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A simple controlled chemical reduction of 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) and related
nitramine compounds with zinc amalgam generates species that elicit intense chemiluminescence with
tris(2,2’-bipyridine)ruthenium(IIl), which extends this widely utilised chemiluminescence reagent to a
new class of analyte and presents a sound chemical basis for a screening test for nitramine high explosives.
Examination of the chemiluminescence profiles under stopped-flow conditions revealed contributions

from multiple transient species formed in the initial reduction step.
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1. Introduction

Rapid at-scene detection of explosives such as 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX; Fig. 1) is of paramount importance
in the fight against organised crime and terrorism [1-3], but
practical and cost-effective equipment currently available to field
personnel to conduct screening tests is very limited. Microfluidics
is seen as a promising technique to address this issue [4,5] and there
is therefore an urgent need for new detection systems suitable
for miniaturised flow-analytical devices. Chemiluminescence is an
attractive mode of detection for microfluidics because of its inher-
ent sensitivity and instrumental simplicity [6-8], but it is limited
by the relatively small number of effective reagents [9]. Amongst
these, tris(2,2’-bipyridine)ruthenium(Ill) (Ru(bipy);3*) has been
one of the most widely applied [8,10-14]. Preliminary chemical or
electrochemical oxidation of Ru(bipy);%* and subsequent reduc-
tion of Ru(bipy)s3* by a suitable analyte (or analyte oxidation
product [15]) forms the [Ru(bipy);2*]* species responsible for the
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characteristic orange luminescence from this reaction [13,16].
The radiative relaxation to the ground electronic state regener-
ates Ru(bipy);2*, which enables repeated use of the reagent if
immobilised in the detection flow-cell or electrode surface [11,12].

Aliphatic tertiary amines elicit the greatest emission with
this reagent, and consequently the vast majority of analytical
applications focus on the detection of compounds containing
this functional group, or biomolecules labelled with Ru(bipy)z2*
using tripropylamine as a co-reactant [11,17,18]. However, some
innovative approaches to extend Ru(bipy);2* chemiluminescence
detection to new classes of analytes (such as primary or aromatic
amines, nitrosamines and carboxylic acids) have emerged [19-32],
including photochemical reactions, and derivatisation to add or
form tertiary amines (Table 1).

Nitramine compounds such as the high explosive RDX have not
previously been detected with Ru(bipy);2* chemiluminescence,
but McHugh et al. have demonstrated controlled reductions of RDX
to products thatincluded hydrazine and tertiary amines [33], which
reveals a pathway to potentially utilise Ru(bipy)32* chemilumines-
cence detection. Moreover, Woltman et al. [34] have quantified
nitroaromatic and nitramine explosives (including RDX) by elec-
trochemical reduction to form hydroxylamines and nitrosamines
that reacted with Ru(bipy)33* to produce Ru(bipy)s2*, which they



Table 1
Derivatisation/degradation procedures that extend Ru(bipy);%* chemiluminescence to the detection of analytes that otherwise elicit no (or relatively low) native response.
Analyte Instrument (mode Approach Proposed or identified product(s) Limits of detection Ref.
of detection)
Amino acids HPLC (ECL) Off-line derivatisation with dansyl chloride (60 min Dansyl amino acids 1x1077M [19]
deriv.; 40-60 min sep.)
Amino acids HPLC (CL) On-line oxidation with periodate and UV irradiation Oxalate 5x108Mto2x10M [20]
(10-15 min sep.)
Aromatic and branched-chain FIA/HPLC (ECL) Off-line cyclisation using DVS (15 min deriv.; 40 min sep.) 1,4-Thiazane-1,1-dioxide derivatives 4%x10°Mto8x 1077 M [21]
amino acids (tertiary amines)
Primary amines HPLC (ECL) Off-line cyclisation using DVS (15 min deriv.; 12 min sep.) 1,4-Thiazane-1,1-dioxide derivatives 1x 107 M (3-aminopentane), 3 x 1076 M [22]
(tertiary amines) (propylamine)
Enantiomers of chiral Chiral HPLC (CL) On-line derivatisation with acrylonitrile (30 min sep.) Tertiary amines Not stated [23]
secondary amines
Monoethanolamine and FIA/HPLC (CL) On-line derivatisation with epichlorohydrin (7.5 min Tertiary amines 1x10°M [24]
diethanolamine deriv.; 30 min sep.)
Aromatic amines FIA/HPLC (CL) On-line UV irradiation (30 min sep.) Various substituted amines 1x107Mto1x105M [25]
Aliphatic and aromatic amines HPLC (ECL) Off-line derivatisation using diketene (90 min deriv. Acetoacetylamides 5x1077M [26]
aromatic, 5 min deriv. aliphatic; 30 min sep.)
Penicillamine and ephedrine SIA (CL?) Off-line derivatisation with acetaldehydes (30 min deriv.; N-substituted hemiaminals 7x107Mand2x 107 M [27]
20 min sep.)
Nitrosamines FIA/HPLCP (CL?) On-line UV irradiation inducing N-NO cleavage (25 min Secondary amine 4%x10""°Mto 8 x 1072 M€ [28]
sep.)
N-Methylcarbamates HPLCP (CL?) Post-column irradiation by UV light (18 min sep.) Methylamine 2x10°""Mto2x 10 1M [29]
Carboxylic acids HPLC (ECL) Off-line derivatisation with IDHPIA (45 min deriv.; 80 min  Tertiary amine 5x 10~ M (myristic acid), 6 x 10~ M [30]
sep.) (phenylbutylic acid)
Carbonyl compounds FIA/HPLC (ECL) Off-line derivatization with methylmalonic acid (20 min Cyclic dilactone derivatives 2x10°Mto2x 107 M [31]
deriv.; 10 min sep.)
Aromatic compounds HPLC (CL) On-line UV irradiation (10-50 min sep.) Oxalic acid 4 %1078 M (ECGC), 6 x 108 M (epicatechin) [32]
Nitramines FIA (CL) Off-line Zn-amalgam reduction with ultrasonication Substituted amine species 1 x 108 M (RDX) This study

(12 min)

Abbreviations: CL: chemiluminescence; deriv.=derivatisation; DVS: divinyl sulfone; ECGC =epigallocatechin gallate; ECL: electrochemiluminescence (in some of the above cases more appropriately described as prior
electrochemical generation of the reagent for chemiluminescence); FIA: flow-injection analysis; HPLC: high performance liquid chromatography; IDHPIA: 3-isobutyl-9,10-dimethoxy-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-

alisoquinolin-2-ylamine; sep. = chromatographic separation; UV = ultraviolet.
2 Reagent oxidised using peroxydisulfate with UV irradiation.
b Incorporating preliminary solid phase extraction.
¢ Limits of detection shown were obtained without the preconcentration step.

vrL

8r/-c¥/ (210) 88 PIUDIDL /v 33 uospipuoq ‘N'd



D.N. Donaldson et al. / Talanta 88 (2012) 743-748 745

02N
ON\ P /NOZ

k)

No2

O,N~

RDX

(
)
No2

HMX

02N~Nj§N—N02

02 OzN\ /NOZ
)_L\

02 02

CL-20

Fig. 1. Nitramine explosives: 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20).

detected by laser-induced photoluminescence. We report a new
approach for the detection of RDX exploiting the selective for-
mation of chemical-reduction intermediates that elicit an intense
chemiluminescence response with Ru(bipy)s;3*, hereby demon-
strating for the first time, the extension of this widely utilised
reagent to the detection of nitramine compounds.

2. Experimental
2.1. Flow injection analysis manifold

The flow injection system was constructed from a peristaltic
pump, a two-position six-port valve with a 70 p.Linjection loop, and
flow cell comprising a coil of PTFE-PFA tubing (0.8 mm i.d.) posi-
tioned flush against an extended range photomultiplier tube (PMT,
model 9828SB, ET Enterprises), as previously described [35]. The
Ru(bipy)s3* reagent was injected into a carrier stream (5% H, SOy in
ethanol or acetonitrile) that merged with the sample stream prior
to entering the flow cell. All responses were recorded in at least
triplicate.

2.2. Stopped-flow manifold

Experiments were performed with a flow manifold consist-
ing of a programmable dual syringe pump (model sp201iw, WPI,
Glen Waverly, Victoria, Australia) and a GloCel chemiluminescence
detector (Global FIA, Fox Island, WA, USA). The detector incorpo-
rated a dual-inlet serpentine-channel reaction zone, which enabled
the merging of solutions directly in front of the photomultiplier
module (Electron Tubes model P30A-05) to capture the entire pro-
file of chemiluminescence intensity over time. The 10 mL syringes
were loaded with (i) aqueous 1 x 10-3 M Ru(bipy)33* reagent in
0.05M sulfuric acid, and (ii) 1 x 10-> M RDX in ethanol with 5%
sulfuric acid. Precise volumes (120 L) of the reagent and analyte
solutions were dispensed (167 wLs~1), propelling both solutions
into the reaction channel, where the mixture was held for a
set period of time. The output signal was recorded using an e-
corder 410 data acquisition system (eDAQ, Denistone East, NSW,
Australia).

2.3. Modelling chemiluminescence intensity versus time profiles

The experimental data were fitted to a model comprising
the sum of two independent components, each based on the
‘double exponential’ description of chemiluminescence [36,37].
This involves two sequential, irreversible, pseudo-first-order reac-
tions (A— B— C), where A, B and C represent pools of reactants,
intermediates and products, respectively, and chemiluminescence
intensity is proportional to pool B. The corresponding differen-
tial rate laws were numerically integrated using a first-order Euler
method [38,39]. The parameters were varied using a simplex algo-
rithm implemented in the Solver feature in Microsoft Excel, until

the variability (SS = Z?’zl(Expti - Fiti)z, where N is the number of
data points) between the experimental and fitted data was mini-
mized.

2.4. Reagents

All chemicals were of analytical grade unless otherwise stated.
RDX was obtained from the Australian Federal Police (Grade
A, Batch R617, 19-12-03). This was kept in deionised water
and stored at approximately 4°C. Octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX), 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20), isopropyl nitrate (IPN) and pen-
taerythritol tetranitrate (PETN) (1 mM stock solutions in ethanol)
were supplied by the Defence Science and Technology Organi-
sation (Australia). Zinc (20-mesh, 99.8+%) and mercury chloride
(99.5%) were obtained from Sigma-Aldrich (St Louis, MO, USA).
Lead dioxide and ethanol (99.8%, w/w) were obtained from Ajax
(Sydney, New South Wales, Australia). Sulfuric acid (98%, w/w)
was obtained from Rhone-Poulenc (Victoria, Australia). Tris(2,2’-
bipyridyl)ruthenium(II) chloride hexahydrate (>98%) was obtained
from Strem Chemicals (Newburyport, MA, USA). Acetonitrile
(Isocratic, HPLC grade) was obtained from Scharlau Chemicals
(Barcelona, Spain). Compounds used in the interference study
(other than those listed above) were obtained from Sigma-Aldrich.

The tris(2,2’-bipyridyl)ruthenium(IIl) reagent was prepared by
the addition of tris(2,2’-bipyridyl)ruthenium(Il) chloride hexahy-
drate (Ru(bipy)3Cl,-6H,0; 7.49 x 10-2g) to 0.05M sulfuric acid
(100 mL), followed by the addition of excess lead dioxide (~50 mg),
with occasional swirling for 15min. The flow injection analy-
sis experiments were conducted within 45 min of preparing the
reagent, which was passed through a 45 pm nylon filter (Tuffyn
membrane; Pall, Cheltenham, Victoria, Australia) to remove excess
oxidant shortly prior to use. Deionised water was obtained using a
Continental Water Systems (RO 300, Melbourne, Victoria, Australia)
complemented by a high purity reverse osmosis system with a
Kinetico Mach Series pre-treatment system. Where specified, solu-
tions were ultrasonicated using an Ultrasonic Cleaner, Type FX14P,
50 Hz (Unisonics, Sydney, Australia).

2.5. Preparation of zinc amalgam

Zinc (20-mesh; 1g) was added to an aqueous solution of mer-
curic chloride (2%, w/v, 5mL) [40,41]. This mixture was gently
agitated with a glass rod until the solution was a murky grey
(~10 min). The resultant solution was decanted before repeated
washing with deionised water (4 x 5 mL) until clear. The zinc amal-
gam was stored under deionised water (at room temperature) until
needed. Before use, the zinc amalgam was activated by decanting
the water and washing with the required solvent (4 x 5mL). It was
then agitated until it appeared silver and lustrous.
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Table 2

Chemiluminescence signal with 1 mM Ru(bipy)33* (aqueous solution with 0.05 M H,S04), using flow injection analysis methodology to merge the reduced analyte (or ‘blank’

mixture) with the chemiluminescence reagent.

Reductant Solvent Signal (mV) Blank (mV) Signal-to-blank ratio
None Ethanol 3.9 7.8 0.5

None Ethanol (H,S04) 6.6 3.1 2.1

Tin (II) Ethanol 26,250 26,250 1

Titanium (III) Ethanol 321 23.7 14

Devarda’s alloy Ethanol 10.7 5.5 1.9

Zn amalgam Ethanol (H2S04) 4.3 40

2.6. Preliminary procedures

In the case of the metal salts (tin(II) chloride, titanium(III) sul-
fate), the reductant was dissolved in ethanol or acetonitrile, added
to the analyte solution (approximately 1 mM RDX in ethanol or ace-
tonitrile) and allowed to react for up to 30 min. Alternatively, the
zinc amalgam and Devarda’s alloy were loaded into a column with
glass frit and tap. The RDX solution was added into the column,
allowed to stand for up to 30 min, and then sampled by opening
the tap. Aliquots of the reaction mixtures or eluted solutions were
combined with the chemiluminescence reagent using the flow-
injection analysis system described above. ‘Blank’ samples were
obtained by performing the same reduction step on the solvent
(without RDX).

3. Results and discussion
3.1. Comparison of reducing agents

McHugh et al. [33] previously examined twelve reagents for
the controlled reduction of RDX. Although the mechanisms of
these reactions are yet to be elucidated, the identification of sev-
eral intermediates and products by NMR analysis clearly showed
that the reduction route was highly reagent dependent. Seeking
derivatives suitable for the preparation of SERRS active species,
McHugh et al. [33] identified three promising reactions: reduc-
tion by borohydride or palladium-catalysed hydrogenation to give
hexamethylenetetramine, or reduction by sodium amalgam to give
hydrazine. Reduction of RDX with zinc dust to generate nitrous acid
[42] or ammonia and low molecular weight amines [43] (followed
by Griess [42] or Berthelot [43] reactions) has been utilised for
spectrophotometric determinations. For the proposed chemilumi-
nescence detection, however, the reducing agent must: (i) generate
at least one species from RDX that elicits intense chemilumines-
cence with Ru(bipy)s3*; (ii) react with the analyte at a rate that
is suitable for screening purposes; and (iii) produce no light upon
reaction with Ru(bipy)s3* or be easily removed from the reaction
mixture.

The chemiluminescence responses for RDX (approximately
1 mM in ethanol), untreated or treated with a reducing agent (tin(II)
chloride, titanium(III) sulfate, Devarda’s alloy and zinc amalgam)
were examined (Table 2). Each of these reagents has previously
been used for the reduction of nitro-compounds [40]. The analyte
solution treated with tin(IlI) chloride produced an intense emis-
sion with Ru(bipy)s3* (over three orders of magnitude greater than
the untreated sample), but the response was almost exclusively
derived from the reaction of Ru(bipy)s3* with excess reductant.
Although unfavourable for the detection of RDX, this finding was
exploited for the first direct chemiluminescence detection of a
metal ion with Ru(bipy)s3*, which has since been applied to the
rapid determination of tin(Il) in dental products [35]. RDX treated
with titanium(IIl) sulfate produced a signal that was eight-fold
greater than the untreated sample, but again a significant portion
(~75%) of the emission was attributed to the excess reductant in
the analyte solution.

Unlike the metal salts, the alloys did not remain in the sam-
ple solution when merged with the chemiluminescence reagent,
and therefore only minor differences in the signals for the blank
solution with and without the reduction step were observed. The
RDX solutions treated with Devarda’s alloy or the zinc amalgam
produced greater signals than the untreated analyte. As the zinc
amalgam provided the greatest increase (approximately 40-fold
with respect to blank and 26 fold with respect to untreated analyte),
it was selected for further investigation.

3.2. Reaction conditions and figures of merit

To examine the effect of reduction time on maximum chemi-
luminescence intensity (peak height), RDX (5 x 10~> M) in 100 mL
ethanol/H,SO4 (in a beaker) was treated with the activated zinc
amalgam (prepared from 1g of zinc). Samples were periodically
taken (at 3 min intervals) by syringe through a 0.45 pm filter and
immediately combined with the chemiluminescence reagent using
flow injection analysis methodology. The intensities were found
to increase as aliquots were taken over the first 25 min and then
remain reasonably steady until 40 min (at approximately 10-fold
that of the untreated RDX), before decreasing to values similar to
the blank signal by 90 min. It should be noted, however, that the
reaction of each aliquot (containing reduced RDX) with the chemi-
luminescence reagent was by comparison very fast—the maximum
intensity was reached within 2's under stopped-flow conditions.
The greatest signals using flow injection analysis were therefore
obtained using a short length of tubing (~1 cm) between the con-
fluence point and the detection coil, and flow rates of 3 mLmin~!
per line. Additional aliquots removed from the reducing mixture at
various times and left overnight before combining with the chemi-
luminescence reagent did not elicit a significant response above
the blank signal. Similar results were observed using acetonitrile
rather than ethanol.

Not surprisingly, ultrasonication of the RDX reduction increased
the rates of formation of species capable of eliciting emission upon
reaction with Ru(bipy)s3* (Fig. 2) [44]. The greatest chemilumi-
nescence response was obtained when the sample was treated
with the zinc amalgam and ultrasonicated for 12min. A cal-
ibration prepared with nine RDX standard solutions between
1x10-8M and 1 x 10~% M showed an approximately linear rela-
tionship (R?=0.9833) between the logarithms of intensity and
concentration. The reproducibility of the reduction step was rea-
sonable, with a relative standard deviation of 8.7% obtained for
seven replicates of a 1 x 10-6 M RDX standard. Moreover, the rel-
ative standard deviation for replicate injections of each reduced
RDX solution was routinely below 2%. The limit of detection (blank
response + 30, accounting for the error associated with both the off-
line reduction and flow-injection analysis steps) was 1 x 10~8 M.

3.3. Chemiluminescence profiles under stopped-flow conditions
Examination of the entire emission profile of the reaction

of Ru(bipy)s;3* with reduced RDX revealed two distinct phases
of the reaction: a sharp rise and fall in intensity over the first
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Fig. 2. Chemiluminescence intensity for the reaction of Ru(bipy);3* with 5 x 10> M
RDX, after the analyte was reduced with zinc amalgam in a beaker with ultrasoni-
cation for various periods of time. The small ‘blank’ response was subtracted from
each signal.

10s, followed by a plateau and slow decay to baseline signal
(Fig. 3a). Similar chemiluminescence intensity-time profiles were
reported by He et al. [45,46] when combining binary mixtures of
analytes (such as oxalic and tartaric acid) with Ru(bipy)s2* and
cerium(IV). This suggests that there were at least two products
of the RDX reduction capable of producing light with Ru(bipy)s3*.
Moreover, a model comprising the sum of two independent
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Fig. 3. (a) Chemiluminescence intensity versus time profiles obtained under
stopped-flow conditions when the Ru(bipy);3* reagent was combined with (1) blank
solution, (II) RDX after a 5 min reduction step, and (III) RDX after a 12 min reduction
step. (b) Fitted models of profiles II and III, each comprising the sum of responses
from two major RDX-reduction products capable of producing light upon reaction
with Ru(bipy)33*. The dotted lines in (b) represent the deconvoluted profiles for the
contributing species. See Table 3 for the individual parameters.

Table 3

Fitted parameters for the model of chemiluminescence intensity versus time pro-
files for the reaction of 1 x 10~ M RDX with 1 mM Ru(bipy)33*, under stopped-flow
conditions, after the analyte was reduced with zinc amalgam for 5 min or 12 min, as
depicted in Fig. 3.

Parameter 5min 12 min
Ao 18.55 41.76

k! 247 1.19

k? 0.186 0.181
Ao 11.7 36.00
kv 0.0352 0.0337
k*' 0.0352 0.0337

components, each characterised by the classic ‘double exponential’
description of chemiluminescence reactions [36,37], provided an
excellent fit of the experimental data (Fig. 3b and Table 3). The
relatively long second phase of the light-producing reaction with
reduced RDX was not observed in the blank signal, suggesting
that greater signal-to-blank ratios could be obtained by increas-
ing the distance between the confluence and detection points
of the FIA manifold (to capture a later portion of the profile),
albeit with a corresponding decrease in peak height and sample
throughput.

3.4. Comparison with related compounds

To establish the essential structural requirements for the
observed response from reduced RDX, we tested two closely related
nitramine explosives (HMX and CL-20; Fig. 1) and 16 other com-
pounds possessing NO, and/or NH, groups, including those shown
in Fig. 4. Of these, only HMX and CL-20 gave significant responses
(19% and 159% of that observed for RDX) when subjected to
the same zinc amalgam reduction and FIA-chemiluminescence

NO, NO, NH,

NO, NH,

2-nitrotoluene 2, 4-dinitrotoluene  2,4-diaminotoluene

HO O,N

NO, k/NH

4-nitrophenol nitrocyclohexane aminopiperazine
Yo
o NO,
02 N ~ o O/ N 02 “
¢ O,N

2,4-dinitrodiphenylamine
pentaerythritol tetranitrate

NO,
0N No, NO,
P
(0]
NO,
isopropyl nitrate tetranitromethane 2-nitropropane

Fig.4. Examples of compounds possessing NO; or NH; groups that were tested with
the reduction-chemiluminescence detection procedure.
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detection procedure (using an analyte concentration of 5 x 10~3 M).
Examination of the light-producing reactions under stopped-flow
conditions (Figure S1 in ESI) again revealed that multiple species
capable of producing light with the Ru(bipy)s;3* reagent were
generated in the initial reduction step. In the case of CL-20,
the chemiluminescence-intensity time profiles appeared to be
more representative of a single light-producing pathway, but we
obtained a much better fit with a model incorporating two inter-
mediates with distinct rates of reaction. In the case of HMX, more
complex kinetics were observed, due to a greater contribution
from species that react at slower rates with the chemilumi-
nescence reagent. No significant signal above the blank was
observed from any of the other compounds tested, with the excep-
tion of small responses from 1x 10~3M 2,4-dinitrotoluene and
2,4-diaminotoluene of 14 and 12mV (after blank subtraction),
which were lower than the signal obtained for 1 x 107 M RDX
(17 mV).

4. Conclusions

A novel approach to detect RDX and related explosives util-
ising Ru(bipy);3* chemiluminescence has been established. The
procedure exhibits considerable selectivity towards nitramine (N-
NO,) compounds, with very little or no response observed from a
wide range of aromatic and aliphatic compounds possessing NH,,
NO,, 0-NO, and/or N-NH; groups. Furthermore, it was performed
using simple, low-cost instrumentation suitable to be scaled-down
for at-scene applications. Distinction from potential environmen-
tal interferences (such as aliphatic tertiary amines) that produce
light with this reagent without the zinc amalgam reduction may
necessitate some degree of physical separation, but might also be
derived from the change in emission intensity before and after the
reduction step. We anticipate further advances in this approach to
be gained from the application of high-surface area microreactors
to automate and accelerate the reduction step, and spectroscopic
exploration of the key intermediates formed in the reduction pro-
cess that are responsible for the subsequent intense emission of
light with Ru(bipy)s3*.
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