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INTRODUCTION

Diamond has been found to be a potentially useful mate-
rial due to its unique characteristics including hardness, large
gap in bands and stability against chemical reagents. More
over it has high transparency over a wide wavelength region
and high thermal conductivity'?. Therefore, many researchers
have regarded diamond as one of the most promising material
in various fields**. Although, diamond is composed of only
sp® carbon atoms, but still its surface can be modified by
bonding with elements other than carbon which impart new
properties.

Actually, the utilization of diamond needs the develop-
ment of proper technologies for its surface modification to
make it useful in various applications. These applications may
include precision polishing, conducting resins, high thermal
conductive fluid dispersing diamond particles, etc.>®. Further-
more, the diamond surface modified under optimized condi-
tions, the attached organic functional groups, would provide a
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Photochemical modification of diamond was carried out by covalently bonding the radicals of 2-propanol-2-yl [(CH;),C'OH] on the |
surface of diamond, which were produced by the photochemical disintegration of 2-hydroxy-2-methyl-1-phenyl-1-propanone irradiated |
by ultraviolet rays. A dispersion of diamond was prepared in acetone with the subsequent addition of 2-hydroxy-2-methyl-1-phenyl-1-
propanone which acted as photoinitiator. This mixture was put under irradiation with UV light for the generation of free radicals from |
2-hydroxy-2-methyl-1-phenyl-1-propanone. These free radicals were introduced onto the surface of diamond and improved the dispersion |
in liquid phase. The modified diamond was characterized by Fourier transform infrared spectroscopy, nuclear magnetic resonance |
spectroscopy, thermogravimetric analysis, thermogravimetric analysis-mass spectrometry and scanning electron microscopy. The |
scanning electron microscopy and dispersibility data demonstrated that the surface modification of diamond helped to improve its |
dispersibility in common organic solvents as well as the functional behaviour of its surface which may be useful in diagnosis/treatment of |
|
|
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route for the synthesis of new families of materials having
organic-inorganic character that possesses the physical prop-
erties of diamond and the chemical properties of functional
group'.

Several researchers have been working on modification
of the diamond surface. The work on the modification of
diamond surface can be classified into two main groups i.e.
vapour phase modifications’"® and liquid phase modifi-
cations'**. The surface modification of diamond in the liquid
phase has been found more suitable for industrial applications.
Another advantage of liquid phase is that organic substances
with organic functional groups can be easily attached on a
diamond surface and in this way new organic-inorganic
functionalities would be developed. Recent researches included
the diamond surface modification by using silane coupling
reagents”' and carboxylic acids™.

Although a variety of oxidative, thermal or atomic beam
chemical modification of hydrogenated diamond have been
reported by different research groups®?!. However, a few



Vol. 25, No. 17 (2013)

Modification of Diamond Particles for Improved Dispersion in Liquid Phase 9841

studies have been targeted towards photochemical surface
modification of diamond by the introduction of free radicals®.
In addition, many of such experiments have been performed
in the vapour phase, causing the requirement of expensive
equipment, high vacuum apparatuses and ultra pure materials.
This made it impractical for broad spectrum industrial appli-
cations of these materials.

The previous studies showed that the development of a
facile and optimized modification technique for diamond
surface was not a trivial task. Therefore, the current investi-
gation has been pursued keeping in view that photochemical
reactions could be exploited to develop some suitable inexpen-
sive modification techniques which do not harm the surface
of diamond during the modification process. The use of
2-hydroxy-2-methyl-1-phenyl-1-propanone (HMPP) photo-
initiator expanded the photoreactivity of diamond surface,
especially; the generality of the process has been proved to be
widely applicable in many types of modifications to the
diamond structure.

EXPERIMENTAL

Diamond (purity 99.99 %, particle diameter 500 nm) were
obtained from Tomei Diamond Ind. Co., Ltd., Japan. 2-Hydroxy-
2-methyl-1-phenyl-1-propanone (HMPP) has been procured
from Ciba Inc., Ltd., Jiangsu, China. Carbon disulfide, THF,
2-propanol, toluene, DMF and Acetone were used as received
from Beijing Chemical Co., Ltd., Beijing, China.

Functionalization of diamond particles by photoche-
mical reaction: In a typical reaction, diamond (5.0 mg,
particles diameter 500 nm) and acetone (30 mL) were mixed
in a quartz round bottom flask, the dispersion was carried out
by sonicating the reaction mixture for 0.5 h. After the addition
of 2-hydroxy-2-methyl-1-phenyl-1-propanone (3 mg) the
contents of the flask were purged with argon at a constant
stirring to degas the reaction contents. After 0.5 h, the irradia-
tion of the reaction mixture was carried out with ultraviolet
radiations. The reaction flask was placed at a distance of
10 cm from the lamp. At this distance the intensity of the
radiations was 7000 puW/cm? at 254 nm wavelength. The
solvent was removed by centrifugation at 5000 rpm. After
0.5 h, the washing of the residual particles was carried out
first with acetone in 10 mL portion and then with toluene in
three portions of 10 mL each. The product was dried under at
50 °C for 12 h. The analytical characterization was accom-
plished using various analytical techniques.

Characterization: Thermo Nicolet Nexus 670 FTIR
spectrometer was used using KBr pellet method at a range of
4000-400 cm™. Nuclear magnetic resonance (NMR) measure-
ments were recorded on a Bruker AV 600 MHz spectrometer
by dispersing the modified diamond in CDCl; at room tempe-
rature. Thermal analysis (TGA) was recorded on a NETZSCH
TG 209 system under nitrogen atmosphere. The scanning rate
was 10 °C/min. Perkin Elmer Pyris Diamond TGA-MS was
used for TGA-MS analysis using electron impact ionization
mode. Scanning electron microscopy (SEM) was used to
determine the morphology of diamond particles on a Hitachi
S-4700 microscope operating at 30 kV.

RESULTS AND DISCUSSION

Fourier transform infrared studies: The modification
of diamond was evidenced through the FT-IR spectra. Fig. 1
presents the FT-IR spectral changes before and after the modi-
fication of diamond samples. There was no obvious band in
the spectrum [Fig. 1(a)] of diamond which indicates that the
diamond contains no functional group.
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Fig. 1. Fourier transform infrared spectra of diamond in potassium bromide:
(a) diamond, (b) modified diamond

While Fig. 1(b) clearly showed the characteristic stret-
ching vibration of O-H at 3420 cm™ and corresponding band
at 1110 cm™ indicating the presence of C-O-H bond for
hydroxyl functionality. The peak value for OH group revealed
its tertiary nature. Actually, the OH group present in
(CH3),C"OH was secondary in nature has been transformed to
tertiary considering the bond formation between (CH;),C OH
and carbon atom present on the surface of diamond'**.
Furthermore, the bands at 2930 and 2860 cm™ represented the
antisymmetric and symmetric stretching vibrations of sp*-
hybridized C-H bond respectively. The C-H bond asymmetric
and symmetric bending frequencies occurred as deformation
band at 1460-1250 cm™', respectively. These results confirmed
the modification of diamond surface and explained the changes
in the nature of functional groups as well before and after
modification.

Nuclear magnetic resonance studies: The confirmation
of modification of diamond surface was also supported by
'H NMR (600 MHz, CDCl;) as indicated in Fig. 2. It was found
that the characteristic resonance of 2-propanol-2-yl group
occurred for methylic protons at § = 1.2 ppm while the proton
present in tertiary hydroxyl group resonated at 6 = 3.9 ppm.
The ratio of protons in methyl group and hydroxyl group is
6:1 exactly, which indicated the presence of two methyl groups
in the vicinity of ~OH group. This showed that "H NMR results
are in good agreement with FT-IR.

Thermal gravimetric studies: The information obtained
from thermal analysis provided important information about
modification of diamond, as the functional groups present on
diamond were organic in nature so, at high temperatures those
became unstable i.e. most of the organic functional groups
were decomposed before the onset of diamond decomposition.
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Fig. 2. Proton nuclear magnetic resonance chemical shifts of modified
diamond in deuterated chloroform (CDCl;)

Fig. 3 represents two data sets labeled as (a) & (b) which
corresponds to the diamond before modification and after
modification respectively. The percentage weight loss curves
represented that the overall weight loss, during the process,
was 0.52 % for diamond and about 5.91 % for modified
diamond. The percentage weight loss of diamond apparently
originated from volatilization of moisture and amorphous
carbon particles, which presumably decomposed by oxidation
mechanism at higher temperature. Excluding this part, the net
weight loss of 5.39 % for modified diamond at 400 °C, revealed
the decomposition of functional groups on the diamond surface.
This percentage weight loss was substantially suggestive that
the appreciable number of functional groups was introduced
despite the known low reactivity of diamond. Thus, the method
proves to be efficient for introduction of functional groups
onto the surface of diamond.
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Fig. 3. Thermal analysis of diamond in N, atmosphere: (a) diamond, (b)
modified diamond

Thermal gravimetric analysis-mass spectrometric
studies: Thermal analysis coupled with mass spectrometry
(TGA-MS) provided useful information about modification
of diamond surface. The fragmentation of attached substituents
was monitored with TGA temperature range of 20-900 °C

along with online monitoring of volatile products through mass
spectrometer.

In Fig. 4, the TGA-MS spectrogram illustrated the evolu-
tion of detached 2-propanol-2-yl groups at 400 °C as shown
by a major peak (a) at m/z 59 despite of two shoulder peaks
due to atmospheric effect. The decomposition of functional
groups, at relatively high temperature (400 °C), is remarkably
related to the stability of functional moieties and consistent
with TGA results. Fig. 4(b) resulted in a base line at m/z 105
which means that there was no C¢HsC*O ion detection by mass
spectrometer during the thermal decomposition of modified
diamond. Then, it is evident that the benzoyl radicals CsHsC'O
had no contribution in functionalization. Hence, the modifi-
cation was solely due to 2-propanol-2-yl radicals, which were
originated from the surface of modified diamond and detected
by mass spectrometer.
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Fig. 4. TGA-MS spectrogram of modified diamond: time vs. ion current

Scanning electron microscopic studies: Scanning elec-
tron microscopic images of diamond and modified diamond
are compared in Fig. 5. The diamond seemed to be a cluster of
diamond particles. On the other hand, the modified diamond
appeared to be more dissociated and this phenomenon directs
it to disperse and behave individually. Because, the modifi-
cation has prevented diamond to aggregate and enhanced their
discreteness, therefore, when compared to pristine diamond,
modified diamond have shown high and facile dispersion in
different solvents.

Fig. 5. (a) SEM image of diamond: for diamond at 5 um resolution
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Fig. 5. (b) SEM image of diamond: for modified diamond at 10 um resolution
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Fig. 5. (¢) SEM image of diamond: for modified diamond at 5 um resolution

The SEM images were taken by placing a drop of disper-
sion on a grid and air dried. These images provided important
information about the surface modification with HMPP. It
neither damaged nor created the defects on the surface of diamond
during its modification. These images proved that the method
described here for the modification of diamond surface is mild
enough to create covalent bonds of organic groups with diamond
surface without damaging it.

Dispersibility: The dispersibility of diamond after modi-
fication has been improved significantly and their dispersion
in various solvents can be easily prepared (Table-1).The quanti-
tative estimation of dispersibility was carried out according to
reported method'>?”’. The dispersibility of modified diamond
in N,N-dimethyl formamide was about 9.8 mg/L, about 7 times
better than that of diamond (1.4 mg/L). Fig. 6 represented the
visual judgment of enhanced dispersibility of unmodified
diamond (a) in comparison to modified diamond (b).

As, the data showed that modified diamond is more
dispersible in common organic solvents such as isopropanol,
tetrahydrofuran and carbon disulphide than diamond. Itis very
interesting that the dispersibility of modified diamond
increased nearly 7 times that of diamond in THF. It can be
concluded that modification improved the dispersibility of
diamond by decreasing the surface interactions due to the
hindrance of surface functional groups of modified diamond.
Moreover, the interactions, between the functional groups and
solvent, are responsible for facile dispersion. The hydroxyl
groups facilitate the dispersibility in polar and semi-polar

TABLE-1
ROOM-TEMPERATURE DISPERSIBILITY DATA (mg/L)
FOR DIAMOND AND MODIFIED DIAMOND

IN DIFFERENT SOLVENTS
Solvent Diamond Modified-diamond
(mg/L) (mg/L)
N,N-Dimethyl formamide 1.4 9.8
Isopropyl alcohol Not dispersed 2.1
Tetrahydrofuran 0.6 4.2
Carbon disulfide 0.5 3.5

Note: Dispersibility was checked at room temperature after 24 h.

Fig. 6. Diamond dispersions in N,N-dimethyl formamide (9.8 mg/L) after
24 h: (a) diamond; (b) modified diamond

solvents while methyl groups facilitate in non polar which is
more valuable than simply -OH functionalized diamond.
2-Propanol-2-yl groups are relatively bulky than -OH groups
and reduce the surface interaction to facilitate the dispersibility
while -OH functionalized diamond possess much force of
interaction due to polarity of hydroxyl groups. Therefore, this
process of modification is more worthy and expected to
facilitate their chemical manipulation, characterization, prop-
erties investigation and wide applications.

Based on experimental data, the route for the modification
of diamond can be proposed as shown in Fig. 7. 2-Propanol-
2-yl and benzoyl radicals were generated by the photolysis of
2-hydroxy-2-methyl-1-phenyl-1-propanone in the presence of
diamond particles in acetone. Mechanistically, 2-propanol-2-
yl radicals with high reactivity than benzoyl radical attacked
on the surface of diamond, which was activated by the
absorption of photoelectrons emitted by UV light source to
form modified diamond.

TGA-MS results, indicated that no benzoyl radical was
attached to the surface of the diamond which may be attributed
to relative stable benzoyl radicals which may have joined
together to give benzil. In the meanwhile, the 2-propanol-2-yl
radicals were introduced onto the surface of diamond with
relatively higher rate constant than benzoyl radicals®® and
modified the diamond surface.

Conclusion

A simple and facile method for chemical modification of
diamond like inert materials has been described here. This
method provided the incorporation of organic functional
groups like 2-propanol-2-yl [(CH;),CH-OH] to the diamond
surface. As a result of modification the diamond particles
dissociated which caused the enhancement of its dispersion
in organic solvents like DMF. Moreover, the attachment of
such organic functional groups has opened a new way for the
attachment of diamond with other materials for important
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Fig. 7. Schematic illustration of chemical modification of diamond by HMPP photoinitiator

applications. This method also provides a new route for the
use of photoinitiators in chemical modification of such inert
materials.
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