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ABSTRACT: Highly porous poly(dicyclopentadiene) (pDCPD) Air Activation  Peroxide Formation CWA Decontamination
foam was synthesized via ring opening metathesis polymerization
and high internal phase emulsion (HIPE) templating. Alkane and
alkene moieties within the pDCPD foam oxidized slowly in air to
form carbonyl, peroxy, and hydroxyl groups. Heating pDCPD to
85 °C in air accelerated the oxidation of pDCPD, producing
reactive peroxy species at reduced time scales, compared to
oxidation at room temperature. The oxidized pDCPD foams
rapidly sequestered and decontaminated the toxic chemical
warfare agent simulant, demeton-S via oxidation to vinyl,
sulfoxide, and sulfone oxidation products. In addition, the porosity
and high surface area of the pDCPD HIPE foams likely assists in the sequestration of demeton-S via capillary interaction.
Collectively, these data demonstrate a new and highly tunable class of polymer materials capable of simultaneous sequestration

and decontamination of toxic chemicals.
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B INTRODUCTION

Eliminating hazards associated with toxic industrial chemicals
(TICs) and chemical warfare agents (CWAs) is necessary to

(ethylenimine), and polyacrylamidoxime, have shown effective
decomposition or detoxification of many toxic chemicals and
different classes of CWAs, such as blister (sulfur mustard) and
nerve agents isopropyl methylphophonofluridate (sarin), O-
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ensure the safety of remediation personnel, and for protecting
the warfighter and civilian population from such threats. Thus,
the need for materials capable of automatically decontaminat-
ing toxic chemicals has spurred significant research into
developing new reactive and sorbent materials and plat-
forms.' ™

An ideal decontamination material is industrially scalable,
comprises inexpensive precursors, and provides rapid seques-
tration and decomposition of toxic compounds. Currently,
metal oxides and hydroxides,” polyoxometalates,” and metal—
organic frameworks'”'" are among the leading materials being
investigated for toxic chemical remediation and CWA
decontamination. Unfortunately, many of these promising
compounds are cost prohibitive, because of limited industrial
scalability or demonstrate reduced decontamination perform-
ance over time from interaction with atmospheric components
and contaminants.">~"*

Polymeric materials offer a low-cost, robust, and readily
tunable platform that can be exploited in numerous form
factors (coatings,"” fibers,'® etc.) for toxic chemical decom-
position. Polymers with hydrolytic and nucleophilic function-
ality, such as poly(vinyl alcohol-co-vinylamine), poly-
This article not subject to U.S. Copﬁright.
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ethyl S-(2-diisopropylaminoethyl) methylphosphonothioate
(VX), etc.)."” Integration of such polymers into fibrous
materials for self-decontaminating fabrics and wipes has also
been suggested; however, the active imines, amines, and
oximes suffer reduced activity when exposed to air, and must
be stored under inert conditions.'®"’

Another common polymer, poly(dicyclopentadiene)
(pDCPD), oxidizes in air to produce peroxy, hydroxyl, and
carbonyl moieties.”””" In this Research Note, we demonstrate
that such self-generated oxidation products rapidly form at
elevated temperatures in air, and quickly sequester and
decontaminate the toxic CWA simulant demeton-S (O,0-
diethyl S-2-(ethylsulfanyl)ethyl phosphorothioate), which is a
proxy compound for the potent CWA VX (S-2-
(diisopropylamino)ethyl O-ethyl methylphosphonothioate).
The pDCPD oxidizes demeton-S similarly to commercial
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Figure 1. SEM micrographs of pDCPD HIPE foams (a) and after oxidation in air at 85 °C for (b) 1 h, (c) 2 h, (d) 4 h, and (e) 8 h. Scale bars are
10 pm. Panel (f) shows a photograph of the pDCPD foams with increasing oxidation time starting from unoxidized (left) to 8 h (right).

peroxide decontamination solutions; however, the oxidants in
pDCPD remain localized to the polymer matrix. Compared to
liquid peroxide-based decontamination solutions, such as
Decon Green,”” which comprises 35% hydrogen peroxide,”’
the pDCPD foams greatly reduce unintended corrosion that
plagues these liquid decontamination methods. In addition,
polymer-bound peroxy species alleviate explosion concerns
during shipping and transportation of peroxide-containing
solutions. Furthermore, the morphology of pDCPD was
modified using high internal phase emulsion (HIPE)
templating to form porous, high-surface-area polymer networks
that may assist in rapidly wicking liquid demeton-S.”* This
presents a new class of responsive materials capable of
sequestering and decontaminating toxic chemicals within the
polymer matrix that remain relatively stable for months in air
under ambient conditions.”®

B RESULTS AND DISCUSSION

The pDCPD foams were synthesized by ring-opening
metathesis polymerization (see the Supporting Information),

Table 1. Change in Enthalpy Measured by DSC of pDCPD
Foams Oxidized at 85 °C in Air for Various Times

oxidation time (h) normalized heat flow (W/g) % mass gain

0 6.3

2 141.0 12.69
4 585.5 32.92
8 440.4 37.67

templated via HIPE, and stored under vacuum (unoxidized) or
oxidized in air at 85 °C for up to 8 h. Unoxidized and oxidized
pDCPD foams both show significant porosity and average pore
diameters of 1—4 um, independent of oxidation time (Figures
la—e). The unoxidized pDCPD foams were white in color and
flexible. Oxidizing in air yellowed the foams (noticeable within
~1 h of oxidation, Figure 1f) and increased brittleness. Large
void spaces were observed for the 8 h oxidized pDCPD foams
(Figure le); however, these voids are likely due to damage
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Figure 2. FTIR-ATR spectra of pDCPD foams oxidized in air at 85
°C, showing increased oxidation products (red arrows, up) and
decreased alkene moieties (blue arrows, down) at longer duration.
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Figure 3. Normalized integrated FTIR-ATR spectra peak areas for (a)
chain and cyclic alkenes and (b) chain alkenes and carbonyl oxidation
products as a function of pDCPD oxidation duration. Lines are added
to guide the eye.

during sample preparation resulting from the increased fragility
of the oxidized pDCPD foams. The change of ductility with
increasing oxidation has been previously reported.”**’

The pDCPD foams heated in air at 85 °C gained almost
38% mass after 8 h (Table 1). Oxidation products indicative of
carbonyl, peroxy, and hydroxyl moieties were detected by
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Figure 4. (a) Percent reduction of 20 uL of demeton-S/acetonitrile
solution dosed onto unoxidized and oxidized pDCPD foams, and
challanged for 30, 60, and 240 min in a sealed vial. (b) GC-MS peak
area of single (sulfoxide) and double (sulfone) demeton-S oxidation
products with time on 4 h (yellow) and 8 h (green) oxidized pDCPD
foams.

Fourier tranform infrared—attenuated total reflectance (FTIR-
ATR) spectroscopy (Figure 2). Saturated and unsaturated alkyl
vibrational modes native to unoxidized pDCPD decreased in
the collected FTIR-ATR spectra between 3100 and 2700,
1500—1100, 1000—900, and below 800 cm™ with increased
oxidation time (Figure 2, blue arrows). Simultaneously, bound
oxidation products such as hydroxyl (3400 cm™), carbonyl
(1710 cm™), and peroxy (851 and 838 cm™'; see the
Supporting Information) moieties (denoted by red arrows in
Figure 2) increased, which has also been reported in the
literature for both elevated-temperature and room-temperature
pDCPD oxidation.”””"*° The lack of C—H stretchmg modes
in the FTIR-ATR spectra near 2900 and 2800 cm™" suggested
the vibrational band at 1710 cm™ is likely not an aldehyde
moiety but a ketone. In addition, the lack of the secondary
broad characteristic carboxylic acid feature near 2600 cm™'
further supports the ketone assignment. Chain (973 cm™") and
cyclic (3047 cm™") alkene vibrational mode peak areas were
integrated and plotted as a function of time (Figure 3a). Both
vibrational modes decrease consistently with increased
oxidation time, suggesting that alkene oxidation is nonspecific
and proceeds at similar rates, regardless of whether it is derived
from the alkyl backbone chain or ring. A plot of the normalized
ketone versus alkene vibrational mode peak areas shows an
inverse correlation with time, further supporting oxidation of
the alkene moieties to ketones (Figure 3b).

Differential scanning calorimetry (DSC) analysis was
performed to measure the total peroxy content within the

unoxidized and oxidized pDCPD foams by integrating the
exotherm produced from decomposing peroxy moieties near
140 °C (see the Supporting Information).””** The calculated
change in enthalpy, as well as the mass gain with time, are
listed in Table 1. Unoxidized pDCPD foams contained an
insignificant amount of peroxy species due to incidental air
exposure (6.3 J/g). Oxidizing pDCPD at 85 °C in air for 2 h
resulted in a 22-fold increase in peroxy content. The pDCPD
foams oxidized for 4 and 8 h formed the most peroxy species
(585.5 and 440.4 J/g, respectively). A decrease in the change
of enthalpy (145 J/g) for the 8 h oxidation, compared to the 4
h oxidation indicates a reduction in total peroxy content when
oxidizing beyond 4 h. The mass of the pDCPD foams
continuously increased over the 8 h oxidation, suggesting that
the pDCPD foams continue to form nonperoxy oxidation
products beyond 4 h. Collectively, these data show the
peroxide species decompose, albeit slowly, at elevated
temperatures once formed. Similar peroxy losses over time
have been reported in the literature.”

Storage of the unoxidized foams in N, or vacuum at room
temperature prevents the formation of oxidation products, thus
providing a means for long-term storage and subsequent
“activation” of pDCPD. The peroxy content of oxidized
pDCPD can also be extended by storing in vacuo or under an
inert atmosphere, which minimizes decomposition of the
reactive peroxy species (see the Supporting Information).

Generally, more-oxidized pDCPD foam demonstrated
greater decontamination of demeton-S (Figure 4a). The
pDCPD foams oxidized for 4 and 8 h showed 100% reduction
of demeton-S after only 30 min, whereas the unoxidized and 2
h oxidized foams exhibited ~25% reduction of demeton-S for
30 and 60 min challenges, attributed to trapped or sequestered
demeton-S within the pores of the foams. The pDCPD foam
oxidized for 2 h improved the decontamination of demeton-S
by 200%, compared to the unoxidized foams challenged for 4
h. The unoxidized and 2 h oxidized pDCPD samples showed
no detectable demeton-S decomposition (oxidation products)
via gas chromatography—mass spectroscopy (GC-MS); how-
ever, the 4 h and 8 h oxidized pDCPD foams formed single
oxidation (vinyl elimination) demeton-S decomposition
products after 30 min (Figure 4b). In addition, double
oxidation of demeton-S to the sulfone decomposition product
was detected after a 4 h challenge. These data are promising,
because demeton-S is functionally similar to the extremely
lethal nerve agent VX. The use of peroxides to decompose VX
is preferred, as this route avoids the formation of the very toxic
hydrolysis product EA-2192.° Scheme 1 shows a proposed
demeton-S oxidation mechanism.

In summary, pDCPD HIPE foams oxidized rapidly in air at
85 °C to form hydroxyl, carbonyl, and peroxy moieties that
were detected using FTIR-ATR spectroscopy and DSC. Peroxy

Scheme 1. Oxidation of Demeton-S (1) by pDCPD Resulting in Oxidation Products (2 and 3) and Subsequent Elimination

Product (4)
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species increased with oxidation time to a maximum
concentration after 4 h. A decrease of peroxy species after 8
h of oxidation indicated partial peroxy decomposition with
extended pDCPD thermal oxidation. Storage of pDCPD foams
in vacuum or inert atmosphere reduced the decomposition of
bound peroxy species. Increased peroxy concentration within
the pDCPD foams correlated with the oxidation of the toxic
CWA simulant demeton-S to vinyl, sulfoxide, and sulfone
decomposition products, as determined by GC-MS. In
addition, the porosity of pDCPD HIPE foams likely assists
in the sequestration of demeton-S, because of capillary
interaction between the pores and liquid. As such, the
pDCPD foams demonstrate an exciting, scalable, and low-
cost material platform for rapid toxic chemical sequestration,
remediation, and personnel protection applications.

B ASSOCIATED CONTENT
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Experimental procedures and details, GC-MS chromato-
grams, mass spectra fragmentation patterns, FTIR
spectra correlations, and DSC thermograms for peroxy
content and stability (PDF)
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