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ABSTRACT

In this article we report the retention of two dialkyl alkylphosphonates and a phosphoramidate in a po-
lybutadiene-based polyurethane rubber matrix. Two dialkyl akylphosphonates, which are degradation
products of nerve chemical weapons agent (CWA) and a phosphoramidate, were tested in this study
for penetration into the rubber matrix. They are often used as a symulant of CWA. One of the dialkyl
alkylphosphonates and the phosphoramidate were synthesized and the rubber matrix was challenged
with these chemicals for retention and penetration using three different thickness of barrier material.
Under the experimental conditions tested, no penetration of chemical simulants on the rubber was
observed. Our results suggested that this polyurethane matrix could be a potential barrier material for
protection against CWA.

Zatrzymywanie w gumie poliuretanowej dwdch dialkiloalkilofosfonianéw
i fosforoamidu stosowanych jako symulanty bojowych srodkéw trujacych

Stowa kluczowe: symulanty bojowych srodkéw chemicznych, guma poliuretanowa, zatrzymywanie

STRESZCZENIE

Opisano zatrzymywanie dwdch dialkiloalkilofosfoniandw i fosforoamidu w gumie polbutadienowo-
poliuretanowe]. Dwa dialkiloalkilofosfoniany, ktére sg produktami degradacji bojowych srodkdéw truja-
cych (BST) z grupy trucizn nerwéw i fosforoamidu badano pod katem ich wnikania do gumy. Przepro-
wadzono synteze jednego dialkiloalkilofosfonianu i fosforoamidu, ktdre wraz z handlowym dialkiloalki-
lofosfonianem nanoszono na gume w celu okreslenia ich zatrzymywania oraz przenikania stosujgc ro-
zne grubosci gumy. W warunkach doswiadczenia nie stwierdzono przenikania symulatoréw przez gume.
Otrzymane wyniki pozwalajg sgdzi¢, ze guma poliuretanowa moze by¢ stosowana do ochrony przed BST.
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1. INTRODUCTION

The new international context of a potential ter-
rorist attack has elicited the research on protec-
tion against CWA. Due to the toxicity of CWA, di-
rect evaluation cannot be accomplished through
the use of a specific agent [1]. For this reason,
chemical simulants with similar physicochemical
properties to CWA are utilized. Dimethyl meth-
ylphosphonate (DMMP) was chosen as a simu-
lant for having P=0, P-CH, and P-OCH, functional
groups which are also found in both Sarin (GB)
and Soman (GD) [2]. Today DMMP is one of the
most utilized simulant for the nerve agent chemi-
cal weapons type. Particularly, diethyl meth-
ylphosphonate (DEMP) and diisopropyl meth-
ylphosphonate (DIMP) are simulants for GB [3].
Sulfur dioxide and methyl acetoacetate were
reported as Sarin simulants; bis(2-ethylhexyl)
hydrogen phosphate and diethyl phtalate with
a fluorescent dye tracer was used as VX simulant
presumably because they behave like VX [4]. The
estimation of persistence and resistance to per-
meation of CW simulants of sulfur mustard and
Sarin through different polymeric barriers was
thoroughly studied [5, 6].

Chemical warfare agents often need to be de-
contaminated not only in battlefields but also
in production and storage sites. Furthermore,
equipment surfaces and personnel may also
need to be decontaminated. Hence, interactions
between the surface and the agent are a major
concern, together with the contamination den-
sity, decontamination time and destructivity [7].
Nerve agents can penetrate to a certain extent
latex rubbers; therefore, isolation suits and butyl
rubber gloves are required [8, 9].

Permeation is a complex process that involves
both kinetic and thermodynamic processes. The
competitive kinetic processes are droplet evapo-
ration versus diffusion into the protective mate-
rial. The thermodynamic property is the equilib-
rium solubility of the test liquid in the barrier ma-
terial [10]. Studying permeation through barrier
polymers is necessary for designing low sorption
and chemical agent-resistant polymers. Active
oxides such as zinc and titanate were tested for
its destructive activity against nerve and mustard
agents simulants and analyzed if any penetration
may proceed [3].

The standard method for testing the modification
of rubbers exposed to oils, greases, fuels, and

other fluids is the ASTM D471-12. It includes the
measurement of several parameters such as di-
mensional change when exposed to liquids, mass
of soluble matter extracted by these liquids and
change in mechanical properties. As this test re-
quires a large amount of data we adopted a di-
rect methodology of challenging samples with a
drop of CWA simulant for penetration. This meth-
odology is presented as an alternative for testing
in the bibliography, including the methodology of
total submersion of samples in the challenging
liquid. The variables to test permeability of ma-
terials in a full experimental test would include
chemical nature and physical state of barrier
(elastomer or thermoplastic), chemical-material
interaction type and heterogeneity of material
[5]. Rubbers from different chemical composition
such as butyl, silicone, neoprene and others are
normally used for the manufacture of personal
protection equipment like gas masks. However,
much less is reported for polyurethane rubbers.
In this study, we report the results of challeng-
ing a polyurethane rubber matrix with three CWA
simulants, utilizing attenuated total reflectance
Fourier transformed infrared (ATR-FTIR) spectros-
copy and X-ray energy dispersion analysis (EDAX)
as analytical techniques. These results are rel-
evant to the objective of finding novel polymer
barriers to be utilized as protection layers against
CWA in military and civilian equipment.

2. EXPERIMENTAL

Dimethyl methylphosphonate (97%) was pur-
chased to Sigma Aldrich Co. Argentina. CWA sim-
ulants diethyl methylphosphonate and diisopro-
pyl N,N-dimethyl di-isopropyl phosphoramidate
(DIPDMP) were synthesized in our laboratory and
checked for its identity and purity by *H-NMR
[CDCIB: 6 1.35 (t,6H), 1.46-1.53 (d,3H), 3.81-4.3
(m,4H)] and GC-MS [MS (m/e): 211 (M+), main
secondary ions at 168, 152, 126, 108, 44)], re-
spectively.

Polyurethane (PU) rubber matrices were synthe-
tized in our laboratory by reaction of hydroxy-ter-
minated polybutadiene (M 2600) and glyceryl
monoricinoleate, cured with toluene diisocyana-
te and catalyzed with stannous dibutyl laureate
(0,05% w/w). After 3 hours polyurethanes were
completely cured and ready for the study.
Permeation disk specimens were challenged
with a liquid drop of each of the three chemicals:
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DMMP, DEMP and DIPDMP and allowed to reach
a steady state. We adopted this methodology be-
cause we did not have enough volume of simu-
lants to perform a submersion test. One barrier
material and three CWA simulants were included
in the experimental design. Samples were incu-
bated for 24 h or alternatively 7 days and washed
with water for 30 minutes and ethanol for 5 min-
utes.

ATR (attenuated total reflectance) FT-IR spectros-
copy studies were performed using a Nicolet 520
spectrometer utilizing a KBr window, utilizing
a Spectra Tech ATR attachment with an horizontal
ZnSe crystal. The collected spectra were analyzed
using Omnic 3.0 software.

Scanning electron micrographs (SEM) were per-
formed using a Phillips 515 microscope at an en-
ergy of 18 kV, using the Ka emission line of Cu.
EDAX results were processed using Genesis v.5.21
programme. The results were expressed as a per-
centage of the total elements captured by the mi-
croprobe (1 um width circumference with 1 pum
penetration into the sample).

3. RESULTS AND DISCUSSION

3.1 Characterization and identification of n-di-
alkyl n-akylphosphonates

We first synthesized diethyl methylphosphonate
and diisopropyl dimethyl phosphoramidate. For
obtaining the double or mixed esters such as
DEMP, we made the reaction between alkyl
phosphonyl dichlorides and the correspond-
ing couple of alcohols, using triethylamine as
a quencher of the hydrochloric acid produced.

The chemical structure of DAAP is similar to that
of nerve agents, as can be seen in the Figure 1.

)

Figure 1 General formula of the n-dialkyl
n-alkylphosphonates synthesized

Rysunek 1 Ogdlny wzér zsyntezowanych
n-dialkilo-n-alkilofosfonianéw

For purifying the products, micro vacuum distilla-
tion was done at pressures of 0,2-1 mm Hg.

The general method for preparing mixed esters is
sketched as follows:

Cl
R—P( +RIOH —> R—PC

For characterizing and identifying the com-
pounds, two techniques were utilized: *H-RMN
and gas chromatography coupled to FT-infrared
spectroscopy (GC-FTIR).

(0]
(CH3CH2)3N (CH3CHp)3N Il /m»]
+ RogOH —> R—PC
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Figure 2 Reactions corresponding to the methods utilized
for mixed esters n-dialkyl n-alkylphosphonate synthesis

Rysunek 2 Reakcje odpowiadajgce metodzie syntezy
n-dialkilo-n-alkilofosfonianéw

Capillary-spiked 25 ul drops of the three simu-
lants were placed both on the surface of polyb-
utadiene-based polyurethane alone and the
same polymer loaded with 20% (w/w) titanium
dioxide and left for one week at ambient tem-
perature (20-259C). After 7 days the surface was
washed with distilled water during 30 minutes
and with ethyl alcohol for 5 minutes. When the
surfaces where the drops were placed were ana-
lyzed by ATR-FTIR no residues of the simulants
were detected, as seen in the Figure 3.

DEMP, DMMP and DIPDMP simulants were not
detected on PU neither with nor without TiO.,.
These results suggested that the simulants were
not adsorbed into the PU matrix under the test
conditions, both with and without the addition of
titanium oxide. This later was added to the rub-
ber formulation because metal oxides like tita-
nium oxide are well known for its photocatalytic
activity for the destruction of many toxic chemi-
cals, particularly CWA [11]. At the same time,
scanning electron micrographs were taken on PU
alone and loaded with TiO, and are shown in the
Figure 4.

Micrographs revealed that the PU matrices are
very dense, suggesting that the simulants could
not easily penetrate inside the polymer. The cav-
ity in left SEM was due to the deposition of dust
particle from environmental air.

3.2 Evaluation of penetration by EDAX

To further evaluate the extent of simulants reten-
tion in the polyurethane rubber matrix, an EDAX
study was performed. One drop of each simulant
was placed over the rubber, and left overnight
at ambient temperature (around 20°C). This
incubation period was selected as it was reported
that breakthrough times of less than 24 hours are
experimentally convenient and are less likely to
require addition of more liquid to prevent evap-
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Figure 3 ATR-FTIR spectra of polyurethane rubber spiked with DEMP, DMMP and DIPDMP
Rysunek 3 Widma ATR-FTIR gumy poliuretanowej, na ktérg naniesiono DEMP, DMMP i DIPDMP
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Figure 4 Micrographs of polyurethane rubber. Left: surface. Right: transversal cut
Rysunek 4 Mikrografy gumy poliuretanowej, lewe — powierzchni, prawe — przekroju poprzecznego

oration to dryness [5]. Then the samples were
submerged in water for 30 minutes and later
with ethanol for 5 minutes. EDAX results showed
that 12% of phosphorus was retained in the 500
pum rubber film when this was challenged with
DMMP. When rubber films of three different
widths (20, 220 and 500 um) were inverted and
analyzed for full penetration no phosphorus sig-
nal was detected. Similar results were found with

DEMP and DIPDMP. Results are shown in the fol-
lowing Table 1.

Even when incubation time was extended to 7
days, no traces of phosphorus were found with
any of the three investigated simulants after per-
forming the washing procedure. When protect-
ing against hazardous chemicals, glove material
thickness was reported as an important factor in
determining breakthrough time and permeation
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Table 1 Retention of CWA simulants in a polyurethane
matrix under the experimental conditions
Tabela 1 Zatrzymywanie symulatoréw BST w gumie
poliuretanowej w warunkach doswiadczenia

PU bar- Retenton of CWA simulant (%)
rier material
thickness DMMP DEMP DIPDMP
(um)
20 0.2 0.2 0.1
220 0.5 0.05 0.5
500 12 2.4 0.6

rate. However, a thinner glove was more resist-
ant to challenge than a thicker of other material
[6], thus no generalizations can be made.

4. CONCLUSIONS

CWA simulants tested in this work did not pen-
etrated into polyurethane rubber matrices after
7 days of exposition at room temperature up to
the detection limits of ATR-FTIR and EDAX tech-
niques. However, from the state of the art we are
aware that other more sophisticated techniques
not utilized in this work could detect chemicals
up to a much lower detection limit [12]. For ex-
ample, thermal desorption ion mobility spec-
trometry (TD-IMS) demonstrated much lower
detection limit for simulants, in the order of na-
nograms, offering clearer advantages of speed,
high throughput and versatility over chromato-
graphic methods of analysis for detecting CWA

simulants [13]. Anyway, it is not likely that a sur-
face giving negative results for the presence of
simulants by ATR-FTIR and EDAX could be toxic
to first responders or decontamination person-
nel, respect to the amount of hazardous chemical
that could penetrate. These preliminary results
suggest that this matrix could be useful as a pro-
tection layer for different surfaces in equipment
utilized for defense and protection against CWA.
Moreover, it could be easily applied by brushing
or aspersion onto metal, glass or plastic surfaces,
and normally cheaper than nitrile rubber. Only
one barrier material and three CWA simulants
were included in this experimental design. We
should point out that a full experimental design
might include a number of CWA compounds, sim-
ulants and different barriers. However, the cho-
sen methodology attempts to simulate severe ex-
posure conditions through controlled accelerated
testing, although any direct correlation with ac-
tual performance as a barrier is concluded, since
service conditions vary too widely. In this respect,
the very detailed report of Rivin and coworkers
has concluded that the data found using different
test methods and conditions were not consistent
with each other [5]. Thus, experimental condi-
tions should be specified to the details. Overall,
our results suggested that this polyurethane ma-
trix rubber could be a potential barrier material
for protection against CWA, although more inves-
tigations are needed to establish performance
and to specify service conditions of this barrier.
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