. It should be noted that NBu–BnAsp provided low
friction throughout the test. Stable friction without fluctuation
was observed at the test duration after 1000 s. The phosphonium
salts showed the results similar to the ammonium salts. Among
them, PBu–BnAsp provided low friction under these conditions.
The results indicate that the anionic moiety, BnAsp plays an
important role on reducing friction.

Wear-width on ball and on flat after the tribo-test was meas-
ured by an optical microscope. Average of the width on ball and
flat is summarized in Figure 4. All additives prevented wear.
Phosphonium salts are better than ammonium salts, except for
NBu–BnAsp. A possible mechanism for the wear prevention
by phosphonium salts is the formation of certain protecting
film composed of phosphate on rubbed surfaces.9

Besides the film forming from phosphonium moiety, N-

Base fluid:

BMIM-TFSI

Additives:

CODE X Y Z n

NBu-BnAsp CH2C6H5 CH2C6H5 N
NBu-AcAsp H C(O)CH3 N

PBu-BnAsp CH2C6H5 CH2C6H5 P

PBu-AcAsp H C(O)CH3 P
NBu-AcGlu H C(O)CH3 N

PBu-AcGlu H C(O)CH3 P

N
N

H3C
C4H9

(CF3SO2)2N

(C4H9)4Z

HOOC CnH2nCOO

N
YX

1
1

1

1
2

2

Figure 1. Structure of the base fluid and the additives.
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benzyl-protected aspartic acid moiety seems to play significant
roles in improving the tribological properties. Adsorption of
carboxylic acid on rubbing steel surfaces is known to reduce
friction.10 The di-acid moiety is beneficial for strong affinity
with steel surface.5 However, the role of the remaining parts
of the molecule, N-protected amine, on wear preventing cannot
be explained by the classical boundary lubrication mechanism.10

All the additives provided smooth worn surface by the rubbing
process, as shown in the ‘‘Graphical Abstract’’. This suggests a
formation of boundary film during the rubbing process. One
possible model is formation of a liquid clathrate from the addi-
tive and the base fluid. The first step should be the adsorption of
carboxyl group on steel surface. Since the additive is composed
of anionic and cationic moieties, the Coulomb force between the
adsorbed molecule and the base fluid (BMIM-TFSI) is possible.
This results in an interfacial layer on the rubbing surface that is
composed of anchor moiety (the additive) and mobile phase

(BMIM-TFSI). This interfacial layer prevents direct metal–
metal contact during the friction test; thereby preventing wear.
The presence of the mobile phase is beneficial to decrease the
shear stress; thereby reducing friction. The role of phenyl moiety
in the N-protective group would be enforcement of the aromatic
interaction with imidazolium moieties in BMIM-TFSI.11 Here,
we propose that lubricity of ionic liquids can be improved by
appropriate additive technology. The mechanism of lubrication
by the additives is now under investigation.
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Figure 3. Friction trace of phosphonium salts in BIMI-TFSI by
a ball-on-flat type tribo-test at 20N for 30min.

0.00

0.10

0.20

0.30

0.40

A
dd

iti
ve

fr
ee P
B

u-
B

nA
sp

P
B

u-
A

cA
sp

P
B

u-
A

cG
lu

N
B

u-
B

nA
sp

N
B

u-
A

cA
sp

N
B

u-
A

cG
lu

Additive

W
ea

r 
w

id
th

/m
m

Figure 4. Wear width after a ball-on-flat type tribo-test at 20N.
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Figure 2. Friction trace of ammonium salts in BIMI-TFSI by a
ball-on-flat type tribo-test at 20N.
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