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ABSTRACT: We present work detailing the destruction of
the nerve agent simulant diisopropyl methylphosphonate
(DIMP) via rapid laser heating under atmospheric conditions.
Following Nd:YAG laser ablation of liquid DIMP deposited
on a graphite substrate, both parent and product fragments are
transmitted via capillary from an atmospheric chamber to a
vacuum chamber containing a high-resolution mass spec-
trometer. This allows for real-time measurements of product
distributions under a variety of temperature and atmospheric
conditions. Ex situ Fourier transform infrared (FTIR)
spectroscopy analysis of the same chamber contents provides
complementary information about product identities and
fragmentation pathways. Results demonstrate that product distributions depend on heating rate, surface temperature, and
atmospheric oxygen content. In the destruction of the DIMP, the relative yields of alkene products depends significantly on
laser power; smaller products are relatively more abundant at higher ablation temperatures. We also show that in the absence of
atmospheric oxygen, the concentration of oxygenated products decreases sharply relative to alkene and alkane products. This
suggests that under high-temperature conditions, atmospheric oxygen is incorporated directly into the products of the
fragmented simulant. This project extends significantly our understanding of the fundamental chemistry of these dangerous
compounds under atmospheric and rapidly changing thermal conditions. The results have critical implications for the
development of effective chemical warfare agent decontamination and destruction strategies.

■ INTRODUCTION

Because of the threat chemical warfare agents (CWAs) pose to
the global community, there is considerable interest in
detecting, destroying existing stockpiles, and decontaminating
areas affected by these compounds.1,2 Current large-scale
destruction techniques include incineration3 and neutralization
by base hydrolysis, but these strategies come with additional
challenges regarding safe transport and toxic byproducts.4

Therefore, it remains critical to continue developing new
strategies and to understand the exact chemistry of agents’
destruction in both vapor and condensed phases. Of particular
interest are the extremely dangerous organophosphonate nerve
agents Soman and Sarin.5 Sarin, for example, has a high
estimated toxicity of 35 mg min m−3 in humans via vapor
inhalation.6 Even beyond these dangerous compounds, many
less toxic organophosphonates have found widespread
industrial use as plasticizers, flame retardants, fire-resistant
fluids and lubricants, and pesticides.7,8 It is therefore important
to characterize environmental impacts and remediation
strategies for organophosphonate contaminants more broadly.
This study adds to our fundamental understanding of the
primary chemical kinetics and physical processes occurring

when these compounds are exposed to rapid heating under
atmospheric conditions.
The current work presents a detailed investigation of the

laser-induced, high-temperature rapid heating destruction of
the nerve agent simulant diisopropyl methylphosphonate
(DIMP, Figure 1).9−11 DIMP was selected from among the
class of organophosphonate simulants for two reasons. First,
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Figure 1. Chemical structures of the nerve agent Sarin (red) and the
simulant DIMP (black) differ only in the replacement of fluorine with
an additional oxygen and isopropyl group.
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DIMP shares key structural similarities with the nerve agent
Sarin, which is a compound of particular interest due in part to
its use in urban terror attacks in Japan and its exposure to US
troops abroad.4,9 Second, it has been shown in a number of
pyrolytic and thermal studies that a significant organo-
phosphonate destruction channel yields substituted and
unsubstituted carbon products resulting from the alkoxy
moiety.11−18 This gaseous product array is easily detectible
and differentiable via mass spectrometry (MS) and Fourier
transform infrared (FTIR) analyses, which enables a robust
investigation of the impact of laser heating rate, surface
temperature, and atmospheric pressure on simulant destruc-
tion.
In addition to experimental and theoretical work on the

thermal decomposition and combustion of these com-
pounds,11,17,19−21 this work is an extension of previous studies
examining oxidative22,23 and laser destruction24 of adsorbed
chemical nerve agent simulants under ultrahigh vacuum
conditions. The oxidative destruction of DIMP and dimethyl
methylphosphonate (DMMP) progresses at similar rates and
yields oxygen- and carbonyl-containing oligomeric product
species.22,23 Laser desorption and destruction studies of a
number of Sarin simulants, (DIMP, DMMP, and diethyl
ethylphosphonate), demonstrated lower temperature thresh-
olds for destruction of simulants with relatively larger
phosphonate side chains.24 On the basis of these results, we
again expect that the majority of gas-phase products in this
study will include a variety of 1, 2, and 3-carbon products
generated from the DIMP isopropyl group, with possible
incorporation of atmospheric oxygen.
Using a unique atmospheric pressure ablation chamber,

rapid laser heating of 1011 K s−1, and in situ MS, this work
probes the reaction products in the prompt destruction of
DIMP under atmosphere and, for the first time, oxygen-
depleted atmospheric conditions. In addition to identifying
product branching ratios as a function of laser power, the
manipulation of oxygen content allows us to elucidate the
mechanistic role of oxygen in simulant destruction. This basic
understanding is critical for practical decontamination
strategies that involve, for example, flame incineration, as
these conditions often lead to significant oxygen depletion in
the local environment.25

In the laser-induced thermal destruction of DIMP, we
demonstrate that the resulting product distribution is depend-
ent on both surface temperature rise and atmospheric oxygen
composition. More specifically, the relative production of small
alkene products depends significantly on laser power; the
relative yield of smaller substituted products is higher when the
sample is ablated with higher laser powers. Likewise, under
oxygen-depleted conditions, the relative amount of oxygenated
products decreases sharply relative to alkene and alkane
products. This suggests that under extreme high-temperature
conditions, atmospheric oxygen is incorporated directly into
the products of the fragmented simulant. Such findings are
directly relevant to producing novel CWA mitigation strategies
and maintaining national security.

■ EXPERIMENTAL SECTION
All experiments were conducted in a newly constructed
atmospheric-MS apparatus, shown in Figure 2. Additional
measurements were collected via ex situ FTIR analysis. In
short, a UTI 100 quadrupole mass spectrometer (QMS)
occupies a high-vacuum chamber reaching base pressures of

10−9 Torr. This chamber samples, via a 20 cm fused silica
capillary with a 25 μm inner diameter, the gaseous products
produced in a small, adjacent atmospheric chamber used for
laser ablation trials. A second identical inlet capillary in the
atmospheric chamber ensures that atmospheric pressure is
maintained during experimental sampling. The volume of the
atmospheric sampling chamber is small (approximately 40
cm3), which enables rapid diffusion of vapor products; changes
in chamber contents are detected by the mass spectrometer
within 300 ms. We do note that the capillary is not heated, so
there is a possibility for vapor condensation of DIMP or
associated products during transport. Gas-phase products are,
however, expected to thermalize rapidly in the atmospheric
chamber, so we do not expect condensation in the capillary to
be a major pathway. The large pressure differential between the
two chambers also ensured consistent gas flow through the
capillary and repeated use of the same capillary showed no
blockage, indicating that condensation was not happening on a
large scale.
In order to prepare DIMP samples for ablation, the

atmospheric chamber was routinely purged and re-opened to
atmosphere between trials. The substrate for all experiments
was a highly ordered pyrolytic graphite crystal [highly oriented
pyrolytic graphite (HOPG), Bruker]. In addition to chamber
purging, the HOPG surface was exfoliated between trials to
ensure reproducible surface quality and composition. To begin
each experiment, 10 μL of DIMP (Alfa Aesar) was deposited
on the HOPG surface, and the chamber was sealed. A
background mass scan was then collected; final product
analysis was performed on the background-subtracted spectra
collected following ablation.
DIMP films were ablated with a Nd:YAG laser (Quanta-Ray

GCR 130) producing near-IR photons at 1064 nm. To
estimate the surface temperature on the HOPG substrate
induced by the laser pulse, the following calculation was
carried out for one-dimensional heat flow into a semi-infinite
slab of material (transverse propagation of the beam is large
compared to the depth of heat conduction into the film).
Assuming that the optical absorption coefficient of HOPG is
large (on the order of 104−106 cm−1),26−29 the surface
temperature of the HOPG surface at time t can be calculated
as30
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Figure 2. Laser ablation experiments are conducted in a joint
atmospheric and high-vacuum apparatus. A Nd:YAG laser is used to
ablate DIMP simulant films in an atmospheric chamber (purple).
Gaseous products are transported via capillary (green) to a high-
vacuum chamber containing a UTI QMS for analysis.
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In eq 1, F0 is the absorbed incident flux from the laser, K is
the thermal conductivity of HOPG, and κ is the thermal
diffusivity (reported as 290 W m−1 K−1 and 0.000165 m2 s,
respectively).31 In practice, the total pulsed laser power is first
measured with a Scientech calorimeter (model 38-0101). This
output is then converted to pulse energy by incorporating the
pulse frequency (20 Hz) and scaling to the duration of
individual pulses (8 ns). Pulse energies in this study range from
0.103 to 0.244 J. This total flux is further scaled to the
reflection coefficient of HOPG (reported as 0.21 at 300 K).26

With this model, peak laser powers raise the crystal
temperature to approximately 2830 ± 110 K at a heating
rate of 3.2 × 1011 K s−1. The error cited for temperature is a
standard propagation including error from the calorimeter
measurement, pulse width, and HOPG reflection coefficient.
We note that simulant films were ablated for 2 min at 20 Hz in
order to generate sufficient product signal for analysis.
However, product signals (propene at m/z = 41, e.g.) were
detected for single pulse ablations, and thermocouple measure-
ments of the HOPG crystal show a steady-state temperature
rise of only approximately 350 K as a result of the extended
ablation. Therefore, we assume that the modest temperature
rise caused by extended ablation is negligible compared to the
high temperatures during each individual pulse.
Mass spectra analyses involved a series of steps illustrated

with representative data in Figure 3. To begin, background
spectra were subtracted from postablation spectra (Figure 3a).
Next, the MALDIquant R package was used for data
smoothing (using a 7-point Savitzky−Golay-filter, Figure 3b)
and peak detection.32,33 In order to deconvolve the spectra into
individual product contributions, it was first necessary to build
a library of fragmentation patterns for the proposed products.
To this end, mass spectra were collected for propene (Sigma-
Aldrich), acetone, and isopropyl alcohol (IPA, both from
Fisher Scientific). The spectra for additional products, ethylene
and acetylene, were obtained from reference data from the
National Institute of Standards and Technology.34 Once this
library was complete, the relative product contributions for the
ablated spectra were determined using a least-squares analysis
(Figure 3c). We note that though present in the background-
subtracted spectra, large peaks associated with atmospheric
gases like N2, O2, Ar, and so forth, were excluded from this
deconvolution procedure because of the difficulty separating
trace product signals from atmospheric contributions. The
omission of m/z = 27 and 28 in particular made it difficult to
distinguish ethylene and acetylene. Therefore, all discussions
herein will group these two-carbon products together.
In addition to MS, a second modular chamber was used for

concurrent ex situ FTIR analysis of ablated products. To begin

these experiments, a 150 cm3 IR cell with ZnSe windows was
purged to approximately 25 mTorr. This chamber was
connected via a leak valve to an analogous atmospheric
chamber for simulant ablation. Following the ablation
procedure, the valve was opened, allowing the evolved gaseous
products to escape into the purged chamber. The contents of
the unheated chamber were analyzed using a Nicolet iS50
infrared spectrophotometer (Thermo Fisher) and a liquid
nitrogen-cooled MCT/A detector. All such FTIR spectra were
averaged over 200 scans at 4 cm−1 resolution; peak fitting
analysis utilized Gaussian peaks atop cubic baselines.

■ RESULTS AND DISCUSSION
FTIR Product Analysis. Previous investigations into the

thermal destruction of DIMP have consistently identified a
number of products including propene, IPA, and ethylene.
These studies include destruction via pyrolysis, combustion,
exposure to a corona discharge, dissociative adsorption, laser
ablation, and so forth.1,11,12,35−37 While this provides a
reasonable set of products to look for, the current work
represents the first direct study of rapid laser heating (on the
order of 1011 K s−1) of adsorbed liquid DIMP under
atmospheric pressure and oxygen-depleted conditions. It is
therefore necessary to firmly establish the full range of
products before attempting to assess branching ratios; this
was done using ex situ FTIR. Representative spectra of ablated
DIMP in Figure 4 show clear evidence of propene, ethylene,

acetylene, as well as contributions from unreacted DIMP or
other partially decomposed organophosphonate fragments
such as isopropyl methylphosphonate (IMP). In addition to
the prominent phosphonate P−O−C stretching modes at 995
and 1020 cm−1, we observe significant signal intensity from
propene’s CH2 wagging mode (912 cm−1) and the bending
modes of acetylene and ethylene (730 cm−1 and 949 cm−1,

Figure 3. Representative mass spectra for ablated DIMP are processed and analyzed. Background spectra are subtracted from postablation spectra
(a). These background-subtracted spectra are smoothed (red, b) and peaks are detected (black bars, c). A least-squares procedure is used to
determine relative product yields and reproduce the ablated spectra (red bars, c).

Figure 4. Representative FTIR spectra of DIMP ablated to
approximately 2720 K shows clear evidence of residual DIMP as
well as acetylene, propene, and ethylene products.
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respectively). All peaks referenced herein are consistent with
those reported for the corresponding molecules in the gas
phase.10,38−44 CO is also observed, but this is difficult to
uniquely assign to either DIMP or HOPG ablation. Addition-
ally, other small product peaks are observed in the spectra
beyond those highlighted in Figure 4, but we were not able to
clearly establish their identities using FTIR alone.
In both FTIR and the following MS analyses, we note that

the scope of our experiment did not include direct
quantification of condensed-phase products or parent mole-
cules remaining on the HOPG substrate or in the atmospheric
chamber. Similar to other studies, however, our gas-phase
product analysis suggests that it is primarily phosphorus-
containing products that remain following thermal destruc-
tion.11,45 In addition to unreacted DIMP, these products likely
include IMP and methylphosphonic acid.
As laser power (and thereby HOPG surface temperature) is

increased, an interesting trend emerges in the relative
distribution of products. When spectra are normalized to the
height of the propene peak, there is a corresponding relative
increase in the height of ethylene (Figure 5a). If the relative

areas of these two peaks are plotted as a function of HOPG
surface temperature (Figure 5b), it becomes clear that as the
ablation temperature increases, ethylene production increases
relative to propene. The same trend is observed for relative
propene and acetylene production. Without precise absorption
cross-sections for these compounds, it is difficult to quantify
the absolute amount of each product formed. It is clear,
however, that higher temperatures lead to a higher yield of
smaller substituted carbon products.
Effects of Varying Surface Temperature. The results

described in the preceding section were easily replicated with
in situ MS. However, it is important to note that the mass
spectra data reveal some additional minor products unidenti-

fied in the FTIR data. FTIR spectra provided no conclusive
evidence of oxygenated ablation products, despite their
suggested presence in other pyrolytic and thermal decom-
position studies of DIMP.12,35,36 Background-subtracted mass
spectra of ablated DIMP, however, show clear increases in m/z
= 43 and m/z = 45 (acetone and IPA, respectively). The yield
of both of these products is consistently small relative to
propene and ethylene/acetylene, so their absence in FTIR
spectra may simply be due to lack of sensitivity. Therefore,
mass spectra are deconvoluted into contributions from four
observed products: propene, ethylene/acetylene, acetone, and
IPA. Figure 6 shows the least-squares fit for the data collected
in three representative trials at different ablation powers. When
the data are normalized to the propene signal (m/z = 41),
there is a clear corresponding relative increase in the amount of
the smaller acetylene and ethylene products. In other words,
these results again suggest that peak surface temperatures
impact the extent of bond cleavage and identity of destruction
products.

Effects of Varying Atmospheric Oxygen. In order to
probe the role of atmospheric oxygen in DIMP destruction, we
performed a series of experiments with variable partial
pressures of oxygen. Following simulant deposition, the
sampling chamber was carefully purged with N2 until a desired
oxygen pressure was reached (as measured with the QMS).
The chamber, however, was still maintained at atmospheric
pressure. After ablation at the highest laser powers, the results
in Figure 7 show that the presence of oxygenated products
plummets nearly to zero when atmospheric oxygen is reduced.
Signals associated with both acetone (m/z = 43) and IPA (m/z
= 45) decrease sharply relative to propene (m/z = 41). This
observation is of critical importance; it demonstrates clearly
that atmospheric oxygen is incorporated directly into the
fragmenting DIMP molecule.

Mechanism of Destruction. The effects of varying both
ablation surface temperature and atmospheric composition are
summarized in Table 1. Each entry represents the average of at
least three similar trials. In brief, we observe that higher
ablation temperatures lead to an increase in the relative
production of shorter chain-substituted products (ethylene/
acetylene vs propene). Additionally, a reduction in available
atmospheric oxygen leads to a decrease in the relative
production of oxygenated products (acetone and IPA vs
propene). These results inform the following discussion of the
mechanisms underlying the thermal destruction of condensed-
phase DIMP.
To begin, it has been proposed experimentally and

theoretically that the primary pyrolytic destruction step for
DIMP and other similar molecules is a unimolecular
decomposition to IMP and propene via a six-membered ring
transition state.11,46−48 Moreover, propene production has
been observed under a variety of high-temperature conditions,
beginning with temperatures as low as 700 K, which is lower
than the ablation range studied here.11,24 In vacuum studies,
propene is also produced as a result of dissociative adsorption
of DIMP.13,37 Essentially, many studies agree that a major step
in DIMP destruction involves the formation of propene. On
the other hand, few studies have identified direct mechanisms
that yield smaller substituted products from DIMP’s initial
dissociation (and indeed no single initial bond scission is
enough to yield a two-carbon product from DIMP directly).
Instead, it is likely that the smaller products (ethylene,
acetylene, methane, etc) are produced as secondary

Figure 5. Relative production of ethylene and propene changes as a
function of laser ablation power. FTIR spectra normalized to propene
height (a) demonstrate increases in relative ethylene production as
surface ablation temperature increases. Baseline and other product
peaks have been subtracted for clarity. The relative integrated area of
the associated peaks (b) shows that this trend is observed throughout
the temperature range explored in this study (error bars represent the
standard deviation of at least three trials at each ablation
temperature).
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destruction products of propene.49,50 The results of this work
present evidence that indeed propene is likely one of the first
products, and that higher ablation temperatures increase the
relative extent of further fragmentation.
The results of the oxygen study add interesting detail to the

existing mechanistic picture. Zegers and Fisher proposed a
two-step pyrolysis mechanism for DIMP, beginning with the
unimolecular decomposition that yields propene. The second
step involves transfer of a hydrogen from the phosphorous
hydroxyl group to the oxygen of the isopropoxy group, yielding
IPA and methyl dioxophosphorane.11,51 Our observations
suggest, however, that this intermolecular step may not be the
primary mechanism for IPA formation at these high-temper-
ature, fast-heating, and condensed-phase conditions. Instead,
atmospheric O2 or radicals formed from thermal dissociation
may abstract hydrogens or break bonds in the DIMP molecule
directly. For example, if an alkyl radical forms upon scission of
the P−O−C bond, atmospheric O2 can readily add to generate
an alkoxy radical. This species, in turn, is expected to react or

decompose readily to form both the observed acetone and
IPA.52−54 The direct incorporation of oxygen from the
atmosphere in this proposed mechanism would account for
the observed dependence on oxygen pressure in the ablation
chamber in the production of oxygenated products.

■ CONCLUSIONS

Building on work investigating pyrolysis, dissociative adsorp-
tion, and laser ablation of CWAs and their simulants, this study
presents a comprehensive look at rapid thermal ablation of
condensed DIMP, a simulant of Sarin, under atmospheric
pressure conditions. Decomposition products observed include
propene, ethylene, acetylene, IPA, and acetone, which are well
in line with existing literature on thermal destruction of
organophosphonates. Product distributions varied significantly
when both laser power (HOPG surface temperature) and
oxygen content were altered; higher ablation powers led to
higher temperatures, which increased the extent of secondary
fragmentation in alkene and alkyne products observed. Lower

Figure 6. Reproduced representative mass spectra (a) from a least-squares fit of the data (normalized to propene signal at m/z = 41) show an
increase in low molecular weight products (ethylene and acetylene) as laser power is increased. This can also be seen in the normalized relative
intensities of propene and acetylene/ethylene (m/z = 26) averaged across all trials (b). Ablation surface temperatures are 1440 K (blue), 2140 K
(green), and 2830 K (red). Dotted line is drawn to guide the eye.

Figure 7. Reproduced representative mass spectra (a) from a least-squares fit of the data (normalized to propene signal at m/z = 41) show a sharp
decrease in oxygenated products as available oxygen decreases. This can also be seen in the normalized relative intensities of propene, IPA (m/z =
45), and acetone (m/z = 43) averaged across all trials (b). Recorded oxygen pressures in the QMS chamber were 1 × 10−6 Torr under atmospheric
ablation conditions (red), 2 × 10−7 under low oxygen conditions (green), and 3 × 10−9 Torr under oxygen-depleted conditions (blue). Dotted line
is drawn to guide the eye.

Table 1. Summary of All DIMP Ablation Experiments Performed, Normalized to Propene Productiona

aAs surface temperature is increased, the relative ratio of ethylene and acetylene to propene increases (red). As available oxygen is decreased, the
relative production of IPA and acetone decreases (blue).
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oxygen partial pressures led to a sharp decrease in oxygenated
products, suggesting that a dominating mechanism in this
system involves direct incorporation of atmospheric oxygen
into product fragments.
Though Sarin, unlike DIMP, includes a fluorine substituent

on the central phosphorus atom, there is reason to believe that
the results highlighted here have direct relevance for Sarin’s
thermal destruction. Experimental work with simulants and
nerve agents has shown significant correlation between bond
frequency and desorption energies, suggesting that simulants
like DIMP are indeed appropriate for modeling the chemistry
of toxic agents.9 Perhaps more importantly, pyrolytic
simulations of Sarin have confirmed that thermal destruction
begins with the same six-center intermediate that leads to
propene elimination.21 Therefore, we expect that the chemistry
observed in these temperature-jump experiments is relatively
generalizable to Sarin and other large organophosphonates.
In addition to validating the applicability of these results on

live nerve agents, extensions of this work may include tracking
the destruction temperature thresholds and product distribu-
tions for additional simulants and simulant mixtures, as well as
the impact of incorporating less absorptive or reactive
substrates. In general, this work continues to shed light on
the basic mechanisms of organophosphonate thermal destruc-
tion, related to those encountered under high-temperature
rapid-heating blast conditions. These results are critical for the
accurate modeling of environmental persistence and imple-
mentation of mitigation strategies for CWAs and other
organophosphonate pesticides.
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