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Abstract Separation and detection of seven V-type (ven-
omous) and G-type (German) organophosphorus nerve
agent degradation products by gas chromatography with
inductively coupled plasma mass spectrometry (GC-—
ICPMS) is described. The nonvolatile alkyl phosphonic
acid degradation products of interest included ethyl meth-
ylphosphonic acid (EMPA, VX acid), isopropyl methyl-
phosphonic acid (IMPA, GB acid), ethyl hydrogen
dimethylamidophosphate sodium salt (EDPA, GA acid),
isobutyl hydrogen methylphosphonate (IBMPA, RVX ac-
id), as well as pinacolyl methylphosphonic acid (PMPA),
methylphosphonic acid (MPA), and cyclohexyl methyl-
phosphonic acid (CMPA, GF acid). N-(tert-Butyldimethyl-
silyl)-N-methyltrifluroacetamide with 1% TBDMSCI was
utilized to form the volatile TBDMS derivatives of the
nerve agent degradation products for separation by GC.
Exact mass confirmation of the formation of six of the
TBDMS derivatives was obtained by GC-time of flight
mass spectrometry (TOF-MS). The method developed here
allowed for the separation and detection of all seven
TBDMS derivatives as well as phosphate in less than ten
minutes. Detection limits for the developed method were
less than 5 pg with retention times and peak area precisions
of less than 0.01 and 6%, respectively. This method was
successfully applied to river water and soil matrices. To
date this is the first work describing the analysis of
chemical warfare agent (CWA) degradation products by
GC-ICPMS.
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Introduction

The Chemical Weapons Convention (CWC), which came into
effect on April 29, 1997, bans the production, acquisition, and
direct or indirect transfer of chemical weapons, and also
mandates the destruction of all chemical weapons held in
reserve for member states [1]. The state members of the
CWC created the Organization for the Prohibition of
Chemical Weapons (OPCW) to help reach the objectives
of the CWC. As of November 2006, the OPCW comprised
180 member states, six signatory states, and nine non-
signatory states, corresponding to 98% of the global
population [2]. These toxic chemicals, which include
schedule 1 blood, choking, blistering, and nerve agents,
threaten not only the human population but also important
food and water resources. According to the OPCW, the
United States recently met a treaty deadline for the
destruction of 50% of their chemical weapons held in
reserve [3]. Due to the large worldwide reserves of such
agents as well as the threat of terrorist attacks, the
development of new analytical techniques for the analysis
of chemical warfare agents (CWA) directly or by the trail
left by their degradation metabolites is of vital importance
for bolstering our capabilities to deal with CWA storage/
destruction, as well as homeland security issues.
Organophosphorus nerve agent degradation products are
nonvolatile, highly polar species with no good chromo-
phore for UV detection (Fig. 1a and b). Due to the highly
specific hydrolysis pathway of the parent CWA, analysis of
the less toxic degradation products provides an alternative
technique for CWA detection (Table 1). Previous studies
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Fig. 1 Hydrolysis pathways of G- (a) and V- (b) type nerve agents

have successfully utilized analytical methods such as gas
chromatography/mass spectrometry (GC-MS) [4-10], gas
chromatography/flame photometric detection (GC—FPD)
[11], ion mobility/mass spectrometry (IMMS) [12, 13],
capillary electrophoresis/ flame photometric detection (CE-
FPD) [14, 15], 1-D 'H-*'P inverse NMR spectroscopy [16,
17], and liquid chromatography/mass spectrometry (LC-MS)
[18] for the analysis of CWA agent degradation products
with detection limits in the ng mL ™' range. Chemical warfare
degradation product analysis by inductively coupled plasma
mass spectrometry (ICPMS) coupled with ion-pairing re-
versed phase high-performance liquid chromatography (IP—
RP-HPLC) has recently been shown to be a rapid and
reliable speciation technique with detection limits in the ng
L™ range [19].

A major advantage of element-specific detection with
ICPMS is the ability to couple this detector with multiple
separation techniques, including liquid chromatography,
capillary electrophoresis, and gas chromatography [19-22].
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Recently, gas chromatography with ICPMS detection has
proven to be a powerful technique for phosphorus specia-
tion studies [20-22]. Shah et al. recently investigated the use
of solid-phase microextraction with GC-ICPMS for the
analysis of phosphoric acid triesters in human plasma with
detection limits in the ng L™ range [23]. The use of gas
chromatography for the separation of chemical warfare agent
degradation products has been well documented for more
than fifteen years [5, 7, 9, 24-30]. Due to the nonvolatile
nature of these moderate to highly polar phosphonic acid
degradation products, multiple types of derivatization tech-
niques, including pentafluorobenzyl esters, methyl esters,
trimethylsilyl, and terz-butyldimethylsilyl esters, have been
studied for the generation of more volatile species amenable
for GC separation [28]. Black et al. reviewed derivatization
reactions for the analysis of chemical warfare agents and
their degradation products [28]. This review described both
trimethylsilyl (TMS) and tert-butyldimethylsilyl (TBDMS)
derivatives as being the most popular for phosphonic acids,
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Fig. 1 (continued)

with the TBDMS derivatives suspected to be the most stable
and least sensitive to moisture [28]. Typically, detection of
these CWA degradation product derivatives separated by GC
has been accomplished with FPD, NPD, AED, quad-MS,
and ion trap MS [28]. To date, the use of GC—ICPMS for the
analysis of CWA degradation product derivatives has never
been reported in the literature.

In this work, the application of GC-ICPMS to the analysis
of common degradation products of the chemical warfare
agents Soman, Sarin, Tabun, RVX and VX is described.
Optimization of temperature and time for the formation of
TBDMS derivatives of seven degradation products is de-
scribed. Analytical figures of merit for each species studied
(ethyl methylphosphonic acid, isopropyl methylphosphonic
acid, methylphosphonic acid, cyclohexyl methylphosphonic
acid, ethyl hydrogen dimethylamidophosphate sodium salt,
isobutyl hydrogen methylphosphonate, and pinacolyl methyl-
phosphonic acid) are presented. Finally, the method developed
here was applied to river water and soil matrices to determine
the sensitivity of ICPMS for these organophosphorus nerve
agent degradation product derivatives.

I
OH

MPA

Experimental
Reagents

Seven chemical warfare degradation products were obtained
from Cerilliant (Austin, TX, USA) as 1 mg mL ™" certified
reference materials (CRMs). CRMs are used as standard
analytical solutions for the analysis of Schedule 1, 2, or 3
toxic chemicals, their precursors, and/or degradation prod-
ucts as mandated by the CWC for verification [1]. The
degradation products utilized for these experiments included
ethyl methylphosphonic acid (EMPA, VX acid), isopropyl
methylphosphonic acid (IMPA, GB acid), methylphos-
phonic acid (MPA), cyclohexyl methylphosphonic acid
(CMPA, GF acid), ethyl hydrogen dimethylamidophos-
phate sodium salt (EDPA, GA acid), isobutyl hydrogen
methylphosphonate (IBMPA, RVX acid), and pinacolyl
methylphosphonic acid (PMPA). N-(fert-Butyldimethyl-
silyl)-N-methyltrifluroacetamide with 1% TBDMSCI (Sig-
ma-Aldrich, St. Louis, MO, USA) was utilized as the
derivatizing reagent. Derivatization reactions were per-
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Table 1 A & B Chemical properties of G- and V-type nerve agents and degradation products
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formed with distilled acetonitrile (Tedia, Cincinnati, OH,
USA).

Helium gas (Matheson Gas Products, Parisppany, NJ,
USA) with a purity of 99.999% with 1% Xe was used as
the GC carrier gas throughout all experiments. Xenon
served as the tuning gas for optimizing the GC-ICPMS
parameters prior to analysis.

Derivatization

Due to the nonvolatile nature of these CWA degradation
products, derivatization was required in order to achieve
volatile species for separation with gas chromatography.
TBDMS derivatives were formed by creating a 2:1 mixture
of acetonitrile with derivatizing agent. Figure 2 describes
the esterification reaction for the formation of the TBDMS
derivatives. Stock solutions consisting of a 40 pg mL "
mixture of each CWA degradation product was created
through dilution of the stock degradation products into the
acetonitrile/derivatizing agent mixture. Optimization of the
derivatization time was based upon the peak area of
duplicate injections of a 40 pg mL™' mixture heated at
60 °C for 15, 30, 45, and 60 min, with 45 min chosen as the
optimum (Fig. 3a). Temperature optimization was then
preformed at room temperature, 40, 60, and 80 °C for 45
minutes with 80 °C chosen as the optimum temperature for
the derivatization (Fig. 3b).

Environmental samples

Investigation into the tolerance of the method for complex
environmental sample matrices led to the collection of river

Fig. 2 TBDMS esterification of

water and soil samples. In a typical real world setting this
method would only be required to monitor a few of the
degradation products in order to confirm proper storage and
disposal. The development of a more versatile method
capable of separating degradation products from multiple
CWA provides future researchers with the flexibility to
adjust the method as desired.

River water samples were collected in polypropylene
bottles from the Little Miami River (Cincinnati, OH, USA).
Initial experiments consisted of drying a 1 mL aliquot of
river water under nitrogen. The dried river water was
reconstituted in 250 uL of acetonitrile, vortexed, and spiked
with a derivative mixture of degradation products to yield a
concentration of 20 pg mL™'. The resulting solution was
filtered with 0.20 pm nylon—nitrocelluose acetate (CA)
filters prior to analysis. Additional experiments consisted of
taking 100 puL of river water and spiking with 50 uL
aliquots of each 1000 pug mL ™' stock degradation product.
The resulting solution was dried and reconstituted with
600 uL acetonitrile and 300 pL derivatizing agent to yield a
55.5 ug mL ™" mixture. The mixture was heated at 80 °C for
45 min followed by filtering prior to analysis.

Soil samples were collected from outside the laboratory at
the University of Cincinnati. Initial experiments consisted of
taking 1 g soil and adding 1 mL of distilled deionized water.
The resulting slurry was stirred and then the water extract
was removed and dried under nitrogen. The dried soil extract
was reconstituted in 250 ul of acetonitrile, vortexed and
spiked with a derivative mixture of degradation products to
yield a concentration of 20 g mL™'. The mixture was then
filtered with 0.20 um nylon cellulose syringe filters prior to
analysis. Additional experiment consisted of taking a 100 uL

alkyl phosphonic acids ﬁ
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of soil extract and spiking with 50 puL aliquots of each
1000 pg mL™" stock degradation product. The spiked
solution was dried and then reconstituted with 600 pL
acetonitrile and 300 pL derivatizing agent to yield a 55.5 ug
mL " mixture. The mixture was heated at 80 °C for 45 min
followed by filtering prior to analysis.

Instrumentation
Gas chromatography (GC)
GC with ICP-MS detection is a highly desirable mode of

operation, since the gaseous argon plasma detector works
best with gaseous sample introduction. While liquid sample
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introduction is the most widely used, the plasma must
desolvate the aerosol prior to analyte ionization, requiring
time and energy that might have gone into forming analyte
ions. With gas sample introduction, 10x lower detection
levels are routinely obtained over liquid sample introduc-
tion. An Agilent 6890 (Agilent Technologies, Palo Alto,
CA, USA) gas chromatograph with helium carrier gas with
1% xenon was used to separate the seven chemical warfare
degradation products. Xenon gas allowed for daily instru-
ment parameter optimization prior to analysis. An HP-5
(5%-phenyl-methyl-polylsiloxane) capillary column (30 m,
0.32 mm i.d., 0.25 pm film thickness) was used for all
separation experiments. A detailed description of the GC
parameters is provided in Table 2.
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Inductively coupled plasma mass spectrometer (ICPMS)

An Agilent 7500ce (Agilent Technologies, Tokyo, Japan)
ICPMS equipped with shield torch and collision/reaction cell
technology was used for the element-specific detection of
3P and ¥ PO throughout method development. The reason
for monitoring *’PO" is to ensure that no *'P signal was lost
due to oxide formation; however, significant oxide formation
was not observed at any time during this experiment. Due to
the gaseous sample introduction technique that accompanies
GC-ICPMS, the atmospheric polyatomic interferences
(!N'®0'H" and '"N'°0") that are common observed with
LC-ICPMS for *'P are not as abundant, resulting in a lower
background signal at m/z=31. Due to this lower background
signal, the collision/reaction cell was not needed to reduce the
m/z=31 background in these experiments. Electronic coupling
of the ICPMS with the GC was accomplished through the use
of a remote cable, which allowed data acquisition to be started
simultaneously prior to each separation experiment. Instru-
ment parameters were optimized daily prior to analysis by
optimizing the Xe signal at m/z=124. A detailed description of
the ICPMS parameters used is provided in Table 2.

Gas chromatography—time of flight mass spectrometry
(GC-TOF-MS)

An Agilent 6890 (Agilent Technologies, Palo Alto, CA,
USA) gas chromatograph equipped with a Micromass GCT

Table 2 Instrumental parameters used for GC—ICPMS

Parameters

ICP-MS parameters

Forward power

Plasma gas flow rate
Auxiliary gas flow rate
Carrier gas flow rate
Quadrupole bias
Octopole

Sampling depth
Sampling and skimmer cones
Dwell time

Isotopes monitored (m/z)
Octopole reaction system
GC parameters
Instrument

Carrier gas

Injection

Purge time
Injection volume
Oven program

Column

950 W (with shielded torch)
15.6 L min !
1.0 L min"
0.90 L min™"
—4 eV

—6 eV

6 mm

Nickel

0.1s

3P and “PO"
None

Agilent 6890 GC

99.999% He w/ 1% Xe
(constant pressure 10 psi)

Splitless

0.75 min

1 uL

80 °C (1 min) 20 °C/min—
280 °C Hold (4 min)

HP DB-5 (5%-phenyl-methyl-
polylsiloxane)

(Waters Corporation, Milford, MA, USA) time of flight mass
spectrometer (TOF-MS) was utilized for exact mass confir-
mation of the TBDMS derivatives. A J&W Scientific
(Agilent Technologies, Palo Alto, CA, USA) capillary
column (D-XLB; 30 m, 0.25 mm id., 0.25 pm film
thickness) was utilized for all separation experiments.
Detector parameters consisted of a source temperature of
180 °C, an electron energy of 70 eV, a trap current of 150 LA,
and an MCP voltage of 2350 V. Tuning of the TOF-MS was
accomplished through the use of perfluorotributylamine
(FC-43; Scientific Instrument Services, Ringoes, NJ, USA).

Results and discussion

Elemental speciation analysis by ICPMS is a powerful
analytical technique due to the high sensitivity and
selectivity offered by this instrument. Phosphorus analysis
by ICPMS provides an ionization source capable of
overcoming the high first ionization potential (10.5 eV) of
this element as well as state-of-the-art ion optics and an
octopole interference reduction system.

Previous analysis of organophosphorus CWA degrada-
tion products by LC-ICPMS provided improved sensitivity,
but a lack of chromatographic resolution resulted in
interferences from phosphate in environmental sample
matrices [19]. Efforts to improve the chromatographic
resolution have led to an investigation of gas chromatog-
raphy followed by *'P element-specific detection with
ICPMS. Due to the nonvolatile nature of the organophos-
phorus CWA degradation products, formation of the
volatile TBDMS ester was required. TBDMS was chosen
as the derivatization method of choice due to its stability
and tolerance to trace amounts of moisture [28]. Due to the
selectivity of ICPMS for *'P, an efficient derivatization
reaction was vital in order to prevent intermediate species
formation. Optimum reaction conditions for the formation
of the TBDMS derivatives of alkyl phosphonic CWA
degradation products were determined to be 80 °C for
45 min (Fig. 3a and b). These conditions allowed for the
separation of EMPA (VX acid), IMPA (GB acid), EDPA (GA
acid), IBMPA (RVX acid), PMPA, MPA, and CMPA (GF
acid) in less than nine minutes. Figure 4 shows the separation
and detection of a 5-ng mixture of the seven CWA
degradation products. To date, this is the first work utilizing
GC-ICPMS for the analysis of TBDMS derivatives of
organophosphorus CWA.

GC-TOF-MS
Confirmation of the formation of TBDMS derivatives for six

of the CWA degradation products of interest was determined
by GC-TOF-MS, as described in the “Experimental”
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section. Electron impact (EI) ionization of silyl derivatives
(TBDMS and TMS) of alkyl phosphonic acids in the
positive mode typically results in the formation of a base
peak at m/z 153 corresponding to [M—C,H,,~Me]" and [M—
C,H,,—Bu]" [28]. Loss of [M—CH;]" and [M—C4H,]" also
provides higher mass ions with weak to moderate intensi-
ties [28]. Figure 5a—f shows the exact mass confirmation
for the formation of TBDMS derivatives of EMPA (VX
acid), IMPA (GB acid), IBMPA (RVX acid), PMPA, MPA,
and CMPA (GF acid); the masses observed correlate well to
their exact calculated masses.

The TBDMS derivative of ethyl hydrogen dimethylami-
dophosphate sodium salt (EDPA, GA acid) posed difficul-
ties for exact mass confirmation by GC-TOF-MS. EDPA
possesses both highly acidic and highly basic pK, values, as
described in Table 1. Retention time of the individual
TBDMS derivative was confirmed by GC-ICPMS, but
interpretation of the mass spectrum was not achieved due to

complex gas phase chemistry and rearrangement. Efforts to
confirm the formation of this TBDMS derivative are
currently underway.

Analytical figures of merit

Calibration curves ranging from 0.156 to 20 ng (nerve
agent derivative injected on-column) were prepared through
serial dilution of standard mixtures of EMPA, IMPA,
EDPA, IBMPA, PMPA, MPA, and CMPA TBDMS deriv-
atives. Correlation coefficients (R*) ranged from 0.998—
0.999 and demonstrated excellent linearity for each species
analyzed. Detection limits (30) calculated based upon three
times the standard deviation of seven replicates of the blank
peak area (IUPAC) ranged from 1.72—4.92 pg for all seven
TBDMS derivatives. The precision, based upon seven
replicate injections of a 5 ng mixture of TBDMS
derivatives on-column, was less than 0.01% for retention
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Fig. 4 Separation of a 5 ng mixture of seven TBDMS derivatives
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Fig. 5a—f Exact mass confirmations of TBDMS derivatives by GC-TOF-MS
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Fig. 5 (continued)
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Table 3 Figures of merit based upon seven replicate injections of a
5 ng mixture

Degradation  R* RSD RSD DL DL

product (%) of (%) of derivatives  phosphorus
retention  peak (picograms) (picograms)
time area

EMPA 0.999 0.0000 2.37 3.42 0.44

IMPA 0.999 0.0092 2.82 2.09 0.26

EDPA 0.998 0.0082 1.92 1.72 0.20

IBMPA 0.999 0.0080 2.34 4.00 0.47

PMPA 0.998 0.0066  5.71 438 0.42

MPA 0.999 0.0070  3.04 4.96 0.52

CMPA 0.998 0.0063  5.72 3.81 0.38

time and less than 5.72% for peak area. A summary of the
analytical figures of merit is provided in Table 3. Table 4
provides a detection limit comparison of LC-ICPMS to the
GC-ICPMS method developed here [19]. The improvement
in detection limits for the GC-ICPMS method are attributed

Table 4 Detection limit comparison of the developed GC-ICPMS
method with LC-ICPMS*

Degradation product  Detection limits for Detection limits for

HPLC-ICPMS GC-ICPMS
(picograms) [19] (picograms)
EMPA (VX acid) 26.3 3.42
IMPA (Sarin) 18.3 2.09
MPA (Common) 13.9 4.96

* JUPAC 30

Fig. 6 Standard separation of
30 ng mixture containing phos-

to the lower background associated with this gaseous
sample introduction technique compared to conventional
liquid introduction (Table 4).

Phosphate and environmental samples

Application of the method developed here to complex sample
matrices consisted of preliminary experiments to determine the
derivatization, separation, and detection of phosphate-TBDMS
in a mixture also containing the seven degradation products.
Figure 6 shows the separation of a 30 ng on-column mixture
of the seven degradation products and phosphate-TBDMS in
less than ten minutes. The ability to derivatize, separate, and
detect inorganic phosphate permitted the application of the
developed method to river water and soil matrices.

Application of the developed method to river water
consisted of the preparation of two separate sample types.
First, a standard derivative mixture was spiked into dried river
water sample to determine the sensitivity of the developed
method to a complex matrix. Figure 7a demonstrates the
separation and detection of all seven degradation products
spiked into the river water matrix. Following the confirma-
tion of minimal matrix effects upon derivative response,
derivatization within the complex matrix was explored. River
water extracts were prepared, spiked and derivatized follow-
ing the procedure described in the “Experimental” section.
Figure 7b illustrates the separation and detection of the seven
derivatized degradation products as well as phosphate from
the river water in less than ten minutes.

Application of the developed method to soil samples
followed the same procedure as that used for the river water

30 ng Mixture w/ Phosphate-TBDMS

phate-TBDMS 3Ip 1200000
] 8
1000000 <
Separation Order
L 1. EMPA
(/D\ 800000 2. IMPA
% 3. EDPA
;; - 6 4. IBMPA
7]
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o 3
400000 4 8.  Phosphate
5
200000 I
0 =—2— ; ; ; 7 2 : i T L—.
5 6 7 8 9 10
Time (min)
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samples. Two types of soil extract samples were prepared.
First, the sensitivity of the developed method to the complex
soil matrix was investigated by spiking the soil extract with a
standard derivatized mixture, as described in the “Experi-
mental” section. Figure 8a shows the separation of a 20 ng
on-column mixture of the seven degradation products. The
confirmation of minimal matrix effects in the spiked sample
led to an analysis of the effects of the matrix on the
derivatization reaction. Soil extracts were spiked and
derivatized following the procedure described in the

Fig. 7 Detection of spiked

“Experimental” section. Figure 8b shows the separation
and detection of all seven derivatized degradation products
and phosphate in less than ten minutes.

Conclusion
In this work, gas chromatography coupled with ICPMS

allowed for the separation and detection of seven organo-
phosphorus nerve agent degradation products and phos-

: a . I .
degradation products (a) and 20 ng Little Miami River Water Spike
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Fig. 8 Detection of spiked deg-
radation products (a) and spiked a
derivatized degradation

20 ng Soil Extract Spike
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6
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phate in less than ten minutes. Through a simple esterifi-
cation reaction, the nonvolatile degradation products were
converted into their TBDMS derivatives, which were ideal
for GC separation. The method developed here provides a
highly sensitive and selective technique yielding detection
limits of less than 5 pg and retention time and peak area
precisions of less than 0.01 and 6%, respectively. The method
was successfully applied to complex river water and soil
matrices. Future studies currently underway include the

@ Springer

investigation of alternative derivatization techniques, including
those utilizing TMS, p-bromophenol and pentafluorbenzyl
esters, as well as the use of solid-phase microextraction
(SPME) preconcentration to analyze these CWA degradation
products.
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