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The detection of DMMP (dimethyl methylphosphonate, a simulant of nerve agent sarin) was performed by
using p-hexafluoroisopropanol phenyl (HFIPP) functionalized graphene (GR) via hydrogen bond
interactions. For this, the HFIPP moiety was covalently functionalized on the surface of GR by a diazo
reaction. The HFIPP-GR film-modified QCM electrodes were fabricated and their sensing characteristics
towards DMMP were investigated. The proposed sensor showed good response towards sensing DMMP

. 49t N ber 2017 vapor at room temperature. In order to see the effect of HFIPP derivatives on DMMP vapor sensing,
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Accepted 19th January 2018 a comparative study was also conducted with unfunctionalized graphene. The sensitivity and detection
limit of the HFIPP-GR sensor against DMMP vapors were 12.24 Hz ppm~! and 150 ppb respectively. The

DOI: 10.1039/c7ral2272a HFIPP-GR coated sensors showed good selectivity towards sensing DMMP vapors when compared with

rsc.li/rsc-advances common organic vapors.

1. Introduction

Organophosphorous compounds (OPCs) are one of the most
important environmental and food chain pollutants. They have
been extensively used as pesticides and chemical warfare agents
for the past few decades."” Several highly toxic OPCs were
developed during World War II and stockpiled as chemical
warfare agents. Nerve agents such as tabun (GA), sarin (GB),
soman (GD) and VX are a class of CWAs, which are highly toxic
among the CWAs and they inhibit the acetylcholinesterase
(AChE) enzyme, leading to the accumulation of an excessive
level of acetylcholine (Ach, a neurotransmitter) at cholinergic
synapses. The reaction of enzyme inhibition by nerve agents is
both fast and irreversible, which makes these agents extremely
lethal.® The large scale and frequent use of nerve agents has
become a reality now. There were some recent incidents where
nerve agents were intentionally used to create panic among
masses,* which emphasizes the constant threat and the urgent
need for the development of reliable, rapid and affordable
detection of these toxic gases at lower concentrations.

Various analytical methods such as chromatographic tech-
niques,”>” atomic emission detection,® capillary electrophoresis,
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and capillary electrophoresis coupled with flame photometric
and conductivity detection,”* were routinely employed to
analyze the nerve agents in environmental and biological
samples. Though these methods have very high sensitivity and
reliability, these techniques are time consuming, require
expensive instrumentation and also highly trained personnel,
which make these techniques unsuitable for on-site analysis.
AChE inhibition biosensors”™* and optical methods such as
fluorogenic and chromogenic sensors**™* were widely explored
in recent times. Though inhibition biosensors are highly
sensitive, the stability of enzymes and interference with other
OPCs and metal ions hinder their applications in selective
sensors for nerve agents. Most of the optical sensors reported
were successful in detecting the nerve agents present in the
liquid samples at lower concentrations. But, the detection of the
nerve agents in vapor and aerosol forms is crucial for practical
sensors. Surface acoustic wave (SAW) or quartz crystal micro-
balance (QCM) sensors and chemiresistive gas sensors could be
areliable and promising alternative to routine methods because
of their simplicity, low power requirement, ease of use and field
deployable with high sensitivity and selectivity.?**

Chemical warfare agents, especially nerve agents, are strong
hydrogen-bond basic compounds. Hence, strongly hydrogen-
bond acidic polymers for sensing vapors of strong hydrogen-
bond basic nerve agents and explosives were introduced few
decades back. Initially, these polymers were of interest for
gaining high sensitivity to nerve agents using acoustic wave
sensors. In such sensors, the hydrogen-bond acidic polymer

This journal is © The Royal Society of Chemistry 2018
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acted as the sorbent layer on the crystal surface and interacted
with the vapors of strongly hydrogen-bond basic organophos-
phorus compounds via hydrogen bonding.>® These interactions
promoted sorption of these vapors into the polymer film coated
on the crystal surface, which increased the sensor response. The
property of hydrogen-bond acidity was incorporated by fluori-
nated alcohol or fluorinated phenol functional groups into the
polymer structure. Though there was an extensive study on
sensing vapors of CWAs using hydrogen-bond acidic polymers,
the stability of the polymers and swelling in the presence of
humidity limits their applications in the realization of portable
sensors for CWAs.

Recent development of nanotechnology has created huge
potential to build highly sensitive, low cost, portable sensors
with low power consumption. The extremely high surface-to-
volume ratio is ideal for gas molecules adsorption. Therefore,
gas sensors based on nanomaterials, such as carbon nanotubes
(CNTs) and graphene have been investigated widely for the
detection of CWAs.””*° More recently, investigations on
sensors based on hydrogen-bond acidic moieties such as hex-
afluoroisopropanol (HFIP) functionalized nanomaterials have
been explored for detecting dimethyl methylphosphonate
(DMMP). In contrast with bare nanomaterials, decoration or
functionalization of nanomaterials with HFIP derivatives can
greatly improve sensitivity and selectivity of the sensors.**** F.
Wang et al. reported sub-ppm chemiresistive detection of
DMMP using HFIP-functionalized polythiophene.** QCM based
sensor were fabricated for detecting DMMP by functionalizing
the mesoporous inorganic host (SBA-15) with HFIP functional
moieties.***® Hence, it can be predicted that HFIP derivative can
be widely applied as powerful intermediate sensing material
having excellent sensitivity and selectivity for detecting nerve
agents or its simulant, dimethyl methylphosphonate (DMMP),
due to selective accumulation of analyte molecules on HFIP
substituents via hydrogen bonding. The application of nano-
materials as sorbent layer also circumvents the problems
associated with using polymers such as swelling and stability of
the polymers during their operation.

Here, prepared graphene-p-hexafluoroisopropanol
phenyl (HFIPP-GR) hybrids via in situ diazonium reaction of p-
hexafluoroisopropanol aniline (HFIPA) with graphene (GR) and
utilized this material for sensing DMMP by using QCM based
transducers.

we

2. Experimental section
2.1 Materials and reagents

Few layered argon plasma treated graphene (GR) used in this
study was received from M/s Nanospan India Pvt Ltd, India. p-
Hexafluoroisopropanol aniline (HFIPA) was purchased from M/
s ClearSynth India Pvt Ltd. Isoamylnitrite, 1,2 dichlorobenzene,
acetonitrile were purchased from Aldrich and used as received.

2.2. Preparation of sensing materials

p-Hexafluoroisopropanol phenyl (HFIPP) moiety was grafted on
graphene surface via diazo chemistry.*”*® In a typical synthesis,
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20 mg of GR was dispersed in 1,2-dichlorobenzene using
ultrasonication for 1 h. To this 10 mL of acetonitrile containing
200 mg of HFIPA was added drop wise and stirred for 10
minutes in nitrogen atmosphere. To this mixture, 0.2 mL of
isoamylnitrite was added quickly and stirred for 24 h at 70 °C in
dark. Then the reaction mixture was allowed to cool to room
temperature naturally followed by vacuum filtration using
nylon-6 (pore size of 0.2 pm) membrane. The residue was
washed with DMF until the color of the filtrate becomes color-
less; finally it was washed with ethanol and dried at 70 °C for 4 h
under vacuum. The reaction scheme was depicted in Fig. 1. The
obtained material was labeled as HFIPP-GR.

2.3. Characterization of sensing materials

The morphology of as received graphene was studied by high
resolution transmission electron microscopy (HRTEM) (FEI,
Technai G* S-Twin) at an operating voltage of 200 kV. Energy-
dispersive X-ray spectroscopy was recorded with EDAX con-
nected to SEM. Thermal gravimetric analysis was conducted
using Perkin-Elmer Instruments.

2.4. Gas sensing measurements

The gas sensing characteristics of the prepared materials were
studied using QCM based transducers. 8 MHz AT-cut gold
coated QCM crystals were purchased from CH instruments,
USA. Drop-drying method was used for depositing the sensing
materials (GR and HFIPP-GR) onto the surface of the gold
coated QCM crystal. A small known amount of GR or HFIPP-GR
was dispersed in N,N'-dimethylformamide (0.5 mg mL™") by
ultrasonication for about 30 minutes, and subsequently a small
volume of the obtained dispersion was placed carefully on the
centre of the QCM electrodes using a micro-syringe. Then, the
coated electrodes were dried at 80 °C for 2 h under vacuum to
obtain thin film of sensing materials on electrode surface. The
same procedure was followed to form thin films of sensing
materials on electrode surface, unless otherwise stated.

In this study, DMMP was used as a nerve agent simulant for
G-type nerve agents because of the common occurrence of the
P=0, P-CH; and P-OCHj; functional groups, which also exist in
the nerve agents and less toxicity of DMMP.

Fig. 2 illustrates the schematic diagram of QCM based
sensing assembly. For gas sensing measurements, dry
nitrogen gas was bubbled through DMMP reservoir, and the
obtained DMMP vapors (at saturated vapor pressure) were

OH

F5C. CF;
NH,
(HFIPA)
- isoamylnitrite
Graphene (GR) 1,2-dicholoro benzene HFIPP-GR
70°C, 24 h

Fig. 1 Preparation of p-hexafluoroisopropanol phenyl functionalized
graphene.
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Fig. 2 Schematic gas sensing assemblies of QCM based sensors for
the detection of DMMP vapors.

diluted with nitrogen gas to get desired concentrations of
DMMP. The total flow rate of the test gas and the diluent gas
was kept constant at 1000 mL min~" in each test. Dry nitrogen
was used as diluent gas and all sensing experiments were
performed at room temperature. The saturated vapour pres-
sure of DMMP was calculated using Antoine Equation.** The
desired concentration of the DMMP was subjected into the
chamber, where the coated QCM crystal was present, and the
change in frequency of the crystal due to exposure of DMMP
was measured as AF (Hz).

3. Result and discussion

3.1 Preparation and characterization of sensing materials

The HR-TEM images of as received argon plasma treated gra-
phene was shown in Fig. 3. The received graphene sample
contains few layers (up to 4 layers) of graphene, which is ideal
for sensitive detection of gaseous analytes.

The quantitative estimation for the functionalization degree
of graphene can be performed through TGA by measuring the
mass loss accompanied with functional moieties removed from
the graphene in an inert atmosphere by heating. The TGA
analysis was performed by heating the samples, HFIPP-GR and
GR, from room temperature to 800 °C in a nitrogen atmosphere
with a ramp of 20 °C min~". As shown in Fig. 4, the mass loss of
14% and 32% was observed in the TGA experiment for GR and

Fig. 3 HR-TEM images of argon plasma treated graphene.
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Fig. 4 TGA of GR and HFIPP-GR.

HFIPP-GR respectively. For HFIP-GR, the sharp mass loss was
observed at 200-450 °C. The mass loss of GR may due to the
adsorbed moisture as well as the defects in the graphene. Where
as, in the case of HFIP-GR, the excess 18% mass loss can be
attributed to the functionalization of GR, which suggests that
one p-hexafluoroisopropanol moiety was functionalized per 76
carbon atoms on the basis of all the weight loss only depended
on the functional components. From this the amount of fluo-
rine present in the HFIP-GR can be estimated to 8.4 wt%.

The EDS analysis was performed to ensure the functionali-
zation on graphene and also to know the composition of
elements (carbon, oxygen and fluorine) present in the sensing
materials. The EDS spectrum of GR and HFIPP-GR was pre-
sented in Fig. 5(a) and (b) respectively, and the corresponding
elemental composition of the material was shown in inlet tables
of Fig. 5. The presence of fluorine in HFIPP-GR was indicated
the functionalization of graphene with fluorine containing
functional moiety. From EDS, it was also clear that the fluorine
concentration in HFIPP-GR was around 8.18 wt%, which is in
consistent with the estimation of fluorine by TGA (i.e., 8.4 wt%).
The fluorine content in the functionalized material was also in
consistent with the earlier reported methods.*”

3.2 DMMP sensing characteristics of HFIPP-GR

3.2.1 Effect of film thickness. The HR-TEM images and
nitrogen adsorption/desorption analysis indicates the porous
nature of the sensing material. The sensor characteristics can
be improved by optimizing the thickness of the sensing mate-
rial film on the crystal surface. For these different volumes (0, 2,
3.5,5, 7,10 and 15 pL) of dispersion of sensing material (0.5 mg
of HFIPP-GR in 1 mL of DMF) was placed on QCM crystal and
drop-dried. As the volume of the dispersion increases, the
thickness of the film increases and there by the oscillating
frequency of the crystal decreases. The change in oscillating
frequency of the crystal as a function of volume of the disper-
sion was plotted in Fig. 6(a).

The oscillating frequencies of the crystals coated with
different amounts of HFIPP-GR were measured by placing

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Energy dispersive X-ray spectrum of (a) GR and, (b) HFIPP-GR.

in sensing chamber and purging dry nitrogen gas. Then,
the coated crystals were exposed to 5 ppm of DMMP for
5 minutes and the corresponding changes in frequencies
were measured. The change in frequencies due to the expo-
sure of 5 ppm of DMMP were plotted against volume of
HFIPP-GR and shown in Fig. 6(b). From Fig. 6(b), it was clear
that the sensor response increases as the thickness (volume
of coating) of the HFIPP-GR film increased from 0 to 10 pL,
and then became saturated at a thickness greater than 10 pL.
Therefore, for the sensitive detection of DMMP vapors, we

View Article Online
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chose HFIPP-GR film obtained by drop-drying 10 pL of the
dispersion.

3.2.2 Response-recovery characteristics. The typical
response-recovery curve of HFIPP-GR coated crystal was shown
in Fig. 7, after attaining a stable baseline frequency, 5 ppm of
DMMP vapors were introduced into the chamber, where the
coated crystal was present. Due to the adsorption of the DMMP
vapors on sensor surface, the oscillating frequency of the sensor
decrease. After attaining a saturated frequency value, the
chamber was purged with pure N, to allow the sensor to return
to its initial condition. The responses were recorded until the
signal variations were less than 1 Hz min™" for at least three
successive minutes. The change in frequency of HFIPP-GR
coated crystal due to the exposure of 5 ppm DMMP vapor is
71 £+ 4 Hz.

Furthermore, the HFIPP-GR coated sensor was exposed to
various concentrations of DMMP vapors. It is obvious that as the
concentration of the DMMP increased, the frequency shift was
also increased. It exhibits good and fast response, and negligible
baseline drift. The response of HFIPP-GR coated sensor is shown
in Fig. 8(a) by plotting the frequency shifts (Hz) against the
concentrations of DMMP vapor (in ppm). Fig. 8(a) shows that the
frequencies of the HFIPP-GR coated QCM sensor can return to
about 80% of original values after desorption processes (purging
nitrogen for 10 minutes). The reason for long recovery times was
ascribed to the strong interaction between DMMP molecules and
HFIPP-GR films. The sensitivity of the sensor is as high as
12.24 Hz ppm™ *. The limit of detection of HFIPP-GR coated QCM
sensor at signal to noise ratio of 3 is around 150 ppb. For
comparison GR coated QCM crystal was also exposed to the
various concentrations of the DMMP and the obtained response
was also shown in Fig. 8, the sensitivity of this sensor was 3.85 Hz
ppm " of DMMP. The response of the sensor coated with GR was
much lower than that of HFIPP-GR coated sensor, indicating the
decoration of graphene with HFIP derivatives enhanced many
folds increase in the response towards sensing DMMP vapors.
The higher response of HFIPP-GR, on comparison with GR was
attributed to the strong hydrogen bonding between HFIP moiety
and DMMP vapor.
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Fig. 6 Effect of thickness of the HFIPP-GR film on (a) crystal frequency and (b) response of the sensor for 5 ppm of DMMP.
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Fig. 7 Response-recovery curves of HFIPP-GR coated QCM sensor
when exposed to 5 ppm DMMP vapors.

3.2.3 Reproducibility studies. To investigate the reproduc-
ibility of the sensor, the HFIPP-GR coated QCM sensor was
repeatedly exposed to DMMP (5 ppm) for seven times and the
time dependent frequency shifts were recorded (Fig. 9). After
each exposure, N, was purged through the chamber for 10
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Fig. 8 (a) DMMP sensing characteristics of HFIPP-GR/IDE sensor
when exposed to various concentrations (the concentrations of
DMMP in ppm were shown on the peaks); (b) response of sensor as
a function of concentration of DMMP.
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Fig. 9 Reproducibility studies of HFIPP-GR coated QCM sensor
exposed to 5 ppm of DMMP.

minutes. It was found that the HFIPP-GR modified sensor
showed similar results on repetition, whereas there was high
response during first cycle of exposure of DMMP. This may be
due to availability all active sites for the adsorption of DMMP
vapors. After first cycle, the response of the sensor was almost
constant for DMMP up to studied number of cycles.

3.2.4 Sensitivity to interferants. The HFIPP-GR coated QCM
sensor was also tested against several conventional volatile
organic vapors, which may act as potential interferences
including ethanol, benzene, acetone, toluene, dichloromethane
(DCM) and dimethylsulfoxide (DMSO). Each analyte at
a concentration of 5% saturated vapor concentration was
generated by conventional bubble method, where a carrier gas
(N,) was passed through analyte liquids at a flow rate of 25
mL min " and the obtained vapors were diluted with N, to get
a final flow rate of 500 mL min . These blended vapors were
transported into the test chamber. The response of the DMMP
was normalized to 1 and the responses of the remaining

DMSO
DCM
4
o Toluene
o
©
= Acetone
]
5
"< Benzene
c
< Ethanol
DMMP
LIS B LA AL BN BN AL AL B
0.0 0.2 0.4 0.6 0.8 1.0

Response (a.u.)

Fig. 10 Response of HFIPP-GR coated QCM sensor to various analyte
vapors each at a concentration of 5% of saturated vapour concen-
tration at 25 °C.
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analytes were calculated with respect to DMMP response. Test
results are presented in Fig. 10. It shows that the sensor is more
sensitive to DMMP vapor than to the interferences at 5% of
saturated vapor concentrations. Good selectivity of the HFIPP-
GR coated QCM sensor was achieved. The reason for the good
selectivity was the strong hydrogen bond acidic and basic
interactions between DMMP and the HFIP derivative, leading to
the highest response for HFIPP-GR coated QCM sensor.

4. Conclusions

In summary, the HFIPP-GR film-modified gold coated QCM elec-
trodes were fabricated and their sensing characteristics towards
DMMP, a simulant of chemical warfare agent sarin, were investi-
gated. The proposed QCM based sensors showed good response
towards sensing DMMP vapors at room temperature. In order
to see the effect of HFIP derivatives on sensing DMMP vapors,
a comparative study was also conducted with as-received graphene.
The graphene functionalized with HFIP derivatives showed many
fold increase in response towards sensing DMMP vapors. The
excellent characteristics of the sensors were due to the presence of
HFIP derivative decorated on material having surface to volume i.e.
graphene. The sensitivities of HFIPP-GR sensor is 12.24 Hz ppm ™~
against DMMP vapors. The HFIPP-GR coated sensors showed good
selectivity towards sensing DMMP vapors when compared with
common organic vapors. As the HFIPP-GR is stable material, by
using this sensitive, selective and miniaturized devices can be
fabricated to detect chemical warfare agents at room temperatures.
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