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We measured the dispersion of the absolute-differential Raman cross-

sections of ammonium nitrate (NH4NO3), pentaerythritol tetranitrate

(PETN), trinitrotoluene (TNT), nitroamine (HMX), and cyclotrimeth-

ylene-trinitramine (RDX) in acetonitrile and water solutions between 204

and 257 nm. The ultraviolet (UV) resonance Raman/differential Raman

cross-sections of NH4NO3, PETN, TNT, HMX, and RDX dramatically

increase as the excitation wavelength decreases deep into the UV to 204

nm. NH4NO3, PETN, and RDX are best resonance-enhanced by the 204

nm excitation used here, while the optimum excitation wavelength for

TNT and HMX is ;230 nm. The excitation profile of TNT roughly follows

its absorption band shape. The excitation profiles for the different Raman

bands of each explosive molecule differ, indicating that multiple-excitation

wavelength spectra are not redundant and can offer additional

information on the species present. We see no evidence of any nonlinear

spectral response or sample degradation at the fluences and spectral

accumulation times used here. However, we previously observed such

phenomena at longer spectral accumulation times and higher fluences.

These results are promising for the development of standoff deep-UV

Raman methods for explosive molecule determinations.

Index Headings: Explosives; Resonance Raman; Raman excitation profile;

Energetic materials; Raman cross-section.

INTRODUCTION

The need for methods to rapidly (and remotely) detect
explosives has increased enormously recently due to the use of
improvised explosive devices (IEDs) by terrorists.1–3 Remote
and standoff detection are generally envisioned as methods that
use laser sources to remotely interrogate surfaces. Light emitted
or scattered from the surface would be collected and analyzed
for information on the molecular species present.

Raman spectroscopy (RS) appears to be the most promising
technique for rapidly detecting and analyzing explosive
materials,4 partly because RS identifies the molecule through
its unique vibrational signature. The sensitivity of normal RS is
limited because of small RS cross-sections.5,6 Further, similarly
small RS cross-sections occur for most materials. Thus,
congested spectra are likely to occur in situations where the
explosive species are intermixed with environmental interfer-
ents. Also spectral signal-to-noise (S/N) ratios are generally
low for normal RS measurements of impure samples excited in
the near-ultraviolet (near-UV), visible, and near-infrared (NIR)
due to strong fluorescence from the ubiquitous impurities that
fluoresce in these spectral regions.7

These considerations have motivated interest in using RS
with UV excitation to increase the sensitivity, selectivity, and
S/N in remote RS detection.8,9 Excitation in the UV results in

increased sensitivity because of the increased Raman cross-
sections due to resonance and the m4 Raman cross-section
increases. There can be large selectivity enhancement by
exciting at wavelengths selectively in resonance with the
analyte, which can minimize resonance with interferents.
Furthermore, fluorescence is completely extinguished when
exciting with deep-UV excitation less than ;260 nm, because
molecules whose first singlet states reside at wavelengths less
than 260 nm are flexible and relax nonradiatively.7 Molecules
with first singlet states that reside at wavelengths greater than
260 nm emit wavelengths greater than 260 nm and do not
spectrally interfere. Most explosives absorb in the deep-UV
region.8 Therefore, excitation in the deep-UV will optimize
standoff Raman scattering S/N and may enable sensitive
standoff detection out in the field where it is so needed.

Our research group has been developing deep-UV resonance
Raman spectroscopy (DUVRR) for applications in analytical
chemistry, physical chemistry, and biological chemistry.5–12

We8,13–15 and a few others16–20 recently began exploring the
use of DUVRR for explosive detection. In the first stage, it is
essential to determine the dependence of the Raman cross-
sections on the excitation wavelength in order to quantify and
predict the spectral S/N of the Raman spectral measurements.

Thus, in the work here, we measured the dispersion of the
UV differential Raman cross-sections of trinitrotoluene (TNT),
pentaerythritol tetranitrate (PETN), cyclotrimethylene-trinitr-
amine (RDX), the chemically related nitroamine, HMX, and
ammonium nitrate (NH4NO3) in solution using excitation
between 200 nm and 260 nm. For these studies we began our
investigations by measuring the UV Raman (UVR) excitation
profiles for these molecules in transparent solution. This
isolates the Raman response of these chemical species such that
they are not electronically or vibrationally coupled to adjacent
analyte molecules. This allows us to characterize the intrinsic
response of these species.

Future work will determine the dispersion of the Raman
cross-sections for these explosives in the solid state. We are
also developing methods to predict the UVR spectral intensities
and the S/N of solid explosives dispersed onto surfaces.

EXPERIMENTAL

Materials. PETN and RDX, received as gifts from the
Federal Aviation Administration, were used as received. We
purchased TNT and HMX from Omni Distribution, Inc.
(Marion, AR). TNT was received in the form of yellow flakes,
and HMX (PBXN-5, desensitized) was received in the form of
a powder and used as received. Ammonium nitrate (NH4NO3)
was purchased from J.T. Baker (Phillipsburg, NJ) and used as
received. High-performance liquid chromatography (HPLC)-
grade acetonitrile (ACN) was purchased from EMD Chemicals,
Inc. (Gibbstown, NJ) and used as received.
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Absorption Measurements. The UV absorbance spectra
were measured by using a Cary 5000 Varian UV–VIS–NIR
spectrophotometer. A 1 mm-path-length fused-silica cuvette
was used for absorption measurements of the 0.1 mg/mL
samples of TNT, PETN, RDX, HMX, and NH4NO3. ACN was
used as the solvent for TNT, PETN, RDX, and HMX, and a
23% water/77% ACN solution by volume was used for
NH4NO3.

Raman Instrumentation. The UVRR instrumentation was
described previously.21–23 Continuous wave (CW) excitation at
229, 244, and 257 nm was obtained with an Innova 300 FReD
argon ion laser (Coherent, Inc.) with appropriate doubling
crystals. Excitation at 204 nm was generated by the fifth anti-
Stokes hydrogen Raman shift of the third harmonic of a
Coherent Infinity Nd:YAG, 100 Hz, 3 ns pulsed laser. The CW
laser beams were focused into a 25 lm diameter spot. The 204
nm beam was focused into a 200 lm diameter spot, onto a
circulating open-flow stream21,22 to avoid any spectral impact
of photodegradation.24,25 The average laser power on the
sample was between 0.3 and 2.0 mW. Each 15 to 20 mL
sample was irradiated for a total of 3 to 5 min to collect three
consecutive spectra to check for degradation. Power-dependent
measurements were obtained by placing neutral density filters
in the excitation beam.13

The Raman scattered light was collected in a 1508
backscattering geometry. For 229, 244, and 257 nm excitation,
the scattered light was collected and directed into a SPEX 1877
Triplemate spectrometer modified for deep UVRR measure-
ments. A subtractive double monochromator, SPEX 1401,
modified for deep UVRR measurements, was used for 204 nm
excitation.21

The throughput of the spectrometer varies with wavelength.
These differences in throughput were removed by compensat-
ing for the spectrometer efficiency.21 The Raman scattered light
was detected by a liquid-nitrogen-cooled charge-coupled
device (CCD) (Princeton Instruments, Spec-10:400B). Wins-
pec software (Roper Scientific) was used to record the spectra
that were analyzed and deconvoluted using Grams/32 AI 8.0
software (Thermo Electron Corporation, Waltham, MA).

Absolute Differential Raman Cross-Sections. The abso-
lute differential Raman cross-sections of NH4NO3, PETN,
TNT, HMX, and RDX bands were determined by using the
integrated intensities of the 918 cm�1 C–C stretching band of
ACN as an internal intensity standard. The absolute differential
Raman cross-sections (rR) of the NH4NO3, PETN, TNT,
HMX, and RDX bands corrected for self absorption were
calculated:

rR ¼
IbandjðkACNÞCACN

IACNjðkbandÞCsample

� rACN �
es þ eex

er þ eex

� �
ð1Þ

where Iband and IACN are the observed integrated intensities of
the explosive molecule and the ACN Raman bands in solution,
respectively; j(kband) and j(kACN) are the spectrometer
efficiencies at the wavelengths of the explosive and ACN
Raman bands; Csample and CACN are the concentrations (M) of
the explosive and ACN; eex is the extinction coefficient for the
explosive at the excitation wavelength; es is the extinction
coefficient for the explosive at each Raman band wavelength;
and er is the extinction coefficient at the ACN Raman band
wavelength. The expression in brackets corrects for the
resonance Raman self-absorption.26

RESULTS AND DISCUSSION

Excitation Profiles of NH4NO3. Figure 1 shows the
DUVRR solution spectra of NH4NO3 in 77% ACN/23% water
by volume with the ACN and water Raman contributions
numerically removed, excited between 204 and 257 nm.
Tuschel et al.8 showed that all of the 229 nm excited resonance
Raman bands of NH4NO3 in solution result from NO3

�

vibrations with little contribution from NH4
þ vibrations.

Excitation between 204 and 257 nm gives rise to essentially
identical NH4NO3 DUVRR spectra. The small differences in
the ;1390 cm�1 region result from over- or under-subtraction
of ACN.

The strongest Raman band at 1044 cm�1 is assigned to the
NO3

� totally symmetric stretching vibration.27–29 Its intensity
monotonically increases with excitation frequency as shown in
Fig. 1 and by the excitation profiles in Fig. 2. The
antisymmetric stretching vibration of NO3

� couples to water
motion to give rise to bands between ;1300 and 1420 cm�1

whose intensities also monotonically increase with excitation
frequency. In contrast, the 1662 cm�1 band overtone of the out-
of-plane deformation (2 3 m2, Fig. 1) and the 2085 cm�1

overtone of the totally symmetric stretching (2 3 m1, Table I)
bands have their largest cross-sections at 229 nm.

The wavelength dependence of the solution-phase DUVRR
differential cross-sections of the 1044, 1338, and 1403 cm�1

bands are shown in Fig. 2 together with the absorption
spectrum of NH4NO3 in the ACN/water solvent. The NH4NO3

ACN/aqueous solution shows an absorption maximum for the
p!p* transition of NO3

� at ; 200 nm with an extinction
coefficient of 0.96 3 104 L�mol�1�cm�1.30 Table I tabulates the
NO3

� band assignments as well as their measured Raman
cross-sections.

The Raman cross-sections increase with excitation frequency
(Fig. 2). The 1044 cm�1 symmetric stretching band (204 nm)
Raman cross-section is ;40 times larger than at 257 nm. The
1338 cm�1 and 1403 cm�1 band Raman cross-sections at 204
nm are ;70 times larger than at 257 nm, while the 1665 and
2085 cm�1 overtones show their highest cross-sections at 229
nm.

Figure 2 (inset) overlays the sodium nitrate (NaNO3)

FIG. 1. DUVRR spectra excited between 204 and 257 nm of NH4NO3 in
ACN/water (77%/23% by volume) with the ACN and water contributions
numerically removed. The spectra were approximately scaled to the relative
cross-sections of the 1044 cm�1 band. The small shift observed for the 1662
cm�1 band at 204 nm is due to a small calibration error.
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preresonance Raman cross-section data of Dudik et al.31 for
excitation wavelengths between 640 and 280 nm with the
results measured here. NO3

� has a ;30 000-fold larger Raman
cross-section at 204 nm than at 640 nm. Further, Dudik’s
Albrecht’s A-term fitting demonstrates that the 1044 cm�1

symmetric stretch band is completely preresonance enhanced
by the ;200 nm NO3

� p!p* transition. The A-term
extrapolation well into resonance underestimates the DUVRR
cross-sections. These results show that detection of NO3

� will
be maximized at ;200 nm where excitation is deepest in
resonance.

Our excitation profiles of NH4NO3 differ significantly from
those of potassium nitrate (KNO3) in water solution studied by
Myers et al.28 In contrast to their monotonically increasing
Raman cross-sections for excitation between 246 nm and 204
nm, we observe that the 1662 cm�1 (2 3 m2) overtone and the
2085 cm�1 totally symmetric stretching overtone show maxima
at 229 nm excitation. More importantly, our measured 204 nm
DUVRR cross-sections are a factor of ;4 smaller than those of
Myers et al.28 Our 229 nm results are similar, but our longer
excitation wavelength cross-sections are smaller. We have no
ready explanation for the differences.

The peculiar subsidiary maxima of the overtone bands

suggest underlying electronic transitions within the broad
;200 nm NO3

� absorption band. We will examine this issue in
the future.

Excitation Profiles of PETN. PETN contains four nitrate
(NO3) groups connected to methylene groups. Figure 3
compares the DUVRR spectra of PETN in ACN excited
between 204 and 257 nm. These spectra are qualitatively
identical and very similar to the normal Raman spectrum of
PETN in acetone (d6 at 488 nm excitation).32 The strongest
band at 1294 cm�1, along with a shoulder at 1279 cm�1, is
mainly due to the –NO2 symmetric stretching with a minor
contribution from CH bending and CH2 wagging. –NO2

antisymmetric stretching contributes to the 1658 cm�1

vibration. The medium intensity broad ;865 cm�1 band is
assigned to O–N stretching with some contribution from C–C
stretching. The medium weak ;1510 cm�1 band is assigned to
CH2 scissoring. Detailed normal mode assignments are found
in Gruzdkov et al. and Perger et al.33,34

Figure 4 shows that the Raman cross-sections of the 865,
1294, and 1658 cm�1 bands monotonically increase as the
excitation frequency increases. Figure 4 also shows the PETN
absorption spectrum.

According to Mullen and Orloff,35 the PETN absorption
maxima at ;194 nm results from a p!p* transition localized
on the NO2 groups with an additional large contribution from
an intramolecular charge transfer transition that involves
electron density transfer from the C2H5O groups to the –NO2

groups. There are two additional very weak absorption bands

TABLE I. Absolute differential Raman cross-sections of NH4NO3 at different excitation wavelengths.

Raman
bands (cm�1) Assignment

204 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

229 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

244 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

257 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr )

1044 NO3
– symmetric stretching 13.6 7.3 0.40 0.36

1338 NO3
– antisymmetric stretching

coupled to water motion
16.1 3.3 0.10 0.23

1403 NO3
� antisymmetric stretching

coupled to water motion
14.5 2.4 0.10 0.21

1662 Overtone of the out-of-plane
deformation, (2 3 m2, A 002)

0.46 1.3 0.04 0.11

2085 2 3 m1s 0.3 3.0 0.03 —

FIG. 3. DUVRR spectra of PETN excited between 204 and 257 nm in ACN
with the ACN contribution numerically removed. The spectra were
approximately scaled to the relative cross-sections of the 1294 cm�1 band.

FIG. 2. Absolute differential Raman cross-sections of 1044, 1338, and 1403
cm�1 bands of NH4NO3 between 204 and 257 nm excitation and the molar
absorptivity absorption spectrum of NH4NO3 in ACN/water (77%/23% by
volume). Inset: overlay of the sodium nitrate (NaNO3) preresonance differential
Raman cross-section data of Dudik et al.31 for the 1044 cm�1 band for excitation
wavelengths between 640 and 280 nm with the results measured here.
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of PETN at ;260 and ;290 nm that are assigned to n!p*
transitions of the –NO2 groups.36 Table II indicates the band
assignments and the Raman cross-sections at the different
excitation wavelengths.

Characteristic –NO2 symmetric and antisymmetric stretching
modes have a ;115-fold increased cross-section at 204 nm
compared to 257 nm excitation. Figure 4 (inset) shows that the
Raman cross-section excitation profile of the PETN 1294 cm�1

Raman band is fit well by an Albrecht A-term37 yielding a
resonance frequency of 55 400 cm�1 (;180.5 nm), which is
close to the 187 nm value that Mullen and Orloff35 predicted
on the basis of molecular orbital (MO) calculations. The
similarity of the resonance Raman (RR) spectra to those
measured in the visible spectral region strongly suggests that
the intensities observed with visible and near-UV excitation
derive from preresonance enhancement by this ;194 nm deep-
UV electronic transition.

The 230 nm value that Nagli et al.17 found from their solid
PETN modified A-term fit is spurious due to their use of an
external standard method to measure Raman intensities. As far
as we can determine, our results are qualitatively consistent
with deep-UV Raman measurements of PETN by Grun et al.16

The relative intensities of the PETN Raman bands change
significantly with excitation wavelength, especially on the
shoulder of the UV absorption. This demonstrates that
additional confirmation can be obtained by multiple-excitation
wavelength measurements where the relative band intensities

rapidly change. In addition, it is clear that the highest
intensities will derive from excitation deepest in resonance
with PETN at 200 nm or less.

Excitation Profiles of TNT. Figure 5 shows Raman spectra
of TNT in ACN solution excited between 204 and 257 nm. The
strongest TNT Raman band at 1354 cm�1 is assigned to NO2

symmetric stretching coupled to C–N stretching. The medium
strong band at 1616 cm�1 is due to NO2 antisymmetric
stretching coupled to aromatic ring stretching. The 826 cm�1

medium weak band corresponds to NO2 scissoring.38 Table III
lists the band assignments and the Raman cross-sections
measured at the different excitation wavelengths. Our solution
TNT DUVRR spectra are qualitatively similar to those of Grun
et al.16 as well as the solid-state TNT DUVRR spectra of Nagli
et al.17 The similarities of the DUVRR spectra to the
preresonance spectra indicate that the ;210 to 270 nm
electronic transitions dominate the preresonance Raman
intensities.

Figure 6 shows the Raman cross-section excitation profiles
of the 826, 1209, 1354, and 1616 cm�1 TNT bands together
with the TNT absorption spectrum. The absorption spectrum of
TNT shows a maximum at ;229 nm with a shoulder at ;260
nm. Weak, broad features occur between 280 and 340 nm. The
charge-transfer electronic transitions that give rise to the strong
;230 nm TNT absorption are thought to change the electron
density in the aromatic ring and the –NO2 groups. Thus, we
expect and observe that the resonance Raman spectra show
enhancement of both aromatic ring and –NO2 vibrations.39

The Raman cross-sections roughly follow the absorption
band shape with a global maximum at 229 nm, although a

FIG. 4. Absolute differential Raman cross-sections of 865, 1294, 1510, and
1656 cm�1 bands of PETN between 204 and 257 nm excitation and the molar
absorptivity absorption spectrum of PETN in ACN. Inset: Raman cross-section
excitation profile Albrecht A-term fit for the PETN 1294 cm�1 band.

TABLE II. Absolute differential Raman cross-sections of PETN at different excitation wavelengths.

Raman
bands (cm�1) Assignment

204 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

229 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

244 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

257 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

865 O–N stretching with some
contribution from C–C stretching

9.3 1.1 0.29 0.21

1294 NO2 symmetric stretching 29.8 1.8 0.30 0.26
1510 CH2 scissoring 3.7 0.90 0.05 0.04
1658 NO2 antisymmetric stretching

vibration
13.3 1.4 0.12 0.12

FIG. 5. TNT DUVRR spectra excited between 204 and 257 nm in ACN with
the ACN contribution numerically removed. The spectra were approximately
scaled to the relative cross-sections of the 1354 cm�1 band.
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pronounced dip is observed with 244 nm excitation for the
1209, 1354, and 1616 cm�1 bands. This dip does not occur for
the 826 cm�1 NO2 scissoring band. The very low cross-
sections observed at 204 nm excitation indicate destructive
interference between the enhancements from the electronic
transitions between 210 and 270 nm and deeper UV transitions
, 200 nm.40,41

Our results differ from Grun et al,16 who found maximum
intensities at ;260 nm for most peaks. They, however, did find
that the 1552 cm�1 band shows a maximum at around 230 nm.

The fact that the excitation profiles differ between the
different bands clearly indicates that multiple electronic
transitions underlie the broad, antisymmetric 230 nm absorp-
tion band, consistent with the results of Quenneville et al.39 We
do not have a sufficient density of excitation wavelengths to
resolve the different transitions. However, the overall shape of
the 826 cm�1 NO2 scissoring band excitation profile indicates
that NO2 electronic transitions are involved in both the 229 nm
absorption component as well as in the 260 nm shoulder.

Clearly the optimal excitation wavelength to detect TNT is
;230 nm. Deep-UV excitation around 200 nm will give rise to
exceptionally weak enhancement due to the destructive
interference from the higher energy transitions.

Excitation Profiles of HMX. Figure 7 shows that the
DUVRR spectra of HMX in ACN solution, excited between
204 and 257 nm, contains at least 16 resolved bands. We
recently reviewed8 the HMX Raman band assignments
described by Brand et al.42 and Zhu et al.43 The HMX Raman
spectra in Fig. 7 are dominated by the 937 cm�1 band (except at
204 nm excitation) that involves antisymmetric –C–N–N
stretching with some CH2 rocking motion. The strong 881
cm�1 band is assigned to a vibration that includes N–N–C2

symmetric stretching with some ONO bending.
As the excitation wavelength decreases all the Raman bands

increase their intensity, showing maxima at 229 nm. The
maximum is especially sharp for the 937 cm�1 antisymmetric
C–N–N stretching band, as it should be if its enhancement were
dominated by this absorption band; the excitation profile will
consequently show a band shape approximating the square of
the absorption band.5,9,10 Table IV shows the band assignments
and the absolute differential Raman cross-sections at the
different excitation wavelengths. The intensity decreases
dramatically with 204 nm excitation, indicating destructive
interference with higher energy electronic transitions.40,41

Figure 8 shows the Raman excitation profiles of the 881,
937, 1224, 1260, 1330, and 1520 cm�1 bands of HMX along
with the HMX absorption spectrum. The HMX absorption
shows a resolved electronic absorption band at ;230 nm and
an additional absorption band significantly below 200 nm.

TABLE III. Absolute differential Raman cross-sections of TNT at different excitation wavelengths.

Raman
bands (cm�1) Assignment

204 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

229 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

244 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

257 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

826 NO2 scissoring vibration 1.6 4.0 1.7 1.6
1170 Combination of C–C ring in-plane

trigonal bending with C–N and
possible C–CH3 stretching

0.31 2.3 1.0 1.2

1209 Symmetric aromatic ‘‘ring-
breathing’’ mode

1.5 5.8 1.5 1.9

1354 NO2 symmetric stretching coupled
to C–N stretching

9.8 65.4 28.5 41.6

1616 NO2 antisymmetric stretching
coupled to aromatic ring
stretching

4.9 33.0 13.3 21.4

FIG. 6. Absolute differential Raman cross-sections of the 826, 1209, 1354,
and 1616 cm�1 bands of TNT between 204 and 257 nm excitation and the
molar absorptivity absorption spectrum of TNT in ACN.

FIG. 7. DUVRR spectra excited between 204 and 257 nm of HMX in ACN
with the ACN contribution numerically removed. The spectra were
approximately scaled to the relative cross-sections of the 937 cm�1 band.
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According to Stals et al.,44,45 the transition at 230 nm originates

from the p!p* transition of the N–NO2 group, and the broad

band at ;200 nm derives from an electronic transition between

orbitals involving intimately mixed r, p, r*, p*, and n orbitals

of similar energies.

Our DUVRR spectra and the excitation profiles of HMX in

ACN appear to differ significantly from the only previous

HMX solution DUVRR spectra report (also in ACN) by Grun

et al.16 We measured the HMX spectra at 204 nm with different

excitation powers to look for the occurrence of nonlinear

spectral intensities that might result from Raman spectra of

excited-state species or any Raman saturation phenomena that

could decrease the Raman intensities due to ground-state

concentration depletion.25,46–48,49 All intensities were found to

change linearly in proportion to the excitation power.

We note that our HMX absorption peaks at ;230 nm (Fig.

8) instead of at ;220 nm as in Grun et al.’s sample. This may

indicate that the chemical composition differs between our
samples.

Not surprisingly our HMX solution DUVRR also differ
significantly from previously reported HMX solid-state visible
and NIR Raman spectra. These differences are likely to result
from the conformational changes between the solid and
solution states and the fact that our spectra are in resonance,
in contrast to the solid-state spectra excited in the NIR and
visible spectral regions. Significant differences are observed
between different solid-state structures of HMX.50–53

Our results indicate that the best excitation wavelength for
HMX detection is ;230 nm. Because the excitation profiles of
the different bands have different bandshapes, the dependence
of the relative intensities on wavelength can be used to confirm
determinations of HMX in samples.

Excitation Profiles of RDX. Figure 9 shows the Raman
spectra of RDX in ACN solution excited between 204 and 257
nm. These spectra and their variations with excitation
wavelength parallel Grun et al.’s16 UVRR spectra. The
wavelength dependences in Fig. 9 are qualitatively similar to
Grun et al., although there are some significant differences.

TABLE IV. Absolute differential Raman cross-sections of HMX at different excitation wavelengths.

Raman
bands (cm�1) Assignment

204 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

229 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

244 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

257 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

757 NO2 wagging vibration 0.54 1.4 0.33 0.17
843 N–C2 symmetric stretching 1.1 5.3 3.6 1.2
881 N–N–C2 symmetric stretching with

O–N–O-b
3.0 12.1 5.2 2.2

937 C–N–N antisymmetric stretching
with some CH2 rocking

4.0 33.0 12.7 6.6

1035 N–N–C2 symmetric stretching 1.0 13.0 1.4 1.9
1080 N–N–C2 symmetric stretching with

O–N–O-b
1.0 5.0 0.86 0.56

1186 NC2 antisymmetric stretching – 8.40 1.4 1.2
1224 NC2 antisymmetric stretching 4.1 10.9 2.8 1.1
1260 NO2 symmetric stretching 11.4 15.3 1.7 1.4
1330 NO2 symmetric stretching with

some CH2 twisting about the
N–N bond

12.5 17.1 1.9 1.5

1520 NO2 antisymmetric stretching 5.7 6.5 2.4 2.2
1577 NO2 antisymmetric stretching 6.3 12.6 2.1 0.85

FIG. 8. Absolute differential Raman cross-sections of the 881, 937, 1224,
1260, 1330, and 1520 cm�1 bands of HMX between 204 and 257 nm
excitation, and the molar absorptivity absorption spectrum of HMX in ACN.

FIG. 9. DUVRR spectra of RDX in ACN with the ACN contribution
numerically removed, excited between 204 and 257 nm. The spectra were
approximately scaled to the relative cross-sections of the 1270 cm�1 band.
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Our RDX solution DUVRR spectra are not very close to
previously reported RDX solid-state visible Raman
spectra.54–56 This is because of the solid- and solution-state
conformational changes and also because our spectra are in
resonance.

We examined the dependence of our 204 nm excited RDX in
ACN solution spectra on the incident power and found a linear
dependence on intensity in our pulse energy regime between 2
and 15 lJ into a 200 lm diameter spot. We did not observe any
excited-state or sample-degradation features. In contrast, the
266 nm excited, broad RDX features of Nagli et al.17 resemble
the photochemically degraded spectra we previously observed
with 229 nm excitation.15

The DUVRR spectra of RDX significantly differ from that of
HMX, though the chromophores are identical. This suggests
that the enhanced normal modes are not localized within each
NNO2 group; there is possibly different coupling between these
functional groups in RDX from that in HMX. In addition, the

electronic transitions of these groups can couple, giving rise to
more delocalized electronic transitions.

However, the absorption bands of HMX and RDX appear to
be similar. RDX has at least one strong electronic transition at
;230 nm, whose absorptivity is 57% that of HMX, with
another absorption band below 200 nm and weak absorption
features between 280 and 340 nm (Fig. 10). The assignments of
the RDX and HMX electronic transitions are similar, but the
Raman excitation profiles show that the coupling between the
transitions differs.

The assignments of the DUVRR bands between 700 and
1600 cm�1 derive from Dreger and Gupta.57 The 229 nm RDX
spectrum in Fig. 9 consists of at least 14 resolved bands: 750
cm�1 (ring bending with NO2 scissoring), 795 cm�1 (C–N
stretch and NO2 scissoring), 850 cm�1 (N–N stretching and
NO2 axial scissoring), 884 cm�1 (mainly C–N stretching), 924
cm�1 (CH2 rocking or combination), 950 cm�1 (N–N
stretching), 1024 cm�1 (N–C stretching with some CH2

rocking), 1216 cm�1 (N–C stretching), 1270 cm�1 (N–N
stretching and O–N–O stretching), 1314 cm�1 (N–N stretching
and CH2 twisting), 1341 cm�1 (CH2 wagging or combination),
1378 cm�1 (CH2 twisting), 1458 cm�1 (CH2 scissoring), 1524
cm�1 (CH2 scissoring or combination), 1559 cm�1 (O–N–O
equatorial stretching), and 1586 cm�1 (O–N–O axial stretch-
ing). The 204 nm RDX spectrum is dominated by the 1270 and
1314 cm�1 bands that derive from motion of the NNO2

chromophores.
Figure 10 shows the DUVRR differential Raman cross-

section excitation profiles of the 1216, 1270, 1314, and 1586
cm�1 RDX Raman bands between 204 and 257 nm along with
the absorption spectrum of RDX in ACN. Table V shows the
band assignments and the Raman cross-section values for the
different excitation wavelengths. The maximum differential
Raman cross-section of RDX is ;12 3 10�26 cm2/molecule-
steradian (molc�sr) at 204 nm for the 1270 and 1314 cm�1

bands, while the maximum cross-section of HMX is 33 3
10�26 cm2/molc�sr at 229 nm for the 937 cm�1 band.

In contrast to HMX, none of the bands show an excitation
profile maximum within the 230 nm absorption feature. The
band intensities continue to increase as the excitation
wavelength decreases to 204 nm, whereupon the 1268 and

FIG. 10. Absolute differential Raman cross-sections of the 1216, 1270, 1314,
and 1586 cm�1 bands of RDX between 204 and 257 nm excitation and the
molar absorptivity absorption spectrum of RDX in ACN.

TABLE V. Absolute differential Raman cross-sections of RDX at different excitation wavelengths.

Raman
bands (cm�1) Assignment

204 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

229 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

244 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

257 nm absolute
Raman cross-sections
(10�26 cm2/molc�sr)

750 Ring bending with NO2 scissoring 1.3 1.4 0.18 0.13
795 C–N stretching and NO2 scissoring 1.5 0.40 0.51 0.90
850 N–N stretching and NO2 axial

scissoring
1.0 2.2 2.0

884 C–N stretching 1.5 2.5 2.0
1024 N–C stretching with some CH2

rocking
0.90 6.4 3.5 3.6

1216 N–C stretching 3.9 6.0 3.2 2.2
1270 N–N stretching and O–N–O

stretching with possible CH2

twisting

13.0 6.8 2.7 2.1

1314 N–N stretching and CH2 twisting,
NO2 symmetric vibration

13.9 3.0 0.07 1.3

1352 CH2 wagging or combination 2.9 — 0.01 —
1524 CH2 scissoring or combination 3.9 2.0 — 1.3
1586 O–N–O axial stretching, NO2

antisymmetric vibration
4.2 5.5 1.7 0.71

APPLIED SPECTROSCOPY 1019



1315 cm�1 bands that derive from motion in the NNO2

chromophores completely dominate the DUVRR. This may
signal a dominating, strong electronic transition in RDX whose
analogous feature in HMX is at a much higher energy.

Thus, the best excitation wavelength for RDX is deep in the
UV, probably lower than 200 nm. RDX can clearly be
differentiated from HMX. The different RDX Raman bands
show sufficiently distinct excitation profiles so that multiple
excitation wavelength spectra can be used to obtain an
improved determination of these explosive molecules.

CONCLUSIONS

The DUVRR differential Raman cross-sections of NH4NO3,
PETN, TNT, HMX, and RDX dramatically increase as the
excitation wavelength decreases deep into the UV to 204 nm.
NH4NO3, PETN, and RDX are best resonance-enhanced by the
204 nm excitation used here, and the optimum excitation
wavelength for TNT and HMX is around ;230 nm. The
excitation profiles of TNT roughly follow its absorption band
shape.

The excitation profiles for the different Raman bands differ
for each explosive molecule, indicating that multiple-excitation
wavelength spectra are not redundant but offer additional
information on the species present in samples.

We see no evidence of sample degradation at the fluences
and spectral accumulation times used here. However, we
previously observed such phenomena at longer spectral
accumulation times and for higher fluence measurements.
These results are promising for development of standoff deep-
UV Raman methods for explosive molecule determinations.

We also determined the detection limit for these explosives
dissolved in ACN/water solutions for 229 nm excitation using
our standard Raman spectrometer.8 Most detection limits were
, 1 part per million (ppm).
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