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ABSTRACT: Water- and solvent-soluble polymeric materials
based on polyalkylamines modified with nucleophilic groups
are introduced as catalysts of chemical warfare agent (CWA)
hydrolysis. A comparative study conducted at constant pH and
based on the criteria of the synthetic route simplicity, aqueous
solubility, and rate of hydrolysis of CWA mimic, diisopropyl-
fluorophosphate (DFP), indicated that 4-aminopyridine-
substituted polyallylamine (PAAm-APy) and polyvinylamine
substituted with 4-aminopyridine (PVAm-APy) were advantageous over 4-pyridinealdoxime-modified PVAm and PAAm,
poly(butadiene-co-pyrrolidinopyridine), and PAAm modified with bipyridine and its complex with Cu(II). The synthesis of
PVAm-APy and PAAm-APy involved generation of a betaine derivative of acrylamide and its covalent attachment onto the
polyalkylamine chain followed by basic hydrolysis. Hydrogel particles of PAAm-APy and PVAm-APy cross-linked by
epichlorohydrin exhibited pH-dependent swelling and ionization patterns that affected the rate constants of DFP nucleophilic
hydrolysis. Deprotonation of the aminopyridine and amine groups increased the rates of the nucleophilic hydrolysis. The second-
order rate of nucleophilic hydrolysis was 5.5- to 10-fold higher with the nucleophile-modified gels compared to those obtained by
cross-linking of unmodified PAAm, throughout the pH range. Testing of VX and soman (GD) was conducted in 2.5−3.7 wt %
PVAm-APy suspensions or gels swollen in water or DMSO/water mixtures. The half-lives of GD in aqueous PVAm-APy were 12
and 770 min at pH 8.5 and 5, respectively. Addition of VX into 3.5−3.7 wt % suspensions of PVAm-APy in DMSO-d6 and D2O
at initial VX concentration of 0.2 vol % resulted in 100% VX degradation in less than 20 min. The unmodified PVAm and PAAm
were 2 orders of magnitude less active than PVAm-APy and PAAm-APy, with VX half-lives in the range of 24 h. Furthermore, the
PVAm-APy and PAAm-APy gels facilitated the dehydrochlorination reaction of sulfur mustard (HD) and its analogue 2-
chloroethyl ethylsulfide (CEES). The ability of the reported aminopyridine-modified polyalkylamine materials to degrade the
most persistent of CWAs, coupled with aqueous solubility, and the presence of numerous amino groups that provide convenient
“handles” for covalent attachment on polymeric and inorganic supports yields promise for applications such as protective fabric
and textile treatment and components of decontaminating materials.
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■ INTRODUCTION

Self-detoxifying materials (SDM) capable of degradation of
organophosphorous (OP) and blistering chemical warfare
agents (CWA) and pesticides on contact are being developed
for applications such as protective fabrics, garments, soft
shelters, air filtration and heating, ventilation, and air
conditioning systems. Hydrolytic and nucleophilic polymers
represented by poly(vinyl alcohol−co-vinylamine), poly-
(ethylenimine), and polyacrylamidoxime have been reported
to be suitable components for incorporation into SDM fibers
and fabrics with enhanced moisture and gas transport
characteristics.1−5 Utilization of nucleophilic polymers and

polymer colloids as well as polymer-modified nanoparticles
affords efficient catalytic media, protective barriers and SDM
capable of degrading and detoxifying CWA agents and
pesticides.4,6−13

Nanomaterials such as nanotubular titania, anatase, and
nanocrystalline TiO2 enable exceptionally rapid degradation of
VX in the presence of surface-adsorbed water; hence, these
titania materials are considered to be promising candidates to
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impart reactivity with CWAs within chemically resistant paints
for military vehicles.14,15 However, it is a significant challenge to
retain the reactivity of catalytic nanoparticles enabled by the
nanomaterial’s unique surface chemistry and porosity when
they are imbedded within robust paints or coatings. In
developing hydrogel materials discussed in this paper, we
targeted soft, reactive matter that can be permanently linked to
fabric without significant loss of reactivity; the hydrogel can
imbibe sufficient quantities of water to enable self-decontami-
nating capability. When impregnated into a porous matrix and
cross-linked, the polymer layer can be locked stably into the
matrix.
We have previously reported a facile degradation of CWA by

α-nucleophilic polyacrylamidoxime (PANOx) and poly(N-
hydroxyacrylamide) (PHA) in their amidoximate and oximate
forms, respectively, in the presence of water.12 While nontoxic
and exceptionally active in CWA hydrolysis, these α-
nucleophilic polymers are thermally and chemically unstable;
PANOx is harder to engineer into protective coatings or fabrics
due to its insolubility in water or common organic solvents
caused by the inherently present glutaroimide−dioxime cross-
links. In the present work, we set out to design polymers stable
at ambient and moderately elevated temperatures, capable of
hydrolyzing CWA, soluble in water or organic solvents, and
readily cross-linkable and processable into components of
functional porous matrices, including fabrics. Textile mod-
ification with responsive hydrogels can result in high value
added, functional materials.15−19

Incorporation of responsive hydrogel alters interyarn pores
or fiber−fiber distances in the fabrics, leading to changes in the
textile permeability in response to the changes in the hydrogel
swelling. We were interested in the possibility of altering the
hydrogel’s reactivity, concomitant with the changes in swelling
caused by the changes in pH. We therefore applied a design
where polymer nucleophilicity is enhanced by postsynthetic
modification of a pH-responsive polyalkylamine main chain
with groups that further augment the overall nucleophilicity of
the polymer. Unmodified polyalkylamines are quite nucleo-
philic, as each of their units contains an active lone pair of
electrons on the very electronegative nitrogen atom. These
electrons are attracted to the positive parts of other molecules.
In this work, we modified polyalkylamines with alkylaminopyr-
idine, bipyridine, 4-pyridinealdoxime, and 4-pyrrolidinopyridine
groups. Polyamines modified with aminopyridines appeared to
be readily cross-linkable, yielding pH-responsive gels with
hydrolytic capabilities that were dramatically pH-dependent.
In a comparative study where several series of related

polymers modified by various nucleophilic groups were tested
for the rate of DFP hydrolysis at a fixed pH, the hydrolysis in
the presence of polyalkylamines modified with 4-aminopyridine
groups was as rapid as the one in the presence of more potent
nucleophiles such as polymers containing 4-pyridinealdoxime
and pyrrolidinopyridine side chains. Furthermore, it was found
that 4-aminopyridine-modified polyalkylamines enabled rapid
degradation of nerve agents VX and soman, with the hydrolysis
half-lives on the order of 10−30 min.
Beyond nerve agents, the nucleophile-modified polyalkyl-

amines also caused facile hydrolysis of the blistering agents,
sulfur mustard and its analogue CEES, in the presence of water,
thus demonstrating certain versatility of the polymers of the
present study as self-detoxifying materials.

■ EXPERIMENTAL SECTION
Materials. Polyallylamine (PAAm) was prepared by neutralization

of poly(allylamine hydrochloride) (Mw by GPC, 900 kDa, Sigma-
Aldrich), by 2 M NaOH followed by the polymer dialysis against
deionized water (membrane MWCO, 12−14 kDa) and lyophilization.
Poly(butadiene-co-maleic anhydride) (polyBMA, nominal molecular
weight, 10−15 kDa, butadiene/anhydride mol ratio, 1:1) was obtained
as a 25% solution in acetone from Polysciences, Inc. (Warrington, PA)
and was concentrated and dried under vacuum prior to use. Pyridine-
4-carboxaldoxime was purchased from VWR (97%). 2-Chloroethyl
ethyl sulfide (98%, CEES) and diisopropylfluorophosphate (99%)
DFP) were obtained from Sigma-Aldrich Chemical Co. CWA
isopropyl methylphosphonofluoridate (sarin or GB), pinacolyl
methylphosphonofluoridate (soman or GD), and S,2-diisopropylami-
noethyl methylphosphonothioate (VX) were obtained from the
Chemical Agent Standard Analytical Reference Material program at
the U.S. Army Edgewood Chemical Biological Center. The agent
purities were determined by liquid NMR and confirmed by gas
chromatography with thermal conductivity detection. Purities of GD,
GB, and VX were 97, 97, and 95 wt %, respectively. All handling of the
CWA was conducted in a chemical surety laboratory certified for
supertoxic compounds.

Caution. Median lethal inhalation concentration (LCt50) to 50%
of exposed population for GD and VX is 50 and 10 mg min−1 m−3,
respectively. Ct refers to the concentration of the vapor or aerosol in
the air multiplied by the time the individual is exposed. These
compounds are extremely hazardous and should only be handled by
trained personnel following appropriate safety precautions. All other
chemicals, buffers, and solvents were obtained from Sigma-Aldrich
Chemical Co. and were of the highest purity available.

Syntheses. 4-Aminopyridine-Substituted Polyallylamine (PAAm-
APy) and Polyvinylpyridine (PVAm-APy). Syntheses of PAAm and
PVAm modified with 4-aminopyridine (PAAm-APy) involved
generation of cyanopyridine derivative of acrylamide, 1-(3-amino-3-
oxopropyl)-4-cyanopyridin-1-ium chloride, CAS 105624-84-8 (AmCy-
Py, Figure S1). In brief, a solution of 5.2 g (50 mmol) 4-cyanopyridine
and 3.6 g (50 mmol) acrylamide in 100 mL isopropropanol was mixed
with 15 mL of concentrated hydrochloric acid in 50 mL of
isopropanol, which was added gently under stirring. The reaction
mixture was brought to 50 °C; the resulting slurry was stirred and kept
at 90 °C under reflux for 1.5 h. Then the mixture was allowed to
equilibrate at ambient temperature overnight, the resulting white solids
were separated by suction filtering and extensively washed with chilled
isopropanol and dried under vacuum at 50 °C until constant weight.
Calcd %: C, 51.1; H, 4.76; N, 19.9. Found %: C, 51.5; H, 4.83; N,
20.16. Melting point: 187 °C. 1H NMR (400 MHz, D2O): δ 3.0 (t,
2H, CH2 α to amide), 5.3 (t, 2H, CH2 α to N+), 8.8 (d, 2H,
pyridinium CH), 9.4 (d, 2H, pyridinium CH). For the PAAm
modification (Figure S2), an aqueous solution containing 5.3 g (25
mmol) of AmCyPy and 2.8 g polyallylamine (50 mmol) (100 mL
total) was allowed to react under stirring at 40 °C for 4 h. Then 30 mL
of 50% aqueous NaOH were added into the solution, which was
stirred at 90 °C for another 4 h. The mixture was allowed to
equilibrate at ambient temperature, the polymer was precipitated by
acetone, redissolved in deionized water, and the solution was dialyzed
against excess aqueous sodium methoxide (pH 8.5, membrane
MWCO, 12−14 kDa) and lyophilized. 1H NMR (400 MHz, D2O):
δ 2.61 (m, CH2 α to −N), 2.86, 3.11 (m, CH2 α to −N-CR), 5.95, 6.1
(m, secondary −NH), 6.5 (m, pyridine), 7.9, 8.5 (m, 2H pyridine).
With the use of integrations of signals at 2.61 (methylene of
allylamine) to 8.5 ppm (pyridine), it was estimated that the degree of
polyallylamine’s amine group modification was approximately 50 mol
%. That is, 50% of the polymer −NH2 groups were substituted with 4-
aminopyridine moiety.

Synthesis of Polyvinylamine and PVAm-APy. PVAm (weight-
average MW, 62 kDa) was synthesized by free-radical polymerization
of N-vinylformamide (NVF) followed by basic hydrolysis and
purification of the PNVF as described in detail previously.11 For the
modified PVAm synthesis (PVAm-APy), a procedure identical to the
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one with PAAm was utilized. With the use of integrations of 1H NMR
signals at 3.7 (methylenes of polyvinylamine) to 8.5 ppm (pyridine), it
was estimated that the degree of PVAm modification was
approximately 50 mol %, similar to PAAm-APy. 1H NMR (400
MHz, D2O): δ 1.53 (m, CH, β to − NH), 2.10 (m, CH2 α to −NH),
2.7, 2.9 (m, CH2 α to −N-CR), 3.8 (m, −NH), 5.95, 6.1 (m,
secondary −NH), 6.7 (m, pyridine), 8.5 (m, 2H pyridine). For the
CWA hydrolysis studies, the PVAm-APy and PAAm-APy polymers
were dialyzed against deionized water (MWCO, 12−14 kDa), with pH
adjusted to 9.2 using minute quantities of 1 M NaOH. After dialysis,
the samples were snap-frozen in liquid nitrogen and lyophilized.
Synthesis of PVAm-APy and PAAm-APy Gels Cross-Linked by

Epichlorohydrin.20 Solution of PAAm-APy (2.18 g, 25 mmol), PVAm-
APy (2.05 g, 25 mmol), or PAAm (MW, 1.45 g, 25 mmol) in 75 mL
water (pH adjusted to 10) was chilled to 4 °C in a refrigerator.
Epichlorohydrin (0.2 mL, 2.5 mmol) was dissolved in the polymer
solution and immediately mixed with a solution of sorbitane trioleate
(0.5 mL) in 120 mL toluene under vigorous stirring. The mixture was
kept at 60 °C for 4 h under magnetic stirring (1000 rpm) and the
hydrocarbon phase was decanted. The solids were filtered and
suspended in isopropanol (100 mL) under stirring. The formed cross-

linked beads were filtered off, repeatedly rinsed by water and
lyophilized to dryness. The gel particles were spherical and sized in
the 50−200 μm range (Figure S3). Syntheses of 4-pyridinealdoxime-
modified polyvinylamine (PVAm-Ox), polyallylamine modified with
bipyridine (PAAm-BPy), and its complex with copper (PAAm-BPy-
Cu), and supernucleophilic poly(butadiene-co-pyrrolidinopyridine)
(polyBPP) were conducted following the procedures described
previously.6,21−27 Details of the synthesis and characterization of
these polymers are given in S4 . Chemical structures of the synthesized
polymers are shown in Figure 1 and polymer parameters are collected
in Table 1.

■ METHODS
Evaluation of the DFP hydrolysis by 31P NMR. The kinetics of

DFP degradation hydrolyzed by polymers and gels was assessed by
liquid state 31P NMR spectrometry using a Bruker Avance III HD 400
spectrometer (161.98 MHz). The reaction milieu consisted of 50 mM
of the following buffers: trisodium citrate (pH 4.0−5.5), MES (pH
5.5−6.7), AMPD (pH 7.8−9.7), and CAPS (pH 9.7−11.5). For
medium preparation, the buffer compounds were dissolved in D2O,

Figure 1. Structures of polymers of the present study.

Table 1. Properties of Polymers Studied

polymer species
nominal molecular weight

(g/mol)
average molecular weight of monomeric

unit (g/mol)
aqueous
solubility

degree of modification (mol % relative to
amino groups)b

polyvinylamine
(PVAm)

62000 43 + 0

polyallylamine
(PAAm)

900000 58 + 0

PVAm-APy 62000 82 + 50%
PAAm-APy 900000 87 + 50%
PAAm-BPy 900000 148 + 50%
PAAm-BPy-Cu 900000 197 − 50%a

PVAm-Ox 62000 80 + 10%
PVAm-Ox 62000 103 + 20%
polyBPP 10000−15000 214 − 50%c

aElemental analysis shows ca. 1:1 (mol/mol) Cu2+/bipyridine group. bFrom 1H NMR integrations. cRatio of pyrrolidinopyridine groups per total
content of monomeric units.
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and pH was adjusted by adding minute quantities of 1 M NaOH or
HCl solutions. A polymer solution or suspension of a given
concentration and pH was first prepared and vigorously stirred by a
magnetic bar at 500 rpm, wherein a proper amount of DFP was added
via a syringe, the mixture was sonicated for 5 s and at a specified time
interval since the DFP addition, 0.7 mL of the liquid were withdrawn
and immediately placed in an NMR tube and measurements
commenced. The spectra were recorded at 25 °C by accumulation
of 64 scans. The reaction time was taken to be the midpoint of the
acquisition period. The reaction conversions degree (F) at different
time intervals were calculated from the ratios of the signal integration
of the hydrolysis product (diisopropylphosphate, DIPP) versus the
sum of 31P signal integrations of the product and the reactant (DFP)
in 31P NMR, eq 1,

= Σ Σ + ΣF I I I/( )p r p (1)

where ΣIr and ΣIp are the sums of the integrations of the signals
corresponding to the reactant (DFP) and product (DIPP),
respectively. The reaction was found to follow pseudo-first-order
reaction kinetics, eq 2, and the observed reaction rate constant kobs was
obtained from the initial slope of linear plots ln(1 − F) versus t. The
reaction half-life (t1/2) and the second-order reaction rate (k″) were
derived as in eqs 3 and 4, where C0 and Ccat represent the initial DFP
concentration and the catalyst concentration, respectively.

− = −F k tln(1 ) obs (2)

=t kln(2)/1/2 obs (3)

″ =k k C/obs cat (4)

Evaluation of VX and GD degradation in polymer solutions was
conducted using high resolution 31P NMR. A weighed sample
(between 10 and 30 mg) was placed in a 5 mm glass liquid NMR
tube. Solvent was used (a mixture of 400 μL DMSO-d6 and 60 μL
D2O) to help swell the polymer into a gel (although the DMSO did
not appear to produce as much swelling as water at pH 6) and to
maintain a single liquid phase with the CWA. Neat CWA was added to
the NMR tube and mixed to start the kinetic runs, using 1 μL of GD
or 4 μL VX, depending on the experiment. Reaction of the CWA was
monitored by a JEOL ECS-400 NMR, using a 5 mm broadband liquids
gradient probe at ambient (20−22 °C) temperature. The following
parameters were used: detection frequency, 161.83 MHz; offset, 10
ppm; sweep width, 400 ppm; number of scans, 32 or higher; relaxation
delay, 3 s; excite angle, 30°; excite pulse length, 7.4 μs; total acquisition
time, 4 min for early kinetic points <20 min after mixing, and up to 32
min for later points; autoreceiver gain, on; 65536 data points; proton
decoupling with the WALTZ sequence, and no NOE irradiation. Some
experiments with GD were conducted in 100% aqueous solution with
PVAm-APy with 4 μL of GD and with the solution pH adjusted by
adding glacial acetic acid to produce a pH 5 or 8 solution.
Study of the CEES Degradation by 1H NMR. Degradation

reactions of 2-chloroethyl ethylsulfide (CEES), a simulant of sulfur
mustard, in the presence of nucleophilic polymers were studied in a
heterogeneous, three-phase system. The nucleophilic PVAm-APy and
PAAm-APy gels cross-linked by epichlorohydrin were allowed to swell
in aqueous buffer and CEES dissolved in deuterated chloroform
(CDCl3). Experimental procedures involved were similar to those
developed for heterogeneous reactions we reported previously.12 In
brief, a weighed amount (10−100 mg) of gel particles were
equilibrated with aqueous 2-amino-2-methylpropane-1,3-diol
(AMPD) buffer (0.2 M, pH 9.1) for 3 days. An aqueous suspension
of the swollen gels (1 mL) was blended with 2 mL of freshly prepared
CEES solution with a known initial CEES concentration in CDCl3.
Biphenyl (0.2 M) in CDCl3 was utilized as an internal reference
enabling concentration measurement (Figure S5). The suspension was
sonicated for a specified time t using an Aquasonic model 75T
ultrasonic cleaner (power, ∼ 380 W, VWR Scientific) to enable a
proper contact between CEES and gel particles in aqueous phase.
Sonication was intermittent, to avoid heating the reaction mixture. At

specified time t2, the aqueous gel phase and CDCl3 phase were
separated with a 15 s centrifugation (15000 rpm) and 0.7 mL of the
chloroform phase was subjected to 1H NMR spectrometry using a
Bruker Avance 400 spectrometer operating at 400 MHz. Determi-
nation of products was accomplished using NMR and ESI-MS
spectroscopy.

Studies of Sulfur Mustard Degradation. These were conducted
using high-resolution proton and 13C NMR. A weighed sample of
PVAm-APy of 12−17 mg was placed in a 5 mm glass liquids NMR
tube. Solvent was used (a mixture of 400 μL DMSO-d6 and 60 μL
D2O) to help swell the polymer into a gel and to maintain a single
liquid phase with HD. Neat, nonisotopically labeled HD [bis(2-
chloroethyl)sulfide] was added (2 μL) to the NMR tube and mixed to
start the kinetic runs. Reaction of the CWA was monitored by a JEOL
ECS-400 NMR, using a 5 mm broadband liquids gradient probe at
ambient (20−22 °C) temperature. Kinetics were measured using
proton NMR. The following parameters were used: single pulse
experiment; detection frequency, 399.78 MHz; offset, 5 ppm; sweep
width, 15 ppm; number of scans, 16−32; relaxation delay, 4 s; excite
angle, 90°; excite pulse length, 12 μs; total acquisition time, 20−30
min; autoreceiver gain, on; 65536 data points, and no decoupling or
NOE irradiation.

13C NMR was used to confirm the spectral assignments, using a
detection frequency of 100.52 MHz; offset, 100 ppm; sweep width,
300 ppm; number of scans, 2048; relaxation delay, 10 s; excite angle,
60°; excite pulse length, 11 μs; total acquisition time, 390 min; auto
receiver gain, on; 32768 data points; proton decoupling with WALTZ
sequence; and no NOE irradiation. The divinyl sulfide product had
peaks with a chemical shift of 115 and 130 ppm, referenced to the D2O
solvent lock.

Measurement of Gel Swelling. To measure the equilibrium
water content (S) at room temperature, dry networks of known
weights (Wd) were placed into excess aqueous buffer (10 mM) at a
certain pH, where they were kept at 25 °C in sealed vials for 5−10
days. The swelling kinetics were monitored by weighing the gel
samples and, upon reaching constant weights, swollen gels were gently
wiped up and weighed to giveWs. The equilibrium swelling degree was
expressed by S (%) = 100(Ws/Wd − 1), where Ws and Wd represent
the weight of swollen and dry samples, respectively, and was obtained
for each gel and pH combination in triplicate.

Microgel Titration and ζ-Potential Measurements. To obtain
the apparent pKa and ionization degree (α) of the gel particles, bulk
titration was performed at 25 ± 1 °C using a 736 GP Titrino
potentiometric titration system (Metrohm Ltd.). Titration of micro-
gels in their acidic form was carried out in a degassed 10 mM NaCl
solution with 0.01−0.1 M NaOH as a titrant, at 0.2−0.5 wt % polymer
concentrations. The titration was carried out slowly for 8 h to allow for
proper equilibration. The resulting titration curves yielded inflection
points, which enabled calculation of the apparent pKa of the titratable
groups: pKa = pH + log[(1 − α)/α], where α is the degree of
dissociation (the ratio of the free amino/pyridine groups to the total
monomeric units concentration; the free titratable group concen-
tration was found from the volume of NaOH added at each pH.28 The
potential at the surface of shear (ζ-potential) of the 0.02 wt % gel
suspensions in 10 mM NaCl, with pH adjusted to a desired value by
adding 5 M NaOH or HCl, was measured using a NanoBrook
ZetaPALS zeta potential analyzer (Brookhaven Instruments Co.) with
built-in software employing the Smoluchowski ζ-potential model. At
the chosen salt concentration, the Debye length [κ−1 = 0.304/
([NaCl])1/2] was of the order of 3 nm, while the swollen microgel
particles were of 150−250 μm in radius (r). Therefore, we were well
within the Helmholtz−Smoluchowski limit (rκ → ∝), where the
simple expression of Smoluchowski is valid, and the ζ-potential is
roughly equal to the diffuse layer potential.28

■ RESULTS AND DISCUSSION

Hydrolytic Activity of Nucleophilic Polymers. The
electron-deficient phosphorus center of the OP compounds
represents a convenient target for hydrolytic attack by
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nucleophiles; multiple structure−reactivity studies show
correlations for reaction rates of OPs with different classes of
nucleophiles.27,29−34 Hydrolytic reactivities are sensitive to the
substrate structure, nucleophile type and basicity, nature of the
leaving group, solvent type, and solvation factors.35,36

The rate of a bimolecular nucleophilic substitution reaction,
the SN2 mechanism, depends on the ease of the leaving group
displacement as well as the nucleophilicity of the attacking
group. The easier it is for the leaving group to come off the OP
ester, the faster will be its hydrolysis. Diisopropylfluorophos-
phate (DFP), sarin (O-isopropyl methylphosphonofluoridate),
and soman (O-pinacolyl methylphosphonofluoridate, GD) that
possess very similar leaving groups will have similar hydrolytic
reactivities, making DFP a close mimic of these and other V-
type chemical warfare agents. Similarly, the greater the
nucleophilicity of the attacking group, the faster will the
product be formed. The relative availability of the electrons in
attacking the positive centers of the OP substrate determines
the nucleophile’s relative propensity for hydrolytic reactions. It
must be noted that a charged nucleophile is less potent than its
protonated amine.37 Because protonation decreases the
nucleophilicy of a species, the pH of the medium affects the
rate of hydrolytic reactions. The relationship between
protonation and the pH depends on the pKa of the nucleophile.
Thus, at a fixed pH, the most reactive group is usually the one
with the lowest pKa. These reasons led us to base our
comparative study on DFP as a simulant of organophosphate
CWA and the reactions with various designed nucleophiles
were conducted at the same, moderately basic pH of 8.7 that is
slightly below the pKa of the majority of the nucleophilic
groups of the polymers under study (except the oximate and
2,2′-bipyridine groups) and where the rate constant of the
spontaneous hydrolysis by hydroxyls (k0) is elevated but still
significantly smaller than the rate of the nucleophilic aminolysis
by the catalytic groups (k″N). The observed DFP hydrolysis
rate constant that is measured in our experiments, kobs = k0 +
k″NCcat, is the sum of the spontaneous and nucleophilic rate
constants; Ccat is the total effective concentration of the
catalytic groups in aqueous solutions or suspensions, which was
set at 10 mM in the comparative study.
The results of the DFP hydrolysis kinetics tests in an aqueous

buffer with concentrations determined by 31P NMR at pH 8.7
are shown in Figure 2 and comparative results are collected in
Table 2. As shown in Figure 2, the hydrolysis kinetics are
described well by the pseudo-first order model, with excellent
linear fits in the coordinates of eq 2 (R2 > 0.97 in all cases). The
reaction was also first order with respect to the initial

nucleophilic polymer concentration (Ccat) (Figure S6). In all
experiments, the only phosphorus-containing product of the
DFP hydrolysis was diisopropylphosphate (Figure S7).
Figure 2 and Table 2 show that modification of polyamines

(PAAm, PVAm) with nucleophilic 4-aminopyridine (APy),
bipyridine (BPy), and pyridine-4-carboxaldoxime (Ox) groups
augmented the rates of the DFP hydrolysis in all cases,
compared to the hydrolysis in the presence of unmodified
PVAm and PAAm. Of all nucleophilic groups studied,
pyrrolidinopyridine has frequently been described as the most
efficient nucleophilic catalyst in acylation reactions of hindered
alcohols,38 hydrolysis of p-nitrophenylacetate6 and analogous
reactions. 4-Pyrrolidinopyridine (pKa = 18.3) is a stronger N-
heteroaromatic electron donor than pyridine (pKa = 12.5),39

2,2′-bipyridine (pKa 4.3),40 or 4-aminopyridine (pKa 9.2−
9.441). pKa of pralidoxime is 7.8−8.1.42−44
It is somewhat counterintuitive to observe that the hydrolysis

rates with PVAm-APy were equal to those with the significantly
more powerful nucleophile, Ox, and were higher than with
other polymers of the study, including polyBPP (Table 2). This
result can be explained by factors other than the modifying
group’s nucleophilicity, such as the higher content of the APy
than Ox in the polyvinylamine species, and also by the mass
transfer limitations in the case of polyBPP and PAAm-BPy-Cu,
which possess limited solubility in water and thus, were
suspended rather than dissolved in the aqueous buffer. The
accessibility of the nucleophilic catalytic groups by DFP in the
polymer particles must be limited compared to that in the
molecular solutions. Likewise, the faster hydrolysis with
polyvinylamine-based solutions over polylallylamine-based
ones can be related to the mass transfer limitations in the
case of polyallylamine, solutions of which are considerably
more viscous than PVAm solutions, given over an order of
magnitude higher molecular weight of the tested parent PAAm
(0.9 MDa) versus PVAm (60 kDa) and their respective
nucleophile-modified species.

pH-Responsive Behavior of Nucleophilic Polyamine
Gels. The above screening of the polymers for DFP
degradation shows that polyamines modified with amino-
pyridine are promising as self-detoxifying materials due to their
superior activity, aqueous solubility, and ease of synthesis. The
polyamines can be readily cross-linked resulting in gels, which

Figure 2. Representative kinetics of DFP hydrolysis catalyzed by
polymer solutions in aqueous buffer. Initial conditions: DFP
concentration, 5 mM; polymer concentration, 10 mM (per monomeric
unit); buffer: AMPD, 50 mM in D2O, pD 8.7.

Table 2. Half-Life (t1/2) and Second-Order Rate Constant of
Diisopropylfluorophosphate (DFP) Nucleophilic Hydrolysis
(k″N) in 50 mM Aqueous 2-Amino-2-methyl-1,3-
propanediol (AMPD) Buffer at pH 8.7 and 25 °C

polymer species
t1/2

(min)
k″N = (kobs − kcontrol)/Ccat

(M−1 min−1)a

control (buffer only) 640 n/a
polyvinylamine (PVAm) 108 0.53
polyallylamine (PAAm) 96 0.61
PVAm-APy 10 7.2
PAAm-APy 18 3.7
PAAm-BPy 33 2.0
PAAm-BPy-Cu 16 4.1
PVAm-Oxb 37 1.7
PVAm-Oxc 10 7.2
polyBPP 12 5.5
aInitial polymer (Ccat) and DFP concentrations are 10 mM (on a
monomer basis) and 5 mM, respectively. bSubstitution, 10%.
cSubstitution, 20%.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06905
ACS Appl. Mater. Interfaces 2015, 7, 22001−22011

22005

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06905/suppl_file/am5b06905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06905/suppl_file/am5b06905_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06905


enables a number of engineering routes toward incorporation
of the nucleophilic polymers into porous matrices such as
fabrics and membranes. The results of potentiometric titration
(Figure 3) and ζ-potential measurements (Figure 4) demon-

strate pH-dependent ionization patterns of the amine and
aminopyridine groups in the PAAm-APy and PVAm-APy
hydrogels. As expected, the ζ-potential and ionization degree
increased with decreasing pH, indicating the presence of
protonated amine and aminopyridine groups.
It is interesting to observe that the PVAm-APy gels possessed

significantly sharper pH-dependency of the degree of ionization
than did their PAAm-APy counterparts, spanning the whole
range of α within 3.2 pH units versus 8.5 units in the case of
PAAm-APy. These differences, also observed previously with
unmodified PVAm and PAAm, can be related to the differences
in the probability of the protonation of an amine unit that is
strongly influenced by the methylene spacer between amino
groups and the polymer backbone, present in PAAm and absent
in PVAm.45

The PVAm-APy gel particles became uncharged at α ≈ 0.15
(pH ∼ 10), whereas in the case of the PAAm-APy gels, the
isoelectric point (ζ = 0 mV) was observed at α ≈ 0.5 (pH 8−
9). In comparison, pKa values of unmodified PVAm and PAAm
hydrochlorides were reported to be ∼10 and 9.7, respectively,

with about 50% of the amino groups protonated at pH 7 and
8.7, respectively.45−48 These values correspond very well to our
results with modified polymers (Figure 4). Such a similarity
between the pKa values of the parent and modified PAAm and
PVAm probably stems from the fact that the pKa of 9.2 of the 4-
aminopyridine group used for modification is quite close to the
pKa of the parent polyamines and thus approximately 50%
modification of the primary amino groups in the polyamines
with 4-aminopyridine group did not significantly alter the
ionization behavior of the resulting polymers.
Figure 5 depicts the pH-dependent swelling of the

aminopyridine-modified polyamine gels.

Deprotonation of the charged groups led to a marked (5-
fold) reduction of the gel swelling at basic pH. At the same
time, the rates of nucleophilic hydrolysis increased. The
second-order rate constant (kN″) of the hydrolysis caused by
the nucleophilic groups of the gel can be expressed as

″ = −k k k C( )/N obs 0 cat

where kobs and k0 are the rate constants for the observed
pseudo-first order reaction in the presence of the catalyst (gel)
and the spontaneous hydrolysis at the same pH without the gel,
respectively, and Ccat is the effective concentration of catalytic
groups.
Monotonic dependences of kN″ on pH were observed in the

pH 7 to 11 range (Figure 6), indicating a good correlation

between the concentration of deprotonated amino and
aminopyridine groups and the rate of nucleophilic hydrolysis.
Accuracy of the kN″ value determination was estimated in a
separate series of measurements to be approximately ±15%.
The kN″ values were observed to be higher by 5.5- to 10-fold
with the nucleophile-modified gels compared to those obtained
by the cross-linking of unmodified PAAm, throughout the pH

Figure 3. Potentiometric titration of PAAm-APy and PVAm-APy gels
in aqueous 10 mM NaCl at 25 °C. pKa and α are the apparent
dissociation constant and degree of ionization, respectively.

Figure 4. pH-Dependencies of ζ-potential (ζ) and degree of ionization
(α) of cross-linked PAAm-APy and PVAm-APy gels in 10 mM NaCl at
25 °C.

Figure 5. Effect of pH on equilibrium swelling degree (S) of cross-
linked PAAm-APy and PVAm-APy gels in 10 mM NaCl at 25 °C.

Figure 6. Effect of pH on the second-order rate constant of
nucleophilic hydrolysis of DFP measured at 25 °C in 50 mM aqueous
buffers at Ccat 10 mM and initial DFP concentration of 5 mM.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06905
ACS Appl. Mater. Interfaces 2015, 7, 22001−22011

22006

http://dx.doi.org/10.1021/acsami.5b06905


range. The slopes of the linear fits in the Brønsted-type plots
(Figure 6) were in the 0.25−0.28 range (R2 > 0.96 in all cases),
which is consistent with a concerted aminolysis reaction at the
phosphorus center (i.e., for water attack catalyzed by amine
and/or pyridine groups), with the formation of DFP-polymer
coordinate intermediates.27,48−50

Hydrolysis of Soman and VX. While we could conduct a
detailed study of the nerve agent simulant, DFP, under effective
mass transfer control conditions (see Figure 2), the hydrolysis
kinetics of CWA such as soman (GD) and VX needed to be
studied in a closed system without stirring, except for the 15 rps
spinning of the NMR tube, due to the limitations posed by
safety concerns. The kinetics were studied in a mixture of polar
deuterated solvents, DMSO-d6 and D2O (87/13 vol/vol %).
The presence of DMSO was necessary to dissolve VX, which is
less water-soluble at high pH. The kinetic measurements
commenced upon addition of small quantities of CWA directly
to the polymers. The progress of soman and VX degradation
was followed by 31P NMR. (S-8, S-9) The relative intensity of
the two GD doublets rapidly decreased over time, while the
single signal centered at 21.4 ppm belonging to pinacolyl
methylphosphonic acid (PMPA) increased. It has been shown
that the four stereoisomers of soman hydrolyze equally
quickly.51 PVAm-APy degraded 75% of GD after 2 min and
greater than 90% in 24 h.
Because of the sufficient aqueous solubility of GD,51,52 we

were able to study the kinetics of its degradation in aqueous
polymer solutions under both basic and acidic pH conditions.
The PVAm-APy and PAAm-APy polymers that had been
lyophilized against water at pH 9.2 were dissolved in D2O with
the pH adjusted by adding successive aliquots (5 μL) of glacial
acetic acid to the polymer solution. 31P NMR spectrum
integrations of the products and unreacted GD yielded the
conversion degree (F) (Figure 7).

The best-fit half-lives of GD in aqueous PVAm-APy solutions
were 12 and 770 min at pH 8.5 and 5, respectively.
Corresponding second-order hydrolysis rate constants (k″ =
kobs/Ccat) were 0.15 and 1.3 × 10−3 M−1 min−1 at pH 8.5 and 5,
respectively. These results agree well with our observations of
the nucleophilic hydrolysis of the CWA simulant, DFP (t1/2 10
min in Table 2), which demonstrated an analogous increase in
kN″ upon pH change from 5 to 8.5 (see Figure 6). Soman is
most stable in its aqueous solutions in the pH range of 4−6.53
The hydrolysis of O-alkyl alkylphosphonofluoridates like DFP
or soman was reported to proceed via the displacement
mechanism through a formation of coordinated transition-state

complexes with the attacking nucleophile and the leaving group
being hydroxide and fluoride, respectively.53 It can be
hypothesized that the protonated primary amino groups and
the nonprotonated 4-aminopyridine groups (minority at acidic
pH) in PVAm-APy form multipodal transition state host−guest
complexes with soman via hydrogen-bonding interactions that
may both bind the target GD molecule and activate it toward
hydrolysis.54,55

The decrease in the 31P resonance intensity at 54 ppm and
appearance of the resonance at 19 ppm showed hydrolysis of
VX via formation of polymer-bound ethylmethylphosphonic
acid (EMPA) by the cleavage of the electrophilic P−S bond
(Figure S9). Addition of VX to a 3.5−3.7 wt % solution of
PVAm-APy in DMSO-d6 and D2O (87/13 vol/vol %) at initial
VX concentration of 0.2 vol % resulted in 100% VX
degradation in less than 20 min (S-9). The unmodified parent
PVAm and PAAm were 2 orders of magnitude less effective
than their aminopyridine-modified derivatives, with VX half-
lives within the range of 24 h. The catalytic cycle of VX
hydrolysis in the presence of aminopyridine-modified polymer
and water resulting in formation of EMPA and 2-
(diisopropylamino)ethane-1-thiol as transient hydrolytic prod-
ucts is shown in Figure 8. The hypothetic mechanism depicted

is analogous to the published intramolecular amino-group
catalyzed hydrolysis and accounts for the formation of ionic
species.56,57 When the amount of water present and/or
accessibility of the nucleophilic sites of the polymer are
insufficient, the hydrolysis rate will diminish at appreciable
degrees of CWA conversion due to the prevalence of the
polymer-bound products, which decrease the effective concen-
tration of the catalytic nucleophilic groups. The effect of water
content above 10% on the VX hydrolysis in homogeneous
solutions has been demonstrated previously.56 VX reacts with
an equimolar amount of water via exclusive P−S cleavage to
produce the corresponding phosphonic acid (MeP(O)
(OR)OH) and 2-aminoethanethiol (HSCH2CH2NR2). In
dilute aqueous solutions at neutral to weakly basic pH up to
9, VX hydrolyzes completely within 1 week with an initial
observed pseudofirst-order rate constant of 1.9 × 10−4 min−1 at
23 °C,56 which is 350 times slower than in our experiments in
the presence of excess amino- and aminopyridine groups.
To the best of our knowledge, the only previously reported

heterogeneous materials capable of hydrolyzing VX with half-
lives in the 10−30 min range at ambient temperatures is

Figure 7. Representative kinetics of soman hydrolysis catalyzed by
solutions of PVAm-APy in D2O and PAAm−APy in DMSO-d6/D2O
(87/13 vol/vol %). Initial loadings: PVAm-APy, 20 mg at pH 8.5 and
35 mg at pH 5; D2O, 600 μL; PAAM-APy, 11 mg, GD, 4 μL; DMSO-
d6, 400 μL; D2O, 60 μL.

Figure 8. Schematic of the VX hydrolytic cycle catalyzed by an
aminopyridine−modified polymer. The cycle involves complexation or
VX with the nucleophilic groups of the polymer, enhancement of the
electrophilic character of the P atom due to coordination, nucleophilic
attack of water, and formation of the corresponding less toxic
organophosphate derivative.
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nanotubular titania containing 20 wt % water14 and α-
nucleophilic polyacrylamidoximate (PANOx) containing up
to 65% water.12 Similar reactivity, aqueous solubility, and
numerous amino groups present on aminopyridine-modified
polyalkylamines that provide convenient “handles” for covalent
attachment of these polymers on polymeric and inorganic
supports certainly indicate that these polymers can be added to
the arsenal of decontaminating materials.
Hydrolysis of CEES and Sulfur Mustard. Facile

degradation of neurotoxic organophosphate CWA by the
nucleophilic polymers described above prompts a question of
whether the hydrolytic properties of our polymers would
extend to degradation of blistering and tissue-injuring agents,
bis(2-chloroethyl)sulfide (HD) and analogues (CEES), which
are chemically unrelated to the OP esters, yet are quite reactive
compounds. Reactivity of the sulfur mustards toward low-
molecular weight amines in the presence of water is well-
established.58 Herein, we investigated the effect of 4-amino-
pyridine modified polyalkylamines on CEES in a heterogeneous
water/organic solvent/solid system. The heterogeneous system
included water-swollen, insoluble PVAm-APy or PAAm-APy
gel particles that were brought in contact with a solution of
CEES in chloroform. The CDCl3 phase was analyzed by 1H
NMR and ESI-MS methods. In the absence of traces of water,
CEES has been reported to be chemically stable in chloro-
form.58 However, water-insoluble CEES undergoes hydrolysis
on contact with water through a rapid formation of a transient
cyclic sulfonium cation, which subsequently reacts with water,
forming 2-ethylthioethanol, or with another CEES molecule,
forming dimers at elevated initial CEES concentrations.59,60

The sulfonium cation may also react with the amino groups of
the gel, forming nucleophilic substitution products (Figure 9).

The alkylation of the amine functionalities by CEES is
known,58,61 but detailed analysis of the products, if any, of
the CEES reactions with our gels in the water phase was
beyond the scope of the present study. No such products were
found in the organic phase.
Notably, the formation of charged, water-soluble sulfonium

cations will lead to the depletion of CEES in the chloroform

phase, and thus, to the decrease of the relative intensity of the
CEES proton resonances, measured by 1H NMR in CDCl3. A
proper phase mixing by sonication led to a facile phase transfer
of the reactants in our experiments, and therefore, the kinetics
of the CEES disappearance was rapid (Figure 10). The CEES

disappearance in the organic phase followed the pseudo-first-
order reaction mechanism, with the plots of ln(1 − F) versus
time being linear (R2 > 0.98 in all cases). The observed reaction
half-times were measured to be 39, 10, and 9 min for the
control (no gel, buffer only), PVAm-APy and PAAm-APy gels,
respectively, being present in the aqueous phase. The role of
the nucleophilic gels present in the aqueous phase is evident
from the 4-fold enhancement of the CEES disappearance rate.
The observed half-lives with the gels are 1.4-fold shorter than
those previously reported for CEES (initial concentration, 17
mM) in 50 vol % aqueous acetone in the presence of a powerful
nucleophile, sodium thiosulfate, at the 0.2 M level.59

Furthermore, the gels appeared to facilitate the dehydro-
chlorination reaction, which resulted in the appearance of
ethylvinylsulfide (EVS) in the organic phase (Figure 9). EVS is
soluble in both chloroform and water, so that only a fraction of
the formed EVS could be detected in our measurements in
CDCl3. Nevertheless, at the initial PVAm-APy and PAAm-APy
gel concentrations in the aqueous phase of 10 wt %,
approximately 15 and 17 mol %, respectively, EVS concen-
tration was measured in the organic phase relative to the initial
CEES concentration, after a 1 h reaction. In the control
experiment where 0.2 M AMPD buffer (pH 9.2) was used
without the gels, EVS was barely found in the organic phase
after 3 days (approximately 1−2 mol % relative to the initial
CEES concentration). This result demonstrates the effect of the
modified polyalkylamine gels on the hydrolytic CEES reactions.
The gels significantly accelerated the CEES degradation.
The reactions of CWA sulfur mustard (HD) with solutions

of un-cross-linked PVAm-APy and PAAm-APy were studied
without sample stirring (except for spinning the NMR tube at
15 rps), to avoid exposure to the CWA. Polymer sample (12−
17 mg) was dissolved or swelled in 400 μL DMSO-d6 and 60
μL D2O and subjected to 1H NMR measurements as described
in Experimental. Divinylsulfide (DVS) was the major reaction
product that was detected soon (10−15 min) after the reaction
commencement by its characteristic 1-ethylene 1H signals in
the 5.25 ppm area (Figure S5). HD sulfone (1-chloro-2-

Figure 9. Schematic of the CEES hydrolysis and dehydrochlorination
reactions in the triphasic water-swollen gel/water/chloroform system.
The 4-aminopyridine moiety of the gel is shown to bind HCl in the
dehydrochlorination and nucleophilic substitution reactions. The
PVAm-APy and PAAm-APy gels possess multiple primary and
secondary amino moieties capable of reacting with CEES. Reactions
of the CEES dimerization are not shown; the dimers (m/z calculated,
195 or 213) were not found in the chloroform phase by ESI-MS.

Figure 10. Kinetics of CEES disappearance from the organic phase on
contact with water- swollen polyalkylamine modified with 4-amino-
pyridine gels PAAm-APy and PVAm-APy. Aqueous polymer
concentration, 10 wt %. In the control experiment, the aqueous
phase consisted of 0.2 M AMPD buffer (pH 9.2) without the gels.
ΔCCEES designates the change in the CEES concentration in CDCl3
compared to the initial concentration C0 set at 17.2 mM in all
experiments.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06905
ACS Appl. Mater. Interfaces 2015, 7, 22001−22011

22008

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06905/suppl_file/am5b06905_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06905


(ethylsulfinyl)ethane) or bis(2-choroethyl)sulfoxide was a
minor product detectable after approximately 2 days of
reaction, which probably resulted from the oxidation of HD
by DMSO.62 There was also an unidentified product in the
proton spectrum, the small set of 8 peaks that are shifted from
the divinylsulfide peaks. The degree of the HD conversion
(FHD) was calculated from the integrations ratio of the proton
signals belonging to the products (both DVS and HD sulfone,
area of 5.2 ppm) and methylene groups (α to C−S, area of 2.7
ppm)63 of the residual HD, respectively. Figure 11 shows a

typical HD hydrolysis kinetics in the presence of PVAm-APy
polymer. The kinetics can be arbitrarily approximated by two
straight lines yielding apparent kobs of 0.3 × 10−3 and 1.9 × 10−3

min−1, which correspond to half-lives of 36 and 6 h,
respectively. These estimates of the half-life of HD in contact
with the PVAm-APy polymer in DMSO that contained 13 vol
% D2O are ∼2 orders of magnitude longer than in dilute HD
solutions in D2O (7 min64) but still by an order of magnitude
shorter than in heterogeneous systems such as moist
concrete.65,66 Hydrolysis of HD in water is dependent on
concentration and cosolvent, since HD is only slightly soluble
in water at room temperature, so it typically forms insoluble
droplets that are slow to react. To be practically effective, the
polymer must not only react with HD but also aid in spreading
out the HD over the surface. Further work is needed to
determine the performance of the polymers to disperse HD
over a range of pH values.
The biphasic shape of the kinetic curve is due to the initial

rapid dehydrochlorination of HD, which produces HCl that
binds to the primary amino and pyridine groups of the polymer,
resulting in the salt formation. In the absence of stirring and
sufficiently rapid dissociation of the salt, the number of the
nucleophilic groups of the polymer available for catalysis of the
hydrolysis is reduced, and thus, the kinetics becomes slower.
This is a rather typical result where the catalytic sites are
poisoned by the reaction product. In the case where sufficient
amount of water is present and the mass transfer is rapid, the
hydrolysis reactions do not change the rate until very high
conversion degrees are achieved (compare with Figure 10).
In summary, our results with HD and CEES demonstrate

that nucleophilic polyalkylamines are capable of facilitating the
hydrolysis of these agents in a fashion similar to the previously
reported low-molecular weight nucleophiles.59 The rate of
hydrolysis is strongly affected by the ability of the amino and

aminopyridine groups to bind and dissociate from the
hydrolysis products, thereby participating in the catalytic
turnover.

■ CONCLUDING REMARKS

The ultimate goal in designing a reactive protective material is
to destroy CWA, for example VX, the most toxic and persistent
of the V-type CWAs, as rapidly and completely as possible.14

The material could also provide protection against toxic
industrial chemicals and other hazards. In that regard, it is of
interest to compare the remarkable activity of the nucleophilic
polyalkylamines described herein with reactive sorbents and
decontaminants. Typically, complete destruction is desired
within the time frame of 15 to 30 min, which has been achieved
with liquid decontaminant, DS2, based on 70 wt %
diethylenetriamine, 28 wt % ethylene glycol monomethyl
ether, and 2 wt % sodium hydroxide.52 The DS2 decontaminant
is irritating to skin, potentially teratogenic, and unstable in the
presence of moisture and air. Utilization of such a liquid as a
component of gel-type materials intended for use in wearable
garments or reactive sorbents can be ruled out. The more
advanced and benign decontaminants, DF-200 and Decon
Green and their variations capable of destroying a variety of
chemical and biological agents within 10−30 min, include
hydrogen peroxide or other peroxides and their activators as
active components as well as a variety of surfactants, organic
solvents, polymeric colloidal stabilizers, and other ingredients
to afford a short-term colloidal stability as a foam or paste to
the active decontaminant.67,68 Decontaminants delivered as
powdered solids typically need to be reconstituted with water
prior to the use. In the present work, we introduced a novel
route toward decontaminant development through utilization
of nucleophilic and hydrophilic polymers that can be
incorporated into porous matrices and fabrics and imbibe
sufficient amounts of water enabling rapid and efficient
hydrolysis of CWA. We demonstrated that aminopyridine-
modified polyalkylamines are capable of rapidly hydrolyzing
most persistent CWA, including VX and HD. In a parallel work,
the same polymers modified with bromine were shown to kill
anthrax spores. A certain versatility displayed by these polymers
as decontaminants is encouraging. Our next steps will be to
advance effective approaches for grafting of the polymers
introduced in this work to engineered surfaces.
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Figure 11. Kinetics of bis(2-chloroethyl)sulfide (HD) hydrolysis in
the presence of PVAm-APy in a DMSO/water mixture. Initial
conditions: polymer loading, 16.8 mg; DMSO-d6, 400 μL; D2O, 60
μL; T, 20 °C. The degree of HD conversion (FHD) is calculated from
the sums of the integrations of the 1H signals corresponding to the
reactant (HD) and product (see eq1).
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