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In this paper, three kinds of water-soluble fullerene derivatives were synthesized via electrophilic addition reaction and cycloaddi-
tion reaction, respectively. The chemical composition characterizations of these derivatives indicated the successful preparation of 
C60(OH)x, C60(C(COOH)2)x and C60(OH)x(NHCH2COOH)y fullerene derivatives. The aggregation and morphology characteriza-
tions showed that the three kinds of derivatives had an ideal spherical aggregating structures and excellent dispersibility in water, 
especially C60(OH)x and C60(C(COOH)2)x. The lubrication performance of the fullerene derivatives acted as lubricant additives 
were investigated at different concentrations in the range of 0–1 wt%. The results indicated that the addition of polyhydroxyl and 
carboxylic derivatives could improve the lubrication properties, which led to the reduction of wear to about 40% at most. It is 
attributed that the optimized substitutions of fullerene molecules may be of benefit to their distribution properties and lubricating 
behaviors in water based lubrication. 
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The discovery [1] and large scale preparation [2] of fuller-
ene C60 are one of the most important achievements in the 
20th century. Since then, much attention has been paid to 
fullerene C60 for its potential applications in physics, chem-
istry and material science [3–10].  

The lubricating properties of fullerene C60 [1,11] have 
been predicted because of its unique spherical shape, high 
load-bearing capacity, strong intramolecular forces, weak 
intermolecular forces, low surface energy and so on. Some 
researchers predicate that C60 could be used as microsphere 
ball lubricant [12,13]. It has been found that hexagonal 
close packed structure of fullerene molecules have oblite-
rated phase transition, and the theoretical study find that 
fullerene molecules can scroll on the surface of graphite and 
diamond under low pressure [14]. Therefore, fullerene C60 
is regarded as a good solid lubricant. 

So far, researches on the friction properties of C60 can be 

classified into two categories. One is solid lubrication sys-
tem focusing on the C60 films, such as sublimation deposi-
tion film [15–17] and Langmuir-Blodgett film [18–21]. In 
1993, Bhushan et al. [17] got fullerene thin film using sub-
limation deposition method on polished silicon and studied 
its tribological properties under a serial of conditions. All 
the results showed that the friction coefficient decreased in 
the presence of fullerene thin film. The author attributed this 
result to the unique crystal structure and chemical bond of 
fullerene. Other researchers focused on fullerene LB film 
found that fullerene LB thin film had higher bearing capac-
ity compared with C60 powder [18]. For instance, the C60 
monolayer film formed by evaporation of a BN crucible on 
highly oriented pyrolytic graphite (HOPG) exhibited a low 
frictional force of 2 mN [22]. The other studies are fluid 
lubrication system using fullerene as lubricating additive 
[23]. All the results indicated that the friction coefficient 
was approximately twenty percent lower using 5 wt% full-
erene as lubricating additive comparing to that of the base 
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oil without additives. Simultaneously, the width of the wear 
scar was also become smaller. Moreover, fullerene in pe-
troleum could also decrease the friction coefficient and at-
trition rate.  

Though fullerene can be used in many fields, the nature 
of its own hampered its wide application as clean and green 
liquid lubricant. For example, fullerene is only soluble in 
some toxic non-polar solvents with limited concentration, 
such as benzene, toluene and carbon disulfide. Therefore, it 
is necessary to modify the structures and properties of the 
fullerene molecules in order to make them soluble in water 
or other cleaned solvents. In comparison to oil lubricants, 
water-based lubricants, which are environment-friendly, 
have been widely used in food and textile industry. Howev-
er, the poor lubricating properties and corrosive resistance 
capacity restricted the use of water-based lubricants. Hence, 
much work has been dedicated to research in this area. 
Nowadays, carboxylic acid and its corresponding salt are 
widely used as water-based lubricant additives. Chemical 
modification and molecular design have proved to be a 
useful way to make fullerene a good lubricant additive in 
water. Guan’s group [24–26] have prepared a series of full-
erene copolymers and find that the tribological properties of 
the base stock have been improved with the friction coeffi-
cient decreasing and the load-carrying capacity increasing 
by using these fullerene derivatives as lubrication additives. 
Although, much work has been done in modification of the 
fullerene molecules, no regular results were obtained. 
Therefore, three kinds of fullerene derivatives modified by 
polyhydroxyl, carboxyl and combined groups are prepared. 
The tribological properties of these three fullerene deriva-
tives using as lubrication additive are investigated system-
atically so as to find out which kind of derivative is more 
suitable for water-based lubrication additive.  

1  Experimental 

1.1  Synthesis and characterization of fullerene derivatives 

Three kinds of novel water-soluble fullerene derivatives C60 
polyhydroxyl derivative, C60 carboxylic derivative and C60 
derivative containing carboxyl and hydroxyl groups were 
prepared via electrophilic addition reaction and cycloaddi-
tion reaction. The compositions of the three C60 derivatives 
were characterized by FTIR, UV, XPS and MALDI-TOF 
MS. According to the experimental data, the molecular 
formula of the three fullerene derivatives was identified as 
C60O7(OH)~23 (1), C60(C(COOH)2)5 (2), and C60(OH)~6-    
(NHCH2COOH)~33 (3), respectively. All the detail infor-
mation could be found in Supporting Information. 

1.2  Aggregation and morphology study of the three 
fullerene derivatives 

Morphology and size distribution of the derivatives in water 

were measured using transmission electron microscope 
(TEM) (H-7650B, Hitachi) and multimode atomic force 
microscopy (AFM) (nanoIIIA, Veeco) using an tapping- 
mode cantilever holder under ambient condition. Commer-
cial silicon cantilevers with resonant frequencies ~317 kHz 
and spring constant ~42 N/m were obtained from Veeco. 

1.3  Measurement of tribology properties  

The corresponding lubrication properties were investigated 
using universal micro-tribotester (UMT-2, CETR) and Mi-
cro-XAM 3D profiler, which were in consistent with the 
morphology and dispersibility results shown in TEM and 
AFM images. As pure water had poor lubricity and corro-
sive property, a triethanolamine aqueous solution (2 wt%) 
was widely used as the base stock in metal-working fluids. 
The fullerene derivatives prepared above were used as lub-
ricant additives in base solution (triethanolamine 2 wt% and 
nonylphenol ethoxylates 0.5 wt%). The tribological meas-
urement was carried out using Si3N4 ball (Diameter: 4 mm; 
Roughness Ra is about 5 nm) and silicon wafer as friction 
pairs. The normal load was 250 g and the sliding speed was 
10 mm/s. The independent experiments were repeated at 
least 3 times, and comparable results were presented below. 
3-D optical profiling of the wear scar was achieved with a 
Micro-XAM 3D profiler (ADE Phase Shift). 

2  Results and discussions 

The morphologies of the three kinds of fullerene derivatives 
were investigated from the TEM images as shown in Figure 
1. It can be seen that the derivatives present a spherical ap-
pearance in water and aggregated to some extent, the diam-
eters of the fullerene derivatives aggregations 1–3 measured 
in TEM are 40–70 nm, 30–60 nm and 30–80 nm, respec-
tively. It can be seen from the TEM images that the disper-
sion of carboxylic derivative is better than the other two 
kinds of fullerene derivatives. This phenomenon may be 
ascribed to the different structures of the fullerene deriva-
tives, such as the quantity of hydroxyl and carboxylic groups. 
Fullerene polyhydroxyl derivative contains about twenty 
three hydroxyl groups in each fullerene molecule (eq. (S1)) 
and fullerene derivative containing hydroxyl and carboxyl 
groups have ca. six hydroxyl groups and thirty three car-
boxyl groups in each molecule (eq. (S3)), which greatly 
increase the intermolecular interaction of fullerene deriva-
tives rather than the interaction between the fullerene deriv-
ative molecules and solvent, resulting in the aggregation of 
fullerene molecules. In addition, lots of substituent groups 
may destroy the spherical structure of fullerene molecules. 
Therefore, it may be one of the most important strategies to 
improve the dispersion of the fullerene derivatives by vary-
ing the kind and amount of substituents, leading to the con-
trollable interaction between the fullerene derivative molecules  
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Figure 1  TEM images of water soluble fullerene derivatives. (a) Polyhydroxyl derivative 1; (b) carboxylic derivative 2; (c) derivative containing hydroxyl 
and carboxyl groups 3. 

and solvent. 
Atomic force microscopy (AFM) study was carried out 

to probe the surface morphology and particle size of the 
fullerene derivatives. It can be seen from the images that C60 
derivative 2 is evenly distributed and some of the derivative 
1 and 3 gathered together to form a big cluster. The particle 
heights of polyhydroxyl derivative, carboxylic derivative 
and derivative containing hydroxyl and carboxyl groups is 
ca. 71, 2 and 61 nm respectively from the results of the sec-
tion measurements, as shown in Figure 2.  

From the results of AFM images, the carboxylic deriva-
tive particle size is smaller and evenly distributed than the 
other two kinds of fullerene derivatives. This result is cor-
responding to that of the TEM (Figure 1). The self-aggre-      
gation of sample 1 and 3 should be attributed to the domina-
tion of the hydrogen-bonding interactions existed among the 
plenty of hydroxyl and carboxyl groups [27], while there are 
only five carboxyl groups for each sample 2 molecule, re-
sulting in the weak effects of molecular interactions and the 
particle uniform distribution. As a solid lubrication additive, 
the particle size of fullerene derivatives play an important 
role in their lubrication behaviors; the fullerene derivative 
molecules with the optimizing dispersibility may decrease 
the friction coefficient and increase the resistance of wear.  

For characterizing the lubrication properties and the anti- 
wear abilities of the fullerene derivatives synthesized above, 
the Universal Micro-tribotester (UMT) and Micro-XAM 3D 
Profiler were used to investigate the friction coefficients and 
wear scars under the condition of the normal load 250 g and 
sliding speed 10 mm/s. The friction coefficient (COF) meas-
urements of the lubricants with the additives of fullerene 

polyhydroxyl derivative, carboxyl derivative and derivative 
containing hydroxyl and carboxyl groups were carried out 
and the results were given in Figure 3(a). It can be seen that 
as the concentration of polyhydroxyl derivative increases, 
the COF exhibited a V-shaped pattern, that is, the friction 
coefficient decreases firstly and then increases. Although 
the COF does not follow a regular rule, the COF reach a 
minimum when the concentration of added fullerene deriva-
tive is about 0.6 wt%. The COF results of carboxyl deriva-
tive indicated that as the concentration of carboxylic deriva-
tive increases, the COF decrease firstly and then increase as 
the derivative concentration lower than 0.6 wt%. When the 
concentration of derivative reaches 0.4 wt%, the COF is 
minimum and when the derivative content is about 0.6 wt%, 
the COF is maximum. On the other hand, the COF decrease 
as the derivative content increase when derivative concen-
tration is higher than 0.6 wt%. The tribology property of 
derivative containing hydroxyl and carboxyl groups illus-
trate that as the concentration of derivative increases, the 
COF increase compared to that of the base stock. There are 
competitions interaction between OH···OH, COOH···COOH 
and OH···COOH. At different concentration, the interac-
tions between these groups are different, so the enhanced 
tribological properties of C60 polyhydroxyl derivative and 
carboxyl derivative at certain concentration may be improved 
by combination of interaction strength between OH···OH 
and COOH···COOH and OH···COOH [28]. According to the 
AFM and TEM results we conclude above, carboxyl deriva-
tives have small particle size and evenly distributed in base 
stock. It can be seen clearly in the AFM image that the sur-
face coverage of carboxyl derivative is higher than those of  

 

Figure 2  AFM images of fullerene derivatives in water. (a) Polyhydroxyl derivative (scan size: 5 m×5 m, height scale: 100 nm); (b) carboxyl derivative 
(scan size: 1 m×1 m, height scale: 20 nm); (c) derivative containing hydroxyl and carboxyl groups (scan size: 5 m×5 m, height scale: 100 nm). 
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other derivatives. Therefore, the tribological properties are 
improved greatly [29] at a lower derivative concentration, 
for example 0.4 wt%. 

The wear scar size data of fullerene polyhydroxyl deriva-
tive, carboxyl derivative and derivative containing hydroxyl 
and carboxyl groups are given in Figure 3(b)–(d). For full-
erene polyhydroxyl derivative, it can be indicated from Fig-
ure 3(b) that the depth and the width of the wear scar both 
come to a minimum when the concentration of fullerene 
polyhydroxyl derivative reaches 0.6 wt%, which is con-
sistent with the results of COF. These results indeed indi-
cate that the addition of fullerene polyhydroxyl derivative 
with the concentration of 0.6 wt% has the better lubricating 
property. By comparison with the wear scars of the base 
stock, it can be seen clearly that the wear scar with 0.6 wt% 
of fullerene polyhydroxyl derivative is much smaller than 
that of the base stock. Therefore, the addition of polyhy-
droxyl derivative can improve the lubricating property, re-
sulting in the wear reduction down to 40%.  

The wear scar size data carboxyl derivative are illustrated 
in Figure 3(c), the results indicate that the depth and the 
width of the wear scar both come to a minimum only when 
the derivative content reaches 0.2 wt%. With other deriva-
tive concentration, the depth and the width of the wear scars 
are larger than that of the base stock. By comparisons with 
the wear scars, it can be seen that the wear scar of the solu-
tion containing 0.2 wt% derivative is much smaller than that 
of the base stock. There are more smooth wear scars than 
that of base solution. Therefore, the presence of carboxylic 
derivative when its concentration is 0.2 wt% can enhance 
the wear resistance of the base stock because of the lower 
friction coefficient, which is correlative with the distribution 

properties in water base stock. And the wear scar data of 
fullerene derivative containing hydroxyl and carboxyl 
groups is shown in Figure 3(d). The wear scar size increases 
as the concentration of derivative increases to 0.6 wt% by 
the comparison of the wear scars, it is obvious that the wear 
scar of the solution containing 1.0 wt% is larger than that of 
the base stock, and more particles appear than that of base 
solution. That is to say, the addition of derivative containing 
hydroxyl and carboxyl groups to the base stock could have 
no significant improvement to the lubricating property of 
the solution under the experimental conditions. This may be 
related to the self-aggregation of molecular particles driven 
mainly by the hydrogen-bonding interactions between hy-
droxyl and carboxyl groups.  

In summary, the addition of C60 polyhydroxyl derivative 
and C60 carboxylic derivative can improve the lubricating 
property and the wear resistance ability of the base stock 
when their concentrations are about 0.6 wt% and 0.2 wt% 
respectively. However, C60 derivative containing hydroxyl 
and carboxyl groups has no significant influence on the base 
stock under our experiment conditions. The results showed 
that the molecular interaction (such as hydrogen-bonding 
and dipole interactions) and the interactions between the 
molecular particles and the solvent have significant impact 
on the molecular aggregation morphologies and distribution 
properties in water solution, which also influence the lubri-
cation properties.  

3  Conclusions 

Three kinds of water-soluble fullerene derivatives C60(OH)x,  

 
Figure 3  Friction coefficient versus concentration of fullerene polyhydroxyl derivative, carboxyl derivative and derivative containing hydroxyl and car-
boxyl groups (a), wear scar diameter of fullerene polyhydroxyl derivative (0.6 wt%) (b), carboxyl derivative (0.2 wt%) (c), derivative containing hydroxyl 
and carboxyl groups (1.0 wt%) (d). 
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C60(C(COOH)2)x and C60(OH)x(NHCH2COOH)y are suc-
cessfully synthesized. The solubility and the dispersity of 
C60 were improved significantly by grafting water-soluble 
functional groups according to the results of their morphol-
ogy investigations by TEM and AFM, especially the car-
boxylic derivatives. All the tribological experimental results 
show that the C60 polyhydroxyl derivative and C60 carbox-
ylic derivative could prominently improve the lubricating 
properties and surface wear resistant property acted as lub-
ricant additives especially at the concentration of 0.6 wt% 
and 0.2 wt% respectively, in which the wear of surface de-
creased to 40% at most. The investigations indicated that 
there may be some potential strategies to control the molec-
ular aggregation and distribution properties of the C60 de-
rivatives in water-based lubricating condition by the de-
signable molecular modification with the different substitu-
ent groups and their quantity, which would have great in-
fluence on the molecular interactions, resulting in the en-
hancement of lubrication properties.  
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