A General Procedure to Functionalize
Agglomerating Nanoparticles
Demonstrated on Nanodiamond

Yuejiang Liang, Masaki Ozawa,* and Anke Krueger*

Institut fiir Organische Chemie der Julius-Maximilians-Universitdt Wiirzburg, Am Hubland, 97074 Wiirzburg, Germany

ABSTRACT Upon reduction of particle size to the nanometer range, one has to deal with the general issue
of spontaneous agglomeration, which often obstructs postsynthesis modification of nanoparticle surfaces. A
technique to cope with this phenomenon is required to realize a wide variety of applications using nanoparticles
in solvents or as refined assemblies. In this article, we report on a new technique to facilitate surface chemistry of
nanoparticles in a conventional glassware system. A beads-assisted sonication (BASD) process was examined to
break up persistent agglomerates of nanodiamonds in two different reactions for simultaneous surface
functionalization. The chosen reactions are the silanization with an acrylate-modified silane and the arylation
using diazonium salts. The BASD process can be successfully applied even where the original material is not
dispersible in the reaction solvent at all, as the formation of ever smaller, increasingly functionalized agglomerates
is improving their solubility. We have confirmed that the presence of ceramic beads enables functionalization of
each primary particle, while conventional magnetic stirring or beadless sonication can reach primary particles only
when agglomeration is loose. Additionally, mechanical surface modification of nanodiamond was found to take
place by BASD with high energy density, leading to sp>-hybridized surface patches on nanodiamond. This allowed
for the efficient grafting of aryl groups to the surface of primary diamond nanoparticles. Stable, homogeneously
functionalized nanodiamond particles in colloidal solution can be obtained by this method.
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he principal objective of nanotech-

nology is to build high-performance

materials and devices having nano-
structures. One of the major strategies is to
use free-standing nanoparticles either dis-
persed in other media' 2 or as building
blocks of assemblies.** In both cases, tailor-
ing of surface structures and properties is
crucial in order to disperse these nano-
objects in solvents, to bind them to special
functionalities, or to create chemical bonds
to solid matrices. However, when particles
become sufficiently small at the nanoscale,
spontaneous agglomeration becomes more
effective owing to the increasing influence
of surface properties.®” This makes surface
chemistry crucial for nanoparticles. Contrary
to soluble compounds, the aforementioned
agglomeration hinders chemistry on them.
Various attempts have been made so far to
overcome this difficulty: covering with sur-
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factants, polymers, etc.,
surface functionalization during particle
growth,""'2 and postsynthesis
functionalization.”'3~'® Most of them, es-
pecially those involving chemical reactions,
can treat only dispersed particles through-
out the entire process, leading to narrow
potential ranges where electrostatic repul-
sive forces between charged particles coun-
teract attractive forces.'” In this context,
conventional stirring methods do not pro-
duce sufficient energy density to break pri-
mary nanoparticles apart for surface func-
tionalization. Therefore, new strategies to
deagglomerate nanosubstances during
chemical reactions are essential to perform
a wide variety of reaction types.

There are several common deagglomer-
ation techniques used for minute particles
(mostly submicrometer particles) such as
sonication,'®'? high shear mixing,?® me-
chanical milling,?'*? and high-pressure pro-
cessing.”®> Among them, owing to the easy
handling, sonication is an energetic method
suitable for chemical reactions especially of
particles forming relatively weak agglomer-
ates.”® Higher energy density is required
when attractive interparticle forces become
more pronounced due to extremely small
particle size, strong electrostatic forces,
and/or covalent bonds. Stirred media mill-
ing is a burgeoning technique, which agi-
tates micrometer-sized beads to induce
high-energy impact and shear forces.?> %’
Functionalization in a mill has also been re-
ported for specific cases.?®?° However, inte-
gration of such a mill into the standard set-
ups of chemistry with atmospheric and
temperature control, use of toxic chemi-
cals, irradiation, electrochemical treatments,
etc., remains technically demanding.

Recently, we disclosed a beads-assisted
sonic disintegration process (BASD). This
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method shows similar deagglomeration per-
formance compared to stirred media milling,
just by additionally charging ceramic beads
to a sonicated suspension.>® As the tech-
nique is facile and adaptable, the BASD setup
can be easily integrated in the conventional
glassware systems to enable functionaliza-
tion of primary nanoparticles even under
conditions where particles are actually (re-
)flocculating. Here, detonation nanodiamond
(D-ND) sizing at around 4—5 nm3'32 was em-
ployed as model nanoparticles. They feature
typical properties, such as a surface suitable
for chemistry, and notoriously persistent ag-
glomerates (100—200 nm in size) unbreak-
able by intensive sonication.?® The latter fea-
ture is considered to arise from covalent
bondings®>* and/or extremely strong elec-
trostatic attractive forces®* on top of van der
Waals forces. Here we demonstrate BASD as a
key method pushing nanotechnology from
the chemistry side by enabling surface func-
tionalization of primary nanoparticles accom-
panied by deagglomeration, which is appli-
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Scheme 1. Surface functionalization of nanodiamond. (a) Silanization of nanodiamond
surfaces. A simple condensation reaction between hydroxyl groups and (3-acryl-
oxypropyl)trimethoxysilane yields silanized nanodiamonds in dry THF. Hydroxylation
was carried out on D-NDs by borane reduction prior to silanization.>> On the other hand,
SYP-NDs were found to carry enough hydroxyl groups without hydroxylation. The reac-
tion requires inert atmosphere to avoid condensation with moisture. (b) Arylation of
nanodiamonds by applying aromatic diazonium salts. They react with C—C or —OH
groups after surface modification at high temperature or a BASD pretreatment. Note:
The nanodiamond particles are depicted as truncated octahedrons here, as it is one of
the suggested model structures for this material.>*3¢ However, this is an idealized shape,
and TEM images show rather roundish diamond particles and few pronounced facets in
the case of D-ND.

cable not only to nanoparticles forming

rather weak agglomerates such as synthetic monocrys-
talline nanodiamonds (SYP-ND) but also to agglomer-
ated detonation nanodiamonds (D-ND), the extreme
end of tight agglomeration.2>3' 33

RESULTS AND DISCUSSION

Two different reactions, that is, a simple condensa-
tion reaction leading to silanization and an arylation
with diazonium salts, were performed on D-ND agglom-
erates to achieve surface functionalization on primary
nanoparticles. The first takes place on OH groups,®
while diazonium salts carrying aryl groups can addition-
ally attack C=C bonds as portrayed in Scheme 1. Re-
cently, a detailed discussion of the structure of nano-
scale diamond has been published.?” The authors used
solid-state '*C NMR and "H—"3C dipolar coupling to in-
vestigate the surface structure. They found a consider-
able amount of OH groups and only little amounts of
sp? carbon at the nanodiamond surface.

The setup illustrated on the left side of Figure 1
was employed for reactions with BASD. In order to
verify the effect of BASD, beadless sonication (BLS) and
magnetic stirring (MS) were also examined for compari-
son. Since the sonication effect is subject to param-
eters such as kind and amount of solvent, shape of con-
tainer, position of sonotrode, etc., exactly the same
configuration as for BASD was used for the BLS reac-
tions. A round-bottom flask was used for MS.

Although D-NDs form relatively stable slurries in wa-
ter, they flocculate and precipitate in most organic sol-
vents (even when dispersed by powerful sonication)
due to their hydrophilic character.>° Borane reduction
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little affects this property.>> Hence, silanization of
borane-reduced D-NDs in tetrahydrofuran (THF) starts
under flocculating conditions. Inert atmosphere was
maintained during the entire process for all techniques
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Figure 1. BASD setup for simultaneous surface functional-
ization and deagglomeration of nanoparticles. The setup
was designed for chemical reactions using a powerful soni-
cator equipped with a horn-type sonotrode. An airtight en-
vironment is maintained by a commercial Teflon joint
between the sonicator and a universal glass joint. The glass
parts are composed of a lower tube reactor and an upper
three-neck branch adapter, allowing for various chemical
procedures. In the reactor, microjets and shock waves gen-
erated by implosion of ultrasonic microbubbles accelerate
the ceramic beads. Breaking up of agglomerates is thought
to take place owing to the impact and shear forces of the
collisions between the sonically propelled beads. When the
agglomerates are treated with coupling agents, freshly ex-
posed surfaces react with the agents until all primary par-
ticles are deagglomerated and functionalized.
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Figure 2. Characterization of D-NDs silanized using BASD (red), BLS (green), and MS (blue). (a) Dispersion behavior of the
silanized samples in THF; pictures taken 150 min after shaking. While gray slurries obtained with BLS and MS settled down
within an hour (hence no DLS measurement possible), the clear colloid resulting from BASD silanization showed no signifi-
cant change over 5 months. Particle volume distribution of the colloid measured in THF by DLS presents the main peak at ~8
nm close to the size of the primary particles. Despite the similarity between BLS and MS samples, the former flocculated in
a muddy way, and the latter formed granular agglomerates. (b) Typical HRTEM micrograph of the BASD-silanized D-NDs (see
arrows for exemplary particles) deposited on SWCNTs in THF. The particles are quite homogeneously scattered with no pro-
nounced agglomeration. The lattice fringes of the particles have ~0.2 nm interplanar spacings corresponding to diamond
(111) planes. (c) FT-IR spectra of the pristine D-NDs (black) and silanized samples (red, green, blue corresponding to BASD,
BLS, and MS, respectively). The features of the functional groups are observed most clearly in the BASD sample (red). (d) Ther-
mograms of the silanized samples. The large weight loss of the BASD sample (red) corresponds to a surface loading much
higher than for the other samples. The absence of water desorption at ~100 °C in the red trace is consistent with the result-

ing hydrophobic surfaces.

(MS, BLS, BASD) in order to avoid moisture-derived con-
densation. The particles stayed indispersive through-
out the reactions except in the case of BASD, where
nanodiamonds were gradually stabilized to give a deep
brownish clear colloid (Figure 2a). The particle size of
the BASD product determined in THF (a solvent where
the starting material immediately precipitated) by
means of dynamic light scattering (DLS) method was
close to the size of the primary particles with functional
groups (Figure 2a). HRTEM observations also verified
deagglomeration of the diamond particles (Figure 2b).
The isolated colloidal particles were too small for direct
observation on a conventional copper grid coated with
lacey carbon film, though, and reagglomeration oc-
curred upon drying a drop of colloidal solution on the
grid. Hence, the nanodiamond particles were pread-
sorbed onto bundles of single-wall carbon nanotubes
(SWCNTs) in THF. Isolated nanoparticles settled on the
SWCNTs, thus showing the newly acquired dispersibil-
ity in this rather nonpolar solvent. This also indicates
functionalization of the primary D-ND particles.

NANK . .
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The distinct effect of BASD was observed in the Fou-
rier transform infrared (FT-IR) spectra as presented in
Figure 2c. All silanized samples exhibit absorption
bands corresponding to acrylate groups at 1700, 1635,
1300, and 1110 cm™', on top of the broad bands
stretching around 3300 and 2950—2850 cm ™, attribut-
able to —OH groups and the C—H stretching vibration,
respectively. The most notable difference between the
methods was the remarkable downshift of those bands
that represent the C—0O—Si asymmetric stretching
modes. These are observed at around 1110 cm ™" in
the BLS and MS samples, while they are shifted to
1010—940 cm ™! with BASD. This is due to the mass ef-
fect: The free vibration of C—0—Si groups is influenced
by the mass of the attached nanoparticle/agglomer-
ate. The huge agglomerates in BLS- and MS-
functionalized samples can be considered a static body,
whereas the functionalized primary nanoparticles in
the BASD sample with their much lower mass interfere
with the functional group vibrations. A thermogravi-
metric analysis (TGA) revealed no adsorbed water in the

www.acsnano.org



a
MS BLS BASD
B il "":-_—‘;3
c
-
L]
P
o
c
£
13
(7]
c
o
[

4,000 3,000 2,000 1,000
Wavenumber / ¢cm™

Q
-~
(=]

Volume Fraction / %

1 10 100 1,000
Particle Size / nm

Figure 3. Characterization of D-NDs arylated using BASD (red), BLS (green), and MS (blue). (a) Dispersion behavior of the
arylated samples in basic solutions (pH ~ 11, D-ND not pretreated, see below); pictures taken 1 h after shaking. The BLS
and MS samples formed turbid brownish suspensions stable for a few hours, while the BASD-arylated sample precipitated
within a few minutes. (b) HRTEM image of D-NDs annealed at 1100 °C in vacuo for 1 h, showing bucky nanodiamonds (see ar-
rows). Completely transformed onions were also observed. (c) FT-IR spectra of the pristine D-NDs (black) and arylated
samples after annealing at high temperature. (d) Particle volume distributions of the arylated samples after annealing mea-

sured in basic solutions by DLS at pH 10—11.

BASD sample, indicating a hydrophobic character of
the surface (Figure 2d). Moreover, compared to the
non-BASD samples, a remarkably increased weight loss
was observed with a step between ~300 and 500 °C.
Since the boiling point of (3-acryloxypropyl)-
trimethoxysilane is 253 °C, it also supports the cova-
lent bonding of 3-acryloxypropylsilyl groups to the
nanodiamonds.

In contrast to silanization, arylation started with
aqueous slurries of D-ND. However, addition of diazo-
nium salts at 80 °C gave rise to immediate sedimenta-
tion accompanied by generation of gas and a color
change from gray to red-brown within several min-
utes. The flocculation persisted throughout the reac-
tions, showing no noticeable dependence on the meth-
ods. Dispersibility of the resulting products assumedly
functionalized with benzoic acid groups (or
—Ph—COO™ at higher pH) was similar to that of the
pristine D-NDs. In most solvents, dispersibility was
slightly weaker, as expected from the behavior of those
samples functionalized oxidatively with carboxyl
groups alone.3° DLS measurements performed in di-
methyl sulfoxide, which, to our knowledge, is the best
solvent for D-NDs, revealed particle sizes of less than 10
nm for the BASD-arylated sample, while the other
methods led to peaks at around 100 nm or more. Thus
deagglomeration by BASD was demonstrated in DMSO.
Still another solvent in which D-NDs disperse only after
arylation should be employed to verify the successful
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functionalization. For instance, the arylated material
should form stable solutions under basic conditions as
the organic moieties are carrying COOH groups. In com-
parison, acid or air oxidation of D-NDs (to introduce car-
boxyl groups directly on the ND surface) induces a
shift of the colloidal pH window from pH 3 to 6 toward
basic conditions accompanied with a change of { po-
tential from positive to negative. Similarly, the BLS and
MS samples were found to be rather stable in basic
aqueous solutions (Figure 3a). However, the BASD
sample unexpectedly showed immediate sedimenta-
tion. In addition, it turned to a clear colloid under
slightly acidic conditions, thus resembling the pristine
D-NDs. All samples precipitated in water under neutral
conditions.

The unexpected behavior of the arylated D-NDs in
basic solutions might be due to the sparse —OH and
C==C groups on the pristine surfaces of the true primary
particles in the inner part of agglomerates, allowing
only for sparse grafting of aryl groups. Therefore, a sur-
face modification of those particles is required.
Schmidt-Rohr and co-workers have recently discussed
the structure modification induced by thermal anneal-
ing of ND.3” By measuring solid-state '>C NMR spectra,
they proved the removal of OH groups and the appear-
ance of sp? carbon at the diamond surface. In our work,
D-ND was pregraphitized at 1100 °C for 1 h in vacuo, re-
sulting in a mixture of bucky diamonds and some nano-
onions (Figure 3b) as previously reported by Kuznetsov
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Figure 4. Arylation of D-NDs involving BASD pretreatment. (a) HRTEM image of D-NDs treated by BASD for 12 h at the
maximum amplitude in water. No significantly graphitized surfaces were observed (while the diamond lattice is clearly vis-
ible). (b) FT-IR spectra of the pristine D-NDs (black) and the BASD samples treated for 3 h (pale brown), 6 h (brown), and 12 h
(dark brown). Three green auxiliary lines as well as the red arrows emphasize the variation with time. (c) Aqueous colloid
of the BASD-arylated D-NDs with the BASD pretreatment. Particle volume distribution was measured by DLS on the clear
brownish colloid under slightly basic conditions at pH 8.5. The main peak at ~8 nm corresponds to the hydrodynamic diam-
eter of the primary particles. (d) HRTEM micrograph of the BASD-arylated D-NDs with the BASD pretreatment deposited on
SWCNTs in a basic aqueous solution. The particles having diamond (111) lattice fringes are homogeneously scattered with no

pronounced agglomeration (arrows).
et al.*® The powder was then allowed to react with the
diazonium salts using all three methods. All reactions
proceeded under flocculating conditions similar to
those without pregraphitization. In all cases, the com-
pletely black products were considerably stable under
basic conditions from pH 6 to 13 showing negative {
potentials, with no significant variation depending on
the method. At around pH 10, for example, BASD, BLS,
and MS gave { potentials of —39, —45, and —43 mV, re-
spectively. FT-IR spectra of them presented the fea-
tures of the functional groups with insignificant differ-
ences depending of the methods (Figure 3c). In
addition to the bands around 2900 cm™" correspond-
ing to saturated C—H bonds, strong absorption bands
attributable to antisymmetrical and symmetrical
stretching modes of carboxylates, respectively, were
observed around 1595 and 1395 cm ™! together with
the band at 1710 cm ™! corresponding to carboxyl
groups. The weak peaks at around 790 cm™" are attrib-
utable to aromatic rings. However, unlike the similar
features seen in the spectra, DLS revealed 4.8 nm for
the particle size of BASD-arylated D-NDs at the main
peak of the narrow particle volume distribution—in
sharp contrast to those at ~45 nm for BLS and ~80

ACIN AN voL. 3 = NO.8 = LIANG ET AL

nm for MS (Figure 3d). Thus, arylation of graphitized pri-
mary particles was achieved only with BASD.

Despite the success in arylating thermally an-
nealed D-NDs, metamorphoses of the particle cores
are nearly inevitable at high temperature. The stabil-
ity of diamond surfaces depends on the crystallo-
graphic conditions of individual surfaces.?® There-
fore, yet another approach using BASD was
examined: It makes use of the surface graphitiza-
tion of nanodiamond likely induced by stirred me-
dia milling.3%%°*" A prolonged BASD mechanical
processing for 12 h did not give rise to microscopi-
cally detectable graphitic domains on nanodiamond
surfaces (Figure 4a). However, FT-IR spectra pre-
sented some changes (Figure 4b). The strong ab-
sorption bands around 2900 cm™! and the small
band at 1465 cm ™' corresponding to saturated C—H
bonds decreased or vanished with time. Growth of
the broad band around 3360 cm ™' corresponding to
—OH groups in hydrogen bonds occurred with a
new band arising at around 1060 cm™', which is also
attributable to these groups. Broadening of the band
at 1600 cm~! with additional peak at around 1560
cm™! likely reflects formation of conjugated C=C
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bonds and aromatic rings. The prominent drop of
the transmittance below 970 cm™', which grows
with processing time, seems to be mainly due to
fragmented zirconia beads (see Supporting Informa-
tion, Figure S5). Furthermore, a weakening of the
broad bands around 1300 cm ™! was observed.

For the reaction, D-ND powder suspension was
treated by BASD for 6 h prior to the addition of the dia-
zonium salt. This pretreatment was found to improve
colloidal stability of the BASD-arylated D-NDs consider-
ably to give a clear colloid (Figure 4c). Particle sizes of
less than 10 nm were observed at pH 8.5 with a nega-
tive { potential of —36 mV. This indicates the facilitated
arylation due to the formation of the target moieties
(here C=C and OH) during the pretreatment. HRTEM
observations demonstrated homogeneous deposition
of the particles on SWCNTSs in a basic aqueous solution
(Figure 4d), supporting both deagglomeration and
functionalization (see Supporting Information, Figure
S1, for more details).

We also examined the two model reactions on an-
other type of nanoscale diamond (i.e., SYP-NDs). They
were commercially jet-milled after high-temperature
high-pressure synthesis, oxidized to make the surfaces
hydrophilic, and then graded (<50 nm, main peak at 35
nm, Van Moppes Corp.). Its most distinct feature from
detonation nanodiamond is the considerably weaker
agglomeration owing to the absence of interparticle co-
valent bonds, the larger size, and the random shapes.
Despite the weak agglomeration in the starting ma-
terial, after the silanization, only the BASD sample con-
sisted of functionalized particles of ~35 nm that were
dispersible in THF (see Supporting Information, Figure
S2). In contrast, all of the arylated samples dispersed
well in basic solutions (pH ~11) with particle sizes
around 30 nm regardless of the stirring/deagglomerat-
ing methods (see Supporting Information, Figure S3).
This difference between silanization and arylation
might be attributed to strong influence of solvents on
the interparticle forces.

Not only the analytical data but also the evident
change in dispersing behavior of D-ND and SYP-ND af-
ter the reactions proves the functionalization. Grafting
silanes or aryl groups on the true primary nanoparticles
of D-ND or SYP-ND, however, was only obtained when
BASD was employed (except for arylation of SYP-ND,
where dispersibility was high even with conventional
treatment). Thus, integration of this high-energy
deagglomeration process in the conventional setups
for wet chemistry can open the door to surface func-
tionalization of primary nanoparticles of all kinds. Here
we have chosen nanodiamond as an exemplary ma-
terial as it combines a strong agglomeration and inter-
esting surface chemistry. However, the technique is not
limited to this material. Also, other agglomerating
nanoparticles can be simultaneously deagglomerated
and surface-modified.
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The unexpected dispersing trend of the arylated
D-ND samples without the pretreatment seemingly
contradicts surface functionalization of primary par-
ticles with BASD. However, this finding can be inter-
preted as follows: The detonation process for D-ND pro-
duction also generates graphitic byproduct during the
cooling stage, which is usually removed oxidatively be-
fore further use. Nevertheless, the agglomerated struc-
tures are retained throughout the entire purification
process. This gives rise to agglomerates carrying func-
tional groups and regraphitized areas***? only on their
outer surfaces. The internal particle’s surfaces are not af-
fected by this treatment and thus carry much less func-
tionality. When broken free from the agglomerates,
those fresh surfaces are then much less reactive than
the outer, oxidized surfaces of the original agglomer-
ates. Hence, the particles originating from the cores of
the agglomerates behave like pristine D-NDs. On the
other hand, BLS and MS do not liberate the internal par-
ticles but yield somewhat functionalized agglomerates
showing modified properties. This hypothesis is
strongly supported by the functionalized primary nano-
diamonds obtained from the pretreated D-NDs, which
acquired strongly enhanced dispersibility.

It is still hard to envisage how exactly deagglomera-
tion proceeds with BASD. However, it might be consid-
ered as illustrated in Figure 1. Although ultrasonic pro-
cessors are powerful synthetic tools in liquid—solid
chemical reactions involving deagglomeration or frag-
mentation, sonication alone may be insufficient in cases
when interparticle bondings are too strong. However,
microjets or shock waves induced by ultrasonic cavita-
tions*® can act as propelling vehicles of neighboring
tiny objects. For instance, impact velocities between
sonically accelerated metal particles of about 10 pwm in
diameter reach 500 m/s,** which is far beyond the pe-
ripheral speed of stirred media milling usually operated
at around 10 m/s or less. Therefore, the presence of ce-
ramic beads probably causes a high number of colli-
sion events, giving rise to milling effects. Considered
this way, BASD is the first bladeless derivative of stirred
media milling. Actually, the deagglomeration character-
istics in BASD resemble stirred media milling rather
than beadless sonication.>° The mechanical stress, how-
ever, can be much greater, and the compatibility with
wet chemistry processes is by far better.

In addition to the deagglomeration effect, pro-
longed BASD was found to induce a modification of
nanodiamond surfaces. In the FT-IR spectra of the
BASD-treated D-NDs, formation or reconstruction of
C==C bonds was indicated as well as the formation of
OH groups. This explains why D-NDs acquired high dis-
persibility in basic solutions when the BASD-pretreated
D-NDs were arylated. As reported for stirred media
milling,3%*%*" impact and shearing forces of beads el-
evate local temperatures sufficiently to attain stable sur-
face structures.3®*? Hydroxylation took place presum-
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ably owing to radical reactions with water.?® In contrast
to high-temperature treatment in a furnace, transfor-
mation induced by mechanical treatment is limited to
the uppermost layers of the particles. Thus, pre-BASD is
expected to render diamond surfaces suitable for fur-
ther functionalization while retaining the core struc-
tures of the nanodiamonds.

BASD is presumably based on collisions of beads in-
duced by cavitations. This sets guidelines for use: In or-
der to achieve high efficiency, a solvent with high boil-
ing point and low viscosity has to be chosen to prevent
bubble generation and to allow high-speed movement
of the beads, respectively. Dispersibility of nanoparti-
cles in a solvent is an issue of interest in handling BASD.
A reaction under flocculating conditions gives rise to
an endless cycle of deagglomeration and reagglomera-
tion. In this case, the chosen coupling agent must reach
the target moieties on the freshly exposed surface and
complete the reaction before reagglomeration. If this
reaction stabilizes the particles in the respective sol-
vent, agglomerates will become gradually smaller. Due
to the surface stabilization by the functional groups, no
(or almost no) reagglomeration occurs and the pri-
mary particles are eventually liberated. This is the case
for silanization, where functionalized nanodiamonds
were dispersed in THF. Arylation, on the contrary,
causes no gain in dispersibility as the resulting surface
groups do not alter the dispersion behavior. Still the
present study proved surface functionalization of pri-
mary particles being achievable even under such unfa-
vorable conditions.

Certain drawbacks of BASD should also be consid-
ered, such as contamination with bead and sonotrode
fragments and damage on nanoparticles. The first is
sometimes hard to remove by centrifugation because
of nanoimpuirities resulting from bead abrasion®® (see
Supporting Information, Figure S4). Such nanozirconia
fragments can be removed using phosphoric acid at el-
evated temperature or concentrated NaOH solution.>2
Another possible solution is to employ other materials
for the beads. Replacement of zirconia by silica beads,
for example, gave similar milling results.® However,
there are no equivalent substitutes for Ti alloy

METHODS

Materials. D-ND powder and SYP 0-0.05 diamond powder of
type Ib were obtained from Gansu Ling Yun Nano-Material Co.,
Ltd. (Lanzhou, China) and Van Moppes & Sons (Geneva, Switzer-
land), respectively. All the reagents used in this study were re-
agent grade. Solvents were dried according to standard proce-
dures. Distilled water was used.

Functionalization. The setup depicted in Figure 1 was em-
ployed for the reactions with an ultrasonic processor (Branson,
Ultrasonic-Homogenizer Sonifier Il W-450 with a 5 mm microtip
EDP No. 101-148-069 operated at the output control 2). For BASD
treatments, the reactor was charged with 10 g of zirconia beads
(Tosoh Co., YTZ Grinding Media, 0.05 mm). A round-bottom flask
with a magnetic stirring bar was used for the MS reactions.

\\&) VOL.3 = NO.8 = LIANG ET AL

sonotrodes so far. Ti-derived impurities, although usu-
ally much less important than those from beads, must
be removed using corrosive reagents. The damaging is-
sue is more critical when brittle materials are processed.
However, functionalization with BASD is achievable by
adjusting the energy input, provided the interparticle
bonds are weaker than the particles themselves. There-
fore, parameters such as the amplitude of sonication
and kind of beads should be optimized for each case,
as reported for stirred media milling.2® Furthermore, it
should be noted that BASD might induce additional
radical reactions as pointed out both for stirred media
milling?® and sonication,*> which might result in unex-
pected products (e.g., reactions with the solvent). Nev-
ertheless, the simultaneous functionalization with BASD
enables a wide variety of possible reactions on nano-
particle surfaces, including photochemistry and electro-
chemistry under inert conditions, due to the simple
setup and procedures as demonstrated in this study.

CONCLUSION

In summary, we have developed a versatile and effi-
cient method for the simultaneous deagglomeration
and surface functionalization of strongly agglomerated
nanoparticles applying a beads-assisted sonication
technique. Here we have chosen nanodiamond due to
its notoriously strong agglomeration resulting from sev-
eral modes of interaction (electrostatic, covalent, hydro-
gen bonding, etc.). The method enables the produc-
tion of functionalized nanoparticles consisting of the
primary particles of the material. Even in media where
the original particles are flocculating, an efficient func-
tionalization takes place. The latter is leading to truly
dispersed primary nanoparticles with a homogeneous
surface termination. The method is applicable to all
kinds of other agglomerating particles, provided the
solvent and beads have been chosen appropriately.
Test runs with metals, oxides, and carbon nanotubes
have yielded promising results. More detailed investiga-
tions on the application to nondiamond materials
showing strong agglomeration and to new surface
modifications are underway and will be reported in
the near future.

Silanization was achieved on borane-reduced diamond sur-
faces® for D-NDs. SYP-NDs were silanized without the reduc-
tion step; 0.5 mL of (3-acryloxypropyl)trimethoxysilane in 7.0 mL
of dry THF was added to 200 mg of reduced diamond powder.
The mixture was agitated for 10 h at room temperature under ni-
trogen atmosphere with BASD, BLS, or MS. ZrO, and/or Ti in the
BASD and BLS samples were removed by centrifugation. Dried
powder was obtained after removal of silane by five consecutive
washing/centrifugation cycles with acetone.

Arylation of diamond powder was performed by adding 2 g
of aminobenzoic acid and 1 mL of amyl nitrite to 10 mL of an
aqueous diamond suspension containing 300 mg of diamond
and agitating for 15 h at 80 °C under ambient atmosphere with
BASD, BLS, or MS. The products were subjected to consecutive

www.acsnano.org



washing/centrifugation cycles in acetone using an ultrasound
bath until the supernatants became colorless. In the case of
BASD- and BLS-treated samples, ZrO, and/or Ti were then re-
moved by centrifugation in ethanol. Subsequently, acetone-
insoluble byproduct was removed using concentrated NaOH so-
lution with consecutive washing/centrifugation cycles until the
supernatants became colorless. Finally, the products were puri-
fied by consecutive washing/centrifugation cycles in water and
subsequent dialysis (Medicell International Ltd., molecular
weight cut-off 12 000—14 000 Da).

Heat treatments prior to arylation were performed at 1100 °C
(<1073 mbar) for 1 h. The BASD pretreatment was carried out in
10 mL of distilled water with 10 g of zirconia beads at the maxi-
mum amplitude (output control 7) of the sonicator with cooling
water applied to the reactor’s outer walls.

Characterization. The particle size distributions and { poten-
tials of the colloids were analyzed by DLS (Otsuka Electronics
Co., Particle Analyzer FPAR-1000) using the Marquardt method
and laser Doppler electrophoresis (Brookhaven Instruments Co.,
Zeta Plus/Beckman Coulter Inc., DelsaNano C), respectively. In
the case of silanized samples, those measurements were made
without removal of the unreacted silane in order to avoid con-
densation reactions upon removal. Microscopy was carried out in
a high-resolution transmission electron microscope (FEI Com-
pany, Tecnai G2) with a field-emission electron gun operating
at 300 kV. The FT-IR spectra of the purified samples were mea-
sured in a homemade vacuum cell equipped with NaCl optical
windows (see Supporting Information, Figure S6) by using an
FT-IR spectrometer (Perkin-Elmer Inc., Paragon 1000/Bruker Co.,
Vector 22) after heating the samples for 3 h at 150 °C in vacuo in
order to remove the considerable amount of adsorbed water*®
(the silanized samples were dried at 120 °C because of conden-
sation taking place at a higher temperature).
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