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Kinetics studies of a variety of positive and negative ions reacting with the GX surrogate, dimethyl
methylphosphonate (DMMP), were performed. All protonated species reacted rapidly, that is, at the collision
limit. The protonated reactant ions created from neutrals with proton affinities (PAs) less than or equal to the
PA for ammonia reacted exclusively by nondissociative proton transfer. Hydrated H3O+ ions also reacted
rapidly by proton transfer, with 25% of the products from the second hydrate, H3O+(H2O)2, forming the
hydrated form of protonated DMMP. Both methylamine and triethylamine reacted exclusively by clustering.
NO+ also clustered with DMMP at about 70% of the collision rate constant. O+ and O2

+ formed a variety of
products in reactions with DMMP, with O2

+ forming the nondissociative charge transfer product about 50%
of the time. On the other hand, many negative ions were less reactive, particularly, SF5

-, SF6
-, CO3

-, and
NO3

-. However, F-, O-, and O2
- all reacted rapidly to generate m/z ) 109 amu anions (PO3C2H6

-). In
addition, product ions with m/z ) 122 amu from H2

+ loss to form H2O were the dominant ions produced in
the O- reaction. NO2

- underwent a slow association reaction with DMMP at 0.4 Torr. G3(MP2) calculations
of the ion energetics properties of DMMP, sarin, and soman were also performed. The calculated ionization
potentials, proton affinities, and fluoride affinities were consistent with the trends in the measured kinetics
and product ion branching ratios. The experimental results coupled with the calculated ion energetics helped
to predict which ion chemistry would be most useful for trace detection of the actual chemical agents.

Introduction

Detection of chemical weapon agents (CWAs) in the gas
phase remains an important problem in many areas such as
homeland security and chemical weapon disposal facilities. The
analytical requirements are rigorous given the minute quantities
needed to cause harm to humans. Chemical weapons disposal
and stockpile facilities have some of the most strenuous
requirements because the live agents are handled regularly. A
recent National Academy of Sciences (NAS) report1 on moni-
toring air at chemical agent disposal facilities has examined the
need for real-time detection in the plants and concluded that
the only current technology that demonstrated enough promise
to pursue in the short term is chemical ionization mass
spectrometry (CIMS). CIMS has already proven successful at
selective and sensitive detection of trace concentrations of many
atmospheric neutrals.2-9 Using the CIMS technique with CWAs
will require a search for readily generated primary ions that
can react rapidly with the agents and yield product ions with
unique mass signatures. The latter goal typically employs
ion-molecule reactions that keep the neutral reagent structure
intact after ionization.

As chemical weapons cannot be readily studied in most
laboratories, the use of surrogates and theoretical calculations
is required. This approach has recently been employed in our
laboratory to find CIMS reaction schemes for mustard (HD)
using the surrogate, 2-chloroethyl ethyl sulfide (2-CEES).10

Dimethyl methylphosphonate (DMMP), given as H3CP(O)-
(OCH3)2, is a commonly used surrogate for the GX series

CWAs, as well as a prototypical organophosphorus and phos-
phonate ester compound. Cooks and co-workers have studied
ionizing DMMP with electron impact (EI) using ion-molecule
reactions of two major EI fragments at m/z ) 109 amu
(C2H6PO3

+) and 93 amu (C2H6PO2
+)11 as a way to generate

fingerprint ions for selective detection. Proton-bound cluster
reactions with DMMP have also been studied using proton
transfer reactions in ion mobility spectrometers (IMS),12-17

including bracketing studies to measure the proton affinity (PA)
of DMMP.14 Lum and Grabowski have studied negative ion
reactions with DMMP in a flowing afterglow to compare the
reactivity of the P-O and C-O bonds,18 while Johnsen and
co-workers have examined the reactions of several air plasma
cations with DMMP in a selected ion flow drift tube (SIFDT).19

CIMS detection of CWAs benefits from not having to pretreat
the gas sample to be analyzed, only requiring the production of
easily generated reactant ions that have both large rate constants
and unique product ion distributions upon reaction with CWAs
to achieve sensitive and selective detection. To find new
ion-molecule reactions that meet these two criteria for the GX
series agents, a study of experimental rate constants and product
ion branching ratios has been conducted using a selected ion
flow tube (SIFT) at 298 K for a variety of positive and negative
ions reacting with the GX structural surrogate, DMMP. Its
structure is shown in Figure 1 along with the structures of sarin
(GB) and soman (GD). Most of the functional groups found in
the live agent are present in the surrogate compound. Assuming
that the P-O-R groups have similar reactivity for different R
substituents, the lone difference is then the P-F bond in the
CWAs.
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The reactant ions chosen for this study reflect the typical ions
employed in the various atmospheric CIMS instruments,2-9 that
is, SF6

-, SF5
-, CO3

-, and O2
-, along with the additional ions

NO3
-, NO2

-, O-, and F-. We have also studied the cations
used in commercial ion reactors,20 that is, H3O+, O2

+, and NO+,
as well as other ions chosen to expand upon the previous
literature studies of the ion-molecule chemistry of DMMP
discussed above, such as O+ and the first two proton hydrates
H3O+(H2O)1-2. The latter ions are especially important given
that field instruments will be operating in humid air. A series
of protonated neutrals with a wide range of PAs (NH4

+,
CH3NH3

+, (C2H5)3NH+, and (CH3)2COH+) have also been
investigated to bracket the theoretical values as described below.

In addition, theoretical calculations of the PAs, ionization
potentials (IP), and fluoride affinities (FA) of DMMP, sarin,
and soman have been performed to augment the studies
involving the surrogate. The combination of theory and experi-
ment allows us to predict which of the ions that sensitively and
selectively detect DMMP can also be employed to detect the
CWAs. The viability of this approach for GX agents has been
confirmed by recent sarin (GB) data21,22 and has also been
previously demonstrated for mustard (HD).10,22

Experimental Methods

The rate constants and product ion branching ratios were
measured at 298 K using the selected ion flow tube (SIFT) at
the Air Force Research Laboratory. This instrument was
described in detail elsewhere.23 Therefore, only a brief descrip-
tion follows as related to the current measurements.

The reactant ions were generated in a moderate-pressure
source using electron impact ionization. A thoriated iridium
filament was used for most of the studies; however, a rhenium
metal filament was alternatively used with the halogenated
source chemicals. A single reactant ion was selected with a
quadrupole mass filter, and it was injected into a fast flow of
helium buffer gas that entered the tube through a Venturi inlet.
A dilute mixture of ∼0.1% DMMP in helium was introduced

into the reaction region of the flow tube through a stainless steel
inlet 59 cm upstream from a sampling nose cone aperture. The
room temperature vapor pressure of DMMP of ∼1 Torr was
sufficient for conducting the experiments using gas mixtures
as the SIFT technique was sensitive to rate constants as low as
1 × 10-11 cm3 s-1, even with such low reagent concentrations.
As the CIMS method requires fast reactions, this lower limit
was acceptable, precluding the need for heated inlet lines and
more difficult calibrations. After sampling the ions, the product
ions and any remaining reactant ions were analyzed using a
second quadrupole mass analyzer, with subsequent detection
by a conversion dynode multiplier.

The rate constants were obtained by measuring the pseudo
first-order decay of the reactant ion as a function of DMMP
concentration over a previously measured reaction time. The
rate constants have relative uncertainties of (15% and absolute
uncertainties of (25%.23 Product ion branching ratios were
obtained by plotting the fraction of each product ion versus
DMMP concentration, then extrapolating to zero concentration.
The extrapolation minimized potential contributions from
secondary reactions of the product ions with the DMMP in the
flow tube. For the major product ions observed, product
branching ratios typically had (10% uncertainties,23 including
for the cluster ion reactions. The minor product species observed
were also reported, despite the possible interference of trace
impurities. However, the emphasis of the current experiments
was finding the major ionic species that could comprise a
chemical fingerprint for use in future CIMS work.10

Materials

The following reagents were used in the measurements:
dimethyl methylphosphonate (Aldrich, 98%), helium (AGA,
99.997%), oxygen (AGA, 99.999%), nitric oxide (Matheson,
99.5%), nitrogen dioxide (AGA, 99.5%), carbon dioxide
(Middlesex Gases, 99.999%), sulfur hexafluoride (Matheson,
99.8%), ammonia (Matheson, 99.99%), acetone (Baker, HPLC
grade), monomethylamine (Matheson, 99.5%), triethylamine
(Aldrich, g99%), and distilled water. All of the reactant ions
listed in Tables 1 and 2 were produced using the pure source
gases. The materials were used as obtained from the manufac-
turer, except for performing freeze-pump-thaw treatments on
all of the liquid samples, including the DMMP, to remove
trapped gases.

Theoretical Methods

To extrapolate from the experimental results for the DMMP
surrogate to the GX agents, theoretical calculations of minimum
energy structures and energetics have been performed at the
G3(MP2) level of theory24 using Gaussian 0325 for neutral
DMMP, sarin, and soman and their corresponding ionic products
for proton, fluoride, oxide, and electron transfer reactions,
summarized in Table 3. Calculations of both the oxide affinity
(OA) and the electron affinity (EA) for attaching an O- and
e-, respectively, give negative values for both DMMP and the
GX agents; thus, these reaction mechanisms are not discussed
further. An average absolute deviation of (5.4 kJ mol-1 is found
for energies calculated using G3(MP2) methods.24 This approach
was analogous to our recent work with mustard surrogate
2-CEES.10

The goal of the experiments was to find fingerprint product
ions for the reaction of various types of ions with the surrogate
to extrapolate to reactions with the GX agents. Thus, structure
calculations were performed to find energetically allowed
pathways for the observed fragment ions to gain some insight

Figure 1. Example drawings of the structures for dimethyl meth-
ylphosphonate (DMMP), sarin (GB), and soman (GD) adapted from
the NIST Webbook. Structures for all three molecules have been
optimized at the MP2(Full)/6-31G(d) level of theory as part of G3(MP2)
calculations (not shown).
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into the possible reaction pathways. As with the ion-molecule
chemistry of 2-CEES,10 barriers on the potential surfaces would
influence the observed product ion branching ratios. However,
a complete understanding of the reaction dynamics was beyond
the scope of the current work.

Results

Tables 1 and 2 give the measured rate constants and product
ion branching ratios for the survey of positive and negative ions,
respectively. The measured rate constants are given along with
the collision rate constant determined using the Su-Chesnavich
parametrized form.26,27 A literature value15 of the polarizability
for DMMP of 9.9 Å3 is in good agreement with the estimated
value of 10.25 Å3 calculated using the additivity methods of
Miller28 and of Bosque and Sales.29 However, a wide discrep-
ancy in the value for the dipole moment of DMMP has been
found. Values of 2.86 and 3.62 D have been given by Ewing et
al.16 and Kosolapoff,30 while the dipole moment taken from the
MP2(Full)/6-31G(d) geometry optimization step of the G3(MP2)
calculations is much higher at 4.8 D. Different conformers of
the neutral DMMP have been found in the infrared spectra of

DMMP in low-temperature matrices31 that will have widely
varying dipole moments depending on the structure.32 MP2
dipole moments tend to be as much as 0.5 D higher than
experimental values, with an average deviation of about 0.3 D.33

Therefore, using the values given above, an average polariz-
ability of 10.1 Å3 and an average dipole moment of 3.76 D
have been used to calculate the collision rate constants.

a. Positive Ion Reactions. All of the positive ions chosen
for this study react rapidly with DMMP, satisfying one of the
criteria for a good CIMS reagent ion, that is, sensitivity. For
the positive ion reactions in Table 1, the literature value for the
relevant PA or IP of the neutral precursor for the corresponding
reactant ion is listed as well.34 The measured rate constants
approach the collision rate constant, kcol, within the combined
uncertainties of the two values, particularly considering the large
uncertainty in the dipole moment used to calculate kcol. Many
positive ion chemical ionization schemes rely on either proton
or electron transfer, and most of the ions presently studied react
accordingly. The current experimental results also provide limits
for the ion energetic properties of DMMP that can be compared
to the calculated values.

TABLE 1: Rate Constants for the Reaction of Various Positive Ions with Dimethyl Methylphosphonate (DMMP) at 298 K
Measured in a Selected Ion Flow Tube (SIFT)a

a The experimental rate constants, k, and the corresponding Su-Chesnavich collision rate constants (kcol) are given in units of ×10-9 cm3

s-1. Product ion branching ratios are given in brackets for reactions with more than one channel. Reaction enthalpies at 298 K in kJ mol-1

calculated using G3(MP2) theory are shown with the products. Proton affinity (PA) in kJ mol-1 or ionization potential (IP) in eV for the
neutral precursor of the reactant ion obtained from the NIST Webbook34 are also shown.
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H3O+ is a common CIMS reagent ion, which has been found
to react with DMMP exclusively by nondissociative proton
transfer. Thus, the molecule remains intact, potentially satisfying
the selectivity requirement for chemical ionization. The proton
affinities listed in Tables 1 and 3 show that this reaction is over
200 kJ mol-1 exothermic. Despite this large exothermicity, no
fragmentation has been observed. These data agree with the
room temperature experiments of both Cordell et al. who used
a chemical ionization reaction time-of-flight mass spectrometer
(CIR-TOF-MS) at 4.5 Torr22 and Chatterjee et al. who used a
selected ion flow drift tube (SIFDT) at 0.5-1.0 Torr.19 The
current SIFT rate constant is close to the collision rate constant
value, but it is 4 times greater than the previous SIFDT
experimental value.19 The current experiments use a very dilute
mixture of DMMP in helium that reacts with the selected
reactant ion for a fixed reaction time while the flow of the
mixture is varied. The Chatterjee et al. experiments, on the other
hand, have used a neat DMMP sample cooled in a dry ice bath
at a concentration determined by measuring the pressure of
DMMP with a capacitance manometer.19 Using the neat vapor
from a low vapor pressure liquid can result in a loss of sample
to the inlet line walls for reagents that are “sticky”. Thus, the
actual concentration in the SIFDT experiments might have been

less than has been assumed, meaning the measured rate constants
of Johnsen and co-workers may have been in error. The vapor
pressure added to the mixtures in the current experiments has
been kept at or below the room temperature vapor pressure of
DMMP, and the helium in the dilute mixture helps to flush the
inlet line between data points to minimize these effects. It is
unknown whether neutral dimers are produced in the reactant
gas sample that could affect the measured rate constant, but
previous experience indicates that is rarely, if ever, a problem.

In addition, water clusters are often present when H3O+ is
used as a CIMS reagent ion. Therefore, the reactions of
H3O+(H2O)n for n ) 1 and 2 with DMMP have also been studied
and are found to be similarly rapid. Each cluster has been
produced separately and cleanly in the flow tube by tuning the
upstream quadrupole mass filter to inject the cluster with size
n + 2 and adjusting the injection conditions to produce only
the desired ion. The reaction enthalpies for proton transfer from
these two cluster ions have been calculated using the sum of
the PA difference between DMMP and H2O and the average
bond dissociation energies for removing n water molecules.34

The first hydrate, n ) 1, produces exclusively protonated
DMMP, given as [H3CP(O)(OCH3)2]H+. This reactivity is
expected because the bond strength of the first water molecule
with H3O+ is considerably less than the proton affinity difference
between H2O and DMMP.35 The second hydrate, n ) 2,
produces [H3CPO(OCH3)2]H+ in ∼3/4 of the reactions, with
the other 1/4 producing the first hydrate of protonated DMMP
as seen in Table 1. The energetics are such that production of
protonated DMMP is approximately thermoneutral for
H3O+(H2O)2.35 This observation may indicate that the water
molecule is more weakly bound to protonated DMMP, which
is consistent with the estimated binding energy of 58 kJ mol-1

determined by Ewing et al.16 They have also found that the first
hydrate of protonated DMMP can be observed in their IMS
study of proton-bound dimers at 298 K, but this cluster is
observed at 340 K only at higher water concentrations in the
instrument and has not been observed above 488 K. The

TABLE 2: Rate Constants for the Reaction of Various Negative Ions with Dimethyl Methylphosphonate (DMMP) at 298 K
Measured in a Selected Ion Flow Tube (SIFT)a

a The experimental rate constants, k, and the corresponding Su-Chesnavich collision rate constants (kcol) are given in units of ×10-9 cm3

s-1. Product ion branching ratios are given in brackets for reactions with more than one channel. Reaction enthalpies at 298 K calculated using
G3(MP2) theory for all mechanisms excluding association are shown along with the products in units of kJ mol-1.

TABLE 3: Various Energetics Results from G3(MP2)
Calculations for Dimethyl Methylphosphonate (DMMP),
Sarin (GB), and Soman (GD)

G3(MP2) DMMP
sarin
(GB)

soman
(GD)

ionization potential (IP)
(eV)

10.7 (10.0)a 9.82 10.2

fluoride affinity (FA)
(kJ mol-1)

118 152 156

proton affinity (PA)
(kJ mol-1)

898 (902)b (911)c 857 864

a Experimental value from NIST Webbook.34 b Experimental
value from Tabrizchi and Shooshari.14 c Unpublished value from
Stone. See ref 15.

Kinetics of Ion-Molecule Reactions J. Phys. Chem. A, Vol. 113, No. 17, 2009 4985



experiments of Cordell et al. in a CIR-TOF-MS further support
this view, where only the proton transfer product with DMMP
has been observed in the reaction with H3O+ in humid air. Their
instrument uses a drift field in the reactor designed to reduce
clustering at the higher operating pressure, further implying that
H2O does not strongly bind to protonated DMMP.22 Such weakly
bound hydrates can also thermally decompose at room temper-
ature in the SIFT through collisions with the helium buffer,
making it difficult to ascertain whether the measured branching
ratio completely reflects the nascent branching ratio.36 Temper-
ature dependence studies can sometimes shed light on the
mechanism; however, those experiments are beyond the scope
of this survey.

Two other common proton transfer reagents, (CH3)2COH+

and NH4
+, also react exclusively by nondissociative proton

transfer, indicating that the PA of DMMP is greater than that
of ammonia (853 kJ mol-1). This observation is consistent with
the calculated PA of 898 kJ mol-1 for DMMP presented in Table
3, which is in excellent agreement with the experimental value
of 902 kJ mol-1 from Tabrizchi and Shooshari14 and in decent
agreement with the unpublished value from Stone of 911 kJ
mol-1.15 The absence of any dissociative proton transfer
indicates that these two ions would be good CIMS reagent ions.
H3O+ is known to react with many trace gases;37 therefore,
(CH3)2COH+ and NH4

+ will be more selective than H3O+

because of the higher proton affinities of their neutral precursors.
To set better limits on the proton affinity of DMMP, we have

also chosen to study species with higher proton affinities, for
example, protonated methylamine (CH3NH3

+) and triethylamine
((C2H5)3NH+). While both ions react rapidly, the mechanism
changes to clustering. Proton transfer is calculated to be
essentially thermoneutral from CH3NH3

+ to DMMP and to be
clearly endothermic from (C2H5)3NH+. Thus, the absence of
proton transfer intimates that the proton affinity of DMMP is
at least as large as the calculated value in Table 3. Highly
exothermic proton transfer reactions will not typically generate
stable association products, but the observed clustering reactions
probably indicate that most, if not all, of the reactions involving
protonated species proceed through a long-lived complex.

Two CIMS agents that frequently react by charge transfer
have also been studied, O2

+ and NO+. These species have been
chosen because they are currently used in two of the commercial
ion reactors based on the SIFT method.20 NO+ reacts at around
70% of the collision rate constant and only forms an association
product, which suggests that the IP of DMMP is greater than
that of NO (9.26 eV). The calculated IP (10.7 eV) and measured
IP (10.0)34 of DMMP shown in Table 3 concur with this
observation and are in good agreement with appearance energy
of 10.48 eV for the DMMP cation at m/z ) 124 amu seen in
previous EI experiments.11 Both Cordell et al.22 and Chatterjee
et al.19 have also only seen the association product from reaction
of DMMP with NO+. In the more energetic reaction with O2

+,
the rate constant is essentially equal to the collisional value to
create the DMMP cation at m/z ) 124 amu in around one-half
of the collisions. This reaction is 1.4-2.1 eV exothermic,
depending on the IP value of DMMP. Chatterjee et al. have
also found this product to be one of the two major product ions
in a SIFDT, but this product accounts for 34% of their product
ions, with the rest appearing as lower mass product ions at
thermal energies with a strong dependence on the center-of-
mass kinetic energy.19

A minor product ion channel at 125 amu giving OPO-
(OCH3)2

+ from exchange of an O for the CH3 group has been
observed in the SIFT with the O2

+ reaction. As seen in Table

1, exchange of an O atom for the methyl group to produce a
CH3O fragment and OP(O)(OCH3)2

+ is 180 kJ mol-1 exother-
mic. In contrast, Johnsen and co-workers have not reported
seeing this product channel. They have also shown that the
DMMP product ions can undergo rapid secondary reactions with
neutral DMMP. The 125 amu product ion may undergo rapid
secondary chemistry in the SIFDT experiments, which have been
done using neat vapor samples of DMMP at larger concentra-
tions than used currently.19 Memory effects from having residual
concentrations of DMMP present may contribute to secondary
chemistry, depleting the minor 125 amu channel in the SIFDT
measurements.

On the other hand, the mass spectrum of Cordell et al. for
the reaction of O2

+ with DMMP using CIR-TOF-MS shows an
overwhelming peak at m/z ) 125 amu that they attribute to
reaction from a large H3O+ impurity. They only see a small
peak at 124 amu, which they argue is because of limited
reactivity of O2

+ with DMMP.22 Further examination of their
mass spectrum shows additional peaks of size comparable to
the 124 amu peak at the m/z ratios of the peaks observed in the
current SIFT measurements outlined in Table 1. It is possible
that the formation of the 125 amu OPO(OCH3)2

+ ion may
rapidly be converted to the more abundant product ions observed
in the SIFT experiments, which are conducted at 10 times lower
pressure than the CIR-TOF-MS experiments as discussed below.
Therefore, this product ion might be favored at the higher
operating pressure of the CIR-TOF-MS, but its presence might
be obscured by the H3O+ impurity in their measurements.22

The other main product seen in the SIFT experiments with
O2

+ is OP(O)(OCH3)+ at m/z ) 94 amu, in agreement with the
SIFDT results.19 The CH3O product fragment formed during
the creation of the 125 amu product could then abstract one of
the CH3O groups to form CH3OOCH3 and OP(O)(OCH3)+,
possibly in a sequential-type reaction that is overall 283 kJ mol-1

exothermic. As shown in Table 1, three other 94 amu product
ion isomers can be formed exothermically from the net loss of
CH2O with different combinations of H migration and
rearrangement.

A number of minor ions also occur essentially at our detection
limit and are subsequently listed as limits in Table 1. Chatterjee
et al.19 have also observed the minor product ions at m/z ) 79
and 109 amu seen in the current experiments, but they have
found larger branching fractions for these two product ions,
again potentially from secondary chemistry as discussed above.
Forming product ions at 79 amu with either a P-H or a P-O-H
bond is exothermic when accompanied by loss of CH2O and
formation of CH3O2, consistent with the speculation by Chat-
terjee et al.19 that complex ion-molecule chemistry could be
involved in generating this product given that the appearance
energy in the EI experiments11 exceeds the recombination energy
of O2

+. Observation of a stable product ion at 125 amu supports
this view because it requires breaking bonds to incorporate the
O atom into DMMP with subsequent CH3 loss. However,
generating the P(O)(OCH3)2

+ product at 109 amu via dissocia-
tive charge transfer with CH3 loss is 88 kJ mol-1 exothermic.
Nevertheless, even under the optimal mass selection and
injection conditions for O2

+, it is possible that some of these
minor ions may be attributed to trace reactant ions such as O+

or H3O+ present at thee1-2% level in the flow tube that cannot
be completely be avoided. Further speculation as to the reaction
mechanism producing the observed fragment ions is secondary
to the goal of finding ionic signatures for use in CIMS detection
schemes and is beyond the scope of the current study.
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O+ has a recombination energy 1.5 eV higher than that for
O2

+. Nondissociative charge transfer has not been seen in the
reactions of DMMP with O+, consistent with the SIFDT data
of Johnsen and co-workers.19 A minor 125 amu has also been
observed with O+ that again has not been seen in the previous
SIFDT studies.19 In both the current studies and the earlier
SIFDT work,19 the most abundant ionic product is at m/z ) 79
amu. Forming either HOPOCH3

+ or HP(O)OCH3
+ is exothermic

if the resulting fragments are CH2O and CH3. Product ions at
both m/z ) 94 and 93 amu have been observed in the SIFT in
about a 4:1 ratio, consistent with the thermal energy data of
Johnsen and co-workers.19 Exothermic reaction channels for all
four 94 amu isomers proposed for the O2

+ reaction can also be
found for the O+ reaction with DMMP as shown in Table 1.
Three different isomers of the 93 amu product ion also can be
formed exothermically that reflect which carbon bonds in
DMMP are broken. In addition, loss of a single -CH3 group
from either the phosphorus or the -OCH3 group occurs 14%
of the time and is 211 and 299 kJ mol-1 exothermic, respec-
tively, especially if CH3O is formed with the latter channel.

b. Negative Ion Reactions. Negative ions have been found
to be much less reactive with DMMP. For SF5

-, SF6
-, and

CO3
-, no reaction has been observed, giving an upper limit to

the rate constant of k < 10-11 cm3 s-1. The lack of fluoride
transfer to make DMMPF- is consistent with the calculated FA
values as discussed later. Because SF6

- transfers F- as readily
as most F- transfer reagents, no further studies on potential F-

transfer agents have been performed. NO3
- does not react with

DMMP either, again having an upper limit to the rate constant
of k < 10-11 cm3 s-1. Alternatively, NO2

- reacts slowly to form
a cluster with DMMP through a three-body association process.
While the bimolecular rate constant measured at 0.4 Torr is
too small to be useful, it may become larger with increasing
pressure. However, this reaction is probably not suitable for
use as a CIMS detection scheme and will not be discussed
further.

While fluoride attachment does not occur, the F- ion reacts
rapidly at 75% of the collisional limit, forming two reactive
product channels: abstraction of CH3 to form CH3F and
substitution of F for a CH3OH. These two product channels have
also been observed by Lum and Grabowski in a flowing
afterflow study of negative ion reactions with DMMP.18 The
SIFT branching ratios are in excellent agreement with their
results that show CH3 abstraction is the dominant channel. The
minor channel forming FP(O)(OCH3)(CH2)- is 79 kJ mol-1

endothermic. However, the numerous vibrational modes of
DMMP provide just enough rovibrational energy to allow this
pathway to be energetically possible. This is consistent with its
small branching ratio. Lum and Grabowski propose competing
reaction pathways where CH3F is created via an SN2 nucleophilic
substitution at the C-O bond of one of the -OCH3 groups in
DMMP. This pathway predominates when the primary proton
transfer channel seen with other anions becomes endothermic
as with F-. Formation of an F- ·DMMP complex with subse-
quent attack at the phosphorus through an “in-line” displacement
that involves a pentacoordinate transition structure can remove
CH3O- within the complex, which can then deprotonate the
phosphorus methyl group to form CH3OH.18 Generating
H3CP(O)O(OCH3)- and FP(O)(OCH3)(CH2)- product ions at
109 and 111 amu, respectively, could provide a selective reaction
mechanism; however, F- is not commonly used in present CIMS
instrumentation.

Both O- and O2
- react rapidly with DMMP. O- reacts mostly

by H2
+ abstraction to form H2O as is commonly seen with other

O- reactions.38 The lowest energy pathway found through the
G3(MP2) calculations involves removing one H from the
phosphorus methyl group and the other H from an adjacent
-OCH3 group and is 155 kJ mol-1 exothermic. However, it is
also exothermic to remove the H2

+ entirely from the phosphorus
-CH3 group or one of the -OCH3 groups, as well as removing
one H from each of the two -OCH3 groups. Production of
CH3O through the O- reaction by removing either the phos-
phorus -CH3 group or an -OCH3 methyl group to create the
109 amu product ion is exothermic and occurs in 18% of the
reactions. This product ion is the dominant product in the O2

-

reaction (98%). The most exothermic pathway found through
the G3(MP2) calculations for the O2

- reaction (124 kJ mol-1)
involves abstracting a methyl from one of the -OCH3 groups
to generate CH3O2. However, it is also exothermic to remove
the phosphorus -CH3 group, but this pathway requires the
formation of CH2O and OH fragments, which would be a more
complicated mechanism. An association reaction channel with
O2

- is only a minor pathway. O2
- is sometimes used in ion

mobility spectrometry (IMS) as part of negative ion reaction
schemes.39 As IMS also relies on ion chemistry for detection,
the O2

- reactant ion should be considered as a potential CIMS
agent.

c. Ion Energetics Calculations. The ionization potentials,
fluoride, and proton affinities of DMMP, sarin, and soman
calculated using G3(MP2) theory are given in Table 3. The
proton attaches preferentially to the oxygen on the PdO group
in all three compounds, while the F- binds to the central P atom
in all three species. The charge distributions have the most
positive charge centered on the P, while the negative charge is
highest on the oxygen atoms, of which the PdO is most
accessible. The similarity among the calculated energetics shown
in Table 3 reflects this common arrangement, with the differ-
ences in the -OR groups accounting for the differences in the
values found. As discussed above, the calculated PA is in very
good agreement with literature values,14,15 as is the calculated
IP as compared to the experimental values of 10.0 eV34 and the
appearance energy of ∼10.5 eV.11 Furthermore, the minimum
energy structures for the observed positive ion fragments reflect
which bond is cleaved in the dissociation process.

Discussion

The goal of the present study is to determine likely candidates
for chemical ionization reagents for sarin (GB) and soman (GD)
detection. Figure 1 shows the structures of DMMP, sarin, and
soman. Each molecule has a central P atom with a methyl group
and P-O double bond. Additionally, each molecule has one
RO group attached, with sarin and soman differing only by the
identity of R. The main difference between the DMMP surrogate
and the CW agents is that the fourth constituent attached to the
central P atom is F in the CW agents and CH3O in DMMP.
Therefore, the surrogate and CW agents should display similar
reactivity patterns, unless the P-F reactivity dominates. Studies
of the reactivity of H3O+ with sarin in both dry and humid air
by Cordell et al. have not shown any contributions from an F-

abstraction channel to give HF, indicating that this assumption
is reasonable.22 Differences in the reaction thermodynamics for
DMMP versus the GX compounds should be adequately handled
by our calculations of the various ion energetic properties.

The positive ion results show that DMMP clusters rapidly to
NO+, leaving the DMMP intact; therefore, it should be detected
both sensitively and selectively using NO+ reactions. While the
IPs of sarin and soman are less than that of DMMP, they are
still greater than the IP of NO and the chemistry should be
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similar. Indeed, a recent conference report on detection of sarin
using the SYFT Technologies commercially produced selected
ion flow tube instrument has shown that NO+ indeed clusters
rapidly, confirming the present approach.21 O2

+, which is also
used in the SYFT instrument, reacts with DMMP to produce
the DMMP cation in ∼50% of collisions. The calculated IP of
sarin is about 1 eV lower than that for DMMP. Thus, the charge
transfer reaction of O2

+ with sarin will be more exothermic;
that is, the reaction energetics should be closer to those involving
O+, which did not form any sarin cation.21 Consequently,
extrapolation of the present results on DMMP to sarin indicates
that nondissociative charge transfer between O2

+ and sarin is
probably a small reaction channel. This assumption has again
been confirmed in an unpublished study using the SYFT
Technologies instrument, where a sarin cation peak is absent,
alternatively resulting in a cation peak for methyl loss from sarin.
The sensitivity has been further reduced because of the formation
of several additional product ions.21

The third ion currently in use in the commercial instruments
is H3O+.20 The current DMMP results show that this ion should
be a sensitive and selective reagent ion for GX series detection
because only rapid nondissociative proton transfer occurs to give
a single product ion, in agreement with the results of Cordell
et al.22 Again, the unpublished SYFT results also confirm that
H3O+ reacts with sarin rapidly by proton transfer,21 in agreement
with the results of Cordell et al.22 Thus, our results on the
DMMP surrogate are completely compatible with the previous
studies.21,22 Each of three cations discussed produces a unique
product ion and they can be rapidly interchanged in an
instrument; therefore, the combination should lead to a situation
where false positives may be avoided. Detection limits in the
SYFT Technologies experiments have been shown to be on the
order of 400 pptV, but those studies used a first generation
version of the commercial instrument.21 A second generation
model of that instrument is much more sensitive. It remains to
be seen whether atmospheric impurities at small concentrations
will produce background signals.

While the detection limits of the commercial instruments are
quite good,20 research grade CIMS instruments in use for
atmospheric chemistry have higher sensitivity and often greater
selectivity.40 The increased sensitivity is achieved, in part, by
larger pumps and bigger instrument sizes that produce more
favorable reaction conditions for measuring smaller concentra-
tions. The enhanced selectivity is often achieved by using
negative ion reactions. Fluoride transfer is often very selective,
if the reaction is exothermic. One of the best fluoride transfer
agents is SF6

-, which has a SF5-F- bond strength slightly over
200 kJ mol-1.41 The present experiments show that neither SF6

-,
nor SF5

-, reacts with DMMP. The FA calculations show that
DMMP has a small fluoride affinity; thus, the lack of reactivity
is not surprising. The experiments with F- ions show that F-

undergoes substitution, rather than simply attaching to DMMP,
and the reaction is endothermic. Sarin and soman have calculated
fluoride affinities considerably larger than that of DMMP, but
the FA is still less than that for SF5. However, the calculated
values have enough uncertainty that F- transfer from SF6

- to
the CWAs cannot be completely ruled out. Thus, fluoride
transfer experiments on the live warfare agents may be
worthwhile.

Nevertheless, one possible negative ion CIMS reagent is O2
-,

which can be readily produced when high pressure atmospheric
gas is ionized. O2

- has been used as a chemical ionization
reagent in both CIMS instruments and in more portable ion
mobility spectrometers (IMS).39 Our results show that a rapid

reaction proceeds through a net loss of a -CH3 group from
DMMP, possibly from the central phosphorus. As the agents
have a similar methyl group, analogous chemistry may be
expected and should probably be selective. Both O- and F-

react with DMMP, but these two ions are not easily used in
present CIMS and IMS instrumentation.

Conclusions

We have studied the reactions of an array of ions with the
GX-series structural surrogate, dimethyl methylphosphonate
(DMMP), at 298 K in a SIFT to find good candidates for CIMS
or IMS detection of sarin and soman. The experimental results
are accompanied by G3(MP2) calculations of the ionic properties
of DMMP, sarin, and soman so that the data for the surrogate
chemistry can be extrapolated to reactions with the chemical
weapons agents themselves. Several candidate reagent ions have
been identified, including H3O+, NO+, and O2

-, while many
other candidate ions have been ruled out. The predictions derived
from a combination of experiment and theory are credible based
upon comparisons to results for the detection of sarin in
commercial CIMS-type instruments.21,22

Acknowledgment. We would like to thank Jim Buchanan at
the U.S. Army Edgewood Chemical Biological Center (ECBC)
for experimental vapor pressure data for DMMP. We would
like to thank John Williamson and Paul Mundis for their
technical support. This project is supported by the Army
Research Office (ARO) under the JSTO program in Chemical
and Biological Defense (JSTO-CBD) and the Molecular Dy-
namics program at Air Force Office of Scientific Research
(AFOSR). A.J.M. and T.M.M. are supported under Boston
College contract number FA8718-04-C-0006. The soman cal-
culations have been performed on the Scorpio Linux cluster at
Boston College.

References and Notes

(1) NRC Monitoring at Chemical Agent Disposal Facilities; National
Academy of Sciences: Washington, DC, 2005.

(2) Eisele, F. L.; Tanner, D. J. J. Geophys. Res. 1993, 98, 9001.
(3) Ballenthin, J. O.; Thorn, W. F.; Miller, T. M.; Viggiano, A. A.;

Hunton, D. E.; Koike, M.; Kondo, Y.; Takegawa, N.; Irie, H.; Ikeda, H. J.
Geophys. Res. 2003, 108, 4188.

(4) Hunton, D. E.; Ballenthin, J. O.; Borghetti, J. F.; Federico, G. S.;
Miller, T. M.; Thorn, W. F.; Viggiano, A. A.; Anderson, B. E.; Cofer, W. R.;
McDougal, D. S.; Wey, C. C. J. Geophys. Res. 2000, 105, 26841.

(5) Mauldin, R. L., III; Tanner, D. J.; Eisele, F. L. J. Geophys. Res.
1998, 103, 3361.

(6) Marcy, T. P.; Gao, R. S.; Northway, M. J.; Popp, P. J.; Stark, H.;
Fahey, D. W. Int. J. Mass Spectrom. 2005, 243, 63.

(7) Schneider, J.; Burger, V.; Arnold, F. J. Geophys. Res. 1997, 102,
25.

(8) Chen, G.; Huey, L. G.; Trainer, M.; Nicks, D.; Corbett, J.; Ryerson,
T.; Parrish, D.; Neuman, J. A.; Nowak, J.; Tanner, D.; Holloway, J.; Brock,
C.; Crawford, J.; Olson, J. R.; Sullivan, A.; Weber, R.; Schauffler, S.;
Donnelly, S.; Atlas, E.; Roberts, J.; Flocke, F.; Hübler, G.; Fehsenfeld, F.
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