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Selective chemical functionalisation of 2,4,6-trinitrotoluene
to a surface enhanced resonance Raman active species for
sensitive detection.

Selective detection of explosives at ultra low concentration
levels is a requirement for modern security systems.1–5 Raman
spectroscopy provides a simple method of detecting and
identifying explosives in bulk samples or as crystals under a
microscope.6–10 The sharp spectra obtained enable the identi-
fication of individual components of mixtures without the use of
separation procedures.7 However, the inherent lack of sensitiv-
ity of Raman scattering makes it less effective for the
identification of low concentrations of target molecules in
dispersed samples in solution or the vapour phase.2 In this
study, we show how the technique of surface enhanced
resonance Raman scattering, SERRS, enables the detection of
2,4,6-trinitrotoluene (TNT) at low concentration levels. In
SERRS, an analyte which contains a chromophore is adsorbed
onto a roughened metal (usually silver or gold) and the
enhanced Raman scattering recorded from the surface.11–15

Surface enhanced Raman scattering, SERS, has been ob-
tained from 2,4,6-trinitrotoluene and 2,4-dinitrotoluene pre-
viously.16,17 The sensitivity was insufficient for vapour detec-
tion of TNT, which led to the application of SERRS in this
study. As TNT does not possess a chromophore in the visible
region and does not adsorb efficiently on silver or gold surfaces,
chemical modification of the explosive was used to obtain a
highly coloured TNT derivative containing a functionality that
enabled a strong interaction with the metal surface (Scheme
1).

There are a number of possible methods of modifying
TNT18,19 but one way of producing a coloured species is to
produce an azo dye by diazotisation of a reduced nitro group
followed by coupling to a surface seeking species. There are
three nitro groups present in TNT and in order to retain as much
character of the original molecule as possible the aim was to
selectively reduce only one of the nitro groups. Whilst, the
reduction of mononitroaromatics is easy to achieve, the
controlled reduction of polynitroaromatics such as TNT is more
difficult.20 Reduction procedures have been reported previously
for TNT and in each case mixtures of different reduction
products were obtained.21–23 Therefore, a number of reducing
systems were investigated to prepare the desired mono-amine
derivative. The method chosen was that of Atkins and Wilson
using iron in acetic acid,22 which gave complete reduction of
TNT in 76% yield. Proton NMR of the crude reduction product
revealed the presence of two species: 2-amino-4,6-dinitro-
toluene [1] as 83% of the mixture and the remaining 17% yield
as 4-amino-2,6-dinitrotoluene [2] (90% 2-amino and 10%
4-amino).22 Separation of the two isomers was simple.
Recrystallization of the mixture resulted in the isolation of
2-amino-4,6-dinitrotoluene [1] as small yellow needles. Re-
peated fractional recrystallization of the remaining filtrate gave
4-amino-2,6-dinitrotoluene [2] again as yellow crystals. Thus,
we could produce and isolate both mono-reduced forms of TNT
in good yield by simple chemistry.

The diazotisation conditions for the 2-amino-4,6-dinitro-
toluene [1] were investigated and diazotisation with HCl gave
poor conversion to the diazonium salt. The yield was improved
by dissolving the amine in hot HCl and then cooling rapidly in
ice to precipitate the insoluble amine hydrochloride salt.
Addition of aqueous nitrite at 0 °C caused dissolution of the
hydrochloride to give a clear yellow solution of the diazonium
salt which was added directly to the coupling component,
without filtration, to produce good yields of dyes in very high
purity.

Twenty two coupling reagents containing strong silver
complexing groups and electron donating moieties for efficient
diazo coupling, were examined. These included amine, pyr-
idine, 1H-benzotriazole and quinoline derivatives. Thirteen
novel TNT derived azo dyes were prepared, isolated and
characterised. Each dye was assessed for ease of synthesis and
efficiency of SERRS. We report the best coupling agent as
being 8-hydroxyquinoline. It coupled rapidly with the diazo-
tised aminodinitrotoluene in 10% NaOH solution to produce the
sodium salt of 5-(2A-methyl-3A,5A-dinitrophenylazo)quinolin-
8-ol [3] in 67% yield.

UV–visible spectrometry of the dye in methanol showed a
strong absorption band at 408 nm (e = 11000 dm3 mol21 cm1)
and a broad absorption shoulder at about 523 nm (e = 3400 dm3

mol21 cm1). The two bands corresponded to the azo and
hydrazo forms of the dye respectively in a ratio of approx-
imately 3+1, indicating a predominance of the azo form under
these conditions. The absorption spectra of the dye at pH 2, 6
and 8 were also examined. As expected at pH 2 the azo form of
the dye was exclusively observed with a single lmax at 397 nm
(e = 9000 dm3 mol21 cm1) and at pH 6 the azo form was still
dominant with a strong absorption at 416 nm (e = 7800 dm3

† Electronic supplementary information (ESI) available: full experimental
details on the synthesis and analysis of the reported compounds. See http://
www.rsc.org/suppdata/cc/b1/b110972c/

Scheme 1 Reduction of TNT followed by azo dye formation (i) Fe/AcOH,
(ii) HCl, NaNO2, (iii) NaOH, 8-HQ.
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mol1 cm1). The hydrazo form of the dye was also observed at
pH 6 as a broad shoulder at 515 nm (e = 6060 dm3 mol21 cm1).
At pH 8 deprotonation of the phenol resulted in complete
conversion to the keto-hydrazo form of the dye as observed by
a single strong absorption at 523 nm (e = 15700 dm3 mol21

cm1)(Fig. 1).
Based on the absorbance spectra, SERRS was acquired using

a Renishaw microprobe with spectrometer and 3 mW of 514.5
nm radiation at the source, at neutral pH and at pH 9. (pH 9 was
used as this was easier to achieve from a buffering point of view
with respect to the colloid than pH 8 as used in the UV–visible
studies.) The samples were analysed using a flow cell that has
shown to deliver more reproducible signals due to control of the
mixing of analyte, colloid and aggregating agent.24 Addition-
ally, use of the flow cell for mixing the dye with colloid and
aggregating agent is the first step in production of an automated
system for TNT detection by SERRS (Fig. 2).

Clear differences were found between the spectra of the dye
at different pH values. At neutral pH the major bands at 872,
1170, 1310, 1371, 1413 and 1559 cm21 were assigned to nitro
bending and stretching, hydrazo and azo vibrations and were
detected at a concentration of 1 3 1026 M. Thus, a mixture of
both tautomers was present under neutral conditions. On
moving to pH 9 the spectral intensity of the bands increased and
the bands altered to reflect the change in tautomerism. The
dominating bands in this spectrum are those from the hydrazo
system at 1310 cm21 and nitro at 1371 cm21. Under these
conditions the TNT dye could be easily detected at 1 3 1029 M
using a flow cell sampling device. This concentration is still
well above the detection limit of SERRS and approaches the
sensitivity needed for vapour detection of TNT.2

Thus, we have selectively derivatised trinitrotoluene and
subsequently produced a SERRS active species in the form of
an azo dye that can be easily detected at low concentration
levels. Control of the chemistry and optimisation of the
spectroscopy has provided a method capable of detecting TNT
at ultra low concentrations which will be of real use in
restricting the movement and deployment of explosives.
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Fig. 1 UV–vis spectra of the TNT dye at three different pH values. Dye
dissolved in methanol/Hydrion buffer (1+1).

Fig. 2 SERRS spectra of the TNT dye at 1 3 1029 M at pH 9 using 514.5
nm excitation for 10 s.
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