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ABSTRACT: Reduction of the graphenic edges of annealed nanodiamond by sodium in
liquid ammonia leads to a nanodiamond salt that reacts with either alkyl or aryl halides
by electron transfer to yield radical anions that dissociate spontaneously into free radicals
and halide. The free radicals were observed to add readily to the aromatic rings of the
annealed nanodiamond. Nanodiamonds functionalized by phenyl radicals were
sulfonated in oleum, and the resulting sulfonic acid was converted to the sodium salt
by treatment with sodium hydroxide. The solubility of the salt in water was determined
to be 248 mg/L. Nanodiamond functionalized by carboxylic acid groups could be
prepared by reacting S-bromovaleric acid with the annealed nanodiamond salt. The
solubility of the sodium carboxylate in water was found to be 160 mg/L.

1. INTRODUCTION

Nanodiamond particles possess extraordinary mechanical, elec-
tronic, thermal, and tribological properties and exhibit significant
potential as components of novel multifunctional materials.'~
However, processing of diamond nanoparticles for many applica-
tions is hampered by agglomeration and inhomogeneous disper-
sions in organic or aqueous solvents that are often used for these
applications. The search for novel methods to process nano-
diamonds is thus an important goal in materials science.'”™"® In
this study, we report a versatile, scalable synthesis of water-soluble
nanodiamonds using a route similar to that demonstrated earlier
for carbon nanotubes'” and graphene.*

2. EXPERIMENTAL SECTION

2.1. Materials. Nanodiamond powder (98% purity, particle size
3—S nm) prepared by detonation was received from NanoAmor Inc.
(Houston, Texas). The nanodiamond was annealed by heating under
argon in a quartz tube furnace at 1100 °C for 3 h. The annealing step
also eliminates, in part, material that forms on the surface of the nano-
diamond during production and processing.>' >

2.2. General Procedures for the Functionalization Reactions.
Synthesis of Carboxylated Nanodiamond 2. Annealed nanodiamond
1 (100 mg) was added under argon to a flame-dried 100 mL three-
neck round-bottomed flask equipped with a stir bar and fitted with a
condenser. The flask was placed in a cooling bath, and ammonia
(60 mL) was then condensed into the flask. Sodium (1.9 g, 10 equiv)
was then added. After 30 min, S-bromovaleric acid (6 g, 4 equiv) was
added to the flask, and the cooling bath was removed. Dry ice was
added to the condenser for 4 h, and the ammonia was allowed to
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evaporate overnight. The reaction mixture was quenched with
ethanol and filtered through a 0.2 ym PTFE membrane. Finally, the
material was washed several times with water and ethanol. The
functionalized nanodiamond was then dried overnight at 80 °C.

Synthesis of Carboxylated Nanodiamond Salt 3. The sodium salt
was prepared by treating the functionalized nanodiamond 2 with 1 M
NaOH (60 mL) at 80 °C for 24 h. The resulting salt was filtered through
a PTFE membrane, washed with water, and dried overnight at 80 °C.

Synthesis of Phenylated Nanodiamond 4. Phenylation experiments
were performed by adding the graphitized nanodiamond 1 (100 mg) to a
dry 100 mL, three-neck, round-bottomed flask equipped with a stirring
bar and fitted with a dry ice condenser. All reactions were carried out
under an atmosphere of argon. A cooling bath was used to condense
ammonia (60 mL) into the flask. Sodium (1.9 g 10 equiv) was then
added, and after 30 min iodobenzene (3.7 mL, 4 equiv) was added and
the cooling bath was removed. The mixture was then stirred for 4 h. The
ammonia was allowed to evaporate overnight. The reaction mixture was
quenched with ethanol and filtered through a 0.2 ym PTFE membrane.
Finally, the material was washed several times with ethanol and once with
chloroform. The phenylated nanodiamond was dried overnight.

Synthesis of Sulfonated Nanodiamond 5. Sulfonation was carried
out under argon by dispersing the phenylated nanodiamond 4 (60 mg)
in oleum (60 mL) in a dry 100 mL three-neck round-bottomed flask
with a reflux condenser. The mixture was heated at 80 °C for 4 h. The
suspension was then added to 300 mL of ice water, filtered through a
0.2 ym PTFE membrane, and washed with water.
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Synthesis of Sulfonated Nanodiamond Salt 6. The phenyl sulfo-
nated nanodiamond $ was treated with 1 M NaOH solution (60 mL)
overnight at 80 °C. The resulting mixture was separated on a centrifuge.

2.3. Solubility Measurements in Water. Solubility measure-
ments of the functionalized nanodiamond samples were performed
as follows: 100 mg of the functionalized material was dispersed in
100 mL of DI water and sonicated for 20 min; the dispersion was then
left to settle for 1 day. The top S0 mL of solution was then decanted
and filtered through the pre weighed 0.2 ym PTFE membrane, dried
at 80 °C in the oven overnight. The collected sample and membrane
were then weighed. The weight of the membrane was deducted to
determine the weight of the sample that was dissolved.

2.4. Characterization. Starting and functionalized materials were
characterized by Raman spectroscopy, Fourier transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA), X-ray photo-
electron spectroscopy (XPS), high-resolution transmission electron
microscopy (HRTEM), and high-contrast transmission electron
microscopy (HC-TEM). Raman spectra were collected using a
Renishaw 1000 micro-Raman system with a 514 nm laser source.
FTIR spectra were obtained using a Nicolet spectrometer with the ATR
accessory. TGA data were obtained using a model SDT 2960 TA
Instruments in an atmosphere of argon. Samples were dried at 100 °C
for 10 min and then heated at 10 °C/min to 800 °C. XPS data were
obtained using a physical electronics (PHI QUANTERA) XPS/ESCA
system. The base pressure was at 5 X 10~ Torr. A monochromatic Al
X-ray source at 100 W was used with pass energy of 26 eV and with a
45° takeoff angle. The beam diameter was 100.0 ym. Powder X-ray
diffraction (XRD) spectra were collected using a Rigaku D/max Ultima
II Powder Diffractometer. Three separate locations were analyzed for
each sample. HRTEM images were recorded using a high-resolution
transmission electron microscope (HRTEM, JEM-2010F) operated at
an accelerating voltage of 200 kV. HC-TEM images were taken using
high contrast transmission electron microscope (JEOL 1230 HC-TEM)
operated at 100 kV.

The size of the nanodiamond clusters stabilized in DI water, re-
ported as hydrodynamic diameter Dy, was measured using a Brookhaven
ZetaPALS DLS instrument equipped with a He—Ne laser (4 = 656 nm)
and a BI-9000AT digital autocorrelator. All measurements were con-
ducted at room temperature using standard 4 mL polystyrene cuvettes
at a fixed scattering angle of 90°. The measurements were conducted
multiple times for each sample to ensure reliability of data. The diam-
eters reported are number-weighted which were obtained using the
CONTIN fitting algorithm. Volume-weighted hydrodynamic diameter
(Dy,) values were determined and compared to the number-weighted
Dy, values. Since number-weighted diameters vary as Dy and volume-
weighted diameters vary as Dy’, the case of Dy,, ® Dy, indicates a narrow
size distribution and the case of Dy, > Dy indicates the additional
presence of larger-diameter particles. For all three nanodiamond samples
in which particle size analysis was performed by DLS, D, , was found to
be larger than Dy, (vide infra): d;,, = 283 + 15, 703 + SO, and 553 +
4S5 nm for sample 3, sample 6 at pH 7, and sample 6 at pH 14, re-
spectively. Excluding the largest particles (<5% of the total population),
the remaining cluster population in each sample had dj,, values of 189 +
12, 443 + 42, and 170 + 21 nm, respectively. These values are similar to
the Dy, values (vide infra), and thus D}, can be taken to represent the
average diameter of >95% of the cluster population for a given nano-
diamond suspension.

3. RESULTS AND DISCUSSION

Commercially available detonation nanodiamond obtained as a
dark gray hydrophobic powder was used for this study. A pre-
liminary study of the nanodiamond was carried out by
recording the high-resolution transmission electron microscopy
image shown in Figure 1. The image was recorded by dropping
a suspension of the nanodiamond from chloroform onto a lacey
carbon grid. The lattice structure of the nanodiamond can be
observed clearly in the TEM image. Since the nanodiamond
was prepared by detonation synthesis”*>° the image also shows
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Figure 1. High-resolution transmission electron microscopy
(HRTEM) image of detonation nanodiamond showing fringes. The
image was recorded by dropping a suspension of the nanodiamond in
chloroform onto a lacey carbon grid.

a large amount of material bound to the edges of the agglom-
erated nanodiamond. These groups are thought to be com-
posed primarily of oxygen containing groups that are introduced
by acid treatment during the purification process. The ag-
glomerization results from attachment of the nanodiamond
particles through chemical bonds that result from intermolecular
reactions of the edge groups.'

The functionalization schemes that we have used to affect
solubility have their genesis in our earlier work on the func-
tionalization of carbon nanotubes'® and graphene.*® The salient
feature of this work involves electron transfer from an alkali
metal to the aromatic rings of the nanocarbon. Since nano-
diamonds are void of aromatic rings, it was necessary to carry
out an annealing step that adds a few layers of graphene to the
edges of the nanodiamond. Nanodiamond graphitization is a
well studied process.”' >* In our hands, heating the nano-
diamond to 1100 °C for 3 h proved to be sufficient to add the
required layers of graphenic material (Chart 1). The graphene
can be seen clearly in the HRTEM image shown in Figure 2.
An XPS survey analysis of the annealed nanodiamond 1 gave
the carbon content as 98.8% and the oxygen content as 1.2%.

Chart 1. Surface Graphitization of Detonation
Nanodiamond

R

1100 °C e
_— ) '
3 hrs B\ A

R = Oxygenated groups Annealed nanodiamond (1)

The survey and high resolution images are shown in the
Supporting Information as SI-1a and SI-2a.

Graphitization was also demonstrated by XRD. The XRD
spectra of samples annealed at 700, 900, and 1100 °C are
presented in Figure 3b—d, respectively. The intensity of the
diamond peaks decreases concomitantly as a broad diffraction
peak at 20 = 23° corresponding to graphitic carbon appears.
Samples graphitized at 1100 °C were used for these studies.
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Figure 2. High resolution transmission electron microscopy
(HRTEM) image of detonation nanodiamond showing layers of
graphene.

Intensity (a. u.)

PJL—!\J:

20 30 40 SO0 60 70 80 90 100
20

Figure 3. XRD spectra of the pristine nanodiamond (a) and
nanodiamond annealed at 700 (b), 900 (c), 1100 °C (d). Peaks at
20 = 43° 75° and 91° correspond to (111), (220), and (311)
diamond planes, respectively. The broad peak at 26 = 25° is (002)
graphite plane.

Raman spectra of the raw pristine detonation nanodiamond
and the nanodiamond annealed at 1100 °C are presented in
Figure 4, panels a and b, respectively. The annealed nano-
diamond exhibits prominent peaks corresponding to the
disorder D band at 1330 cm™ and the G band at 1570 cm™.
The appearance of these bands demonstrates the formation of a
graphitic structure.

An FTIR spectrum of the pristine nanodiamond shows the
presence of hydroxyl groups (broad peak around 3400 cm™")
and a cluster of carbonyl peaks at 1600 cm™" (Figure Sa). The
annealed nanodiamond does not exhibit these absorptions

(Figure Sb).
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b

1570
,W
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1330 1600

Raman Intensity (a. u.)
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Figure 4. Raman spectra of (a) pristine nanodiamond, (b)
nanodiamond annealed at 1100 °C for 3 h.

Absorbance (a. u.)

3600 3100 2600 2100 1600 1100 600
Wavenumbers cm?

Figure 5. FTIR spectra of (a) pristine nanodiamond and (b) annealed
nanodiamond.

The reactions that have been used to functionalize the an-
nealed nanodiamond are illustrated in Scheme 1. Thus reduc-
tion of the graphenic edges of the annealed nanodiamond by
sodium in liquid ammonia leads to the nanodiamond salt 1.
This material can be reacted with either alkyl or aryl halides to
yield a radical anion that dissociates spontaneously into a
radical and halide. The free radicals add readily to the aromatic
rings of the annealed nanodiamond.

When S-bromovaleric acid was added to a suspension of 1 in
liquid ammonia, 2 was obtained as a moderately water-soluble
material. Further treatment of 2 with NaOH yields the sodium
salt 3. These reactions are outlined in Scheme 2. Solubility of
the salt 3 in water was determined to be 160 mg/L. A sus-
pension of 3 in water is stable for several months. The annealed
nanodiamond exhibits no solubility in water.

The sample 3 was found to have a hydrodynamic diameter
Dy, of 182 + 9 nm. A high contrast TEM image of the func-
tionalized nanodiamond cluster is shown in Figure 6. The size
of a typical cluster, as shown in the image, is approximately
200 nm, in good agreement with the hydrodynamic diameter
measured by DLS.

TGA data are presented in Figure 7 showing almost no
weight loss for the starting annealed nanodiamond upon heat-
ing to 800 °C under argon (curve 1). Curves 2 and 3 represent
functionalized samples 2 and 3 (scheme 1) and show weight
losses of 30% and 32%, respectively.

XPS analysis serves to corroborate the composition of 2 and 3.
These survey analyses are shown in the Supporting Information
as SI-1b and SI-1c. The high resolution scan for 3 is shown in
the Supporting Information as SI-2b. The FTIR spectrum of 2
exhibits a broad O—H peak centered at 3400 cm™' and C—H
stretching peaks at 2850 and 2930 cm ™.

A more soluble product could be obtained when the an-
nealed nanodiamond was functionalized by phenyl sulfonate
groups (as the sodium salt), a protocol that has been used

dx.doi.org/10.1021/1a204660h | Langmuir 2012, 28, 5243—5248
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Scheme 1. Functionalization Reactions of Annealed Nanodiamond

P Lo ~Nat
z . Na/NH; py \ R-X
! ' —_— | ) .
/' or Aryl-X or Aryl-X

Annealed Nanodiamond  Nanodiamond salt (1)

RoX, - —» R or Aryl' + X~

Scheme 2. Synthesis of Water-Soluble Nanodiamonds 2 and 3

',-“\\‘._Na"' [Fo=Ess P

/ . Br(CH,),CO,H / NaOH

{ P —(CH4CO,H ——> ! —(CHp)4CO,Na
2 3

1

Figure 6. High contrast transmission electron microscopy image of the
sodium salt 3. The scale bar is set to 50 nm.

100+
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Figure 7. Thermal gravimetric analyses: annealed nanodiamond (curve
1), carboxylated nanodiamond 2 (curve 2), and sodium salt 3 of
carboxylated nanodiamond 2 (curve 3).

previously to prepare soluble carbon nanotubes and graphene.
The syntheses are illustrated in Scheme 3. The phenyl radicals

that form from the iodobenzene radical anion (Scheme 1) add
readily to the annealed nanodiamond to give 4. Sulfonation of 4
by oleum and conversion to the sodium salt 6 proved to be un-
eventful. High resolution TEM image of the sulfonated nano-
diamond § indicates no structural changes and demonstrates
that fringes are present in the diamond region (SI-3).

The solubility of 6 in water was determined to be 248 mg/L.
Solubilities found for water-soluble nanodiamond samples are
lower than some values reported elsewhere.”” In our opinion, the
more conservative approach to solubility measurements used in
this work accounts for this result.

The XPS survey and high resolution spectra are presented in
the Supporting Information as SI-1d and SI-2c. Elemental analysis
shows presence of carbon, oxygen (13.3%), sulfur (1.1%), and
sodium (3.2%). At high pH a stable suspension is obtained. This
protocol has been used previously to prepare water-soluble solu-
tions of carbon nanotubes'” and graphene®® that can be kept for
several years without any appreciable precipitation.

Thermal gravimetric analyses of nanodiamond samples 4 and
S are shown in Figure 8. Curve 1 demonstrates the negligible
weight loss of the starting material in comparison with curve 2
that shows a 24% weight loss for phenylated nanodiamond 4.
Curve 3 shows thermal degradation of the sulfonated product §
(Scheme 3) where the weight loss was determined to be 33%.
Due to the hydrophilic nature of the functionalized material, the
initial weight loss (up to 100 °C) may be related to desorption of
water from the surface of nanoparticles.

DLS measurements in water at pH 7 and 14 indicated the
hydrodynamic diameter Dy, of functionalized nanodiamond 6 to
be 420 + 30 nm and 164 + 7 nm, respectively. These values are
consistent with high-contrast TEM analysis. The TEM image
revealed cluster sizes in the same range for 6 deposited from
aqueous solutions of pH 7 and 14 (Figure 9, panels a and b).

Infrared spectra of 4—6 are presented in Figure 10. Sulfonic acid
groups (Figure 10b) show a broad absorption at ~1200 cm™,
confirming the presence of the sulfonic acid (v5_g and yS-phenyl)‘zo

Future studies will include an evaluation of the thermal prop-
erties of these materials.

Scheme 3. Synthesis of Water-Soluble Nanodiamonds 5 and 6
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