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a b s t r a c t

Unambiguous vibrational band assignments have been made to cyclic nitramine hexahydro-1,3,5-
trinitro-s-triazine, commonly known as the �-phase of RDX or �-RDX, with the use of 13C and 15N (on ring)
enriched isotopic RDX analogues. Vibrational spectra were collected using Raman and IR spectroscopy in
ccepted 26 February 2010

eywords:
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sotopomers

solid state and ab initio normal mode calculations were performed using density functional theory (DFT)
and a 6-311G++** basis set. The calculated isotopic frequency shifts, induced by 13C and 15N labeling,
are in very good accordance with measures ones. The changes in vibrational modes associated with the
isotopic substitutions are well modeled by the calculation and previous assignments of the vibrational
spectra have been revised, especially where the exact nature of the vibrational modes had been either
b initio force field
ibrational analysis

vague or contradictory.

. Introduction

The cyclic nitramine RDX (Royal Demolition Explosive –
exahydro-1,3,5-trinitro-s-triazine) is a well-known powerful sec-
ndary explosive that is commonly used in conventional munitions
nd various military applications. The extensive use of RDX is
ssociated to its reasonable insensitivity to external conditions
nd high performance as a high explosive (HE). Various experi-
ental [1–3] and theoretical [4–6] techniques have been used in

rder to determine the structure of RDX in gas, solid and liquid
tates. Trace explosive detection is a major technological chal-
enge. The most promising and sensitive devices and techniques for
xplosive detection that provide qualitative and quantitative infor-
ation are not amenable to routine field use. Some of the greatest

mprovements in explosives detection during the last years have
een made in the area of vibrational spectroscopy. Several of these
ethods have been shown capable of detecting explosives on sur-

aces at stand-off distances [7], although much work remains to be
one to improve selectivity and differentiation from matrix effects
nd background clutter. The interest in terahertz spectroscopy for

xplosive detection [8] has robustly increased.

To understand the explosive nature of RDX, the molecular struc-
ure needs to be examined in detail. RDX is known to exist in four
olymorphic phases, termed � [9,10], � [11,12], � [13–15] and �
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[16]. The vibrational spectroscopy of �-RDX has been the subject
of numerous studies [1–5]. However, some inconsistency exits in
the available studies of �-RDX, with respect to the assignment of
some normal vibrations. The �-form, shown in Fig. 1, is the stable
polymorph at room temperature and is used in the general bulk
level applications. The crystal structure of �-RDX was determined
to be orthorhombic Pbca with eight molecules per unit cell [10].
The individual RDX molecules in the �-phase possess essentially
Cs symmetry with two of the NO2 groups axial and the third equa-
torial with respect to the triazine ring. In the present study, we have
reinvestigated the structure and vibrational spectra of solid RDX in
the �-phase and its 13C and 15N isotopomers.

Assignments of the IR and Raman bands are made mainly on the
basis of empirical comparison of experimental results with those of
related groups such as nitro and amino groups. There are only a few
vibrations which are not combination modes involving more than
one type of motion. The degree of mixing is evident in the vary-
ing amounts of frequency shifts that are observed. In this sense
the effects of the 13C and 15N substitution on various vibrations are
large enough to be useful in matching calculated and measured fre-
quencies. The infrared and Raman spectra, in solid state, of �-phase
and 13C and 15N (on ring) enriched RDX analogues were obtained
for the study. Quantum chemical calculations have also been per-
formed, and many vibrational bands have been clearly assigned.

This work focused on the use of modern density functional theory
(DFT) [17], to account for the experimental vibrational Raman and
IR data from RDX and its 13C- and 15N-RDX isotopomers. Raman and
IR frequencies were calculated at the DFT/B3LYP level using the
6-311++G** basis set. The calculated frequencies were compared

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
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mailto:sp_hernandez_uprm@yahoo.com
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RDX has close to Cs symmetry and occupies a C1 site. The 57 funda-
mental vibrational modes are active in both IR and Raman. These
modes included 26 planar modes with A′ symmetry and 31 non-
planar modes with A′′ symmetry. Several of these are not expected

Fig. 2. Experimental FTIR spectra for RDX and isotopically labeled RDX from 500 to
1600 cm−1; (a) RDX, (b) 13C3-RDX and (c) 15N3-RDX. Labeled peaks are explained in
Table 1.
Fig. 1. Structures of (a) �-RDX; (b) 13C3-RDX; a

ith the experimental data and the isotopic effects are discussed.
ssignments of the vibrational modes for RDX are made through
omparison between experimental and density functional calcu-
ations results. The purpose of the present study is to assign the
undamental vibrational frequencies, to elucidate the structure of
DX, and to analyze the force field on the basis of IR and Raman
pectra including isotopic labeling and ab initio force field calcula-
ions.

. Experimental

RDX standards were obtained as 1 mg/mL solution in acetoni-
rile from Supelco® (Sigma–Aldrich Chemical Co., Milwaukee, WI),
3C (99%) enriched RDX was obtained from Cambridge Isotope
aboratories, Inc. (Andover, MA) as 1 mg/mL acetonitrile solution
nd 15N (99%) enriched RDX was obtained from SRI International
s solid material. Acetonitrile (Sigma–Aldrich) was allowed to
vaporate at room temperature after the deposition on metal-
ic microscope slides. Fourier transform infrared (FTIR) spectra

ere obtained by attenuated total reflection (ATR) method in a
exus 8700, Thermo Nicolet FTIR spectrometer in the range of
00–4000 cm−1. Samples were lightly ground in preparation for
lacement on the ATR stage. Raman spectra were measured using
commercial Renishaw RM2000 Raman microspectrometer with

ibrational and white light imaging capabilities. The 514.5 nm line
f a Coherent INNOVA 308 Ar+ ion laser system was used as the
xcitation source. Dispersive Raman equipment was operated in
onfocal mode microscopy. Spectrometers were equipped with
olarization analyzers and de-scramblers. All the measurements
ere taken at room temperature (ca. 20 ◦C).

. Computations

Ab initio density functional theory (DFT) with the B3LYP hybrid
unctional calculations using the Gaussian 03-W program pack-
ge [18] were carried out for the �-RDX and its 13C and 15N
sotopomers. The basis sets implemented in the program were
mployed without modification. The hybrid density functional
3LYP method [19,20] was used for geometry optimization, fre-
uency location, band contours analysis and intensity calculations.

n all cases, the 6-311++G** basis set was used. Frequencies for
sotopically labeled RDX were recalculated following mass substi-
ution using the force constants obtained for the most common
sotope. The geometry was considered optimized yielding mini-

um in energy when no imaginary frequencies resulted as part of
he computation. Detailed assignment was given based on the com-
arison between the theoretical data and the experimental results.
he normal mode descriptions were obtained with the assistance
f animated pictures [21] based on the normal coordinates.

. Results and discussion
Experimental Raman and FTIR solid state spectra of RDX in its �-
hase and its isotopically labeled 13C3- and 15N3-RDX are shown in
igs. 2 and 3. The spectra of RDX and its isotopic analogues are char-
cterized by intense and sharp vibrational bands. Solid �-phase of
15N3-RDX. *Reference for vibrational analysis.
Fig. 3. Experimental Raman spectra for RDX and isotopically labeled RDX from 2800
to 3200 cm−1; (a) RDX, (b) 13C3-RDX and (c) 15N3-RDX. Labeled peaks are explained
in Table 1.



R
.Infante-Castillo

et
al./Spectrochim

ica
A

cta
Part

A
76 (2010) 137–141

139

Table 1
Experimental IR and Raman vibrational signals and theoretical calculations and assignments of RDX, 13C- and 15N-RDX.

Mode no. RDX 13C-RDX 15N-RDX Assignmentb,c

IR (cm−1) Raman (cm−1) Calc.a (cm−1) IR (cm−1) Raman (cm−1) Calc.a (cm−1) IR (cm−1) Raman (cm−1) Calc.a (cm−1)

1 3072 3076 3071 3062(−10) 3065(−11) 3061 3074(2) 3074(−2) 3070 �asC–H(Eq)

2 3064 3067 3065 3054(−10) 3057(−10) 3059 3064(0) 3064(−3) 3069 �asC–H(Eq)

3 / 3003 2953 / 2995(−8) 2950 / 2999(−4) 2957 �asC–H(Ax)

4 / 2949 2894 / 2941(−8) 2891 / 2945(−4) 2898 �asC–H(Ax)

5 1589 1594 1636 1589(0) 1594(0) 1637 1589(0) 1592(−2) 1602 �asNO2
(Ax)

6 1569 1573 1618 1569(0) 1572(−1) 1618 1569(0) 1569(−4) 1594 �asNO2
(Ax)

7 1529 1541 1592 1529(0) 1541(0) 1592 1527(0) 1537(−4) 1583 �asNO2
(Eq)

8 1457 1459 1472 1454(−3) 1455(−4) 1468 1456(1) 1454(−5) 1471 � CH2

9 1430 1436 1445 1430(0) 1432(−4) 1442 1432(0) 1432(−4) 1444 � CH2

10 1421 / 1399 1419(−2) / 1391 1419(−2) / 1395 � CH2

11 1386 1389 1385 1382(−4) 1383(−6) 1378 1386(0) 1385(−4) 1383 � CH2

12 / 1379 1354 / 1372(−7) 1354 / 1373(−6) 1355 � CH2

13 1348 1346 1343 1346(−2) 1345(−1) 1341 1340(−8) 1337(−9) 1342 � N-NO2
(Ax)

14 1307 1311 1319 1309(−2) 1310(−1) 1320 1305(−2) 1305(−6) 1304 � N-NO2
(Eq)

15 / 1275 1282 / 1272(−3) 1282 / 1269(−6) 1271 � N-NO2 + �CH2
(Ax)

16 1265 / 1279 1263(−2) / 1278 1259(−6) / 1269 � N-NO2
(Ax) + �CH2

(Ax)

17 1232 / 1248 1220(−12) / 1236 1201(−31) / 1246 � N–C–N
18 1214 1217 1209(−7) 1210(−7) 1207 / 1200(−17) 1206 � N–C–N
19 1037 1031 1027 1031(−6) 1025(−6) 1015 1025(−12) 1016(−15) 1013 � N–C–N
20 1016 / 1003 1006(−10) / 996 1008(−8) / 1000 � CH2

(Eq) + � N-NO2

21 943 945 944 935(−8) 935(−10) 934 937(−6) 936(−9) 942 � CH2
(Eq) + � N-NO2

22 919 / 903 900(−19) / 891 914(−4) / 900 � CH2

23 881 884 890 863(−18) 866(−19) 876 880(−1) 882(−2) 885 rg breathing
24 852 849 865 831(−21) 835(−14) 858 840(−12) 844(−5) 856 � C–N–C
25 779 788 798 777(−2) 785(−3) 796 773(−6) 777(−11) 793 � N–C–N
26 / 670 659(−11) 668 / 663(−7) 668 � rg
27 601 606 608 597(−4) 599(−7) 602 599(−2) 602(−4) 606 � rg
28 588 591 587 582(−6) 585(−6) 579 584(−4) 586(−5) 585 � rg
29 / 463 463 / 458(−5) 461 / 459(−4) 461 � rg
30 / 415 410 411(−4) 401 / 407(−8) 400 � rg
31 / 347 331 / 344(−3) 321 343(−4) 321 � rg
32 / 226 228 / 226(0) 227 / 220(−6) 228 � rg
33 / 153 / / 153(0) / / 150(−3) / � NO2

The numerical values in parenthesis are the isotopic shift of frequencies.
a Calculated with B3LYP/6-3411++G**; scaled according to correlation equation �obs/�calc = 1.0087(9) − 0.0000163(6)(�calc/cm−1).
b Vibrational modes: �, stretching; �, bending in plane; �, bending out-of-plane; rg, ring; superscript s, symmetric; superscript as, asymmetric; superscript Ax, axial; superscript Eq, equatorial.
c Estimated graphical representation.
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o be detected because they are either too weak or appear below
he limit of detection in this study. The assignments for the IR and
aman frequencies of �-RDX and its isotopomers, together with
he results of the B3LYP calculations are listed in Table 1. The prob-
em of the overestimation of frequencies, commonly encountered
n DFT vibrational frequencies calculations due to the neglecting
f anharmonicity effects, was solved using a wavenumber-linear
caling (WLS) method [22] with the following relationship:

vobs

vcalc
= 1.0087(9) − 0.0000163(6)(vcalc/cm−1) (1)

All assignments were determined by comparison of exper-
mental shifted data of the labeled RDX with the calculated

avenumbers and vibrational modes at each selected mode. There
re some differences of wavenumbers between calculated and
xperimental data. This is due to the fact that the calculated spec-
ra correspond to the gas phase whereas experimental data are
aken with solid RDX. However, the spectral patterns are similar.
he assignments of selected normal vibrations of the RDX, 13C3-
nd 15N3-RDX isotopomers are presented in Table 1, listing the
xperimental and the calculated frequencies. The mode number
ssignments (indicated in parenthesis in the following discussion)
re made from comparisons of experimental spectra and theoreti-
al calculations. Very weak signals were not labeled. The calculation
ives a reasonable prediction of the normal mode frequencies and
he observed isotopic shifts. The normal harmonic frequencies tend
o become smaller with increasing isotopic mass, and intensities
ometimes change.

.1. C–H vibrations

.1.1. C–H vibrations stretching (�C–H) vibrations
Four medium intensity Raman bands observed in the region

rom 2800 to 3200 cm−1 were readily assigned to asymmetric
tretching modes (�). The two bands at 3076(1) and 3067(2)
ere assigned to C–H equatorial asymmetric stretching modes

�asC–H(Eq)). The bands at 2995(3) and 2949 cm−1 (4) were
ttributed to asymmetric stretching mode of the C–H axial group
�asC–H(Ax)). Only the former two are observable in infrared spec-
ra. The change from 12C to 13C decreased the frequencies in this
pectral region by 10 cm−1. Fig. 4 shows the experimental Raman
pectra for RDX and isotopomers from 100 to 1700 cm−1.

.1.2. In-plane C–H bending (ˇC–H) vibrations
The infrared bands corresponding to the C–H in plane bending

ibrations are observed at 1457(8) and 1430 cm−1 (9). The respec-
ive Raman bands were located at 1459 and 1436 cm−1. Modes 9
nd 8 are attributed to �-CH2 equatorial and axial group, respec-
ively, in both IR and Raman spectra, and were downshifted by
.0 cm−1 as isotopic mass of the methylene increased. The band
t 919 cm−1 (22) in the IR spectra is also assigned to this vibration.

.1.3. Out-of-plane C–H bending (�C–H) vibrations
The C–H out-of-plane (�) modes appeared as a series of three

edium intensity bands (10-12). The band at 1421 cm−1 (10) was
bserved in the IR spectra only and corresponds to equatorial �C–H
ode. A combination of axial/equatorial �C–H modes (11) was

bserved at 1386 cm−1 in IR and Raman spectra. The axial �C–H
ode in Raman spectra, not observed in IR spectra, was identified

t 1379 cm−1 (12).
.2. Nitro group vibrations

The NO2 antisymmetric stretching modes gave rise to character-
stics bands observed in both IR and Raman spectra, covering the
pectral range from 1520 to 1600 cm−1. The IR bands are 1589(5),
Fig. 4. Experimental Raman spectra for RDX and isotopically labeled RDX from 100
to 1700 cm−1; (a) RDX, (b) 13C3-RDX and (c) 15N3-RDX. Labeled peaks are explained
in Table 1.

1567(6) and 1527 cm−1 (7); the Raman bands are: 1595(5), 1573(6)
and 1541 cm−1 (7). Of these three signals, two are attributed to axial
nitro groups (5,6) and the third to an equatorial nitro group (7).
These bands were shifted by 4.0 cm−1 in the 15N3-RDX isotopomer
and remain unaffected by 13C isotopic substitution. In addition, the
153 cm−1 (33) band in the Raman spectra of RDX was assigned to
the out-of-plane mode of the nitro groups.

4.3. Nitramine N-NO2 (�N-NO2 ) stretching vibrations

In previous works [1,2] bands at 1348(13) and 1309 cm−1 (14)
were assigned to combination and out-of-plane bending modes.
According to the IR and Raman spectra and comparative shift values
for RDX isotopomers, these bands were readily assigned as N-NO2
stretching modes. Other bands that correspond to these modes of
vibration were observed in the Raman spectra at 1275(15) and
945 cm−1 (21); and the IR spectra at 1265(16) and 1016 cm−1 (20).
In all these modes, contributions of in-plane and out-of-plane C–H
bending vibration were observed as illustrated in Table 1.

4.4. Ring vibrations

A group of four bands (modes 17, 18, 19 and 25) have been
assigned to the stretching N–C–N (�N–C–N) mode. The 1232 cm−1

(17) band in the IR spectra was not observed in Raman spectra. The
15N3-labeling of RDX results in a downward shift of 31, 15, 17 and
11 cm−1 of these vibrational frequencies, respectively. The most
symmetrical normal mode of ring, known as the ring breathing
mode (23), was readily assigned to the band at 881 and 884 cm−1

in the IR and Raman spectrum, respectively. The 852 cm−1 IR band
−1
and 849 cm (24) Raman band for unlabeled RDX were assigned

to the stretching C–N–C bond in the ring (�C–N–C). This band experi-
enced downward isotopic shifts of 21 (IR) and 14 cm−1 (Raman) by
13C3-labeling. The in-plane ring bending modes gave rise to weak
bands across the low-frequency region, below 1000 cm−1. With the
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xception of medium strong IR bands at 601(27) and 588 cm−1 (28),
group of weak bands assigned to the 670(26), 591(28), 463(29)

nd 415 cm−1 (30) were only observed in the Raman spectra. The
odes remaining (31 and 32) in the 350–200 cm−1 region can

e associated with the out-of-plane ring modes. The CH2 bending
ibration, does not shift much in energy for 13C3 and 15N3, revealing
he lack of involvement of the triazine ring in these modes. Some
f these assignments are in agreement with typical values reported
or RDX ring vibrations [5].

. Conclusions

Infrared and Raman spectra of the cyclic nitramine RDX in the
-phase, and 13C, and 15N (on ring) enriched RDX analogues in the
olid state were recorded and their fundamental frequencies have
een assigned using isotopic frequency shifts. The IR and Raman
pectra for �-RDX and its isotopic derivatives were also computed
sing density functional calculations and compared with the nor-
al isotopic experimental spectra. The results of the calculations
ere in reasonable agreement with the observed wavenumber

ocations, in most of the cases. DFT calculations have also allowed
ore definitive set of assignments to be made for �-RDX and its

sotopomers. The experimental results obtained in this study for
DX, 13C3- and 15N3-RDX compared with theoretical data allowed
eriving correlations of observed frequency deviations of certain
ibration modes and the effect of isotopic substitution on the RDX
olecule. Most of the observed vibrational bands have been suc-

essfully assigned by the present work.
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