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Vibrational spectroscopy has been used to investigate the room-temperature high-pressure phases of the
energetic material hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). The pressure-induced alterations in the spectral
profiles were studied in a compression sequence to 30.2 GPa using Raman spectroscopy and to 26.6 GPa
using far-infrared spectroscopy. At pressures near 4.0 GPa, several changes become immediately apparent in
the Raman spectrum, such as large frequency shifts, mode splittings, and intensity changes, which are associated
with a phase transition from-RDX to y-RDX. Our study extends the kinetic stability pfRDX to pressures

near 18.0 GPa. Evidence for a new phase was found at pressures between 17.8 and 18.8 GPa and is based on
the appearance of new vibrational bands and associated changes in intensity patterns. The new phase has

vibrational characteristics that are similar to thos@-¢tDX, suggesting the two polymorphs share a related
crystal structure.

Introduction In contrast to the extensive experimental data available for
a-RDX, there has been limited experimental characterization
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is one of the of the high-pressure/temperature phases of RDX. High-
most widely employed high explosives in military applications pressure vibrational spectroscdpyand X-ray diffractiod? of
today. The extensive use of RDX stems from its reasonable RDX were performed nearly two decades ago, but only to
insensitivity to external conditions, high performance level, and pressures of 12.2 and 9.2 GPa, respectively. Within this narrow
relatively easy and inexpensive synthesis. In the past 30 yearspressure range, evidence was found for an additional room-
RDX has been the subject of numerous experimental and theortemperature phasg:RDX. The crystalline structure gf-RDX
etical reports aimed at understanding the structtnaklec- has yet to be fully resolved, but preliminary evidence has alluded
tronic>~° mechanicat? thermal expansiof; 3 vibrational}*~8 to an orthorhombic crystal symmetry, similar to thabeRDX
?nc: %ft'@ propirtle§dand, mdore rgcently, tOX'CI:OI(.)g'Cfal e with eight molecules per unit celt. A high-temperature phase,
ectsemHowever, 1tS widespread Use in many explosive formu- B-RDX, has been reported as an extremely short-lived room-

lations dictates a need to understand the material properties . . o
not onlv at ambient conditions. but also under extreme condi- temperature polymorph which results from rapid crystallization
y ' of RDX from boiling solvents®21 3-RDX is also the predomi-

tions within high-pressure/high-temperature regimes that can ) ) - .
gn-p g P g nant phase in solutions. Although spectroscopic analysis of

lead to shock-initiated detonation. el il b ¢
The fundamental physical characteristics of the room-tem- B-RDX supportg a molecuiar structure similar to that o
a-RDX,1¢ the vibrational pattern of;-RDX shows several

perature, ambient-pressure form of RDX-RDX), shown in

Figure 1, have been elucidated by X-+a§ and neutrof vibrational modes present in theRDX phase collapse into
diffraction. a-RDX has an orthorhombic structure with eight Single, doubly degenerate vibrations, possibly because of higher
molecules per unit Ce"’ a space group bca and cell molecular Symmetry. Further vibrational analysis has Suggested
parameters of = 13.182(2) A,b = 11.574(2) A, andc = that-RDX has essentiallZ3, symmetry, but the results could

10.709(2) A. Within the crystalline environment, the nitro groups not provide a more detailed description of the molecular
of each RDX molecule are pseudoplanar and are arranged in astructuret-2
chair conformation, with two of the three groups in the axial  The results presented here expand in depth on previously
position with respect to the-triazine ring? The RDX site reported materiat-1821.22and are part of a research program
synlwmei[ry within the crystallcl>graphf|c cell i€, dbL;F egck? aimed at extending the current understanding of pressure-driven
n:cotrt]acu € E)r:)sl,sesses a neardp?hne 0 syn:jmemt/h efine 'ty ON&tructural transformations of energetic materials through em-
of the methylene groups an ond on the opposite Holoyment of a multitechnique approach. We performed in situ
end of the molecule. Numerous spectral features associated witl : . .
room-temperature, high-pressure Raman scattering studies of

the internal and lattice vibrational modesawRDX have been RDX i . ¢ bient 0 30.2
observed and assignét;!® and recently, the symmetries of all N @ compression sequence from amblent pressure 1o 59.
GPa, as well as synchrotron infrared measurements from

24 Raman-active optical phonons were identified. X i _
ambient pressure to 26.6 GPa. The primary goal of this study
tU.S. Army Research Laboratory. was to follow possible pressure-induced structural transforma-
* Carnegie Institution of Washington. tions in RDX at room temperature.
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Figure 1. (Left) molecular structure of RDX. (Right) unit cell of RDX molecules.
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Figure 2. Selected high-pressure Raman spectra of RDX collected &

from 0.86 to 30.2 GPa at room temperature. The spectrum shown at
0.86 GPa is shown to scale between 0 and 1750 dme spectra shown

at 4.4 and 18.8 GPa are offset for clarity. The spectra are scaled by 2
between 2900 and 3250 ctrfor pressures between 0.86 and 18.8 GPa.
The spectral region between 1700 and 2900 cim omitted because

of the low spectral intensity of the vibrational modes within this energy
range. The vibrational modes are numbered according to ref 14 and
Table 1.

Experimental Details

T T T T T Y T T T T T T
Polycrystalline RDX was obtained from the Naval Surface 100 200 300 400 500 600 700
Warfare Center at Indian Head, MD, and recrystallized in Wavenumbers (cm™)
ace.tone fo remove Impurities. PIStOﬂ-Cyllr?der-type diamond Figure 3. Selected high-pressure infrared spectra obtained in a
anvil cells (DACs) were used for all experiments. The RDX  compression sequence from 0.30 to 26.6 GPa. The spectrum presented
sample was lightly ground into a fine powder and placed in a at 0.30 GPa is to scale, while the remaining spectra are scaled and
sample well preindented into a rhenium gasket with an ap- Offfs‘litl ford‘:'_l?”a’- 11'he vibrational modes are numbered according to
proximately 120um diameter and a depth of 3gm. The "¢ ~*@nd fabie -

pressure was determined from the shift of the Riby the excitation source, with output power kept at less than 0.1

fluorescenge line With. pressure, Whi(.;h Is precise-M05 Gl?a W. A 460 mm focal length/5.3 imagining spectrograph (ISA
under quasi-hydrostatic conditiofd-elium was gas-loaded into HR 460) equipped with an 1800 grooves/mm grating with a

the DAC for the_ Raman experi_ments using a method previously resqytion 0f£0.5 cnt was used. The wavelength calibration
described* White petroleum jelly was used as the pressure o performed using a neon light and has an accuraeylof
medium during the infrared experiments. cmL.

High-pressure Raman experiments were performed using the Synchrotron IR-absorption experiments were performed at
488.0 nm line of an argon ion laser (Coherent Innova 90) as beamline U2A of the National Synchrotron Light Source (NSLS)
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Figure 5. Pressure dependence of the frequencies of the IR-active

1200

pe
<~ 1100 + | - modes. Dashed lines indicate apparent phase boundaries. Linear fits
g 1 »M‘/'/k are shown for the frequency shifts.
% 1000 MW . peaks, which are utilized in the interpretation of the high-
* M e ] pressure behavior.
s 900 M ../o/"/L At pressures of and lower than 4.0 GPa, all vibrational modes
% ] ; ] display nearly linear shifts in frequency with pressure. Previous
« 1 ! »};.c«"“*'k 1 high-pressure spectroscapyand X-ray diffractiod? have

800 - m M 4 demonstrated that a reversible phase transitignRX occurs
% PP S-S - | at room temperature near 4.0 GPa. This transition is manifested

! in the spectroscopic data by changes in the pressure shifts of
700 '/MM‘ . the infrared and Raman mode frequencieg/dd), shown in

; . Table 1, and on the basis of the available data has been

0 4 8 12 16 20 24 28 32 interpreted to not produce significant changes in the crystalline
Pressure (GPa) framework?? They-RDX phase remains kinetically stable un_til

Figure 4. Pressure-induced Raman peak shifts of RDX. Previous S(.)mew.her.e. be.tween 17.8 and 1.8'8 GPa, where .promment
studies have identified a phase transition near 4 GPa. The abrupt slopdliScontinuities in the frequency shifts suggest the existence of
changes in the frequency shifts also indicate the onset of a phase@nother phase transition. This higher pressure transition was not
transition near 18 GPa. Dashed lines indicate apparent phase boundariesdentified in the previous work. On the basis of the large
Linear fits are shown for the frequency shifts. frequency shifts, it seems likely that this new phase, which we
are terming, is accompanied by structural changes within the
crystalline framework.

of Brookhaven National Laboratory (BNL). The synchrotron

light is extracted from the VUV storage ring in a 4040 mra One of the primary motivations for the current spectroscopic
solid angle. The collimated beam is delivered through a vacuum e 4qrements was to determine the spectroscopic signatures
pipe system and directed into a Bruker IF_S 66V l_:ourler of y-RDX and 6-RDX. In both the infrared and Raman
transform mfrared. (FTIR) spectrometer. Extensive qletall of the measurements, we observe changes in many of the band shifts
optical layout of this beamline is availadeThe resolution used near the pressure of the phase transition. &he y transition
for all measurements was 4 cfn near 4.0 GPa is coincident with a splitting of the 353 éming
twisting band, and the 856 crh C—N stretching vibration
begins to inhomogeneously broaden after the transition. How-
Several representative Raman and infrared spectra of poly-ever, the most obvious change in the Raman spectrum is
crystalline RDX on isothermal compression at 298 K to 30.2 observed in the €H stretching region where a large intensity
GPa are shown in Figures 2 and 3, respectively. The frequenciesdecrease of the 2949 caxial stretching mode is accompanied
of the vibrational bands are plotted as a function of pressure in by the formation of a lower energy shoulder. This shoulder
Figures 4 and 5. The 36 fundamental Raman-active vibrations results from the large frequency shift of the 2911 ¢naxial
were identified by Haycraft et P.using single-crystal polarized  stretching mode. Examination of the infrared spectra above 4.0
Raman scattering. The present data include the majority of theseGPa reveals vibrational trends that are similar to the Raman

Results and Discussion
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TABLE 1: Raman and Infrared Frequency Shifts of the Observed RDX Vibrational Bands up to 30.2 and 26.6 GPa,

Respectively
this work reference
(dv/dP)o, (dv/dP)o, ¥, Y, mode
Raman infrared  Raman infrared Ramah IRbe INSY  identificatiorf! molecular motion
12.2 ¢1.2) 1.7 106 104 107 7 molecular bedNO; rotation
10.8 &1.0) 11 153 C1 combination band, N@rsional modes
7.5 (£0.5) 0.6 161 Cc2 combination band, N®@rsional modes
8.8 (£0.5) 0.6 205 208 205 8 NNC, umbrella (eqH NO.rotation (ax)
7.1 (#0.5) 7.1 ¢0.5) 0.7 0.4 224 223 230 9 ring rotatienNO; rotation (all)
3.3(*0.3) 0.4 305 10 molecular stretch
4.0(*0.3) 4.1¢04) 0.3 0.2 347 345 351 11 ring twist
5.5 *0.4) 5.6 (£0.5) 0.1 414 410 416 14 ring bending (folding)
1.5 *0.2) 1.5@0.2) 0.1 0.1 463 461 459 15 ring bending (foldingN—N stretch (ax)
8.0 *+0.5) 7.7 ¢0.6) 0.4 0.2 486 486 482 16 ring twist NO, rock (eq)
6.8 (*=0.4) 6.5 0.5) 0.2 0.1 588 589 590 18 ring bend
55&0.4) 5.40.4) 0.2 0.1 605 602 602 19 ring rock
4.3 &04) 4.4¢0.3) 0.1 0.1 669 670 671 20 ring bend
0.5 #*0.1) 0.1 739 738 (739) 734 21 NO, umbrella (ax)
3.0 *0.2) 0.1 786 783 (782) 782 25 -EN stretch+ NO, scissors (eq)
4.3 *0.3) 0.1 847 844 (844) 843 26 N stretch+ NO; scissors (ax)
3.5&0.2) 0.1 884 883 (883) 880 28 -EN stretch+ CH, rock+ N—N stretch
6.3 (0.4) 0.1 943 947 (947) 944 31 N stretch (eqj- CH; twist + CH, rock
6.0 (£0.4) 0.1 1029 1040 (1039) 1032 33 —C stretch
2.0 (£0.2) 0.0 1214 1219 1215 36 N\C stretch
5.3 (*0.4) 0.1 1273 1275 (1268) 1275 40 etvist + N—N stretch
1387 1389 (1388) 44 CHvag
1433 1434 (1436) 46 Cibcissors
1570 1573 (1576) 50 ©N-—O stretch (eq)
1593 1598 (1592) 51 ON-O stretch (ax)
3.8 (*0.2) 0.1 2911 52 €H stretch (ax)
4.0 *0.3) 0.1 2949 2948 53 €H stretch (ax)
3.2 (*0.3) 0.0 3001 3001 (3001) 56 ~H stretch (eq)
4.0 *0.3) 0.0 3075 3075 (3074) 57 ~H stretch (eq)

a Previously reported vibrational frequencies collected at ambient ¢
frequencies with respect to pressure. Thealues are the least-squares fi
17. ¢ Frequency values in parentheses were obtained from reflh6lastic
14.

observations. The 227 crhskeletal stretching feature splits into

a doublet above 4.0 GPa with two clearly resolvable maxima
at 249 and 285 cri. The new vibrational peaks at 386 and
419 cnt! become prominent features as the pressure is
increased. Additionally, a large increase in the intensity of the
623 cnr! ring rocking vibration is observed in conjunction with

a splitting of the mode. While the original characterization of
y-RDX eluded that the orthorhombic space groupteRDX is
retainec?? it seems likely, on the basis of the changes in the

onditions are summarized. ModegbR)s &le the linear slope of the
t to the i@isen equatio?f P Frequency values were obtained from ref
neutron scattering (INS) vibrational frequencies were obtained from ref

begin to broaden inhomogeniously, possibly due the sluggish
phase transition.

The mode Groeisen parametersg;, have been calculated for
the Raman and infrared data of theRDX phase using the
equations defined by Williams et #.The equation of state
obtained from Brillioun scattering (Hill average 11.99 GPa) was
used to calculate the volume as a function of pres¥lirée find
an average unweighted Greisen parameter for all observed
Raman modes of 0.2 and a corresponding value of 0.4 for the

vibrational pattern, that there is some pressure-induced deformainfrared modes. The larger infrared ‘Gerisen value can be

tion of the molecular structure of RDX associated with the
— ¢ transition. However, a further description of theRDX
phase will require diffraction measurements with a complete
refinement of the atomic positions.

The transition from the phase to thé phase is associated
with several noticeable changes in the spectroscopic pattern:
(1) The Raman-active ring twisting doublet near 340 and 350
cm! collapses into a single vibration. (2) The 890 dning
breathing vibration shows a large frequency shift, and a new
vibrational band develops on the high-frequency side. (3) Four
clearly resolvable bands are observed in theHCstretching

understood to arise from the larger contribution of the two lowest
frequency infrared active modes (105 and 150 &nto the
vibrational density of states.

Conclusions

A systematic study of the changes in the vibrational spectra
of RDX to 30 GPa has been presented. The Raman and IR
vibrational patterns observed below 4.0 GPa are consistent with
those previously defined fax-RDX. Our study finds evidence
for two phasesy andd), and the kinetic stability of the phase

region. (4) New Raman features are observed at 234, 431, anchas been extended to near 18 GPa. We suggest thatthase

987 cntl. Vibrational modes with frequencies comparable to
those at 234 and 431 crh have been noted in the Raman
spectrum ofg-RDX, suggesting similarities exist between the
structures of the) and 8 phases® However, the vibrational
pattern of the G-H stretching region is not consistent with that
of S-RDX, providing strong evidence that phase is different.
The infrared spectra above 17.8 GPa are of limited use in the
characterization of thé phase as the infrared spectral profiles

retains the crystallographic characteristics ofdhghase, which

is consistent with previous reports. We also suggestithe y
transition is accompanied by pressure-induced molecular de-
formations, resulting in a lowering of the molecular symmetry.
This is supported by the vibrational modifications accompanying
this transition, such as the splitting of the vibrational modes,
intensity changes, and large frequency shifts, but additional
evidence must be provided by X-ray diffraction. New vibrational



Vibrational Spectroscopy of Energetic Materials J. Phys. Chem. A, Vol. 111, No. 1, 20063

features, which appear in the Raman spectrum near 18 GPa, as (8) Kunz, A. B.Phys. Re. B 1996 53, 9733.
well as other spectroscopic changes, suggest a transition to 6500(9) Kuklia, M. M.; Stefanovich, E. V.; Kunz, A. BJ. Chem. Phys.

new phase d). As several of these new features occur at Q112 3417. : : :
p : (10) Rogers, J. TRPhysical and Chemical Properties of RDX and HMX

frequencies comparable to those observgttRDX, we suggest  20-P-26, Series B; Holston Defense Corp: Kingsport, TN, August 1962.
the two have a similar structure. Vibrational absorption spectra  (11) Sorescu, D. C.; Rice, B. M.; Thompson, D. L.Phys. B1997,

in the infrared provide information about the phase transitions 10% 798.

hich i istent with that f the R data. X (12) Yoh, J. J.; McClelland, M. A.; Wardell, J. F.; Tarver, C. M. UCRL-
whnich IS consistent wi at irom the ~aman data. X-fay jrN|207203; Lawrence Livermore National Laboratory: Livermore, CA,

diffraction studies in progress should elucidate the high-pressure2004.
structures of RDX. (13) Cady, H. H.J. Chem. Eng. Datd972 17, 369.
(14) Ciezak, J. A.; Trevino, S. K. Phys. Chem. 2006 110, 3759.
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