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ABSTRACT: Nanodiamond (ND) particles (~5 nm), obtained from detonation soot, were 

oxidized and/or thermally hydrogenated. Both, the non-hydrogenated and hydrogenated ND 

particles were successfully coupled to the surface of micron-size organo-silica particles. A thin 

layer of nanodiamonds (NDs) decorating the surface of the organo-silica particles was visible on 

transmission electron microscopy (TEM) images. X-ray photoelectron spectroscopy (XPS) and 

infrared spectroscopy (IR) were used to characterize the NDs prior to coupling and to confirm 

attachment onto the organo-silica particles. Both, ultraviolet (UV) radiation and a chemical 

initiator were proved to be effective radical initiators for the ND-silica coupling reaction, 

although for scale up purposes the chemical initiation was more advantageous to produce the 

ND-silica composite. Commercially available nanodiamond primary particles were also coupled 
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to the surface of silica particles. The ND-containing silica particles were packed into 

chromatographic columns to study their initial feasibility as adsorbent material for liquid 

chromatography. The organo-silica particles decorated with hydrogenated NDs showed to 

possess reversed phase type (i.e., hydrophobic) behavior towards the probe compounds, while 

silica particles decorated with the non-hydrogenated NDs showed polar (i.e., hydrophilic) 

interactions, both under liquid chromatographic conditions. 

INTRODUCTION 

Nanodiamonds (NDs), diamond particles with size less than ca. 50 nm, have become 

increasingly available as they can be produced on a large scale by the detonation of carbon-

containing explosives (e.g., trinitrotoluene and hexogen) under a non-oxidizing atmosphere;1-3 

hence, the name detonation nanodiamonds (DNDs) is commonly used (herein, DND or ND will 

be used interchangeably).  The DNDs are typically formed as aggregates composed of primary 

particles  (sizes of 4-5 nm)4-8 with narrow size distributions.6 One challenge for the use of ND 

primary particles is their strong tendency toward agglomeration.9 Covalent bonds and ionic 

interactions, in addition to van der Waals forces, hold the agglutinates together; graphitic carbon 

can also be part of these agglutinates.10,11 Primary particles of DNDs forming these strong 

aggregates are difficult to be suspended in solution by conventional means.8 After purification of 

the detonation soot, extra steps are required to break down the agglomerations into stable 

colloids of ND primary particles.9,12 Methods have been developed to isolate primary particles of 

DNDs in solution, such as by sugar- or salt-assisted milling,10 laser dispersion,13 and 

sonication/milling in the presence of ceramic beads.8,14 The Ōsawa group has developed the 

milling method of bead-assisted sonic disintegration (BASD) using small zirconia beads and 
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ultrasonication to suspend ND primary particles in very polar solvents such as water, dimethyl 

sulfoxide (DMSO), or methanol to form a stable colloidal solution.11,14  

            As the production cost of NDs has continued to decline,15 the practicality of various 

applications has increased and the research on NDs has augmented considerably.3,16-19 NDs have 

been exploited to improve mechanical strength of polymers,20 as a galvanic coating,18 for 

biological imaging applications,21-25 for drug delivery,12,18,26,27 for precision polishing applications,3 as 

lubricants,18 for magnetic recording,18 as sensors,28,29 for catalysis,30,31 and others.32,33 Surface 

functionalization of NDs has become the key for wider applications.24,34-36 During the post-synthesis 

treatment and purification, the surface of the ND can be modified to obtain a variety of 

functional groups that include carboxylic groups, lactones, ketones, hydroxyl groups, halogens, 

as well as others.36-39 The surface modification can be realized in the presence of various gaseous 

media such as H2, NH3, F2, Cl2, or CCl4.12,34,40,41 Various wet chemistry procedures have also been 

used.42-44 

            The diamond surface has been particularly attractive to researchers in the field of 

chromatography because of its known adsorptive properties and surface tunability, along with 

numerous other benefits such as stability with regards to harsh chemical conditions and 

temperatures.19,45-47 Nesterenko, et al., have investigated the chromatographic performance of 

diamond particulates, including 1.2 μm high pressure high temperature (HPHT) synthesized 

diamond particles.48 However, the direct use of diamond primary particles, the fundamental 

building blocks of DND clusters, has yet to be explored as a chromatographic material and 

stationary phase. The surface of NDs has shown useful adsorptive capabilities,12,49 as well as 

surface modifications and ease of derivatization,19 which can facilitate the possibility of exploring 

diverse selectivity and interactions for chromatographic applications. Non-spherical and 
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irregularly shaped sintered ND micro-particulates have been used as stationary phase for liquid 

chromatography.50 However, the irregularly shaped particles lead to separation efficiency 

limitations of the resulting particle-packed chromatographic column.51 At the same time, it is 

difficult to obtain uniform micron or submicron sized diamond particulates by detonation due to 

the nature of the reaction.12 The duration of the detonation shock wave sets up the size limit 

because only during that period is there sufficient pressure for the formation of diamond soot.12 It 

is obvious that obtaining monodisperse, spherical micron-sized diamond particles suitable for 

high efficiency HPLC separation is clearly a challenging task.45 

While DNDs are too small to be packed directly into a column for chromatographic 

applications; it would be more practical to attach the primary ND particulates (~5 nm) onto a 

support material, like silica or carbon. Core shell (pellicular, superficially porous) silica particles 

had emerged as a new generation of packing materials for HPLC. Due to their high efficiency 

and low backpressure, HPLC columns packed with core shell silica particles with diameter as 

low as 1.3 μm have been commercialized by major HPLC column manufactures.52 However, the 

direct use of nano-sized primary ND particulates as the shell materials has rarely been exploited. 

Liu et al., employed fluorinated nanodiamond to form a coating on glass surface using wet 

chemistry instead of commonly used chemical vapor deposition (CVD) method.53 The Linford 

group reported on micron-size nanodiamond-containing particles prepared by depositing 

alternate layers of polyallylamine (PAAm) and DND aggregates (~100 nm) on a spherical glassy 

carbon core.51,54 Although, this approach produced stable materials used as support for 

chromatographic application, mostly after chemical modification to impart chromatographic 

selectivity, it is important to note that the attachment of primary DND particulates onto a 

substrate to explore their potential chromatographic interactions has yet to be realized. It is clear 
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that the application of diamond materials to directly achieve an HPLC separation would ideally 

use spherical particles with diameter in the low micrometer range having tunable surface 

functionality. The untapped potential of 4-5 nm DND primary particles as adsorbent materials 

for chromatographic applications can be exploited by coupling them directly to monodisperse, 

spherical chromatographic particulates (e.g., silica) to construct a diamond surface. NDs attached 

to the surface of a solid support material may encounter many potential applications; however, 

given our interest in chromatographic media, we are interested in studying NDs attached to silica 

materials as adsorbent for chromatography. Herein, we describe the direct attachment of DND 

primary particles onto micron-size spherical silica particles. Both, hydrogenated and non-

hydrogenated NDs were investigated for such a purpose. 

EXPERIMENTAL SECTION  

            Materials. Tetraethoxylsilane (TEOS) and allyltriethoxylsilane were obtained from 

Gelest, Inc. (Morrisville, PA). Standard detonation nanodiamond (DND) powder was acquired 

from the International Technology Center (Raleigh, NC), and NanoAmando primary particle 

solution of nanodiamonds was acquired from the NanoCarbon Research Institute (Ueda, Japan). 

Zirconia beads (30 μm diameter), YTZ grinding media, were kindly donated by the Tosoh 

Corporation (Tokyo, Japan). Benzoyl peroxide (BPO) and toluene were purchased from Sigma-

Aldrich (St. Louis, MO). HPLC-grade methanol, HPLC-grade acetonitrile, potassium bromide, 

and dimethyl sulfoxide (DMSO) were obtained from Fisher Scientific (Fair Lawn, NJ). Ethanol 

(200 proof) was purchased from Decon Laboratories, Inc. (King of Prussia, PA). 

Dichloromethane, nitric acid (HNO3, 65%), and isopropanol were purchased from Mallinckrodt 

Baker (Phillipsburg, NJ). Sulfuric acid (H2SO4, 96.5%) and hydrochloric acid (HCl) were 

obtained from EMD Millipore (Billerica, MA). Hydrogen gas and ammonia gas (anhydrous), 
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both of 99.995% purity, were acquired from Praxair (Danbury, CT). A Barnstead International 

EASYPure II water purification system was used to obtain 18.2 MΩ-cm deionized and filtered 

(0.2 µm) water, which was used throughout. 

           Synthesis of Silica Particles. Silica and organo-silica particles were synthesized by the 

method previously described, with slight modifications, producing non-porous, monodisperse 

particles.55,56 For a typical small-scale synthesis of allyl-silica hybrid particles, ethanol (75 mL) 

and water (45 mL) were added to a graduated 250-mL round bottom flask that contained a stir 

bar and was sealed with a septum. The flask was lowered into a cooling bath (Neslab endocal 

RTE-100LP) at a temperature of -10 °C that also contained a small stirring plate. Ammonia gas 

was pumped into the flask immersed in the low temperature bath. After the total volume in the 

flask reached 225 mL and the temperature of the solution was at -10 °C, 4 mL of 

tetraethoxylsilane (TEOS) and 200 μL of allyltriethoxylsilane (allyl-TrEOS) were added to the 

flask. To obtain bare-silica, only the TEOS was added. The solution was stirred constantly, and 

after 1 hour the temperature was adjusted to 0 °C. After 1 hour at 0 °C, the temperature was 

adjusted to 25 °C. The synthesized particles were subjected to repeated washing/centrifuging 

steps with ethanol, isopropanol, 50 mM aqueous HCl, and water in glass centrifuge tubes using 

an IEC clinical centrifuge at 998 ± 10 RPM (7.5 cm rotor) and allowed to dry overnight at 120 

°C.  

            Modification and Processing of Nanodiamonds. Prior to use, DND powder was treated 

with 90% H2SO4/10% HNO3 (by volume) at 140 °C for 4 hours. After cooling the acidic solution 

of treated powder, multiple centrifuging/washing steps with water were performed until the pH 

of the washes was measured to be neutral using pH paper. A Costar Mini-centriguge (2.5 cm 

rotor) at 10, 000 RPM was used. These acid-washed, oxidized DNDs constitute the “O-ND” 
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sample. For hydrogenation, ~0.06 g of DND powder was exposed to 100 sccm H2 gas for 5 hours 

at 900 °C in a Thermo (Waltham, MA) Lindberg/Blue M tube furnace. These hydrogenated 

DNDs constitute the “H2-ND” sample. Both O-ND and H2-ND powders were suspended in 

DMSO to produce primary particles in solution by the bead-assisted sonic disintegration (BASD) 

method.14 Briefly, 7.5 g of the 30 μm zirconia beads were mixed with either 0.050 g of O-ND or 

H2-ND powder and placed into 2 mL of DMSO. The resulting suspension was horn sonicated 

with a 1/8” Ti probe operating at 50% power for 3 hours. The horn sonicator was model Q500 

from QSonica (Newtown, CT) with the maximum power rating of 500 watts and a frequency of 

20 kHz. The commercially available NanoAmando ND primary particle solution was used as-

received without any further processing, and these DNDs without any modifications constitute 

the commercial “C-ND” sample.  

            Nanodiamond-Silica Coupling. NDs were attached to allyl-silica via radical coupling. 

Hydrogen abstraction was achieved via ultraviolet (UV)-light photo-initiation or by chemical-

initiation with BPO. UV-light photoinitiation was used to produce ND-silica particles in a small-

scale, while chemical initiation was used to prepare particles in a larger scale that were 

consequently packed into a column for chromatographic testing. For the small-scale coupling, an 

amount of either ~25 mg of either O-ND or H2-ND primary particles were used, which were 

already suspended in DMSO. The total volume of DMSO containing the primary particles was 

brought up to a total volume of 3 mL and 100 mg of allyl-silica was added, mixed, and bath 

sonicated to form a slurry solution. The slurry was carefully transferred to an open 4 mL glass 

vial containing a small stir bar. UV radiation from a mercury pen-lamp light-source 

(Newport/Oriel, Irvine, CA) was placed directly above the stirred slurry inside the vial. The glass 

vial was wrapped in aluminum foil and allowed to react under the UV lamp for 24 hours in a 
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dark room. After reaction, the slurry was immediately centrifuged and washed. The 

centrifuging/washing steps included 3x repeats each with DMSO, water, and acetone. Then the 

solid was re-suspended in DMSO for bath sonication for 1 hour. The washing and sonication was 

repeated twice. A third washing/centrifuging step with the 3x repeats per solvent was performed 

before the product was dried at 60 °C for 20 hours in a Precision (Thermo Fisher Scientific, 

Waltham, MA) vacuum oven. These materials constituted the O-ND-allyl-silica and H2-ND-allyl-

silica modified samples. Control reactions under dark were performed for both ND-allyl-silica 

products. For the dark control reactions, all reaction conditions and post-synthetic workup was 

performed the same way with the exception of the UV radiation. 

 The commercially available NanoAmando primary particles, already in solution (i.e., C-

NDs), were coupled to silica particles by using benzoyl peroxide (BPO) as the free radical 

initiator (see Scheme S1 in SI). In a typical reaction, DMSO (12 mL) was mixed with BPO (0.15 

g) until dissolved. Then, 400 mg allyl-silica was added and sonicated to form a slurry solution. 

Next, C-NDs (5% solution, 3 mL) were added and the mixture was sonicated again. Then, the 

slurry was stirred and maintained at 75 °C for 3 hours using a temperature-controlled microwave 

oven from Microwave Research & Applications (Carol Stream, IL). This product was 

washed/centrifuged as described above. For even larger quantities of modified silica particles 

suitable for packing into an HPLC column, DMSO (24 mL) was mixed with BPO (0.30 g) until 

dissolution occurred. Then, 800 mg allyl-silica was added and bath sonicated until a well-

suspended slurry solution was formed. Next, H2-NDs (5% solution, 1 mL) or C-NDs (5% 

solution, 3 mL) were added and bath sonicated again. The slurry was kept at 90 °C for 5 hours 

with stirring. The product for each was washed/centrifuged as described above, constituting the 

H2-NDs-allyl-silica or the C-NDs-allyl-silica samples for HPLC column packing. 
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Characterization. Transmission electron microscopy (TEM) imaging, including high-

resolution TEM (HRTEM), was accomplished with a JEOL (Peabody, MA) JEM 2010 system 

operated at 200 kV. Selected area electron diffraction patterns were also obtained within the 

electron microscope setup. Samples for TEM were evaporated on an ultrathin carbon film on 

copper grids or ultrathin carbon on holey carbon on copper grids acquired from Ted Pella 

(Redding, CA). Scanning electron microscopy (SEM) imaging was performed on a Hitachi 

(Tokyo, Japan) SU-70 field emission scanning electron microscope (FESEM) with Oxford 

energy-dispersive X-ray spectrometer (EDS). Samples for SEM were smeared as dry powder on 

a PELCO tab purchased from Ted Pella (Redding, CA). The size of the silica and ND-silica 

hybrid particles was estimated by measuring at least 100 particles from a TEM image using the 

public domain ImageJ software (National Institutes of Health). Particle size distributions of NDs 

were obtained with dynamic light scattering (DLS) measurements performed at 25 ˚C on a 

Malvern (Worcestershire, UK) ZetaSizer with a disposable plastic cuvette. Surface area analysis 

was achieved with a Micromeritics ASAP2010 gas adsorption analyzer (Norcross, GA). The 

particles were prepared by drying at 250 °C for up to 6 hours under vacuum using nitrogen as the 

gas adsorbate. Surface area was determined by the Brunauer-Emmet-Teller (BET) method. X-ray 

photoelectron spectroscopy (XPS) measurements were performed under high vacuum conditions 

using a Physical Electronics (Chanhassen, MN) PHI 5000 VersaProbe XPS spectrometer with 

monochromatic Al Kα radiation (1486.6 eV) equipped with a hemispherical energy analyzer. 

Samples were drop-cast onto a silicon wafer and analyzed with pass energy of 23.5 eV and 0.1 

eV increment for high-resolution scans and pass energy of 117.4 eV and 1.0 eV increment for 

survey scans. PHI Multipak software (version 9.2.0.5) was used for relative elemental analysis 

from high-resolution scans of C1s, O1s, and Si2p. Diffuse reflectance infrared Fourier transform 
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(DRIFT) spectroscopy was performed at room temperature under atmospheric conditions with a 

PerkinElmer (Waltham, MA) Spectrum Two (2 cm-1, 300 scans). Samples were prepared by 

mixing 1 mg particles with 19 mg of potassium bromide. The mixture was ground into fine 

powder using an agate mortar and pestle. 

Column Packing for HPLC. To pack HPLC columns, 400 mg of particles (either bare 

silica, allyl-silica, C-ND-allyl-silica, or H2-ND-allyl-silica particles) were mixed with 5 mL of 

methanol and sonicated for 30 min. The suspension was immediately transferred to a 5-mL 

column-packing reservoir attached to a 3 mm inner diameter x 3 cm length column equipped 

with a 0.5 μm frit at the outlet end of the column. Column hardware and frits were purchased 

from Idex (Lake Forest, IL). The columns were packed at 12, 000 psi with methanol as the push 

solvent using a Haskel (Burbank, CA) high-pressure packing pump. HPLC experiments were 

carried out with an Agilent 1100 system from Agilent Technologies (Palo Alto, CA) equipped 

with a diode array detector. Data collection and system operation were through the ChemStation 

for LC 3D (Rev. A.09.03) software from Agilent Technologies. All the LC experiments were 

carried out at room temperature around 22 °C. Acetonitrile, water, and mixtures thereof were 

used as mobile phases. All samples and mobile phases were filtered through 0.45 μm filters, and 

mobile phases were degassed prior to use.  

RESULTS AND DISCUSSION  

Nanodiamonds. NDs displayed extensive aggregation when not in solution, as seen by 

TEM imaging in Figure 1A for O-ND nanoparticles deposited from solution. The distinct 

diffraction ring-patterns, however, confirmed the existence of the diamond structure (Figure 1B). 

NDs also exist as large aggregates in solution; they were effectively de-aggregated into primary 

particles by a bead-assisted sonic disintegration (BASD) method.14,57 There was a clear visible 
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change in appearance before and after BASD, from a gray slurry solution before BASD to a dark 

brown solution after the sonication procedure (Figure 1C-D). Particle size distribution of the 

agglutinates and primary particles were monitored by dynamic light scattering (DLS) 

measurements (e.g., Figure 1E). The agglutinates in Figure 1E showed an average size around 

255 nm in solution before sonication while the great majority of particles exhibited a size of 

about 6 nm after sonication for three hours; a very small fraction of NDs showed a size centered 

at 24 nm. Considering the hydrodynamic radius in solution, the observed 6 nm size is consistent 

with the size of primary particles.14,36,57 The NDs particles obtained after applying the BASD 

method to both oxidized and hydrogenated NDs were used to react with silica spheres to 

synthesize the ND-silica composites (vide infra).  

In our initial approach to produce silica particles containing NDs at the surface, we 

explored the use of hydrogenated and non-hydrogenated NDs. Thermal hydrogenation of ND 

under hydrogen gas flow at elevated temperatures has provided a convenient route for surface 

chemical modification.40,58,59 We first started with detonation powder (i.e., soot), which was 

processed as described in the experimental section. Figure 2 depicts DRIFT spectra of 

hydrogenated NDs (H2-NDs) and non-hydrogenated NDs (O-NDs). The spectrum of O-NDs 

showed several bands attributed to O–H stretching (3200-3600 cm-1) that can be related to 

adsorbed water and possibly to hydroxyl groups on the NDs related to carboxylic acids and 

alcohols.60 Other functional groups typically found on oxidized NDs can also be identified, for 

example, C–O–C (1000-1370 cm-1 typical of ethers, acid anhydrides, lactones, epoxy groups), O–

H stretching at 2495 cm-1 from carboxylic groups, C=O peak at 1750 cm-1, and C– O (589 cm-1 and 

855 cm-1).40,60-62 The abundance of bands corresponding to oxygen containing species (OH, C=O and 

C–O) is indicative of a heavily oxidized ND surface as a result of the acid treatment. 
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Nevertheless, the spectrum shows that the oxidized NDs also contained sp3 C–H stretching 

vibrations in the 2800-3000 cm-1 region, which is also characteristic of diamond.40,61 After thermal 

hydrogenation, a significant increase in intensity and well-defined peaks in the region of the sp3 

C–H stretching vibrations (particularly the symmetric stretching at 2878 cm-1 and asymmetric 

stretching at 2943 cm-1) were observed.59 The appearance of C–H peaks at 795 cm-1, 918 cm-1and 

1664 cm-1 as well as a peak for C–C at 1571 cm-1 are also apparent. At the same time, the 

intensities of peaks assigned to oxygen-containing groups were largely reduced. This significant 

change of the spectrum is indicative of the ND surface hydrogenation. Although herein we 

explored the extremes (i.e., NDs with a high degree of oxidation and a high degree of 

hydrogenation), it is important to note that by adjusting temperature and/or reaction time one can 

control the degree of hydrogenation,40,58,59 which in turn can provide NDs with different surface 

polarity with potential impact on selectivity for chromatographic applications. 
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Figure 1. A) TEM image of ND powder aggregates, B) selected area electron diffraction pattern 

of the ND powder aggregates. The electron diffraction ring patterns correspond to the crystal 

structure of diamond, and the intense center ring corresponds to the (1 0 3) diffraction plane of 

diamond. C) Image of the greyish ND aggregates in solution before the bead-assisted sonic 

disintegration (BASD) method. (D) Image of a solution containing primary particles isolated 

after BASD – the greyish-looking powder on the bottom is the larger zirconia beads that have 

settled out of solution. E) Particle size distribution of nanodiamonds before and after the BASD. 
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Figure 2. DRIFT spectra of (A) H2-NDs and (B) O-NDs. For peak assignment to a respective 

functional group see Tables S1 and S2. 

 

 ND-Silica Coupling. To attach NDs to the silica particle surface via reaction with a 

terminal double bond functionality, one must have such a moiety on the silica surface. This can 

be achieved by performing a silanization reaction of bare silica particles to introduce the reactive 

functionality (e.g., allyl or vinyl groups). Our group has synthesized organo-silica hybrid 

materials containing organic pendants that are more hydrolytically stable than those produced by 

silanization of bare silica.55,56,63,64 Herein, we used our procedure to prepare organo-silica hybrid 

particles containing an allyl pendant on the surface to allow attachment of the NDs to the silica 

via the terminal double bond functionality. This approach also simplified the silica modification 

(no need for silanization). SEM images of the synthesized organo-silica displayed spherical 

particles with a relatively narrow size-distribution approaching 1-μm diameter, similar to bare 

silica particles synthesized by the same procedure (Figure S1A-B). Using a small mercury lamp 

to photoinitiate the reaction, H2-NDs were reacted with the allyl-silica particles. The 254 nm UV 
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line from a mercury lamp has been shown to be an effective light source for the coupling of 

terminal double bonds to hydrogenated ND.58,65-67 The attachment of H2-NDs on the silica surface 

was visible under high magnification TEM imaging, as shown in Figure 3. The electron 

diffraction pattern on a single ND-modified allyl-silica particle (Figure 3C) shows diffraction 

ring corresponding to the (1 0 3) diffraction plane of diamond. 

 

 

Figure 3. TEM images of A) H2-ND-modified allyl-silica via UV radiation, b) image of what 

appears to be a single H2-ND particle on silica, and C) electron diffraction pattern on a single H2-

ND-modified allyl-silica particle (diffraction ring corresponding to the (1 0 3) diffraction plane 

of diamond are apparent). 

 

Figure 4 shows the DRIFT spectra of H2-ND-allyl-silica, allyl-silica, and bare silica. 

DRIFT spectroscopy confirmed the incorporation of the allyl functionality when compared to 

bare silica particles. A band at around the 3080 cm-1 region of the spectrum can be assigned to the 

carbon hydrogen stretching of =C–H, while the band around 1635 cm-1 can be assigned to the 

C=C stretch of the allyl group, although superimposed on a band assigned to adsorbed water at 

A B

C
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1630 cm-1. The C–H stretch (2978 cm-1) is also apparent on the allyl-silica particle, attributed to 

the additional hydrocarbon added by introducing the allyl group. Furthermore, XPS experiments 

showed a drastic increase of carbon content (from 4% to 22%) on the allyl-silica compared to 

bare silica particles (see Table S3). The observed decrease of the oxygen content in the allyl-

silica when compared with bare silica was another indication of the incorporation of allyl groups. 

The allyl-silica reacted with the H2-NDs showed a marked decrease of the 1635 cm-1 and 3081 cm-

1 attributed to the allyl groups. The peaks at 1466 cm-1 and 1421 cm-1 also present on the allyl-

silica were greatly reduced. It can also be noted that a band around 1690 cm-1 is noticeable in the 

H2-NDs allyl-silica, which can be attributed to the C=O functional group present in the NDs, 

although we cannot discard the possibility of some BPO attachment also. The XPS experiments 

(Table S1) also showed an increase in the carbon content from 22% on the allyl-silica to 49% on 

the H2-NDs allyl-silica, further indicating an incorporation of carbon onto the silica particles. The 

bare-silica particles displayed a BET surface area of 1 m2/g, while the allyl-silica had a BET 

surface area of 11.7 ± 0.1 m2/g. The BET surface area of the H2-ND-allyl silica was 13.1 ± 0.1 

m2/g. These last two are similar to each other (~12% increase), which is reasonable given the 

small layer (~10 nm) of NDs attached at the surface. Overall, however, the experimental 

evidence indicates that primary particles of H2-ND have been attached onto the silica surface.  
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Figure 4. DRIFT spectra of two IR regions for A) bare silica particles, B) allyl-silica particles, 

and C) H2-ND-allyl-silica particles. For peak assignment to a respective functional group see 

Table S4. 

 

The FTIR spectra in Figure 2 showed that both O-ND and H2-ND contain sp3 C-H 

functionality, which can react with the allyl moiety. We reacted O-ND with allyl-silica particles 

using the same reaction conditions as with the H2-NDs. TEM imaging of the allyl-silica particles 

reacted with O-NDs also showed a layer of NDs on the allyl-silica particle surface (Figure 5A). 

The diffraction pattern (Figure 5C) corresponding to the (1 0 3) diffraction plane of diamond was 

clearly observed for O-NDs on the allyl-silica. Minimal amounts of O-ND or H2-ND were 

adsorbed to the allyl-silica particles in the absence of UV light (Figure S2). The extensive 

washing, sonication, and rinsing procedures eliminated adsorbed ND material onto the surface of 

silica. XPS analyses of the ND-decorated silica particles showed the elemental composition of 

these silica surfaces (see Table S3). The much higher carbon content (49%) is evident on the 
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silicas reacted with NDs under UV radiation. There was minimal increase for carbon content on 

the allyl-silica particles mixed with NDs that were not exposed to UV radiation. Overall, allyl 

groups were responsible for the covalently attachment of NDs under UV radiation. 

 

 

Figure 5. TEM images of A) O-ND-modified allyl-silica via UV radiation, B) larger 

magnification of a portion of A, and C) electron diffraction pattern on a single O-ND-modified 

allyl-silica particle (diffraction ring corresponding to the (1 0 3) diffraction plane of diamond are 

apparent. 

 

            The 254 nm UV light source was a convenient way to couple NDs to allyl-silica particles 

in small proportions. This approach, however, did not prove to be very effective when scaling up 

the reaction, as the UV light did not penetrate deep into the reaction solution. To scale up the 

quantity of the ND-silica material suitable for column packing and testing under HPLC 

conditions we used benzoyl peroxide (BPO) as the radical initiator.  BPO has been used for the 

chemical modification of diamond surface.68,69 H2-ND were then reacted with allyl-silica in the 

presence of BPO. TEM images of the H2-ND-modified allyl-silica particles showed a layer of 

NDs on the surface of the silica particles (Figure S3).  At this time, we also used commercially 
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available NDs (C-ND). The DRIFT spectrum of the C-NDs showed peaks corresponding to 

functionalities that were also observed in both the H2-NDs and the O-NDs, displaying bands 

corresponding to stretching vibrations from –OH, C–H, and the oxidative groups (see Figure 

S4A). However, the intensities corresponding to the sp3 C–H were more pronounced than those 

on the in-house produced O-NDs; this makes them particularly desirable for coupling with the 

allyl-silica. The size distribution from DLS data (see Figure S4B) of C-NDs was comparable to 

that of the in-house, BASD produced NDs. For the BPO-initiated reaction of the C-NDs and 

allyl-silica, we first used a temperature-controlled (80 °C) microwave to heat the mixture. TEM 

images of the C-ND-allyl silica particles showed various clusters of C-NDs on the surface of the 

ally-silica, most likely due to spotted multiple NDs layers formed by aggregation under the 

reaction conditions (Figure S5A). We also carried out the reaction under horn sonication to 

promote de-aggregation of the C-NDs, programmed to also maintain the reaction at a 

temperature of 80 °C. TEM images (Figure S5B-C) after sonication showed a more uniform 

layer of C-NDs attached to the allyl-silica surface.  Heating at 90 °C in an oil bath also appeared 

to produce a less spotted and more uniform NDs layer on the allyl-silica (Figure S5D). Figure S5 

also suggests that one could control the thickness of the ND layer by manipulating the processing 

parameters. Increasing the thickness of the ND layer on the particle surface can increase the 

surface area. Allyl-silica particles having a layer of about 35 nm, for example, showed a surface 

area of 110.6 ± 0.9 m2/g. 

           ND-Silica and HPLC.  ND surfaces have shown to possess useful adsorptive 

capabilities,12,49 which, along with known surface modifications and ease of derivatization,19 

facilitates their exploration as chromatographic materials. The ND-silica particles composite can 

provide the beneficial adsorptive properties of the diamond surface without the difficult barrier 
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of producing high-quality, single-digit micron diamond particles suitable for high-efficiency 

HPLC separations. To investigate the potential use of the ND-allyl-silica particles as adsorbent 

materials for liquid chromatography, we packed C-ND-allyl-silica particles into stainless steel 

HPLC columns; allyl-silica particles (i.e., without NDs) were also packed for comparison. The 

particles were slurried in methanol and packed at 12,000 psi using MeOH as the push solvent. 

The packed columns were tested under HPLC conditions; the operating pressure did not exceed 

3,000 psi and the columns were stable throughout all testing for both, the C-ND-allyl-silica and 

the control (allyl-silca particles without NDs). Figure 6 shows a chromatogram displaying the 

separation of benzene, acetyl salicylic acid, and salicylic acid using bare silica, allyl silica, and 

C-ND-allyl silica under identical mobile phase conditions. It is clear that the three probes 

compounds are fully separated in the ND-containing silica. The high content of acetonitrile in the 

mobile phase favored polar interactions with the stationary phase, reflected by the elution order 

of the probe compounds (most retained compound was the most polar one). This indicates that 

the polar groups at the surface of the C-ND-allyl-silica interacted with the probe solutes 

according to polarity. The observed separation behavior indicates the utility of the column 

containing the C-ND-allyl-silica for hydrophilic interaction liquid chromatography (HILIC).  

The silica composites containing the in-housed hydrogenated-ND were also packed into 

columns and tested under liquid chromatographic conditions. The hydrogenated NDs rendered a 

hydrophobic surface on the silica particles, which can act as a reversed phase stationary phase in 

liquid chromatography. This is observed in the chromatograms shown in Figure 7, where the 

separation of probe compounds follows the expected reversed phase behavior. Comparison with 

a column packed with only the ally-silica shows that the separation is possible on the column 

containing the H2-ND-allyl-decorated silica but not on the ally-silica column even when the 
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mobile phase conditions are more favorable for reversed phase interactions in the allyl-silica 

column. 

  

Figure 6. Chromatograms for the separation of three model compounds on columns packed with 

three different silica particles: A) silica, B) allyl-silica, and C) C-NDs-allyl-silica particles. 

Column dimensions: 30 mm length x 3 mm i.d., mobile phase: 80% acetonitrile - 20% 20 mM 

ammonium acetate (pH=7.7), flow rate: 0.25 mL/min, UV detection: 254 nm, injection volume: 

5 μL, peaks in order of elution: (1) benzene (1 mM), (2) acetyl salicylic acid (1 mM), (3) 

salicylic acid  (1 mM). Room temperature: ~22 °C. 
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Figure 7.  Chromatograms for the separation of three model compounds on a column packed 

with the H2-NDs-silica particles at different acetonitrile (AcN)–water mobile phase composition 

(as indicated). Column dimensions: 30 mm length x 3 mm i.d., flow rate: 0.4 mL/min, UV 

detection: 254 nm, injection volume: 1 μL, peaks in order of elution: (1) uracil (1 mM), (2) 

benzophenone (1 mM), (3) biphenyl (1 mM). Room temperature: 20-24 °C. Insert: 

chromatogram for separation of three model compounds on a column packed with allyl-silica 

particles with the same chromatographic conditions for the H2-NDs-silica column. 

 

CONCLUSIONS 

We developed a method of attaching NDs to silica particles. Hydrogenated and non-

hydrogenated NDs, both containing sp3 C–H functionality, were coupled via radical initiation to 
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allyl-containing silica particles. This rendered a solid silica support decorated with a relatively 

thin layer of NDs. Both, UV light and BPO proved to be effective initiators to couple the NDs to 

the allyl-silica support. The ND-allyl-silica coupling was confirmed by FTIR, XPS, and TEM 

spectroscopies, with control experiments showing negligible amounts, if any, present due to 

adsorption. To prepare relatively larger quantities of the ND-silica composite, BPO was more 

effective as a radical initiator than UV light. This allowed the preparation of sufficient material 

to pack columns for an initial assessment of the ND-silica composite as chromatographic media 

for liquid chromatography. 

In the preliminary chromatographic evaluation, we did not attempt to optimize column 

packing to maximize column efficiency, an aspect that will be considered in the future. It is 

clear, however, that the ND-decorated particles do provide separation of the test compounds, 

demonstrating a selective behavior when compared with the material that did not have the NDs. 

In addition, the ND-silica particles showed separation selectivity depending on the ND surface 

chemistry. Hydrogenated ND-silica favored hydrophobic interactions while the silica decorated 

with the commercial NDs, containing more polar groups, showed hydrophilic interactions with 

the test probes used. Although a thorough chromatographic evaluation is underway after these 

preliminary results, the ND-silica composites showed promise for both reversed-phase and 

hydrophilic interaction liquid chromatography, depending on the ND surface. The ND-shell on 

the silica support can increase material stability over plain silica particles. One can also envision 

ND surface modifications to tailor the ND-silica material with specific chromatographic 

selectivity (e.g., C8, phenyl, etc.) Strong, hydrolytic stable linkage on ND can be achieved via 

Diels-Alder or diazonium coupling procedures.36,70,71 Herein, we presented the potential 

application of the ND-decorated silica composite to liquid chromatography; however, we think 
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that other possibilities exist, where a solid silica support decorated with a diamond surface may 

be of benefit.   
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Scheme S1. Simplified schematic representation of the reactions of hydrogenated 
nanodiamonds (ND) with allyl-silica particles using benzoyl peroxide (BPO) as a 
radical initiator. 

 

 

(C6H5–COO)2   ---->  2 C6H5–COO�             (BzO�= C6H5–COO�) 
BzO�   +   H–(ND)   ---->      BzOH     +   �(ND)                
BzO� + (organo–Silica) ----> BzOH + �(organo–Silica) [or �(BzO–organo–Silica)] 
(organo–Silica)�   +    �(ND)  ---->     ND–(organo-Silica)     
 

 

 

Figure S1. SEM images of A) bare silica particles and B) allyl-silica particles 
(note that the image in A is of a slightly higher magnification).  
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Figure S2. TEM images of A) allyl-silica, B) allyl-silica exposed to O-NDs and C) 
allyl-silica exposed to H2-NDs; in all cases without UV light (i.e., in the dark). ND 
adsorption was not observed. 

 

 

 

Figure S3. TEM images of allyl-silica modified with H2-NDs using BPO as the 
reaction initiator at different magnifications: A) 100 nm B) 50 nm. 
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Figure S4. (A) DRIFT spectrum of C-NDs. For peak assignment to a respective 
functional group see Table S5. (B) Particle size distribution of C-NDs. 
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Figure S5. TEM of C-NDs on silica particles produced by BPO-initiated reaction 
of C-NDs and allyl-silica prepared by A) microwave heating (75 °C), B) reaction 
under horn sonication programmed maintain to a temperature of 80 °C, C) higher 
magnification of B), and D) prepared by heating at 90 °C in an oil bath. The TEM 
images suggest that one could control the thickness of the ND layer by 
manipulating the processing parameters. For example, Figure 5SB shows a 
thickness of about 5-10 nm when coupling using heating (80°C) and horn 
sonication during the reaction. However, when microwave heating (75°C) without 
horn sonication was used, a thicker (albeit irregular thickness) layer of ND was 
produced (20-50nm). Further, by heating the reaction at 90°C in an oil bath along 
produced a thickness of about 30 nm. 
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Table S1.  Peaks and corresponding vibration assignments for spectrum in Figure 
2A (H2-NDs).1-8 

Wavenumber (cm-1) Vibration 

3600-3200 O-H 

2943 C-H  

2878 C-H  

1697 C=O 

1664 C-H 

1630 O-H 

1571 C-C 

1260 C-O-C 

1081 C-O-C 

918 C-H 

795 C-H 
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Table S2.  Peaks and corresponding vibration assignments for spectrum in Figure 
2B (O-NDs).1-3,7-9 

Wavenumber (cm-1) Vibration 

3600-3200 O-H 

3038 C-H 

2964 C-H 

2910 C-H 

2845 C-H 

1750 C=O 

1620 O-H 

1225 C-O-C 

1058 C-O-C 

855 C-O 

589 C-O 
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Table S3. Relative elemental surface composition by XPS for bare-silica, allyl-
silica, H2-ND allyl-silica, and OD-ND allyl-silica (UV-initiated reactions). 

Sample C O Si 
Bare-silica 4 68 28 
Allyl-silica 22 54 24 
Allyl-silica + H2-ND (UV) 49 37 14 
Allyl-silica + O-ND (UV) 49 40 12 
Allyl-silica + O-ND (dark) 24 55 21 

 

 

 

Table S4.  Peaks and corresponding vibration assignments for spectrum in Figure 
4 (silica and ND-modified silica particles).10-13 

Wavenumber (cm-1) Vibration 

3081 =C-H 

2978 C-H 

2934 C-H 

1690 C=O 

1635 C=C, O-H 

1630 O-H 

1466 C-H 

1421 C-H 

 

 

 



 S-9 

Table S5.  Peaks and corresponding vibration assignments for spectrum in Figure 
S4 (C-NDs).1-3,7,8 
 

Wavenumber (cm-1) Vibration 

3686 isolated O-H 

3405 O-H 

3040 C-H 

2960 C-H 

2930 C-H 

2896 C-H 

1725 C=O 

1626 O-H 

1575 C-C 

1264 C-O-C 

1075 C-O-C 

905 C-H 

801 C-H 
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