We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



5

Detection of Alkylating Agents Using Optical,
Electrical and Mechanical Means

Yoav Eichen et al.*

ISchulich Department of Chemistry, Technion-Israel Institute of Technology,
Technion City, Haifa,

Israel

1. Introduction

Alkylating agents, such as methyl iodide, dichloromethane and epichlorohydrin, are
commonly used in organic synthesis as reagents and solvents. The alkylating agents, such as
methyl bromide, are still used as soil steriliers, while nitrogen mustards are being used as
anticancer drugs. Alkylating agents are also dangerous byproducts of the water purification
process. Unfortunately, due to their ease of production and storage, those materials are also
used as chemical warfare agents. Owing to their ability to react with nucleophiles in our
body, most of these materials are toxic, carcinogenic and mutagenic. The combination of
simple synthesis with aggressive reaction with biological tissues makes many alkylating
agents perfect potential chemical warfare agents for the underdogs and thus a perfect terror
inflicting weapon. Therefore, there is a clear need for simple, sensitive and informative tools
for the detection and identification of such agents, especially in the gas phase.

Tailoring selective receptors for small and reactive molecules is a non-trivial and
challenging goal. In addition, it is much easier to synthesise a new toxic alkylating agent
than to tailor a selective receptor for its detection, rendering this approach inefficient.
Previous attempts to address this challenge resulted in two basic approaches. The first
approach gave up selectivity, detecting all alkylating agents in a non-specific way, relying
on a colour change of a nucleophile upon reacting with an alkylating agent (Hertzog-Ronen
et al., 2009). The second approach focused on a limited family of alkylators by detecting a
specific mass or the presence of a specific atom it contains (for example the sulphur atom in
sulphur-based mustard gas). Both approaches provide only a limited detection ability with
the first having the potential of too many false positive alerts and the later having a very
limited scope.

One possible solution to the detection of alkylating agents is the further development of the
fist approach that uses a nucleophile as a trap for alkylating agents. An efficient nucleophile,
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68 Sensor Array

such as an amine group, is expected to react with all the reactive alkylating agents as they
are essentially electrophiles as shown in Fig. 1. This reaction guarantees very high
sensitivity, as the binding is not reversible.

Y A Y A
4 a +
X n--/Nu: + Bnm>—L — X |---/Nu—<-m B + L

R R R R

Nucleophile Alkylating Agent

Fig. 1. General equation for reaction of a nucleophile (Nu:) with an alkylating agent

The reaction of the nucleophile with the alkylating agent needs to be transformed into a
measurable signal. For example, we have recently reported on using luminescence turn-on
as well as luminescence shifts for the detection and identification of different alkylating
agents (Borzin et al., 2010; Tal et al., 2006). The signal needs to be analysed in a way that
offers identification ability as well as some ability to assess the risk from the detected
alkylator.

This chapter is about the coupling of the reaction between a nucleophile and alkylating
agents to optical (luminescence change), electrical (organic field effect transistors, OFETs),
and mechanical (micro-cantilevers) signal transducers for the detection, risk assessment and
identification of alkylating agents. The three complimentary methods demonstrate the
potential embedded in using such reactions for the detection of reactive substances.

2. Results and discussion
2.1 Luminescence based detection of alkylating agents

The photo-induced electron transfer (PET) based detection of alkylating agents was
reported. The detection is based on the quaternisation of a Lewis base nucleophile, usually a
tertiary amine group that serves also as a quencher to the luminophore (De Silva et al., 1997).
Owing to the very simple structure of these alkylators, despite the high sensitivity attained
by this approach still missing is the ability to identify the presence of specific alkylating
agents, as with PET systems, most alkylators yield a very similar spectral response. This
originates from the fact that the amine group that undergoes quaternisation is not n-
conjugated to the luminophore and since in most cases the reaction of this amine with the
alkylating agent yields very similar new C-N bonds. Therefore, in all cases the effect of the
binding of the alkylator to the amine is expected to be very similar.

One approach to overcome this limitation is to electronically couple the nucleophile that
reacts with the alkylating agent to the n-skeleton of the luminophore/chromophore so that
its electronic properties are best affected by the nature of the alkylating group as well as its
counter ion, if formed as a result of the alkylation process. Furthermore, as most alkylators
are very similar in nature, the identification method should rely on reacting array of sensing
spots with the same alkylator, seeking for specific reaction patterns that are unique to
specific alkylators.
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In the film, or when adsorbed onto high surface paper, materials 1-7 react at room
temperature with vapors of various alkylating agents such as 1-chloro-2-ethylsulfanyl-
ethane (a close analog of the sulfur mustard gas), 8, chloromethoxy-ethane, 9, iodomethane,
10, and even dichloromethane, 11, according to Fig. 2.
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Fig. 2. Oligomers 1-7 and alkylating agents 8-15

Fig. 3 shows the absorption and emission spectra of thin films of oligomer 5 and polymer 6
before and after alkylation with vapors of 8. In both cases, the films of the nucleophiles
readily react with vapors of the alkylator. Both the absorption and emission spectra of the
nucleophiles are affected by the reaction with the alkylating agents. As in the product the
alkylator is covalently bound to the film, the change in the optical characteristics does not
revert when the concentration of the alkylator is lowered.
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Fig. 3. Absorption (right) and emission (left) spectra of thin films of 5 (thick line) and 6 (thin
line) on quartz before (continuous line) and after (dashed line) exposure to 8
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Inspired by the olfactory system (Dryer & Berghard, 1999) several groups developed
artificial olfactory-like sensing arrays for detecting ions, volatile substances, amines, amino
acids, proteins and carbohydrates where the identity of the target is defined by a response
pattern of an array of low selectivity sensors. Similar approach was harnessed (Hertzog-
Ronen et al., 2009) for detection and identification of alkylating agents using a highly
reactive and non-specific, multi-spot sensor system that relies on optical detection of
luminescence spectral shifts for the identification step.

For that purpose, compounds 1-7 were adsorbed onto high surface filter paper squares
(Whatman grade 50, low ash) and assembled into a seven-spot sensor array. Fig. 4 shows
luminescence (Aex=312 nm) pictures of the sensor array before (first row) and after
(preceding rows) exposure to vapors of alkylating agents 8-15. As can be seen from Fig. 4,
one can clearly deduce the identity of the alkylating agent the sensor array was exposed to
from the color pattern that is developed. For example, dichloromethane, 11, and diethyl
carbonate, 15, produce a very similar response of luminescence shift upon reacting with 1, 2,
4,5, 6 and 7. With 3 the luminescence color shifts from RGB = [164, 84, 38] to [169, 135, 35]
and [140, 152, 53], respectively. This colour difference is easily noticeable using a colorimeter
and is even clear to the naked eye. Structurally similar 8 and 9 generate a very different
luminescence shifts in all the spots.

58 98 164 0 74 214 236
Sl EREE O RN e I
exposure 122 156 38 159 128 0 146
61 136 177 0 99 206 215
s P » B W W B: M
130 93 36 178 64 77 119
0 235 202 93 81 141 178
9 84 230 75 172 71 52 55
146 158 54 183 63 58 64
52 175 0 91 207 217
10 89 102 123 145 204 217
121 36 176 101 72 122
0 169 0 66 197
11 72 135 105 156 170
131 35 168 143 0
162 160 69 197
12 80 186 63 60 60
141 82 52 56 67
13 0 123 196 73 114 144
78 173 176 166 151 168
124 102 33 200 63 41
14 0 143 203 B 3 112 125 112
88 187 84 173 164 166 158
148 133 32 214 85 64 60
15 0 ﬁ 81 140 0 68 185 142
76 B 166 152 115 155 159 154
138 208 53 177 135 0 35

Fig. 4. A seven-spot sensor array of 1-7, adsorbed on high surface filter paper, before (first
row) and after (preceding rows) exposure to alkylating agents 8-15. The figures on the right
side of each square denote the RGB values of the spot when exposed to UV exciting light
(Aex=312 nm)
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Principal component analysis (PCA) is a mathematical algorithm, useful for compression,
classification and visualization of data. The purpose of this algorithm is to reduce redundant
dimensionality of data by finding new trajectories, called principal components. These
trajectories are orthogonal linear combinations of the original trajectories and along which
the maximal variation in the data is retained.

The trajectories are chosen according to their descending sort order such that the first
principal component (or trajectory) shows the largest variation and so on. The description
along the new trajectories is more compact and can be referred as a shadow of the data
when viewed from most informative viewpoint (Ringer, 2008). Datasets could be
dramatically simplified using principal component analysis, Fig. 5.

A large scatter of the data is seen in the 3D plot of the delta RGB of the different alkylating
agents with the different sensing spots of Fig. 4, Fig. 5 (left). This is expected to severely
reduce the identification fidelity in real life applications, where data fluctuations originating
from different sources are expected to contribute to the data scatter. To improve the
identification ability of the system, PCA was applied to the data, Fig. 5 (right).

Not limited by association constant, this luminescence based sensing techniques for
alkylating agents depend mainly on reaction rates. Such reactions can be easily accelerated
by increasing mass transport, forcing the atmosphere to pass through or above the sensing
unit, as well as by increasing the temperature of the sensing element. The sensitivity of the
system depends solely on the number of reaction sites on the sensing element. This number
is estimated to be #1014/cm?, an equivalent of about 0.1 micrograms of mustard gas.

Blue
PC3

Fig. 5. (left) RGB plot for alkylating agent (8-20) and sensing spots (1-7) interaction;
(right) Principal component analysis of 5 (left) data

2.2 Detection of alkylating agents using organic field effect transistors

Section 2.1 clearly exemplifies that monitoring the change in the optical signal of the
molecule can be useful sensing tool for the detection of different alkylating agents. Still there
is a need not only to sense the presence of a known material, but also to assess the toxicity of
new molecules that produce unknown reaction pattern. Furthermore, machine reading of
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luminescence based detection signals require elaborate optical equipment, consisting of at
least a light source and a multi-spot detector such as a CCD and a CPU. These two
limitations motivated us to explore the possibility of direct electrical detection of alkylating
agents.

The approach for direct electrical detection of alkylating agents relies on organic field effect
transistors (OFETs) that carry an organic semiconductor that bears nucleophilic reaction
sites and is thus capable of reacting with alkylating agents, see Fig. 6. The OFET in Fig. 6
consists of a heavily doped silicon base (a) that serves as the gate. This silicon layer is
covered by a thin silicon dioxide layer that insulates the gate from the electrodes and
semiconductor (b). The organic semiconductor is spread in between the drain and source
electrodes, atop the silicon dioxide (c). The electrical detection process is based on the ability
of the organic semiconductor to react with the alkylating agent (d) and change measurable
quantities, such as Vgate, Vdrain-source-

Direct electrical detection of chemical substances may be achieved in a variety of methods,
of which field effect modulation of the conductivity of an organic layer seems most
promising due to the potential of signal amplification and gain of information on the
captured substance from different types of gate manipulations. The ability of building
arrays of field effect transistors, each bearing a different active material offers promising
routes to the detection and identification of diverse substances in solution as well as in the
gas phase (Chang et al., 2006).

Vgate
Fig. 6. Organic field effect transistor for detecting alkylating agents

Coupling of a nucleophile to an organic semiconductor was achieved by co polymerizing 4-
[2,5-bis (2-thienyl)-3-thienyl] pyridine, 21, with 3-hexylthiophene, 22, to obtain co-polymer
23, as shown in Fig. 7.

Co-polymer 23 was obtained as a bright red solid, Mn = 37000, Mw = 97000 (GPC), in 17%
yield by co-polymerization of a 1:10 solution of 21 and 22 in chloroform in the presence of
FeCls. NMR characterization reveals that co-polymer 23 is composed of 21,22, where
n = 0.95+0.005 and m = 0.05+£0.005 (Gannot et al., 2010). Co-polymer 23 reacts with alkylating
agents according to Fig.8, both in solution and as a film when treated with their vapors.
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Co-polymer 23 is an excellent film forming polythiophene organic semiconductor. Bottom
contact organic field effect transistors (OFETs) were fabricated by spin-coating a 50 nm film
of the co-polymer atop the FET structure using a previously described procedure (Shaked et
al., 2003). Fig. 9 shows the electrical characteristics of the OFET having co-polymer 23 as the
channel. Fig. 9 (left) shows the drain-source currents of the OFET as a function of drain-
source voltage for several gate-source voltages (Vgs = 0, 10 and 20 V) before (black lines and
inset) and after (gray lines) exposure to the alkylator methyl iodide (CHzl, 10). Fig. 9 (right)
shows the drain-source current as a function of gate-source voltage for drain-source voltage
of Vps =10 V measured the same OFET having co-polymer 23 as the channel and under the
same conditions.

As can be clearly seen in the figure, prior to exposure to the alkylating agent the device
exhibits standard FET output characteristics with a slight indication of doping, probably due
to the exposure to atmospheric oxygen. The post exposure curves show considerably higher
currents and a resistor like response while the effect of the gate bias is lost. This is a clear
indication for high level p-type doping associated with the exposure to methyl iodide.
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Fig. 7. Preparation of co-polymer 23

(23) (23-R)

Fig. 8. Reaction between co-polymer 23 and an alkylating agent
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Fig. 9. Output (left) and transfer (right) characteristics measured on a FET having co-polymer
23 as the channel. The black lines and the inset show the device response prior to exposure
while the gray (overlapping in a.) lines show the response after exposure to methyl iodide, 10.

Consistent with the results presented in Fig. 9 (left), the transfer characteristics of the OFET
prior to exposure show current modulation due to the gate-source voltage. The post
exposure gray horizontal line shows almost no dependence on the gate voltage. At zero gate
bias, Vgs = 0, the exposure of the OFET to methyl iodide enhances the current by almost two
orders of magnitude while at Vgs=-20 V the factor is only 2-3.

The detection of alkylating agents using co-polymer 23 OFET, involves the formation of a
new covalent bond between the alkylating agent and the co-polymer in the channel. As this
process is not reversible, all available reaction sites are bound to react. The number of
reaction sites (pyridine rings, see Fig. 8) represents also the upper detection limit of the
device. The total weight of the polymer embraced by the source and drain electrodes, M, is
10 g. (assuming a film density of 1g/cm3), Equation 1, where W is the width of the device,
L is the length and h is the thickness of the polymer film.

M=WxLxhxp=1x2104x510¢-1=10°¢g (1)

Co-polymer 23 consists of 5% (5x10-11g) monomer 21, which are equivalent to ~1.5x10-13
moles. Consequently, reacting the OFET with ~9x10%0 analyte molecules will bring the
system to saturation of all the active sites of the polymer.

The OFET of co-polymer 23 produced similar results when exposed to a variety of alkylating
agents, such as chloromethoxy ethane, 9, 1-chloro-2-ethylsulfanyl ethane (a close analog of
sulfur mustard gas), 8, and benzyl bromide, 13. In contrast, exposure of the OFET to vapors
of non reactive materials, (see Fig. 10), that are incapable of forming covalent bonds with co-
polymer 23, such as methanol, 24, acetone, 25, water, 26, and isopropanol, 27, resulted with
the deterioration of the output and transfer characteristics, as can be seen in Fig. 11.

The effect of alkylation on OFETs having co-polymer 3 as the channel can be rationalised by
following the effect of alkylation on the charge distribution in the polymer. Co-polymer 23 is
composed of electron rich polythiophene skeleton with pendant pyridine groups. Upon
reacting with an alkylating agent, the pyridine group is transformed into an electron
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deficient pyridinium group. These electron poor groups attract charge density from the
polythiophene skeleton, thus partially doping it.

As indicated above, the OFET readily reacts with any alkylating agent, producing the same
type of reaction and thus cannot provide any straightforward information regarding the
identity of the reacting alkylator. The OFET can provide valuable information regarding the
reactivity of the alkylator. Fig. 12 shows the drain-source current as a function of the
exposure time to vapors of methyl iodide, 10, at a constant gate-source voltage of -10 V.
When methyl iodide vapors are introduced into the atmosphere surrounding the OFET
(marked with an arrow) the drain-source current drops, indicating the process of absorption
of the vapors by the polymer and associated changes in its morphology and packing. Unlike
“innocent” materials, that are incapable of reacting with the organic semiconductor,
alkylating agents react in a way that increases the source-drain current at a given Vg,e. This
offers a simple and effective way of assessing the reactivity of the alkylating agent as the
initial drop in source-drain current is a simple measure of the concentration of the guest in
the semiconductor host while the rate of current increase at a fixed gate bias is a measure of
the rate of alkylation.

A
H. =
H o |
S
.0 )K H’O‘H )\ N
(24) (25) (26) (27) (28)
Fig. 10. Structures of non reactive materials, 24-28
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Fig. 11. Output (a) and transfer (b) characteristics of OFET having co-polymer 23 as the
channel. The black lines show the device response at ambient conditions, while the gray
lines show the response after exposure to methanol, 24.
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Fig. 12. Time response of an OFET having co-polymer 23 as the channel. Methyl iodide, 10,
is introduced at T=10min (arrow).

2.3 Detection of alkylating agents using chemo-mechanical asymmetric micro-
cantilever devices

Alkylation of nucleophilic species is capable of inducing irreversible effects other than
changes in electrical and optical signals. For example, the alkylation of a polyamine polymer
may induce a volume change. This, in turn, may be translated into a macroscopic
mechanical motion. The possibility of harnessing a chemo-mechanical signal transduction
technique on micron-size micro-cantilevers for the detection of alkylating agents was
explored.

Micro-cantilevers have gained much attention in recent years as a promising platform for
biomechanical as well as chemo-mechanical sensors (Lavrik et al., 2004). Different groups
have reported the ability to detect different chemical substances, including explosives and
warfare agents (Stolyarova et al., 2010). Micro-cantilever based systems also allow label-free
(Raorane et al., 2008) real time monitoring of chemical and biological processes such as
sequence specific DNA hybridization (Wu et al., 2001) and drug-target binding interactions
(Ndieyira et al., 2008). Recently, due to their high sensitivity, micro-cantilevers have been
used to measure the physical properties of polymers near their glass transition temperature
(Jung et al., 2008). Typically, micro-cantilevers can be operated both in static and dynamic
modes. In the static mode, the bending (deflection) of the tip serves as a measure for the
interaction between the micro-cantilever and the guest while in the dynamic mode the shifts
in the resonance peak indicate the change in the mass and stiffness of the micro-cantilever.
In a static bending mode it is essential to asymmetrically functionalize the micro-cantilever
so a stress gradient across it can be developed and induce bending. Novel asymmetric
porous-silicon-over-silicon (PSOS) micro-cantilevers made according to Fig. 13, using
vapour phase stain etching (Stolyarova et al., 2008), offer inherently asymmetric, highly
sensitive and easy to coat systems. The resulting micro-cantilevers are characterised by a
rough surface on their lower side and an intact flat surface on their upper side, Fig. 13 (b)
and (c), respectively.
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Fig. 13. (a) A SEM micrograph of a microcantilever array used in this study as the
transducer. Representative SEM images of the upper (masked, b) and lower (unmasked, c)

surfaces of the polymer coated microcantilever depicted in a. Bar size: 1 mm in a) and 5um
in (b) and (c).

Unlike other methods of polymer application including drip coating and evaporation, the
PSOS microcantilevers offer a simple way of coating. Due to their inherent asymmetric
surfaces, a coating polymer layer may be applied to the beams by simple dipping in a
polymer solution, rinsing and drying. For the detection of alkylating agents, micro-
cantilevers were coated with poly-4-vinylpyridine, 28, serving as the sensing layer. Fig. 14
shows a side view of the polymer-coated micro-cantilever chip under gas flow. As can be
seen, the dominant polymer layer resides on the lower surface of the micro-cantilever. This
surface is characterised by rough porous silicon layer. The micro-cantilever chip was
mounted in a flow cell where both the temperature and the flow were controlled. The
bending of the micro-cantilever tip was monitored optically using optical profiling system
capable of running time-resolved measurements. To monitor the effect of different analytes
on the bending pattern, nitrogen served as an inert carrier gas and a special evaporation
chamber allowed mixing the analytes with nitrogen. During baseline and desorption stages
the polymer microcantilever chip was exposed to pure nitrogen, while during absorption to
a mixture of nitrogen and one of the analytes (Shemesh et al., 2011).

Fig. 15 shows the bending patterns of the micro-cantilever tip at absorption and desorption
stages for two different analytes.The first one is vapors of methanol, 11, and then vapors of
methyl iodide, 10, both in nitrogen carrier gas. As can be clearly seen, the absorption of
coated microcantilever is fully reversible as ethanol is bound to the polymer only through
weak and labile bonds. Concequently, ethanol readily desorbs from the micro-cantilever
under an ethanol-poor atmosphere. The result of the desorption is that the bending of the
micro-cantilever returns to its initial level, as it was before adsorption of the ethanol. In
contrast, upon exposure of the same micro-cantilever to methyl iodide, 10, reaction occurs
between the polymer and the analyte. This reaction attaches the analyte to the polymer
through a new and stable covalent bond. Since this reaction is not reverted at room
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temperature, the bending is irreversible. This is reflected during the desorption stage as
nitrogen flushes the system. The bending of the micro-cantilever reaches new bending level
closer to the adsorption steady state level, indicating that some unreacted methyl iodide
desorbs from the surface of the micro-cantilever but some of the methyl iodide had reacted
with the polymer and cannot desorb.

Silicon Microcantilever

Gas flow /
_— >
I ] Microcantilever bending

\ Poly-4-vinylpyridine on porous silicon

Silicon

Fig. 14. Side view of the polymer coated microcantilever chip.
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Fig. 15. Micro-cantilever bending curves for methanol, 11, and methyl iodide, 10,

3. Conclusions

Luminescent, electrical and chemo-mechanical detection schemes for the sensing (detection,
identification and risk assessment) of alkylating agents were explored. A multiple-spot
"chemical nose" array is shown to offer both detection and identification of different
alkylating agents in the gas phase. The rate of colour development offers some risk
assessment ability (not discussed here). Since the sensing element is based on a chemical
reaction the sensitivity of the sensor is very high and depends mainly on mass transport of
the alkylating agents and temperature.

In a similar way and based on very similar nucleophile-electrophile chemistry organic field
effect transistors and micro-cantilevers were harnessed to the detection of alkylating agents.
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Reaction of gas phase alkylators with a nucleophilic organic semiconductor in an OFET
structure yields dramatic and irreversible changes in the transistor properties while other
innocent molecules inflict reversible changes to the OFET parameters. Risk assessment was
demonstrated by following the absorption of the analyte and its reaction with the organic
semiconductor.

In a similar manner, gas phase alkylators that react with a nucleophilic polymer at the
surface of a micro-cantilever induces its irreversible bending while for innocent materials,
such as alcohols, the bending is reversible and depends on the momentary concentration of
the guest in the atmosphere.
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