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Differentiating Between V- and G-Series Nerve Agent and
Simulant Vapours Using Fluorescent Film Responses

Shenggqiang Fan, Alex S. Loch, Kylie Vongsanga, Genevieve H. Dennison, Paul L. Burn,*
lan R. Gentle, and Paul E. Shaw

In-field rapid and reliable identification of nerve agents is critical for the
protection of Defence and National Security personnel as well as
communities. Fluorescence-based detectors can be portable and provide rapid
detection of chemical threats. However, most current approaches cannot
differentiate between dilute vapors of nerve agent classes and are susceptible
to false positives due to the presence of common acids. Here a
fluorescence-based method is shown for rapid differentiation between the
V-series and phosphonofluoridate G-series nerve agents and avoids false
positives due to common acids. Differentiation is achieved through
harnessing two different mechanisms. Detection of the V-series is achieved
using photoinduced hole transfer whereby the fluorescence of the sensing
material is quenched in the presence of the V-series agent. The G-series is
detected using a turn-on mechanism in which a silylated excited state
intramolecular proton transfer sensing molecule is selectively deprotected by
hydrogen fluoride, which is typically found as a contaminant and/or
breakdown product in G-series agents such as sarin. The strategy provided
discrimination between classes, as the sensor for the G-series agent class is
insensitive to the V-series agent, and vice versa, and neither responded to

1. Introduction

The use of chemical warfare agents
(CWAS), particularly nerve agents,!!) is a
significant concern. Known nerve agents
all contain a phosphorous-oxygen dou-
ble bond and are generally defined by
the nature of the leaving group attached
to the phosphorous atom (Figure S1,
Supporting Information). G-series nerve
agents generally contain a phosphorous-
fluorine bond, with the notable excep-
tion being tabun, which has a cyano
leaving group. In contrast, the best-
known V-series agent, VX, has alkoxy and
alkylthio groups attached to the phospho-
rous atom. The nature of the hazard pre-
sented by the release of a nerve agent is
dependent on its vapor pressure, toxic-
ity, and environmental stability. For ex-
ample, the median lethal vapor concen-
tration (LCs) of VX is four times lower

common acids.
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than sarin (1.2 ppm), but sarin has a va-

por pressure over 4000 times higher at

20 °C.1231 Additionally, as VX is much less

reactive with water vapour than sarin,
the former represents a much more persistent deposited haz-
ard in the environment.l* Thus, identifying which class of nerve
agent is present is critical for personnel to make decisions about
protection and hazard management protocols. Independent of
the nerve agent structure, they all act as competitive inhibitors
for acetylcholine, which is a neurotransmitter!'*! and death of-
ten occurs by suffocation due to inability of the victim to con-
trol the muscles required for breathing. Current detection meth-
ods for nerve agent contamination may be affected by environ-
mental interferents, and include enzyme-based colorimetric kits,
which require the collection of samples (solids or liquids) from
surfaces and generally take two to three minutes to show a
color change,® and vapor detectors such as portable ion mobil-
ity spectrometers.l”) Fluorescence-based sensing is an attractive
approach for the detection of chemical threats, with its feasibil-
ity demonstrated through deployment of lightweight portable de-
vices capable of detecting explosive vapors using solid-state sens-
ing films.B-11 It is therefore not surprising that effort has been
put into the development of fluorescent materials that can detect
nerve agents. Fluorescent-based sensors can be lightweight, have
low power consumption, provide rapid, sensitive, and in some
cases selective detection of chemical threats.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Although the use of metal complex-based phosphorescent
emitters and fluorescent chromophores capable of hydrogen
bonding has been explored for the detection of nerve agents
and simulants,['>%] the majority of fluorescence-based sens-
ing materials research has focused on chromophores contain-
ing nucleophilic components and, in particular, nitrogen-based
nucleophiles.[1611 The latter strategy aims to utilize the elec-
trophilicity of the phosphorous atom of the nerve agent, where
the nucleophilic nitrogen atom attacks the phosphorous elec-
trophile, with the subsequent loss of a leaving group leading to
modulation of the fluorescence properties of the sensing mate-
rial. However, there are limitations with the nucleophilic substi-
tution strategy, including the rate of the solid-state reactions (as
thin film sensing is required for a portable detector), selectivity
(as any difference in reactivity of the V- and G-series agents can
be subtle),1*20:21] and finally, amines are both nucleophiles and
Lewis bases and hence the presence of common acids (e.g., hy-
drochloric acid and acetic acid) can elicit a similar response to G-
series agents leading to false positives.['#22] This latter point will
be discussed in further detail later. It is important to note that
to date, there are no fluorescent sensors reported that are able to
rapidly detect and differentiate dilute vapors of V- and G-series
agents.['8221 Our approach to achieving detection and differenti-
ation of dilute vapors of the V- and G-series nerve agent classes
is built on an understanding of the chemical properties of the
agents. It should be noted that due to the toxicity of nerve agents,
most previously reported studies use simulants [e.g., di-iso-propyl
fluorophosphate (DFP)[2*] and 2-(di-iso-propylamino)ethyl ethyl
methylphosphonate (VO)],["*! and that while the simulants are
less toxic than the nerve agents they are still highly toxic. DFP
is commonly used to simulate the reactivity of the phosphorous-
fluorine (P-F) bond in the G-series phosphonofluoridate agents,
while VO was developed to investigate supramolecular interac-
tions of V-series agents. In addition to studies on the standard
simulant we tested two exemplar sensing materials against nerve
agents at the Defence Science and Technology Group, which is
recognized by the Organisation for the Prohibition of Chemi-
cal Weapons (OPCW) as being allowed to conduct research with
CWAs for protective purposes.

2. Results and Discussion

2.1. Sensing Mechanisms
2.1.1. G-Series Nerve Agents

G-series agents (Figure S1, Supporting Information), such as
sarin, contain hydrogen fluoride as a side product of their synthe-
sis as well as from hydrolysis of the P-F bond from atmospheric
water.l*] Qur strategy therefore focused on detecting the hydro-
gen fluoride that is always present in impure sarin samples. The
simulant DFP is also not stable to hydrolysis, and if not protected
from water will contain hydrogen fluoride.l?*] In organic synthe-
sis, fluoride reagents are used to cleave silyl protecting groups at-
tached to alcohols. However, the use of a deprotection strategy is
not sufficient in itself, as fluorescent chromophores that have un-
protected or silylated hydroxyl groups can often have similar flu-
orescence spectra (Figure S2, Supporting Information). Hence,
we have developed a sensing material capable of undergoing ex-
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cited state intramolecular proton transfer (ESIPT)!?! in its depro-
tected form to provide a dramatic change in the fluorescent prop-
erties (Figure 1). For the sensing material (Sensor) in Figure 1,
the silyl protected chromophore has emission peaks at 378 nm
and 392 nm, while the ESIPT emission of the deprotected form
(the Reporter, Figure 1) has a peak at 471 nm (Figure S3, Support-
ing Information). That is, the key innovation is that as the silyl
group is removed by the hydrogen fluoride in sarin or the sim-
ulant (see Figure S4, Supporting Information), the intensity of
the emission associated with the ESIPT reporter increases and
a turn-on response is observed (Figure 1). Each subsequent ex-
posure of the sensing material to the simulant vapor leads to an
additional increase in the PL intensity (Figure S5, Supporting In-
formation). However, a challenge with turn-on based detection is
differentiation between a small increase in fluorescence caused
by the detection event from the background fluorescence of the
initial chromophore. This background fluorescence, no matter
how weak, can reduce the sensitivity of the detector. We over-
came this problem by designing the ESIPT Reporter emitter such
that its absorption onset was red shifted relative to the silyl pro-
tected Sensor compound (Figure S3, Supporting Information)
with a larger absorption coefficient at the excitation wavelength
of 365 nm meaning that it more strongly absorbed the incident
light. The difference in film emission of the sensor material and
that of the reporter compound is evident in the photos in Figure 1
as is the increase in PL intensity measured upon exposure to DFP
and sarin. It will be appreciated that the sensing of hydrogen flu-
oride is an irreversible process as the deprotection of the sensor
material cannot be reversed.

2.1.2. V-Series Nerve Agents

The V-series nerve agents do not contain fluorine substituents
(Figure S1, Supporting Information) and hence are typically not
contaminated with hydrogen fluoride. As a consequence, they
cannot deprotect the silyl protected hydroxyl group of the Sen-
sor material to form the ESIPT Reporter compound. To detect
the V-series agents we utilized the facts that they contain a ter-
tiary amine group and that tertiary amines are known to undergo
photoinduced hole transfer (PHT).[2*) However, there are few re-
ported organic semiconductor materials that are fluorescent in
the solid state and have a sufficiently large ionization potential
to induce PHT of tertiary amines. We have therefore developed a
compound composed of a fluorenylbenzothiadiazole moiety and
dicyanovinyl group that is capable of PHT with the amine moi-
eties found in the V-series nerve agents (Figure 2). The sensing
material is fluorescent in the solid-state, but in the presence of
VX or the simulant VO, PHT occurs, and the fluorescence of the
sensing material is quenched (Figure 2) — a turn-off mechanism.
However, in this case, the process is reversible in that the inter-
molecular charge transfer state can decay non-radiatively to the
ground state, and when the nerve agent exits the film, the fluo-
rescence intensity recovers (Figure 2). An important point with
regard to differentiating between the V- and G-series is that the
silylated material designed to detect the G-series agents does not
have a sufficiently large ionization potential to enable PHT to oc-
cur with the V-series vapors, which will be discussed in the next
section.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Mechanism for phosphonofluoridate G-series nerve agent and simulant detection. a) The hydrogen fluoride present in the nerve agent removes
the silyl protecting group of the Sensor material to leave an ESIPT Reporter compound, which emits at a longer wavelength. b) The change in the PL
intensity (excitation at 365 nm) from the sensing film in the presence of DFP (Method B — see Experimental Section) or sarin (Method A). No change
in the PL intensity is observed when the Sensor material is exposed to air. The synthesis of the Sensor material is described in the Supplementary

Information.

2.2. Acid Selectivity

Common acids such as hydrochloric and acetic acid are inter-
ferents for reported nucleophile-based luminescence sensors de-
signed to detect G- and V-series agents and simulants.['$22] In
this work we explored the ability of the sensing materials to
discriminate between the V- and G-series and demonstrate that
common acids such as hydrochloric and acetic acid do not elicit
a false positive response. Discrimination between the G- and V-
series was achieved in several ways. First, the V-series sensor
does not have functional groups capable of responding to the hy-
drogen fluoride found in the phosphonofluoridate G-series nerve
agents and simulants. In addition, the ionization potential of the
silylated G-series sensing material was engineered to be insuffi-
ciently deep for efficient PHT with the V-series agents and sim-
ulants, and finally, the G-series response is an irreversible PL
turn-on mechanism while detection of the V-series is a reversible
turn-off process. The contrasting responses of both sensing ma-
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terials to the agents and simulants of each class are illustrated
in Figure 3. It can be seen that the silylated material only re-
sponds to the hydrogen fluoride in sarin and DFP (PL turn-on),
with no response to VX or VO. In contrast, the PL intensity of
the V-series sensing material is quenched with VX and VO and
there is no change in the presence of sarin or DFP. Thus, we
have demonstrated that the vapors from V- and G-series agents
can be differentiated from each other. We have also tested the
response of the two sensing materials against hydrochloric and
acetic acids with the results shown in Figure S7 (Supporting In-
formation). As expected the PL of the V-series sensing material
was not quenched by either acid. However, critically the silylated
sensing material was not deprotected upon exposure to either
acid and there was no PL turn-on. The lack of reactivity is due
to both the relative bond strengths — the silicon-fluorine bond
(565 kJ mol™!) is stronger than the silicon-oxygen (452 k] mol™)
and silicon-chlorine (381 k] mol™') bonds — and the steric encum-
brance of the dimethyl-t-butylsilyl protecting group.
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Figure 2. Mechanism and response for VX and VO detection. a) V-series detection — the sensor compound fluoresces in the absence of the
agent/simulant. In the presence of the agent/simulant the fluorescence is quenched via PHT (VX is shown). The intramolecular charge transfer state
then decays non-radiatively to the ground state and the fluorescence recovers. b) The PL intensity response against VO vapor (x650 ppb) for two 5 s
injections (0.5 mL, 1 mL - left to right) and VX headspace. The extrapolated recovery of the PL intensity of films exposed to VX is indicated by the dashed
lines, with the data taken from Figure S6 (Supporting Information). The response of the sensing material in “Air” was measured using a separate film,
which was used to normalize the PL intensity value. The synthesis of the sensing material is described in the Supplementary Information.
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Figure 3. Responses of the sensing materials against sarin, DFP, VX, and VO. a) Response of the ESIPT-based sensor. b) Response of the sensor
designed to undergo PHT. DFP purity was 99% ("°F NMR) with ~1% HF. VO purity was 98%. Saturated VO vapor was generated using Method A while
diluted DFP vapor was produced using Method B (see Figure S8 (Supporting Information) and Experimental Section).
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Figure 4. Limit of detection of the sensing materials. a) Method B (see Methods section) was used to produce the DFP vapor. The liquid DFP had a purity
of 99% (~1% HF) and for the LoD determination of each it was assumed that all the hydrogen fluoride was in the vapor phase. The APL corresponds to
the change in PL intensity after five minutes of exposure to DFP vapor. b) Method A was used to generate VO vapor with a pressure ranging from ~100
to ~650 ppb. The PL quenching ratio (APL/PLy) was determined using the PL decrease after 5 min.

2.3. Sensitivity

The LC,, values of sarin and VX are 1.2 and 0.3 ppm,
respectively.’] It is important to note that the vapor pressures of
VO and VX are similar.[”?8) We therefore investigated the limit of
detection (LoD) for VO noting that in each case it was determined
using three times the standard deviation (30) of the change in
PL intensity in air. The percentage of PL quenching of the V-
series sensing material was found to be proportional to the VO
vapor pressure with the LoD determined to be ~30 ppb (Figure 4),
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which is lower than the LC,, values of VX (80-160 ppb for a 5 min
exposure, see Table S1, Supporting Information®)). Our method
for detecting sarin from the hydrogen fluoride present makes it
difficult to determine the LoD of the agent itself as the amount
of acid present is dependent on the purity of the agent. For ex-
ample, the sarin that was used in the 1995 attack in Japan had
a purity of only 25% and hence would be expected to contain
hydrogen fluoride.[?*) Therefore, to gain an idea of the LoD for
sarin we used DFP that contained 1% of hydrogen fluoride, with
the hydrogen fluoride concentration determined using fluorine

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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NMR spectroscopy. We found that the increase in the PL sig-
nal was proportional to the amount of hydrogen fluoride present
(Figure 4a) and from this we determined the effective LoD of DFP
containing the 1% of hydrogen fluoride to be ~0.3 ppm. Sarin
is four times more volatile than DFP,!*) and assuming the same
concentration of hydrogen fluoride being present would suggest
that this method can effectively detect sarin at a concentration of
~1.2 ppm, which is lower than the LC;, value (1.6-3.2 ppm for
5 min exposure, see Table S1, Supporting Information).*!

3. Conclusion

Drawing all the results together it can be seen that our approach
is a step change in fluorescence-based vapor detection and differ-
entiation of G- and V-series nerve agents and their simulants. By
moving away from the typical approach of using sensing mate-
rials containing nucleophilic groups we have been able to avoid
false positive responses associated with common acids and dif-
ficulties in identifying which nerve agent class is present. Rec-
ognizing that sarin typically contains hydrogen fluoride we have
developed a sensing material that selectively reacts with the acid
to release an ESIPT chromophore. The use of the ESIPT chro-
mophore avoids issues relating to background fluorescence and
detection is via a turn-on mechanism. Importantly, the ioniza-
tion potential of the G-series sensing material is not sufficient
to have its PL quenched by VO or VX. In contrast, the V-series
sensing material has its PL reversibly quenched by VO and VX
with DFP, hydrogen fluoride, and sarin having no effect. That is,
we have demonstrated the first example of a fluorescence-based
vapor sensing approach for the differentiation of the G- and V-
series nerve agents that is not susceptible to acid interferents.
Finally, in addition to class differentiation, we have also demon-
strated that this approach has the sensitivity to potentially detect
below the LC,, of the two nerve agents.

4. Experimental Section

Film Preparation:  Films of 20—-30 nm thickness were spin-coated onto
fused silica substrates. 2-[4-({Tert-butyldimethylsilyl}oxy) phenyl]—1-[(4-
butylphenyl]—1H-phenanthro[9,10-d]imidazole and 2-[(7-{9,9-i-n-hexyl-
9H-fluoren-2-yl}benzolc][1,2,5]thiadiazol-4-yl)methylene]malononitrile
were dissolved in toluene and chloroform, respectively, at a concentration
of 10 mg mL~" and then spin-coated using a Specialty Coating Systems,
G3P-8 at 2000 and 5000 r.p.m for the former and latter compound,
respectively, with a 60 s dwell and 1's ramp.

Sensing: The work on CWAs and their simulants was conducted by
trained professionals in appropriate facilities for protective purposes.
GB and VX are Schedule 1 chemicals under the Chemical Weapons
Convention, and their extreme toxicity and potency arising from acetyl-
cholinesterase inhibition leads to incapacitation and death at low concen-
trations. Their synthesis and experimentation are regulated under national
laws and with international oversight from the Organisation for the Prohi-
bition of Chemical Weapons (OPCW). Unless noted (see Figure S8, Sup-
porting Information), two methods were used for the generation of the
analyte vapor and measurement of the changes in the PL. Method A: the
simulants (2 uL for DFP or VO) or actual nerve agents (a pipette drop for
sarin and VX) were added onto a Teflon lid, which was then placed at the
bottom of the optical chamber. The optical chamber for the DFP measure-
ments was made from PTFE, with the temperature kept at 20°C. The vapor
pressure of DFP at 20°C is 770 ppm.[3% The chamber for the VO tests was
made from titanium and the vapor pressure was controlled by varying the
temperature of the chamber between 1 and 20 °C using a brine/ice bath.
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The VO vapor pressure was estimated based on the calculated value be-
ing close to the VX vapor pressure at the same temperatures.[?-28] Method
B: Analyte (2 uL for DFP or VO and 20 pL for hydrochloric acid or acetic
acid) was added to a plastic syringe (10 mL) and kept for 30 min to al-
low the analyte to evaporate at 20 °C. The vapor was then injected into
a nitrogen flow (200 mL min~") using a syringe pump at a flow rate of
0-20 mL min~" and the mixed gas was introduced into the optical cham-
ber for the sensing measurement. The waste vapor stream was passed
through a scrubbing solution (20 wt.% sodium hydroxide in water) to neu-
tralise the excess acid and/or break down the excess simulant. The vapor
pressure was estimated by the dilution factor. The hydrogen chloride va-
por pressure was controlled by the headspace of 32% or 16% hydrochlo-
ric acid solution(*" and dilution, while the acetic acid vapor pressure was
controlled by dilution. The sensing film samples on fused silica substrates
were mounted in the optical chamber which was connected to an LED
light source (365 nm, OceanOptics) for excitation of the films and a spec-
trometer (Flame, OceanOptics) for subsequent detection of the film PL.
The geometry was such that the excitation and detection paths were at
right angles. Exemplars of the changes in the fluorescence are shown in
Figure S9 (Supporting Information). Film PL spectra before and after expo-
sure to the analyte and PL kinetics were recorded with OceanView software
(OceanOptics). The PL intensity in the kinetics measurements represents
an integrated value over the wavelength range of 420-600 nm for the G-
series detection and 500-800 nm for the V-series detection.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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