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SOLID PHASE MICROEXTRACTION FIBER
STRUCTURE AND METHOD OF MAKING

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent application is a National Phase of PCT/US99/
19013, filed Aug. 20, 1999, concerning a filing under 35
U.S.C. 371, claiming the benefit of priority under 35 U.S.C.
§119(e) of U.S. Provisional Application Serial No. 60/102,
481, filed Sep. 30, 1998, now abandoned, and U.S. Provi-
sional application Ser. No. 60/101,232, filed Sep. 21, 1998,
abandoned, which is incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to solid phase microextrac-
tion fiber structure, e.g., for preconcentrating trace organic
materials from various matrices, and to a method of making
such a solid phase microextraction fiber.

INTRODUCTION

With ever increasing environmental and health concerns,
the analytical capability for extraction and preconcentration
of trace organic contaminants from aqueous, gaseous, and
solid samples have become extremely important. Various
forms of Soxhlet extraction,’ liquid-liquid extraction,”
accelerated solvent extraction,” microwave-assisted solvent
extraction,” solid-phase extraction,” supercritical fluid
extraction,®” purge and trap,® and other methods®*! are
traditionally used for this purpose. Some of these methods
often employ large volumes of hazardous organic solvents,
others are time-consuming, and/or expensive. Most of these
methods require collection of the samples and their trans-
portation to the laboratory for further processing. Incorrect
sample handling during collection, transportation, and pres-
ervation may result in significant variability in analysis
results. Solid-phase microextraction (SPME) technique,
developed in 1989,'? effectively overcomes these difficulties
by eliminating the use of organic solvent and by allowing
sample extraction and preconcentration to be done in a
single step. The technology is more rapid and simple than
the conventional methods. It is also inexpensive, portable,
and sensitive.

In SPME, the outer surface of a solid fused silica fiber
(approximately 1 cm at one end) is coated with a selective
stationary phase. Thermally stable polymeric materials that
allow fast solute diffusion, are commonly used as stationary
phases. The extraction operation is carried out by dipping
the coated fiber end into the sample matrix, and allowing
time for the partition equilibrium to be established. The
amount of an analyte extracted by the coating is described by
Nernst’s partition law.'® The sensitivity of the method, is
mostly governed by the partition coefficient of an analyte
between the coating and the matrix.'* Extraction selectivity
can be achieved by using appropriate types of stationary
phases that exhibit high affinity toward the target analytes.
For liquid samples, stirring and salting out procedures are

commonly used to aid the extraction process.'>°

SPME is normally followed by gas chromatography (GC)
analysis, in which the extracted analytes are thermally
desorbed in the GC injection port for introduction into a GC
column. Currently SPME has also been interfaced with other
separation techniques, including high performance liquid
chromatography (HPLC),"” and supercritical fluid chroma-
tography (SFC).'® A specially designed syringe is com-
monly used to facilitate safe fiber handling during sample
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2

extraction and subsequent thermal desorption of the
extracted sample in the injection port of a gas chromato-
graph.

Solid-phase microextraction is predominantly performed
on SPME fibers coated with nonpolar poly
(dimethylsiloxane) (PDMS) stationary phases.'®** A sig-
nificant drawback of such fibers is that their recommended
operating temperatures are relatively low, and generally
remain within the range of 200-270° C.** This is about
80-150° C. lower than the upper temperature limit for the
same stationary phases when used in a GC column. Two
factors are believed to be responsible for this. First, the
stationary phase coating thickness on an SPME fiber is a few
orders of magnitude higher than the stationary phase film
thickness in a GC column. Stabilization of such a thick film
is much more difficult than that of submicrometer thick films
used in GC columns. Second, the lack of proper chemical
bonding of the stationary phase coating with the fiber
surface may also be responsible for the lower thermal
stability of conventionally coated PDMS fibers.

The problem should be more difficult for SPME fibers
with conventionally coated polar stationary phases, since
immobilization of physically coated polar films (even of
submicrometer thickness) is much more difficult than that
for nonpolar films.**** Achieving immobilization of thick
polar coatings, as used in SPME, should be even more
difficult. It is evident that future advancements in SPME
technology should greatly depend on new scientific break-
throughs leading to the development of more efficient tech-
nologies for creating selective stationary phase coatings, and
their chemical immobilization as thick films of enhanced
operational stabilities (temperature, solvent, etc.).

SUMMARY OF THE PRESENT INVENTION

The present invention provides a new and useful solid
phase microextraction fiber structure and a new and useful
method of making such a fiber structure. The present inven-
tion uses sol-gel chemistry to provide a simple and conve-
nient pathway for the synthesis of advanced material sys-
tems and applying them as surface coatings.>>° The sol-gel
chemistry provides efficient incorporation of organic com-
ponents into the inorganic polymeric structures in solution
under extraordinarily mild thermal conditions.?”

Among the advantages of the use of sol-gel technology in
connection with the present invention are: (a) low costs, (b)
unique ability to achieve molecular level uniformity in the
synthesis of organic-inorganic composites, and (c) strong
adhesion of the coating to the substrate due to chemical
bonding.?® The last of the above advantages is especially
important for SPME.

A solid phase microextration fiber according to the
present invention basically comprises a fiber, and a deacti-
vated surface-bonded sol-gel coating on a portion of the
fiber to form a solid phase microextraction coating on that
portion of the fiber. The solid phase microextraction coating
is capable of preconcentrating trace organic compounds in
various matrices. The solid phase microextraction coating
has the formula:
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wherein,
X=Residual of a deactivation reagent;

Y=Sol-gel reaction residual of a sol-gel active organic
molecules;

Z Sol-gel precursor-forming element

I=an integer =0;

m=an integer =0;

=0,

=0,

g=an integer =0; and

(1, m, n, p and q are not simultaneously zero).

n=an integer
p=on integer

Dotted lines indicate the continuation of the chemical

structure with X, Y, Z, or Hydrogen (H) in space.

The preparation of the solid phase microextraction fiber
includes the steps of providing the fiber structure, providing
a sol-gel solution comprising a sol-gel precursor, an organic
material with at least one sol-gel active functional group, a
sol-gel catalyst, a deactivation reagent, and a solvent system.
The sol-gel solution is then reacted with a portion of the fiber
(eg the tip of the fiber) under controlled conditions to
produce a surface bonded sol-gel coating on the portion of
the fiber. The fiber is then removed from the sol gel solution
and is heated under controlled conditions to cause the
deactivation reagent to react with the surface bonded sol-gel
coating to deactivate and to condition the sol-gel coated
portion of the fiber structure. Preferably, the sol-gel precur-
sor includes an alkoxy compound. The organic material
includes a monomeric or polymeric material with at least
one sol-gel active functional group. The sol-gel catalyst is
taken from the group consisting of an acid, a base and a
fluoride compound, and the deactivation reagent includes a
material reactive to polar functional groups (e.g., hydroxyl
groups) bonded to the sol-gel precursor-forming element in
the coating or to the fiber structure.

Additionally, the solid phase microextraction fibers made
according to the present invention can be effectively used in
combination with gas chromatography capillary columns
and capillary electrochromatography columns described in
concurrently filed U.S. Application Serial No. 60/102,483
entitled Capillary Column and Method of Making, incorpo-
rated herein by reference.

BRIEF DESCRIPTION OF DRAWINGS

Other advantages of the present invention will be readily
appreciated as the same becomes better understood by
reference to the following detailed description when con-
sidered in connection with the accompanying drawings
wherein:
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FIG. 1 is a schematic illustration of a syringe which can
be used in connection with microextraction fibers made
according to the principles of the present invention;

FIG. 2 is a is a cross sectional view of a fiber made
according to the present invention, taken with an electron
microscope (magnification 360);

FIG. 3 is an enlarged side view of a portion of sol-gel
coating on a fiber made according to the principles of the
present invention, taken with an electron microscope
(magnification 3,600);

FIGS. 4A and 4B are gas chromatograms of polycyclic
aromatic hydrocarbons (PAHs) extracted from solution
using fibers made according to the present invention and
conditioned at two different temperatures;

FIG. 5 is a graph showing percent relative standard
deviation (RSD) in peak area, n=3, vs conditioning tem-
perature for a fiber prepared according to the present inven-
tion using selected PAHs as test solutes;

FIG. 6 illustrates peak area percent RSD (n=3) vs condi-
tioning temperature for a fiber prepared according to the
present invention using Dimethylphenol (DMP) isomers as
test solutes;

FIGS. 7-9 represent SPME-GC analyses of polar analytes
using sol-gel PDMS fibers made according to the present
invention;

FIG. 10 is a gas chromatographic analysis of nonpolar
analytes using sol-gel PDMS microextraction fibers made
according to the present invention;

FIG. 11 illustrates high thermal stability of a sol-gel
PDMS-coated SPME fiber providing stable performance at
a desorption temperature of as high as 360° C,;

FIG. 12 illustrates fast extraction Kinetics on a sol-gel
coated PDMS fiber reaching equilibrium within 10 min both
for polar and nonpolar analytes;

FIG. 13A is a schematic illustration of a solid phase
microextration fiber made according to the principles of the

0 present invention;

FIG. 13B is a side illustration of the fiber in FIG. 13.

DETAILED DESCRIPTION OF THE
INVENTION

As described above, the present invention relates to solid
phase microextraction fibers for use as preconcentrators with
trace organic compounds in various matrices. The following
detailed description relates to solid phase microextraction
fibers designed for use as preconcentrators with trace
organic compounds in both polar and non polar analytes.

FIGS. 13A and 13B show a solid phase microextraction
fiber 10 made according to the principles of the present

5 invention. The fiber includes a base fiber 12 and a coating 14

60

65

disposed on a portion (e.g. the tip portion) of the fiber. The
fiber is coated in the manner described below, and is
thereafter used as a preconcentrator, in the manner also
described below.

A solid phase microextration fiber according to the
present invention basically comprises a fiber, and a deacti-
vated surface-bonded sol-gel coating on a portion of the
fiber to form a solid phase microextraction coating on that
portion of the fiber. The solid phase microextraction coating
is capable of preconcentrating trace organic compounds in
various matrices. The solid phase microextraction coating
has the formula:
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wherein,

X=Residual of a deactivation reagent (e.g., polymethyl-
hydrosiloxane (PMHS), hexamethyldisilazane
(HMDS) etc.);

Y=Sol-gel reaction residual of a sol-gel active organic
molecules (e.g., molecules with hydroxysilane or
alkoxysilane functional groups or a combination
thereof) either polymers or monomers, such as, poly-
dimethylsiloxane (PDMS), polymethylphenylsiloxane
(PMPS), polydimethyldiphenylsiloxane (PDMDPS),
polyethylene glycol (PEG) and related polymers like
Carbowax 20M, polyalkylene glycol such as Ucon,
macrocyclic molecules like cyclodextrins, crown
ethers, calixarenes, slkyl moieties like octadecyl, octyl,
etc.;

Z=Sol-gel precursor-forming element (e.g., Si, Al, Ti, Zr,
ete);

I=an integer =0;

m=an integer =0;

n=an integer =0;

p=an integer =0;

g=an integer =0; and

(1, m, n, p, and q are not simultaneously zero).

Dotted lines indicate the continuation of the chemical
structure with X, Y, Z, or Hydrogen (H) in space.

The preparation of the solid phase microextraction fiber

includes the steps of providing the fiber structure, providing
a sol-gel solution comprising a sol-gel precursor, an organic
material with at least one sol-gel active functional group, a
sol-gel catalyst, a deactivation reagent and a solvent system.
The sol-gel solution is then reacted with a portion of the fiber
(eg the tip of the fiber) under controlled conditions to
produce a surface bonded sol-gel coating on the portion of
the fiber. The fiber is then removed from the sol gel solution
and is heated under controlled conditions to cause the
deactivation reagent to react with the surface bonded sol-gel
coating to deactivate and to condition the sol-gel coated
portion of the fiber structure. Preferably, the sol-gel precur-
sor includes an alkoxy compound. The organic material
includes a monomeric or polymeric material with at least
one sol-gel active functional group. The sol-gel catalyst is
taken from the group consisting of an acid, a base and a
fluoride compound, and the deactivation reagent includes a
material reactive to polar functional groups (e.g., hydroxyl
groups) bonded to the sol-gel precursor-forming element in
the coating or to the fiber structure.

Equipment. SPME-GC experiments were carried out on a

Shimadzu Model 14A capillary GC system equipped with

an FID and a split-splitless injector. A Fisher Model
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G-560 Vortex Genie 2 system was used for thorough
mixing of various ingredients in the sol solution. A
Microcentaur Model APO 5760 centrifuge was used to
separate the sol solution from the precipitate (if any). A
homemade SPME syringe (FIG. 1) was used for the
transfer of the extracted sample into the GC injector for
analysis. It was assembled using spare parts purchased
from Valco Instruments Co. Inc. (Houston, Tex., USA). A
Barnstead Model 04741 Nanopure deionized water sys-
tem was used to obtain 17.8MQ water. On-line data
collection and processing were done using ChromPerfect
(Version 6.07) computer software (Justice Innovations,
Mountain Views, Calif., USA). The scanning electron
microscopy (SEM) experiments on the sol-gel PDMS
fiber coatings were carried out on a JEOL JSM35 electron
microscope.

Chemicals and materials. Fused silica fiber (220 um o.d.),
with protective polyimide coating, was obtained from
Polymicro Technologies Inc. (Phoenix, Ariz., USA).
Hydroxy-terminated poly(dimethylsiloxane) (PDMS),
methyltrimethoxysilane, and trimethylmethoxysilane
were purchased from United Chemical Technologies, Inc.
(Bristol, Pa., USA). Hexamethyldisilazane (HMDS), poly
(methylhydrosiloxane) (PMHS), napthalene, anthracene,
phenanthrene, fluorene, fluoranthene, acenaphthylene,
2,3-dimethylphenol, 2,5-dimethylphenol, 2,6-
dimethylphenol, 3,4-dimethylphenol, N,N-
dimethylaniline, 2-ethylaniline, 2,6-dimethylaniline,
4-ethylaniline, 3-ethylaniline, and n-methylaniline were
all purchased from Aldrich Chemical Company, Inc.
(Allentown, Pa., USA). 1-decanol, 1-dodecanol,
1-tetradecanol, 1-hexadecanol, 1-octadecanol, and trifluo-
roacetic acid (TFA) were purchased from Sigma Chemi-
cal Company (St. Louis, Mo., USA). Teflon magnetic
stirring head (%"), methanol (HPLC grade), tetrahydro-
furan (THF) (HPLC grade), and disposable borosilicate
culture tubes were purchased from Fisher Scientific
(Atlanta, Ga., USA). Deionized water (17.8 M), used to
prepare all working samples, was obtained from a Barn-
stead Model 04741 Nanopure deionized water system
(Barnstead/Thermodyne, Dubuque, Iowa, USA). Eppen-
dorf polypropylene micro centrifuge tubes (1.5 mL) were
purchased from Brinkman Instruments, Inc. (Westbury,
N.Y., USA). Upchurch Scientific PEEK tubing of 0.020"
1.d.x%16" 0.d. and J&W Scientific 0.4 mm graphite ferrule
were purchased from Fisher Scientific (Atlanta, Ga.,
USA). High temperature 100% silicone adhesive was
purchased from Dow Coming Corporation (Midland,
Mich., USA).

Preparation of SPME syringe 16 (FIG. 1). A 15-cm long
fused silica fiber 10 (including ~1 cm at one end with the
stationary phase coating 14) was glued into a 15-cm long
polyetheretherketone (hereinafter PEEK) tubing 18 using
a high-temperature 100% silicone adhesive 20. Approxi-
mately 9 cm of the fiber 10 remains glued inside the peek
tubing 18. The remainder of the fiber 10 can be moved up
and down through the hollow space inside the stainless
steel needle 22 (6 cm) of the syringe 16. Close to its distal
end, the stainless steel needle 22 is secured in a VALCO™
union 28 using a graphite ferrule 24. On the other side of
the union 28, a second graphite ferrule 26 is put on the
stainless steel needle end to grip the fused silica fiber 10.
This provides an effective seal during the movement of
the fiber by the PEEK tubing 18 glued to it. The PEEK
tubing 18 runs through the Valco stainless steel fittings 28,
30. Here, the PEEK tubing 18 acts as a plunger. The
coated end of the fiber 14 can be moved out of, or
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retracted back into, the stainless steel needle 22 by

moving this plunger in an appropriate direction. During

such movements, the cured silicone adhesive 20 in the

PEEK tubing 18 prevents the fiber 10 from sliding back

through the syringe 16. The ferrule seals 24, 26 prevent

either sample or carrier gas from leaking through the
syringe 16 during sample desorption inside the injection
port.

SPME Fiber Preparation

Preparation of the sol solution. The sol solution was
prepared as follows: 300 ul. of methyltrimethoxysilane
(precursor), 180 mg of hydroxy-terminated PDMS (coating
polymer), 30 mg of PMHS (deactivation reagent), and 200
L of 95% trifluoroacetic acid (TFA, acid catalyst containing
5% water) were thoroughly vortexed for two minutes in a
borosilicate culture tube. The mixture was then transferred
into an Eppendorf micro centrifuge tube and centrifuged at
13,000 rpm for five minutes. The precipitate at the bottom of
the tube, if any, was removed and the top clear sol solution
was used for fiber coating.

Sol-gel coating of SPME fiber. The total length of an
SPME fiber was 15 cm, including a 1-cm end-segment to be
coated by the sol-gel technique. Prior to sol-gel coating, the
protective polyimide layer was removed from a 1 cm
segment of the fiber at one of its ends. This was accom-
plished by burning off the polyimide protective layer using
a cigarette lighter. The burnt section of the fiber was cleaned
with methanol, dried, and then dipped vertically into the sol
solution. It was held inside the sol solution for approxi-
mately 20 minutes during which a sol-gel coating was
formed on the bare outer surface of the fiber end. For each
fiber, this coating process was repeated three times, using a
freshly prepared sol solution each time. This was followed
by the end-capping process. For this, the coated fiber end
was dipped into a trimethylmethoxysilane/methanol solution
(4:1 v/v). After one minute, the fiber was removed from the
end-capping solution and placed in a desiccator at room
temperature.

Conditioning of the fiber. The sol-gel PDMS fiber was
initially conditioned at 250° C. under helium for approxi-
mately one to two hours in the GC injection port. After
removal from the injector, the fiber was cooled to room
temperature. The fiber was then conditioned again using the
same GC conditions for ten minutes. The ten-minute con-
ditioning cycle was repeated a few more times until a stable
GC baseline was obtained. The fiber was then ready for
SPME and SPME-GC experiments. For thermal stability
study, the fiber was conditioned at 250° C., 300° C., 310° C.
and 320° C. in the same way.

SPME-GC analysis. After conditioning, the fiber was
removed from the GC injection port and cooled down to
ambient temperature. The extraction was performed by
exposing the coated fiber end to aqueous samples at room
temperature. Magnetic stirring was applied to the samples
during the extraction process to reduce the equilibration
time.>” After the extraction, the fiber was withdrawn into the
needle and removed from the sample matrix. The fiber was
then immediately inserted into the heated GC injection port
Approximately five minutes were allowed for the analytes to
be desorbed from the fiber and get introduced into the GC
column for analysis. During desorption, the injection port
temperature was maintained at the same level as the fiber
conditioning temperature. The thermal desorption step was
conducted in the splitless mode, maintaining the column
temperature at 40° C. Low column temperature ensured
effective solute focusing at the column inlet. On completion
of the thermal desorption step, the split vent was opened and
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kept in that state for the remainder of the chromatographic
run. GC separations were conducted using in-house pre-
pared sol-gel coated open tubular PDMS and Ucon columns
(10 mx250 um i.d.).*® After completion of the sample
introduction step, the column temperature was programmed
at a rate of 6° C. min~'. GC analyses were performed using
helium as the carrier gas and FID as the detector. The FID
was maintained at 300-350° C. The total run-time was
approximately 35 minutes or less.

Preparation of aqueous standard solutions for extraction by
SPME. Stock solutions of all PAHs (napthalene,
anthracene, phenanthrene, fluorene, fluoranthene, and
acenaphthylene) were prepared by dissolving 10 mg of
each compound in 10 mL of THF in a 10 mL volumetric
flask at room temperature. A 10 uL. portion of this standard
solution was diluted with deionized water to give an
approximately 1 ppm PAHs aqueous solution. For the
phenolic compounds (DMP) (2,3-DMP, 2,5-DMP, 2,6-
DMP, and 3,4-DMP) the initial stock solutions were
prepared in methanol. 500 uL of this stock solution was
then diluted with deionized water to give a 50 ppm
solution. Standard solutions of aniline derivative (N,N-
dimethylaniline, 2-ethylaniline, 2,6-dimethylaniline,
4-ethylaniline, 3-ethylaniline, and N-methylaniline),
n-alkanes (C, 5 to C,,), and aliphatic alcohols (1-decanol,
1-dodecanol, 1-tetradecanol, 1-hexadecanol, and
1-octadecanol) were prepared by dissolving 10 uL of each
individual compounds in 10 mL of methanol at room
temperature. A 10 ul. sample of this standard solution was
diluted with deionized water to give aqueous solutions of
approximately 1 ppm in concentration.

All vials were silanized prior to use according to the
following procedures: the vials were rinsed with 5% solution
of HMDS in methylene chloride, followed by placing them
in an oven at a temperature of 250° C. for approximately 8
hours. The vials were then sequentially rinsed with meth-
ylene chloride, methanol, and deionized water. All other
glassware and cross-stir bars were cleaned with Sparkleen
detergent and copious amount of deionized water, and then
dried in the oven at 100° C. for approximately 1 hour.
Results and Discussions

An important operation in solid-phase microextraction
fiber technology is the creation of a stable stationary phase
coating at the fiber end. Conventionally, this is done by mere
physical deposition of a thick (~100 gm) polymer coating on
the outer surface of a solid fused silica fiber at one of its
ends. Because of their high thermal stability and enhanced
solute diffusion capabilities, polydimethylsiloxanes (PDMS)
have gained popularity as SPME coating materials. As has
already been mentioned, for most commercial PDMS fibers
the thermal stability of such coatings, is less than 270° C.
that limits the molecular weight range of analytes that can be
handled by SPME-GC technology. Although some research
work has already been published regarding the interfacing of
SPME with liquid-phase separation techniques (including
HPLC and SFC) that can handle larger molecular weight
analytes without requiring a high temperature desorption
step, such hyphenated techniques are still in their infancy. In
those techniques liquid solvents are used to recover the
analytes from the fiber for subsequent introduction into the
analytical instrument for liquid phase separation. The ana-
Iyte diffusion in liquids being a slow process, sample
recovery/introduction process may be extremely long and
often measures in hours. Even in those systems, the limiting
factor is the coating stability; not toward high temperature,
but toward the solvent used to recover the analytes. “Opera-
tional stability,” is a term used herein to include both of these
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coating stability aspects. For obvious reasons, physically
coated fibers cannot provide high operational stability in
either case.

In this context, a rapid, simple, and reproducible method
for the preparation of operationally stable SPME fiber
coatings based on sol-gel chemistry was developed. The
results obtained show that enhanced operational stability of
SPME fibers can be achieved in a simple way using sol-gel
technology. In the sol-gel approach, the stationary phase
coating was chemically bonded to the surface of the fiber
under extraordinarily mild thermal conditions (often at room
temperature).

Sol-gel Chemistry of PDMS Coatings in SPME

Table I lists the names and chemical structures of the
principal ingredients of the sol-gel coating solution. As can
be seen from the table, the sol-gel solution contains appro-
priate amounts of the coating polymer (hydroxy-terminated
polydimethylsiloxane, PDMS), an alkoxysilane precursor
(methyltrimethoxysilane, MTMOS), a surface deactivation
reagent (polymethylhydrosiloxane, PMHS), and an acid
catalyst (TFA containing up to 5% water).

Tetraalkoxysilanes are commonly used as sol-gel precur-
sors. In this example, however, methyltrimethoxysilane (i.e.,
a methyl derivative of the commonly used precursor—
tetramethoxysilane, TMOS) was used. Such a choice aims at
overcoming some inherent problems that are faced at the
drying step of sol-gel processing, especially for thick films

and monoliths.

It is known,***° that a sol-gel material, formed as a result

of hydrolysis of the alkoxysilane precursor and subsequent
condensation of the hydrolyzed products, may undergo
cracking and shrinkage during the drying step. The gel
shrinkage and cracking are undesirable effects during the
gel-drying process. They originate from the capillary thrust
due to solvent evaporation from the gel pores.*! This prob-
lem becomes increasingly significant for sol-gel coatings
with thicknesses greater than 0.5-1 um.**** In the context
of SPME, preservation of the structural integrity is very
important for the sol-gel coating to be able to provide
desired material properties. As was shown by Mackenzie,**
the sol-gel network originating from an alkyl-derivative of a
tetraalkoxysilane precursor (e.g., methyltrimethoxysilane
used in our work), possesses a more open structure and can
more effectively relieve stresses during drying, minimizing
the cracking tendency. This explains the present use of
methyltrimethoxysilane as the sol-gel precursor. Recently, a
supercritical drying technique was applied to overcome
shrinkage and cracking problems in preparing monolithic
columns for capillary electrochromatography.>®

Two major sets of reactions take place during sol-gel
processing=®: (1) hydrolysis of the precursor and (2) poly-
condensation of the hydrolyzed products and other sol-gel
active moities in the system. These reactions are catalyzed
by acids or bases, and lead to the formation of a polymeric
network. The hydrolysis reaction of the methyltrimethox-
ysilane precursor used in this study can be represented by the
following equation:*>

CH,

Catalyst
—_—

H;CO—Si—OCH; + H0

OCH,
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-continued
CH,
HO—Si—OH + CH;OH

OH

The hydrolyzed products can further undergo polyconden-
sation reactions to produce a three dimensional polymer

network. This can be depicted by the following scheme:*>-4°

CH, CH,

HO—Si—OH + n HO—Si—OH —>

OH OH
CH, o
HO—Si—(-O—Tijn—O— ----

(|) CH,

Being hydroxy-terminated, this polymer is sol-gel active.*”
49 Selection of this polymer aimed at chemically binding the
PDMS stationary phase to the growing silica network. The
chemical reaction involved can be schematically represented
by the following equation: In the sol-gel solution we used
hydroxy-terminated polydimethylsiloxane as a coating
ingredient.

CH, o)

I
Ti—fO—Tiﬁn—OH +
(l) CH;
CH, CH, CH,

OH—Si—O0—Si—O03-S5i—O0H —>

CH; CH; CH;
CH, (I) (le3 CH, CH,

---- Si—ﬁO—Ti?n—O—Ti—O—ﬁTi—Oﬁ;Ti—OH
CH; CH; CH;

|
(|) CH,

The silanol groups on the fused silica fiber surface can also
take part in the condensation reactions and provide chemical
anchorage to the polymeric network in the immediate vicin-
ity of the fiber surface. Schematically this reaction can be
represented as follows:°
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—OH
—OH
—OH

—OH

Fiber Surface

CH, CH, CH,

| |
'jn—O—?i—O—f?i—Oj;?i

H;

CH,

|
HO-Si—0—

O—p—O0—----

CH, CH, CH,

—OH

(|) (|:H3 CHj CHj
_O_Ti_fO_Ti?n_O_Ti_O_fTi_Oj;Ti

—OH (|) CH, CH, CH, CH,

—OH CHj,

Surface-bonded Sol-gel PDMS Coating

Thus, a surface-bonded polymeric coating is created by
dipping the exposed end of the fused silica fiber into the sol
solution and allowing it to be there for a certain amount of
time. The thickness of this chemically bonded polymeric
layer can be controlled by varying the dipping time and the
concentrations of the solution ingredients. Higher film thick-
ness can be achieved through repeated dipping operations.

Sol-gel coating technology is characterized by a higher
degree of flexibility in the coating composition and selec-
tivity. It should be noted that the surface coating obtained
from sol-gel chemistry is not purely organic. It is a com-
posite in nature. The composition of this organic-inorganic
coating can be controlled by varying the proportions of the
sol solution ingredients. This allows for the possibility of
selectivity tuning in SPME fiber technology. By varying the
composition of the sol solution, widely diverse surface
coatings, ranging from purely inorganic to purely organic
can be prepared. Inorganic coatings pose great promise for
SPME of volatiles.

Another important ingredient of the used sol solution was
polymethylhydrosiloxane (PMHS) which is a well-known
surface deactivation reagent in gas chromatography.>* Mol-
ecules of PMHS contain reactive hydrogen atoms capable of
derivatizing silanol groups at elevated temperatures. During
the coating process, molecules of this ingredient get physi-
cally incorporated in the coating. Post-coating thermal con-
ditioning leads to the deactivation of the fiber according to
following reaction scheme:

Scheme 1. Deactivation of Surface-bonded Sol-gel PDMS
Coating with Polymethylhydrosiloxane
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OH OH OH CHj3

O—Si—£0—Si57—0—Si—O0—Si—O03=Si—OH +

CH,

CH, CH,

OH O o) CH, CH,

(Surface-bonded Sol-gel PDMS Coating)
CH, CH, CH, CH,

H3c—(-Ti—ojP—Si—o—(-Ti—oj;Ti—cm —

H CH, CH, CH,
(Polymethylhydrosiloxane, PMHS)
CH, CH, CH, CH,
HiC—tSi—— 095~ Si— O—{ Si——OJ-Si—CH,
CH, CH, CH,
OH O 0 CH, CH, CH,

| | |
O—Ti—(—O—Tijn—O—Ti—O—('Ti—Oj;Ti—O' ---

O O©H o) CH,

CH, CH,

(Deactivated, surface-bonded Sol-gel PDMS Coating)

Since PMHS has very similar chemical structure to that of
PDMS, the choice of PMHS as a deactivation reagent
appears to be especially appropriate. Its incorporation in the
coating structure has little effect on the SPME characteristics
of PDMS coatings.

Before conditioning, the coated fibers were treated with a
solution of trimethylmethoxysilane to reduce the silanol
contents of the coating. Possessing a smaller molecular size
than PMHS or hydroxy-terminated PDMS, trimethyl-
methoxysilane molecules should have greater access to the
porous structure of the coating. In parallel with PMHS and
hydroxy-terminated PDMS, it provides added deactivation
to sol-gel coatings. It should be pointed out that the purpose
of deactivation in SPME fiber technology is not identical
with that in GC. In GC column technology, deactivation
aims at eliminating solute/column surface interactions that
are responsible for peak tailings and efficiency losses. In
SPME, moderate degrees of polar fiber/solute interactions,
can be even advantageous. Such interactions will provide
enhanced selectivity for polar compounds in SPME. Addi-
tion of appropriate amounts of PMHS and/or trimethyl-
methoxysilane to the coating solution containing
OH-terminated PDMS provides a simple way of maintaining
this activity at a desired level. To be able to provide this
selectivity advantage, SPME coatings should posses high
thermal stability. This is explained by the fact that silanol
group-mediated polar interactions between the SPME fiber
and the solutes require higher injector temperatures to
ensure effective solute desorption. Due to inherent high
thermal stability, sol-gel coated PDMS fibers provide effi-
cient release of extracted polar analytes without negative
consequences from the use of high temperatures.

The surface characteristics of the sol-gel PDMS fibers
were investigated by scanning electron microscopy (SEM)
technique. The SEM micrograph provided an estimated film
thickness of 10 um for the sol-gel PDMS coatings. This is
evident from the cross-sectional view of a 200 um coated
fiber presented in FIG. 2. This thickness is about ten times
smaller than the conventional 100-um coating thickness
used on commercial fused silica fibers. From this
perspective, sol-gel coatings might seem disadvantageous
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for SPME. However, the following discussion will show that
this might turn out to be an advantage of the sol-gel coated
fibers in solid-phase microextraction.

As can be seen from the scanning electron micrograph of
the coated surface presented in FIG. 3, the sol-gel coating
possesses a porous structure. Such a porous structure was
not apparent from the cross-sectional view in FIG. 2 in
which the magnification was ten times lower than that of the
micrograph presented in FIG. 3. Porous structure of the
sol-gel coating should significantly increase the available
surface area on the fiber. Consequently, with such a porous
coating structure, even an apparently thinner coating will be
able to provide enhanced stationary phase loadings, and
therefore high fiber sample capacity. The untreated fiber
substrate used in this study had a diameter (200 gm) which
is twice the diameter of commonly used commercial fibers
(100 um). With the same coating thickness, a larger diameter
substrate should provide higher stationary phase loading.
Higher surface area of the sol-gel coating should also
provide enhanced extraction efficiency in SPME. The
smaller coating thickness should help faster mass transfer
during extraction as well as analyte desorption processes
during sample introduction.

Recently, Lee and coworkers®® described a porous SPME
coating prepared from reversed-phase HPLC packing mate-
rial mechanically glued to a fiber substrate. Such fibers may
not be appropriate for high temperature operations common
in SPME-GC, since the glue may undergo decomposition.
However, since the used adhesives are highly stable in
conventional solvent systems, the glued coatings have the
potential to offer stable performance in SPME hyphenated
with liquid phase separation techniques. Being chemically
bonded to the substrate, sol-gel coated fibers are inherently
stable in operations requiring their exposures either to high
temperatures or organic solvents. Commercial SPME fibers
are not normally recommended to be exposed to organic
solvent media.**

FIGS. 4A and 4B illustrate the thermal stability of sol-gel
coated SPME fibers. The gas chromatogram presented in
FIG. 4A was obtained from an SPME-GC analysis of
polycyclic aromatic hydrocarbons (PAH’s) performed after
conditioning the fiber at 250° C. for 2-3 hours. In FIG. 4B,
the SPME-GC experiments were performed after condition-
ing the fiber at 320° C. for the same period. The injector
temperatures for these two chromatograms were 250° C. and
320° C., respectively. As can be seen from these Figures, the
performance of the fiber was not affected at all by high
temperature (320° C.) exposure during conditioning and
sample introduction. It should be noted that sol-gel coated
PDMS fibers did not show any sign of bleeding even at this
high injection temperature (320° C.) which is 120° C. higher
than the bleeding temperature for conventionally coated
PDMS fibers (200° C.) reported by Pawliszyn and cowork-
ers'®. Chromatogram 4B shows that the use of higher
injection temperature also led to some improvement the
resolution of the anthracene-phenanthrene pair. This might
be due to a more efficient injection and focusing effect
resulting from a faster release of the analytes from the fiber
at 320° C.

Experimental data presented in Tables IIA and IIB shows
the effects that fiber conditioning and injection temperatures
have on the peak area reproducibilities for PAH’s. These
data suggest that a significant improvement of the peak area
reproducibility can be achieved by using higher fiber con-
ditioning and injection temperatures. A continuous decrease
in the relative standard deviation (RSD) in the peak areas for
the PAH analytes were obtained after conditioning the fiber
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at increasingly higher temperatures (250° C., 300° C., 310°
C., and 320° C.). For example, peak arca RSD values
obtained for fluoranthene at these four different conditioning
temperatures were 2.61%, 1.02%, 0.80%, and 0.64%,
respectively. The data for the other PAH components in this
nonpolar sample also follow the same trend of repeatability
improvement (Table IIA, FIG. 5) with the increase of fiber
conditioning and injection temperatures.

An analogous trend was observed for other samples,
including polar ones. Table IIIA and FIG. 6 present experi-
mental data for dimethylphenol (DMP) isomers. For
example, the peak area RSD value for 2,5-dimethylphenol
consistently decreased from 7.14% to 3.74% to 0.84% to
0.58% as the conditioning (and injection) temperature of the
fiber was raised from 250° C. to 300° C. to 310° C., and 320°
C., respectively. Such a positive effect may be due to more
effective release of the extracted analytes at higher injection
temperatures and/or due to a better surface deactivation at
higher conditioning temperatures.

Sol-gel coated PDMS fibers allowed the extraction of
both polar (FIGS. 7-9) and nonpolar (FIGS. 4 and 10)
analytes. From SPME perspective, the capability of sol-gel
coated PDMS fibers to extract polar compounds is impor-
tant. As is known, conventionally coated PDMS fibers do
not show sufficient selectivity for polar compounds. This
difference between PDMS coatings can be explained by
comparing the compositional differences between these two
types of coatings.

Conventional PDMS coating consists of a thick film of
polydimethylsiloxane material which is nonpolar in nature.
Naturally, affinity of this nonpolar coating toward polar
compounds is low and cannot serve as an effective extraction
medium for polar compounds. The situation is significantly
different for sol-gel coated PDMS coatings. Individual mol-
ecules of hydroxy-terminated PDMS used for sol-gel coat-
ing contain terminal silanol groups that are absent in PDMS
molecules used for conventional coatings. These hydroxyl
groups are meant for chemical bonding of the polymer to the
sol-gel network through condensation reaction. Such a
chemical bonding requires only one hydroxyl group per
molecule. So the second terminal hydroxy group might be
free, at least for some of the bonded PDMS molecules. The
presence of such a hydroxyl group will make the coating
more polar compared with analogous coatings used on
conventionally coated PDMS fibers. The sol-gel PDMS
coating is an organic-inorganic composite material in which
the hydroxy-terminated PDMS molecules are attached to the
polar silica network through chemical bonding. Polarity of
inorganic and organic components of the composite sol-gel
PDMS coating makes it suitable for the efficient extraction
of polar compounds.

The SPME-GC results for dimethyl phenol isomers (FIG.
7), aliphatic alcohols (FIG. 8), and aniline derivatives (FIG.
9) are consistent with this hypothesis. Sol-gel chemistry
provides an easy tool for fine-tuning this coating polarity
through composition adjustments in the sol solution. The
high thermal stability of sol-gel coated fibers allowed us to
eliminate the sample carryover problem which, as noted by
Pawliszyn and coworkers,® is inherent in conventionally
coated PDMS fibers characterized by low bleed tempera-
tures (200° C.). No carryover problems were observed for
the SPME-GC analysis of these polar analytes using sol-gel
coated fibers.

Experimental results on extraction kinetics for sol-gel
coated fibers are presented in FIG. 11 using a polar and a
nonpolar analyte. N-methylaniline and naphthalene were
chosen to represent these two classes of analytes, respec-
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tively. FIG. 11 shows that the extraction equilibrium is
reached quite fast. Enhanced surface area of the sol-gel
coating is a contributing factor to this. For naphthalene (a
nonpolar solute) this equilibrium is practically reached
within 10 minutes. Hydrophobic interaction of this nonpolar
analyte with the aqueous environment can be expected to
serve as the driving force for this fast equilibrium. For
N-methylaniline, it takes about an hour for the extraction to
reach equilibrium. Attractive forces operating between this
polar analyte and water might be responsible for this delay
time.

The open tubular GC columns used in this example were
also prepared by sol-gel coating technology. Chromato-
graphic performance of such sol-gel columns can be
assessed from the quality of separations presented herein
and elsewhere.> The retention time RSD data presented in
Table III (A and B) is also indicative of the high quality of
the used sol-gel PDMS column for GC.

Conclusion

Sol-gel chemistry offers a simple and convenient meth-
odology for the creation of advanced material systems with
desired structure, composition, and properties. The sol-gel
coating technology appears to be universal in nature, and can
be applied to prepare chemically bonded coatings on a
variety of substrates, including the outer surface of small-
diameter cylindrical rods (e.g., SPME fibers) or the inner
walls of a small-diameter fused silica capillary (e.g., open
tubular separation columns). Both polar and nonpolar
surface-bonded coatings can be created using the new tech-
nology. Because of chemical bonding between sol-gel
PDMS coating and fused silica SPME fibers, sol-gel coated
PDMS fibers exhibit higher thermal stability compared with
conventionally coated PDMS fibers. The sol-gel PDMS
fibers can be routinely used at 320° C. (and higher) without
any signs of bleeding, whereas conventionally coated PDMS
fibers begin to bleed at 200° C. Enhanced thermal stability
of sol-gel coated fibers allows to overcome the sample
carryover problem often encountered in SPME of polar
solutes with conventional PDMS fibers. Sol-gel coatings
possess a porous structure and reduced coating thickness
that provide enhanced extraction and mass transfer rates in
SPME. High temperature conditioning of sol-gel coated
PDMS fibers lead to consistent improvement in peak area
repeatability for SPME-GC analysis. Peak area RSD values
of <1% can be routinely obtained for PAHs and dimeth-
ylphenols on sol-gel PDMS fibers conditioned at 320° C.
The presented experimental results clearly demonstrate the
potential of sol-gel chemistry in solid-phase microextraction
and chromatographic separations.

Throughout this application, various publications, includ-
ing United States patents, are referenced by author and year
and patents by number. Full citations for the publications are
listed below. The disclosures of these publications and
patents in their entireties are hereby incorporated by refer-
ence into this application in order to more fully describe the
state of the art to which this invention pertains.

The invention has been described in an illustrative
manner, and it is to be understood that the terminology
which has been used is intended to be in the nature of words
of description rather than of limitation.

Obviously, many modifications and variations of the
present invention are possible in light of the above teach-
ings. It is, therefore, to be understood that within the scope
of the appended claims, the invention may be practiced
otherwise than as specifically described.
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TABLE 1

Names, functions, and chemical structures of the coating solution ingredients for sol-gel SPME fibers.

Name of the Ingredient

Function

Chemical Structure

Methyltrimethoxysilane

Hydroxy-terminated
Poly(dimethylsiloxane)

Sol-gel precursor

Coating stationary phase

OCH,
CH;0—Si—OCH;
CH,

CH,

CH, CH,

HO—Si— O—¢Si—O¥Si—OH

(40) Prakash, S. S.; Brinker C. J.; Hurd A. J.; Rao S. M.
Nature 1995, 374, 439-443.

(41) Mukherjee S., “Supercritical drying in structural and
microstructural evolution of gels: A critical review,” in
Ultrastructure Processing of Advanced Ceramics
(Mackenzie J. D. and Ulrich D. R. eds., Wiley, New York,
1988), pp. 747-759.

(42) Scherer, G. W., “Aging and drying of gels,” J. Non-
Cryst. Solids 1988, 100, 77-92

(43) Dislich, H. in Sol-gel Technology for Thin Films,
Fibers,Preforms, Electronics, and Specialty Shapes, (L.
C. Klein ed., Noyes Publications, Park Ridge, N.J., USA,
1988), pp.50-79.

(44) Mackenzie, J. D. in Hybrid Organic-Inorganic Com-
posites (ACS Symposium Series 585, American Chemical
Society, Washington D.C., 1995), pp.227-236.

(45) Arkles, B.; Steinmetz, J. R.; Zazyczny, J.; and Mehta,
P. in Silicon Compounds: Register and Review, Huls,

CH; CH3 CH3
Poly(methylhydrosiloxane) Deactivation reagent HyC CH;, CH;, CH,4
H3C—Ti—[-60—Ti?X—O—fTi—Oﬁy]n—Ti—CH3
HiC H CH3 CHj3
Trifluoroacetic acid (5% water)  Acid catalyst CF;COOH
TABLE ITA
50
Peak area repeatability data for polycyclic aromatic hydrocarbons on a
sol-gel coated PDMS fiber conditioned at different temperatures.
SPME-GC conditions are the same as in FIG. 4.
55 RSD % (n = 3)
Compound 250° C.* 300° C.* 310° C.* 320° C.*
Napthalene 1.67 1.04 1.01 0.98
60 Acenaphthylene 3.86 3.72 2.65 2.01
Fluorene 9.25 3.33 3.20 3.00
Phenanthrene 5.93 0.65 0.52 0.50
Anthracene 3.52 1.08 1.05 1.01
Fluoranthene 2.61 1.02 0.80 0.64
65

1991, pp.65-73.
(46) Sanchez, C.; Ribot F. New J. Chem. 18, 1007-1047
(1994).

*Fiber conditioning temperature
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TABLE IIB

Peak area repeatability data for dimethylphenol isomers on a sol-gel coated
PDMS fiber conditioned at different temperatures. SPME-GC conditions
are the same as in FIG. 7.

RSD % (n = 3)
Compound 250° C.* 300° C.* 310°C.*  320° C.*
2,5-dimethylphenol 7.14 3.74 0.84 0.58
3,4-dimethylphenol 4.72 3.1 2.84 1.79
2,6-dimethylphenol 5.91 4.84 1.03 1.00
2,3-dimethylphenol 8.73 4.78 2.65 1.23
*Fiber conditioning temperature
TABLE IIIA

Retention time repeatability data for polycyclic aromatic hydrocarbons in
SPME-GC using a sol-gel coated PDMS GC column and a sol-gel coated
PDMS fiber conditioned at different temperatures. SPME-GC conditions
are the same as in FIG. 4.

RSD % (n = 3)
Compound 250° C.* 300° C.* 310° C.* 320° C.*
Napthalene 0.09 0.04 0.03 0.02
Acenaphthylene 0.03 0.03 0.02 0.02
Fluorene 0.09 0.07 0.03 0.03
Phenanthrene 0.09 0.11 0.07 0.02
Anthracene 0.06 0.04 0.04 0.03
Fluoranthene 0.04 0.02 0.02 0.02
*Fiber conditioning temperature
TABLE IIIB

Retention time repeatability data for dimethylphenol isomers in SPME-GC
experiments using a sol-gel coated PDMS GC column and a sol-gel coated
PDMS fiber conditioned at different temperatures. SPME-GC conditions

are the same as in FIG. 7.
RSD % (n = 3)

Compound 250° C.* 300° C.* 310° C.*  320° C.*
2,5-dimethylphenol 0.04 0.03 0.03 0.02
3,4-dimethylphenol 0.09 0.07 0.03 0.03
2,6-dimethylphenol 0.04 0.02 0.03 0.02
2,3-dimethylphenol 0.07 0.04 0.04 0.03
*Fiber conditioning temperature

What is claimed is:

1. A solid phase microextraction fiber comprising

a. a fiber, and

b. a deactivated surface-bonded sol-gel coating on a
portion of the fiber to form a solid phase microextrac-
tion coating on that portion of the fiber:

said solid-phase microextraction coating being capable
of preconcentrating trace organic compounds in vari-
ous matrices.
2. A solid phase microextraction fiber as set forth in claim
1, wherein said solid phase microextraction coating has the
formula:
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wherein,
X=Residual of a deactivation reagent;
Y=Sol-gel reaction residual of a sol-gel active organic
molecule;
Z=Sol-gel precursor-forming element;
I=an integer =0;
m=an integer =0;
n=an integer =0;
p=an integer =0;
g=an integer =0; and
I, m, n, p, and q are not simultaneously zero;
Dotted lines indicate the continuation of the chemical
structure with X, Y, Z, or Hydrogen (H) in space.
3. The solid phase microextraction fiber as claimed in

claim 2 wherein the residual of the deactivation reagent is a
residual of a deactivation reagent selected from the group
consisting of polymethylhydrosiloxane and hexamethyldisi-
lazane.

4. The solid phase microextraction fiber as claimed in
claim 2 wherein said sol-gel reaction residual is a residual of
sol-gel active moieties selected from the group consisting of
molecules with hydroxysilane or alkoxysilane functional
groups or a combination thereof, polymers, polymethylphe-
nylsiloxane (PMPS), polydimethyldiphenylsiloxane
(PDMDPS), polyethyleneglycol (PEG), related polymers,
polyethyleneglycol derivatives with sol-gel active
functionalities, polyalkylene glycol, macrocyclic molecules,
cyclodextrins, crown ethers, calixarenes, alkyl moieties,
octadecyl and octyl.

5. The solid phase microextraction fiber as claimed in
claim 2 wherein said sol-gel precursor forming element is
selected from the group consisting of Si, Al, Ti, and Zr.

6. The solid phase microextraction fiber as set forth in
claim 1, wherein said fiber is a solid cylindrical body
including an outer surface portion.

7. The solid phase microextraction fiber as set forth in
claim 6, wherein said outer surface portion is coated with a
sol gel stationary phase.

8. The solid phase microextraction fiber as set forth in
claim 1, wherein said fiber is a hollow cylindrical body in the
form of a capillary or tube including an inner surface.

9. The solid phase microextraction fiber as set forth in
claim 8, wherein said inner surface of said hollow fiber is
coated with a sol-gel stationary phase.
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10. A method of preparing a solid phase microextraction
fibers, comprising the steps of

a. providing a fiber structure;

b. providing a sol-gel solution comprising:
i. a sol-gel precursor,
ii. an organic material with a least one sol-gel active

functional group,

iii. a sol-gel catalyst,
iv. a deactivation reagent, and
v. a solvent system;

c. reacting at least a portion of the fiber structure with the
sol-gel solution under controlled conditions to produce
a surface-bonded sol-gel coating on the portion of the
fiber structure,

d. removing the fiber structure from the sol-gel solution;
and
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e. heating the coated portion of the fiber structure under
controlled conditions to cause the deactivation reagent
to react with the surface bonded sol-gel coating

f. to deactivate and to condition the sol-gel coated portion

of the fiber structure.

11. A method as set forth in claim 10, wherein the sol gel
precursor includes an alkoxy compound, the organic mate-
rial comprises monomeric or polymeric material with at
least one sol-gel active functional group, the sol gel catalyst
being selected from a group consisting of an acid, a base and
a fluoride compound, and the deactivation reagent includes
a material reactive to hydroxyl groups bonded to the sol-gel
precursor forming element or to the fiber surface.
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