7® ROYAL SOCIETY
P OF CHEMISTRY

Analyst

View Article Online

View Journal | View Issue

A smart chitosan-graphite molecular imprinted
composite for the effective trapping and sensing
of dimethyl methylphosphonate based on changes
in resistance
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A molecular imprinted polymer (MIP) fabricated from a chitosan doped with graphite to create a conduc-
tive composite (CG-MIC) with the ability to trap and detect dimethyl methylphosphonate (DMMP)
through a change in resistance of the material has been successfully manufactured. The GC-MIC pre-
sented a maximum trapping capacity of 96 ppm (0.096 mg g™) of DMMP. A similar non-imprinted com-
posite made of chitosan-graphite (CG-NIC) had a surface adsorption of 48 ppm (0.048 mg g™%) of DMMP.
The manufacturing process was tested for consistency and there were no significant differences in resis-
tance between batches of CG-MIC before (around 450 Q) and after (around 70 ) DMMP extraction,
representing a homogeneous manufacturing process. Although Atomic Force Microscopy studies
revealed that the graphite was not homogenously distributed throughout the chitosan matrix, the
response was consistent. The changes in the concentration of DMMP within the self-sensing material,
being proportional to those in gas concentration, could be followed by the changes in resistance. The
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inclusion of common interferents: Acetic acid, acetone, ethanol, ammonium hydroxide and 2-propanol,
equivalent in concentration to the DMMP, caused a change in the resistance of the material but did not
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1 Introduction

In the last 30 years, there have been several reports of
Novichok poisoning occurring around the world. The most
notable being the case of Sergei Skripal and his daughter Yulia
in 2018, who were found unconscious and taken to the
Salisbury National Health Service (NHS) Foundation Trust.'
Later, Detective Sergeant Nick Bailey would be admitted to the
hospital with the same symptoms, and it was quickly deter-
mined he had come into contact with the same toxic sub-
stance.” Several days later it would be announced the Skripal’s
and Mr Bailey had been poisoned with an unknown nerve
agent, with 46 more members of the local community coming
forward to express concern.’

Experts from the Organisation for the Prohibition of
Chemical Weapons (OPCW) took samples from several
locations known to the victims and determined it to be a
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substantially affect the specific resistance response of the composite material. Based on this data, the
CG-MIC could be used as a smart material with sensing capabilities to monitor trapping levels of DMMP.

Novichok nerve agent.? The highest concentration of the agent
was found to be on the handle of Mr Skripal’s car.’ These find-
ings were also confirmed by the Defence Science and
Technology Laboratory (DSTL) in Porton Down. It is believed
up to 131 people could have come into contact with the poiso-
nous substance.’

Novichok is the newest form of nerve agent and very little is
known. However, the nerve agent it-self dates all the way back
to World War 2. The G- agents (Tabun, Sarin, Soman) were
created under project Trilon; a military project commissioned
by the Nazi government.® The V Agents (VX, VE, VG, VM) were
later created in the 1950s through a partnership between the
United Kingdom and the United States.” With the Novichok
nerve agent being the latest addition, its conception is believed
to have been a part of the soviet chemical warfare program in
the 1970s, codename: Foliant."

Nerve agents are organophosphorus compounds (OPCs)
that contain an oxygen atom bound to a phosphorus atom
(phosphoryl bond), two alkyl substituents (R1 & R2) and a
leaving group (R3) as shown in Fig. 1.%° This is the most
common structure but there are many other variations that
make the group quite varied. For example, a suspected struc-
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Fig.1 Most common generic structure for an organophosphorus
compound.

ture for the Novichok agent 232" would involve R1 = CHj, R2 =
F (no oxygen) and R3 = N2C5H;3. The broad range of configur-
ations available for residues and leaving groups makes it
difficult to produce a classification system for all derivatives.
Some examples include phosphonate, phosphorofluoridate,
phosphorthioamidate and phosphates but all OPCs are deriva-
tives of phosphoric, phosphonic or phosphinic acids.® To
reduce the toxicity for mammals, the oxygen atom can be sub-
stituted with a sulphur atom to create a thiophosphoryl bond.

Organophosphorus compounds can cause a wide range of
symptoms this can include vomiting, dyspnoea, eye pain,
meiosis rhinorrhoea, bronchoconstriction, bronchorrhea and
bradycardia.'" This is caused by the inhibition of acetyl cholin-
esterase (AChE), an enzyme required by the body to regulate
the amount of acetylcholine (Ach) in the synapses. Without
regulation the respiratory muscles are paralysed, and the onset
of respiratory paralysis occurs.

The chemical weapons convention (CWC) has banned the
use of all chemical weapons and associated equipment.
However, from recent cases, it is clear the convention has not
got complete control over the agent.” This leaves the door
open for potential attacks on the public by terror groups and
hostile territories. As a result, public services must have access
to the most up to date protective equipment.

The Homeland Security Research Program (HSRP) devel-
oped by the Environmental Protection Agency (EPA) in the
United States have a list of recognised methodologies for the
detection of chemical warfare agents (CWA)."> Samples are
typically collected by specialised wipes'® or sorbent poly-
urethane foam cartridge'>'® and sent to accredited labora-
tories. Normally gas chromatography mass spectrometry
(GC-MS) or liquid chromatography mass spectrometry (LC-MS)
will be used for the analysis. However to quickly confirm the
presence of CWAs there is a need for effective onsite screening
methods.'” This can involve handheld electronics, commercial
kits, colour-changing tubes and test paper for the identifi-
cation of CWAs'® Current methods that are commercially avail-
able have several drawbacks for example the Draeger Civil
Defence Kit can produce false positives or colour indicating
tubes can be time consuming.'®'® Furthermore, these
methods are not smart materials and do not inform of quan-
tities or whether the contaminant is present in the material.

The main form of PPE available for chemical warfare is a
respirator. A common respirator contains activated carbon in
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the filter, a process dating all the way back to Ww1.2°
Activated carbon is a porous material that can absorb com-
pounds with low saturation vapor pressures.>! However, in
order to absorb compounds with high saturation vapor press-
ures, the activated carbon has to be modified. Potassium
hydroxide can be impregnated into the material for acidic
gasses while phosphoric acid could be used basic gases. These
types of activated carbon are typically referred to as impreg-
nated carbon.”” Metals can also be used as impregnant
materials for activated carbon and this includes Cu, Zn, Ag, V
and triethylenediamine. These are typically found in military-
grade activated carbon while the use of triethylenediamine is
classed as nuclear-grade activated carbon.”! The National
Institute for Occupational Safety and Health has 9 different
categories for air respirators: N (95, 99, and 100), P (95, 99, and
100), and R (95, 99 and 100). The letter determines whether
the mask is resistant to oil while the number is the minimum
filtering efficiency as a percentage. Not oil resistant is classed
as ‘N’, somewhat resistant is ‘R’ and strongly resistant is “P”.>?
In 2010, the British army was issued with the General Service
Respirators (GSR) to replace the S10, a gas mask that the
British army had used for over 30 years.>*

Chitosan has proven to be an effective material to trap di-
methylmethylphosphonate (DMMP), therefore the ability
could be potentially exploited for the detection of DMMP. The
abundance of oxygen, nitrogen and the alcohol acidic protons
make it a good selection to interact with a molecule like
DMMP. Chitosan can be manufactured from the deacetylation
of chitin which can be found in discarded seafood. Which also
happens to be the second most abundant natural biopolymer
in the world, approximately 6-8 million tonnes of biowaste is
produced a year from the seafood industry.?®

Chitosan has been made in to several different base
materials, this includes films, membranes, nanoparticles, gel
beads, sponge and fibres.>® The chemical and physical charac-
teristics of chitosan include inherent antimicrobial activity,
biocompatibility, biodegradability, large availability, and pres-
ence of functional groups for chemical modifications.?” The
large abundance of hydroxy and amino groups used for modi-
fication can be accredited to the repeating units of glucos-
amine and N-acetylglucosamine that form the co-polymer
(Fig. 2).%®

This study follows on the work done by Disley et al.”* and it
is an evolution on our previous work. Although there has been
some studies based on the sensing of volatile organic com-
pounds in the gas phase using molecular imprinting.>® To the

ll7

Fig. 2 The repeating unit of chitosan.
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best of our knowledge there is no literature on the implemen-
tation of smart sensing and filtering materials for the trapping
and identification of organophosphorus compounds. There
has been work on the detection of DMMP using changes in
amplitude although this was a relatively big system and would
not be considered portable.*°

Many trapping materials used in filters and gas masks lack
the ability to detect and evaluate the efficiency of trapping.
This paper uses the concept of self-sensing materials, where a
material designed for a function also offers an additional
source of information. In our case, the designed material pre-
sents the ability not only to selectively trap but also to inform
of the presence of the substance of interest and evaluate the
capacity and amount trapped. In this paper an evaluation of
the adsorption capabilities, the selectivity, and the capacity of
the chitosan-graphite molecularly imprinted composite
(CG-MIC) and the ability to inform of the presence and
capacity of trapping using the resistance of the material have
been reported. This is specially a useful detection method to
easily implement in filters and gas masks.

2 Experimental
2.1 Materials

Acetic acid, acetone, chitosan, citric acid, dimethyl methyl-
phosphonate (DMMP), graphite powder, methanol (MeOH)
and 2-propanol were purchased from Sigma-Aldrich (Dorset,
UK). Ammonium hydroxide and ethanol were purchased from
Fisher Scientific (Loughborough, UK). All chemicals are
analytical grade.

2.2 Instruments

Resistance was measured using a Duoyi Dy4106 Automotive
Circuit Resistance Tester (Duoyi Instrument, Guangzhou City,
China). A Vega 4 scanning electron microscope (SEM) from

1

Fig. 3
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Tescan (UK), a HR-AFM atomic force microscope from AFM
Workshop (USA) and a spectrum 100 Fourier-transform infra-
red spectrometer (FTIR) by PerkinElmer (UK) was used to
characterise the CG-NIC and CG-MIC. Data obtained from the
FTIR were recorded and processed using Spectrum
(PerkinElmer) wunder the following condition: range
4500-400 cm™'; units: % transmittance; scan number: 16;
resolution: 4.00 cm™'. The SEM settings were as follows:
working distance of approximately 10 mm, operating at 10 kV
and approximate spot size of 80 nm. The micrographs were
collected in secondary electron mode and captured using
TESCAN Essence software. For the AFM, a 100 x 100 x 17 um
scanner was used, measurements were set to vibrating mode
and all samples were scanned in 10 and 2 pm square areas.
NSG-10 cantilevers from NT-MDT were used with a resonant
frequency about 200 kHz. All data was processed using
Gwyddion 2.60 software and the surface texture measurements
were made in 10 pm areas.

2.3 Apparatus

2.3.1 DMMP gas system. The experiment was setup as
shown in Fig. 3, a 100 mL round bottom flask was submerged
in a 3-L heated ultrasonic cleaner manufactured by GT Sonic
(Meizhou City, China) to maintain the water at 25 °C. A
septum was fitted on the top of the flask to create a gas-tight
vessel and two copper wires (0.4 mm thick) passed through
the septum and sealed. Inside the round bottom flask, the
copper wires are bridged together by the CG-MIC. Outside the
flask, the copper wires are connected to the Duoyi Dy4106
Automotive Circuit Resistance Tester (Guangzhou City, China)
with crocodile clips and sealed in plastic to prevent corrosion.

2.3.2 DMMP gas system - cleaning process. The system
(Fig. 4) is like that described in 2.3.1, with the addition of
tubing to pass a 2 L min~" flow of nitrogen through the system
to clean the sensing element: CG-MIC. The nitrogen was regu-

2

(1). Scheme of the DMMP gas system: (A) timer, (B) resistance tester connected to copper wire that pass through the (C) rubber septum.

Copper wires linked together by the (D) chitosan/graphite sensing material encased in a (E) 100 mL round bottom flask containing the sample. A (F)
200 pL pipette is used to deposit 100 uL of DMMP into the flask. B. (2) Zoom of the flask containing the sensing element.
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Fig. 4 DMMP gas system — cleaning process. Scheme of the system: (A) nitrogen tap passed through (B) a flow meter and connected to the (C)
100 ml round bottom flask. The resistance of the sensing material was then measured by a (D) resistance tester. The unclean air was removed

through a (E) secondary tube.

lated by an Hilitand LZQ-7 gas flowmeter connected between
the nitrogen tap and the first flask.

2.4 Methods

2.4.1 Modification of the chitosan. The CG-NIC was pre-
pared by a preparation/crosslinking method previously
reported in the literature by Disley et al., 2023, the chitosan/
graphite ratio was obtained from Maizal Hairi et al., 2022.>* In
a 20 mL beaker, 100 mg of chitosan was dissolved in a 10 mL
of a 3% acetic acid solution and mechanically stirred (400
rpm) for 24 hours at 50 °C to create a pale-yellow solution.
Next, 150 mg of citric acid was added to the mixture and
mechanically stirred (400 rpm) for an additional 24 hours at
the same temperature. The content of the beaker was then dec-
anted onto a watch glass (d = 46 mm) and left to dry at room
temperature for 24 hours. The dried film was then removed
and cut into squares (d = 15 mm). The film was wrapped
around a stick and submerged in 20 ml of MeOH for 30 min.
The film was then dried for the second time at room
temperature.

2.4.2 Fabrication of the CG-MIC. Like the method
described in section 2.4.1, 111 pL of DMMP (density 1.145 g
mL ") was added to the mixture during the addition of the
citric acid. The DMMP template was removed when the film
was submerged in 20 ml of MeOH for 30 min.

2.4.3 DMMP extraction study. To ensure the extraction of
DMMP caused a change in the resistance. A study was carried
out where the resistance of the CG-MIC was recorded and then
placed into 20 ml of MeOH for 30 min. The treated CG-MIC
was left to dry and then the resistance was taken again. The
readings were conducted in triplicate across three separate
batches of the CG-MIC manufactured on different days.

2.4.4 Resistance study. As shown in Fig. 3, 100 pL of
DMMP was deposited into a submerged 100 ml round bottom
flask maintained at 25 °C. Suspended above the DMMP was
the chitosan/graphite sensing element. At each interval (1, 5,

This journal is © The Royal Society of Chemistry 2023

10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 min) the resistance
of the sensor was recorded, this was completed in triplicate.

2.4.5 Cleaning process. Nitrogen was passed through the
submerged 100 ml round bottom flask and removed through a
secondary tube connected to the fume cupboard extraction
system. The flow of N, was maintained at 2 L min™". At each
interval (1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 min)
the resistance of the sensor was recorded until returned to the
original resistance or the designated time had expired.

2.4.6 Selectivity study. As shown in Fig. 3, 100 pL of the fol-
lowing substances: DMMP, acetic acid, acetone, ethanol,
ammonium hydroxide and 2-propanol were added into a sub-
merged 100 ml round bottom flask maintained at 25 °C.
Suspended above the interference mixture was the chitosan/
graphite sensing element. At each interval (1, 5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55 and 60 min) the resistance of the sensor
was recorded, this was completed in triplicate. Two tests were
conducted, one with just the interferents and the second with
DMMP plus the interferents to observe the differences.

3 Results and discussion
3.1 Preparation of the CG-MIC and extraction of DMMP

The modification described in section 2.4.1 allowed the mole-
cularly imprinted polymer (MIP) to be conductive and act as a
smart material designated CG-MIC. To ensure a resistance
change could be detected, a resistance study was carried out
on the extraction of the DMMP. The resistance of the material
was recorded and then the material was submerged for 30 min
and the left to dry. Based on previous work, methanol is an
effective solvent to extract DMMP from the polymer matrix.*
Once the material was dry, the resistance was recorded for the
second time and the data is presented in Table 1. This test was
conducted on three separate batches of GC-MIC and readings
taken in triplicate.

The data shows a significant drop in resistance after the
methanol extraction suggesting the presence of the DMMP

Analyst, 2023, 148, 5012-5021 | 5015
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Table 1 The resistance of different batches of CG-MIC before and after
methanol extraction compared to the GC-NIC reference

Different batches of

CG-MIC + CG-NIC Resistance before Resistance after

reference extraction (Q) extraction (Q)
CG-NIC 362 +91 173 £ 25
CG-MIC batch 1 442 + 27 78 +14
CG-MIC batch 2 464 £ 78 70 £16
CG-MIC batch 3 449 + 33 62 £16

alters the resistance of the CG-MIC. There was no significant
difference between different batches of CG-MIC and CG-NIC,
representing a homogeneous manufacturing process. The re-
sistance changes of the CG-MIC were also compared against
the resistance changes of the CG-NIC (Table 1), to ensure the
methanol was not the altering factor. The resistance of GC-NIC
has approximately halved while the resistance of the GC-MIC
after the methanol wash is approximately 1/7 of what it used
to be. This dramatic change in resistance can only be
explained by the removal of the DMMP and not the methanol
wash. Therefore, the methanol extraction for 30 min after pro-
duction was implemented into the method.

3.2 Characterisation of the material

FTIR spectroscopy measurements were conducted on the
CG-MIC (triplicate) and CG-NIC (triplicate) and presented in
Fig. 5. The CG-MIC and CG-NIC share similar regions with one
another: 3500-3300 cm™' (O-H), 3000-2800 cm™' (N-H),
1900-1600 cm™" (C-H) and 1200-900 cm™' (C-O). The main
difference between the two materials is the % transmittance,
with several peaks belonging to the CG-MIC’s increasing in
intensity. This could be attributed to ionic bonding taking
place between the Chitosan and the DMMP inside the polymer
matrix.** Overall, the inclusion of the DMMP into the polymer
matrix has caused the % transmittance to decrease and
produce two spectra that share key elements.

Based on micrographs obtained from the AFM, the graphite
is distributed throughout the chitosan matrix, based on

115 4
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Fig. 6A graphite flakes (light colour) are embedded into the
chitosan and protrude outwards. Although as previously
thought, the graphite is not homogenously distributed
throughout the chitosan as seen in Fig. 6B. Also, different
sized fragments of graphite can be observed throughout the
material. Therefore, further work could have to be conducted
to ensure the suspension is homogenous during the manufac-
turing process.

3.3 Resistance study

The change in resistance of the CG-NIC and CG-MIC in the
presence of DMMP was monitored over a duration of 60 min, a
reading was taken every 5 min. After 60 min, N, gas was
passed through the system to remove the DMMP and clean the
sensing element. The resistance changes recorded have been
presented in Fig. 7. It is clearer that the increase of resistance
is due to the presence of the DMMP molecules. In the pres-
ence of DMMP the resistance of the CG-MIC significantly
increases compared to the CG-NIC, as seen by the different
slopes. The greater slope shown by the GC-MIC would suggest
that DMMP gets inserted in the created cavities within the
polymer matrix creating a greater electrical resistance of the
material. This change on the electrical properties can be used
to monitor the concentration and the trapping of the organo-
phosphorus compound. This change of resistance can be
explained due to the chemical nature and structure of the chit-
osan, as the oxygen atoms present in the DMMP can form
hydrogen bonds with the hydroxy (-OH) and amino (-NH,)
functional groups of the chitosan.>*?* Also, the inclusion of
the graphite is key to bridge the different chitosan structures
with a highly conductive material. Depending on the configur-
ation of the molecule, an induced dipole could be occurring
between the DMMP and the chitosan.*®

Furthermore, the CG-NIC can return to its original resis-
tance after approximately 30 min (the period between 60 min
and 90 min on Fig. 7) while the CG-MIC only fractionally
decreases in resistance. This suggests the interaction (van der
Waals) between the DMMP on the surface of the CG-NIC and
CG-MIC is weaker and some of the DMMP can be dragged by

4400 3900 3400 2900

T T T T 1

2400 1900 1400 900 400

Wavenumber (Cm™1)

Fig. 5 FTIR Spectra for the CG-MIC complete in triplicate (dark red) and the CG-NIC completed in triplicate (dark blue).
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(A) 3D AFM height image showing graphite fragments embedded in the chitosan matrix. (B) AFM phase image showing heterogeneity of the
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Fig. 7 A comparison of the change in resistance for the CG-NIC (dark blue) and CG-MIC (dark red) in the presence of DMMP.

the N, gas.>® As the CG-NIC behaviour can be explained by just
surface DMMP adsorption, the removal of the DMMP causes
the resistance to return to its original value. As the imprinting
process produce cavities, and the chemical nature of the chito-
san polymer favours 3D hydrogen bonding with DMMP, the
interactions in this case are stronger than those attributed to
weaker 2D Wan der Waals (VdW), formed on the surface of the
polymer, causing only a small decrease in resistance. The
greater number of bonding sites in the imprinting together
with the stronger nature of hydrogen bonding explain why
nitrogen cannot drag the DMMP molecules from the cavities,
while it is able to do so with weaker and fewer VAW inter-
actions on the surface. Also, the surface is more exposed than
the inner spaces in the polymer.

This is also important, as the structure of the CG-MIC guar-
antees that the trapped toxic is not released easily after being
trapped.

3.4 Selectivity

The selectivity of the sensing element was tested against a
selection of interferents. Acetic acid, acetone, ethanol,
ammonium hydroxide and 2-propanol are common interfer-
ences used in  protective  material and  senor

This journal is © The Royal Society of Chemistry 2023

development.*'*”® The interferences also act as impurities
that could be potentially found in a dirty bomb or improvised
explosive device (for example, acetone is a product of the
decomposition of TATP). For example, during the Gulf war US
personnel were exposed to a mixture of chemicals that
included nerve agents when the Khamisiyah chemical depot
was destroyed.*

The study was carried out using the method outlined in
2.4.6. Over a 60 min period the resistance of the CG-MIC and
CG-NIC were recorded and then cleaned with nitrogen gas.
The first experiment involved the sensing element in the pres-
ence of just the interferences and then the second experiment
to include the DMMP with the interferences. This data
obtained has been summarized in Fig. 8 with the data from
the CG-MIC and CG-NIC in the presence of DMMP included
for comparison.

The CG-MIC and CG-NIC in the presence of the interfer-
ences and the DMMP interference mixture demonstrates the
same pattern seen in 3.3, with a significant increase in resis-
tance for the CG-MIC. The interferences on their own can
cause the resistance to change but is lower than just the
DMMP. When the sensing element is in the presence of both
the DMMP and the interferences, the resistance increases

Analyst, 2023, 148, 5012-5021 | 5017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an01293j

Open Access Article. Published on 01 September 2023. Downloaded on 4/13/2026 7:42:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

30.00 -
27.00 A
24.00 -
21.00 A
18.00 -
15.00 -
12.00 -
9.00 -
6.00 -
3.00 +
0.00 T

Resistance (Q)

View Article Online

Analyst

— mn O n o
— — AN N

N Q v— N O wnoLwnoLwm
N ©O© © O NN~ OO

100
105
110
115
120

Time (min)

Fig. 8 A comparison of the change in resistance for the CG-NIC (F) and CG-MIC (B) in the presence of DMMP, a comparison of the change in resis-
tance for the CG-NIC (E) and CG-MIC (C) in the presence of interferents and a comparison of the change in resistance for the CG-NIC (D) and
CG-MIC (A) in the presence of DMMP and interferences. At 60 min, the materials are subjected to nitrogen gas causing a decrease in resistance.

beyond what was recorded for just the DMMP. This suggests
the interferences bond to different parts of the material
without effecting the DMMP sites. The presence of O, N and H
in the structure of the polymer will favour these non-specific
interactions. However, they will not bond to the recognition
sites as they do not have the adequate size. This will effectively
shift the baseline, so if the interferences are known, they can
be deducted from the DMMP interference mixture resistance
to obtain a true measure of the presence of DMMP. This can
be easily achieved by pre-loading calibrations in a chip.

3.5 Capacity

Based on the DMMP isotherms reported in Disley et al. 2023,
an approximation within the chamber can be made. The
capacity of the material for DMMP was examined and recorded
until the resistance plateaued. Based on the data in Fig. 9,
20 mg of the CG-NIC has an approximate capacity of 48 ppm
(0.048 mg g, while 20 mg of the CG-MIC has an approximate
capacity of 96 ppm (0.096 mg g~ '). Furthermore, the CG-MIC
continues to have larger increases in resistance than the

35.0 ~
30.0 A
a 250 -
20.0
15.0 A

Resistance (

CG-NIC, for example 30 ppm equals 16.5 Q, 60 ppm equals
28.5 Q and 90 ppm equals 32.3 Q.

The material originally reported in Disley et al. 2023°" (chit-
osan MIP) had a capacity of 4554 ppm (4.55 mg g~ ') for
500 mg of the material. To compare, 20 mg of this material
corresponds to approximately 182 ppm (0.182 mg g~ '), which
is double obtained for the CG-MIC. This is mainly due to the
graphite inclusions. However, the new material possesses
enhanced abilities in terms of identification and sensing capa-
bilities as it is conductive and can detect the presence of
DMMP. This ability could be used to create a smart gas masks
and filters for vehicles or facilities, where the trapping capacity
of the material is monitored by a traffic light system. For
example, when the system is empty it is green, at 50% amber
and near 100% its red. Furthermore, when the CG-MIC is com-
pared to activated (500 mg = 82 ppm/0.082 mg g ) tested in
Disley et al. 2023, the CG-MIC remains superior, because it is
now selective and through its conductivity can be used as self-
sensing system. There has successfully been the incorporated
of the best properties of the graphite and chitosan MIP to
create the GC-MIC, a new smart composite. Also, the system

10.0 A
5.0 ~
00 T T T T T T T

6 12

18 24 30 36 42 48 54 60 66 72 78 84 90 096 102 108

Concentration of DMMP (PPM)

Fig. 9 A comparison of the change in resistance for the CG-NIC (blue line) and CG-MIC (red line) in the presence of DMMP until capacity. The
background represents a potential traffic light system that could be designed for the CG-MIC.
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can be used as an early warning system when the mask is up,
as the high change in resistivity is associated with the trapping
of the DMMP.

3.5 Extraction damage

In the previous work by Disley et al.,** the chitosan MIP was
affected by multiple methanol washes. After three or four
washes, the cavities inside the material were damaged and no
longer were selective to DMMP. As methanol is an effective
solvent for removing DMMP out of the polymer matrix, the
number of washes were reduced. Unfortunately, a single wash
can still damage the CG-MIC as seen in Fig. 10, an obvious
change has occurred on the surface of the material after one
methanol wash. Based on the calculation of the AFM obtained
through TESCAN Essence™ EDS the roughness has increased
from 0.877 nm to 26.93 nm and the projected area has
increased from 1 to 1.008. It could be argued the projected
area has increased due to the cavities becoming available
however, when the CG-NIC was compared to its processed
counterpart the roughness had increased from 1.26 nm to
44.35 nm and the projected area increased from 1 to 1.025.
This would suggest the area has not increased due to the
availability of the cavities and instead the surface has been
damaged by the methanol treatment, this is further supported
with images captured with SEM (Fig. 11). However, as com-
mented in Disley et al,’' those materials dedicated to trap
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chemical warfare agents in gas masks are not deemed to be
reused or recycled for obvious reasons. This is why the single
use of this sensing/trapping material would not diminish its
usability in filter systems.

3.6. Self-sensing materials

There are not many examples in the literature on the use of
self-sensing materials for the combined identification and
trapping of chemical warfare agents (CWAs) in materials,
making the work presented here highly innovative. Most of
DMMP sensors are designed to monitor the concentration of
DMMP in the surrounding area, however ignoring the
amounts trapped in gas masks or filtering devices used to
protect personnel. It is true that the self-sensing material in
the gas mask can indirectly inform of the presence of the
CWAs in the atmosphere following the changes in resistance
and can inform of the level of the threat though the increase
%capacity of the organophosphorus. However, a direct com-
parison with existing sensor for gas phase cannot be made.
The closest technology to the one presented in this work,
using imprinting methods, is that reported by Pan et al.,*®
where a surface acoustic wave array sensor based on supramo-
lecular self-assembling imprinted films for different simulants
of CWAs has been described. The sensor in this case is an
atmospheric sensor, where trapping capacity is not reported. It
presents an excellent limit of detection of 10 ppb (considering

0.37 um

0.00 um

Fig. 10 A comparison of the change in surface morphology of the CG-MIC (A) before and (B) after a single methanol wash captured by AFM height

images.

Fig. 11 A comparison of the change in surface morphology of the CG-MIC after a single methanol wash captured by SEM imaging.

This journal is © The Royal Society of Chemistry 2023
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that 15 ppb is the lethal dose for sarin gas) for real field
applications.

There is a wide trend to incorporate self-sensing materials
in many areas of defence, environmental protection and
assessment of building materials. The assessment of the state
of the material, adsorption of substances and the conse-
quences of such actions can have consequences in the
material itself or the users.

4 Conclusions

In this work, a CG-MIC was successfully manufactured with
the ability to change its resistance in the presence of DMMP.
Based on the data, the CG-MIC outperforms the CG-NIC with a
capacity of approximately 96 ppm (0.096 mg g~') of DMMP
compared to 48 ppm (0.048 mg g~ ') of DMMP for the CG-NIC.
The CG-MIC is an evolution of the material manufactured in
our previous work. The inclusion of graphite into the polymer
matrix has made it possible to detect the presence of DMMP
through the change in the materials resistance. The increase
in resistance for the CG-MIC is beyond double when compared
to the CG-NIC, this can be attributed to the selective cavities
inside the composite matrix for DMMP. Surface interactions
are also found to be beneficial and cause an increase in resis-
tance. However, the van der Waals forces between the sensing
element and DMMP can be weakened by N, gas. Furthermore,
methanol washes cause the roughness of the material to
increase from 0.877 nm to 26.93 nm. Although the chitosan
MIP has a larger capacity than the CG-MIC: 96 ppm (0.096 mg
g™") and 182 ppm (0.182 mg g~ ') respectively. The chitosan
MIP lacks conductivity and without this property the chitosan
MIP has a smaller range of applications when compared to the
GC-MIC. This technology has the potential to be adapted into
creating a smart filter for gas masks, where the filter capacity
and threat identification is monitored by a traffic light system
hyphenated to a small electronic resistor. The reproducible
change of resistivity to DMMP, observed in different batches,
when presented to different concentrations of the organopho-
sphorus compound allows to establish a permanent cali-
bration that can be embedded in a circuit and used as a refer-
ence to establish the presence of the compound and the level
of filter saturation.
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HSRP Homeland security research program

EPA Environmental protection agency

CWAs Chemical warfare agents

GC-MS  Gas chromatography mass spectrometry

LC-MS  Liquid chromatography mass spectrometry

CG-MIC Chitosan-graphite molecularly imprinted composite

MIP Molecularly imprinted polymer

DMMP  Dimethyl methylphosphonate
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SEM Scanning electron microscope

FTIR Fourier-transform infrared spectrometer

NIP Non-imprinted polymer

CG-NIC Chitosan-graphite molecularly imprinted composite.
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