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ABSTRACT

Title: Application of Hydrogen Bond Acidic Polycarbosilane Polymers and

Solid-Phase Microextraction for the Collection of Nerve Agent

Simulant

Stephen L. Boglarski, Master of Science in Public Health, 2006
Directed By:  Gary L. Hook, CDR, USN

Assistant Professor, Department of Preventive Medicine and Biometrics
Solid phase microextraction (SPME) is used to conduct analyses for trace levels of nerve
agent. Measurements can be improved by using a SPME polymer coating that is
selective for nerve agents in place of current commercial polymers. This research
focuses on three hydrogen bond acidic polymers developed by the Naval Research
Laboratory that have an increased affinity for nerve agents. These polymers were coated
onto fused silica fibers using three methods: dip coating, applicator coating, and ink jet
coating. Vapor and aqueous phase sampling of nerve agent simulant was conducted to
evaluate the performance of these polymers. The hydrogen bond acidic polymers showed
significantly higher uptakes than commercial polymers and were able to detect vapor
phase nerve agent simulant at 0.005 mg/m’ for a 1 minute sample and aqueous phase
simulant at 1 ppm for a 10 minute sample. The use of these polymers with SPME

extraction has the potential to provide rapid field sampling for the detection of trace

levels of nerve agent.
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Introduction

1.1. Background

The field detection and identification of chemical warfare agents (CWAs) has
become an increasingly critical challenge faced by today’s military and civilian
responders. The proliferation of WMD-related technologies and materials and the
willingness of terrorist groups to obtain and employ these weapons have increased the
threat of mass casualty attacks. The advent of the internet and digital mobile
communications have enabled terrorist groups and rogue states to more readily acquire
the technical expertise needed to develop these weapons. Terrorist groups such as Al
Qaeda have openly declared their intentions to acquire and employ these weapons against
civilian and military targets. In addition, factors such as the fall of the former Soviet
Union have increased the probabilities that groups may attempt to steal or smuggle these
weapons from nations that no longer possess tight control over their current stockpiles.
(U.S. Department of State, 2006).

The use of CWAs against military and civilian populations has become an
increasing realistic concern. Nerve agents, in particular, are among the most lethal
CWAs. The 1995 release of the nerve agent sarin in the Tokyo subway system by the
Aum Shinrikyo cult and the use of CWAs by the Iraqi Army against Kurdish refugees are
both recent examples of the threat posed by these weapons (McCafferty and Lennarson,
2002). In addition to military and terrorist actions, nerve agent leakage from aging
weapon storage bunkers, the decommissioning of CWA production facilities, and the

demilitarization of munitions continue to pose a significant concern to human health.



Responders to any type of nerve agent incident or threat need to quickly and
accurately identify the agent and to quantify the potential exposure to military and
civilian personnel. Due to the lethality of these agents, field sampling techniques and
equipment need to provide accurate information at trace concentrations. Although there
are many different types of field sampling and detection instruments available for nerve
agents, few have the accuracy and sensitivity needed to detect and quantify levels below
concentrations that are immediately dangerous to life and health (IDLH). One proven
technology that continues to show promise for detecting trace concentrations of nerve
agents is solid phase microextraction (SPME) coupled with gas chromatography/mass

spectrometry (GC/MS).

1.1.1. Gas Chromatography / Mass Spectrometry (GC/MS)

GC/MS analysis is a proven technology for the analysis of volatile and semi-
volatile chemicals. The GC separates the chemical components in a sample mixture. The
MS is then used to identify the chemical agent by comparing the mass of the fragments in
the resulting spectrum to a reference library and/or though mass spectral interpretation.
The use of GC/MS for the detection and identification of CWAs has been proven to be an
effective technology that is capable of identifying multiple chemicals, including nerve
agents. GC/MS analysis provides both qualitative and quantitative compound-specific
data, with detection sensitivities in the high parts-per-trillion (ppt) to low parts-per-billion

(ppb) range (Smith et al, 2004).



1.1.2.  Solid Phase Microextraction (SPME)

SPME was first developed in 1990 to address the need for simple, rapid sample
preparation in a field environment. It relies on a solvent-free partitioning process that
combines sampling, extraction, and concentration into a single step (Pawliszyn, 1999).
SPME has been used to extract compounds directly from air and water and indirectly
from soils (Harvey, 2002). SPME uses a polymeric extracting phase attached to a small
fused silica fiber. The polymer extracts and concentrates chemicals from a sample
matrix. The SPME fiber is then inserted directly into a GC/MS or other analytical
instrument and is thermally desorbed. When coupled with GC/MS analysis, SPME
provides a rapid field sampling method for the detection and identification of many

chemical agents at trace concentrations (Hook, 2003a).

1.1.3. Polymer Coatings

Commercially available SPME polymer coatings are currently limited to
polydimethylsiloxane (PDMS), polyacrylate (PA), or carbowax (CW) which are liquid
phase polymers. These can also be combined with a solid phase polymer such as
divinylbenzene (DVB) or carboxen. Each polymer differs in its adsorptive
characteristics, affinity for polar and nonpolar compounds, and sensitivity and selectivity
for certain analytes. Commercially available polymer coatings can concentrate and detect
many CWAs (Hook, 2004), but more specialized polymers designed specifically to
selectively concentrate CWAs are desirable in order to achieve lower detection limits.

The Naval Research Laboratory (NRL) has developed and tested high molecular

weight sorbant polymer materials known as hydrogen bond acidic polycarbosilanes.



These polymers were used as chemical sensor coatings in CWA detection devices and
were able to detect nerve agents at significantly lower airborne concentrations when
compared to commercially manufactured polymers (Houser, 2004). If these hydrogen
bond acidic polymers were used to make SPME fibers, they may provide lower detection
limits for nerve agents when used with GC/MS analysis. These hydrogen bond acidic
polymer SPME fibers could provide a rapid field collection system for first responders

capable of detecting trace concentrations of these agents.

1.2.  Research Question and Specific Aims

Research Ouestion #1:

Can hydrogen bond acidic polymers be coated onto fused silica fibers and be used for
SPME extraction of nerve agent simulant?
Specific Aims:

1. Test and compare three different methods for coating hydrogen bond acidic
polymers onto fused silica fibers. These methods will include dip coating,
applicator coating, and ink jet coating.

2. Test and compare three different hydrogen bond acidic polymers for their ability
to be coated onto SPME fibers. These polymers will include the HC, FPOL, and

NM;A polymers.



Research Ouestion #2:

Will SPME fibers coated with hydrogen bond acidic polymers have a greater collection
efficiency for G-series nerve agent simulant when compared to commercially available
polymers?

Specific Aims:

1. Perform vapor phase and aqueous phase sampling at multiple concentrations
using SPME fibers coated with the three hydrogen bond acidic polymers and three
commercially manufactured fibers.

2. Using GC/MS analysis, compare the total analyte uptake of hydrogen bond acidic
polymers to that of the commercially available polymers.

3. Determine if the hydrogen bond acidic polymers can meet analyte uptake
expectations established by the NRL for each type of polymer. These analyte
uptake expectations compare the expected uptake of nerve agent simulant for

NRL polymers in comparison with commercial PDMS.



2. Literature Review

This research brings together hydrogen bond acidic polymers and SPME to
enhance field sampling and analysis techniques for nerve agents. This research will focus
on G-series nerve agent simulant. Considerable research and testing has been conducted
proving the effectiveness of SPME analysis of G-series nerve agents. Research has also
been conducted on the effectiveness of hydrogen bond acidic polymers that demonstrates
this polymer’s affinity for G-series nerve agents. This chapter will provide insight on G-
series nerve agents, the development of SPME and hydrogen bond acidic polymers, along

with the testing conducted that provides the foundation for this thesis.

2.1. G-Series Nerve Agents

G-series nerve agents are organophosphorous compounds developed by German
chemists in the 1930’s and 1940’s and include tabun (O-ethyl
dimethylamidophosphorylcyanide (GA)), sarin (isopropyl methylphosphonofluoridate
(GB)), soman (pinacolyl methylphosphonofluoridate (GD)), and GF (cyclohexyl
methylphosphonofluoridate). These agents are relatively stable compounds that can be
easily dispersed. The raw materials needed for their manufacture are inexpensive and to
some degree readily available. Nerve agents affect the transmission of nerve impulses by
inhibiting the function of the enzyme acetylcholinesterase, which is vital to the normal
biological activity of the nervous system. When inhaled or absorbed through the skin,
nerve agents are highly toxic and produce rapid neurotoxic effects. Death from exposure
to nerve agents can result within several minutes to several hours, depending on the dose

and route of exposure (Sun and Ong, 2005).



Tabun (Figure 2-1), is the easiest nerve agent to manufacture, and thus, is the
most likely agent to be initially synthesized by developing nations and terrorist groups
who are just starting to produce nerve agents (Sun and Ong, 2005). Tabun is an
organophosphate, characterized by an oxygen phosphorous double bond, and contains a
cyanide (~CN) functional group. Tabun has a moderate volatility of 328 mg/m’ at 20° C

and poses both an inhalation and skin contact hazard (Sun and Ong, 2005).

Figure 2-1. Chemical Structure of Tabun (GA)

Nations with a more mature chemical weapons program are more likely to
produce sarin, soman, and GF. Sarin (Figure 2-2), differs from tabun in that it contains a
fluorine atom (—F) in place of the —CN group. Sarin has a high volatility of 16,091

mg/m’ at 20° C and poses a significant inhalation hazard (Sun and Ong, 2005).

o)
g o) o
F—"_ — —
; H>CH,
CH

Figure 2-2. Chemical Structure of Sarin (GB)



GF (Figure 2-3), contains both the (—F) functional group and a cyclohexane ring.
It exhibits a moderate volatility of 438 mg/m’ at 20° C and poses both an inhalation and

skin contact hazard (Sun and Ong, 2005).

0O

I
—-—0
CH

3

Figure 2-3. Chemical Structure of GF

Soman (Figure 2-4), also contains a fluorine (—F) functional group. It exhibits a
moderate volatility of 3900 mg/m’ at 20° C and poses both an inhalation and skin contact
hazard. Soman is the most toxic of the G-series agents because it penetrates the central
nervous system very quickly and irreversibly binds to acetylcholinesterase receptors in

the body making medical treatment very difficult (Sun and Ong, 2005).
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Figure 2-4. Chemical Structure of Soman (GD)



Specific airborne exposure limits for G-series nerve agents are provided in Table 2-1.

Airborne Exposure Exposure Tabun Sarin Soman &
Limit Scenario (mg/m 3) (mg/m 3) GF (mg/m 3)

IDLH (Immediately One time

Dangerous to Life exposure 01 0.1 0.05

and Health)

STEL (Short-Term Occasional

Exposure Limit) IS minute | 0.0001 0.0001 0.00005
exposure

TWA (Time- Daily, 8hr,

Weighted Average) 30 year 0.00003 | 0.00003 | 0.00003
exposure

Table 2-1. Airborne Exposure Limits for G-Series Nerve Agents for the U.S. Army

(Department of the Army, 2004)

Due to the high toxicity and rapid mechanism of action of these nerve agents,
expedient field detection is needed at trace concentrations in order to protect military and
civilian populations. Traditional rapid field sampling technologies for nerve agents
generally do not have the sensitivities required to detect agents at very low
toxicologically relevant concentrations. These technologies also tend to have a larger
footprint, less portability, and require additional logistical support. The goal of field
technology development for nerve agent detection is to produce sampling and analytical
instrumentation that is small, lightweight, easy to use, and provides qualitative and
quantitative information for multiple chemicals while maintaining a high selectivity and
sensitivity for nerve agents. The application of SPME and GC/MS offers many of these

benefits for the detection of nerve agents (Hook, 2003a).



2.2. Solid Phase Microextraction

A SPME fiber usually consists of a 1 cm length of fused silica, approximately 80-

125 um in diameter, attached to a needle assembly. The fiber is coated with a small

quantity of polymer. The polymer coating thicknesses ranges between 5-100 um and

serves as the extracting phase. Total polymer volume is usually less than 1 ul. Thicker

polymer coatings generally lead to increased sensitivity, but require a longer sampling

time (Pawliszyn, 1997). The coated fiber is housed inside a syringe-type needle that

protects and isolates the fiber from exposure and can safely puncture the septum of a

sample container (Figure 2-5).
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Figure 2-5. (a) SPME Fiber Holder and (b) Fiber Assembly (Bryant, 2005)

During SPME sampling, the coated fiber is extended out of the end of the needle

and is exposed to a gas or a liquid for a specific period of time. During this time, volatile

10



and semi-volatile chemicals partition to the polymer through adsorption or absorption,
depending on the type of polymer used (Pawliszyn, 1997). Since the quantity of polymer
is generally very small compared to the volume of sample media, the polymer will come
to equilibrium with its surroundings in a relatively short period of time. As the fiber
reaches equilibrium, additional collection of analyte by the exposed fiber will not occur.
When sampling is completed, the fiber is retracted back into the protective needle and
sealed with a septum if it is not immediately analyzed. When used with GC/MS analysis,
the retracted fiber is inserted into a heated GC injection port. The fiber is then extended
out of the needle and the analytes are thermally desorbed from the fiber into the GC/MS
for analysis (Pawliszyn, 1999).

The quantity of analyte extracted by a polymer at equilibrium can be determined
by the partition coefficient between the analyte and the polymer coating material.
Equation 2-1 describes the mass of analyte extracted by the polymer after equilibrium has

been reached.

K.V V.C,

H=——7"—7""— Equation 2.1
KV, +V,

n = analyte extracted by the polymeric phase (ug)

Kg = fiber coating/sample distribution constant

Vi = fiber coating volume (m")

Vs = sample volume (m’)

Co = concentration of analyte in the sample (ng/m’)

Equation 2-1 indicates that there is a direct proportional relationship between sample
concentration and the amount of analyte extracted. When the sample volume is very

large relative to the fiber coating volume (K V' « V), equation 2-1 can be simplified to:

11



n= Kﬁ_ Vf CO Equation 2.2

Equation 2.2 demonstrates that the quantity of analyte extracted can be determined
independent of sample volume. It is not necessary to measure the volume of air that is
sampled, which is commonly required for most traditional air sampling procedures. This
makes SPME an ideal technique for field sampling (Pawliszyn, 1999).

SPME is usually considered a passive sampling technique since the fiber is simply
placed into a sample matrix and chemicals partition to the polymeric phase. To collect
volatile and semi-volatile compounds from soil or liquid, fibers can be exposed in air,
directly immersed into a liquid, or can be placed in a container’s headspace. For air
sampling, the natural convection of air is generally sufficient to facilitate the partitioning
of analytes to the polymer. For liquid sampling, however, a zone of depletion can form
around the fibers as chemical compounds are partitioned out of the liquid. However, this
can be corrected by continuously stirring the sample while the fiber is immersed in the

liquid (Pawliszyn, 1999).

2.3. Solid Phase Microextraction Sampling

Rapid sampling and quantitative analysis of nerve agents using SPME and
GC/MS have been demonstrated in numerous studies. Hook er al. (2003a) described the
benefits of using SPME sampling coupled with GC/MS analysis for the detection of VX
nerve agent contamination. This research found that PDMS coated fibers were capable of
detecting 1.0 pug of VX per gram of soil. Schneider ef al. (2001) established the

effectiveness of SPME for rapid field detection of sarin in both air and water. This study

12



found a limit of detection (LOD) of 0.1 pg/L of sarin in headspace sampling and a LOD
of 12 pug/L using direct immersion of the fiber into an aqueous solution. Headspace
sampling of VX by Hook ef al. (2003b) was performed to compare the performance of
five commercially available polymer coatings. Results showed that the PDMS, PA,
CW/DVB, and PDMS/DVB polymers provided similar uptake kinetics. Lasko and Ng
(1997) demonstrated the effectiveness of SPME and GC/MS in detecting 60 ppb of sarin,
soman, tabun, and VX in samples of tap water, river water, sea water and sewage. The
detection of airborne sarin using both static and dynamic SPME was studied by Hook e?
al. (2004). A dynamic system where contaminated air was pumped across a SPME fiber
inside a sampling chamber demonstrated that more sarin was captured in comparison to a
static sampling system. The success of these studies shows that SPME sampling, when
coupled with GC/MS analysis, is an effective method for the detection and quantification

of nerve agents in many different sample media.

2.4, Polymer Coatings

Commercially available polymer coatings for SPME fibers differ in their
mechanism of extraction (absorption or adsorption), and in their affinity for polar or
nonpolar analytes. Coatings are classified into two separate types: 1) homogenous pure
polymer coatings and 2) porous particles embedded in a polymeric phase. There are two
commercially available homogenous pure polymer coatings that have absorptive
characteristics. Polydimethylsiloxane (PDMS) has a high affinity for nonpolar analytes
and is the most widely used general purpose polymer. Polyacrylate (PA) possesses an

affinity for polar analytes. The remaining polymer coatings use a mixed phase system

13



containing porous particles, either divinyl benzene (DVB) or carboxen, embedded in a
partially cross-linked polymeric phase, either PDMS or carbowax (CW). These mixed
phase polymers have adsorptive characteristics and have a higher selectivity and
sensitivity for certain analytes (Pawliszyn, 1999).

Recent research and development has yielded new polymers that have hydrogen
bond acidic functional groups. These functional groups are characterized by an electron
deficient hydrogen atom that allows the polymer to extract analytes by chemisorption
rather than adsorption. It can also increase selectivity towards specific analytes as well as
improve sensitivity. These qualities offer a distinct advantage over commercially
available polymers. PDMS, for example, is a highly viscous linear chained polysiloxane
and does not have hydrogen bond acidic functional groups (Figure 2-6). It absorbs most

nonpolar substances and, therefore, cannot target specific analytes (Pawliszyn, 1999).
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Figure 2-6. Chemical Structure of Linear PDMS Polymer

The NRL has recently developed and tested hydrogen bond acidic polymers
characterized by fluoroalcohol-substituted polycarbosilane chains. The basic structure of

the hydrogen bond acidic polymer designated as HC is shown in Figure 2-7.

14



OH

F3C~|—CF; Y
Flouroalcohol group

HC

Figure 2-7. Basic Chemical Structure of HC

The carbosilane backbone offers thermal stability while the fluoroalcohol functional end
groups have an electron withdrawing effect on the oxygen atom in the O-H group, thus
making them hydrogen bond acidic. The absence of hydrogen bond basic sites in the
polymer backbone, such as the oxygen atoms contained in linear PDMS, reduces
hydrogen bonding internal to the molecule. This increases the number of fluoroalcohol
groups available for hydrogen bonding with hydrogen bond basic analytes such as
organophosphates and nerve agents and leads to higher uptake of these agents (Bryant,
2005). Hydrogen bond acidic polymers can be either linear or hyperbranched. While the
two types perform similarly in regards to their uptake of nerve agent, the linear polymers
are generally more viscous and have a higher molecular weight than the hyperbranched
polymers (NRL, 2006).

The vapor sorptive properties of hydrogen bond acidic polymers were evaluated
by Houser et al. (2004) in surface acoustic wave (SAW) sensors. Results showed that

these polymers had a high sensitivity to hydrogen bond basic vapors such as the nerve
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agent simulant dimethyl methylphosphonate (DMMP). DMMP is hydrogen bond basic at
the terminal oxygen atom of the P=O bond. The bonding mechanism between the HC
polymer and DMMP is shown in Figure 2-8. Previous experimentation by the NRL
shows that HC will absorb an average of 20 times more nerve agent as compared to

commercial PDMS (NRL, 2000).
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Figure 2-8. Hydrogen Bonding Between HC and DMMP (Bryant, 2005)

Another polymer currently being tested by the NRL is FPOL (Figure 2-9). This

polymer is also characterized by multiple fluorocarbon and O-H functional groups.
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Figure 2-9. Basic Chemical Structure of FPOL

Unlike the HC polymer, FPOL is a fluoro-ether where the O-H groups are not located
next to the Fl groups but are connected to the polymer backbone. FPOL also has oxygen
groups within the polymer backbone. Due to this configuration, FPOL should still have
an affinity for hydrogen bond basic analytes, but will not be nearly as selective as HC.
Previous experimentation shows that FPOL will absorb an average of 2-3 times more
nerve agent as compared to commercial PDMS. FPOL also has a lower molecular weight
and lower viscosity than HC (NRL, 2000).

The NM,A polymer is another hyperbranched hydrogen bond acidic

polycarbosilane that is being tested by the NRL (Figure 2-10). NM:A is a linear polymer

F;C OH

~
3

_/~CF,

Figure 2-9. Basic Chemical Structure of NM,A



with a carbosilane backbone and fluoralcohol groups attached to naphthlylmethyl groups.
As with the HC polymer, the fluoroalcohol groups create strong hydrogen bond acidity.
The increased electron density due to the aromatic naphthyl rings may increase the
interaction between the polymer and target analytes. NM>A has a higher molecular
weight and viscosity than HC due to the napthyl rings but has fewer fluroaclohol end
groups. Previous experimentation by the NRL has shown that it can absorb, on average,
ten times the amount of nerve agent simulant when compared to commercial PDMS
(NRL, 2006).

Further comparison studies by other researchers have shown that hydrogen bond
acidic polymers exhibit a significantly higher selectivity to nerve agent simulants relative
to general purpose polysiloxane polymers. Houser ef al. (2004) demonstrated that
fluoroalcohol substituted polycarbosilanes have higher sensitivity toward nerve agent
simulant due to the absence of hydrogen bond basic sites (oxygen atoms) within the
polymer backbone. Grate er al. (1993) also demonstrated that hydrogen bond acidic
polymers provide a high selectivity and sensitivity for nerve agent simulants and actual
nerve agents. Pacific Northwest National Laboratories (PNNL) designed several
polymers that consisted of hydrogen bond acidic hexafluorobisphenol groups between
polydimethylsiloxane spacers. The PNNL polymers were tested by Grate ef al. (1999) in
SAW vapor sensors and the results showed they provided better detection of trace
concentrations of organophosphates when compared to commercially available polymers.
Harvey ef al. (2002) coated SPME fibers with a phenol-based hydrogen bond acidic

polycarbosilane polymer and evaluated its selectivity towards sarin as compared to
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standard PDMS polymers. This study showed the hydrogen bond acidic polymer
exhibited a 20-fold higher uptake of sarin than PDMS, coupled with a lower selectivity
towards total hydrocarbons. Overall, these studies have shown the use of hydrogen bond
acidic polymers can provide superior uptake for selected analytes such as nerve agents.
Successfully coating SPME fibers with the hydrogen bond acidic polymers developed by
the NRL will allow samples to be rapidly collected and analyzed on a GC/MS with a

SPME injection port.
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3. Methodolgy

This chapter describes the methods used to answer the research questions
discussed in Chapter 1. The first objective of this research was to determine if the
hydrogen bond acidic polymers can be effectively coated onto SPME fibers and to test
three different coating methods. Dip coating, applicator coating, and ink jet coating
methods are examined. The second objective was to test the coated fibers against known
concentrations of nerve agent simulant and compare the performance of the hydrogen
bond acidic polymers to commercially available polymers and to analyte uptake
expectations established by the NRL for each type of polymer. Two methods of simulant
sampling were tested: static vapor phase sampling and direct immersion aqueous phase

sampling.

3.1. Application of Polymer Coatings

3.1.1. Dip Coating

Dip coating was the first method tested for applying hydrogen bond acidic
polymers to SPME fibers. The dipping solutions were prepared by dissolving a selected
quantity of HC polymer and an adhesive PDMS polymer in a methylene chloride
(Aldrich Chemical Co., Cas#75-09-2) solvent along with a platinum catalyst. The low
viscosity of the HC polymer made it unsuitable for coating the fiber using only the neat
polymer as it did not adhere to fiber. Therefore, the adhesive PDMS polymer was added
to the HC polymer to both increase the viscosity of the mixed solution and promote

crosslinking within the polymer matrix. The adhesive PDMS polymer is a linear PDMS,
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with 5-7% of its functional groups being Si-H groups (Figure 3-1). These silicon-bonded
hydrogen atoms readily crosslink the chains of the PDMS polymer with other PDMS

chains and with the chains of the HC polymer in the presence of a platinum catalyst.
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Figure 3-1. Crosslinking of PDMS and HC Polymer Chains

The catalyst is a platinum (0)-2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane
complex solution (Aldrich Chemical Co., Cas#68585-32-0). In order to achieve the
appropriate amount of crosslinking needed to stabilize both polymers in a solid matrix,
the HC polymer was combined with the adhesive PDMS polymer in a 50/50 mixture by
weight.

The first step in creating the dipping solution involved adding 250 mg of the HC
polymer to a glass vial. A microbalance (Sartorius, model BP-615) was used to weigh

the appropriate amount. An equal mass of the adhesive PDMS polymer was then added
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to the vial. The next step involved adding a selected quantity of methylene chloride.
Three separate dipping solutions were created by adding 1.0, 2.0, or 3.0 ml of methylene
chloride. This was done to determine which concentration would result in the best
coating. Once the polymers were fully dissolved in the solvent (approximately 30
minutes), 5.0 pl of platinum catalyst was added to the vial to initiate crosslinking. The
mixed polymer solution was stirred until a uniform viscosity was achieved. The vial was
then secured to a laboratory stand in preparation for dip coating.

Standard Supelco fiber assemblies with uncoated fused silica fibers, 1 cm in
length and 110 um in diameter, were used for the dip coating. The fiber assembly was
placed in a standard Supelco SPME fiber holder, and the fiber was extended out of the
assembly. The fiber was then repeatedly dipped, 3-6 times, into the polymer solution
until a visible coating was achieved. The fiber was then removed from the solution and
was held horizontally and rotated to prevent the polymer from collecting at one end of the
fiber and ensure a more even distribution of the coating along the fiber. The fiber was
rotated for 30 seconds while the solvent evaporated. This dipping and evaporation
process was then repeated 2-3 additional times until a semi-uniform coating was present
along the entire length of the fiber.

A problem with this method involved the tendency of the polymer to clump
together in beads on the surface of the fiber instead of attaching as a smooth coating as
seen in commercial polymer coatings. The beads of polymer were manually smoothed by
using a second uncoated fiber like a paint brush to break up the beads and spread the
polymer along the surface of the fiber. This helped to improve the uniformity of the

polymer coating.

22



The fiber was then partially cured by placing it in a vacuum oven (Cole Parmer,
StableTemp) at 100° C under a vacuum of 20 in. Hg for 30 minutes. This was done to
evaporate any remaining solvent and to promote polymer crosslinking. A vacuum pump
(GE, model SKH36KNAS510X) was used to create the vacuum. After removal from the
oven, the fiber was re-dipped in the solution using the same dipping procedures to add an
additional layer of polymer to the fiber. Some additional beading of the polymer was
observed and the beads were again manually smoothed. The target polymer thickness
was 30 um. This thickness was chosen to make it comparable with a commercial 30 um
PDMS fiber. After the final dip coated layer, the fiber was hardened by placing it in the
vacuum oven for 16 hours at a temperature of 120° C and 20 in. Hg pressure.

The dipping solution that contained the 3.0 ml of methylene chloride was found to
be too dilute and did not result in any of the polymer mixture adhering to the fiber. The
dipping solutions with 1.0 ml and 2.0 ml of methylene chloride resulted in semi-uniform
polymer coatings. The fibers created from these dipping solutions were used for vapor
and aqueous phase sampling and are designated as fibers “HC/PDMS (Dipped#1)” and

“HC/PDMS (Dipped#2)” respectively.

3.1.2. Applicator Coating

Applicator coating was performed with assistance from Dr. Venkat Mani,
American Analytical, State College, PA. Both the HC and FPOL polymers were selected
for applicator coating. For coating with the HC polymer, a 50/50 mixture of the HC and
the adhesive PDMS polymer was used. First, 6.0 ml of methylene chloride was added to

a glass vial. Then 750 mg of the HC polymer and 750 mg of the adhesive PDMS

23



polymer were added to the vial and allowed to dissolve into solution. After
approximately 30 minutes, 15.0 ul of the platinum catalyst (same as with dip coating)
was added to the vial to initiate the crosslinking process. The mixed polymer solution
was then stirred until a uniform viscosity was achieved.

A 12 inch long uncoated fiber made of fused silica polyacrolate (FSA) (Polymicro
Technologies, FSA080120) was used for the applicator coating. The FSA fiber had a
fused silica diameter of 83 um with a 21 pum thickness of polyacrolate for a total fiber
diameter of 125 um. The polyacrolate coating strengthened the silica fiber and provided
a favorable surface for attaching the polymer. The FSA fiber was first pretreated by
dipping it in a methylene chloride solution for 20 seconds. Approximately 4.0 ml of the
mixed polymer solution was poured into a funnel-shaped silicon applicator. The end of
the fiber was inserted into the top of the applicator and drawn out the bottom through the

small end of the funnel (Figure 3-2).

Figure 3-2. Polymer Application Using Silicon Applicator
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The entire fiber was pulled through the applicator, applying a uniform coating of
the polymer mixture along the FSA fiber approximately 10 um in thickness. The fiber
was then held in front of a desktop flameless heater for 2 minutes to enhance evaporation
of the methylene chloride solvent and crosslinking of the polymer matrix. The fiber was
passed through the applicator and heated in the same manner a total of 4 times in order to
add additional layers of polymer to the FSA fiber and bring the total polymer thickness to
approximately 40 um.

The coated fiber was then placed in an oven (Blue M, Stabil-Therm) inside a glass
cylinder containing a nitrogen atmosphere. It was cured at 200° C for 16 hours in order
to evaporate the remaining methylene chloride and promote additional crosslinking of the
polymer mixture. A nitrogen atmosphere was used to prevent degradation of the PDMS
polymer that could occur in the presence of oxygen. The fiber was then removed from
the oven and allowed to cool to room temperature. The fiber was then cut into 2 cm
lengths. Each length of fiber was inserted 1 cm into the needle of a standard Supelco
SPME fiber assembly and glued into place. This allowed 1 cm of the fiber to be exposed
for sampling. The entire process was then repeated using the FPOL polymer combined in
a 50/50 mixture of FPOL and adhesive PDMS. The fibers created from these mixtures
and used in further vapor and aqueous phase testing are designated as fibers “HC/PDMS

(Applicator)” and “FPOL/PDMS (Applicator)”.

3.1.3. Ink Jet Coating

The third method evaluated in this study is the ink jet coating method. This

method was performed in conjunction with the NRL using a Jet Lab II (Microfab
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Technologies, Inc.) ink jet printing platform. The goal of the ink jet coating method was
to produce a fiber with a more uniform polymer coating that could be easily replicated.
The two coatings chosen for the ink jet coating method were the HC and NM,A
polymers. The NM,A polymer was chosen in place of the FPOL polymer since the
NM:A has a higher molecular weight and higher viscosity which would make it easier to
coat onto a SPME fiber.

Standard Supelco fiber assemblies with uncoated fused silica fibers, 1 cm in
length and 110 um in diameter, were used for the ink jet coating method. The uncoated
fused silica fiber was inserted into a standard SPME fiber holder which was then secured
to an aluminum holder. The fiber was positioned on the stage of the ink jet printing
platform so that the fiber was situated approximately 3mm directly below the ink jet

nozzle and 2 cm above the heated stage as shown in Figure 3-3. For all ink jet coatings,

Figure 3-3. Ink Jet Coating Set-Up
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the stage was heated to 110 °C to aid in solvent evaporation as the droplets were
dispersed and adhered to the fiber.

The HC polymer was first dissolved in a butanol solvent in order to decrease its
viscosity prior to jetting. This was done to ensure that the polymer solution would not
clog the ink jet nozzle. A solution of 1.0% HC polymer (by weight) in 1-butanol
(CAS#71-36-3, Aldrich Chemical Co.) was used. The 1.0% HC polymer solution was
then loaded into the well of the ink jet nozzle.

Eight layers of the HC coating were applied to the uncoated fused silica fiber.
The specific ink jet settings used for the formation of the droplets and the coating pattern
are given in Appendix A. The first layer of polymer was applied to the fiber by jetting
100 bursts along the entire 1 cm length of the fiber in two parallel rows for a total of 200
bursts. The fiber remained stationary. Each burst contained 200 droplets of the polymer
solution. Each droplet was approximately 100 um in diameter. While coating the first
layer, formations of combined droplets appeared as small beads of polymer on the fiber.
These small beads moved along the fiber due to capillary action and surface tension. The
beads became larger as they moved along the surface of the fiber and collected additional
droplets of polymer.

The second layer of polymer coating was then applied to the HC fiber
approximately two minutes after the first layer. For the second layer, the coating pattern
was expanded to three parallel rows to maximize the amount of solution deposited on the
fiber. At 100 bursts per row, this increased the total number of bursts to 300. The third
and fourth layers were also coated onto the fiber using the three parallel rows and 300

total bursts.
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The fiber was then rotated 180 degrees to apply an additional four layers to the
opposite side of the fiber. For the fifth layer (the first just after the fiber rotation), the
spacing between each burst was doubled to reduce large bead formation. Therefore, the
number of bursts in each row was reduced from 100 to 50 bursts for a total of 150 bursts.
Increasing the burst spacing did not appear to reduce the capillary effect. For the sixth,
seventh and eighth layers, the same three rows at 150 total bursts were maintained but the
number of droplets per burst was reduced. The droplets were reduced from 100 to 50 to
25 drops per burst, respectively. The lower burst rates were found to reduce large bead
formation and their movement along the fiber. The HC fiber created from the ink jet
coating method and used in further vapor and aqueous phase sampling is designated as
fiber “HC (Ink Jet)”.

A second fused silica fiber was coated using the NM,A polymer. A jetting
solution of 0.4% NM:A polymer (by weight) in a 20/80 mixture (by weight) of toluene
(CAS#108-88-3, Aldrich) and 1-butanol was used. The 0.4% concentration of NM,A
polymer and the mixture of the two solvents had to be used to achieve complete
dissolution of the NM,A in the solvent.

A total of 16 layers (8 per side) of NM,A polymer were applied to the fiber using
a burst rate of 50 droplets per burst. Three parallel rows were again applied for each
layer but the distance between each burst was increased which resulted in 44 bursts per
row (instead of 50) for a total of 132 bursts per layer (instead of 150). The fiber created
from ink jet coating the NM,A solution and used in further vapor and aqueous phase

sampling was designated as fiber “NM,A (Ink Jet)”. Microscopic images and further
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analysis of all ink jet coated fibers are given in section 4.1.3. The ink jet settings used for

droplet formation and the coating pattern are given in Appendix A.

3.2. Fiber Imaging

Measurement of the polymer thickness of each fiber was made by imaging each
fiber under a Leica Model DM LB microscope using the 20X magnification lens. The
fiber to be measured was inserted into a SPME fiber holder, which was then secured to a
laboratory stand. The position of the fiber on the stand was adjusted so that the SPME
fiber holder laid flat on the microscope stage. It was supported by four stacked glass
slides to ensure that the distance from the lens was always the same and repeatable
measurements could be achieved. The microscope was focused so the edges of the fiber
were clear. This ensured that the depth of the focus was half way into the fiber. A video
image of the fiber under the 20X magnification lens was then captured using the
microscope’s camera (QImaging, Micropublisher) and imaging software (QImaging,
QCapture 1394) and displayed on a computer screen.

Using the Image-Pro Discovery software, a measurement of the total fiber
diameter of an uncoated Supelco fused silica fiber was made using the software’s built-in
measurement tools. This procedure optically calibrated the measurement tool. Images of
the test fibers were obtained using the same procedures and total fiber diameter
measurements were obtained. Ten measurements were taken every Imm along the length
of the polymer coating in order to obtain an average fiber diameter. Average polymer
coating thickness was obtained by subtracting the diameter of the uncoated fused silica

fiber (either 110 or 125 um) from the average total fiber diameter and dividing by two.
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The total volume of polymer coating was then determined by calculating the total
combined volume of both the polymer coating and fused silica fiber and subtracting the

volume of the fused silica fiber (Figure 3-4).

Average Polymer Coating Thickness Average Total Diameter (Dy)
Polymer Coating . i
* Fused Silica
Fused Silica Fiber Diameter (D,)

(110 or 125 um)

Polymer Coating

Length of Fiber (L) (1 cm)

Average Polymer  _ (D, — D,)/2
Coating Thickness

m(D/2°L - m(Dy/27°L

Total Polymer
Coating Volume

Figure 3-4. SPME Fiber Measurements

Microscopic fiber imaging was also used to visually analyze the overall quality of
and uniformity of the polymer coatings. Digital photographs of the test fibers were taken
both before and after sampling was performed to determine if the polymer coatings had

been damaged or degraded through repeated vapor and aqueous phase sampling.

3.3. Nerve Agent Simulant

Nerve agent simulants are chemicals that are produced in order to mimic the

behavior of actual nerve agents. Simulants have similar structure and functional groups
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as nerve agents. Simulants also have similar physical properties such as vapor pressure
and ionization affinity. The major advantage of using nerve agent simulants is that they
are much less toxic and easier to work with. Dimethyl methylphosphonate or DMMP
(97%, Aldrich Chemical Co., CAS# 756-79-6) was the simulant selected due to its
structural similarities to military nerve agents and the many organophosphate based
chemicals and pesticides used in industry (Figure 3-9). DMMP was used for both vapor

phase and aqueous phase sampling.
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Figure 3-5. Basic Chemical Structure of DMMP

3.4. Vapor Phase Extraction

The six different SPME fibers coated with the hydrogen bond acidic polymers
discussed in the previous sections were tested using static vapor phase extraction from
tedlar bags. Three commercially manufactured fibers were used for comparison for a
total of nine test fibers. The three commercial fibers included two PDMS fibers with
coating thicknesses of 30 um and 7 um and a DVB/PDMS fiber with a 65 um thickness.
The PDMS fibers were tested to give a basis of comparison between the hydrogen bond
acidic polymers and general purpose commercial polymers of similar thickness. The
DVB/PDMS (65um) fiber was used due to the fact that previous research (Lasko, 1997)

has shown that this coating gave much higher GC/MS peak areas when compared to other
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commercial polymers for the aqueous phase extraction of sarin. Table 3-1 shows all of

the polymers that were tested using vapor phase extraction.

HC/PDMS (Dipped #1)

Dip Coated

HC/PDMS (Dipped #2)

HC/PDMS (Applicator)

Applicator Coated
FPOL/PDMS (Applicator)

HC (Ink Jet)
Ink Jet Coated
NM2A (Ink Jet)
PDMS (30um)
Commercially Manufactured PDMS (7um)

DVB/PDMS (65um)

Table 3-1. Test Fiber Information

3.4.1. Sample Preparation

To compare the uptake of vapor phase simulants for each of the test fibers, known
concentrations of DMMP were created in a 5.0 L tedlar bag (SKC). DMMP
concentrations of 0.5, 0.05, and 0.005 mg/m3 were selected to challenge each of the
polymers against concentrations that would compare to the IDLH values of G-series
nerve agents (0.05-0.1 mg/m’).

The 5.0 L tedlar bag was filled with 4.0 L of ambient air using a 2.0 L macro-
volume syringe (SGE Inc.). In order to achieve the 0.5 mg/m’ concentration in the bag, a
stock solution of 2.0 mg/ml DMMP in methylene chloride was mixed in a 15 ml silanized

glass vial. One microliter of the stock solution was drawn from the vial using a 10.0 ul
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syringe (Hamilton, #701), and injected into the tedlar bag through its PFTE-lined silicone
septa. A solvent chase method was used to draw the stock solution, where 1.0 pl of
methylene chloride was drawn into the syringe, followed by 1.0 ul of air, followed by the
1.0 ul of stock DMMP solution, followed by an additional 1.0 pl of air. This method was
used in order to ensure that 1.0 ul of the stock solution was accurately injected into the
bag. After injection of the DMMP stock solution, the bag was allowed to equilibrate for
30 minutes. The bag was then purged using a high flow pump (Gilian, model 800485).
This process was repeated two additional times to minimize loss of analyte to the walls of
the tedlar bag. After the third evacuation, the bag was filled to the desired concentration
for sample collection. To achieve the 0.05 and 0.005 mg/m’ concentrations in tedlar

bags, stock solutions of 0.2 and 0.02 mg/ml DMMP in methylene chloride were used.

3.4.2. SPME Sampling Protocol

The hydrogen bond acidic test fibers were conditioned at 120° C for 30 minutes
prior to use. This temperature was recommended by the NRL to minimize the chance for
degradation of these polymers. All commercial test fibers were conditioned at 250° C
for 30 minutes according to the manufacturer’s recommendations. Sampling was
conducted at ambient room temperature. The fiber to be tested was first inserted into a
SPME fiber holder. Then the septum of the tedlar bag was pierced with the SPME fiber
needle and the fiber was extended inside the bag. A standard extraction time of 10
minutes was used. Longer sampling times are generally undesirable in field sampling
conditions. After 10 minutes, the fiber was retracted back into the needle and the SPME

sampler was removed from the bag. The fiber was then promptly inserted into a heated
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GC injection port. The fiber was extended into the mid-range region of the injection port
liner and GC/MS analysis was conducted.

Triplicate samples of the test fibers listed in Table 3-1 were obtained at the 0.5
and 0.05 mg/m’ test concentrations. Hydrogen bond acidic polymers that showed a
significantly higher analyte uptake per pm’ of polymer volume versus commercial
polymers at the 0.05 mg/m’ concentration were then challenged at 0.005 mg/m’ along
with the two commercial PDMS fibers for comparison. Triplicate samples of these fibers
were obtained using both 10 and I minute sampling times. The | minute extractions
were performed in order to determine if this shorter extraction time would still be

sufficient to detect the analyte of interest at the lowest test concentration.

3.5. Aqueous Phase Extraction

Direct immersion sampling was used to test the uptake of DMMP in an aqueous
phase. The same six hydrogen bond acidic fibers and three commercial fibers that were
tested during the vapor phase sampling were also used for aqueous phase sampling

(Table 3-1).

3.5.1. Sample Preparation

For aqueous phase sampling, test concentrations of 100 ppm and 1 ppm DMMP in
water were created. To prepare the 100 ppm concentration, a stock solution of 10%
DMMP in methylene chloride was mixed by adding 0.5 ml of DMMP to 4.5 ml of
methylene chloride in a silanized glass vial. From this stock solution, 1.2 ul was

extracted and injected into a separate vial containing 12.0 ml of deionized water. This

34



resulted in a final concentration of 100 ppm DMMP. A solvent chase method was again
used to ensure accuracy and reproducibility of the injections. To prepare the 1.0 ppm
concentration, a stock solution of 0.1% DMMP in methylene chloride was mixed by
adding 0.1 ml of DMMP to 9.9 ml of methylene chloride in a silanized glass vial. From
this stock solution, 1.2 ul was extracted using a 10.0 ul syringe and injected into a
separate vial containing 12.0 ml of deionized water to create the final concentration of 1
ppm DMMP. Each test vial was placed on a magnetic stirrer (Barnant Co., model 700-

5011) and mixed for 30 minutes prior to sampling.

3.5.2. SPME Sampling Protocol

The hydrogen bond acidic test fibers were conditioned at 120° C for 30 minutes
prior to use. This temperature was recommended by the NRL to minimize the chance for
degradation of these polymers. All commercial test fibers were conditioned at 250° C
for 30 minutes according to the manufacturer’s recommendations. Sampling was
conducted at ambient room temperature. The fiber to be tested was first inserted into a
SPME fiber holder. Then the septum of the test vial was pierced with the SPME fiber
needle and the fiber was extended into the vial so that the entire length of the exposed
fiber was immersed in the liquid. The liquid in the vial was continuously stirred during
sampling using a magnetic stirrer. An extraction time of 10 minutes was used. After 10
minutes the fiber was retracted back into the needle and removed from the vial. The
SPME fiber was then promptly inserted into a heated GC injection port. The fiber was

extended into the mid-range region of the injection port liner and GC/MS analysis was
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conducted. Triplicate samples of the nine of the test fibers were obtained at both the 100

ppm and 1 ppm test concentrations.

3.6. GC/MS Analysis

GC/MS analysis of the SPME samples were performed using an Agilent GC with
a noncoated inert electron impact ionization source and monolithic hyperbolic quadrapole
mass selective detector. The GC used a 30m x 0.25 mm [.D. DB5-MS column having a
film thickness of 0.25 um. Helium at a linear velocity of 1.4 ml/min and constant flow
was be used as the carrier gas. The oven was programmed to hold at 40° C for 2 minutes
and then increase to 250° C at 20° C per minute. Desorption of the SPME fiber samples
was accomplished in the splitless injection mode. A 0.75 mm deactivated glass injection
port liner (Supelco) was used and the injector temperature was maintained at 150° C
throughout the analysis. The MS transfer line was held at 270° C. Mass spectra were
collected over the range of 30-250 mass-to-charge (m/z). Sample mass spectral
information was stored and analyzed using the Agilent Chemstation software package.

Blank samples were run, at a minimum, once per day prior to the start of SPME samples.

3.7.  Polymer Comparison and Data Analysis

The relative standard deviation (RSD) between the triplicate samples for each test
fiber at each sampling concentration was calculated to analyze the reproducibility of the
measurements. The total uptake (total GC/MS peak area) of DMMP as well as total
uptake per pm’ of polymer volume for each fiber was compared using a one-way analysis

of variance (ANOVA) followed by a Tukey HSD Post Hoc comparison test.
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Comparisons were made between the test fibers to determine which polymer and
coating method gave the best performance at each sampling concentration. Results for
the hydrogen bond acidic polymers were also compared with results from prior testing by
the NRL that provide expected DMMP uptake for each polymer type. These uptake
expectations are given in Table 3-2 and detail the average advantage in DMMP uptake

that the polymer is expected to provide when compared to a PDMS fiber of equal

HC 20 fold
HC/PDMS (50/50 mixture) 10 fold
FPOL/PDMS (50/50 mixture) 1.5 fold
N.MA 10 fold

Table 3-2. Expected Advantage in DMMP Uptake of Hydrogen Bond Acidic Polymers Over a PDMS

Polymer of Equal Thickness

polymer thickness. In addition, previous research of the hydrogen bond acidic polymers
has found that the expected advantage in DMMP uptake should be higher at lower

concentrations (NRL, 2006).
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4. Experimental Results and Discussion

4.1. Application of Polymer Coatings
The results from the three coating methods (dip coating, applicator coating, and

ink jet coating) will be discussed in the following sections.

4.1.1. Dip Coating

Dip coating was performed using the HC polymer as described in chapter
3.1.1. The addition of the adhesive PDMS polymer and the platinum catalyst
provided crosslinking and a bonded polymer coating. A microscopic image of a
commercially manufactured PDMS (30um) fiber under the 10X magnification lens is
shown in Figure 4-1. Images of the HC/PDMS (Dipped#1) and HC/PDMS
(Dipped#2) fibers are shown in Figures 4-2 and 4-3 respectively.

The polymer coatings of the HC/PDMS (Dipped#1 and #2) fibers were not as
uniform as commercial fibers, exhibiting a slight variability in thickness along the length
of the fiber. The coating of the HC/PDMS (Dipped#2) fiber was created with the more
dilute dipping solution (250 mg polymer per 1.0 ml methylene chloride) which led to a
slightly thinner but more uniform coating than the HC/PDMS (Dipped#1) fiber that used
the thicker dipping solution (250 mg polymer per 2.0 ml methylene chloride). Both
coatings fully hardened into a solid matrix and were firmly bonded to the fused silica

fibers.
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1 mm

Figure 4-1. Commercial PDMS (30um) Fiber (10X Magnification)

< >

I mm

Figure 4-2. HC/PDMS (Dipped#1) Fiber (10X Magnification)

1 mm

Figure 4-3. HC/PDMS (Dipped#2) Fiber (10X Magnification)

4.1.2. Applicator Coating
Applicator coating was performed using the HC and FPOL polymers, combined
with the adhesive PDMS polymer as described in chapter 3.1.2. The fibers created

through the applicator coating method are shown in Figures 4-4 and 4-5.
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Figure 4-4. HC/PDMS (Applicator) Fiber (10X Magnification)

Section of Uncoated
Fused Silica

1 mm

Figure 4-5. FPOL/PDMS (Applicator) Fiber (10X Magnification)

Both fibers were able to be fully hardened into a solid matrix and bonded to the
surface of the fused silica fiber. However, there were variations in the quality of each
polymer coating. The HC/PDMS (Applicator) fiber exhibited a very smooth and uniform
coating. The FPOL/PDMS (Applicator) fiber coating was less uniform, having slight
variations in thickness along the length of the coating. In addition, some sections of the
FPOL/PDMS (Applicator) fiber had no coating. This could have been due to the FPOL
polymer having a lower molecular weight and lower viscosity than the HC polymer, thus

requiring a greater amount of crosslinking in order to evenly bond to the fiber.
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4.1.3. Ink Jet Coating

Ink jet coating was performed using the HC and NM,A polymers as described in
chapter 3.1.3. The amount of polymer that adhered to the fiber and the overall quality of
polymer coating was dependant on both the type of polymer used and the ink jet
parameters.

The HC (Ink Jet) fiber is shown in Figures 4-6 and 4-7. From Figure 4-6, it can
be seen that the polymer tended to clump together and form a jagged non-uniform
coating. An additional problem with the HC (Ink Jet) fiber was the polymer could not be
fully crosslinked and bonded to the fused silica fiber since they were not mixed with the
adhesive PDMS polymer. Images of the HC (Ink Jet) fiber taken before sampling (Figure
4-6) and after sampling (Figure 4-7) show the polymer was redistributed along the
surface of the fiber. Migration of the polymer along the fiber may have occurred during
desorption in the heated GC inlet. It is also possible the redistribution could be due to the
polymer sticking to the inner walls of the needle assembly when retracted.

The NM,A (Ink Jet) fiber was coated using a setting of 50 droplets per burst and
132 total bursts per layer. Figure 4-8 illustrates how the reduced number of drops per
burst and increased spacing between bursts limited the degree of beading and clumping
of the polymer. However, these settings resulted in only a very thin layer of polymer
adhering to the surface of the fiber and some areas of the fiber remaining uncoated. This
may also have been due to the type of polymer and the lower 0.4% concentration of
NM,A polymer in the ink jetting solution compared to the 1.0% concentration used with

the HC polymer.

41



Polymer Coating Tip of Fiber Assembly —

/

« >

I'mm

Figure 4-6. HC (Ink Jet) Fiber Before Sampling (10X Magnification)
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Figure 4-7. HC (Ink Jet) Fiber After Sampling (10X Magnification)

‘ Sections of Uncoated Fused Silica
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Figure 4-8. NM,A (Ink Jet) Fiber (10X Magnification)

The NM:A (Ink Jet) fiber coating did not exhibit any visible redistribution or

degradation of its polymer coating after sampling as seen with the HC (Ink Jet) fiber.

This could be due to the fiber having only a very thin polymer coating. It is also possible
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that the increased molecular weight and presence of the napthyl groups within the
polymer structure provided sufficient internal crosslinking of the polymer to increase its
stability on the fiber.

Achieving a uniform polymer coating using the ink jet coating method may be
possible with further testing and modification of the ink jet parameters. Adjusting the
number of droplets per burst, the number of bursts per application layer, the number of
layers, and continuous fiber rotation, should improve the quality of the coating. Other
parameters that can be modified to possibly improve the coating process include the
height of the spray nozzle above the fiber and the viscosity of the polymer solution. The
use of higher molecular weight hydrogen bond acidic polymers, currently under
development at the NRL, that exhibit more internal crosslinking may result in a more

stable coating.

4.2. Vapor Phase Extraction

4.2.1. Vapor Phase Sampling Results

Vapor phase extraction of DMMP using static air sampling in tedlar bags was
conducted as described in section 3.4. Chromatograms resulting from the 10 minute
extractions of vapor phase DMMP at 0.5, 0.05, and 0.005 mg/m’ using the HC/PDMS
(Dipped#2) fiber are given in Figure 4-9. The chromatograms are characterized by the
DMMP peak at approximately 4.6 minutes. As expected, the chromatograms show how
the total DMMP peak area was reduced as the vapor phase concentration was lowered.

The chromatograms for the other test fibers exhibited similar characteristics.
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Figure 4-9. Total Ion Chromatograms for Vapor Phase DMMP Uptake at 0.5, 0.05, and 0.005

mg/m’ Using Fiber HC/PDMS (Dipped#2)

Vapor phase DMMP uptake results comparing the total GC/MS peak area for
each of the test fibers are shown graphically in Figures 4-10 and 4-11. In Figure 4-10 it
can be seen that the HC/PDMS (Dipped#1 and #2) fibers, the HC (Ink Jet) fiber, and the
commercial DVB/PDMS (65um) fiber exhibited the highest total analyte uptake at both
the 0.5 and 0.05 mg/m’ sample concentrations. Results from these four fibers showed no
statistical difference. The remaining fibers exhibited significantly lower (p< 0.001) total

uptakes of DMMP.
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Figure 4-10. GC/MS Peak Area Comparison for Vapor Phase Extraction of DMMP at 0.5 and 0.05

mg/m’
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Figure 4-11. GC/MS Peak Area Comparison for Vapor Phase Extraction of DMMP at 0.005 mg/m’
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Figure 4-11 shows that the advantage in DMMP uptake of the HC/PDMS
(Dipped#1) and HC (Ink Jet) fibers over the commercial PDMS fibers was even more
pronounced at a concentration of 0.005 mg/m’ for both 1 and 10 minute samples. (Note:
the HC/PDMS (Dipped#2) fiber was physically damaged prior to sampling at 0.005
mg/m’ and therefore could not be included in this part of the study.) For the 1 minute
extraction at 0.005 mg/m’, the PDMS (7um) fiber did not detect the DMMP simulant,
and the total GC/MS peak area for the PDMS (30um) fiber was only about four times the
background level. Neither of these fibers detected the DMMP at the 1 minute extraction.
The HC/PDMS (Dipped#1) and HC (Ink Jet) fibers still exhibited large total GC/MS
peak areas at both sampling times.

The total polymer volume of each of the test fibers is given in Figure 4-12. Due

to the different polymer volumes on each of the test fibers, DMMP uptake was

Total Polymer Volumes for Test Fibers

40.0

350

300+

250

200

Total Polymer Volume (1,000,000 um3)

T Ui
HC/PDMVIS HC/PDVIS HC/PDMS FPOL/PDMS HC NM2A PDMS30 PDMS7 DV B/PDMS

Dipped#1 Dipped#2 Applicator Applicator InkJet InkJet Commercial Commercial Commercial
Fiber

Figure 4-12. Total Polymer Volumes of Test Fibers
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normalized by dividing the total GS/MS peak area by the polymer volume for each of the
test fibers.

The total DMMP uptake per per um’ of polymer volume for each of the test fibers
are shown graphically in Figures 4-13 and 4-14. Figure 4-13 shows the results from the
0.5 and 0.05 mg/m’ sample concentrations. From this comparison, it can be seen that the
HC (Ink Jet) fiber exhibited the greatest DMMP uptake per pm’ of polymer volume,
followed by the HC/PDMS (Dipped#1 and #2) fibers and then the NM,A (Ink Jet) fiber.
Both of the applicator coated fibers and the commercial fibers exhibited lower total

uptakes relative to their polymer volumes.

Peak Area / Volume Comparison (Vapor Extraction, 10 minutes)

@ 0.5 mg/m3

o 0.05 mg/m3

GC/MS Peak Area / Polymer Volume
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HG/PDMS HCG/PDMS HC/PDMS FPOL/PDM HC NM2A PDMS(30um) PDMS(7um DV BPDMS

Dipped#1 Dipped#2 Applicator  Applicator InkJet InkJet Commercial Commercial  Commercial
Fiber

Figure 4-13. Peak Area/Polymer Volume Comparison for Vapor Phase Extraction of DMMP at

0.5 and 0.05 mg/m’
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Peak Area / Volume Comparison (Vapor Extraction, 0.0056 mg/m3)
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Figure 4-14. Peak Area/Polymer Volume Comparison for Vapor Phase Extraction of DMMP at

0.005 mg/m’

Figure 4-14 illustrates the increased total DMMP uptake per um’ of polymer
volume of the HC/PDMS (Dipped#1) and HC (Ink Jet) fibers over both commercial
PDMS fibers at a concentration of 0.005 mg/m’ for both 1 and 10 minute samples.
Again, this graph highlights increased performance of these two hydrogen bond acidic
polymers over commercial PDMS at trace concentrations.

The data in Figures 4-13 and 4-14 also shows a significant difference in DMMP
uptake per um’ of polymer volume between the HC/PDMS (Applicator) fiber compared
to the HC/PDMS (Dipped#1 and #2) fibers. Although both types of fibers were coated
with the same 50/50 mixture of HC and PDMS, the dip coated fibers performed much
better than the applicator coated fiber. This indicates that the HC/PDMS mixture was

effectively applied with dip coating but not with applicator coating. In addition, both the

48




dip coated and applicator coated HC/PDMS fibers exhibited polymer coatings that were
clear prior to being cured. While the dip coated HC/PDMS polymer remained clear after
being cured, both applicator coated fibers exhibited a visible change in the color and
opacity of their polymer coatings. The applicator coated HC/PDMS polymer turned a
golden color and the FPOL/PDMS polymer turned a light brown. This may be indicative
of a change in the polymer chemistry brought about by the curing process. Curing the
applicator coated polymers at a higher temperature of 200° C, may have caused thermal
degradation of the HC and FPOL polymers which would lead to decreased amounts of
DMMP being taken up. The NRL recommends a curing temperature of less than 150° C
for these polymers. For future applicator coated fibers, lowering the curing temperature
below 150° C may result in better performance.

An additional set of triplicate samples were taken using the HC/PDMS (Dipped#1
and #2) fibers and the two commercial PDMS fibers. This additional set was taken 8
days after the initial samples in order to determine if the HC/PDMS polymer mixture
remained stable. It is possible that the PDMS would continue to polymerize with the HC,
which would bind more reaction sites and inhibit analyte uptake. A significant difference
was not observed between the two sample sets which suggests that the HC/PDMS
mixture remained stable.

Results from the expected and actual average advantage in DMMP uptake of the
hydrogen bond acidic polymers versus the PDMS (30um) fiber are given in Table 4-1.
Actual performance in DMMP uptake was calculated by comparing the total uptake per
polymer volume ratios. At the 0.5 and 0.05 mg/m’ concentrations, none of the hydrogen

bond acidic polymers matched the expected performance advantage over the commercial
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. Expected Actual Advantage for Sampling Concentration
Fiber Advantage
0.5 mg_;lm3 0.05 mg_;lm3 0.005 mg_;lm3
HC/PDMS 10 fold 4.2 51 46.7
Dipped#1 and #2
HC/PDMS 10 fold None None (Not Sampled)
Applicator
FPOL/PDMS 1.5 fold None None (Not Sampled)
Applicator
HC 20 fold 94 9.2 48.0
Ink jet
NM2A 10 fold 20 4.4 (Not Sampled)
Ink jet

Table 4-1. Expected and Actual Advantage in DMMP Uptake for Vapor Phase Extraction

PDMS (30um) fiber. At the 0.005 mg/m’ concentration, the amount of DMMP taken up
by the HC/PDMS (Dipped#1 and #2) and HC (Ink Jet) fibers was almost 50 times higher
than the commercial PDMS (30um) fiber. These results support previous research by the
NRL that found that the advantage in analyte uptake of the hydrogen bond acidic
polymers over commercial polymers tends to increase at lower concentrations.

The NM,A (Ink Jet) fiber exhibited significantly higher levels of DMMP uptake
over PDMS but did not meet expectations. Due to the very small quantity of polymer
present on the NM:A (Ink Jet) fiber, results may be more prone to measurement error. If
a thicker layer of the NM>A polymer could have been applied, the NM:A (Ink Jet) fiber

may have shown improved DMMP uptake results.
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% RSD

4.2.2. Data Analysis

In order to demonstrate repeatability in the sampling results, RSDs for all vapor

phase sampling sets were calculated and are given in Figure 4-14. RSDs below 25%

would generally be considered good repeatability for field sampling. All RSDs at both

the 0.5 and 0.05 mg/m’ concentrations were below 25%. Of the four fibers tested at the

0.005 mg/m’ concentration, two of the fibers had RSDs above 25%, one remained below

25%, and the fourth fiber did not detect the DMMP simulant. This suggests that

repeatable results were achieved for all of the fibers at the 0.5 and 0.05 mg/m’

concentrations but, as the concentration was reduced to 0.005 mg/m’, some of the fibers

may have been approaching their lower detection limits, resulting in higher RSDs.

Relative Standard Deviations (Vapor Extraction, 10 minutes)
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Figure 4-14. Relative Standard Deviations for Vapor Phase Extraction of DMMP
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Data tables for all vapor phase extraction results are given in Appendix B.
Statistical analysis of the data sets was performed using one-way ANOVA followed by

Tukey HSD Post Hoc comparison. Statistical results are provided in Appendix C.
4.3. Aqueous Phase Extraction

4.3.1. Aqueous Phase Sampling Re