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SONICATION FOR IMPROVED PARTICLE
SIZE DISTRIBUTION OF CORE-SHELL
PARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/297,052 filed on 15 Nov. 2011, which claims
the benefit of U.S. Provisional Application No. 61/458,068
filed on 17 Nov. 2010, the disclosure of each of which is
incorporated herein, in its entirety, by this reference.

BACKGROUND
[0002] Chromatography and solid-phase extraction
(“SPE”) are commonly-used separation techniques

employed in a variety of analytical chemistry and biochem-
istry environments. Chromatography and SPE are often used
for separation, extraction, and analysis of various constitu-
ents, or fractions, of a sample of interest. Chromatography
and SPE may also be used for the preparation, purification,
concentration, and clean-up of samples.

[0003] Chromatography and SPE relate to any of a variety
of techniques used to separate complex mixtures based on
differential affinities of components of a sample carried by a
mobile phase with which the sample flows, and a stationary
phase through which the sample passes. Typically, chroma-
tography and SPE involve the use of a stationary phase that
includes an adsorbent packed into a cartridge or column. A
commonly-used stationary phase includes a silica-gel-based
sorbent material. Reverse phase chromatography is a type of
chromatography in which the stationary phase is substantially
non-polar (e.g., hydrophobic), while the mobile phase is typi-
cally moderately polar (e.g., an aqueous moderately polar
phase).

[0004] Mobile phases are often solvent-based liquids,
although gas chromatography typically employs a gaseous
mobile phases. Liquid mobile phases may vary significantly
in their compositions depending on various characteristics of
the sample being analyzed and on the various components
sought to be extracted and/or analyzed in the sample. For
example, liquid mobile phases may vary significantly in pH
and solvent properties. Additionally, liquid mobile phases
may vary in their compositions depending on the character-
istics of the stationary phase that is being employed. Often,
several different mobile phases are employed during a given
chromatography or SPE procedure. Stationary phase materi-
als may also exhibit poor stability characteristics in the pres-
ence of various mobile phase compositions and/or complex
mixtures for which separation is desired. The poor stability
characteristics of stationary phase materials in some mobile
phases and complex mixtures, in some cases, may even pre-
clude the possibility of using chromatography or SPE to
perform the desired separation.

SUMMARY

[0005] Embodiments disclosed herein are directed to meth-
ods of manufacturing porous composite particulate materials
for use in separation technologies, including, but not limited
to, chromatography (e.g., high performance liquid chroma-
tography (“HPLC”), including reverse-phase HPL.C) and
SPE. In an embodiment, a porous composite particulate mate-
rial includes a plurality of composite particles. Each compos-
ite particle includes an acid-base-resistant core particle at
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least partially surrounded by one or more layers of acid-base-
resistant shell particles. The shell particles may be bonded to
the generally spherical core particles by a polymeric layer of
one or more polymers, which is acid-base resistant. Sonic
energy is applied during and/or after the shell particles, poly-
mers, or both are applied. In an embodiment, sonic energy is
applied with each bilayer deposition step.

[0006] In an embodiment, a method for manufacturing a
porous composite particulate material includes providing a
plurality of acid-base-resistant core particles and a plurality
of acid-base-resistant shell particles. At least a portion of the
core particles, at least a portion of the shell particles, or both
may be coated with polymeric material. A portion of the shell
particles are adhered to each core particle to form a plurality
of composite particles. For example, each core particle may
have a plurality of shell particles bonded thereto by the poly-
mer material. Sonic energy is applied during and/or after the
shell particles, polymers, or both are applied to the core
particles. In an embodiment, sonic energy is applied after
each bilayer deposition step (e.g., application of shell par-
ticles, polymer, followed by sonication). Application of sonic
energy increases the uniformity of particle size distribution of
the composite material.

[0007] In an embodiment the polymeric layer may be
highly cross-linked to provide mechanical stability, while still
providing sufficient chemical stability. The shell particles
and/or core particles may also be made from a material that is
stable in harsh chemical conditions. For example, the shell
particles and/or core particles may be made from diamond,
graphitic carbon, glassy carbon, silicon carbide, boron
nitride, tungsten carbide, niobium carbide, combinations
thereof, or other suitable acid-base-resistant material that is
chemically stable in acids and bases over a wide pH range.
Examples of other acid-base-resistant materials from which
the shell particles and/or core particles may be made include
zirconia, noble metals, acid-base stable highly cross-linked
polymers, acid-base stable at least partially cross-linked poly-
mers, titania, alumina, thoria or combinations of the forego-
ing. In an embodiment, the shell particles comprise diamond,
a diamond-like material, a graphitic material, glassy carbon,
or combinations of the foregoing. In a more specific embodi-
ment, the spherical core particles comprise glassy carbon
while the shell particles comprise nano-diamond.

[0008] The one or more polymers used to adhere the shell
particles to the core particles and/or to each other may also be
selected to be stable in harsh chemical conditions. For
example, in one embodiment, the one or more adhering poly-
mers may be an amine polymer. The one or more adhering
polymers may also be cross-linked (e.g., using epoxide moi-
eties) to add mechanical strength to polymeric binding matrix
and/or include functionalizing moieties (e.g., anionic moi-
eties) to give the composite particulate material desired prop-
erties for separating components of a mobile phase. In
another embodiment, the adhering polymers may also be
substantially neutral polymers (i.e., non-ionic). Substantially
neutral polymers may have a few ionic or polar groups so long
as the molecule is large enough that the molecule behaves
similar to typical non-ionic polymers (e.g., a PAAm molecule
having a few amines). An example of a substantially neutral
polymer is poly(allylamine) because the neutral amines on
poly(allylamine) remain largely unprotonated in an aqueous
solution.

[0009] The shell particles may be bonded to the outside of
the core particle to achieve a composite particle with a desired
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size and/or surface area. Moreover, the relative size of the
core particles and shell particles and the number of layers of
shell particles may be selected to provide composite particles
with a surface area and porosity suitable for chromatography
and/or solid phase extraction. The use of core particles
bonded to shell particles provides combinations of particle
sizes and surface areas that may not be possible with simple
mixtures of un-bonded particles of the same material.

[0010] In another embodiment, a separation apparatus for
performing chromatography or solid phase separation is
described. The separation apparatus includes a vessel having
aninletand an outlet. Any of the porous composite particulate
materials disclosed herein may be disposed within the vessel.
The vessel may be a column or a cassette suitable for use in
the fields of chromatography and/or solid phase separation
(e.g., HPLC and ultra performance liquid chromatography
(“UPLC™)). For example, in an embodiment, the composite
material may exhibit a particle size distribution that is tightly
grouped around a desired average particle diameter (e.g.,
about 4 pum).

[0011] The separation apparatus may be used to physically
separate different components from one another. In an
embodiment, a mobile phase including at least two different
components to be separated is caused to flow through the
composite particulate material to physically separate the at
least two different components. At least one of the two dif-
ferent components is recovered.

[0012] Inanembodiment,the composite particles are made
from diamond, graphitic carbon, glassy carbon, silicon car-
bide, boron nitride, tungsten carbide, niobium carbide, com-
binations thereof, or other suitable acid-base-resistant mate-
rial that is stable in chemically harsh conditions. Examples of
other acid-base-resistant materials include zirconia, noble
metals, acid-base stable highly cross-linked polymers, acid-
base stable at least partially cross-linked polymers, titania,
alumina, thoria, or combinations of the foregoing. The com-
posite particles in some cases may be used with a mobile
phase that would typically degrade commonly used station-
ary phase materials, such as a silica gel.

[0013] Features from any of the disclosed embodiments
may be used in combination with one another, without limi-
tation. In addition, other features and advantages of the
present disclosure will become apparent to those of ordinary
skill in the art through consideration of the following detailed
description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The drawings illustrate several embodiments of the
invention, wherein identical reference numerals refer to iden-
tical elements or features in different views or embodiments
shown in the drawings.

[0015] FIG. 1 is a schematic flow diagram illustrating a
method for making a composite particulate material accord-
ing to an embodiment;

[0016] FIG. 2 is a schematic diagram illustrating another
method for making a composite particulate material accord-
ing to an embodiment;

[0017] FIG. 3 is a cross-sectional view of a vessel used for
forming a body of bonded composite particles according to an
embodiment;

[0018] FIG. 4 is a cross-sectional view of a composite par-
ticle according to an embodiment;
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[0019] FIG. 51is a cross-sectional view an embodiment of a
separation apparatus including porous composite stationary
phase particles comprising any of the composite particulate
materials disclosed herein;

[0020] FIG. 6A is an SEM image of exemplary spherical
glassy carbon core particles;

[0021] FIG. 6B is an SEM image of a spherical glassy
carbon core particle once a bilayer of PAAm and nano-dia-
mond shell particles have been deposited thereon;

[0022] FIG. 6C is an SEM image of a spherical glassy
carbon core particle once two bilayers of PAAm and nano-
diamond shell particles have been deposited thereon;

[0023] FIG. 6D is an SEM image of a spherical glassy
carbon core particle once three bilayers of PAAm and nano-
diamond shell particles have been deposited thereon;

[0024] FIG. 6E is an SEM image of a spherical glassy
carbon core particle once four bilayers of PAAm and nano-
diamond shell particles have been deposited thereon;

[0025] FIG. 6F is an SEM image of a spherical glassy
carbon core particle once five bilayers of PAAm and nano-
diamond shell particles have been deposited thereon;

[0026] FIG. 6G is an SEM image of a spherical glassy
carbon core particle once ten bilayers of PAAm and nano-
diamond shell particles have been deposited thereon;

[0027] FIG. 7 is a graph showing XPS characterization of
spherical carbon core particles;

[0028] FIG. 8 is a ToF-SIMS negative ion spectrum of
unfunctionalized spherical carbon core particles;

[0029] FIG.9is a Raman spectrum of spherical carbon core
particles;
[0030] FIG. 10 is a graph showing a reversed-phase sepa-

ration of alkylbenzenes through a non-cross-linked hydro-
phobic stationary phase;

[0031] FIG. 11 is a graph showing pressure versus flow
characteristics for the tested cross-linked stationary phase;
[0032] FIG. 12A is an SEM image showing an unused frit;
[0033] FIG. 12B is an SEM image showing a frit with
particles in its pores, which frit was the back frit in the
column, i.e., closest to the detector from the column with the
broadest particle size distribution (i.e., corresponding to FI1G.
18A);

[0034] FIG. 13 shows column stability test results ata pH of
11.3 for various alkylbenzenes;

[0035] FIG. 14 shows column stability test results ata pH of
13.0 for various alkylbenzenes;

[0036] FIG. 15 shows a Van Deemter curve, as well as raw
data, residuals, and fitted A, B, and C terms for n-butylben-
zene;,

[0037] FIG. 16 is a graph showing reversed-phase separa-
tion of alkylbenzenes through an exemplary stationary phase
at a flow rate of 0.5 mL/min;

[0038] FIG. 17 is a graph showing separation of various
alkylbenzenes on an Agilent Infinity 1290 using a sandwich
injection;

[0039] FIGS. 18A-18C show particle size distributions of
core-shell particles synthesized in three different ways (par-
ticles that were not sonicated, particles that were sonicated
prior to the first nano-diamond deposition, and particles that
were sonicated prior to every nano-diamond deposition), and
corresponding Van Deemter curves for columns packed with
these particles, with n-butylbenzene as analyte;

[0040] FIG. 19A is an SEM image of a single core-shell
particle showing its high surface area and approximate
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spherical characteristics, with substantially even coating of
PA Am/nano-diamond bilayers onto the carbon surface;
[0041] FIG.19BisanSEM image of a large agglomerate of
non-sonicated composite particulates;

[0042] FIG. 19C is an SEM image showing non-sonicated
composite particulates, showing that many of which are
agglomerated;

[0043] FIG. 19D is a closer up SEM image showing non-
sonicated composite particulates, showing that many of
which are agglomerated;

[0044] FIG. 20A shows graphs illustrating effects of col-
umn temperature on retention characteristics of amitriptylene
using a mobile phase having a pH of 11.3;

[0045] FIG. 20B shows graphs illustrating effects of col-
umn temperature on retention characteristics of cholesterol
using a mobile phase having a pH of 11.3;

[0046] FIG. 20C shows graphs illustrating effects of col-
umn temperature on retention characteristics of diazinon
using a mobile phase having a pH of 11.3;

[0047] FIG. 20D shows efficiency and asymmetry data
associated with the graphs of FIGS. 20A-20C;

[0048] FIG. 21 shows separation results of five pharmaceu-
ticals;
[0049] FIG.22A is a graph and table showing separation of

a mixture of pharmaceuticals under an acidic pH of 2.7;
[0050] FIG. 22B is a graph and table showing retention of
PROPOFOL,; and

[0051] FIG.22C is a graph and table showing separation of
a mixture of phenols separated.

DETAILED DESCRIPTION

1. Components Used to Make Porous Composite
Particulate Materials

[0052] A. Acid-Base-Resistant Particles

[0053] The porous composite particulate materials dis-
closed herein include a plurality of composite particles. Each
composite particle includes an acid-base-resistant generally
spherical core particle, and a plurality of acid-base-resistant
shell particles that at least partially surround and are bonded
to the core particle by a layer of polymer material to impart a
desired size and surface area. The core particles and shell
particles may be made from the same material or different
materials.

[0054] The core particles and/or shell particles may be of a
solid, porous, composite, synthetic, and/or natural occurring
material. For example, the shell particles and/or core particles
may be made from diamond, graphitic carbon, glassy carbon,
silicon carbide, boron nitride, tungsten carbide, niobium car-
bide, combinations thereof, or other suitable acid-base-resis-
tant material that is chemically stable in acids and bases over
a wide pH range. For example, as an alternative to the afore-
mentioned acid-base-resistant materials, at least a portion of
the shell particles may be made from nano-graphite having a
particle size of about 1 um or less. Examples of other acid-
base resistant materials include zirconia, noble metals, acid-
base-stable highly cross-linked polymers, titania, alumina, or
combinations of the foregoing. In a specific embodiment, the
spherical core particle comprises glassy carbon, while the
shell particles comprise nano-diamond particles.

[0055] As used herein, the term “highly cross-linked poly-
mers” refers to polymers with sufficient cross-linking that
prevent swelling of the polymer in the presence of an organic
solvent (e.g., prevent greater than 1% swelling or greater than
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5% swelling). In one or more embodiments, the cross-linking
may be about 1% to about 99%, at least about 70%, about
55% to about 75%, about 75% to about 95%, at least about
85%, at least about 95%, or even at least about 99%. However,
in some embodiments using percentages less than about 99%,
less than about 95%, or less than 85% may be useful so that
the polymer exhibits a sufficient toughness to avoid cracking
and/or swelling during use.

[0056] The core particles and the shell particles may have
the same or different particle sizes. As used herein, the phrase
“particle size” means the approximate average particle size,
such as average diameter or other average cross-sectional
dimension of a plurality of particles, unless otherwise speci-
fied. In an embodiment, the shell particles are much smaller
than the core particles to achieve a desired composite-particle
surface area. In an embodiment, the shell particles have a
particle size that is in a range from about 1 nm to 1000 nm,
more specifically in a range from about 2 nm to about 500 nm,
even more specifically in a range from about 5 nm to about
200 nm, and yet even more specifically in a range from about
10 nm to about 100 nm (e.g., about 10 nm to about 20 nm).
The core particles may have a particle size in a range from
about 0.5 pm to about 500 um, more specifically about 1 um
to about 200 um, or even more specifically in a range from
about 1 pm to about 100 um. The desired particle size of the
core particles may depend on the application in which the
composite particle is to be used. In one embodiment, the core
particles have a particle size in a range from about 0.5 pm to
10 um, more specifically about 1.5 pm to about 7 pm. This
range may be suitable for HPL.C applications and the like. In
another embodiment, the particle size of the core particles
may be in a range from about 5 um to about 500 pm, or more
specifically in a range from about 10 pm to about 150 um.
This larger range may be suitable for solid phase extraction
applications and the like.

[0057] The acid-base-resistant shell and core particles may
have a composition that is selected to be stable in sundry
mobile phases, including organic solvents, and chemically
harsh acids and bases. Examples of acid-base-resistant mate-
rials from which the shell particles and the core particles may
be made include, but are not limited to, diamond, graphitic
carbon (e.g., graphite), glassy carbon, silicon carbide, or
another suitable material that is chemically stable in acids and
bases over a pH range of at least 3 to 12. For example,
diamond, graphite, and silicon carbide are chemically stable
in acids and bases over a pH range of about 0 to about 14.
Silica and alumina are examples of materials that are not
acid-base-resistant materials, because they may significantly
degrade in bases with a pH greater than 12. Other relatively
acid-base-resistant materials include, but are not limited to,
boron nitride and tungsten carbide. Yet other examples of
other acid-base-resistant materials include zirconia, noble
metals, titania, thoria, or combinations of the foregoing. Fur-
ther embodiments of an acid-base-resistant material may be a
polymer that is at least partially cross-linked.

[0058] Diamond possesses remarkable chemical inertness,
hardness, low compressibility, optical transparency, and high
thermal conductivity that may help eliminate thermal gradi-
ents in ultra performance liquid chromatography. Unlike
silica, diamond does not easily dissolve in aqueous alkaline or
acidic media, and it may be used in extremely harsh chemical
environments. These properties of diamond may be achieved
with naturally occurring diamond and/or synthetic diamond.
Diamond material may also include other inorganic carbon
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materials, such as graphitic carbon, glassy carbon, fullerenes,
other non-diamond carbon, or combinations thereof.

[0059] The acid-base-resistant shell and core particles may
be produced through any suitable method, including, for
example, by forming carbonaceous material into diamond
material under ultra-high pressure and high-temperature con-
ditions or other synthetic diamond processes. Additionally,
the acid-base-resistant shell and core particles may be the
product of natural processes or chemical vapor deposition
processes. Acid-base-resistant shell and core particles may be
produced by crushing and/or grinding a mineral starting
material to obtain a desired sized particle. In an embodiment,
the acid-base-resistant core particles may comprise micron-
sized diamond particles with, for example, a particle size of
about 1 um to about 500 um (e.g., about 1 um to about 100
um) and the acid-base-resistant shell particles may comprise
diamond particles, with for example, a particle size of about
1 nm to 1000 nm (e.g., about 2 nm to about 200 nm). The
acid-base-resistant shell and core particles may have a spheri-
cal shape, a faceted shape, an irregular shape, or other suitable
geometry.

[0060] In some embodiments, the acid-base-resistant core
particles may be substantially non-porous. However, in other
embodiments, the acid-base-resistant core particles may be
porous.

[0061] In one embodiment, the acid-base-resistant shell
and/or core particles are selected to be generally spherical.
While most, if not all, the particle materials disclosed herein
may be made into generally spherical particles, certain mate-
rials are more easily produced as generally spherical par-
ticles. For example, in one embodiment the acid-base-resis-
tant shell and core particles may be generally spherical, and
may comprise graphite, zirconia, titania, noble metals, acid-
base-resistant highly cross-linked polymers, acid-base-resis-
tant at least partially cross-linked polymers, alumina, thoria,
or combinations of these.

[0062] While generally spherical particles may be used as
shell particles, generally spherical particles may be more
advantageously used as core particles. The use of non-spheri-
cal core particles typically has a greater impact on the back
pressure and mobile phase flow profile created by the com-
posite particles compared to non-spherical shell particles and
the reproducibility of the porous composite particulate mate-
rials. Moreover, since the core particles may be substantially
isolated from the mobile phase by the shell particles and
polymeric materials, the materials used to make the core
particles may be less compatible with the constituents of the
mobile phase as compared to the shell particles (e.g., the use
of alumina as a core particle). Thus, the core particles may
more readily be configured to have a generally spherical
geometry.

[0063] Inone embodiment, the core particle may be a com-
posite particle of an inner region and a cladding layer sur-
rounding and/or partially or completely encapsulating the
inner region. The inner region may include materials that are
acid-base unstable and/or incompatible with constituents of a
mobile phase. The inner region of the core particle may
include a ceramic, polymeric, or metallic material that may be
unstable in acids and bases (e.g. silica gel) and/or non-com-
patible with certain constituents of chromatography mobile
phases. In this embodiment, the cladding layer may be made
from an acid-base resistant material that gives the core par-
ticles acid-base resistant properties and/or compatibility. In
one embodiment, the cladding material may be made from
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any of the acid-base resistant materials disclosed herein,
including, but not limited to, diamond, graphitic carbon,
glassy carbon, tungsten carbide, niobium carbide, boron
nitride, zirconia, noble metals, acid-base-stable highly cross-
linked polymers, titania, alumina, thoria, and any combina-
tions thereof. In contrast, the materials used in the inner
region may be made from any material upon which the clad-
ding layer may be deposited. While not required, the materi-
als used in the inner region may even be acid-base unstable so
long as the cladding layer substantially encapsulates the acid-
base unstable material.

[0064] Core particles including an inner region and a clad-
ding layer may be manufactured by starting with an inner
particle made from ceramic, polymeric, or metal upon which
the cladding layer is deposited. The inner particle may have
an average diameter ranging from about 0.5 pm to about 50
um, more specifically about 0.75 pm to about 10 um, or even
more specifically about 1 um to about 5 um. The cladding
layer may be applied as a thin coating. In one embodiment,
the cladding layer has a thickness less than 5 pm, more spe-
cifically less than 1 um, even more specifically less than 0.5
um. The cladding layer may be applied to the inner particle
using any technique known in the art, including but not lim-
ited to chemical vapor deposition, physical vapor deposition,
atomic layer deposition, or another suitable deposition tech-
nique.

[0065] In another embodiment, the cladding layer may be
formed on the inner particle by dipping the inner particles in
a carbonizable polymer and then heating the material to form
graphitic carbon. Those skilled in the art are familiar with
reagents (e.g., resins, polymers, and catalysts) used to make
graphitic carbon through pyrolysis and similar methods. To
illustrate one example formula, a core particle including the
cladding may be made by (i) providing a generally spherical
inner particle made from a ceramic, polymer, or metal, (ii)
dipping the inner particle in a melt of polymerizable resin
such phenol and hexamine (6:1 w/w); (iii) remove excess
melt, (iv) heating the coated particles gradually (e.g., to 150°
C.) to form a phenol formaldehyde resin around the particles;
and (v) carbonizing the resin around the particles by slow
heating (e.g. less than 5° C./min) in an oxygen free oven to
form a substantially impervious carbonaceous/glassy carbon
shell. For example, the resin may be carbonized by heating,
such as heating to about 900° C.

[0066] In yet another embodiment, the particles may be
coated with the polymer by applying a polymeric material
while forcing air or other gas up through the particles to
suspend the particles. Producing a core particle using an inner
particle and a cladding layer is useful for forming generally
spherical particles. In one embodiment, the inner region may
be manufactured to be spherical and the cladding layer may
be applied to the generally spherical inner region to yield a
generally spherical core particle.

[0067] B. Polymeric Materials

[0068] The coating or binding polymer used to bond the
shell particles to the core particle and/or other shell particles
may be any polymeric material that may be applied in a
coating to adhere the acid-base-resistant particles to one
another. For example, the polymer coating may include a
polymeric material comprising one or more polymers that
provide the porous composite particulate material with
desired properties for separating components of a mobile
phase. The polymer coating may also be stable over the same
pH ranges as the acid-base-resistant core and shell particles to
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provide a chemically resistant polymer coating. The polymer
coating may include macromonomers, oligomers, and/or
various polymers, without limitation. The polymer coating
may include combinations and/or mixtures of different poly-
meric materials and/or be used to form different layers of
polymers as described more fully below.

[0069] Inone embodiment, the polymer coating or binding
polymer may include at least one amine group. The amine
polymer may be selected to be chemically stable in many of
the same mobile phases that diamond particles or other acid-
base-resistant materials disclosed herein are stable. In an
embodiment, the amine polymer includes at least one pendant
amine group and/or at least one primary, secondary, tertiary,
and/or quaternary amine group. In various embodiments, the
polymer coating may include for example, polyallylamine,
polyethylenimine, polylysine, polyvinylamine, chitosan, tri-
methylchitosan (i.e., quaternized chitosan), polydiallydim-
ethyl ammonium chloride (“PDADMAC”), poly(N,N'-dim-
ethylaminoethylmethacrylate), poly(2-vinylpyridine), poly
(4-vinylpyridine), polyvinylimidazole, poly(2-
(dimethylamino)ethyl acrylate), and/or poly(2-aminoethyl
methacrylate) hydrochloride, combinations of the foregoing,
and/or derivatives of the foregoing.

[0070] Polyethylenimine and/or polyallylamine may be
present in the polymer coating in a wide range of molecular
weights and degrees of branching. Chitosan may be produced
by the deacetylation of chitin, and chitin may be deacetylated
to various degrees. Polymers in the coating may be substan-
tially linear or at least partially branched. Polymers including
amines therein may be protonated, deprotonated, or partially
protonated prior to, during, and/or following deposition on a
surface. Additionally, the polymer coating may comprise any
suitable naturally occurring proteins and/or peptides.

[0071] In additional embodiments, the polymer coating
may include a homopolymer and/or a copolymer compound
formed from monomer subunits including, for example, ally-
lamine, vinylamine, ethylenimine, vinyl amine, lysine, argi-
nine, histidine, 2-isocyanatoethyl methacrylate, aziridine,
1-vinylimidazole, 1-vinyl-2-pyrrolidone, 2-vinylpyridine,
4-vinylpyridine, 2-(dimethylamino)ethyl acrylate, 2-amino-
ethyl methacrylate hydrochloride, and/or 2-(tert-butyl ami-
no)ethyl methacrylate.

[0072] Additionally, the polymer coating may include any
suitable monomers that may be converted into amines after
polymerization by deprotection, hydrolysis, and/or by simple
chemical transformation. In various embodiments, the poly-
mer coating may include monomers based on oxazoline,
which may be polymerized to form polyoxazolines and/or
which may then be hydrolyzed. Amine-comprising mono-
mers forming a polymeric compound in coating may be pro-
tonated, deprotonated, or partially protonated prior to, during,
and/or following polymerization. The amine polymers may
also be substantially neutral polymers.

[0073] In at least one embodiment, monomers forming a
polymer in the polymer coating may be interspersed with
other monomer units such as 2-hydroxyethylacrylate, sty-
rene, 1,3-butadiene, methyl methacrylate, methyl acrylate,
butyl acrylate, dodecyl methacrylate, acrylonitrile, acrylic
acid, methacrylic acid, 4-vinylbenzyl chloride, 4-(trifluorom-
ethyl)styrene, 3-nitrostyrene, vinyl ether, or vinyl acetate.
[0074] The polymer coating may include a polymeric com-
pound having various chain lengths and various degrees of
branching. For example, the polymeric coating may include a
polymeric compound having a weight-average molecular
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weight or number-average molecular weight ranging from
about 1,000 to about 2,500,000. In certain embodiments, the
polymer coating may include a polymeric compound having
a weight-average molecular weight or number-average
molecular weight ranging from about 5,000 to about 100,000.
Additionally, the polymer coating may include a polymeric
compound having a weight-average molecular weight or
number-average molecular weight ranging from about
30,000 to about 60,000 monomer units. In additional embodi-
ments, the polymer coating may include polymeric com-
pounds having a weight-average molecular weight or num-
ber-average molecular weight of less than about 1,000. The
polymer coating may optionally include oligomers having a
chain length of from 2 to 100 monomer units in length. As
used herein, the term “polymeric compound” includes oligo-
mers as well as polymers of varying chain lengths and
molecular weights, unless otherwise specified.

[0075] Additional information about suitable polymers for
use in the porous composite particulate materials disclosed
herein may also be found in U.S. patent application Ser. No.
12/039,382 filed on 28 Feb. 2008, entitled “Methods For
Direct Attachment Of Polymers To Diamond Surfaces And
Articles Formed Thereby,” naming Matthew R. Linford and
Li Yang as inventors, which is hereby incorporated herein, in
its entirety, by reference.

[0076] Insomeembodiments, the polymer coating includes
one or more anionic polymers. Anionic polymers may be
useful for ion exchange chromatography. Examples of suit-
able anionic polymers include, but are not limited to poly
(styrenesulfonic acid, sodium salt), poly(acrylic acid), poly
(methacrylic acid), derivatives of these, and/or combinations
of these. While the polymer coating may be suitable for
separating components of a mobile phase, uncoated, exposed
surfaces of the core particles and/or shell particles (e.g., dia-
mond core and shell particles) may be functionalized for
separating components of an analyte mixture as an alternative
to or in addition to using the polymer coating.

II. Methods for Making Porous Composite
Particulate Materials

[0077] Reference is now made to FIG. 1 which illustrates a
schematic flow diagram 100 of an embodiment of a method
for making a porous composite particulate material from core
particles, shell particles, and polymer material. FIG. 1 is a
schematic illustration and does not necessarily represent the
actual shape or sizes of the acid-base-resistant core particles
and/or acid-base-resistant shell particles. Moreover, FIG. 1
illustrates a method for forming a single composite particle,
and the porous composite particulate materials disclosed
herein include a plurality of such composite particles, which
may be formed simultaneously.

[0078] In step 110, a plurality of acid-base-resistant core
particles 114 are immersed in a polymeric material that coats
and at least partially surrounds each core particle 114 with a
respective polymer coating 112. In step 120, a first portion of
acid-base-resistant shell particles are adhered to each core
particle 114 to form a first porous shell layer 116 of shell
particles. In order to improve particle size distribution, poly-
mer-coated core particles 114 are exposed to sonic energy
after the initial polymer deposition, but prior to shell particle
deposition, as shown by arrow 121. The shell particles adhere
to the core particles 114 via the polymer coating 112. The
thickness and composition of polymer coating 112 may be
any thickness that is sufficient so that the shell particles
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adhere to the core particles 114. The thickness of the polymer
coating 112 is typically sufficiently sized so that the polymer
does not fill all the voids between adjacent shell particles of
the first porous shell layer 116. Maintaining a relatively thin
coating may help to provide a desired surface area for the
composite particles. In one embodiment, the thickness of the
polymer coating 112 may be about 0.1 nm to about 1 pm
thick, about 1 nm to about 1 um, or about 5 nm to about 100
nm. In an embodiment, the thickness of the polymer coating
is less than the average diameter of the shell particles, more
specifically the thickness is less than about half the diameter
of the shell particles, and even more specifically less than
one-fourth the diameter of the shell particles. The polymer
coating 112 may be cured or otherwise chemically modified
in step 120 or in subsequent steps, as described more fully
below.

[0079] In one embodiment, more than one layer of shell
particles may be deposited at a time on the core particle. The
number of layers typically depends on the size of the particle
and the desired thickness of the previous polymer layer.
[0080] The portion of shell particles may be applied to each
core particle 114 by suspending the shell particles in a solvent
and immersing the coated core particles 114 in the suspension
of shell particles or, alternatively, the suspension of shell
particles may be caused to flow over the core particles 114.
Any solvent suitable for suspending the core particles and/or
the shell particles may be used. In one embodiment, the core
particles and/or the shell particles may be suspended in water.
The coating of shell particles on the coated core particles 114
yields intermediate composite particles 128 having rough
surfaces. The rough surface includes voids (i.e., recesses in
the surface) between the individual shell particles of the first
porous shell layer 116.

[0081] A plurality of the intermediate composite particles
128 may be used as a final product if desired and/or cross-
linked to improve mechanical stability. However, substan-
tially increased surface area may be achieved by repeating
steps 110 and 120 to yield intermediate composite particles
with increasing numbers of porous shell layers. As shown in
step 130, another polymer coating 113 may be applied to the
surface of the intermediate composite particle 128 to coat the
shell particles of the first porous shell layer 116. The polymer
coating 113 may be made from the same or a different poly-
meric material than the polymeric coating 112 used in step
110.

[0082] The thickness of the polymer coating 113 is typi-
cally sufficiently sized so that the polymer does not fill all the
voids between adjacent shell particles of the first porous shell
layer 116. After application of polymer coating 113, and
before application of additional layer of shell particles, sonic
energy (represented by arrow 141) may again be applied to
particle 138. In step 140, a second portion of the shell par-
ticles may be applied to intermediate composite particle 138
to yield second intermediate composite particles 142 each
having a second porous shell layer 144 of shell particles
bonded to the first porous shell layer 116.

[0083] Instep 150, yet a third polymer coating 115 may be
coated on intermediate composite particle 144 to yield inter-
mediate particles 152, with the shell particles of the second
porous shell layer 144 being coated. The polymer coating 115
may be made from the same or a different polymeric material
than the polymeric coatings 112 or 113 used in steps 110 or
130. The thickness of the polymer coating 115 is typically
sufficiently sized so that the polymer does not fill all the voids
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between adjacent shell particles of the second porous shell
layer 144. After application of polymer coating 115 and
before application of a third portion of shell particles, sonic
energy may again be applied to intermediate particle 152 in
order to improve particle size distribution. After sonication, in
step 160, a third portion of shell particles may be adhered to
the second porous shell layer 144 of intermediate particles
152 to yield intermediate composite particles 164 having a
third porous shell layer 162 of shell particles.

[0084] The porous shell layers 116, 144, and 162 may have
differently or similarly sized shell particles. Also, the shell
particles in the different layers may have a different compo-
sition and/or be bonded using different compositions of poly-
mer. The different shell particles, core particles, and polymers
may be selected from any combination of the components
described herein or components known in the art that are
similar and/or provide similar function.

[0085] The method of adding additional porous shell layers
may be continued until a desired number of porous shell
layers and/or a desired surface area is achieved for the com-
posite particles. In one embodiment, the method of forming
porous shell layers may be repeated at least 5 times, more
specifically at least about 10 times, or even more specifically
at least 20 times to yield composite particles having 5, 10, 20,
or 30 porous shell layers. This method continues until the
desired number of porous shell layers is achieved. In one
embodiment, the number of porous shell layers is at least
about 3, more specifically at least about 5, even more specifi-
cally at least about 10, yet even more specifically at least 20.
In another embodiment, the number of shell layers is at least
50, about 5 to about 100, or about 10 to about 50.

[0086] The shell particles, core particles, and/or composite
particles may each be completely or partially coated with the
polymer coating. In many cases, the polymer coating is
applied using immersion, which tends to apply a relatively
even coating around an entire particle. However, in some
embodiments, one or more of the acid-base-resistant particles
may only be partially coated with a sufficient polymer coating
to adhere to other particles. In addition, the application of the
shell particles may be asymmetric so as to create asymmetric
composite particles.

[0087] Application of sonic energy is applied at least once,
e.g., after application of one polymer layer and before appli-
cation of the accompanying shell particles of a polymer/shell
particles bilayer. As will be shown hereafter, sonication of the
particles during the application of the bilayer improves the
particle size distribution by narrowing the distribution of
particle sizes present about the average or median particle
size, resulting in a more homogenous distribution of particle
sizes. In an embodiment, sonication of the particles may be
applied more than once. For example, sonication may be
applied once for each bilayer application. In another embodi-
ment, sonication may be applied during only a portion of the
bilayer applications (e.g., one in two bilayer procedures, or
one in three bilayer procedures). The highest degree ot homo-
geneity in particle size distribution occurs where sonication
occurs during every bilayer application procedure.

[0088] In an embodiment, the particles are sonicated after
application of the polymer coating, and before application of
the associated shell particles of a particular bilayer applica-
tion. In another embodiment, the particles may be sonicated
only after application of the shell particles of a given bilayer.
In another embodiment, the sonic energy may be applied after
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application of both the polymer coating and the shell par-
ticles, or even before application of either component of a
given bilayer.

[0089] In an embodiment, the particles are sonicated in
intervals for a total period of time. For example, total sonica-
tion time may be about 1 minute to about 20 minutes, about 2
minutes to about 10 minutes, or about 3 minutes to about 7
minutes (e.g., about 5 minutes). Each interval may be about
5% to about 50% of the total sonication time, about 10% to
about 30% of the total sonication time, or about 15% to about
25% (e.g., about 20%) of the total sonication time. By way of
example, a total of 5 minutes of sonication time may be
applied in 5 one minute intervals for any given bilayer in
which sonication is applied. In one embodiment, each interval
may not be equal in time length to the others (e.g., shorter or
longer intervals as the beginning relative to the end).

[0090] The sonic energy may be applied via a suitable sonic
apparatus, such as an ultrasound apparatus. In an embodi-
ment, the frequency of'the sonic energy applied may be about
10 kHz to about 150 kHz, about 15 kHz to about 50 kHz,
about 20 kHz to about 30 kHz, or about 20 kHz to about 25
kHz. The amplitude or power of sonic energy applied may be
about 20 Watts to about 800 Watts, about 50 Watts to about
200 Watts, about 100 Watts to about 300 Watts (e.g., about
150 Watts), or about 400 Watts to about 600 Watts.

[0091] Application of sonic energy during application of
one or more of the polymer/shell particle bilayers narrows the
particle size distribution of the resulting plurality of compos-
ite particles. The inventors currently believe that sonication
after the initial polymer deposition helps prevent or limit the
coated core particles from agglomerating, which allows more
uniform coating by the shell particles. The inventors also
currently believe that sonication after applying the shell par-
ticles causes shell particles that are weakly adhered to the
polymer layer to fall oft the core particle, which also pro-
motes a more uniform coating of the shell particles. One or
both of these phenomenons are believed to promote a nar-
rower particle size distribution for the composite particles so
formed.

[0092] In an embodiment, the distribution of composite
particles is such that at least about 25% of the composite
particles by volume lie within £20% of a desired target par-
ticle diameter. In another embodiment, the particle size dis-
tribution of composite particles is such that at least about 50%
of the composite particles by volume lie within £20% of a
desired target particle diameter. In another embodiment, the
particle size distribution of composite particles is such that at
least about 60% of the composite particles by volume lie
within £20% of a desired target particle diameter. In certain
embodiments, the average particle size of the plurality of
composite particles may be about 1 um to about 10 um (e.g.,
about 1 um to about 6 pm, 2 um to about 6 um, or about 3 um
to about 5 pm) and the standard deviation may be about 1 pm
to about 4 um (e.g., about 1.5 um to about 3.5 pm, or about 3
um). As will be seen hereafter, very narrow particle size
distributions can be achieved with sonication, particularly
where sonication is applied as part of each bilayer application
(e.g., 80% of the particles by volume lying within £20% of a
desired target particle diameter).

[0093] Oncethe polymerhas been attached to the surface of
the core particles, there are numerous chemical reactions that
may be performed, including cross-linking and curing. The
cross-linking and/or curing may be carried out separately at
any of the steps described in method 100. In one embodiment,
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curing may be performed for each step that results in the
formation of a porous shell layer. In one embodiment, cross-
linking is carried out as a final step 170. However, the step 170
is optional and embodiments also include the use of polymers
that do not require curing and/or cross-linking Cross-linking
increases the mechanical stability of the stationary phase
particles.

[0094] In embodiments where curing and/or cross-linking
is performed, the polymer coating may be cured and/or cross
linked using any suitable technique such as thermal curing
and/or radiation curing such as curing using infrared or ultra-
violet curing lights. Curing may increase the physical and/or
chemical stability of the polymer coating. For example, cur-
ing may increase the stability of the polymer coating when
exposed to harsh conditions, such as high and/or low pH
solutions, which may allow a stationary phase including the
porous composite particulate material to be cleaned and/or
otherwise used under harsh conditions. Some porous com-
posite particulate materials described herein may be used in
combination with strong solvents, high pH conditions, and/or
low pH conditions. The ability to clean a column under harsh
conditions may enable reuse of a previously contaminated
stationary phase. In at least one embodiment, curing may
cause amide linkage to form between various compounds in
the polymer coating. Additionally, curing may cause amide or
other linkages to form between various chemical moieties in
the polymer coating and the surface of the acid-base-resistant
particles.

[0095] Inadditional embodiments, a polymer in the coating
may be allowed to react with another compound in the coating
before, during, and/or after depositing the coating on the
acid-base-resistant particles to increase the molecular weight
of the coating. Increasing the molecular weight of the poly-
mer may be advantageous in that the higher molecular weight
coating may have increased stability in a variety of condi-
tions.

[0096] Surprisingly, in one embodiment, the polymeric
material may be applied to the core particles and/or the shell
particles as a neutral polymer. The neutral polymers are able
to encapsulate and hold the particles together without ionic
interactions between the polymer and the particles. However,
in some embodiments, a neutral polymer, such as polyally-
lamine (PAAm), may bind through ionic interactions.

[0097] In additional embodiments, the coating and/or at
least a polymeric compound forming the coating may be
cross-linked during a curing process, such as a thermal and/or
pressure-induced curing process, as described above. Addi-
tionally, the curing of the coating and/or at least a polymeric
compound forming the coating, may be cross linked by
exposing the coating to radiation. Cross-linking may cause
stable bonds to form with amine groups and/or other chemical
moieties in a polymeric compound in the coating, thereby
increasing the stability of coating. Additionally, cross-linking
compounds in the coating using compounds having epoxy
groups may produce hydroxyl groups in and/or on the coat-
ing, resulting in a change in chemical characteristics of the
coating and providing potential reactive sites on the coating.
In one embodiment, the cross-linking produces a carbon-
nitrogen bond, which has been found to work well for bond-
ing together the relatively inert core and shell particles of the
composite materials disclosed herein.

[0098] In certain embodiments, a cross-linking agent hav-
ing at least two functional bonding sites may be used to effect
cross-linking of at least a portion of the coating and/or at least
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a polymeric compound forming the coating. For example, a
cross-linking agent may comprise a diepoxide compound
having at least two epoxide groups, each of which may bond
with an amine group. A cross-linking agent having at least
two functional bonding sites may bond with at least one
amine group on at least two or more polymeric molecules
and/or compounds. In an additional embodiment, a cross-
linking agent having at least two functional bonding sites may
bond with at least one amine group on at least two separate
sites on a single polymeric molecule. Additionally, a cross-
linking agent having at least two functional bonding sites may
bind to a polymeric compound forming the coating at only
one of the at least two functional binding sites.

[0099] Examples of cross-linking agents suitable for cross-
linking the polymer coating and/or at least a polymeric com-
pound forming the polymer coating may include any type of
compound containing two or more amine reactive functional
groups, including, for example, diisocyanates, diisothiocyan-
ates, dihalides, diglycidyl ethers, diepoxides, dianhydrides,
dialdehydes, diacrylates, dimethacrylates, dimethylesters, di-
and/or triacrylates, di- and/or trimethacrylates, and/or other
diesters. In at least one embodiment, acrylates and/or meth-
acrylates may react with an amine by Michael addition.
[0100] In addition, suitable cross-linking agents may
include, without limitation, 1,2,5,6-diepoxycyclooctane,
phenylenediisothiocyanate, 1,4-diisocyanatobutane, 1,3-
phenylene diisocyanate, 1,6-diisocyanatohexane, isophorone
diisocyanate, diethylene glycol diglycidyl ether, 1,4-butane-
diol diglycidyl ether, bisphenol A diglycidyl ether, poly(eth-
ylene glycol) diglycidyl ether, polypropylene glycol) digly-
cidyl ether, octanedioic acid dichloride (suberic acid
dichloride), phthaloyl dichloride, pyromellitic dianhydride,
1,3-butadiene diepoxide, p-phenylene diisothiocyanate, 1,4-
dibromobutane, 1,6-diiodohexane, glutaraldehyde, 1,3-bu-
tanediol diacrylate, pentaerythritol triacrylate, pentaerythri-
tol tetraacrylate, dipentaerythritol pentaacrylate, 1,6-
hexanediol dimethacrylate, and/or propoxylated (3) glyceryl
triacrylate. Cross-linking agents may additionally comprise
at least one functional group suitable for bonding with non-
amine functional groups that may be present on polymers in
the coating disclosed herein. The cross-linking agents may
also include two or more functional groups, which may be the
same or different. For example, the cross-linking agent may
include molecules that have an acrylate and a methacrylate
group, or a glycidyl group and a methacrylate group.

[0101] Generally, the polymer coating may be at least par-
tially cross-linked. In one embodiment, the cross-linking
exhibited by the polymer coating may be about 1% to about
99%, at least about 70%, about 55% to about 75%, about 75%
to about 95%, at least about 85%, at least about 95%, or even
at least about 99%. However, in some embodiments, the
cross-linking may be less than about 99%, less than about
95%, or less than 85%, which may be useful so that the
polymer coating exhibits a sufficient toughness to avoid
cracking during use and/or handling. In some embodiments
the crosslinking may be in a range from 1% to 99%.

[0102] In at least one embodiment, an epoxide compound
such as, 1,2,5,6-diepoxycyclooctane, may have at least one
highly strained epoxide ring that may be reactive with various
amine groups in the polymer coating. Various alcohols may
be used as effective solvents for amine-epoxide reactions.
Reaction of the at least one highly strained epoxide ring with
an amine group in the coating may result in immobilization of
hydrophobic cyclooctyl rings and hydrophilic hydroxyl
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groups in the coating, leading to the formation of a mixed-
mode stationary phase in the coating. This type of mixed-
mode stationary phase may be employed for various uses,
including, for example, retention of proteins and small mol-
ecules such as drugs under reverse phase and/or normal con-
ditions in an SPE column.

[0103] The amine group is an extremely versatile chemical
reagent with a rich chemistry. Information about some of
these reactions may be found in U.S. patent application Ser.
No. 12/040,638 filed on 29 Feb. 2008, entitled, “Functional-
ized Diamond Particles And Methods For Preparing The
Same,” naming Matthew R. Linford and Gauray Saini as
inventors, which is hereby incorporated herein, in its entirety,
by this reference.

[0104] FIG. 2 describes another embodiment of a method
200 in which all or a portion of the acid-base-resistant shell
particles are coated with polymer material prior to being
adhered to the core particles or to each other (e.g., in a layer-
by-layer process described above). In method 200, step 210
includes applying a polymer coating to acid-base-resistant
shell particles to yield coated particles 214. In step 220,
acid-base-resistant core particles 222 are mixed with the shell
particles 212 using any suitable mixing process. The polymer
coating on the coated shell particles 214 bonds the shell
particles 212 to the core particles 222 to yield an intermediate
composite particle 224. Additional layers of shell particles
may be bonded to intermediate composite particle 224 by
adding a second portion of uncoated shell particles 212, fol-
lowed by a third portion of coated shell particles 214 or
alternatively by coating the composite particles 224 with
polymer material and shell particles as described in steps 110
and 120. As with method 100 of FIG. 1, sonication may be
applied at any time during application of the polymer/shell
particle bilayer. For example, sonication may be applied to
either core particle 222, shell particles 214, or both before
contacting coated shell particles 214 with core particle 222. In
another embodiment, sonication may be applied at the end of
application of the bilayer. More than one bilayer may be
applied, as in FIG. 1. The method 200 may also include
additional curing and/or cross-linking steps as described
above with regard to the method 100. In an embodiment,
characteristics of both methods 100 and 200 may be
employed (e.g., application of a given bilayer as in FIG. 2, and
application of another bilayer as in FIG. 1).

[0105] In one embodiment, the porous composite particu-
late material may include a body of bonded composite par-
ticles. The body may be formed by forming a bed of coated
intermediate composite particles (e.g., composite particles
224) and polymerizing or otherwise joining the individual
composite particles together to form a coherent body. Form-
ing a body of bonded composite particles may better allow the
individual particles to maintain their integrity.

[0106] In other embodiments, some of the core particles
may be coated with polymer material and some of the core
particles may be uncoated. Also some of the shell particles
may be coated with polymer material and some of the shell
particles may be uncoated. In such an embodiment, the
coated/uncoated core particles may be mixed together with
the coated/uncoated shell particles to form a plurality of com-
posite particles.

[0107] FIG. 3 describes a method for forming a body of
bonded composite particles in a vessel according to another
embodiment. In this embodiment, a vessel 302 is provided
that includes an inlet 304 and an outlet 306. A plurality of core
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particles are positioned within the vessel 302 to form a par-
ticle bed 308. The core particles may be retained in the vessel
by a frit 310. In a first step, the vessel 302 is at least partially
filled to form the bed 308. In a second step, the particles in the
bed 308 are at least partially coated with a layer of polymer. In
a third step, a suspension of shell particles is caused to flow
through the bed 308, such as through voids between adjacent
core particles. The shell particles bond to the core particles
through the layer of polymer. Additional porous shell layers
may be added as described above with regard to FIGS. 1 and
2. Sonication may be applied as described above during appli-
cation of the one or more polymer/shell particle bilayers. The
body may be formed by curing and/or cross-linking the inter-
mediate composite particles so-formed while packed in the
vessel as a bed. The bonded composite particles may exhibit
improved structural integrity, which may help prevent shell
particles from being freed during use of the porous composite
particulate material in chromatography.

II1. Porous Composite Particulate Materials

[0108] The porous composite particulate materials
described herein provide desired sizes, porosity, surface
areas, and chemical stability suitable for chromatography and
SPE techniques. When used in chromatography and SPE,
high-resolution separation may be achieved with relatively
low back pressure.

[0109] The porous composite particulate materials include
a plurality of composite particles, with each composite par-
ticle including a core particle at least partially surrounded by
one or more layers of shell particles. The shell particles are
bonded to the core particles by a polymer coating. The shell
particles and/or core particles may be made from the acid-
base-resistant materials described above, including but not
limited to diamond particles, graphitic carbon, glassy carbon,
silicon carbide, boron nitride, tungsten carbide, niobium car-
bide, a binderless carbide (e.g., binderless tungsten carbide),
and combinations thereof. Examples of other acid-base-resis-
tant materials include zirconia, noble metals, acid-base stable
highly cross-linked polymers, titania, alumina, thoria or com-
binations of the foregoing. The porous composite particulate
material may also have any combination of polymers
described above. However, in an embodiment, the polymer
coating that bonds the core particles to the shell particles
and/or the shell particles to themselves is an amine polymer.

[0110] The composite particles may be provided in the
form of finely divided discrete particles (e.g., a powder).
Alternatively, the composite particles may be provided as a
body of bonded composite particles. When the composite
particles are provided as a body of bonded composite par-
ticles, the body may exhibit dimensions suitable for use in a
separation apparatus, such as, but not limited to, separation
devices used in HPLC.

[0111] In one embodiment, the composite particles have a
particle size in a range from less than 0.5 pm, about 0.5 um to
500 pum, more specifically about 1 wm to 200 um, or even more
specifically in a range from about 1 pm to about 150 pm. In
one embodiment, the composite particles have a particle size
in a range from about 1 um to about 10 um, or more specifi-
cally about 1.5 um to about 7 um. This particle range may be
particularly useful for HPLC applications and the like. In
another embodiment, the composite particles can have a par-
ticle size can be in a range from about 5 um to about 500 um,
or more specifically in a range from about 10 pm to about 150
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um. This larger particle range may be more suitable for use in
solid phase extraction applications and the like.

[0112] The composite particles may include a desired sur-
face area. The surface area may depend on core and shell
particle size, number of porous shell layers, and particle
geometry. However, the surface area of the composite par-
ticles is higher than a similarly sized core particle due to the
additional surface area provided by the shell particles. In an
embodiment, the surface area may be measured using the
Brunauer Emmett and Teller (“BET”) technique and is in a
range from 1-500 m*/g for composite particles having a par-
ticle size in a range from about 1 pm to 500 um, more spe-
cifically in a range from 25-300 m*/g, or even more specifi-
cally 50-200 m*/g. In one embodiment, the composite
particles have a particle size in a range from about 0.5 pm to
10 pm may have a surface area in a range from about 10-500
m?/g, more specifically in a range from 25-200 m?/g, and
even more specifically in a range from 25-60 m*/g. In another
embodiment, composite particles having a particle size of at
least about 0.5 um (e.g., about 10 um to 250 pm) may have a
surface area of at least about 5 m*/g (e.g., about 5-200 m*/g,
more specifically about 10-100 m*/g, or even more specifi-
cally about 50-150 m*/g). In yet another embodiment, com-
posite particles having a particle size in a range from about
250 um to about 500 um may have a surface area at least about
5 m*/g, and even more specifically at least about 10 m?/g for
composite particles with a particle size in a range from about
250 um to about 500 pm.

[0113] In a more detailed embodiment, a composite par-
ticle including a diamond core particle having a size of about
2.5 um to about 5 um and 1-50 porous shell layers of diamond
shell particles having a particle size of about 5 nm to about 50
nm may have a surface area of about 1 m*/g to about 60 m*/g.
In a more specific embodiment, a composite particle includ-
ing a diamond core particle having a size of about 2.5 pum and
10-50 porous shell layers of diamond shell particles having a
particle size of about 5 nm to about 10 nm may have a surface
area of about 14 m*/g to about 60 m*/g. In another more
specific embodiment, a composite particle including a dia-
mond core particle having a size of about 5 um and 10-50
porous shell layers of diamond shell particles having a par-
ticle size of about 5 nm to about 10 nm may have a surface
area of about 7 m*/g to about 33 m?/g.

[0114] FIG. 4 illustrates a composite particle that includes
a plurality of polymer layers according to another embodi-
ment. A first polymer coating 402 may be applied on an
acid-base-resistant core particle 404. The polymer coating
402 and shell particles 403 may be formed using steps 110
and 120 as described above. Another polymer layer is formed
by adding a functional polymer layer 406 and a second poly-
mer coating layer 408. The polymer layers 402 and 408 are
binding layers selected for bonding the shell particles to the
core particles and/or the shell particles to the shell particles.
The functional layer 406 is a polymeric layer that imparts a
desired functionality to the composite particle. The polymers
that are used to make the functional layer 406 may be selected
from the polymers mentioned above that are useful for form-
ing layers 402 and 408. However, the use of multiple polymer
layers allows the selection of two or more different polymers
to form the composite thereby allowing the different polymer
layers to be optimized for different purposes. Typically, the
layers 402 and 408 are selected for bonding polymers
together and the functional polymer layer 406 is selected for
providing a separate function such as, but not limited to



US 2014/0182771 Al

properties related to separation efficiency. In one embodi-
ment, the functional polymer layer 406 may be an anionic
polymer.

[0115] In some embodiments, an additional particulate
component may be embedded in the porous shell layers of the
shell particles. The additional particulate component may be
any organic or inorganic material that provides a desired
property to the porous composite particulate material. In one
embodiment, the additional component may be initially
included in the manufacture of the composite particles but
then removed. For example, the porous shell layers may
include silica particles that exhibit a selectivity to be removed
over more acid-base-resistant particles, such as diamond,
graphite, or boron nitride shell particles. This method may
allow a composite particle to be formed with particular struc-
tural features. Alternatively, the additional component may be
included with the purpose of removing or eluting out the
component during use. For example, the additional compo-
nent may be configured to elute out over time in the presence
of'a mobile phase.

[0116] Inone embodiment, the additional component may
be a particle that has affinity for a drug or other chemical
reagent. In one embodiment, the additional component may
include a catalytic reagent. The additional component may be
included in the core particles and/or the layers of shell par-
ticles.

IV. Separation Apparatuses and Methods

[0117] FIG.5isacross-sectional view ofa separation appa-
ratus 500 according to an embodiment. The separation appa-
ratus 500 may include a column 502 defining a reservoir 504.
A porous body 506 (e.g., a porous composite bed, porous
disk, other porous mass, etc.) may be disposed within at least
a portion of the reservoir 504 of the column 502. The porous
body 506 may comprise any of the porous composite particu-
late materials disclosed herein in bonded or powder form. The
porous body 506 is porous so that a mobile phase carrying an
analyte mixture may flow therethrough. In various embodi-
ments, a frit 508 and/or a frit 510 may be disposed in column
502 on either side of porous body 506. The frits 508 and 510
may comprise any suitable material that allows passage of a
mobile phase and any solutes carried by the mobile phase,
while preventing passage of the composite particulate mate-
rial present in porous body 506. Examples of materials used
to form the frits 508 and 510 include, without limitation,
glass, polypropylene, polyethylene, stainless steel, titanium,
and/or polytetrafluoroethylene.

[0118] The column 502 may comprise any type of column
orother device suitable for use in separation processes such as
chromatography and solid phase extraction processes.
Examples of the column 502 include, without limitation,
chromatographic and solid phase extraction columns, tubes,
syringes, cartridges (e.g., in-line cartridges), and plates con-
taining multiple extraction wells (e.g., 96-well plates). The
reservoir 504 may be defined within an interior portion of the
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column 502. The reservoir 504 may permit passage of various
materials, including various solutions and solvents used in
chromatographic and solid-phase extraction processes.

[0119] The porous body 506 may be disposed within at
least a portion of reservoir 504 of the column 502 so that
various solutions and solvents introduced into the column 502
contact at least a portion of the porous body 506. The porous
body 506 may comprise a plurality of substantially non-
porous particles in addition to the composite porous material.
[0120] Incertain embodiments, fits, such as glass frits, may
be positioned within the reservoir 504 to hold porous body
506 in place, while allowing passage of various materials
such as solutions and solvents. In some embodiments, a frit
may not be necessary, such as the body of bonded-together
composite particles as described above with reference to FIG.

[0121] Inone embodiment, the separation apparatus 500 is
used to separate two or more components of an analyte mix-
ture carried by a mobile phase by causing the mobile phase
carrying the analyte mixture to flow through the porous body
506. The mobile phase is introduced through an inlet and
cause to flow through the porous body 506 and the separated
components may be recovered from the outlet 512.

[0122] Inone embodiment, the mobile phase includes con-
centrated organic solvents, buffers, acids, or bases. In one
embodiment, the mobile phase includes a concentrated acid
with a pH less than about 3, more specifically less than about
2. In another embodiment, the mobile phase includes a base
with a pH greater than about 9, more specifically greater than
about 11, and even more particularly greater than 12.

[0123] Inone embodiment, the separation apparatus 500 is
washed between a plurality of difterent runs where samples of
mixed components are separated. In one embodiment, the
washing may be performed with water. In another embodi-
ment, a harsh cleaning solvent is used. In this embodiment,
the harsh cleaning solvent may be a concentrated organic
solvent and/or a strong acid or base. In one embodiment, the
cleaning solvent has a pH less than about 3, more specifically
less than about 2. In another embodiment, the cleaning sol-
vent has a pH greater than about 10, more specifically greater
than about 12, and even more particularly greater than 13.

V. Examples

[0124] Thefollowing examples are for illustrative purposes
only and are not meant to be limiting with regards to the scope
of'the specification or the appended claims. For example, the
present disclosure and claims are not limited to the use of
glassy carbon spherical core particles and nano-sized dia-
mond shell particles, unless otherwise specified.

Reagents and Materials

[0125] Table 1 describes the chemicals and materials used
to create and test various produced stationary phase compos-
ite particles.

TABLE 1

Chemicals and Materials Used

chemical name CAS No.” manufacturer location purity
acetaminophen 103-90-2 Sigma-Aldrich St. Louis, MO BioXtra, =99.0%
acetonitrile 75-05-8 EMD Gibbstown, NJ HPLC grade



US 2014/0182771 Al

11

TABLE 1-continued
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Chemicals and Materials Used

chemical name CAS No.# manufacturer location purity

amitriptyline hydrochloride 549-10-8 Restek St. Louis, MO =98%

benzenoid hydrocarbon kit Supelco St. Louis, MO varied by analyte
4-bromophenol 106-41-2 Sigma-Aldrich St. Louis, MO 99%
2-tert-butyl-4-methylphenol 2409-55-4 Sigma-Aldrich St. Louis, MO 99%

2-chlorophenol 95-57-8 Sigma-Aldrich St. Louis, MO 98%

4-chlorophenol 106-48-9 Sigma-Aldrich St. Louis, MO =99%

cholesterol 57-88-5 Sigma-Aldrich St. Louis, MO approx 95%
clomipramine 303-49-1 Sigma-Aldrich St. Louis, MO =98%

cydohexanol 109-93-0 Fisher Scientific Fair Lawn, NT reagent grade
diazepam 439-14-5 Sigma-Aldrich St. Louis, MO 98%

diazinon 333-41-5 Fluka Steinheim, Germany Pestanal,
1,2,7,8-diepoxyoctane 2426-07-51  Sigma-Aldrich St. Louis, MO 97%
2,6-diisopropylphenol 2078-548 SAFC Supply Solutions St. Louis, MO 97+%

doxepin hydrochloride 1229-29-4 Sigma-Aldrich St. Louis, MO

1,2-epoxyoctadecane 7390-81-0 Alfa Aesar Ward Hill, MA technical grade, 90%
imipramine 50-49-7 Sigma-Aldrich St. Louis, MO BioXtra, a = 99.0%
isopropy!l alcohol 67-63-0 Mallinckrodt Baker Inc. Phillipsburg, NJ ChromAR

methanol 67-56-1 Fisher Scientific Fair Lawn, NT HPLC grade
4-methylphenol 106-44-5 Supelco St. Louis, MO analytical standard
nanodiamondond Advanced Abrasives Corp.  Pannsauken, NJ 8.32 wt %, 0-100 nm
phenol phenol 108-95-2 Sigma-Aldrich St. Louis, MO ~99%
poly(allylamine), 30551-89-4  Sigma-Aldrich St. Louis, MO 20 wt % in water
poly(allylamine), 30551-89-4  Sigma-Aldrich St. Louis, MO 20 wt % in water
spherical glassy carbon, Supelco St. Louis, MO prototype material,
tetramethylammonium 75-59-2 Sigma-Aldrich St. Louis, MO 24 wt % solution in water
triethylamine 121-44-8 Mallinckrodt Baker Inc. Phillipsburg, NJ 99.50%

Triton X-100 9002-93-1 Fisher Scientific Fair Lawn, NT electrophoresis grade
water 7732-18-5 From a Millipore system Billerica, MA 18 MQ resistivity (Milli-q
xylenes 1330-20-7 Mallinckrodt Baker Inc. Phillipsburg, NJ ACS grade

[0126] Empty stainless steel HPLC columns (30 mmx4.6 (This is an arbitrary number commonly used in SEM that has

mm i.d. with 0.5 pm frits) were obtained from Restek, Belle-
fonte, Pa., and 50 mL centrifuge tubes were obtained from
Sarstedt, Newton, N.C. All analyte solutions were prepared
by mixing about 20 pL. of an analyte in 15 mL of acetonitrile.

Instrumentation

[0127] HPLC instrumentation included a dual wavelength
detector (Model No. 2487), a binary HPL.C pump (Model No.
1525), and a column oven (Model Number SCH) all from
Waters Corporation, Milford Mass. The L.C system was run
using Breeze, Version 3.3 Software. To calculate efficiencies,
the software measured the full width at half-maximum
(fwhm) of a peak and employed the equation, N=5.54(Rt/W |,
2)?. Separations performed at the University of Tasmania
were done using a Waters Alliance HPLC. A dual wavelength
detector (Model No. 2487) was used for detection and the
pump, autosampler, and column oven were all part of a 2695
Separations Module. The system was run using Empower,
Version 2 software and efficiencies were calculated using the
fwhm method.

[0128] Column Packer: Pack-in-a-Box, 10,000 psi pump
(Chrom Tech, Inc., Apple Valley, Minn.). All separations were
performed under isocratic conditions. For the high and low
pH separations, the pH ofthe water was set to 11.3 by addition
0t 0.1% (v/v) triethylamine; 13.0 by addition of tetramethy-
lammonium hydroxide; or 2.7 by addition of formic acid.
Analytes were injected using a 20 ul. sample loop.

[0129] Scanning electron microscope: Philips XL.30
ESEM FEG (FEI Corporation, Hillsboro, Oreg.). Samples for
SEM were prepared by placing a slurry of particles directly on
a stub and then drying the samples in an oven. Imaging was
done under high-vacuum conditions with a spot size of 3

no units. This number represents the size of the aperture that
allows electrons through for imaging).

[0130] Surface area analyzer (Brunauer-Emmett-Teller
(BET) isotherm measurements): Micromeritics TriStar 11
(Micromeritics Instrument Corporation, Norcross, Ga.). Spe-
cific surface areas of the samples were determined from N,
adsorption at 77 K. The samples were degassed at 200° C. for
12 hr. prior to data collection.

[0131] Particle size distribution analyzer: Beckman
Coulter LS 13 320 Multi-Wavelength Particle Size Analyzer
(Beckman Coulter, Inc., Brea, Calif.). Particle size distribu-
tions were obtained by placing drops of a suspension of
particles in an analysis bath.

[0132] X-ray photoelectron spectroscopy (XPS) was per-
formed with an SSX-100 instrument from Surface Sciences
(maintained by Service Physics in Bend, Oreg.) using an Al
Ka source and a hemispherical analyzer. An electron flood
gun was employed for charge compensation, and this charge
compensation was further enhanced with a fine Ni mesh
approximately 0.5-1.0 mm above the surface of the sample.
Survey scans, as well as narrow scans, were recorded with an
800 umx800 um spot. Carbon powders were mounted onto
double-sided tape adhered to silicon wafers for XPS analysis.

[0133] Static time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS) was performed on an ION TOF 1V instru-
ment (Munster, Germany) with a 25 keV Ga* source and a
200 umx200 pm sample area. For ToF-SIMS analysis, the
carbon powders were mounted onto double-sided tape
adhered to silicon wafers.

[0134] Raman spectroscopy was performed on a Chromex
Raman 2000 instrument (Billerica, Mass.) with a 532 nm
laser, the CCD was cooled to —40° C., and the slit width was
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set at 100 um. Raman spectra were obtained using conven-
tional methods; loose powder was placed in a sample vessel
and analyzed.

Particle Preparation

[0135] Particles were prepared using a layer-by-layer
(“LbL”) procedure. About 0.5 g of spherical carbon particles,
about 3 um in diameter were suspended in 40 mL of a 1:1
water:methanol (H,0:MeOH) mixture containing 3.3 mL of
a 65,000 M,, poly(allylamine) (PA Am) solution, as obtained
from the vendor. The particles were stirred for 24 hr. in this
solution. The particles were then placed in a 50 mL screw cap
plastic centrifuge tube, centrifuged at 5000 rpm, and rinsed
three times with the 1:1 H,0O:MeOH solution. Nano-diamond
(1.5 mL of a 8.32 wt % slurry) was then added to the PAAm
coated particles that were suspended in about 40 mL of the
rinse solution. The solution with the partially coated particles
and nano-diamond was shaken by hand for 5 min and allowed
to settle for 1 min. It was then centrifuged and rinsed twice
with the 1:1 H,0:MeOH mixture to remove excess nano-
diamond from the particles. To these particles, now coated
with a layer of PAAm and nano-diamond, was added 1.5 mL
of'a 7.5 wt % aqueous solution of PAAm (17,000 M, ).
[0136] The particles were again agitated by hand for 5 min
and allowed to settle for 1 min. Excess PAAm was removed
by centrifuging the particles and rinsing three times with the
same H,O0:MeOH mixture. Deposition of nano-diamond
(8.32 wt % slurry) and PAAm (17,000 M, ) was subsequently
performed in alternating steps until the desired thickness of
the porous shell was reached, terminating in a PAAm coating.
Sixty discrete depositions were performed to form the poly-
mer-nano-diamond bilayer shell (i.e., 30 polymer depositions
and 30 nano-diamond depositions). The resulting 4 um com-
posite particle included a 0.5 pm thick shell, formed by apply-
ing 30 bilayers. There appeared to be an induction period in
which the surface was only partially covered during applica-
tion of the first few bilayers, after which deposition appeared
to proceed with greater regularity. The thickness was mea-
sured periodically during particle growth by scanning elec-
tron microscopy.

Sonication

[0137] Inan effort to improve the particle size distribution,
two other batches of particles were prepared. One batch of
core particles was sonicated after the initial PAAm deposi-
tion, but prior to nano-diamond deposition, using a Sonifier
Cell Disruptor (Heat Systems Co., Model: W1850, Melville,
N.Y.). The particles were sonicated in 1 min intervals until
they had been sonicated for a total of 5 min. Sonication was
performed with the particles in the centrifuge tube that would
later be used for deposition. Between sonications, the centri-
fuge tube was immersed in ice water for 1 min to prevent
overheating of the sample. Other than this initial sonication,
the particles were functionalized, cross-linked, and tested in
the same manner as the previous batch of cross-linked par-
ticles. This resulted in particles with an improved particle size
distribution (PSD) over the previous, non-sonicated batch.
[0138] Another batch of particles was prepared where soni-
cation was performed after every PAAm deposition until the
desired shell thickness was reached. Otherwise, these par-
ticles were prepared in the same manner as the previous
batches. This approach yielded the tightest PSD of the three
preparation methods.
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[0139] Compared to the uncoated particles, all of the syn-
theses procedures for applying nano-diamond particles
resulted in a significant increase in the mass and volume of the
particles after the layer-by-layer depositions.

Particle Functionalization

[0140] Core-shell composite particles made through depo-
sition of 30 PAAm/nano-diamond bilayers, and terminated
with a PAAm coating, were rinsed three times in 2-propanol
and three times in 1:1 cyclohexanol:xylenes. The particles
were then placed in about 15 g of the cyclohexanol:xylenes
solution to which functionalizing agents were added. To pre-
pare a non-cross-linked phase, 10 wt % of 1,2-epoxyoctade-
cane was added. This was reacted with the particles in a
round-bottom flask, which was fitted with a water-cooled
condenser and heated to 130° C. for 54 hr. For the cross-
linked phase both 10 wt % of 1,2-epoxyoctadecane and 0.5 wt
% of 1,2,7,8-diepoxyoctane were added. The diepoxide
served as the cross-linker. The reaction conditions were the
same in the preparation of the cross-linked and the non-cross-
linked particles.

[0141] The reaction mixtures were allowed to cool to room
temperature. Excess functionalizing reagent was removed by
rinsing and centrifuging three times with the cyclohexanol:
xylenes solution, three times with 2-propanol, and three times
with a 1% (v/v) aqueous solution of Triton X-100.

Particle Sieving

[0142] After particle functionalization, the particle size dis-
tribution was measured. In the nonsonicated material, there
were about 100 um agglomerates. Because of this, the par-
ticles, in an aqueous solution of Triton X-100 (1% v/v) which
worked as a dispersant, were passed through a 40 um sieve,
which removed most of the larger agglomerates. Although
improved, the particle size distribution was still far from
uniform (see FIG. 18A). After sieving, the particles were
concentrated by centrifugation.

Column Packing

[0143] Packing was performed by suspending the particles
in 12 mL of an aqueous solution of Triton X-100 (1% v/v).
The Triton solution was also used as the pushing solution
during packing The slurry was poured into the packing cham-
ber which had a 30 mmx4.6 mm i.d. column attached at its
end. The maximum packing pressure was set at 7000 psi
(8500 psi for the sonicated particles). Packing occurred over
a 25 min period and the pressure was released gradually over
a 30 minute period.

[0144] Another column (50 mmx4.6 mm i.d.) was packed
at the University of Tasmania using a pump from Haskel
(Burbank, Calif.). The particles were suspended in 2-pro-
panol and packed at 8000 psi until 25 mL of packing solvent
had passed through the column. An insufficient volume of
particles was used on the first attempt, so the column was
repacked with a mixture of new and previously packed d,=4
um particles. This second attempt was successful.

Stability Tests

[0145] Two stability tests were performed on the cross-
linked material. The first was run under the following condi-
tions: flow rate, 0.5 ml./min, mobile-phase composition,
40:60 H,O0:ACN with 0.1% (v/v) triethylamine in the aque-
ous portion of the mobile phase to set the pH at 11.3; tem-
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perature, 35.0° C. The test occurred over 1600 column vol-
umes. A stability test at pH 13.0 was then performed on this
column. The mobile phase was 40:60 H,O:ACN, with 1%
(v/v) of the tetramethylammonium hydroxide solution (Table
1) in the aqueous component to raise the pH to 13. The
column temperature was 35.0° C. The test occurred over 1000
column volumes. The analytes used for these tests were from
abenzenoid hydrocarbon kit and included benzene, ethylben-
zene, n-butylbenzene, and n-hexylbenzene. After the stability
tests, the HPLC system was flushed with ACN or MeOH and
water for many minutes to remove the corrosive material that
might damage the pump and/or detector flow cell. After use,
the columns were also flushed with the same mobile phase
and stored under MeOH between uses.

UHPLC and Sandwich Injection

[0146] An UHPLC system, Agilent Infinity 1290, with a
diode array detector (Model No. G4212A, detection at 254
nm), an LC pump (Model No. G4220A), a column oven
(Model No. G1316C), and an autosampler (Model No.
G4226A), was used. This system was run with Chem Station
Software, version B.04.03, and measurement of the fwhm by
the software was used to calculate efficiencies. A “sandwich”
injection on this system was performed using a mixture of
alkylbenzenes. To with, a 5 pL. sample of an alkylbenzene
analyte mixture was injected between 7 pl. volumes of water
onto the d, =4 pm column (see FIG. 18C) at 80° C. using a pH
11.3 mobile phase, with a flow rate of 1.0 m[./min.

Characterization of Core Particles and the LbL Process

[0147] The glassy carbon core particles were characterized
by scanning electron microscopy (SEM), X-ray photoelec-
tron spectroscopy (XPS), time-of-flight secondary ion mass
spectrometry (ToF-SIMS), and Raman spectroscopy. SEM
showed that the glassy carbon cores were largely spherical
(FIG. 6A).

[0148] XPS analyzes the upper approximately 10 nm of a
material, and gives insight into the elemental composition of
surfaces of materials. An XPS survey scan (FIG. 7) of the core
carbon material showed two main peaks from carbon (Cls)
and oxygen (O1s), carbon comprising 83% of the surface, and
oxygen the remaining 17%. These atomic percentages were
acquired through XPS narrow scans. The presence of oxygen
may aid in adherence of PAAm to the core particles.

[0149] ToF-SIMS, a form of surface mass spectrometry,
provides chemical information about the upper approxi-
mately 3 nm of a surface and is sensitive to all elements.
Consistent with the XPS, negative ion ToF-SIMS of the core
particles showed fairly intense O~ and OH~ peaks. It also
showed the expected C~, CH™, C,~, and C,H" signals (FIG.
8).

[0150] Raman spectroscopy gives the analyst information
about the degree of sp®- or sp>-bonding in a bulk carbon-
aceous material. The Raman spectrum in FIG. 9 contains four
distinct peaks labeled 1-4. Peak 1 represents the T band. It is
centered around 1050 cm™ and can be assigned to sp’-
bonded carbon. Peak 2 is designated as the disorder-induced
band (or D band). It is centered at approximately 1350 cm™
and is also due to sp>-bonded carbon (diamond-like carbon).
Peak 3 is designated as the G band and is centered around
1580 cm™'. It is attributed to sp-bonded carbon (graphitic
type bonding). Peak 4, which is centered around 2700 cm™,
is the G' band, which is an overtone of the D band. It is clear
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from this spectrum that both sp>- and sp>-hybridized carbon
are present in the glassy carbon particles.

[0151] To track and illustrate the coating process on a
spherical carbon material, core-shell particles were prepared
with nano-diamond larger than those used for the packed
pellicular phases. This made it easier to follow the LbL pro-
cess by SEM (see FIGS. 6A-6G). It is clear from FIGS.
6A-6G that the core material is nearly completely coated after
five bilayer deposition cycles and that nano-diamond deposi-
tion progresses steadily from deposition to deposition. It
should also be noted that, despite referring to the deposition
process as “layer-by-layer,” a complete layer is not necessar-
ily obtained after each deposition, which is consistent with
previous results. Finally, note that the spherical carbon mate-
rial used to obtain the SEM images in FIGS. 6A-6G, is dif-
ferent from that employed for the packings used in the chro-
matographic studies in this paper. Nevertheless, the material
shown in FIGS. 6A-6G is representative, as the LbL applica-
tion of bilayers of PAAm and nano-diamond proceeds on
micrometer-sized generally spherical glassy carbon particles.

Non-Cross-Linked, Hydrophobic Phase

[0152] The first batch of core-shell particles made from
generally spherical carbon cores and bilayer PAAm/nano-
diamond shells was not cross-linked. In the formation of these
(and subsequent) particles, the PAAm was expected to
deposit as an ultrathin film in a self-limiting fashion. The
primary amines from the PAAm in the shell layer were only
reacted with monofunctional 1,2-epoxyoctadecane resulting
in a C, 4 phase. Chromatography was performed on a column
packed with this stationary phase using alkylbenzene ana-
lytes (1) benzene, (2) ethylbenzene, (3) n-butylbenzene, and
(4) n-hexylbenzene. Mobile phase was 40:60 H,O:ACN with
0.1 (v/v) % triethylamine, pH 11.3. Flow rate 0.5 ml./min.
Column temperature 35° C. Detection at 254 nm. Under all
conditions explored, peaks showed a large amount of fronting
regardless of analyte concentration. This may be due to non-
uniform column packing. Moreover, the non-cross-linked
column showed a rapid increase in back pressure over a short
period of time which indicated mechanical instability of this
material.

[0153] During experimentation with this column, the flow
rate was doubled from 0.5 to 1.0 mL/min. Upon returning to
the original flow rate, the back-pressure had increased sig-
nificantly from 2040 to 3620 psi. After this experiment, the
back-pressure steadily increased over a 6 hr. period to 4570
psi. At this point, the experiment was terminated.

Cross-Linked, Hydrophobic Phases

[0154] The surface area of the cross-linked particles was
44.2 m*/g as measured by BET isotherm measurements. The
particles had a mean pore size of 28 nm and a pore volume of
0.356 cm’/g.

[0155] To determine the effect of cross-linking, the station-
ary phase was reacted with 1,2-epoxyoctadecane under the
same conditions as described above, but with the addition of
a small amount of cross-linker: 1,2,7,8-diepoxyoctane. The
resulting cross-linked stationary phase was then packed
under the same conditions as the previous column. From the
chromatography, it was immediately clear that this phase was
less hydrophobic than the non-cross-linked phase, which
would be consistent with the incorporation of the diepoxide
into the stationary phase. That is, the diepoxide, which con-
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tains eight carbon atoms and will yield two hydroxyl groups
upon reaction with PAAm, is less hydrophobic than 1,2-
epoxyoctadecane, which contains eighteen carbon atoms and
will only yield one —OH group when it reacts with PAAm.

[0156] For example, under the same conditions used with
the non-cross-linked column (mobile phase and pressure), the
last eluting peak, n-hexylbenzene, eluted about 1.5 minutes
earlier. FIG. 10 shows the chromatogram of alkylbenzenes on
the column packed with the cross-linked stationary phase.
Peak 1 corresponds to benzene, peak 2 to ethylbenzene, peak
3 to n-butylbenzene, and peak 4 to n-hexylbenzene. There
were also immediate indications that this cross-linked mate-
rial would be stable over a longer period of time, as evidenced
by an ability to increase and decrease repeatedly and repro-
ducibly the mobile-phase velocity. A plot of the resulting
linear relationship between pressure and flow is shown in
FIG. 11.

[0157] To compare the hydrophobicity of the present mate-
rials to the hydrophobicity of other materials, log k was cal-
culated for a series of alkylbenzenes: benzene, toluene, eth-
ylbenzene, n-butylbenzene, and n-hexylbenzene, and then fit
the data to the equation:

log k=a(CH,)C,,+p(Ph) (6)

[0158] where a(CH,) and p(Ph) are the retention incre-
ments for the methylene and phenyl groups respectively, and
C,, is the number of carbon atoms in the side chain of the alkyl
benzene. The interaction of the stationary phase with the
phenyl group will give the y-intercept and that with the meth-
ylene units will provide the slope. The value of a(CH,) thus
gives an indication of the hydrophobicity of a column.

[0159] One column (4 um mean particle size, 30 mmx4.6
mm id. column, see FIG. 18C) that was used for many months
prior to this test was evaluated and gave an a(CH,) of 0.15
under 40:60 (0.1% TEA):ACN at 30° C. Another column (4
um mean particle size, 50 mmx4.6 mm id. column) was tested
at the beginning of its lifetime and gave an a(CH,) of 0.19
under 55:45 H,O:ACN at 60° C. This difference in a(CH,)
values is attributed to different mobile-phase conditions, col-
umn ages, and operating temperatures. These data were com-
pared to data for a Spherisorb ODS-2 octadecyl-modified
silica gel. From the retention factors of alkylbenzenes that
were separated in a 20 mM sodium phosphate buffer (pH
7.0): ACN mobile phase (40:60 v/v) at 30° C. an o(CH,) value
01'0.17 was calculated. This comparison points to a substan-
tial hydrophobic (RP) character for the materials.

[0160] As a further note of comparison, the initial back-
pressure for the column containing the cross-linked phase
was 940 psi, while the starting pressure for the column con-
taining the non-cross-linked phase was 2040 psi. Both col-
umns were packed under identical conditions. These results
for the non-cross-linked particles suggest mechanical insta-
bility during packing, which would lead to clogging ofthe frit
or the interstitial spaces between the particles by fines, pos-
sibly sloughed off the particles during column packing. How-
ever, even the back pressure from the column containing
cross-linked material was higher than might be expected for a
column containing 4 um particles. To probe this issue, the
back frit (closer to the detector) from one such column, which
had been used extensively, was removed and analyzed by
SEM. The resulting micrographs suggested plugging of the
frit (FIGS. 12A and 12B). FIG. 12 A shows the frit unused and
FIG. 12B shows the frit clogged with particles. The data point
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to plugging resulting from fines that were not removed prior
to packing, rather than damage to the particles during pack-
ing.

[0161] Stability at pH 11.3: The first stability test per-
formed on the cross-linked column took place over 1600
column volumes of mobile phase at pH 11.3. The flow rate
was 0.5 m[/min, and the column temperature was 35° C. An
analyte mixture containing benzene, ethylbenzene, n-butyl-
benzene, and n-hexylbenzene was used to probe the column
during this test. The trial ran over a 26.6 hr. period and
resulted in a decrease in k of 4.2-6.1% (FIG. 13). The effi-
ciency (N/m) of the column decreased initially; however, it
recovered and over the length of the test there was no overall
decrease in its efficiency (FIG. 13).

[0162] Stability at pH 13.0: A second stability test was then
performed on this same column at pH 13.0 using the same
analyte mixture (FIG. 14). The mobile phase was 40:60 H,O:
ACN with the aqueous portion set at pH 13.0 by addition of
1% (v/v) tetramethylammonium hydroxide solution. The
flow rate for this stability test was 0.5 ml./min, and the col-
umn temperature was 35° C. Over the course of this stability
test, only a slight decrease (about 1%) in k was seen. Given
the scatter in the data, it was not possible to conclude whether
the efficiencies of the columns increased or decreased; they
remained nearly constant (e.g., #3%).

[0163] Van Deemter Study and Instrument Response: The
reasonable back-pressures of this column opened the possi-
bility of varying flow rates enough to obtain van Deemter
curves. For this study, the mobile phase was the same as that
used for the first stability test (pH 11.3). An analyte mixture of
benzene, ethylbenzene, n-propylbenzene, and n-butylben-
zene was used, and measurements were taken every 0.1
mlL/min from 0.1 to 12 ml/min. Table 2 below shows the
results of this van Deemter study, and FIG. 15 shows a rep-
resentative van Deemter curve for n-butylbenzene, the best
performing analyte in this study. In FIG. 15, the raw data is
shown by circles, with diamonds representing residuals to the
data. The lines and curves between these data lines represent
the fitted A, B, and C terms also shown in Table 2.

TABLE 2

Van Deemter Terms and Optima for Each Analyte

B C

(m * (um * flow
mlL/ min/ rate,,, He,r
A (um) min) mL) R? (mL/min)  (um)
benzene 845 231 228 0.99955 0.32 23.0
ethylbenzene 636  2.62 18.8 0.99924 0.37 20.4
n-propylbenzene 571 2.74 174 0.99967 0.40 19.5
n-butylbenzene 3.89 325 16.8 0.99958 0.44 18.6

[0164] The optimal plate height and flow rate for n-butyl-
benzene from the fitted van Deemter data were 18.6 pm
(which equates to about 53,800 N/m) and 0.44 m[./min. The
best efficiency for a single injection of n-butylbenzene was
56,000 N/m at 0.5 mL/min. As shown by the data of Table 2,
a trend in this van Deemter study was that the A and C terms
decreased as the analytes increased in molecular weight. Also
shown in Table 2 is that with increasing analyte molecular
weight, the optimal mobile-phase flow rate increased. Fur-
thermore, the improvements observed in efficiency with
retention, which in the present case also corresponds to ana-
lyte molecular weight, are consistent with extra column con-
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tributions to band broadening. The HPL.C system used in this
work had a dead volume of about 100-105 pL., which was
within the specifications for this instrument. However, for
earlier eluting analytes on short columns, the L.C appeared to
contribute to decreased efficiencies.

[0165] The plate counts (N/m), which represent theoretical
efficiencies, observed on this column are higher than those for
phases previously created by the present inventors, despite
previous phases having smaller particle sizes. The peaks also
appear to have good asymmetries, although some of them
show some fronting. Symmetry factors, which appeared to be
low, were not calculated for the separations in the van
Deemter study because the peaks were not fully baseline
separated (FIG. 16).

[0166] A “sandwich” injection of an alkylbenzene analyte
mixture was done on a UHPLC system (Agilent Infinity
1290) with the pH 11.3 mobile phase used for the stability test
in FIG. 13. The column used was the one corresponding to
FIG. 18C. This UHPLC system was expected to have sub-
stantially lower extra column band broadening contributions
than the HPLC system used for other separations by the
present inventors. This separation, which was performed
once, pointed to the potential efficiencies of diamond-based
phases when used under more optimized conditions. In the
resulting chromatogram (FIG. 17), benzene, ethylbenzene,
n-butylbenzene, n-hexylbenzene, n-octylbenzene, and n-de-
cylbenzene showed efficiencies of 117,000 N/m; 120,100
N/m; 111,400 N/m; 80,900 N/m; 52,100 N/m; and 21,400
N/m, respectively.

[0167] PSDsand SEMs of Particles and PSD Improvement:
The reduced plate height, h=H/d,,, where d,, is the average
particle diameter, of a well-packed column of good particles
is typically 2. Accordingly, higher than desired values of h
(about 5 based on a projected particle size of 4 pm) were
concerning. In addition, there was surprise that the C term had
contributed so significantly to overall plate height because the
stationary phase was based on a core-shell particle.

[0168] To obtain greater insight into these issues, the par-
ticles’ size distribution (“PSD”) was measured. Despite start-
ing with a material having a 3 um average particle size and a
shell thickness of 0.5 um (4 pum total), measurements showed
amean particle size of 14.0 um and a Dy, | , (skewness) of 3.9
after functionalization. This less-than-ideal PSD is shown in
FIG. 18A. The Van Deemter curves shown in FIGS. 18A-18C
are for n-butylbenzene, and the data is presented in a similar
manner as described relative to FIG. 15. Units for the A, B,
and C terms are in pum, pm-ml./min, and pm-min/ml, respec-
tively. Scanning electron microscopy also suggested the pres-
ence of agglomerates in this material (FIGS. 19A-19D).
[0169] In order to create a new batch of particles with the
same cross-linked/C, ¢ functionality, but with fewer agglom-
erates sonication was employed. In this effort, the particles
were sonicated after the first PAAm coating (before the first
nano-diamond deposition). After sonication, a substantially
improved PSD was obtained (FIG. 18B), and the mean d,, of
this batch was 5 pm. The column was characterized as before,
and the resulting van Deemter curve showed the expected
flattening of the C term. Where the C term for the previous
particles was 16.8, the C term for the sonicated particles of
FIG. 18B was 10.2. The A term for the sonicated material
increased, which suggests that the packing procedure may be
improved upon. The d,;, d,,, dso, dgg, and dy, values were
3.590 um, 4.001 pm, 4.928 pm, 8.298 um, and 13.20 pm,
respectively.
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[0170] A third batch of particles was then created, where
sonication was employed after every PAAm deposition (i.e.,
30 sonication steps). This batch showed an even better PSD,
with a mean d,, of 4 um (FIG. 18C). The C term for these
particles was even lower than before (4.84), and the A term
remained high (17.0). The d,;, d,,, dso, dgg, and dgg values
were 0.279 um, 3.076 um, 3.901 um, 5.015 um, and 7.160 pum,
respectively. A reduction in the A term could likely be
achieved through improving the packing procedure.

Retention and Separation of Various Analytes

[0171] Retention of Amitriptyline, Cholesterol, and Diazi-
non at pH 11.3: Diazinon (a pesticide), amitriptyline (a basic
drug), and cholesterol (a lipid) were retained on the column
corresponding to FIG. 18B. Better efficiencies and decreased
asymmetries were seen at 60° C. as compared to 35° C.
(FIGS. 20A-20D).

[0172] Retention of Amitriptyline and Three Organic Acids
under Acidic Conditions: Under acidic conditions (40:60
0.1% formic acid: ACN) different retention mechanisms were
seen for amitriptyline and various organic, aromatic acids.
Amitriptyline was unretained at 35° C. and 60° C. It is
believed that ion repulsion was occurring between amitrip-
tyline and the stationary phase, which interaction overrode
the hydrophobic character of the stationary phase.

[0173] Retention of toluic, benzoic, and p-chlorobenzoic
acids was seen using a 100% methanol mobile phase contain-
ing 0.5 mM formic acid. Analytes exhibited substantial tail-
ing. Table 3 below shows this trend. Retention increases with
decreasing pK , (increased acidity) of analyte, consistent with
an ion exchange interaction between the stationary phase and
analytes.

TABLE 3

Retention of Various Benzoic Acids

acid t, (min) Asym oo, pKa
toluic acid 3.74 3.02 4.37
benzoic acid 4.90 2.73 4.20
p-chlorobenzoic 12.56 2.74 3.99
[0174] Separation of a Five-Component Pharmaceutical

Mixture: A mixture of drugs, which included acetaminophen
(TYLENOL), diazepam (VALIUM), doxepin (ADAPIN),
imipramine (TOFRANIL), and clomipramine (ANAFRA-
NIL), was separated at pH 11.3 using the third column (d,=4
um, FIG. 18C) at 60° C. with a flow rate of 0.8 mL./min using
a basic mobile phase of 40:60 H,O (0.1% TEA, pH 11.3):
ACN (FIG. 21). Some tailing was observed. It is believed that
hydrogen bond acceptance and/or polar bonds of these basic
analytes lead to interactions with the polar groups on the
stationary phase, i.e., amine or hydroxyl groups. It is also
possible that some of the nano-diamond surfaces may not be
completely coated and any oxygenated moieties on those
heterogeneous surfaces could also contribute to tailing of
more polar analytes.

[0175] Separation of a Three-Component Pharmaceutical
Mixture at pH 2.7: Separations at low pH were also attempted
on the third column (d,=4 pm, FIG. 18C), where the first
group of analytes was acetaminophen, diazepam, and 2,6-
diisopropylphenol (PROPOFOL) (FIGS. 22A and 22B).
[0176] The mobile phase was 40:60 H,O (0.1% formic
acid, pH 2.7):ACN. While acetaminophen and diazepam
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were retained longer than in the basic separation, their effi-
ciencies were lower. PROPOFOL show higher efficiencies
(48,300 N/m) than seen with the other non-alkylbenzene ana-
lytes, and the peak symmetry was very good. This led us to
attempt a separation of various phenols at acidic pH.
[0177] Separation of Phenolic Compounds and Derivatives
at pH 2.7: Six phenolic compounds were separated using a
mobile phase of 55:45 H,O (0.1% formic acid pH 2.7): ACN
(FIG. 22C). All of these analytes separated with an efficiency
of'about 13,500 N/m or better. The less than optimal efficien-
cies could be attributed to the core-shell particles being
packed into the column twice. The separation showed fairly
good resolution between the isomers 2-chlorophenol and
4-chlorophenol. A trend that seemed apparent from this sepa-
ration was that electron withdrawing groups appear to cause
greater tailing. This may be a result of an exposed diamond
surface that retains the more deshielded aromatic ring. Peak
asymmetries were not determined for this separation because
most of the compounds were not baseline separated.
[0178] Retention of PROPOFOL.: Again, PROPOFOL was
separated, using a 70:30 H,O (0.1% formic acid, pH 2.7):
ACN mobile phase. The greater retention for this compound
can be explained by the increased water in the mobile phase,
resulting in a plate count of 71,500 N/m and a peak asymme-
try of 1.12.
[0179] No signs of degradation of the stationary phase were
observed at low pH, which might have been evidenced by an
increase or significant decrease in back-pressure, or by a
noticeable loss of performance. It would appear that cross-
linking of the PA Am prevents any substantial swelling of the
particles.
[0180] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments are contem-
plated. The various aspects and embodiments disclosed
herein are for purposes of illustration and are not intended to
be limiting. Additionally, the words “including,” “having,”
and variants thereof (e.g., “includes” and “has”) as used
herein, including the claims, shall be open ended and have the
same meaning as the word “comprising” and variants thereof
(e.g., “comprise” and “comprises”).
What is claimed is:
1. A method for manufacturing a porous composite par-
ticulate material, comprising:
providing a plurality of acid-base-resistant core particles,
wherein the plurality of acid-base-resistant core par-
ticles include carbon core particles;
providing a plurality of acid-base-resistant shell particles,
wherein the plurality of acid-base-resistant shell par-
ticles include at least one of graphitic carbon shell par-
ticles or diamond shell particles;
applying sonic energy to the plurality of acid-base-resis-
tant core particles; and
after the act of applying sonic energy, applying at least one
polymer material/shell particle bilayer including:
coating at least a portion of the plurality of acid-base-
resistant core particles, at least a portion of the plu-
rality of acid-base-resistant shell particles, or combi-
nations thereof with at least one polymer material;
and
adhering a portion of the plurality of acid-base-resistant
shell particles to at least some of the plurality of
acid-base-resistant core particles with the at least one
polymer material to form a plurality of composite
particles.
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2. The method of claim 1 wherein applying at least one
polymer material/shell particle bilayer includes forming a
plurality of polymer material/shell particle bilayers in sepa-
rate layer-by-layer steps.

3. The method of claim 2 wherein from 5 to 100 of the
plurality of polymer material/shell particle bilayers are
formed.

4. The method of claim 2 wherein from 10 to 50 of the
plurality of polymer material/shell particle bilayers are
formed.

5. The method of claim 1 wherein the carbon core particles
includes at least one of graphitic carbon or glassy carbon.

6. The method of claim 1 wherein the carbon core particles
are generally spherical.

7. The method of claim 1 wherein the plurality of compos-
ite particles exhibits a particle size of at least about 0.5 um and
a surface area of at least about 5.0 m*/g.

8. The method of claim 1 wherein the plurality of acid-
base-resistant core particles exhibits a particle size of at least
an order of magnitude larger than the plurality of acid-base-
resistant shell particles.

9. The method of claim 1 wherein the at least one polymer
material is coated on the core particles before adhering the
shell particles to the core particles.

10. The method of claim 1 wherein the at least one polymer
material is coated on the plurality of acid-base-resistant shell
particles before adhering the plurality of acid-base-resistant
shell particles to the plurality of acid-base-resistant core par-
ticles.

11. The method of claim 1, further comprising applying
sonic energy to the plurality of acid-base-resistant core par-
ticles during application of the at least one polymer material/
shell particle bilayer.

12. The method of claim 11 wherein applying sonic energy
to the plurality of acid-base-resistant core particles during
application of the at least one polymer material/shell particle
bilayer includes applying sonic energy after coating the at
least one polymer material on the plurality of acid-base-
resistant core particles and prior to adhering the plurality of
acid-base-resistant shell particles of any given bilayer.

13. The method of claim 11 wherein applying sonic energy
to the plurality of acid-base-resistant core particles during
application of the at least one polymer material/shell particle
bilayer includes applying sonic energy during application of
each bilayer.

14. The method of claim 1 wherein applying sonic energy
to the plurality of acid-base-resistant core particles during
application of the at least one polymer material/shell particle
bilayer includes applying sonic energy during application of
any given bilayer in a plurality of discontinuous intervals.

15. The method of claim 14 wherein a total sonication time
associated with application of any given bilayer is about 1
minute to about 20 minutes, and wherein each interval is
about 5% to about 50% of the total sonication time.

16. The method of claim 14 wherein a total sonication time
associated with application of any given bilayer is about 2
minutes to about 10 minutes, and wherein each interval is
about 10% to about 30% of the total sonication time.

17. The method of claim 1, wherein the at least one poly-
meric material includes at least one amine polymer.

18. The method of claim 1, further comprising at least
partially cross-linking the at least one polymeric material.

19. A method for manufacturing a porous composite par-
ticulate material, comprising:
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providing a plurality of acid-base-resistant generally
spherical carbon core particles;
providing a plurality of acid-base-resistant shell particles,
wherein the plurality of acid-base-resistant shell par-
ticles include graphitic carbon shell particles;
applying sonic energy to the plurality of acid-base-resis-
tant generally spherical carbon core particles; and
after the act of applying sonic energy, applying at least one
polymer material/shell particle bilayer including:
coating at least a portion of the plurality of acid-base-
resistant generally spherical carbon core, at least a
portion of the plurality of acid-base-resistant shell
particles, or combinations thereof with at least one
amine polymer material; and
adhering a portion of the plurality of acid-base-resistant
shell particles to at least some of the plurality of
acid-base-resistant generally spherical carbon core
with the at least one amine polymer material.
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20. A method for manufacturing a porous composite par-
ticulate material, comprising:
providing a plurality of acid-base-resistant generally
spherical carbon core particles;
providing a plurality of acid-base-resistant shell particles,
wherein the plurality of acid-base-resistant shell par-
ticles include graphitic carbon shell particles;
applying sonic energy to the plurality of acid-base-resis-
tant generally spherical carbon core particles; and
after the act of applying sonic energy,
coating at least a portion of the plurality of acid-base-
resistant generally spherical carbon core with at least
one amine polymer material; and
adhering a portion of the plurality of acid-base-resistant
shell particles to the plurality of acid-base-resistant
generally spherical carbon cores with the at least one
amine polymer material.
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