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PREFACE

The work described in this report was started in January 2015 and completed in
June 2017. At the time this work was performed, the U.S. Army Combat Capabilities
Development Command Chemical Biological Center (DEVCOM CBC; Aberdeen Proving
Ground, MD) was known as the U.S. Army Edgewood Chemical Biological Center (ECBC).

The use of either trade or manufacturers’ names in this report does not constitute
an official endorsement of any commercial products. This report may not be cited for purposes of

advertisement.

This report has been approved for public release.
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LITERATURE REVIEW OF COLORIMETRIC INDICATORS
FOR NERVE-AGENT DETECTION

1. INTRODUCTION

Modern chemical analysis systems can provide volumes of structural information,
often at previously unimaginably low limits of detection. Some of these instruments have been
ruggedized for use in the field. Notwithstanding the availability of such sophisticated detection
instruments, classic and simple colorimetric indicators still offer an easy and quick method to
screen for the presence or absence of nerve-agent material. As a low-cost screening method,
colorimetric indicators require minimal user training. In use, they yield rapidly acquired
information that can be supplemented with additional instrumental analysis in the event of a
positive colorimetric response.

2. COLORIMETRIC INDICATORS
2.1 Fluorophosphate Detection of G-Analog Nerve Agents

A potential problem with using colorimetric indicators to detect nerve agents is
that false-positive results may occur when a non-chemical warfare (CW) material triggers a color
change. In 2011, Gotor et al.! reported the first example of a molecule that reduces the possibility
of a false positive by using a two-step process to trigger the color change (Figure 1). In the first
step, the alcohol functional group nucleophilically attacks the phosphorus center of a
fluorophosphate, causing the release of fluoride ions. An elimination reaction forms a more
highly conjugated system, and the color changes to green (from the original clear solution). In a
second step, the fluoride ions may react with the silicon atom of the ter#-butyldimethylsilyl
(TBDMS) group. Releasing that group forms a ketone and produces a pink color. Because most
common nucleophiles do not react with silicon in this way, significant selectivity is gained by
this additional step.

This reaction series with the fluorophosphate compound could indicate that a
similar reaction would occur with the fluorophosphonates sarin (isopropyl
methylphosphonofluoridate; GB) and soman (pinacolyl methylphosphonofluoridate; GD), or that
a molecule similar to this colorimetric probe could be designed to work with GB and GD.
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Figure 1. Reaction pathway for Gil’s two-step indicator.!

The researchers also used a tabun (O-ethyl-N, N-dimethyl
phosphoramidocyanidate; GA) simulant, diethyl cyanophosphonate (DCNP, Figure 2) to show
that, as expected, the cyano leaving group from the initial reaction with the indicator was
incapable of removing the TBDMS group, and the solution remained green.
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Figure 2. DCNP.
In 2014, El Sayed et al.? reported an improved colorimetric indicator (Figure 3)

involving diisopropyl fluorophosphate (DFP). This molecule also features a two-step reaction
pathway that is similar to the mechanism shown in Figure 1.

Figure 3. Colorimetric indicator for DFP.

This molecular probe shows activity in solution at a 99:1 solvent-to-DFP ratio,
and it also shows activity when challenged with gas-phase DFP. Eight different
organophosphorus (OP) compounds of lower toxicity were tested, and none of them caused the
diagnostic color change. Fluoride ions exhibited a lower but noticeable color change in the
probe. Test strips embedded with this compound were developed and tested. Good selectivity
was shown when DFP and DCNP were compared. An approximate concentration could be
determined over the test range by just looking at the color intensity. This molecule shows great
promise as a potential detector for fluorine-containing OP compounds such as sarin and soman;
or, depending on test results with actual agents, it may provide a good lead compound that can be
optimized for these agents.



2.2 Cyanophosphate Detection of Tabun and Related Compounds

In 2011, Royo et al.? published the first example of a tabun-specific colorimetric
indicator. They synthesized the compound shown in Figure 4 (left), which reacts nucleophilically
with DCNP to produce the middle compound, which was not isolated. The second step was
surprising to the researchers as well as these authors. Although they expected to see a
nucleophilic attack at one of the pyridine carbons or possibly at the azo linkage between the
aromatic rings, the actual product was the one shown, in which the phosphate group has
relocated to the aniline ring. The driving force for this reaction is not clear. It could be caused by
the sterically less-hindered pyridine reaction taking place (for kinetic reasons), which would be
irreversible for the non-cyanide-containing phosphates. Having the better nucleophile cyanide
present (as compared to chloride or fluoride) may allow this reaction to be reversible, and it may
also allow for the more thermodynamically stable quaternary amine product to be favored over
time.
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Figure 4. Reaction pathway for relocation of DCNP.

The structure of the final compound was confirmed through spectroscopic
evidence as well as control experiments in which cyanide was added to solutions of the magenta
compound created with diethyl chlorophosphate (DCP) to show that the presence of cyanide
would drive the reaction to the quaternary amine.

In 2014, Goud et al.* reported on an indicator that differentiates the tabun
simulant DCNP from other OP compounds. Figure 5 shows the structure of the probe. The color
changes from yellow to blue-green after the addition of as little as 3 mM DCNP. The reaction
pathway with DCNP is a two-step process: first, the nucleophilic attack on phosphorus releases
cyanide (and incidentally opens the lactam ring); and second, the cyanide undergoes the



cyanohydrin reaction with the aldehyde functional group. OP compounds that lack a cyanide
leaving group (such as DCP) can undergo this first step to form the red compound shown in
Figure 5 (right). Thus, this probe can selectively detect the tabun mimic, and it can also show a
different color change for other potentially toxic OP compounds.
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Figure 5. Lactam ring opening and cyanohydrin formation to detect DCNP.

23 Colorimetric Indicators with Decontamination Ability

Dale and Rebek® produced new nerve-agent sensors that are based on the reaction
of B-hydroxy oximes (OXs) with OP agent mimics. The initial reaction induced a cyclization to
an (aryl)isoxazole and displacement of the formed OX—OP group to produce noticeable, easily
monitored optical changes. A series of sensors built on aromatic cores was synthesized,
including more practical water-soluble ones. As compared with previously reported sensors,
considerable reaction rate enhancements with OP mimics and greatly increased sensitivity were
achieved. Additionally, any detected nerve agent was detoxified upon reaction, thereby creating
the potential for the construction of hybrid materials that not only detect the toxins but also
simultaneously decompose them.

24 Phosphorescent Detection

Heavy-metal complexes that are phosphorescent at room temperature are
becoming increasingly important in materials chemistry, principally because of their use in
phosphorescent organic light-emitting devices. However, their application in optical sensory
schemes has not been heavily explored. Homoleptic bis-cyclometalated Pt(II) complexes are
known to undergo oxidative addition with appropriate electrophiles (principally alkyl halides) by



either thermal or photochemical activation. Thomas et al.® applied this general reaction scheme
to the development of a phosphorescence-based sensing system for cyanogen halides. To carry
out structure—property relation studies, previously unreported Pt(Il) complexes were prepared.
Most of the complexes (excluding those that incorporated substituents on the ligands that forced
steric crowding in the square plane) were strongly orange-red phosphorescent (fluorescence
quantum yield [®@] of 0.2—0.3) in a room-temperature, oxygen-free solution. These sterically
demanding ligands also accelerated the addition of cyanogen bromide (BrCN) to these
complexes but slowed the addition of methyl iodide, which indicated that the oxidative addition
mechanisms for these two electrophiles were different. The lack of solvent-polarity effect on the
addition of BrCN suggests a radical mechanism. Oxidative addition of BrCN to the metal
complexes in solution or dispersed in poly(methylmethacrylate) produced blue-shifted emissive
Pt(IV) complexes. The blue-shifted products gave a dark-field sensing scheme that contrasted
sharply with energy transfer-based sensing schemes. The latter have limited signal-to-noise ratios
because the lower-energy vibronic bands of the energy donor can overlap with the emission of
the acceptor.

2.5 Fluorescence Detection

A new selective method was developed for the rapid detection of volatile
phosphate esters.” An immobilized heterocyclic-substituted platinum 1,2-enedithiolate with an
appended alcohol was used as the sensor molecule. The volatile fluoro- and cyanoesters were
chosen for this study because they are suitable mimics for the three CW agents sarin, soman, and
tabun. The new platinum 1,2-enedithiolate complex with an appended alcohol was converted to a
room-temperature lumiphore upon exposure to selected phosphate esters (Figure 6).
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Figure 6. Ring-closing reaction on the platinum heterocycle, where
dppe is 1,2-bis(diphenylphosphino)ethane.

Boron dipyrromethene (BODIPY) forms the framework for a class of fluorescent
dyes that has exhibited exponential growth since the 1980s because of the dyes’ flexibility, high
absorptivity, and generally good quantum yield.®° The most common variant, 4,4-difluoro-4-
borata-3a-azonia-4a-aza-s-indacene, is fluorinated (Figure 7) and is sometimes abbreviated
F-BODIPY.’ Because further discussions in this report are limited to derivatives of only the
fluorinated form shown in Figure 7, the shorthand abbreviation, BODIPY, is used herein.
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Figure 7. Framework of BODIPY dye and its numbering scheme. Positions 3 and 5
may also be called o; positions 1, 2, 6, and 7 are B; and position 8 is meso.® The structure shown,
4 ,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene, is the most common variant and is also
abbreviated as F-BODIPY .’
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Despite the popularity of BODIPY dyes in the peer-reviewed literature, their
potential use for detection and identification of CW agents was largely unexplored until
relatively recently. In 2014, Barba-Bon et al.!” reported the use of two BODIPY dyes as potential
fluorescent and colorimetric indicators. A problem with some indicators is that they may yield a
false-positive result when exposed to an acid.!® The two BODIPY dyes that were studied were
formulated with basic nitrogen (pyridinyl) groups in the molecules and were reported to be less
prone to this potential interference. Both dyes exhibited very strong absorption in the visible
spectrum and strong fluorescence. Figure 8 shows the variant that exhibited the lowest detection
limits for the nerve-agent simulants in acetonitrile solution: DCNP (0.1 ppm) and DFP
(0.39 ppm).

Figure 8. Reaction of a BODIPY dye in response to exposure to a nerve-agent simulant.

Gotor et al.'! synthesized the BODIPY indicators shown in Figure 9. Two off-on
fluorescent chemodosimeters, each based on a BODIPY core, were synthesized for the detection
of nerve-agent mimics. They reportedly reacted in a cyclization process that is analogous to that
of the previously discussed BODIPY indicators. Their reactivity toward DCNP and DFP was
tested in organic and aqueous solutions and in the gas phase. These chemodosimeters selectively
detected the nerve-agent mimics with very good limits of detection; many were less than 50 ppm
in solution, and for DCNP, only 5 ppm in the vapor phase. The indicators held their sensing
properties on solid supports, allowing for the preparation of a handheld sensing kit. The X-ray
structure of the second compound was resolved, thereby providing structural confirmation of the
indicator as well as detailed information about the fluorophore in the solid state.
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Figure 9. Additional BODIPY dyes for detection of nerve-agent simulants.

Subsequent research on BODIPY dyes by a group of collaborators from Spain,
Germany, and the Czech Republic was focused on improving the sensitivity of the dyes and the
anchoring of the dyes on supports (for the fabrication of robust tickets for agents in vapor and liquid
states). The resulting detector tickets were tested with chemical agents rather than nerve-agent
mimics. In 2016 and 2017, Climent et al. reported that they had covalently bound BODIPY at an
o-position to a mesoporous silica (SBA) functionalized with (aminopropyl)triethoxysilane (APTES)
and had tested for responses to mimics and nerve agents in vapor'? and in water.'* The dyes all
shared a trimethylphenyl at the meso position but had different functional groups at the remaining o
positions.

In these reports,'>!? the authors detailed SBA-BODIPY performance with
2-phenyl-2-ethanolpyrrolidine, which was attached to the BODIPY through the pyrrolidine
nitrogen. For vapor tests, strips were made by spotting SBA-BODIPY onto commercial silica or
nitrocellulose strips. Upon exposure to vapor from DCP, DFP, GA, GB, or GD, both the mimics
and the nerve agents reacted irreversibly with the ethanol on the pyrrolidine to form a bicyclic
molecule that quenched fluorescence when illuminated at 365 nm. Measurable quenching was
observed after only 5 s of exposure in the microgram-per-cubic-meter range for the mimics and
for GA, GB, and GD. Curiously, the dye performance was reported to be slightly better for the
mimics than for the nerve agents. A suspension of dye in water was used to test the mimics and
the nerve agents. At mimic or agent concentrations of 180 uM, the half-life for the reaction with
SBA-BODIPY ranged from 2.67 s (for DFP) to 34.66 s (for GB). Limits of detection for DFP,
DCNP, and DCP were found to be 0.12, 16.9, and 90.8 pM, respectively. Structures of BODIPY
and the bicyclic reaction product with the nerve agents and mimics, along with SBA-BODIPY,
are shown in Figure 10.
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Figure 10. Functionalized BODIPY that was reported in 2016 and 2017 to react with nerve
agents and nerve-agent mimics in vapor'? and water.'* (Top) BODIPY structure and bicyclic
product of its reaction with agents and mimics. (Bottom) Anchored BODIPY formed by covalent
bonding to silica through SBA-APTES.

Goswami et al.'* have published research on thodamine-based dyes as
fluorometric indicators for nerve agents. The unique spirolactam derivative of rhodamine has
been dubbed RHM by the researchers and is shown in Figure 11. DCP reacts with this indicator
in two steps: first, a nucleophilic attack by the amine on the phosphorus center of DCP; and
second, a ring closing (and opening) reaction to form the compound on the right.

P
/" TSNH

NH, O O N
o)
el - QU
CN
" 908
O O PN e o N+/\
o) N (L

/\> ¥ >

Figure 11. Reaction of the rhodamine-based dye with DCP.



This somewhat complex chemical reaction takes place in less than 8 min. A
distinct pink color was observed for DCP, but not for any of the other 12 potential interferents
they tested, including dimethyl methylphosphonate (DMMP), metal ions, bleach, and hydrogen
peroxide. This indicator also worked well in vapor-phase experiments.

Lei and Yang'® researched a new fluorescent indicator (Figure 12) that uses a
phenylogous Vilsmeier—Haack reaction to initiate a ring-closing reaction, which produces a
colored and highly fluorescent product. Modifying the Vilsmeier—Haack reaction in this way was
an innovative approach to producing a chromophore that is capable of fluorescence. The
indicator is colorless and does not fluoresce, thereby providing a zero background for the
analysis. The molecule is small and relatively easy to produce. In a solution of as little as 50 mM
(in a series of different solvents), the final solution was a visible light pink color, and it
fluoresced strongly when excited by a 532 nm laser.

Et2N : : NEt, Et2N l l/N\/
/

Flgure 12. Vilsmeier—Haack ring-closing reaction.

Rusu et al.!® approached this detection problem by attaching a reactive

fluorometric group to a polysiloxane “smart” polymer (structure is shown in Figure 13). The
phenolic group can react with an electrophile, such as DCP, and the corresponding adduct shows
a change in its fluorescent emission. The sensitivity is quite remarkable: positive detection is
possible at 12 ppb.

Because the reaction with DCP produces HCI as a byproduct, Rusu et al.
investigated the effect of HCl in a series of control experiments. Dynamic light scattering (DLS)
experiments were conducted to investigate nanoscale changes in polymer materials during the
reaction. Reaction with DCP appeared to increase hydrophobicity and lead to cluster formation
and, eventually, precipitation of the polymer system. Thus, the DLS experiments present another
method for confirming the presence of a chemical agent simulant. Additionally, it may be
possible to use this change in hydrophobicity and subsequent change in state to create wearable
fabrics that can perform both detection and protection.

10



Figure 13. A polysiloxane “smart” material with a fluorescent dye.

Xuan et al.!” presented a new ratiometric fluorescent probe (Figure 14) that
responds to DCP in less than 1 min at concentrations as low as 0.17 ppm. Color changes can also
be seen under UV light or with the naked eye. This was the second fluorescent probe system to
use Forster resonance energy transfer (FRET) in a ratiometric probe. FRET involves the transfer
of energy from one chromophore to another through nonradiative dipole—dipole coupling. This
probe responded to both vapor- and solution-phase agent simulants.

11
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Figure 14. Fluorescent probe using FRET.

Hamel et al.'® studied fluorescein and resorufin (Figure 15, left and right,
respectively), as well as the sodium salts of these compounds. They observed that in a few
seconds, a turn-off fluorescence response of the sensor could be seen for parts-per-billion levels
of DCP. For instance, fluorescent quenching, //Jo = 0.68 (where [ is the intensity after the
quenching process and /o is the initial intensity), was obtained when the sensor was exposed to
16 ppb of DCP.

Figure 15. Fluorescein (left) and resorufin (right) fluorescent indicators.

Several possible interferent molecules were studied, including DMMP, tributyl
phosphate, and the pesticide dichlorvos. Resorufin showed a small fluorescent response when
higher concentrations of dichlorvos were introduced; but otherwise, little interference was
observed. The researchers showed that vapor-phase detection was also very sensitive, and that
DCP could be detected at its vapor pressure. This system could provide real-time monitoring,

given that response times as short as 3 s were observed. The authors indicated that testing with
sarin would be undertaken in the future.

12



Fluorescent microspheres of polystyrene-based Eu(Ill) complexes were prepared from
TentaGel resin (Rapp Polymere GmbH; Tuebingen, Germany), 2,6-bis(benzimidazolyl)pyridine, and
europium nitrate.!® The microspheres were characterized by Fourier transform infrared
spectroscopy, elemental analysis, X-ray photoelectron spectroscopy, and fluorescence
spectroscopy. Characteristic red emission under irradiation by 365 nm light from a handheld
UV lamp was observed for the microspheres in solution and in a solid state. Fluorescent
quenching was observed when the microspheres were exposed to a trace amount of DCP in the
dispersion. The material and property can potentially be used to fabricate a chemosensor for
detection of organophosphates.

N-(rhodamine B)-deoxylactam-5-amino-1-pentanol was designed and prepared as
a chromofluorogenic sensor for the detection of a nerve-agent simulant via analyte-triggered
tandem phosphorylation and opening of the intramolecular deoxylactam.?’ The successful
detection of DCP suggested the utility of rhodamine deoxylactams as a chromofluorogenic
signal-reporting platform for the design of sensors to target reactive chemical species via various
chemistries.

Azab et al.?! described the application of time-resolved fluorescence in microtiter
plates and electrochemical methods on glassy carbon electrodes for investigating the interactions
of europium-3-carboxycoumarin with pesticides aldicarb, methomyl, and prometryne.
Stern—Volmer studies at different temperatures indicated that static quenching dominated for
methomyl, aldicarb, and prometryne. By applying the Lineweaver—Burk equation, binding
constants were detected at 303, 308, and 313 K. A thermodynamic analysis showed that the
reaction was spontaneous, with the change in Gibbs free energy (AG) being negative. The
enthalpy (AH) and entropy (XS5) of the reactions were all determined. A time-resolved (gated)
luminescence-based method for the detection of pesticides in microtiter plate format using the
long-lived europium-3-carboxycoumarin was developed. The limits of detection were 4.80, 5.06,
and 8.01 pmol L™! for methomyl, prometryne, and aldicarb, respectively. This was reported to be
the lowest limit of detection achieved thus far for luminescent lanthanide-based pesticide probes.
The interaction of the probe with the pesticides was investigated using cyclic voltammetry (CV),
differential pulse polarography, square-wave voltammetry (SWV), and linear sweep
voltammetry (LSV) on a glassy carbon electrode using 0.1 mol L™! p-toluenesulfonate as the
supporting electrolyte at 25 °C. The diffusion coefficients of the reduced species were calculated.
The main properties of the electrode reaction occurring in a finite diffusion space were the
quasi-reversible maximum and the splitting of the net SWV peak for Eu(IIl) ions in the ternary
complex that was formed. The increase of the cathodic peak current using LSV was linear with
the increase of pesticide concentration, in the range of 5 x 10 to 1 x 107> mol L™". The limits of
detection were about 1.01, 2.23, and 1.89 umol L™! for aldicarb, methomyl, and prometryne,
respectively. To assess the analytical applicability of the method, the influence of various
potentially interfering species was examined. Specifically, the influence of interfering species on
the recovery of 10 pmol L™! pesticides was investigated.

Candel et al.?? reported a hybrid, nanoscopic, capped mesoporous material that is
selectively opened in the presence of nerve-agent simulants. It was prepared and used as a probe
for the chromofluorogenic detection of these chemicals. A mesoporous alumosilicate material,
MCM-41 (Mobil Composition of Matter No. 41), was prepared as the scaffolding on which

13



tris(2,2'-bipyridyl)ruthenium(II) chloride dye was loaded. MCM-41 was capped with bis(2-
hydroxyethyl)aminopropyltriethoxysilane, which reacted with nerve-agent simulant DCP to
release the dye and thereby indicate its presence in a chromogenic response.

Kim et al.?® synthesized a monopyrene-imine derivative that is a highly selective
and sensitive “turn-on” fluorogenic probe for DCP. Upon addition of DCP to a solution of this
probe, a phosphoramidate was formed that exhibited an enhanced fluorescence emission at
425 nm. When exposed to DCP in the vapor phase, the indicator impregnated on silica gel
showed a sky-blue fluorescence.

Han et al.?* devised a visual and fluorogenic detection method for a nerve-agent
simulant that was based on a Lossen rearrangement of rhodamine—hydroxamate in the presence
of DCP under alkaline conditions.

Climent et al.>> developed an approach for the chromogenic sensing of nerve-
agent mimics by using silica nanoparticles (SNPs) that were functionalized with aliphatic alcohol
and thiol moieties. When a solution of squaraine dye (SD) was added to a suspension of the
functionalized SNPs, the reaction between the thiol moieties and the squaraine caused bleaching
of the blue dye. However, when nerve-agent mimics were added to the hybrid SNP suspensions,
the OP reacted with the hydroxyl groups of the alcohol moieties. This hindered the access of SD
to the thiols of the SNPs, and the solutions remained blue. Several SNP variants were tested, and
DFP detection was achieved in concentrations as low as 5 10~ M in mixed solutions containing
up to 50% water in acetonitrile. Prototype dipsticks were also prepared by applying the SNPs to
a polyethylene terephthalate film that was then used to detect DFP in the vapor phase by dipping
the test strips in SD solutions. When the test strips were dipped in the dye, the solution remained
blue if the strip had been exposed to DFP, or it became bleached if the strip had not been
exposed to DFP.

Costero et al.2® designed and synthesized a family of azo and stilbene derivatives
and investigated their chromofluorogenic behavior in the presence of nerve-agent simulants
DCP, DFP, and DCNP in acetonitrile and mixed water/acetonitrile solutions (3:1 v/v) buffered at
pH 5.6 with 2-(N-morpholino)ethanesulfonic acid. The compounds that were prepared contained
2-(2-N,N-dimethylaminophenyl)ethanol or 2-[(2-N,N-dimethylamino)phenoxyJethanol reactive
groups, which are part of the conjugated m system of the dyes and produce acylation reactions
with phosphonate substrates followed by rapid intramolecular N-alkylation. The mimic-triggered
cyclization reaction transformed a dimethylamino group into a quaternary ammonium. This
induced a change in the electronic properties of the delocalized systems that resulted in a
hypsochromic shift of the absorption band of the dyes.

Similar reactivity studies were also carried out with other “nontoxic”” OP
compounds, but no changes in the UV—visible spectra were observed. The emission behavior of
the reagents in acetonitrile and water—acetonitrile mixtures (3:1 v/v) was also studied in the
presence of nerve-agent simulants and other OP derivatives. The reactivity between the
indicators and DCP, DCNP, or DFP in 3:1 v/v buffered water—acetonitrile solutions under
pseudo-first-order kinetic conditions, using an excess of the corresponding simulant, were

. . o 1 .
studied to determine the rate constants (k) and the half-life times, ¢, , = (nTZ), for the reactions.

14



The limits of detection in 3:1 v/v water—acetonitrile were also determined for each indicator and
DCP, DCNP, and DFP. Finally, the chromogenic detection of nerve-agent simulants in solution

and in the gas phase were tested using silica gel-containing adsorbed indicators with fine results.
Costero et al.?” presented a new chromogenic protocol for the selective detection
of nerve-agent mimics. This indicator (Figure 16) showed selective reactivity with three nerve-

agent simulants and did not respond to a variety of tested interferent molecules.

H,C CH,

\N/

OH

.
oo

Figure 16. Costero et al.’s fluorescent indicator.?’

Knapton et al.?® reported that the highly selective detection of CW agent mimics
can be achieved by judicious combination of carefully designed fluorescent ligands and metal
ions. Designed sensor arrays of these multi-metal and -ligand systems represent a modular and
versatile approach for the detection of organophosphates and other analytes.

Van Houten et al.?’ reported research on the emissions from the 2-pyridyl- and
2-pyridinium-substituted platinum-1,2-enedithiolate complexes, LoPt{S2Cz[2-pyridyl(ium)](R)},
where L is triphenylphosphine (PPhs), diphenyl methylphosphine (PPhoMe), phenyl dimethyl
phosphine (PPhMe»), and P(propyl)s; and L2 is dppm, dppe, and dppp. These were studied in
DMMP (DMF-CH,Cl,-MeOH at a 1:1:1 v/v/v ratio, where DMF is dimethyl formamide and
MeOH is methanol) glasses at 77 K. All of the pyridyl-substituted complexes had an emission
between 18,600 and 17,900 cm ™! with pronounced 1200 cm ™! vibronic structure. The lifetimes of
the pyridyl-substituted complexes were 216-350 ps. The pyridinium-substituted complexes had
emissions in the range of 16,600—16,100 cm™! and had less-resolved vibronic structure than their
pyridyl counterparts. The lifetimes of the pyridinium-substituted complexes were 158-290 ps. The
emissions at 77 K from the pyridyl- and pyridinium-substituted complexes contrasted with those
from the room-temperature studies, where only selected pyridinium complexes were emissive.

Zhang and Swager’® researched indicators that provide a highly sensitive and

functional group-specific fluorescent response to DFP. A nonemissive phenylpyridyl indicator
reacted with DFP to yield a cyclized compound that showed high emission due to its highly
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planar and rigid structure. Very weak emission was observed by the addition of HCI. Another
indicator based on pyridyl naphthalene exhibited a large shift in its emission spectrum after
reaction with DFP, which provided for quantitative ratiometric detection.

2.6 Synthetic Carbon-Based Polymers for Detection of Nerve Agents

Given their ability to be shaped into a virtually infinite variety of forms with a
vast array of physical and chemical properties, organic polymers have formed an essential part of
biochemistry since the origins of life and have been a vital branch of synthetic chemistry since
the invention of the first artificial plastics in the early 20th century. In the 2010s, several groups
of researchers investigated novel avenues to nerve-agent detection using synthetic polymers
functionalized with colorimetric and fluorometric sensors.

In 2012, Lee, Seo, and Kim?! reported a colorimetric method of detecting chloro-
and fluorophosphates using a dye that was built around polydiacetylene (PDA). The PDA was
modified by incorporation of OX functional groups, which were then self-assembled in aqueous
solution to form OX-PDA liposomes. The resulting functionalized polymer exhibited a distinct
color change, from blue to pink, upon exposure to DCP and DFP. Adding to its potential
flexibility as a colorimetric indicator, the polymer was tested in the forms of an aqueous solution,
a gel, and a solid on a membrane, and it responded to the simulants in all three matrices.
OX-PDA on cellulose acetate gave a detectable color change to DFP vapor at 160 mg m™ in
under 1 min. OX—PDA gave little or no response to HF, HCI, and phosphoric acid. Also of
interest, the reaction between OX—PDA and simulants detoxified DCP and DFP, leading to the
potential use of the polymer as a decontaminating agent with a built-in indicator.

More recently, Sarkar and Shunmugam?®? reported the use of a norborene-based,
triazolyl-functionalized 8-hydroxyquinoline polymer (NCHQ) that upon phosphorylation
exhibited an intense fluorescent response through photoinduced electron transfer. In tests with
DCP and diphenyl chlorophosphate, the researchers claimed that the material was the first
polymeric sensor to show an “instantaneous” response to the simulants at concentrations as low
as 25 ppb of DCP in methanol. The simple technique of applying an NCHQ solution to a strip of
Whatman filter paper and drying the filter resulted in a detector paper that, under UV
illumination and upon exposure to DCP vapor, would exhibit a visible green emission within 1 s.

In 2015, Weis and Swager™ reported the synthesis of four reactive materials from
dithienobenzotropone-based conjugated alternating copolymers that were subjected to hydride
reduction to yield reactive hydroxyl groups. The light-yellow-colored polymers reacted at the
hydroxyl with both DCP and DFP to form a bright-blue-colored, resonance-stabilized tropylium
ion. The incorporation of hydrogel-promoting tetra(ethylene glycol) side chains and subsequent
hydride reduction yielded a stable polymer with a number-average molecular weight (M) of
16.6 kDa and a limit of detection of 6 ppm for DCP in the vapor phase. Adding to the potential
usefulness of the material, the authors reported it was possible to regenerate the reactive
hydroxyl groups by treating the DCP vapor-exposed polymer with ammonium hydroxide vapor.

Most recently, Balamurugan and Lee** reported the use of a polymer with a

donor—acceptor Stenhouse adduct (DASA) that has a somewhat complex response to DCNP. The
polymer was synthesized starting with reversible addition—fragmentation chain transfer
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polymerization to yield poly(glycidyl methacrylate-co-dimethylacrylamide) (P1; where m:n, the
ratio of repeating units in the overall polymer, was 6:94). P1 was then further reacted with 2-(2-
aminoethoxy)ethanol to give P2. Finally, P2 was reacted with 5-(furan-2-ylmethylene)-1,3-
dimethylpyrimidine-2,4,6(1H,3H,5H)-trione to yield P3. P3 exhibited an on—off colorimetric
response to DCNP in the vapor phase and in some organic solvents. Switching of the polymer
was also reported to be governed by exposure to visible light. The structure of P3, as well as a
simplified explanation of its reactions of the polymer with DCNP and light, are shown in
Figure 17.

N b. Cyclization under
a. Cyclization with [ " visible light
exposure to DCNP 0O

OH
K by
I -
NC—P—-0O ~0
m:n = 6:94 <O

Figure 17. Polymeric probe incorporating a DASA reported by Balamurugan and Lee.>*

As synthesized, the polymer exhibits a strong absorption near 550 nm, giving it a
strong purple color. As shown in Figure 17, exposure to DCNP generates irreversible cyclization
(part a; red bracket on the left) to produce a morpholino cation, while exposure to visible light
generates reversible cyclization at the triene (part b; red bracket on the right) to yield a
zwitterionic cyclopentenone form. In both cases, the result is a loss of the 550 nm absorption
band and bleaching of the dye.
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3. ENZYME-BASED INDICATORS
3.1 Background

Enzyme-based systems have several potential advantages over chemical
indicators. Enzymes can show very high levels of selectivity due to the “lock and key” nature of
the enzyme active sites and inhibitors. When acetylcholinesterase (AChE) is used as the enzyme,
an inhibitor that binds to it is highly likely to show a nerve-agent response in humans. Emerging
threat compounds that exhibit nerve-agent activity can be detected in this way, without the need
to know the actual structure of the nerve agent. The enzymes also can show exceptional
sensitivity. Colorimetric indicators may have advantages in cost and stability that would make
them more desirable under certain scenarios; however, enzyme-based methods have great
potential for inclusion in a simple and effective detection kit.

3.2 Detection Systems

Reports from as early as 1964 outlined the possibility of using AChE enzymes as
a component of a nerve-agent detection system.* These simple devices were based on the ability
of AChE to react with nerve agents and produce protons as a byproduct of the reaction. An
acid/base indicator in the enzyme solution caused a color change that indicated a positive result.
A double-valve bulb was used to force ambient air through the solution, thereby allowing for
vapor detection of agents.

A number of early studies were reported regarding the use of electrochemical
detection in combination with enzymes, including one from Porton Down (Wiltshire, UK)
entitled An Investigation into the Use of Immobilised Cholinesterase for the Automatic Detection
of Nerve Agents.>® In this detection system, the enzyme was covalently bonded to a
polymethacrylate resin. This helped reduce the problem of consuming valuable enzyme by
producing a system that could operate on a continuous basis. An ongoing reaction in this system
was the conversion of thiocholine to choline disulfide. An electrochemical sensor was placed
across the material with the immobilized enzyme, and a constant electrochemical potential
occurred when nerve agent was not present. When nerve agent was present, the enzyme was
inhibited, the ongoing reaction was halted, and a change in the electrochemical potential was
recorded. The method could be used to detect nerve-agent vapor in relatively low concentrations
of 0.005 mg/m? in less than 5 min. Detection of high concentrations (e.g., 10 mg/m?) could take
place in 5-8 s.

Erbeldinger and LeJeune®’ reported the development of a biopolymer-based wipe
that has enzymes integrated into the wipe substrate. The wipe begins as a yellow-colored
material that then turns red in the presence of a nerve agent or turns green when exposed to a
clean surface. The system uses both the butyrylcholinesterase (BChE) and urease enzymes to
detect the agent and provide a color change that is intuitive to a user. The two enzymes act in
concert to adjust the solution pH. The presence of agent results in inhibition of the BChE
enzyme, which allows the pH to rise. In cases where agent is not present, the urease enzyme
creates ammonia, which reacts with the BChE enzyme to lower the pH and trigger the green
color.

18



White and Harmon>® reported on a highly sensitive enzyme-based sensor that
requires more expertise to use. Using planar waveguide absorbance spectroscopy, they were able
to achieve detection levels of 100 parts per trillion in solution and 250 pg in vapor.

Upadhyay et al.* discovered a system for detecting nerve agents by using
immobilized enzymes attached to gold—platinum nanoparticles that were deposited onto a
3-aminopropyltriethoxysilane-modified glassy carbon electrode. Electrochemical detection was
then used to identify the presence of sarin and several pesticides.

It was also shown that BChE can be used with peptide nanotubes (PNTs) to allow
for electrochemical detection (by CV, in this case).*” The electrochemical signal was produced
by the conversion of butyrylthiocholine by the BChE enzyme. As the BChE enzyme is inhibited
by a nerve agent, the cyclic voltammogram records the change in voltage. A CV-based system
would likely be difficult to field, although the concept of immobilization on the PNTs could be
useful in another context.

Researchers at Oklahoma State University (Stillwater, OK) developed a method
for using both AChE and BChE to detect the presence of enzyme inhibitors.*! When
tetraphenylporphyrins were added to the system, a colorimetric change occurred. Absorbance of
the porphyrins is normally seen at 446 and 421 nm. Loss of absorbance was identified in the
system when one of the enzymes was inhibited.

4. CONCLUSIONS

There has been an explosion in research to identify colorimetric and enzyme-
based indicators that will detect nerve agents in a practical, quick, and easy manner. Dozens of
colorimetric indicators have been developed that show promise with nerve-agent mimics. We
have not found reports of indicators that have been tested against actual agents. However, it will
be interesting to learn whether work with mimics has guided at least some of the indicator
development in the right direction, or whether significant modification of the indicators is
necessary to achieve good results with actual agents.

Enzyme-based systems can show high selectivity and sensitivity toward nerve
agents. These systems have been developed into devices that range from simple to complex.
Easily used wipes can provide a visible color change in the event of detection. Other systems are
designed to use electrochemical or spectroscopic detection, through which more quantitative
information about nerve agent concentration might be possible.
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LITERATURE REVIEW OF COLORIMETRIC INDICATORS 
FOR NERVE-AGENT DETECTION







1. [bookmark: _Toc482697941][bookmark: _Toc7523133]INTRODUCTION



Modern chemical analysis systems can provide volumes of structural information, often at previously unimaginably low limits of detection. Some of these instruments have been ruggedized for use in the field. Notwithstanding the availability of such sophisticated detection instruments, classic and simple colorimetric indicators still offer an easy and quick method to screen for the presence or absence of nerve-agent material. As a low-cost screening method, colorimetric indicators require minimal user training. In use, they yield rapidly acquired information that can be supplemented with additional instrumental analysis in the event of a positive colorimetric response. 





2. [bookmark: _Toc482697942][bookmark: _Toc7523134]COLORIMETRIC INDICATORS



2.1 [bookmark: _Toc482697943][bookmark: _Toc7523135]Fluorophosphate Detection of G-Analog Nerve Agents



A potential problem with using colorimetric indicators to detect nerve agents is that false-positive results may occur when a non-chemical warfare (CW) material triggers a color change. In 2011, Gotor et al.1 reported the first example of a molecule that reduces the possibility of a false positive by using a two-step process to trigger the color change (Figure 1). In the first step, the alcohol functional group nucleophilically attacks the phosphorus center of a fluorophosphate, causing the release of fluoride ions. An elimination reaction forms a more highly conjugated system, and the color changes to green (from the original clear solution). In a second step, the fluoride ions may react with the silicon atom of the tert-butyldimethylsilyl (TBDMS) group. Releasing that group forms a ketone and produces a pink color. Because most common nucleophiles do not react with silicon in this way, significant selectivity is gained by this additional step. 



This reaction series with the fluorophosphate compound could indicate that a similar reaction would occur with the fluorophosphonates sarin (isopropyl methylphosphonofluoridate; GB) and soman (pinacolyl methylphosphonofluoridate; GD), or that a molecule similar to this colorimetric probe could be designed to work with GB and GD.







[bookmark: _Ref480807616][bookmark: _Toc126225510]Figure 1. Reaction pathway for Gil’s two-step indicator.1





The researchers also used a tabun (O-ethyl-N,N-dimethyl phosphoramidocyanidate; GA) simulant, diethyl cyanophosphonate (DCNP, Figure 2) to show that, as expected, the cyano leaving group from the initial reaction with the indicator was incapable of removing the TBDMS group, and the solution remained green. 












[bookmark: _Ref480807706][bookmark: _Toc126225511]Figure 2. DCNP.





In 2014, El Sayed et al.2 reported an improved colorimetric indicator (Figure 3) involving diisopropyl fluorophosphate (DFP). This molecule also features a two-step reaction pathway that is similar to the mechanism shown in Figure 1. 











[bookmark: _Toc126225512]Figure 3. Colorimetric indicator for DFP.





This molecular probe shows activity in solution at a 99:1 solvent-to-DFP ratio, and it also shows activity when challenged with gas-phase DFP. Eight different organophosphorus (OP) compounds of lower toxicity were tested, and none of them caused the diagnostic color change. Fluoride ions exhibited a lower but noticeable color change in the probe. Test strips embedded with this compound were developed and tested. Good selectivity was shown when DFP and DCNP were compared. An approximate concentration could be determined over the test range by just looking at the color intensity. This molecule shows great promise as a potential detector for fluorine-containing OP compounds such as sarin and soman; or, depending on test results with actual agents, it may provide a good lead compound that can be optimized for these agents.




2.2 [bookmark: _Toc482697944][bookmark: _Toc7523136]Cyanophosphate Detection of Tabun and Related Compounds



In 2011, Royo et al.3 published the first example of a tabun-specific colorimetric indicator. They synthesized the compound shown in Figure 4 (left), which reacts nucleophilically with DCNP to produce the middle compound, which was not isolated. The second step was surprising to the researchers as well as these authors. Although they expected to see a nucleophilic attack at one of the pyridine carbons or possibly at the azo linkage between the aromatic rings, the actual product was the one shown, in which the phosphate group has relocated to the aniline ring. The driving force for this reaction is not clear. It could be caused by the sterically less-hindered pyridine reaction taking place (for kinetic reasons), which would be irreversible for the non-cyanide-containing phosphates. Having the better nucleophile cyanide present (as compared to chloride or fluoride) may allow this reaction to be reversible, and it may also allow for the more thermodynamically stable quaternary amine product to be favored over time. 









  Orange 			    Magenta			            Yellow



[bookmark: _Ref480810077][bookmark: _Toc126225513]Figure 4. Reaction pathway for relocation of DCNP.





The structure of the final compound was confirmed through spectroscopic evidence as well as control experiments in which cyanide was added to solutions of the magenta compound created with diethyl chlorophosphate (DCP) to show that the presence of cyanide would drive the reaction to the quaternary amine.



In 2014, Goud et al.4 reported on an indicator that differentiates the tabun simulant DCNP from other OP compounds. Figure 5 shows the structure of the probe. The color changes from yellow to blue-green after the addition of as little as 3 mM DCNP. The reaction pathway with DCNP is a two-step process: first, the nucleophilic attack on phosphorus releases cyanide (and incidentally opens the lactam ring); and second, the cyanide undergoes the cyanohydrin reaction with the aldehyde functional group. OP compounds that lack a cyanide leaving group (such as DCP) can undergo this first step to form the red compound shown in Figure 5 (right). Thus, this probe can selectively detect the tabun mimic, and it can also show a different color change for other potentially toxic OP compounds.









[bookmark: _Ref480810435][bookmark: _Toc126225514]Figure 5. Lactam ring opening and cyanohydrin formation to detect DCNP.





2.3 [bookmark: _Toc7523137]Colorimetric Indicators with Decontamination Ability



Dale and Rebek5 produced new nerve-agent sensors that are based on the reaction of β-hydroxy oximes (OXs) with OP agent mimics. The initial reaction induced a cyclization to an (aryl)isoxazole and displacement of the formed OX–OP group to produce noticeable, easily monitored optical changes. A series of sensors built on aromatic cores was synthesized, including more practical water-soluble ones. As compared with previously reported sensors, considerable reaction rate enhancements with OP mimics and greatly increased sensitivity were achieved. Additionally, any detected nerve agent was detoxified upon reaction, thereby creating the potential for the construction of hybrid materials that not only detect the toxins but also simultaneously decompose them.



2.4 [bookmark: _Toc7523138]Phosphorescent Detection



Heavy-metal complexes that are phosphorescent at room temperature are becoming increasingly important in materials chemistry, principally because of their use in phosphorescent organic light-emitting devices. However, their application in optical sensory schemes has not been heavily explored. Homoleptic bis-cyclometalated Pt(II) complexes are known to undergo oxidative addition with appropriate electrophiles (principally alkyl halides) by either thermal or photochemical activation. Thomas et al.6 applied this general reaction scheme to the development of a phosphorescence-based sensing system for cyanogen halides. To carry out structure–property relation studies, previously unreported Pt(II) complexes were prepared. Most of the complexes (excluding those that incorporated substituents on the ligands that forced steric crowding in the square plane) were strongly orange-red phosphorescent (fluorescence quantum yield [Φ] of 0.2–0.3) in a room-temperature, oxygen-free solution. These sterically demanding ligands also accelerated the addition of cyanogen bromide (BrCN) to these complexes but slowed the addition of methyl iodide, which indicated that the oxidative addition mechanisms for these two electrophiles were different. The lack of solvent-polarity effect on the addition of BrCN suggests a radical mechanism. Oxidative addition of BrCN to the metal complexes in solution or dispersed in poly(methylmethacrylate) produced blue-shifted emissive Pt(IV) complexes. The blue-shifted products gave a dark-field sensing scheme that contrasted sharply with energy transfer-based sensing schemes. The latter have limited signal-to-noise ratios because the lower-energy vibronic bands of the energy donor can overlap with the emission of the acceptor.



2.5 [bookmark: _Toc7523139]Fluorescence Detection



[bookmark: OLE_LINK3][bookmark: OLE_LINK4]A new selective method was developed for the rapid detection of volatile phosphate esters.7 An immobilized heterocyclic-substituted platinum 1,2-enedithiolate with an appended alcohol was used as the sensor molecule. The volatile fluoro- and cyanoesters were chosen for this study because they are suitable mimics for the three CW agents sarin, soman, and tabun. The new platinum 1,2-enedithiolate complex with an appended alcohol was converted to a room-temperature lumiphore upon exposure to selected phosphate esters (Figure 6).









[bookmark: _Toc126225515]Figure 6. Ring-closing reaction on the platinum heterocycle, where

dppe is 1,2-bis(diphenylphosphino)ethane.





[bookmark: _Ref484411611]Boron dipyrromethene (BODIPY) forms the framework for a class of fluorescent dyes that has exhibited exponential growth since the 1980s because of the dyes’ flexibility, high absorptivity, and generally good quantum yield.8,9 The most common variant, 4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene, is fluorinated (Figure 7) and is sometimes abbreviated 
F-BODIPY.9 Because further discussions in this report are limited to derivatives of only the fluorinated form shown in Figure 7, the shorthand abbreviation, BODIPY, is used herein.

[bookmark: _Ref475014495]


[image: C:\Users\barry.r.williams\Pictures\BODIPY.png]

[bookmark: _Toc126225516]Figure 7. Framework of BODIPY dye and its numbering scheme. Positions 3 and 5 
may also be called ; positions 1, 2, 6, and 7 are ; and position 8 is meso.8 The structure shown, 
4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene, is the most common variant and is also abbreviated as F-BODIPY.9 





Despite the popularity of BODIPY dyes in the peer-reviewed literature, their potential use for detection and identification of CW agents was largely unexplored until relatively recently. In 2014, Barba-Bon et al.10 reported the use of two BODIPY dyes as potential fluorescent and colorimetric indicators. A problem with some indicators is that they may yield a false-positive result when exposed to an acid.10 The two BODIPY dyes that were studied were formulated with basic nitrogen (pyridinyl) groups in the molecules and were reported to be less prone to this potential interference. Both dyes exhibited very strong absorption in the visible spectrum and strong fluorescence. Figure 8 shows the variant that exhibited the lowest detection limits for the nerve-agent simulants in acetonitrile solution: DCNP (0.1 ppm) and DFP (0.39 ppm).









[bookmark: _Ref484518436][bookmark: _Ref480881454][bookmark: _Toc126225517]Figure 8. Reaction of a BODIPY dye in response to exposure to a nerve-agent simulant.





Gotor et al.11 synthesized the BODIPY indicators shown in Figure 9. Two off–on fluorescent chemodosimeters, each based on a BODIPY core, were synthesized for the detection of nerve-agent mimics. They reportedly reacted in a cyclization process that is analogous to that of the previously discussed BODIPY indicators. Their reactivity toward DCNP and DFP was tested in organic and aqueous solutions and in the gas phase. These chemodosimeters selectively detected the nerve-agent mimics with very good limits of detection; many were less than 50 ppm in solution, and for DCNP, only 5 ppm in the vapor phase. The indicators held their sensing properties on solid supports, allowing for the preparation of a handheld sensing kit. The X-ray structure of the second compound was resolved, thereby providing structural confirmation of the indicator as well as detailed information about the fluorophore in the solid state.





[bookmark: _Ref484425215][bookmark: _Toc126225518]Figure 9. Additional BODIPY dyes for detection of nerve-agent simulants.





[bookmark: _Ref484512214][bookmark: _Ref484512217]Subsequent research on BODIPY dyes by a group of collaborators from Spain, Germany, and the Czech Republic was focused on improving the sensitivity of the dyes and the anchoring of the dyes on supports (for the fabrication of robust tickets for agents in vapor and liquid states). The resulting detector tickets were tested with chemical agents rather than nerve-agent mimics. In 2016 and 2017, Climent et al. reported that they had covalently bound BODIPY at an ‑position to a mesoporous silica (SBA) functionalized with (aminopropyl)triethoxysilane (APTES) and had tested for responses to mimics and nerve agents in vapor12 and in water.13 The dyes all shared a trimethylphenyl at the meso position but had different functional groups at the remaining  positions.



In these reports,12,13 the authors detailed SBA-BODIPY performance with 
2-phenyl-2-ethanolpyrrolidine, which was attached to the BODIPY through the pyrrolidine nitrogen. For vapor tests, strips were made by spotting SBA-BODIPY onto commercial silica or nitrocellulose strips. Upon exposure to vapor from DCP, DFP, GA, GB, or GD, both the mimics and the nerve agents reacted irreversibly with the ethanol on the pyrrolidine to form a bicyclic molecule that quenched fluorescence when illuminated at 365 nm. Measurable quenching was observed after only 5 s of exposure in the microgram-per-cubic-meter range for the mimics and for GA, GB, and GD. Curiously, the dye performance was reported to be slightly better for the mimics than for the nerve agents. A suspension of dye in water was used to test the mimics and the nerve agents. At mimic or agent concentrations of 180 µM, the half-life for the reaction with SBA-BODIPY ranged from 2.67 s (for DFP) to 34.66 s (for GB). Limits of detection for DFP, DCNP, and DCP were found to be 0.12, 16.9, and 90.8 pM, respectively. Structures of BODIPY and the bicyclic reaction product with the nerve agents and mimics, along with SBA-BODIPY, are shown in Figure 10.






		[image: ]



		[image: ]





[bookmark: _Toc126225519]Figure 10. Functionalized BODIPY that was reported in 2016 and 2017 to react with nerve agents and nerve-agent mimics in vapor12 and water.13 (Top) BODIPY structure and bicyclic product of its reaction with agents and mimics. (Bottom) Anchored BODIPY formed by covalent bonding to silica through SBA-APTES.





Goswami et al.14 have published research on rhodamine-based dyes as fluorometric indicators for nerve agents. The unique spirolactam derivative of rhodamine has been dubbed RHM by the researchers and is shown in Figure 11. DCP reacts with this indicator in two steps: first, a nucleophilic attack by the amine on the phosphorus center of DCP; and second, a ring closing (and opening) reaction to form the compound on the right.









[bookmark: _Ref484572665][bookmark: _Ref485026452][bookmark: _Toc126225520]Figure 11. Reaction of the rhodamine-based dye with DCP.

This somewhat complex chemical reaction takes place in less than 8 min. A distinct pink color was observed for DCP, but not for any of the other 12 potential interferents they tested, including dimethyl methylphosphonate (DMMP), metal ions, bleach, and hydrogen peroxide. This indicator also worked well in vapor-phase experiments.



Lei and Yang15 researched a new fluorescent indicator (Figure 12) that uses a phenylogous Vilsmeier–Haack reaction to initiate a ring-closing reaction, which produces a colored and highly fluorescent product. Modifying the Vilsmeier–Haack reaction in this way was an innovative approach to producing a chromophore that is capable of fluorescence. The indicator is colorless and does not fluoresce, thereby providing a zero background for the analysis. The molecule is small and relatively easy to produce. In a solution of as little as 50 mM (in a series of different solvents), the final solution was a visible light pink color, and it fluoresced strongly when excited by a 532 nm laser. 









[bookmark: _Ref480883296][bookmark: _Toc126225521]Figure 12. Vilsmeier–Haack ring-closing reaction.





Rusu et al.16 approached this detection problem by attaching a reactive fluorometric group to a polysiloxane “smart” polymer (structure is shown in Figure 13). The phenolic group can react with an electrophile, such as DCP, and the corresponding adduct shows a change in its fluorescent emission. The sensitivity is quite remarkable: positive detection is possible at 12 ppb. 



Because the reaction with DCP produces HCl as a byproduct, Rusu et al. investigated the effect of HCl in a series of control experiments. Dynamic light scattering (DLS) experiments were conducted to investigate nanoscale changes in polymer materials during the reaction. Reaction with DCP appeared to increase hydrophobicity and lead to cluster formation and, eventually, precipitation of the polymer system. Thus, the DLS experiments present another method for confirming the presence of a chemical agent simulant. Additionally, it may be possible to use this change in hydrophobicity and subsequent change in state to create wearable fabrics that can perform both detection and protection.











[bookmark: _Ref480975210][bookmark: _Toc126225522]Figure 13. A polysiloxane “smart” material with a fluorescent dye.





Xuan et al.17 presented a new ratiometric fluorescent probe (Figure 14) that responds to DCP in less than 1 min at concentrations as low as 0.17 ppm. Color changes can also be seen under UV light or with the naked eye. This was the second fluorescent probe system to use Förster resonance energy transfer (FRET) in a ratiometric probe. FRET involves the transfer of energy from one chromophore to another through nonradiative dipole–dipole coupling. This probe responded to both vapor- and solution-phase agent simulants. 









[bookmark: _Ref480975871][bookmark: _Toc126225523]Figure 14. Fluorescent probe using FRET.





[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Hamel et al.18 studied fluorescein and resorufin (Figure 15, left and right, respectively), as well as the sodium salts of these compounds. They observed that in a few seconds, a turn-off fluorescence response of the sensor could be seen for parts-per-billion levels of DCP. For instance, fluorescent quenching, I/I0 = 0.68 (where I is the intensity after the quenching process and I0 is the initial intensity), was obtained when the sensor was exposed to 16 ppb of DCP.









[bookmark: _Ref480976038][bookmark: _Toc126225524]Figure 15. Fluorescein (left) and resorufin (right) fluorescent indicators.





Several possible interferent molecules were studied, including DMMP, tributyl phosphate, and the pesticide dichlorvos. Resorufin showed a small fluorescent response when higher concentrations of dichlorvos were introduced; but otherwise, little interference was observed. The researchers showed that vapor-phase detection was also very sensitive, and that DCP could be detected at its vapor pressure. This system could provide real-time monitoring, given that response times as short as 3 s were observed. The authors indicated that testing with sarin would be undertaken in the future.

Fluorescent microspheres of polystyrene-based Eu(III) complexes were prepared from TentaGel resin (Rapp Polymere GmbH; Tuebingen, Germany), 2,6-bis(benzimidazolyl)pyridine, and europium nitrate.19 The microspheres were characterized by Fourier transform infrared spectroscopy, elemental analysis, X-ray photoelectron spectroscopy, and fluorescence spectroscopy. Characteristic red emission under irradiation by 365 nm light from a handheld UV lamp was observed for the microspheres in solution and in a solid state. Fluorescent quenching was observed when the microspheres were exposed to a trace amount of DCP in the dispersion. The material and property can potentially be used to fabricate a chemosensor for detection of organophosphates.



N-(rhodamine B)-deoxylactam-5-amino-1-pentanol was designed and prepared as a chromofluorogenic sensor for the detection of a nerve-agent simulant via analyte-triggered tandem phosphorylation and opening of the intramolecular deoxylactam.20 The successful detection of DCP suggested the utility of rhodamine deoxylactams as a chromofluorogenic signal-reporting platform for the design of sensors to target reactive chemical species via various chemistries.



Azab et al.21 described the application of time-resolved fluorescence in microtiter plates and electrochemical methods on glassy carbon electrodes for investigating the interactions of europium-3-carboxycoumarin with pesticides aldicarb, methomyl, and prometryne. 
Stern–Volmer studies at different temperatures indicated that static quenching dominated for methomyl, aldicarb, and prometryne. By applying the Lineweaver–Burk equation, binding constants were detected at 303, 308, and 313 K. A thermodynamic analysis showed that the reaction was spontaneous, with the change in Gibbs free energy (ΔG) being negative. The enthalpy (ΔH) and entropy (ΣS) of the reactions were all determined. A time-resolved (gated) luminescence-based method for the detection of pesticides in microtiter plate format using the long-lived europium-3-carboxycoumarin was developed. The limits of detection were 4.80, 5.06, and 8.01 µmol L−1 for methomyl, prometryne, and aldicarb, respectively. This was reported to be the lowest limit of detection achieved thus far for luminescent lanthanide-based pesticide probes. The interaction of the probe with the pesticides was investigated using cyclic voltammetry (CV), differential pulse polarography, square-wave voltammetry (SWV), and linear sweep voltammetry (LSV) on a glassy carbon electrode using 0.1 mol L−1 p-toluenesulfonate as the supporting electrolyte at 25 °C. The diffusion coefficients of the reduced species were calculated. The main properties of the electrode reaction occurring in a finite diffusion space were the quasi‑reversible maximum and the splitting of the net SWV peak for Eu(III) ions in the ternary complex that was formed. The increase of the cathodic peak current using LSV was linear with the increase of pesticide concentration, in the range of 5 × 10−7 to 1 × 10−5 mol L−1. The limits of detection were about 1.01, 2.23, and 1.89 µmol L−1 for aldicarb, methomyl, and prometryne, respectively. To assess the analytical applicability of the method, the influence of various potentially interfering species was examined. Specifically, the influence of interfering species on the recovery of 10 μmol L−1 pesticides was investigated.



Candel et al.22 reported a hybrid, nanoscopic, capped mesoporous material that is selectively opened in the presence of nerve-agent simulants. It was prepared and used as a probe for the chromofluorogenic detection of these chemicals. A mesoporous alumosilicate material, MCM-41 (Mobil Composition of Matter No. 41), was prepared as the scaffolding on which tris(2,2'-bipyridyl)ruthenium(II) chloride dye was loaded. MCM-41 was capped with bis(2-hydroxyethyl)aminopropyltriethoxysilane, which reacted with nerve-agent simulant DCP to release the dye and thereby indicate its presence in a chromogenic response.



Kim et al.23 synthesized a monopyrene-imine derivative that is a highly selective and sensitive “turn-on” fluorogenic probe for DCP. Upon addition of DCP to a solution of this probe, a phosphoramidate was formed that exhibited an enhanced fluorescence emission at 425 nm. When exposed to DCP in the vapor phase, the indicator impregnated on silica gel showed a sky-blue fluorescence.



Han et al.24 devised a visual and fluorogenic detection method for a nerve-agent simulant that was based on a Lossen rearrangement of rhodamine–hydroxamate in the presence of DCP under alkaline conditions.



Climent et al.25 developed an approach for the chromogenic sensing of nerve-agent mimics by using silica nanoparticles (SNPs) that were functionalized with aliphatic alcohol and thiol moieties. When a solution of squaraine dye (SD) was added to a suspension of the functionalized SNPs, the reaction between the thiol moieties and the squaraine caused bleaching of the blue dye. However, when nerve-agent mimics were added to the hybrid SNP suspensions, the OP reacted with the hydroxyl groups of the alcohol moieties. This hindered the access of SD to the thiols of the SNPs, and the solutions remained blue. Several SNP variants were tested, and DFP detection was achieved in concentrations as low as 5 ×10−7 M in mixed solutions containing up to 50% water in acetonitrile. Prototype dipsticks were also prepared by applying the SNPs to a polyethylene terephthalate film that was then used to detect DFP in the vapor phase by dipping the test strips in SD solutions. When the test strips were dipped in the dye, the solution remained blue if the strip had been exposed to DFP, or it became bleached if the strip had not been exposed to DFP.



Costero et al.26 designed and synthesized a family of azo and stilbene derivatives and investigated their chromofluorogenic behavior in the presence of nerve-agent simulants DCP, DFP, and DCNP in acetonitrile and mixed water/acetonitrile solutions (3:1 v/v) buffered at pH 5.6 with 2-(N-morpholino)ethanesulfonic acid. The compounds that were prepared contained 2-(2-N,N-dimethylaminophenyl)ethanol or 2-[(2-N,N-dimethylamino)phenoxy]ethanol reactive groups, which are part of the conjugated π system of the dyes and produce acylation reactions with phosphonate substrates followed by rapid intramolecular N-alkylation. The mimic-triggered cyclization reaction transformed a dimethylamino group into a quaternary ammonium. This induced a change in the electronic properties of the delocalized systems that resulted in a hypsochromic shift of the absorption band of the dyes. 



Similar reactivity studies were also carried out with other “nontoxic” OP compounds, but no changes in the UV–visible spectra were observed. The emission behavior of the reagents in acetonitrile and water–acetonitrile mixtures (3:1 v/v) was also studied in the presence of nerve-agent simulants and other OP derivatives. The reactivity between the indicators and DCP, DCNP, or DFP in 3:1 v/v buffered water–acetonitrile solutions under pseudo-first-order kinetic conditions, using an excess of the corresponding simulant, were studied to determine the rate constants (k) and the half-life times,  for the reactions. The limits of detection in 3:1 v/v water–acetonitrile were also determined for each indicator and DCP, DCNP, and DFP. Finally, the chromogenic detection of nerve-agent simulants in solution and in the gas phase were tested using silica gel-containing adsorbed indicators with fine results.



Costero et al.27 presented a new chromogenic protocol for the selective detection of nerve-agent mimics. This indicator (Figure 16) showed selective reactivity with three nerve-agent simulants and did not respond to a variety of tested interferent molecules. 









[bookmark: _Ref480978924][bookmark: _Toc126225525]Figure 16. Costero et al.’s fluorescent indicator.27





Knapton et al.28 reported that the highly selective detection of CW agent mimics can be achieved by judicious combination of carefully designed fluorescent ligands and metal ions. Designed sensor arrays of these multi-metal and -ligand systems represent a modular and versatile approach for the detection of organophosphates and other analytes.



Van Houten et al.29 reported research on the emissions from the 2-pyridyl- and 
2-pyridinium-substituted platinum-1,2-enedithiolate complexes, L2Pt{S2C2[2-pyridyl(ium)](R)}, where L is triphenylphosphine (PPh3), diphenyl methylphosphine (PPh2Me), phenyl dimethyl phosphine (PPhMe2), and P(propyl)3; and L2 is dppm, dppe, and dppp. These were studied in DMMP (DMF–CH2Cl2–MeOH at a 1:1:1 v/v/v ratio, where DMF is dimethyl formamide and MeOH is methanol) glasses at 77 K. All of the pyridyl-substituted complexes had an emission between 18,600 and 17,900 cm−1 with pronounced 1200 cm−1 vibronic structure. The lifetimes of the pyridyl-substituted complexes were 216–350 µs. The pyridinium-substituted complexes had emissions in the range of 16,600–16,100 cm−1 and had less-resolved vibronic structure than their pyridyl counterparts. The lifetimes of the pyridinium-substituted complexes were 158–290 µs. The emissions at 77 K from the pyridyl- and pyridinium-substituted complexes contrasted with those from the room-temperature studies, where only selected pyridinium complexes were emissive.



Zhang and Swager30 researched indicators that provide a highly sensitive and functional group-specific fluorescent response to DFP. A nonemissive phenylpyridyl indicator reacted with DFP to yield a cyclized compound that showed high emission due to its highly planar and rigid structure. Very weak emission was observed by the addition of HCl. Another indicator based on pyridyl naphthalene exhibited a large shift in its emission spectrum after reaction with DFP, which provided for quantitative ratiometric detection.



[bookmark: _Toc7523140]2.6	Synthetic Carbon-Based Polymers for Detection of Nerve Agents



	Given their ability to be shaped into a virtually infinite variety of forms with a vast array of physical and chemical properties, organic polymers have formed an essential part of biochemistry since the origins of life and have been a vital branch of synthetic chemistry since the invention of the first artificial plastics in the early 20th century. In the 2010s, several groups of researchers investigated novel avenues to nerve-agent detection using synthetic polymers functionalized with colorimetric and fluorometric sensors.



	In 2012, Lee, Seo, and Kim31 reported a colorimetric method of detecting chloro- and fluorophosphates using a dye that was built around polydiacetylene (PDA). The PDA was modified by incorporation of OX functional groups, which were then self-assembled in aqueous solution to form OX–PDA liposomes. The resulting functionalized polymer exhibited a distinct color change, from blue to pink, upon exposure to DCP and DFP. Adding to its potential flexibility as a colorimetric indicator, the polymer was tested in the forms of an aqueous solution, a gel, and a solid on a membrane, and it responded to the simulants in all three matrices. 
OX–PDA on cellulose acetate gave a detectable color change to DFP vapor at 160 mg m–3 in under 1 min. OX–PDA gave little or no response to HF, HCl, and phosphoric acid. Also of interest, the reaction between OX–PDA and simulants detoxified DCP and DFP, leading to the potential use of the polymer as a decontaminating agent with a built-in indicator.



	More recently, Sarkar and Shunmugam32 reported the use of a norborene-based, triazolyl-functionalized 8-hydroxyquinoline polymer (NCHQ) that upon phosphorylation exhibited an intense fluorescent response through photoinduced electron transfer. In tests with DCP and diphenyl chlorophosphate, the researchers claimed that the material was the first polymeric sensor to show an “instantaneous” response to the simulants at concentrations as low as 25 ppb of DCP in methanol. The simple technique of applying an NCHQ solution to a strip of Whatman filter paper and drying the filter resulted in a detector paper that, under UV illumination and upon exposure to DCP vapor, would exhibit a visible green emission within 1 s.



	In 2015, Weis and Swager33 reported the synthesis of four reactive materials from dithienobenzotropone-based conjugated alternating copolymers that were subjected to hydride reduction to yield reactive hydroxyl groups. The light-yellow-colored polymers reacted at the hydroxyl with both DCP and DFP to form a bright-blue-colored, resonance-stabilized tropylium ion. The incorporation of hydrogel-promoting tetra(ethylene glycol) side chains and subsequent hydride reduction yielded a stable polymer with a number-average molecular weight (Mn) of 16.6 kDa and a limit of detection of 6 ppm for DCP in the vapor phase. Adding to the potential usefulness of the material, the authors reported it was possible to regenerate the reactive hydroxyl groups by treating the DCP vapor-exposed polymer with ammonium hydroxide vapor.



[bookmark: _Ref483382671]		Most recently, Balamurugan and Lee34 reported the use of a polymer with a donor–acceptor Stenhouse adduct (DASA) that has a somewhat complex response to DCNP. The polymer was synthesized starting with reversible addition–fragmentation chain transfer polymerization to yield poly(glycidyl methacrylate-co-dimethylacrylamide) (P1; where m:n, the ratio of repeating units in the overall polymer, was 6:94). P1 was then further reacted with 2-(2-aminoethoxy)ethanol to give P2. Finally, P2 was reacted with 5-(furan-2-ylmethylene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione to yield P3. P3 exhibited an on–off colorimetric response to DCNP in the vapor phase and in some organic solvents. Switching of the polymer was also reported to be governed by exposure to visible light. The structure of P3, as well as a simplified explanation of its reactions of the polymer with DCNP and light, are shown in Figure 17.





[image: L:\Colorfluor\Balamurugan_polymer a.png]m:n = 6:94



[bookmark: _Ref483385658][bookmark: _Toc126225526]Figure 17. Polymeric probe incorporating a DASA reported by Balamurugan and Lee.34 





	As synthesized, the polymer exhibits a strong absorption near 550 nm, giving it a strong purple color. As shown in Figure 17, exposure to DCNP generates irreversible cyclization (part a; red bracket on the left) to produce a morpholino cation, while exposure to visible light generates reversible cyclization at the triene (part b; red bracket on the right) to yield a zwitterionic cyclopentenone form. In both cases, the result is a loss of the 550 nm absorption band and bleaching of the dye.






3. [bookmark: _Toc482697945][bookmark: _Toc7523141]ENZYME-BASED INDICATORS



3.1 [bookmark: _Toc7523142]Background



Enzyme-based systems have several potential advantages over chemical indicators. Enzymes can show very high levels of selectivity due to the “lock and key” nature of the enzyme active sites and inhibitors. When acetylcholinesterase (AChE) is used as the enzyme, an inhibitor that binds to it is highly likely to show a nerve-agent response in humans. Emerging threat compounds that exhibit nerve-agent activity can be detected in this way, without the need to know the actual structure of the nerve agent. The enzymes also can show exceptional sensitivity. Colorimetric indicators may have advantages in cost and stability that would make them more desirable under certain scenarios; however, enzyme-based methods have great potential for inclusion in a simple and effective detection kit.



3.2 [bookmark: _Toc482697947][bookmark: _Toc7523143]Detection Systems



Reports from as early as 1964 outlined the possibility of using AChE enzymes as a component of a nerve-agent detection system.35 These simple devices were based on the ability of AChE to react with nerve agents and produce protons as a byproduct of the reaction. An acid/base indicator in the enzyme solution caused a color change that indicated a positive result. A double-valve bulb was used to force ambient air through the solution, thereby allowing for vapor detection of agents.



A number of early studies were reported regarding the use of electrochemical detection in combination with enzymes, including one from Porton Down (Wiltshire, UK) entitled An Investigation into the Use of Immobilised Cholinesterase for the Automatic Detection of Nerve Agents.36 In this detection system, the enzyme was covalently bonded to a polymethacrylate resin. This helped reduce the problem of consuming valuable enzyme by producing a system that could operate on a continuous basis. An ongoing reaction in this system was the conversion of thiocholine to choline disulfide. An electrochemical sensor was placed across the material with the immobilized enzyme, and a constant electrochemical potential occurred when nerve agent was not present. When nerve agent was present, the enzyme was inhibited, the ongoing reaction was halted, and a change in the electrochemical potential was recorded. The method could be used to detect nerve-agent vapor in relatively low concentrations of 0.005 mg/m3 in less than 5 min. Detection of high concentrations (e.g., 10 mg/m3) could take place in 5–8 s. 



Erbeldinger and LeJeune37 reported the development of a biopolymer-based wipe that has enzymes integrated into the wipe substrate. The wipe begins as a yellow-colored material that then turns red in the presence of a nerve agent or turns green when exposed to a clean surface. The system uses both the butyrylcholinesterase (BChE) and urease enzymes to detect the agent and provide a color change that is intuitive to a user. The two enzymes act in concert to adjust the solution pH. The presence of agent results in inhibition of the BChE enzyme, which allows the pH to rise. In cases where agent is not present, the urease enzyme creates ammonia, which reacts with the BChE enzyme to lower the pH and trigger the green color. 

White and Harmon38 reported on a highly sensitive enzyme-based sensor that requires more expertise to use. Using planar waveguide absorbance spectroscopy, they were able to achieve detection levels of 100 parts per trillion in solution and 250 pg in vapor. 



Upadhyay et al.39 discovered a system for detecting nerve agents by using immobilized enzymes attached to gold–platinum nanoparticles that were deposited onto a 
3-aminopropyltriethoxysilane-modified glassy carbon electrode. Electrochemical detection was then used to identify the presence of sarin and several pesticides. 



It was also shown that BChE can be used with peptide nanotubes (PNTs) to allow for electrochemical detection (by CV, in this case).40 The electrochemical signal was produced by the conversion of butyrylthiocholine by the BChE enzyme. As the BChE enzyme is inhibited by a nerve agent, the cyclic voltammogram records the change in voltage. A CV-based system would likely be difficult to field, although the concept of immobilization on the PNTs could be useful in another context. 



Researchers at Oklahoma State University (Stillwater, OK) developed a method for using both AChE and BChE to detect the presence of enzyme inhibitors.41 When tetraphenylporphyrins were added to the system, a colorimetric change occurred. Absorbance of the porphyrins is normally seen at 446 and 421 nm. Loss of absorbance was identified in the system when one of the enzymes was inhibited. 





4. [bookmark: _Toc482697948][bookmark: _Toc7523144]CONCLUSIONS



There has been an explosion in research to identify colorimetric and enzyme-based indicators that will detect nerve agents in a practical, quick, and easy manner. Dozens of colorimetric indicators have been developed that show promise with nerve-agent mimics. We have not found reports of indicators that have been tested against actual agents. However, it will be interesting to learn whether work with mimics has guided at least some of the indicator development in the right direction, or whether significant modification of the indicators is necessary to achieve good results with actual agents.



Enzyme-based systems can show high selectivity and sensitivity toward nerve agents. These systems have been developed into devices that range from simple to complex. Easily used wipes can provide a visible color change in the event of detection. Other systems are designed to use electrochemical or spectroscopic detection, through which more quantitative information about nerve agent concentration might be possible. 
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ΔG 	Gibbs free energy

ΔH	enthalpy

ΣS	entropy

AChE 	acetylcholinesterase

APTES 	(aminopropyl)triethoxysilane

BChE 	butyrylcholinesterase

BODIPY	boron dipyrromethene

BrCN	cyanogen bromide

CV	cyclic voltammetry

CW	chemical warfare

DASA	donor–acceptor Stenhouse adduct

DCNP	diethyl cyanophosphonate

DCP	diethyl chlorophosphate

DFP	diisopropyl fluorophosphate

DLS	dynamic light scattering

DMMP	dimethyl methylphosphonate

F-BODIPY	4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene

FRET	Förster resonance energy transfer

GA	O-ethyl-N,N-dimethyl phosphoramidocyanidate; tabun

GB	isopropyl methylphosphonofluoridate; sarin

GD	pinacolyl methylphosphonofluoridate; soman

LSV	linear sweep voltammetry

m:n	ratio of repeating units in the overall polymer

NCHQ	norbornene-based triazolyl functionalized 8-hydroxyquinoline

OP	organophosphorous

OX	oxime

OX–PDA	oxime-functionalized polydiacetylene

PDA	polydiacetylene

PNT	peptide nanotube

SBA	mesoporous silica 

SD	squaraine dye

SNP	silica nanoparticle

SWV	square-wave voltammetry

TBDMS	tert-butyldimethylsilyl
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