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Abstract

A separation column and a method of making the separation column are provided. The separation column includes a separation channel and a
separation medium in the channel. The separation medium includes a porous matrix, and the porous matrix includes a support and a stationary
phase. The support includes a metal organic polymer, such as a photopolymer, and the stationary phase includes a bonded phase. The
separation medium can be used to separate a sample of analytes.
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Associated Methods," filed Aug. 13, 2001.

Claims

What is claimed is:

1. A separation column comprising: a separation channel; and a separation medium in the channel, said medium comprising a porous matrix, said
poreus matrix comprising a support and a stationary phase, said support comprising a metal organic photopolymer from a metal alkoxide
precursor, and said stationary phase comprising a bonded phase.

2. The column of elaim 1, wherein the separation medium is fritless,

3. The column of claim 1, wherein the bonded phase comprises an organic functional group.

4. The cotumn of claim 1, wherein the separation channel has a channel wall, and the medium is attached to the channet wall and fills at least a
section of the channel,

5. The column of claim 1, wherein the porous matrix is homogeneous and contains no chromategraphic particles.

6. The column of claim 1, wherein the metal alkoxide comprises a metal or a metalloid selected from the group consisting of alurninum, barium,
antimony, calclum, chromium, copper, erbium, germanium, iron, fead, lithium, phosphorus, potassium, silicon, tantalurn, tin, titanium, vanadium,
zing, and zirconium.

7. The column of claim 1, wherein the metal alkoxide comprises at least one photoactive group.

8. The column of claim 1, wherein the porous matrix has an affinity for an analyte.

9. The column of claim 1, wherein the separation medium comprises a homogeneous phase.

10. The column of claim 1, wherein the separation channet is a capillary separation channel or a planar structurs.

Description

BACKGROUND OF THE INVENTION
The invention relates in general to a separation column, and, in particular, to a bonded phase photopolymerized sol-gel column.

Capillary electrochromatography (CEC) has been regarded as a very promising analytical separation technique that combines the efficiency of
capillary zone electrophoresis {CZE) with the selectivity of liquid chromatography. Although CEG has been applied in many different areas,
packed-column preparation and low-detection sensitivity remain challenges of this technique. Capillary columns containing small silica packings
have been the mainstay of CEC. One disadvantage of packed columns is the fabrication of porous frits of controlied pore sizes, lengths, and high
mechanical stabilities. In response to frit fabrication problems, surface-functionalized open-tubular capillary columns and monolithic capillaries
are being developed as variants of packed capillary columns. Monolithic capillary columns have received much attention because of the
advantages offered in the control of permeability and surface charge.

A major challenge in CEC techniques is the detection of samples containing analytes at low concentration. The lack of sensitivity at low
concentration stems from the small sample volume and the short optical path length for on-line detection. Dedicated sample preparation
schemes that enrich the target analytes before sample injection are often necessary in order to obtain the necessary sensitivity for many real-
world analyses. Schemes such as solvent-solvent extraction and solid-phase extraction are often very tedious and time-consuming.

An alternative to these schemes is on-line preconcentration. In gas chromatography, this goal is met by passing a gas stream through a cold
column that is subsequently heated. In high-performance liquid chromatography (HPLC), this process is usually done by gradient HPLC in which
the analytes are retained on the column much more strongly for the first solvent than for succeeding ones. On-line preconcentration has alsc
enjoyed some success in electrophoretic separations. For example, in capillary electrophoresis (CE), these include isotachophoresis, sample
stacking, sweeping, and the use of a dynamic pH junction. In CZE, F. E. P. Mikkers, F. M. Everaerts, P. E. M. Verheggen, J. Chromatogr. 169
(1979), pp. 1-10 and R. L. Chien, D. 3. Burgi, Anal. Chem. 64 {1992) pp. 489A-496A, demonstrated that changes in electric field strength between
sample and background solution zones can focus (i.e., stack) charged species. In electrokinetic chromatography, J. P. Quirino, §. Terabe,
Science, 282 (1998) pp. 465-68 and J. P. Quirino, S. Terabe, Anal. Chem. 71(8) (1999) pp. 1638-44, have shown that micelles can act to
concentrate (j.e., sweep) neutral and charged species.

- In CEC using particle (e.g., octadecyl silica} packed columns, focusing effects similar to that in gradient high performance liquid chromategraphy
have been reported. These focusing effects were achieved using (1) step-gradient elution, (2) preparation of the sample in-a noneluting solvent,
or (3) injection of a water plug after sample injection. In M. R. Taylor, P. Teale, D. Westwood, D. Perrett, Anal. Chem. 69 (1997) pp. 2554-58, the
authors were the first to report the use of a step-gradient for the preconcentration of steroidal samples in 1997. In D. A. Stead, R. G. Reid, R. B,
Taylor, J. Chromatogr. A 798 (1998) pp. 259-67, the authors achieved a 17-fold increase in the detection sensitivity of a mixture of steroids by
preconcentration using a noneluting sample matrix. In'Y, Zhang, J. Zhu, L. Zhang, W. Zhang, Anal. Chem. 72 (2000} pp. 5744-47, the authors also
used a noneluting solvent for the preconcentration of benzoin and mephenytoin by a factor of 134 and 219, respectively. In C. M. Yang, Z. El
Rassi, Electrophoresis 20 (1999) pp. 2337-42, the authors reporied on the preconcentration of a dilute sample of pesticides using a short plug of
water injected after a long plug of sample. [n M. J. Hilhorst, G. W. Somsen, G. J. de Joeng, Chromatographia 53 (2001) pp. 190-96, the authors
demonstrated preconcentration of structurally related steroids using a noneluting matrix and step-gradient elution. A gain in sensitivity of 7 to @
times was reported. Similarly, in T. Tegeler, Z. El Rassi, Anal. Chem. 73 (14) {2001) pp. 3365-72, the authors just recently reported
preconcentration of analytes in a mixture of carbamate insecticides using a combination of a noneluting matrix and step-gradient elution. The
maximum allowable sample plug length was .about.20 cm and a 500-fold sensitivity increase is achieved for carbofuran. Zhang and co-workers
achieved a further increase in detection sensitivity by combining field-enhanced sample injection with solvent gradient elution. They demonstrated
a 17,000-fold increase in peak height for & positively charged analyte, propatenene.




It is desirable to provide a separation column with improved characteristics and that is easy to make.
SUMMARY OF THE INVENTION

A separation column includes a separation channel and a separation medium in the channel. The medium includes a porous matrix, and the
porous matrix includes a support and a stationary phase. The support includes a metal organic polymer, and the stationary phase includes a
bonded phase. The polymer may be a phetopolymer. In the preferred embodiment, the porous matrix contains no chromatographic particles. The
porous matrix may be used to both preconcentrate and separate analytes without chromatographic particles. The separation column allows for
the concentration and separation of larger volumes of analytes than a separation column with chromatographic particles.

A method of preparing a monolith is provided, A separation column is provided. A mixture is introduced into the separation column. The mixture
includes a metal organic compound. The mixture is irradiated to form a solid, porous matrix via photoinitiated polymerization. A coupling reagent
is introduced into the column. Thus, a bonded phase porous matrix is formed in the column. In the preferred embodiment, the porous matrix is
fritless and contains no chromatographic particles. Preparation of a fritless separation medium without chromatographic particles is simpler than
preparing a separation medium with a frit or chromatographic particles. The porous matrix may be used both to preconcentrate and separate
analytes.

The photochemical route to the preparation of the porous matrix has many advantages: {1) short preparation time, (2} control of the pore size, (3)
control over the placement and length of the porous matrix, {4) high mechanical strength, and (5) avoidance of high temperatures that lead to
cracking. An advantage of a bonded phase is the ability to change a number of conditions in chromatographic separations.

A method of separating a sample of analytes is provided. A separation column including a separation channel and a separation rmedium in the
channel is provided. The medium includes a porous matrix, and the porous matrix includes a support and a stationary phase. The support
includes a metal organic polymer, such as a photopolymer, and the stationary phase includes a bonded phase. in the preferred embodiment, the
porous matrix contains no chromatographic particles. A sample of analytes carried in a solution is introduced through the column. The medium
concentrates the analytes on the column. A solution is caused to flow through the column, thereby separating and eluting the analytes. The
medium both preconcentrates and separates the analytes. In addition to the effect exerted by the medium, preconcentration can be further
enhanced by a solvent gradient or sample stacking.

BRIEF DESCRIFTION OF THE DRAWINGS

The above and other features and aspects of the present invention will become more apparent upon reading the following detailed description in
conjunction with the accompanying drawings, in which:

FIG. 1 is a schematic longitudinal view of a separation column, according to an embodiment of the present invention;

FIGS. 2A and 2B are two representative electrochromatograms showing a plot of absorbance versus retention time for (a) one column and (b)
another column, using an embodiment of the present invention;

FIG. 3 is a representative electrochromatogram showing a plot of absorbance versus retention time using an embodiment of the present
invention;

FIGS. 4A and 4B are SEM micrographs of embodiments of the present invention;

FIGS. 5A and 5B are representative electrochromatograms showing plots of absorbance versus retention time for different analytes using
embodiments of the present invention;

FIG. 6 is a representative electrochromatogram showing a plot of absorbance versus retention time using an embodiment of the present
invention;

FIG. 7 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of the
present invention;

FIG. 8 (panels a, b, and c) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIG. 8 {panels a, b, ¢, d, and e) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention;

FIG. 10 is a graphical representation showing a plot of the logarithm of peak height ratio versus the percentage of water in a sample using an
embodiment of the present invention;

FiG. 11 (panels a, b, and ¢) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIGS. 12A, 12B, and 12C are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIG. 13 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIG. 14 (paneis a, b, ¢, d, and e) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention;

FIG. 15 (panels a, b, ¢, d, e, and f} are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention;

FIG. 16 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIG. 17 (panels a, b, ¢, d, and e) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention; '




FIGS. 18A and 18B are SEM micrographs of embodiments of the present invention;

FIG. 19 (panels a, b, c, d, e, and f) are representative electrochromatograms showing plots of absorbance versus retention time using
embodiments of the present invention;

FIG. 20 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention;

FIG. 21 is a representative electrochromatogram showing a plot of absorbance versus retention time using an embodiment of the present
invention;

FIG. 22 is a representative electrochromatogram showing a plot of absorbance versus retention time using an embodiment of the present
invention; and

FIG. 23 is a representative electrochromatogram showing a plot of absorbance versus retention time using an embodiment of the present
invention.

For simplicity of description, like reference symbols are used for like or similar parts in this application.
DETAILED DESCRIPTION OF THE EMBODIMENTS

FIG. 1 is a longitudinal cross-sectional view of a separation column, according to an embodiment of the present invention. The separation column
11 includes a separation channel 13 in fube 12 and a separation medium 15 in the channel 13. The separation channel 11 may be a capillaryora
planar chip, and the separation channel 13 may include a detection window. The separation medium 15 fills at least a section of the channel 13.
The medium 15 is hemogenecus and preferably does not have frits or chromatographic particles. The medium 15 may be attached to a channe!
wall 17 of the channel 13. Preferably, the medium 15 may be covalently bound to the channel wall 17.

Tube 12 can have many different cross-sections, such as a circular cross-section. Alternatively, tube 12 can have an elongated cross-section.
These and other cross-sections are possibie for tube 12 and are within the scope of the invention. Tube 12 may be a round capillary typically

- made of fused silica. The inside diameter {i.d.) of the capiliary may be from about 10 .mu.m to about 1000 .mu.m, preferably from about 75 .mu.m

to about 500 .mu.m. Tube 12 may be a planar chip or a confined space, such as a column confined by two sheets.

The medium 15 includes porous matrix, and the porous matrix includes a support and a stationery phase. The supportincludes a metal organic,
or metalorganic, polymer, such as a photopolymer, wherein the term metal organic, or metalorganic, refers to a material that comprises an
organic ligand attached to a metal atom or a metalloid atom, and the stationary phase includes a bonded phase. {See Brinker, C. Jeffrey, st al.,
Sol-Gel Science, The Physics and Chemistry of Sol-Gel Processing, p. 2 (1990).) A precursor of the polymer may be a metal alkoxide, wherein
the term metal alkoxide refers to a metal organic, or metalorpanic, material, that has a metal-oxygen-carbon linkage or metalloid-oxygen-carbon
linkage. (Id.) Herein, where "metal” is used in connection with a metal organic, or metalorganic, material, or in connection with a metal alkoxide, it
encompasses metals and metalloids. The metal or metalloid may be aluminum, barium, antimony, calcium, chromium, copper, erbium,
germanium, iron, [ead, lithium, phosphorus, potassium, silicon, tantalum, tin, titanium, vanadium, zing, or zirconium. The precursor may include a
photoactive group, such as methacrylate. In one embodiment, the precursor may be frimethoxysilypropyl methacrylate, also known as
methacryloxypropyltrimethoxy silane.

Different functionalized or derivatized monomers can be used to prepare a porous maitrix with different physical properties, such as pore size,
polymer charge density, and hydrophobicity. Control of the pore shapes and sizes through the use of different porogens can resultin a porous
matrix with a wide distribution of pore sizes (i.e., pore-size gradient). A porous matrix with a pore-size gradient can function as "molecule sorter” in
capillary electrophoresis and capillary electrochromatagraphy. The porous matrix can separate a mixture of large molecules whose size
structures or chemistries (e.g., DNA fragments) may differ. In addition, separation columns 11 can be designed for reversed-phase, size-
exclusion, affinity, ion-exchange chromatographies, etc.

A porous malrix may be a mixed phase porous matrix prepared from a mixture of monomers. For example, the monomers may include
methacryloxypropyltrimethoxy silane, bis(triethoxysilyl}ethane, and bis(triethoxysilyJoctane. The mixed phase porous matrix may have different
properties, such as hydrophobicity.

The properties of the porous matrix can also be changed by the use of a bonded phase. A bonded phase is a stationary phase which is covalently
bonded to the support particles or to the inside wall of the column tubing. For example, the bonded phase may include a functional group bonded
to a surface of the metal organic polymer. The functional group may be any functional group, such as a hydrophobic or hydrophilic group, a
charged or uncharged group, or an organic or inorganic group. The functional group can alter properties of the porous matrix, such as the
hydrophobicity, the charge, the retention factor, the type of interaction, or the chirality of the porous matrix. The bonded phase porous matrix can
be used in normal phase, reversed phase, ion exchange, affinity, hydrophobic interaction, size-exclusion, or chiral chromatography.

A bonded phase can enhance the resolution of a separation of analytes and can deactivate to some extent the surface of the polymer. The
deactivation decreases the surface activity caused by the existing negative charge from the ionization of the free hydroxyl groups. The bonded
phase porous matrix can then support electroosmotic flow (EOF) in the column.

The bonded phase porous matrix has an affinity for analytes and can be used to both preconcentrate and separate a sample of analytes. The
affinity for an analyte may be described by the retention factor, k, of the analyte. The retention factor, X, is equal to

HHEQU ##

The retention factor, k, may also be expressed as ##EQU2##

where t.sub.R is the migration time of the analyte, and t.sub.O is the migration time of an "unretained" analyte. The retention factor is affected by
the nature of the solvent, the nature of the analyte, the length of the column, the permeability of the porous matrix, the hydrophobicity of the porous
matrix, the functional group bonded to the metal organic polymer, and the detailed morphology of the porous matrix.

The separation column 11 may be used for analytic or semipreparative work. Separation of analytes in the submilligram to milligram quantities
may become possible with preconcentration on separation columns 11. For example, more than about 100-nL of sample solution at analyte
concentrations in the mM levels can be injected into the colurnn without significant evidence of overloading.

A method of preparing a monolith in the separation column 11 is provided. A separation column is provided. The separation column may be a
round capillary typically made of fused-silica. The inside diameter (i.d.) of the capillary may be from about 10 .mu.m to about 1000 .mu.m,




preferably fram about 75 .mu.m to about 500 .mu.m.

A mixture that includes a metal organic compeund is introduced into the separation column. The mixture forms a solid, porous matrix via
photoinitiated polymerization. The mixture may comprise a metal organic monomer, a porogen, and a photoinitiator. The metal organic monomer
may be a metal alkoxide, such as a silane, or a mixture of metal alkoxides. The metal may be aluminum, barium, antimony, caleium, chromium,
copper, erbium, germanium, iron, lead, lithium, phosphorus, potassium, silicon, tantalum, tin, titanium, vanadium, zinc, or zirconium. The metal
alkoxide may include a photoactive group, such as methacrylate. In one embodiment, the precursor may be trimethoxysilypropyl methacrylate,
aiso known as methacryloxypropyltrimethoxy silane. In another embodiment, the precursor may be a mixture of methacryloxypropyltrimethoxy
sitane and another precursor, such as bis{triethoxysilyl)ethane or bis(triethoxysilyl)octane.

The metal organic monomer may be added to an acid or base catalyst for the hydrolysis of the precursor. The catalyst converts the alkoxy groups
to hydroxyt groups. For example, a silane may undergo the following hydrolysis reaction to form a fully hydrolyzed silane:

The hydrolysis reaction may stop at a partially hydrolyzed silane, Si{OR).sub.4-n (OH).sub.n. The metal organic monomer and the catalyst may
be stirred for about zero minutes to about twenty-four hours.

A porogen or a mixture of porogens may be mixed with the metal organic monomer and the catalyst, and the mixture may be stirred for about
zero minutes to about twenty-four hours. During this time, the metal organic monomer may undergo a condensation reaction to form dimers,
trimers, and other oligomers. For example, a partially hydrolyzed silane may undergo the following condensation reaction:

Larger oligomers may be formed by increasing the temperature of the reaction.

The porogen provides a molecular template to form pares within the matrix. For example, the porogen may be a solvent, such as toluene ora 1:1
mixture of hexane and toluene, a polymer, or an inorganic salt, such as sodium chloride powder or sodium sulfate. The polymeric porogen may
be poly{methyl methacrytate) or polystyrene, as reported by D. Horak, J. Labsky, J. Pilar, M. Bleha, Z. Pelzbauer, F. Svec, Polymer 34(16) (1993)
pp. 3481-89. The porogen may be selected controllably to form pores in the matrix 15. The porosity of the matrix may be controlled by the type of
chemical (i.e., porogen) used and its volume or concentration in the reaction selution. For example, a molar or volume ratio of monomer to
porogen'may be selected to form pores in the mixture. By adjusting the molar ratio of the monomer and porogen, the physical properties {e.g.,
pore sizes) of the matrix may be controlled.

The pholoinitator or a photoactive group, such as methacrylate, on the monomer absorbs light to catalyze the polymerization of the metal organic
compound. In one embediment, the photoinitiator may be Irgacure 1800, available from Ciba Geigy, Tarrytown, N.Y.

If the separation column has an outer coating that is nottfransparent to the light source, the coating is first removed to make an irradiation
window. The length of the coating will determine the length of the porous matrix formed within the separation column.

The mixture is introduced into the separation column. For example, the mixture may be flowed through the separation column using a syringe.
The ends of the separation column may be sealed.

The mixture is irradiated, thereby forming a homogeneous separation medium in the separation column. For example, the separation column
may be exposed to radiation for a short period of time, such as about five minutes. The wavelength of the radiation is dependent on the type of
photoinitiator or photoactive group used in the reaction. The radiation may include visible or ultraviolet light For example, radiation of 365 nm may
be used for the photoinitiator Irgacure 1800. The photoactive group methacrylate may be photopolymenzed at a wavelength of 300 nm or 365
nm, as reported in C. Yu, F. Svec, J. M. J. Frechet, Electrophoresis 21(1) {2000) pp. 120-27 and H.-G. Woo, L.-Y. Hong, S.-Y. Kim, S.-H. Park, 5.-
J. Song, H.-5. Ham, Bull. Korean Chem. Soc. 16(1995) pp. 1056-59, respectively.

A photochemical reaction occurs when the mixture is exposed to radiation. The photoinitator or photoactive group on the monomer absorbs the
light to catalyze the pelymerization of the metal organic compound.

The photachemical route to the preparation of a porous matrix has many advantages: (1} short preparation time, (2) control of the pore size, (3)
control over the placement and length of the porous matrix, (4) high mechanical strength, and (5) avoidance of high temperatures that lead to
cracking.

The separation medium preferably does not have frits or chromatographic particles, so the preparation of the separation medium is easier than
preparation of a conventional separation medium with frits or chromatographic particles is.

Optionally, an organic solvent may be introduced into the separation column. For example, the organic solvent may be ethanol. The porous
matrix may be washed clean of any unreacted material, the porogen, and the photoinitiator using an organic solvent. The solvent may be flowed
through the separation column using a syringe or other means.

A coupling reagent is introduced into the column to form a bonded phase porous matrix. The coupling reagent may have monofunctionality,
difunctionality, or trifunctionality, The coupling reagent may be an organic coupling reagent, such as a halogenated aromatic or an acyl halide. For
example, sodium cyanide and ammonium chloride can react with a ketone on the metal organic polymer, or a halogenated aromatic or an acyl
halide can undergo a condensation reaction. The coupling reagent may include a functional group and a metal. The metal may be aluminum,
barium, antimany, calcium, chromium, copper, erbium, gemmanium, iron, lead, lithium, phosphorus, potassium, silicon, tantalum, tin, titanium,
vanadium, zing, and zirconium. For example, a silane coupling reagent may be an organochlorosilane, an organoalkoxysilane, an
organoaminosilane, or other reactive silanes. The silane coupling reagent can be used to derivatize a surface hydroxyl group of the metal organic
polymer with a functional group. For example, the metal organic polymer and a silane coupling reagent, such as an organochlorosilane, including
a functional group, R', may undergo the following reaction to form a bonded phase porous matrix:

The temperature need not be increased to increase the rate of reaction; the reaction may be performed at room temperature, The time for
reaction varies, depending on the functional group. For example, increased reaction time may result in phase collapse for larger functional
groups. Phase collapse may occur when the functional groups are too close to each other and shield sach other, thereby decreasing the number
of active groups on the surface.

Onptionaily, an crganic solvent may be introduced into the column including the bonded phase porous matrix. For example, the organic solvent
may be toluene, pyridinium, or triethylamine. Any unreacted silane coupling reagent and byproducts of the reaction, such as hydrochloric acid or
an alcohel, may be removed from the bonded phase porous matrix by introducing the organic solvent into the column. The solvent may be flowed
through the separation column using a syringe or other means.

The separation column may be conditioned with a separation solution before using the column for separation. A separation solution may
comprise a buffer, such as aqueous ammonium acetate, and an eluting solvent, such as acetonitrile.




A method to separate a sample of analytes is provided. A sample of analytes is introduced in a sample solution through a separation column 11.
Analytes includes neutral species, such as polycyclic aromatic hydrocarbons, alkyl benzenes, alkyl phenyl ketones, and steroids, and charged
species, such as peptides. The sample solution may comprise a buffer, such as aqueous ammonium acetate, and an eluting solvent, such as
acetonitrile.

The separation column 11 includes a separation channel 13 and a homogeneous separation medium 15 in the channel 13. The separation
column 11 may be a capillary or planar structure, The separation medium 15 preferably does not have frits or chromatographic particles. The use
of a homogeneous separation medium is advantageous because, in some applications, the use of chromatographic particles (i.e.,
inhorogeneous separation phase) introduces unwanted broadening (i.e., lack of resolution). The separation medium 15 may possibly include two
sections containing substantially the sarme porous homogeneous stationary phase, and the two sections may be separated by another section,
such as a monolith with a different pore size or surface charge. Preferably, the separation medium 15 is continuous.

The separation medium 15 includes a porous matrix, and the porous matrix includes a support and a stationary phase. The support includes a
metal organic photopolymer, and the stationary phase includes a bonded phase. The separation medium 15 concentrates the analytes on the
column. The sample may be introduced by applying a pressure or a voltage to the column 11. For example, the pressure may be 0.5 psi or 20 psi
for a period of time, such as two to 1920 seconds, or a field strength of about 40 V/erm may be applied for a period of time. For example an
injection plug length of greater than about two centimeters may be injected into the column 11.

The analyte is concentrated by the column 11. The extent of preconcentration is purely dependent on the retention factor, the k value. The
retention factor is affected by the nature of the solvent, the nature of the analyte, and the detailed morphology of the separation medium.
Moreover, the flow rate hardly influenced the extent of preconcentration.

The highly porous nature of the porous matrix results in a high mass transfer rate for the analyte, which facilitates the preconcentration effect. The
high mass transfer rates arise from the enhanced accessibility of the analytes to the binding sites of the porous structure. Because of the high
mass transfer rates, the kinetics of analyte-porous matrix interaction {i.e., the partitioning of the analyte between the mobile and stationary
phases) is not the rate-limiting step in the separation. The high mass transfer rate distinguishes this separation methed from previous forms of
chromatographic separations. With this separation method, because of the high mass transfer rate, it is possible to inject and concentrate larger
volumes of sample sclution than in columns containing normal chromatographic materials.

The total preconcentration effect is directly proportional to the retention factor, with longer injection plug lengths (e.g., greater than about 25 mm)
leading to severe peak broadening of analytes having low-k values. This behavior implies a maximurn length of sample plug for each analyte
before peak shape becomes compromised. The retention factor can be altered by changing the bonded phase.

A major advantage of on-line precencentration is that it lowers the detection limit for a given analyte. Another advantage is that preconcentration
may be used ic clean up the analytes from possible interfering species found in the sample matrix.

A separation solution is caused to flow through the column 11, thereby separating and eluting the analytes. The separation solution may be
caused to flow by applying a voltage or a pressure to the colurnn 11. For example, the pressure may be 0.5 psi or 20 psi for a period of time, such
as two to 1920 seconds, or a field strength of 300 V/cm may be applied for a period of time. The separation solution may comprise a buffer, such
as aqueous armmonium acetate, and an eluting solvent, such as acetonitrile. In one embodiment, the separation solution is the same as the
sample solution.

The bonded phase porous matrix acts to extract the analytes from solution as well as provides the stationary phase for chromatographic
separation of the analytes. It is this extractor-separator combination that gives this method such power, For example, more than about two-
centimeter plugs of sample solution can be loaded into the capillary and concentrated using a separation solution that is the same as the sample
solution. .

In one embodiment, the analytes may be separated by performing normal phase, reversed phase, ion exchange, affinity, hydrophobic interaction,
size-exclusion, or chiral chromatography.

In ancther embodiment, in addition to the effect exerted by the porous matrix, a solvent gradient may be used to further enhance preconcentration
of the analytes. In this embadiment, the sample may be dissolved in a solution with a higher concentration of a buffer (e.g., water) than in the
separation solution. The higher concentraticn of the butfer in the sample solution increases the affinity of the sample to the stationary phass.
When a solvent gradient is used, the plug length can be longer than the length of the column. For example, injection of a 91.2-cm plug, which was
more than three times the total length of the capillary, was possible with only a minor loss in resolution. Improvements in peak heights obtained
under gradient conditions can be more than a thousand-fold.

For neutral analytes, two approaches exist for using gradients on the porous matrix. The first approach is to increase the organic solvent ratio
between the separation solution and the sample solution. The second approach is to increase the retention factor k in the separation by
increasing the percentage of water in the separation solution while maintaining a reasonable percentage of organic solvent between the
separation solution and the sample sclution. Analysis is faster with the first approach, whereas the resolution is better with the second one.

In another embodiment of the present invention, in addition to the effect exerted by the porous matrix, sample stacking may be used to further
enhance the preconcentration of analytes. Sample stacking is the focusing of charged analytes when analytes pass the concentration boundary
that separates regions of high and low electric field strengths. The high electric field zone is a lower conductivity sarmple solution containing more
of the eluting solvent, whereas the low electric field region 1s a higher conductivity separation solution. The eluting solvent, such as acetonitrile,
has a lower canductivity than the buffer, such as agueous ammonium acetate. Thus, a higher concentration of the eluting solvent results in
lowering the sample matrix conductivity.

The separation column is prepared with the separation solution. When analytes are introduced into the separation column and a voltage is
applied, the analytes in the sample solution at the inlet of the column rapidly accelerate toward the separation solution (lower electric field
strength) already in the column, where on crossing the boundary between the sample solution and the separation solution, they slow down and
stack into narrow zones at the interface.

Sample stacking is basically caused by the change in electrophoretic velocity at the concentration boundary. Electrophoretic velocity is the
product of electrophoretic mobility and electric field strength. Focusing occurs (sample stacking) when the electrophoretic velocity decreases at
the concentration boundary. Sample stacking is also explained using the fundamentals of isotachophoresis and Kohlrausch rules.

There are two approaches to perform sample stacking on a porous mattix. The first approach is to increase the percentage of organic solvent,
such as acetonitrile. The second is to decrease the concentration of the buffer component in the sample solution. Increasing the percentage of
acetonitrile or other suitable organic solvent is especially useful for real samples containing high concentration of salts. Desalting, for example by
dialysis, is therefore not necessary to make a lower conductivity solution for injection. Use of organic solvents is also useful for biological samples




when deproteination is part of the sample preparation,

The invention is described in more detail by the way of the following examples. The following examples are presented solely for the purpose of
further illustrating and disclosing the present invention, and are not to be construed as limiting the invention.

EXAMPLE 1

Materials and Chemicals. Fused-silica capillaries (75-.mu.m i.d..times.365-.mu.m o0.d.} were purchased from Polymicro Technologies, Phoenix,
Ariz. Methacryloxypropyltrimetoxysilane (MPTMS) was purchased from Gelest, Tullytown, Pa. and Sigma-Aldrich, Milwaukee, Wis. and was used
without purification. HPLC-grade toluene, phenanthrene, pyrene, alkyl benzenes, alkyl phenyl ketones, and steroids wete purchased from Signa-
Aldrich, Milwaukee, Wis. Irgacure 1800 was received from Ciba, Tarrytown, N.Y.

Instrumentation. A Beckman P/ACE 2000 capillary electrophoresis instrurnent with a UV-absorbance detector was used to carry out all CEC
experiments. An XL-1500 UV cross-linker, available from Spectronics Corp., Westbury, N.Y., equipped with six 15 W blacklight tubes of
predominantly 365-nm wavelength was used to irradiate the reaction solutions. Scanning electron microscopy (SEM) analyses were performed
on a Philips SEM 505 scanning electron microscope, available from Eindhoven, Netherlands.

Polymerization Procedure. The monomer stock solution was prepared just prior to use by adding 375 .mu.lL of MPTMS to 100 .mu.L of 0.12 N
HCL. This solution was stirred at room temperature for approximately thirty minutes to afford a clear, monophasic solution. An appropriate amount
of toluene porogen) was added to the monomer stock solution, as shown below in Table 1.

TABLE 1 Capillary Column % toluene (viv} AS0B 80 C 75D 73 E 65 F 50

The photoinitator, Irgacure 1800, was added first to the toluene as 5% of the total weight of the toluene/monomer stock solution. This photoinitator
solution was then added to the corresponding amount of monomer stock solution, and stirred for thirty minutes at room temperature to afford a
yellow, monophasic solution. To minimize the evaporation of toluene, the solution was prepared in a vial with a polysilicone cap through which the
capillary was inserted during filling with the solution.

A 15-cm stripe of the polyimide coating on a 30-cm long capillary was removed using a razor blade positioned at 45.degree. to the capillary
surface. The mechanical stability of the capillary was remarkably good despite the removal of a stripe of polyimide coating. The irradiation light
entered the capillary only through this 15-cm stripe. No monolith was formed in the capillary where the polyimide coating {"mask") remained intact.

Using a 0.5-mL disposable syringe, approximately 0.2 mL of the reaction solution was flushed through the capillary to wet theroughly the wall
surface before filling the capillary with the solution. This resulted in bonding of the monolith to the capillary wall. No special pretreatment of the
capillary wall was necessary to bond the monolith to the wall. The filled capillaries were irradiated (900 mJicm.sup.2} in a UV cross-linker using
365-nm light for five minutes to form the porous matrix.

After irradiation, the caplilaries were washed with ethanol using a hand-held syringe to removed unreacted reagents or porogens. Because the
monoliths were highly permeable, high pressures were not required to drive liquid through the capillaries. Once the unreacted reagents were
removed, the monalith became opaque and could be viewed clearly through the capillary without the aid of a microscope. The homogenity of the
porous matrix was confirmed at 100.times. magnification. Burning off the polyimide coating immediately after the monolith section with fuming
sulfuric acid made a detection window.

Once fabricated, the capiliary was successfully installed in the cartridge without any damage. The capillary was conditioned with the separation
buifer for approximately five minutes using a syringe and a hand-held vise. Once in the instrument, the capillary was further conditioned by
pressure rinsing {20 psi) with the separation buffer or by electrokinetically conditioning at 5 kV or 10 kV for thirty minutes.

Characterization. SEM was used to study the morphalogy of the separation column. A capillary was sectioned carefully 1o expose the monolith.
The sectioned pieces of capillary were sputtered with gold prior to SEM analyses.

Analyte Separation. The analytes were prepared in the mobile phase to prevent gradient effects during the CEC experiments. The mobile phase
was made up of various ratios {v/v) of 50 mM ammonium acetate, water, and acetonitrile. A new sample solution was used for every injection to
maintain the same concentration of acetonitrile in the sample solution and the mobile phase.

FIG. 2A is a representative electrochromatogram showing a plot of absorbance versus retention time for column B. The separation was
performed with a 50 mM ammonium acetate/water/acetronitrile {1/3/6) solution. The sample solution was injected at 0.5 psi pressure for three
seconds, and the separation was performed with an applied voltage of 1 kV at a ternperature of 20.degree. C. and detected at 214 nm. The
elution order of the separation was (1) thiourea, {2) tetrahydrofuran, {3) naphthalene, {4) phenanthrene, (5) fluoranthene, (6) pyrene, (7) 1,2-
benzanthracene, and (8) 1,2,5,6-bienzanthracene.

FIG. 2B is a representative electrochromatogram showing a plot of absorbance versus retention time for column D. The separation was
performed with a 50 mM ammonium acetate/water/acetronitrile {1/4/5) solution. The sample solution was injected at 0.5 psi pressure for three
seconds, and the separation was performed with an applied voltage of 15 kV at a temperature of 20.degree. C. and detected at 200 nm. The
elution order of the separation was (1) benzene, (2) toluene, (3) ethylene benzene, (4) propyl benzene, (5) butyl benzene, and (6) hexyl benzene.

The elution order of the column was similar to that of reversed-phase chromatography with the larger molecular weight or more hydrophobic
analytes eluting later than the smaller molecular weight or mere hydrophilic analytes. Elution of the analytes in both figures occurred in less than
seven minutes. Bubble formation was not a problem during the CEG experiments, for which the typical operating currents were between 3 and
10 .mu.A.

For a typical capiltary column D, efficiencies of up to 100,000 plates/m are achieved for thiourea, a less-retained compound. Small variations in
the elution times were observed for thiourea (0.65% RSD), naphthalene {1.10% RSD), phenanthrene (1.14% RSD), and pyrene (1.14% RSD)
over a period of three days (n=33).

FIG. 3 is a representative electrochromatogram showing a plot of absorbance versus retention time for column D. The separation was performed
with 2 50 mM ammonium acetate/water/acetronitrite (1/3/6) solution. The sample solution was injected at 0.5 psi pressure for three seconds, and
the separation was performed with an applied voltage of 1 kV at a tempsrature of 20.degree. C. and detected at 214 nm. A sample of thiourea,
napthalene, phenanthrene, and pyrene was separated within 110 minutes at an applied pressure of only 20 psi (the maximum limit of the
instrument). Peak taiting was most severe for pyrene because of its strong interaction with the porous matrix, and tailing was not observed for
thiourea, which has low retention on the column.

FIG. 4A is a scanning electron micrograph of the cross-section of a metal organic photopolymer formed with 809 (v/v) toluene {capillary B} ina
75-.mu.m-i.d. capillary column. The micrograph showed an interconnecting network of 1-.mu.m spherical structures through which micrometer-




sized macropores (as large as 5 .mu.m} are interspersed.

FIG. 4B is a scanning electron micrograph of the cross-section of a metal organic photopelymer formed with 50% (v/v) toluene in a 75-.mu.m-i.d.
capillary column. In contrast to the porous matrix shown in FIG. 4A, the structure shown in FIG. 4B was a dense phaotopolymer with macropores of
2 .mu.m or less in diameter. Consequently, the matrix in FIG. 4B was less permeable, and a significant back pressure oceurs. No liquid could be
driven through the column at pressures near 200 psi.

The permeability of a porous matrix was determined by the linear velocity of the porous matrix, which is proportional to permeability as described
in Darcy's law. The permeability of a porous mattix as a function of the macropore size was highly dependent on the volume and type of porogen
used to prepare the photopolymer. For a column made with 90% (v/v) toluene {column A), the linear velocity is 12.3 cm/min, and an 80% (viv)
column (column B) had a linear velocity of 3.3 cm/min, whereas a column made with 73% (v/v) toluene {column D) had a linear velogity of 0.6 crm/
min. These linear velocity data suggested that the macropores decrease with decreasing porogen concentration. This behavior was consistent
with what has reported in the fiterature.

EXAMPLE 2

The separation column was prepared as described in Example 1. A mixture of 1:1 hexane/toluene was used for the porogen. The separation
celumn had a separation performance similar to that of a separation column made with 80/20 toluene/reaction solution. A column efficiency of
68,000 plates/m {RSD 7.0%, n=>5) for thiourea and an electroosmotic flow (EOF) velocity of 3.7 cm/min was obtained.

EXAMPLE 3

A mixture of 375 .mu.L of MPTMS and 100 .mu.L of 0.12 M hydrochloric acld was stirred for thirty minutes at room temperature. 27 parts of this
mixture were combined with 73 parts of toluene to give 200 .mu.L of the final solution. 5% by weight of the final solution of the pholoinitator
Irgacure 1800 was added, and the resulting sol-gel solution was stirred for five minutes before use. A 75--mu.m i.d.times.365-.mu.m o.d. fused
silica capillary was filled with the sol-gel solution, and the separation column was exposed to UV light in a Spectrolinker X1-1500 at 365 nm to
affect photopolymerization. The polymerization length of the porous matrix was controlled by removing a 15-cm strip of the polyimide coating of
the capillary prior 1o irradiation for five minutes. Unreacted reagents were flushed with ethanol. The total length of the capillary was 25.6 cm (18.8
cm from inlet to the detector window). The resulting column was conditioned with the separation solution prior to use.

Al electrophoresis experiments were performed with a Beckman P/ACE 2000. The capillaries were thermostated at 20.degree. C. Injections
were done using pressure (i.e., 0.5 psi and 20 psi) or voltage (1 kV to 10 kV)} and varied in duration from two seconds to 1820 seconds. Detection
was done at 214 or 254 nm. Data analysis was performed with GRAMS/32 version 4.02, available from Galactic Industries Corporation, Salem,
N.H. .

FIGS. 5A and 5B are representative electrochromatograms showing plots of abscrbance versus retention time using an embodiment of the
present invention. The figures illustrate the increase in detection sensitivity with an increase in injected plug length in the CEC separation of a
mixture containing the small molecule, thiourea, three polycyclic aromatic hydrocarbons (PAHs), and eight alkyl phenyl ketones. To eliminate
solvent gradient effects, the sample was prepared in the separation solution. The sample and separation solutions were 50 MM ammonium
acetate/water/acetonitrile (1/4/5). In FIG. BA, the plug lengths were 0.1 mm, 6.8 mm, 13.7 mm, 27.4 mm, and 34.2 mm. The 0.1 mm piug lengih
was for an applied pressure of 0.5 psi, whereas all other plug lengths were for an applied pressure of 20 psi. The applied voltage for the
separation was 20 kV, and the absorbance was measured at 214 mn. The elution order of the column was (1) 12.5 .mu.M thiourea, (2) 51.0 .mu.M
naphthalene, (3) 1.0 .mu.M phenanthrene, and (4) 123 .mu.M pyrene.

In FIG. 5B, the column was prepared in the same manner as the column as described earlier, except that the column was post-modified by
continuous flow of {3,3,3-trifluoropropylitrichiorosilane for thirty minutes at room temperature and followed by rinsing with toluene. The plug
lengths were 0.7 m, 7.2 mm, 10.7 mm, 17.9 mm, and 28.6 mm. The applied voltage was 15 kV, and the absorbance was measured at 254 nm.
The elution order of the column was (1) 5 .mu.M thiourea, (2) acetophenone, (3) propiophenone, {4) butyrophenons, (5) valerophenane, (6)
hexanophenone, {7} heptanophenone, (8) octanophencne, and {9) decanophenone. The concentration of each of the alkyl phenyl ketones was
0.1 .mu.g/mL in the separation solution.

For the PAH mixture illustrated in FIG. 5A, the peaks were barely visible with the typical injection of a 0.1 mm plug length, but the peak heights
increased when the plug length increased from 6.8 to 34.2 mm. Thus, the separation column, an embodiment of the present invention, allowed for
the injection of a longer plug length than a typical separation column does. Similarly, for the alky! phenyt ketone mixture illustrated in FIG. 5B, the
peak heights increased when the plug length was increased from 0.7 mm to 57.3 mm. As the plug length was increased, all four peaks showed
increased broadening, but the later eluting peaks are more symmetrical to a small extent than the earlier ones. This behavior is backwards from
what is observed in typical chromatographic separations in which the later eluting peaks are less symmetrical than the earlier ones because of
dispersion effects. These results suggest that the analytes accumulate at the inlet of the poroux matrix during the injection, with the more retentive
species being localized more sffectively than the less retentive ones.

In FIG. 5A, the improvement in peak heights for a 27.4-mm injection compared to a typical injection of 0.1 mmiis 50, 125, and 127 times for
naphthalene, phenanthrene, and pyrene, respectively. The sample solution in the 27.4-mm injection is a 10-fold dilution of the sample in the
typical 0.1-mm injection.

EXAMPLE 4

. The separation column was prepared as described in Example 3. The sample and separation solution was 50 mM ammonium acetate/water/
acetonitrile (1/3/6). The samples were injected at 1 kV. The applied voltage was 15 KV, and the absorbance was detected at 214 nm. FIG. 6 is a
representative electrochromatogram of a plot showing absorbance versus retention time using an embodiment of the present invention. 39.0 mM
of naphthalene in the separation solution was injected for five seconds, as represented by signal a, and a 3.2 mM of naphthalene in the
separation solution was injected for eighty-five seconds, as represented by signal b. The corrected peak areas (peak area/migration time) for both
electrochromatograms were made close to each other by controlling the injection time of the ten-fold dilution of sample. The corrected peak areas
of the electropherogram in lines a and b are 0.0023 (% RSD=0.02%, n=3) and 0.0025 (% RSD=0.00, n=3} arbitrary units/min, respectively. This
comparison was done such that the amount of naphthalene molecules injected for each run is the same.

Preconcentration was evidenced by the slightly higher peak height for the longer injection of diluted sample and almost the same corrected peak
widths {peak width/migration time}) for both experiments, despite the different sample concentration. The peak heights of the
electrochromatograms in signals a and b were 0.0869 (% RSD=0.36%, n=3) and 0.0937 (% RSD=0.06%, n=3} arbitrary units, respectively. The
peak widths of the electrochromatograms in signals a and b were 0.0253 (% RSD=0.07%,. n=3) and 0.0248 (% RSD=0.01%, n=3) arbitrary units/
min, respectively. The shift in migration time on line b was caused by the longer injection time, which made the center of the sample piug closer to
the detector window. :




EXAMPLE 5

A mixture of 575 .mu.L of MPTMS and 100 .mu.L of 0.12 M hydrochloric acid was stirred for thirty minutes at room temperature. 20 parts of this
mixture were combined with 80 parts of toluene to give 200 .mu.L of the final solution. The photoinitiator was added as 10% of the total volume of
the final solution, and the resulting sol-gel solution was stirred for five minutes before use. The separation column was prepared as described
above in Example 3. Unreacted reagents were flushed with toluene. The surface of the porous matrix was modified by continuous flow of
pentafluorophenylirichtorosilane through the capillary for forty-five minutes at room temperature and followed by rinsing with toluene.

FIG. 7 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of the
present invention. The separation solution was 50 mM phosphoric acidwater/acetonitrile (1/5/4). The applied voltage was 15 kV, and the
absorbance was detected at 214 nm, FIG. 7 {panel a) shows a 0.5 psi injection at 0.1 mm plug length of test peptides, and FIG. 7 (panel b) shows
a 0.5 psiinjection at 12 mm plug length of test peptides. The test peptides, which were charged analytes, were (1) bradykinin, {2) angiotensin Il
(3} tripeptide 1, {4) tripeptide 11, and (5) methionine enkephalin. The concentration of the peptides were 16.7 .mu.g/ml. The cathode directed
velocities of the peptides were dictated by both electrophoretic and electroosmotic flow effects. The peptides had a net positive charge at the pH
of the separation solution (pH=2). The improvement in peak heighis for the longer injection compared to a typical injection of 0.1 mm plug length
is 21,19, 16, 18, and 22 times for bradykinin, angiotensis li, tripeptide |, tripeptide 1[, and methionine enkephalin, respectively. This result
demonstrates the usefulness of this method for charged analytes.

EXAMPLE 6

The separation column was prepared as in Example 3. FIG. 8 {panels a, b, and c¢) are representative electrochromatograms showing plots of
absorbance versus retention time using an embodiment of the present invention. FIG. 8 shows an analysis of a urine sample, spiked with 0.1 mM
hydrocortisone {peak 1), 0.3 mM progesterone {peak 2} and 0.2 mM cortisone {peak 3). Four parts of spike or unspiked urine were mixed with six
parts of acetonitrile and centrifuged to remove proteins. One part of each supemnatant was mixed with one part of 50 mM ammonium acetate/
watet/acetonitrile (1/7/2) before injection. FIG. 8 (panel a) shows an injection plug length of 0.1 mm, and FIG. 8 (panel b} shows an injection plug
length of 21.4 -mm. FIG. 8 (panel ¢} represents a 21.4mm injection plug length of urine blank. The separation solution consisted of 50 mM
ammonium acetate/water/facetonitrile (1/5/4). The applied voltage for the separation was 17 kV, and the absorbance was measured at 254 nm.
After protein precipitation with acetonitrile, these steroids were detected and quantified with a 21.4-mm injection of the sample solution, but are
weakly detected with a typical 0.1-mm injection. A comparison between the blank run and the spiked run showed that the sample matrix, which
still contained other biomolecules, did not significantly interfere with steroid analysis on the separation column. This result demonsirates the
usefulness of the technique for biofluid analysis.

EXAMPLE 7

The separation column was prepared as described in Example 3. FIG. 9 {panels a, b, ¢, d, and e} are representative electrochromatograms
showing plots of absorbance versus retention time using an embodiment of the present invention. Sample plug lengths of 1.1 cm were injectad.
The separation solution was 5 mM ammonium acetate in 60% acetonitrile, and the sample solutions were 5 mM ammonium acetate in 60%
acetonitrile {panel a), 50% acetonitrile (panel b), 40% acetenitrile (panel ¢), 30% acetonitrile (panel d), and 20% acetonitrile (panei &). The applied
voltage for the separation was 15 kV, and the absorbance was detected at 254 nm. The elution order was (1) thiourea, (2) acetophenone, (3}
propiophenone, (4) butyrophenone, (5) valerophenone, {6) hexanophenone, (7) heptanophencne, (8) octancphenone, and () decanophenone.
The concentration of each analyte was 2 ni/mil.

The retention factors, k, obtained for acetophenone (peak 2), propiophenone (peak 3), butyrophenone {peak 4}, valerophencne (peak 5),
hexanophenone {peak 6), heptanophenone (peak 7), octanophencne (peak 8), and decanophenone (peak 9) were 0.18, 0.25, 0.32, 0.41, 0.53,
0.67, 0.85, and 1.33, respectively. In this study, thiourea (peak 1) was used as the essentially unretained neutral solute for the determination of k.
The value of k and migration time follows the increase in alkyl chain length. In general, the peak shapes and resolution improved when the water
caoncentration was increased from 40% to 50%, 60%, 70%, and 80%, as evidenced by panels a, b, ¢, d, and e, respectively.

EXAMPLE 8

The experimentation conditions were the same as in Example 7. FIG. 10 is a graphical representation of a plot showing the logarithm of peak
height ratio (peak height obtained from a higher concentration of water in the sample matrix divided by peak height obtained from a sample
matrix similar to that of the separation solution) versus the percentage of water in the sample matrix. The data indicated that a limit exists to which
the peak heights can be improved by increasing the concentration of the buffer in the sample matrix. Preconcentration was improved owing to the
increased attraction of the analytes to the porous matrix. When the value for the logarithm of the peak height ratio was less than 1, about 1, or
greater than 1 there was a decrease, no change, or increase, respectively, in peak height compared to a similar injection using the separation
solution as the sample matrix. Far all test APKs, peak heights improved when the water concentration was increased from 40% to 50% and from
50% to 60%. Peak heights did not improve when the percentage of water was increased from 60% to 70% or more, except for the two lowest k
analytes (acetophenone and propiophenone) when the percentage of water was increased from 60% to 70%. Peak heights worsened for the
higher k analytes (heptanophenone, octanophenone, and decanophenone) in the 80% water matrix. The reasen for the decrease in peak heights
is the decrease in the solubllity of the high k analytes in the highly aquecus sample matrix. The corrected peak areas, which is a measure of the
amount of sample loaded for octanophenone and decanophenone is 10% to 80% lower in the 80% watler matrix compared to the other sample
matrices used. To avoid solubility problems, the test APKs in succeeding experiments were prepared in matrices having at [east 30% acetonitrile.

EXAMPLE 9

The separation column was prepared as described above in Example 3. FIG. 11 (panels a, b, and c) are representative electrochromatograms
showing plots of absorbance versus retention time using an embodiment of the present invention, The separation solution is 5 mM ammonium
acetate in 60% acetenitrile. The plug lengths were 0.2 cm for a sample solution of 5 mM ammonium acetate in 60% acetonitrile {pane! a); 2.74 cm
for the same sample solution was used in panel a (panel b}, and 2.74 cm for a sample solution of 5 mM ammoniurm acetate in 30% acetonitrile
(panel ¢). Other conditions and identification of peaks are the same as in Example 7.

The gradient condition, as shown in FIG. 11 {panel ¢), showed improved resolution and peak shapes. Improvements in peak heights under the
gradient condition illustrated in FIG. 11 (panel c) were 38, 35, 38, 41, 42, 38, 32, and 24 times for acetophenone, propiophenone, butyrophenone,
valerophenone, hexanophenone, heptanophenone, octanophenone, and decanophenone, respectively. The % RSDs (n=5) of measured peak
heights ranged from 0.9% to 2.5%. % RSDs (n=5) of migration time ranged from 0.3% to 0.5%. The procedure is therefore reproducible in & single
column.

EXAMPLE 10
FIGS. 12A,12B, and 120 are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of

the present inventior.. The plug lengths were 2.74 ¢m for sample solution of 5 mM ammonium acetate in 40% acetonitrile (FIG. 12A}, 2.74 cm for
sample solution of 5 MM ammonium acetate in 30% acetonitrile (FIG. 12B), and 5.48 cm for a sample solution the same as in FIG. 12B (FIG.




12C). The separation solutions were 5 mM ammonium acetate in 0% acetonitrile (FIG. 12A) and 5 mM ammonium acetate in 50% acstonitrile
{FIGS. 12B and 12C). Other conditions and identification of peaks are the same as in Example 7.

The k values were higher in FIG. 12B than in FIG. 12A because of the high percentage of water in the separation solution. The analyte molecules
were more attracted to the PSG phase at high percentages of water, The distribution constant K {number of moles of solute in the PSG phase
divided by the number of moles of sclute in the separation solution), which is directly proporional to k increases with increasing concentration of
water in the separation solution. In FIG. 12B, the k values for acetophenone, propiophenone, butyrophenone, valerophenone, hexanophenone,
heptanophenone, octanophenone, and decanophenone were 0.29, 0.47, 0.65, 0.92, 1.28, 1.76, 2.37, and 4.25, respectively. To maintain the
gradient effect constant, the percentage of organic solvent ratio between the separation solution and sample matrix was kept at the same value
for FIGS. 12A and 12B. For reasons still unknown, the result in FIG. 128 shows that for analytes with lower k values (acetophenone and
propiophenone) there were slight increases in peak heights compared to FIG. 12A. For the other test solutes, there are some decreases in peak
heights.

FIG. 12C illustrates what happens for a longer injection plug of 5.48 cm and a higher percentage of water in the separation solution.
Improvements in peak heights were 31, 33, 55, 44, 44, 37, 29, and 19 times for acetophenone, propiophenone, butyrophenone, valerophenone,
hexanophenone, heptanophencone, octanophenone, and decanophenone, respectively. As in FIG. 11 (panel c), the improvements in peak heights
do not follow k, unlike in nongradient conditions. The impravements in peak heights were comparable to those obtained with a higher percentage
of organic solvent between the separation solution and the sample matrix (FIG. 11, panel ¢). Note that the injection plug is two times shorter in
FIG. 11 {panel ¢) than in FIG. 12C.

EXAMPLE 11

FIG. 13 (panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention. The plug lengths were 0.22 mm {panet a) and 19.5 cm (panel b). The separation solution was 5 mM ammonium acetate in
60% acetonitrile. The sample solutions were: 5 mM ammenium acetate in 60% acetonitrile (panel a) and 36% acetonitrile (panel b). The sample
concentrations were 11 10 83 .mu.g/ml (panel a) and 1.1 to 5.3 mu.g/ml (panel b}. The applied voltage was 30 kV, and the absorbance was
detected at 214 nm. The elution order was thiourea (peak 1), naphthalene (peak 2), phenanthrene (peak 3), pyrene {peak 4), and benz(e)
acephenanthylene (peak 5).

A solvent gradient improved detection of four PAHs, as shown in FIG. 13 (panel b). A high percentage of acetonitrile {60%) in the separation
solution, a shorter PSG length (10 cmy), and a high electric-field-strength (781.3 V/cm) were used for faster analysis times. FIG. 13 {panel a) is a
0.22-mm typical injection of sample prepared in the separation solution. FiG. 13 (panel b) is a 19.5-cm injection using a gradient where the
sample fs in a 36% acetonitrile matrix, which provides a high percentage of organic solvent betwsen the sample solution and the separation
solution. Longer than 19.5-cm plug lengths cause broadening of the naphthalene peak. It is interesting to note that the injection length is longer
than the length from the inlet to the detector window (18.8-cm). The faster eluting thiourea zone is actually observed during the sample injection.
The thiourea zone is therefore at the detection window at the start of the separation voltage.

Improvements in peak heights for naphthalene {peak 2), phenanthrene (peak 3}, pyrene (peak 4}, and benz{ejacephenanthylene (peak 5) are
346, 437, 409, and 315 times, respectively. The sample concentrations in FIG. 13 (pane! b) were 10-fold lower than in FIG. 13 (panet a). For
naphthatene, phenanthrene, and pyrene, the values stated above are 6.9, 3.5, and 3.2 times better than that previously reported under
nongradient conditions, respectively.

EXAMPLE 12

FIG. 14 (panels a, b, ¢, d, and o) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention. The plug lengths were 0.23 mm (panel a), 7.6 cm (panel b}, 22.8 cm (panef ¢}, 45.6 cm (panel d}, and 91.2
om (panel €). The separation solution was 5 mM ammonium acetate in 80% acetonitrile. The sample solutions were 5 mM ammonium acetate in
60% acetonitrile (panel a) and 40% acetonitrile (panels b, ¢, d, and e). The sample concentrations were 9 to 50 .mu.g/mi (panel a), 0.9 to 5 .mu.g/
ml (panels b, ¢, d, and e). The applied voltage was 22 kV, and absorbance was detected at 254 nm. The efution order was thicurea (peak 1),
decanophenone {peak 2}, and pyrene (peak 3}.

The peak heights of decanophenone {peak 2) and pyrene (peak 3) increased with increasing plug lengths. The injection was increased from 0.23
mm (panel a) to 7.6 cm (panel b), 0.22.8 ¢m (panet ¢), 45.6 cm (panel d), and 91.2 cm (panel e), which corresponds to 0.1%, 30%, 89%, 178%,
and 356% of the total capillary length. The high porosity or the low resistance to flow of the porous matrix made it possible to introduce increasing
lengths of the sample solution in a rather effortless manner. Longer than 91.2 cm injection is still possible. It is not performed, however, owing to
loss of resolution as observed in FIG. 14 (panel &}. The electrechromatogram in panel d or e is believed to be the first demonstration in CEC
showing sample injections longer than the fotal capillary length. The volume of sample injected was also greater than 1 .mu.l. A comparison of the
peak heights obtained in panels a and e suggests improvements in peak heights of 1118 times and 1104 times for decanophencone and pyrene,
respectively. These values are the highest reported sensitivity improvements for neutral analytes using a simple on-line preconcentration
technigue in CEC. The strong interaction of the analytics to the porous matrix and the inherent rapid mass transfer characteristics of the porous
matrix allowed for the observation of such marked preconcentration effects.

Successful separations have been done with PSG in 250-mu.m i.d. capillaries (data not shown). This work opens the possibility of performing
semi-preparative separations involving long plug injections. Injection volumes in the .mu.l range could easily be made.

EXAMPLE 13

FIG. 15 (panels a, b, ¢, d, e, and f) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention. The plug lengths were 0.1 mm (panel a) and 1.8 cm {panels b, ¢, d, &, and {}. Injections were done using
pressure wherein the injection length is fixed at 1.8 cm. The sample solutions were the same as the separation solution {panels a and b}, 10 mM
phosphoric acid in 20% acetonitrile (panel ¢}, 10 mM phosphoric acid in 70% acetonitrile (panel d), 50 mM phosphoric acid in 40% acetonitrile
(panel e}, 0.05 mM phosphoric acid in 40% acetonitrile (panel f). The separation solution was 10 mM phosphoric acid in 40% acetonitrile. The
peptide concentrations were 16.7 .mu.g/ml each, the applied voltage was 12 kV, and the absorption detection was at 214 nm. The elution order
was bradykinin (peak 1), angiotensin II (peak 2}, tripeptide | (peak 3), tripeptide 1l (peak 4}, and methionine enkephalin (peak 5).

Although it was expected that the peak shapes would be better under a gradient condition (FIG. 15, panel ¢) as compared to a nongradient one
(FIG. 15, panel b), the resulting peak shapes were better using a higher concentration of acetonitrile in the sample matrix (FIG. 15, panel d).
Better peak shapes were observed in FIG. 15 (panel d) resulting from sample stacking. The broadening effect of using a higher concentration of
the eluting solvent in the sample solution (reverse gradient effect due to higher concentration of eluting solvent) is not observed because the
cationic peptides immediately migrate to the separation buffer once voltage is applied, thus the peptide zones are already in the separation
solution before it reaches the porous matrix. Sample stacking is also shown in FIG. 15 {panel f) where the sample is prepared in a matrix having a
lower concentration of buffer component and a simiiar percentage of acetonitrile compared to the separation solution.




Undesirable peak shapes are observed in FIG. 15 (panel ¢) resulting from destacking. Destacking is the broadening of charged analytes when
analytes pass the concentration boundary that separates regions of low and high electric field strengths. The low electric field zone is the high
conductivity sample matrix containing more water. Destacking is also shown in FIG. 15 {panel ) where the sample is prepared in a matrix having
a higher concentration of buffer component and a similar percentage of acetonitrile compared to the separation solution.

EXAMPLE 14

FIG. 16 {panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention. The injections were 0.1 mm using 0.5 psi pressure {panel a} and 15-s at 5 kV (panel b). The sample solutions were 10 mM
phosphoric acid in 40% acetonitrile (panel a) and 0.5 .mu.M phosphoric acid in 40% acetonitrile (panel b). The peptide concentrations were

16.7 .mu.g/ml each (panel a} and 167 ng/ml each (panel b). The separation voltage was 12 kV. Other conditions are the same as in Example 13.

The analytes in FIG. 16 (panel b) were one hundred times less concenirated than those in FIG. 16 (panel a). Improvements in peak heights for
bradykinin {peak 1}, angiotensin Il {peak 2, tripeptide [ (peak 3), tripeptide | (peak 4}, and methicnine enkephalin {peak 5) were 1040, 820, 810,
950, and 711 times, respectively. For the preconcentration procedure, % RSDs (n=>5) of peak heights ranged from 8.2% to 16.2% while % RSDs
{n=5} of migratior time ranged from 0.7% to 1.5%. Reproducibility of peak heights should be improved with the use of an internal standard.

Field enhanced sample injection was performed by dissolving the sample in a low conductivity matrix (0.5 .mu.M phosphoric acid in 40%
acetonitrile), followed by injection using voltage with the negative electrode at the detector end. As the voltage was applied, the low conductivity
sample matrix entered the capillary by virtue of electroosmotic flow (EQF} while the cationic peptides entered the column by virtue of both EOF
and electrophoretic flow. Only a very small plug of sample matrix was introduced because the fow pH of the separation solution markedly
decreases the EOF, which prevents the dissociation of silanol groups at the capillary walls. An unretained neutral solute (thiourea) was actually
detected after 30 minutes.

The electric field in the sample matrix zone introduced into the column was much higher than the separation zone. This effect caused the high
-electrophoretic velocity of the cationic peptides entering the capillary. The high analyte electrophoretic velocity caused a large amount of peptides
to be introduced, unlike in hydrodynamic injection, the volume of sample loaded Iimited the amount of sample introduced The high analyte
electrophoretic velocity also caused focusing or preconcentration of peptides at the concentration boundary between the sample matrix and
separation solution (sample stacking). introduction of a water plug before electrokinetic injection, which is suggested to be useful in sample
stacking with electrokinetic injection, did not improve the peak heights because of the similar direction of the EOF and analyte electrophoretic
velocities. The low conductivity sample matrix that entered the capillary also maintained the enhancement of the electric field at the inlet end of
the capillary during injection.

With the conditions in FIG. 16, optimum electrokinetic injection time at 5 kV was found o be 15 s. Longer injections lead o broadening of the
peaks. After the injection, the separation voltage was applied with the same polarity as in the injection (negative electrode at the detector side).
The anaiytes moved to the cathode and were subsequently preconcentrated again based on their retention on the PSG column. The method was
considered selective for cations because cations were mostly introduced inko the capillary. The injected neutrals migrated after the unretained
neutral marker and the cations because the EOF was very slow. At the pH used, all the analytes were either positively charged or neutral.
Applicability of the technigue to other cationic samples is also possible.

EXAMPLE 15

Table 2 lists the types and volumes of reagents used to make different precursor stock solutions where the ratio of the acid catalyst to the
precursor, methacryloxypropyltriethoxysilane, was varied or where the precursor was reacted with a co-precursor {to form a mixed phase PSG
monolith).

TABLE 2 Volume (.rmu.L) Solution Precursor.sup.1 BTE.sup.2 BTO.sup.3 HCl.sup.4 A 37500 100 K 3752000100 J 57500100 M 500 0 75
100 P 375 200 0 100 .sup.1 methacryloxypropyliriethoxysilane .sup.2 bis{triethoxysilyl)ethane .sup.3 bis{triethoxysilyl)octane .sup.4 0.12M

Either changing the concentration of the precursor in the reaction solution or using a co-precursor for the formation of mixed phases modified the
chemical nature of the parent PSG monolith. The PSG mongliths, PSG-A and PSG-J, prepared from solutions A and J, respectively, differ only in
the volume of precursor used in the reaction with J containing a higher volume of the precursor than A. A higher volume of the precursor in the
reaction should result in a denser monolith in the capillary column. The PSG monglith, PSG-K, was prepared with the precursor and bis
(triethoxysilyl)ethane as a co-precursor. The PSG monoliths, PSG-M and PSG-P, were prepared with the precursor and different amounts of bis
{triethoxysilyl joctane as the co-precursor. The co-precursors hydrolyze and condense with the precursor to form hybrid sols (mixed phases).

For solutions A and J, the appropriate volume of the precursor was added to 100 .mu.L of the acid catalyst (0.12 M HCH), and the resulting solution
was stirred for 15 minutes at room temperature (in the dark). For solutions K, M, and P, the appropriate volume of the precursor was added to

100 .mu.L of 0.12 M HCI followed by the addition of the appropriate amount of bis{triethoxysilyl)ethane; the resulting solution was stired for 15
minutes at room temperature (in the dark). All of these solutions were used within two hours of their preparation.

A similar procedure was followed in making the toluene/precursor stock solutions with the photoinitiator added. The amount of photoinitiator
added to the toluenelprecursor stock solution was 10 mg photeinitiator for every 100 .mu.L of the toluene/precursor stock solution.

The capillary was prepared and conditioned in the same manner as previously described. PSG capillary column conditioning was the same as
before.

The separation factors of the monoliths for two test mixtures of alkyl phenyl ketones {APKs) and polycyclic aromatic hydrocarbons (PAHs) were
determined. The separation factor is a measure of the analyte separation capability of a chromatographic system. The separation factor, a, is
given by k.sub.2 /k.sub.1, where k is the retention factor for a particular analyte, and k.sub.2 and k.sub.1 are the k values for adjacent analytes.
The retention factor k=(t.sub.r -t.sub.o)t.sub.o was determined in the usual way, where t.sub.R is the analyte retention time and t.sub.o is the
retention time of an unretained marker, for which we used thiourea. Table 3 lists the separation factor of each PSG monoalith for naphthalene and
pyrene.

TABLE 3 Monolith k.sub.N k.sub.Py .alpha..sub.Npy R.sub.s (N/Py) PSG-A 0.14 0.36 2.57 2.43 PSG-K 0.23 0.56 2.43 4.09 PSG-J 0.31 0.79 2.55
4.35 PSG-M 0.35 0.90 2.57 4.37 PSG-P 0.25 0.69 2.76 9.03

The values for a varied from 2.43 for PSG-K to 2.76 for PSG-P with the separation factor for PSG-P being slightly higher than that of the other
monoliths. Separation factors greater than 1 indicated successful separation of the analytes.

FIG. 17 (panels a, b, ¢, d, and e) are representative electrochromatograms showing plots of absorbance versus retention time using an
embodiment of the present invention. A mixture of thiourea (T), naphthalene (N), phenanthrene (Ph), and pyrene (Py) were separated on PSG-A
(FIG. 17, panel a), PSG-K (FIG. 17, panel b), PSG-J (FIG. 17, panel ¢), PSG-M (FIG. 17, panel d), and PSG-P (FIG. 17, panel e). In all cases the




peaks of the different analytes were well resolved.
Resolution was determined from the expression ##EQU3##

where N is the efficiency (theoretical plate number), a is the separation factor, and k the retention factor for a particular analyte. PSG-A has the
lowest resolution of 2.43 for naphthalene and pyrene whereas PSG-J has a resolution of 4.35 for the same two analytes. The higher volume of the
precursor used In the preparation of PSG-J as compared to PSG-A resulted in increased hydrophobicity of the manolith The retention factors far
naphthalene and pyrene on PSG-J were 0.31 and 0.79, respectively, and these values reflected the increase in the hydrophabicity of the
monolith. These values represent increases of 55% and 54%, respectively.

The use of the co-precursor, bis(tristhoxysilyl}octane in PSG-M and bis{triethoxysilyl)ethane in PSG-K and PSG-P resulted in resolution for
naphthalene and pyrene of 4.37, 4.09, and 8.03, respectively, which is an enhancement of up to 73% as compared to the resolution on the parent
PSG-A (Rs=2.43). The retention factors for naphthalene (0.23) and pyrene {0.56) were both 60% higher for these three monoliths than for PSG-
A.

EXAMPLE 16

The separation colurnn was prepared as described above in Example 15 for monolith PSG-J. For a porous matrix having a length of 15 cm, the
retention factors for napthalene and pyrene, k.sub.N and k.sub.py, respectively, were 0.31 and 0.79, respectively, for a porous matrix made with
80% toluene. For a similar porous matrix having a length of 10 cm, k.sub.N and k.sub.py were 0.10 and 0.24, respectively. There was a linear
relationship between length and k.sub.N {r=0.991} and k.sub.py (r=0.991). The separation factors for 15-cm, 10-¢m, and 5-cm porous matrices
were 2,55, 2.52, and 2.40, respectively, Thus, for the shortest monolith length, a high separation factor was maintained, while the elution times for
the analytes were significantly reduced. Decreasing the length of the porous matrix in a capillary column led to a decrease in the elution times of
the test analytes. Decreasing this fength had an effect of decreasing the retention factors of naphthalene and pyrene.

EXAMPLE 17

The separation column was prepared as described above in Example 15. For PSG-A made with 80% ioluene, k.sub.N was 0.14 and k.sub py is
0.36, whereas k.sub.N was 0.30 and k.sub.py was 0.74 for PSG-A made with 73% toluene. The separation factors for PSG-A made with 80%
toluene and 73% toluene were 2.57 (0.1% RSD) and 2.47 (0.1% RSD), respectively. The value of k increased by 53% and 51% for naphthalene
and pyrene when 73% toluene was used in the preparation of the monoliths.

A simitar trend was observed for PSG-J where k.sub.N was 0.31 and k.sub.py was 0.79 for a monolith made with 80% toluene. The k.sub.N (0.49}
and k.sub.py (1.23} values increased by 37% and 36% when the concentration of toluene was decreased from 80% to 73%. The separation
factors of P5G-J made with 80% toluene and 73% toluene were 2.55 and 2.51, respectively.

The resolution of naphthalene and pyrene differed significantty when comparing PSG menoliths made with 80% and 73% toluene. When the pore
size decreased, which was brought about by using lower volumes of toluene, the PSG surface increased with a resulting increase in the retention
and reselution under the same separation solution conditions. Thus, the permeability of the porous matrix affects the retention of the analytes.

EXAMPLE 18

The monomer, methacryloxypropyltrimethoxysilane (MPTMCS) and the silane coupling reagents, pentafiuorophenyldimethylchlorosilane
(PFPDM), pentafluorophenyltristhoxysilane (PFP}, 3,3,3-trifluoropropyltrichiorosilane (C.sub.3 F.sub.3)}, n-octadimethylchlorosilane {C.sub.8},
- (tridecafluore-1,1,2,2-tetrahydrooctyl) dimethylchloro-silane (CF.sub.13), and n-propylaminotriethoxysitane {NH.sub.2), were purchased from
‘Sigma-Aldrich (Milwaukee, Wis.) or Gelest (Tullytown, Pa.) and used as received. The photoinitiator, frgacure 1800, was donated by Ciba
{Tarrytown, N.Y.}. All solvents were of spectroscopic grade from Sigma-Aldrich. Fused-silica capillaries of 75--mu.m inside
diameter .times.365-.mu.m outside diameter were purchased from Polyrnicro Technologies Phoenix, Ariz.). Thiourea, alkyl phenyl ketones,
naphthalene, phenanthrene, pyrene, nucleosides, taxol, taxol derivatives, and the peptides were purchased from Sigma-Aldrich and used as
received.

All of the electrochromatograms were obtained using a Beckman P/ACE 2000 capillary electrophoresis (CE) instrument equipped with a UV
absorbance detector {Beckman Coutler, In¢. Fullerton, Calif.). A Spectrolinker X1.-1500 equipped with six 365 nm low-pressure mercury bulbs
{Spectronics Corp., Westhury, N.Y.} was used in the photopolymerization reactions. A Philips Model 505 scanning electron microscope (SEM)
was used to analyze the physical suture of the porous matrices in the capiltary columns. For that purpose each column was coated with a 10-nm
thickness of gold/palladium using a Denton Vacuum, LLC Desk Il Cold Sputter/Etch unit and carbon evaporation accessory (Moorestown, N.J.).

The metal organic polymer was prepared with a monomer stock solution of 575 .mu.L MPTMOS and 100 .mu.L of .12 M HCI that was stirred at

- room temperature for 15 minutes. An 80/20 toluene precursor solution (viv} was prepared by mixing 60 .mu.L of the monomer stock solution with
30 mg of the photolnitiator dissolved in 240 .mu.L of toluene. The resulting solution was stirred at room temperature and in the dark for 5 minutes.
A capillary column with a 5 or 10-cm stripe of polyimide removed from its exterior was prepared. The total length of the capillary was 25.6 cm {18.8
cm from inlet to the detector window). The detector window, which was positioned after the porous matrix, was created by bumning off the
polyimide with fuming sulfuric acid,

The bonded phase was prepared on an 80/20 metal organic polymer in a column that was rinsed with toluene prior to the silanization reaction.
The rinsed column was then treated with the silane coupling reagent by continuous flow of a neat solution of the reagent with a syringe in a hand-
held vise. The reagent was allowed to react with the surface of the polymer for 15, 30, 80, 70, and 90 minutes at room temperature. Any
unreacted silane coupling reagent was removed from the bonded phase porous matrix by flushing with toluene using a syringe. The following
bonded phase porous matrices were prepared by this procedure: PSG-PFP, PSG-PFPDM, PSG-C.sub.8, PSG-C.sub.3 F.sub.3, PSG-CF.sub.13,
and PSG-NH.sub.2.

A PSG capillary column was carefully installed into a P/ACE cartridge. Although the column is without a complete coating of polyimide, it still
maintains good mechanical strength. Care is taken, however, in handling these capiliaries to prevent breakage during installation into the
capillary cartridge. Once in the cartridge, the capillary is first conditioned with the separation solution using a syringe. In the GE instrument the
column is rinsed further for about 2 minutes at 20 psi followed by electrokinetic conditioning at 5 kV for 10 minutes. The columns were
thermostated at 20.degree. C.

FIGS. 18a and 18b are cross-sectional scanning electromicrograph images of a parent (i.e., underivatized) porous matrix (FIG. 18a) and a
C.sub.8 -bended phase porous matrix (FIG. 18b). These cross-sectional images of the capillary columns reveal a porous network of
interconnecting spherically and nearly spherically shaped structures of 1-mu.m diameter. Both structures are nearly identical {at the magnification
used) with the bonded phase porous matrix containing some areas of higher monolith density.




EXAMPLE 19

The bended phase porous matrix was prepared as described above in Example 18. The alkyl phenyl ketons sample solution was prepared with
1.42 mu.M acetophenone, 25 .mu.M propiophenone, 15 .mu.M butyrophenone, 20 .mu,M valerophenone, 5.5 . mu.M hexanophenone, 16.5 .mu.M
heptanophenone, 15.3 .mu.M octanophenone, and 3.5 .mu.M decanophencne in a solution of 50 mM ammonium acetate (pH 6.5)water/
acetonitrile (1/3/6). Using a lower volume of acetonitrile resulted in lowering the solubility of the sample. The separation solution was 1/5/4 50 m
ammarnium acetate (pH 6.5)water/acetonitrile. Injection was at 1 kV for 5 seconds, and the separation valtage was 20 kV.

FIG. 19 (panels a, b, ¢, d, e, and f) are representative electrochromatograms showing plots of absorbance versus retention time using
embodiments of the present invention, The electrochromatograms are of the separation of thiourea and alkyl phenyl ketones on PSG capillary
columns of underivatized porous matrix (panel a), and derivatized porous matrices with C.sub.3 F.sub.3 {panel b), CF.sub.13 (panel ¢), PFP
{panel d), C.sub.8 {panel e), and PFPDM (panel f). The peaks are thiourea (peak T), acetophenone (peak 1), propriophenone (peak 2),
butyrophenone (peak 3), valerophencne (peak 4}, hexanophenone (peak 5), heptanophenone (peak 6), octanophenone {peak 7), and
decanophenone (peak 8).

A comparison of the five bonded-phase PSG columns, namely PSG-C.sub.3 F.sub.3 {panel b), PSGCF.sub.13 (panel ¢), PSG-PFP (panel d),
PSG-C.sub.8 (panel ), and PSG-PFPDM (panel 1), to the parent PSG column (panel a) revealed enhanced resolution of the test analytes,
particularty for the more hydrophobic ones, with the highest enhancement occurring for PSG-PFPDM. Resolution was determined from the
expression ##EQU4##

where N is the efficiency (theoretical plate number), a is the separation factor, and k the retention factor for a particular analyte. The separation
factor a was given by k.sub.2 /k.sub.1. The retention factor k=(tsub.R -t.sub.o)t.sub.o was determined In the usual way, where t.sub.R is the
analyte retention time and t.sub.o is the retention time of an unretained marker (for which we used thiourea). Resolutions for acetophenone (peak
1) and hexanophenone (peak 5) were 2.02, 2.15, 2.64, 3.13, and 3.71 for PSG-C.sub.3 F.sub.3, PSGCF.sub.13, PSG-PFP, PSG-C.sub.8, and
PSG-PFPDM, respectively. This performance was an increase of up to 50% from the parent PSG (R.sub.s =1.86). In all cases, the alkyl phenyl
ketones eluted in'order of increasing hydrophobicity: acetophenone (peak 1), propiophenone (peak 2}, butyrophenone (peak 3), valerophenone
(peak 4), hexanophenone (peak 5), heptanophenone (peak 6), octanophenone (peak 7), and decanophencne (peak 8). All of the alkyl phenyl
ketones were eluted from the bonded phase PSG capillary columns within 30 minutes at relatively high field strengths (> 1000 V/cm). The lowest
resolution of the alkyl pheny! ketones was observed for the parent PSG column (panel a), whereas the highest resolution of the alkyl phenyl
ketones was achieved on PSG-PFPDM with octancphencne, eluting after 13 minutes (panel f), and decanophenone (not shown), eluting after 25
minutes.

it has been reported that fluorinated bonded phases interact with aromatic compounds based on electrostatic interactions between the .p.
electrons of the aromatic rings and the lone pair efectrons (in the 2p orbital) on the fluorine atom of the bonded phase. This behavior was not the
case for the fluorinated bonded phases, PFP and PFPDM. Separation of the alkyl phenyl ketones was caused by the increasing hydrophobicity of
the compounds as the number of carbons of the alkyl functional group increases. The elution order followed this increase in the hydrophobicity for
these compounds.

PSG-C.sub.8 showed good resolution for the alkyl phenyl ketones and shorter analysis times for all eight alkyl phenyl ketones with
decanophenone eluting within 20 minutes (panel ). PSG-C.sub.8 combined high resolution with fast elution times for the alkyl phenyl ketones
and had an EOF of 1.76 times.10.5up.-4 cm.sup.2 /Vs, which was 15% higher than the EQF values for the other bonded phase porous matrices,
but the same as that of the underivatized porous matrix.

We observed no bubbles or drying out of the PSG columns, even at high field strengths employed in the separation of the alkyl phenyl ketones.
The bonded phase porous matrices were more stable to highly acidic conditions (pH 24) than the underivatized porous matrix, A plot of the
current versus field strength for each of the bonded phase porous matrices was linear (data not shown). This linearity suggests the absence of
Joule heating, which can lead to peak broadening. In each of the separations, the efficiency of the alkyt phenyl ketones decreased with increasing
k values. Diffusion effects that caused the analytes to slowly elute off the porous matrix may explain the low efficiencies. Higher resolution can be
attained with a bonded phase porous matrix having a length of 15 cm, but at the expense of longer elution times. A linear relationship existed
between the length of the porous matrix and k. The separation factors for bonded phase porous matrices of lengths 15, 10, and 5 cm were 2.55,
2.52, and 2.40, respectively.

EXAMPLE 20

Table 4 presents the effect of the silanization reaction time on the retention factor k, separation factor a, and resolution R.sub.s of PSG-C.sub.8
for acetophenone (1} and hexanophenone (5) on a 5-cm PSG-C.sub.8 monolith.

TABLE 4 Reaction time {min) k.sub.1 k.sub.5 alpha..sub.1/5 R.sub.s (1/5) 0 0.150.74 491 2.11 150.16 1.37 4.73 2.33 30 0.14 1.17 8.36 2.46 60
0.181.779.853.31700.18 1.67 9.20 2.83 90 0.15 1.41 9.47 269

The separation factors increased as a function of the reaction time up to 60 minutes with the separation factors for 0 and 15 minutes differing only
slightly. Separation factors greater than one indicated successful separation of the analytes. With longer reaction imes of 70 and 90 minutes, the
separation factors decreased. The same trend in resolution of acetophenone and hexanophenone was observed for increasing reaction times.
The resolution of the two analytes increased linearly with reaction time (r=0.974) in the range of 0 to 60 minutes. Golumn-to-column reproducibility
{n=3 or 4) for bonded phase PSG columns preparad with 15, 30, and 60 minute reaction times was better than 3% RSD. The resolution
decreased for reaction times of 70 and 90 minutes.

Coliapse of the bonded phase may explain the decrease in the resolution for reactions times of 70 and 90 minutes. As the silanization reaction
time was increased, more of the n-octyldimethylsilane was allowed to bond to the hydroxyl groups of the metal organic polymer, thereby
increasing the number of n-octyldimethyl groups on the polymer surface. As more of the bonded phase was bound on the polymer surface, the
closer the ligands get to one another. The fact that the k.sub.1 and k.sub.5 values increased by 17% and 58% respectively, from O to 60 minute
reaction time indicated that the polymer surface was becoming more hydrophobic, i.e., more retentive for the alkyl phenyl ketones.

EXAMPLE 21

FIG. 20 {panels a and b) are representative electrochromatograms showing plots of absorbance versus retention time using an embodiment of
the present invention, The electrochromatograms are of the separation of five to seven alkyl phenyl ketones on a 5-cm PSG-C .sub.8 maonolith for
30 min (panel &) and 90 min (panel b). The separation conditions and peak identities are the same as in Exampie 19.

FIG. 20 llustrates the effect of 0 minute reaction time (FIG. 20, panel a) and 80 minute reaction time (FIG. 20, panel b) for a PSG-C.sub.8

monalith on the separation of an alkyl phenyl ketone mixture. The k values for decanophenone, having a 10-carbon chain, were extremely high.
For a 30-minute reaction time k was 23.0, whereas for a 60-minute reaction time k is 28.6, an increase of 20%. No loading measurements were
performed to assess the surface coverage of the bonded phase on the Porous matrix, but it can be inferred from the chromatographic data that




there should be a higher coverage of the bonded phase on the porous matrix, particularly for the reaction times 15-60 minutes, and hence an
increased number of chromatographic sites for the separation of the test compounds.

EXAMPLE 22

The nucleoside sample mixture consisted of inosine, uridine, guanosine, and eytiding in concentrations of 1 mg/mL each in water. The separation
solution was 50 mM phosphate (pH 8)/water/acetonitrile (0.5/3.5/6). The injection plug length was 0.1 mm, and the applied voltage was -15 kV.

A 10-cm PSG-NH.sub.2 monolith was prepared as described above in Example 18. A 10-cm long Porous matrix was derivatized with n-
propylaminotiiethoxysilane. The resulting monolith, PSG-NH.sub.2, had an amine-bonded phase {pH 9-10) that was positively charged under our
experimental conditions. The positive charge allowed for reversal of the EQF. Although chromatographic materials with an amine group
functionality had found some application in normal phase and ion-exchange chromatography, PSG-NH.sub.2 under our conditions behaved as a
reversed phase material. The alkyl phenyt ketones eluted in the same order (data not shown) as compared to the other bonded phase porous
matrices described above.

FIG. 21 is a representative electrochromatograph showing a plot of abscrbance versus retention time using an embodiment of the present
invention. The peaks are of four nucteosides, inosine (peak 1), uridine (peak 2), guanosine (peak 3), and cytidine (peak 4). FIG. 21 shows the
separation of the mixture of the four nucleosides with reversed EOF. The separation of this mixture was not possible in capillary zone
electrophoresis in the same separation solution.

EXAMPLE 23

A 15-cm PSG-PFP monolith was prepared as described above in Example 18. Short chain peptides, angiotensin I, bradykinin, angiotensin II, gly-
gly-gly, val-tyr-val, and methionine enkephaline, were used as cationic analytes. The concentration of each of the peptides was 16 .mu.g/mL. The
separation solution was 50 mM ammonium acetate {pH 4.3)Avater/acetonitrile {1/4/5). Injection was for 30 s at 0.5 psi, and the applied voltage
was 10 kV.

FIG. 22 is a representative electrochromatograph showing a plot of absorbance versus retention time using an embodiment of the present
invention. Peaks were for the separation of five cationic peptides, angiotensin | {peak 1), bradykinin {peak 2), angiotensin [ (peak 3), gly-gly-gly
{peak 4), val-tyr-val (peak 5), and methionine enkephalin {peak 8). FIG. 22 demonstrates the utility of a PSG-PFPDM column for the separation of
four positively charged peptides, which was achieved in less than 15 minutes. The cationic peptides were eluted from the column despite the
anionic nature of the monolith. The bonded phase essentially created a layer on the monolith to shield the negative charge of the ionized hydroxyl
groups from the peptides. Thus, charge interactions have been diminished between the cationic peptides and the anionic monolith.

EXAMPLE 24

A 15-cm PSG-C.sub.3 F.sub.3 monolith was prepared as described above in Example 18. Taxol, baccatin [l, and acetylbaccatin were each
prepared as 1 mg/mL solutions in acetonitrile. The separation solution was 50 mM ammonium acetate {pH 6.5)/water/acetonitrile (1/4/5). Injection
was for 5 s at 0.5 psi, and the applied voltage was 10 kV.

FIG. 23 is a representative electrochromatograph showing a plot of absorbance versus retention time using an embodiment of the present
invention. The peaks are baccatin Ili {peak 1), taxol {peak 2), and acetylbaccatin (peak 3). FIG. 23 illustrates the complete separation of this
- mixture, which is achieved within 8 minutes. This separation demonsirates the potential of a bonded phase PSG column for the analysis of
pharmaceutical drugs.

While the invention has been described above by reference to various embodiments, it will be understood that changes and modifications may be
made without departing from the scope of the invention. All references referred to above are incorporated herein by reference in their entireties.
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