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We measured the 229 nm deep-ultraviolet resonance Raman

(DUVRR) spectra of solution and solid-state hexahydro-1,3,5-

trinitro-1,3,5-triazine (RDX). We also examined the photochemistry

of RDX both in solution and solid states. RDX quickly photo-

degrades with a solution quantum yield of u � 0.35 as measured by

high-performance liquid chromatography (HPLC). New spectral

features form over time during the photolysis of RDX, indicating

photoproduct formation. The photoproduct(s) show stable DUVRR

spectra at later irradiation times that allow standoff detection. In the

solution-state photolysis, nitrate is a photoproduct that can be used

as a signature for detection of RDX even after photolysis. We used

high-performance liquid chromatography–high-resolution mass

spectrometry (HPLC-HRMS) and gas chromatography mass spec-

trometry (GCMS) to determine some of the major solution-state

photoproducts. X-ray photoelectron spectroscopy (XPS) was also

used to determine photoproducts formed during solid-state RDX

photolysis.
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UVRRS; Hexahydro-1,3,5-trinitro-1,3,5-triazine photochemistry;

RDX photochemistry; HPLC-HRMS; High-performance liquid chro-

matography–high-resolution mass spectrometry; Standoff detec-

tion; Explosives; XPS; X-ray photoelectron spectroscopy.

INTRODUCTION

Due to the increasing use and risk of improvised

explosive devices (IEDs), there is a need for standoff

detection methods to detect explosives for security and

environmental screening.1–8 Improvised explosive de-

vices may contain commercial, military, or homemade

explosives that make detection challenging.9 Hexahydro-

1,3,5-trinitro-1,3,5-triazine (RDX) is a commonly used

explosive. This compound is often found in soil and

groundwater near military facilities.10–12

Methods for standoff detection must be able to detect

trace amounts of explosives at a distance.3,4,9 Spectros-

copy has become a promising method for standoff

detection.1–5,8,10,13,14 Spectroscopic methods can involve

irradiating a surface with a laser beam and then

collecting the scattered light for analysis.

Raman spectroscopy has been shown to be an

effective standoff detection method for explosives.1–4,8,9

Raman spectroscopy allows for the identification of

explosive molecules through their unique vibrational

spectra. Normal Raman gives low signal-to-noise (S/N)

spectra due to the small Raman cross sections.1,2,8

Although standoff measurements of explosives have

been demonstrated with normal Raman,3–5,7,9,15 they

will be of limited use for standoff detection of low

concentrations.

Deep-ultraviolet resonance Raman (DUVRR) spec-

troscopy is emerging as a promising technique for

standoff detection of explosives.1–3,8,9 Deep-ultraviolet

resonance Raman allows for increased sensitivity due

to the increased Raman cross sections that result from

resonance enhancement. Most explosives have absorp-

tion bands in the deep-UV.1,2,8 Excitation in the deep-UV

allows for increased S/N spectra of the explosives

making this approach promising for standoff detec-

tion.1,2,8

With deep-UV excitation into electronic absorption

bands, explosive compounds can undergo photolysis

leading to a loss of analyte species as well as the

appearance of interfering spectral features. These

interferences in the DUVRR spectra result from the

photodegradation of the analyte to new photochemical

products.16 RDX in both the condensed phase and in the

gas phase photodegrades when exposed to UV light into

multiple photochemical products.11,12,17–23 Thus, the

DUVRR spectra of RDX may show additional bands that

result from photoproducts. These additional bands could

result in characteristic DUVRR time-dependent spectra

that can be used to identify the explosive precursor.

In this paper, we investigate the photochemistry of

solution- and solid-state RDX using 229 nm DUVRR. We

determine the solution-state quantum yield for RDX

photolysis. We use HPLC-HRMS and gas chromatogra-

phy mass spectrometry (GCMS) to determine early- and

late-stage RDX photoproducts. X-ray photoelectron

spectroscopy (XPS) was also used to determine solid-

state RDX photoproducts.

EXPERIMENTAL

Raman Measurements. The DUVRR instrumentation

was described previously.24,25 The samples were excited

by continuous wave (CW) 229 nm light that was

generated by using a Coherent Industries Innova 300

FreD frequency doubled Arþ laser.24 The Raman scat-

tered light was dispersed by using a SPEX Triplemate

spectrograph and detected using a Princeton Instru-

ments charge-coupled device camera (Spec-10).

Solution Samples. In the DUVRR photodegradation

experiment, 1 mL of a 3 mg/mL RDX (AccuStandard) in

CD3CN (Acros Organics) solution was placed into a 1 cm

path length fused silica capped cuvette that was

constantly stirred with a magnetic stir bar. The solution

was excited with 14 mW of 229 nm light for irradiation

times that yielded absorption of 0.1, 1, 2, 5, 10, 20, and 30

photons per molecule. We calculated the number of

absorbed photons per molecule using Eq. 1
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abs: photons

molecule
¼

tirrad: 3
Plaser

Ephoton

� �

Ninit: RDX
ð1Þ

where Plaser is the power of the laser (J/sec), Ephoton is

the energy of a photon (J), Ninit. RDX is the number of

initial RDX molecules in the sample, and tirrad. is the

irradiation time. We then measured the DUVRR of these

samples after these irradiation times by exciting them

with �0.5 mW of 229 nm laser beam focused to a spot

size of �200 lm. Each spectrum was accumulated for

5 min. The deep-ultraviolet Raman of quartz and CD3CN

solvent were subtracted.

The absorbance and high-performance liquid chroma-

tography–high-resolution mass spectrometry (HPLC-

HRMS) photodegradation measurements utilized recrys-

tallized RDX (Omni Explosives) dissolved in CD3CN. This

recrystallized RDX was previously extracted from com-

mercial nylon detonating cords (Omni Explosives) and

purified by recrystallization from acetonitrile (Fisher

Scientific, HPLC Grade).

For the photodegradation absorbance and HPLC-

HRMS measurements, 2 mL of the 2 mg/mL RDX in

CD3CN solution was placed in a capped 1 cm path length

fused silica cuvette. The solution was stirred continu-

ously with a magnetic stir bar and excited by CW 229 nm

light focused to a spot size of �80 lm. The photolysis is

proportional to the average number of absorbed photons

per molecule. Here, 100 lL aliquots were taken at

varying irradiation times and analyzed by ultraviolet–

visible (UV-Vis) spectroscopy and by HPLC-HRMS. The

laser power was �0.5 mW at the sample for exposure

times in the early stages of photodegradation (0.01

absorbed photons per molecule). For intermediate

exposures (1–2 absorbed photons per molecule), the

laser power was increased to �3.8 mW at the sample.

For 5–30 absorbed photons per molecule, the laser

power at the sample was increased to �6.1 mW.

Photodegradation measurements were performed to

determine the solution-state photolysis quantum yield for

RDX. In this experiment, a 2 mL sample of 0.06 mg/mL

RDX in 50/50 methanol/waterþ 0.1% formic acid solution

was placed in a 1 cm path length fused silica cuvette and

continuously stirred with a magnetic stirring bar. It was

irradiated for a total of 9.5 min by 1 mW of a 229 nm CW

laser beam. Here, 100 lL aliquots were taken at 1, 2.8,

5.7, and 9.5 min (2, 6, 12, and 20 absorbed photons per

molecule) for HPLC-HRMS measurements.

We measured the DUVRR spectra of neat nitric acid

(EMD Chemicals, 69%). A 1 mL sample was irradiated

with �5 mW of a 229 nm CW laser beam. The

accumulation time was 90 s per spectrum.

Absorption Measurements. Ultraviolet absorption

spectra were measured using a Cary 5000 UV-Vis–near

infrared spectrometer operated in a double beam mode.

Absorption spectra of the 2 mg/mL RDX irradiated

samples were measured in a 0.05 mm path length fused

silica cuvette. The sample chamber and spectrometer

were purged with N2 gas (Matheson Tri-Gas) to allow for

absorption measurements to 185 nm.

Mass Spectrometry Measurements. High-perfor-

mance liquid chromatography–high-resolution mass

spectrometry measurements were performed using a

Dionex UltiMate 3000 Rapid Separation LC System and

the Thermo Scientific Q-Exactive mass spectrometer.

Electrospray ionization (ESI) in the negative ionization

mode was used. An isocratic method utilizing a 50/50

methanol and water and 0.1% formic acid mobile phase

was used. The flow rate was 0.2 mL/min.

Here, 100 lL aliquots of RDX solutions at specific

exposure times were measured in order to determine

photochemical products forming during the photolysis of

RDX. A reversed-phase 150 3 2 mm Jupiter column

containing 3 lm diameter C-18 silica particles was used.

The HRMS mass detection limit is 50 m/z.

An HPLC-HRMS experiment was also performed to

determine the solution-state quantum yield of RDX. A 50

3 2.1 mm Thermo Scientific Hypersil Gold HPLC column

with 1.9 lm diameter C-18 silica particles was used. The

area of the RDX peak at �1.5 min was measured in the

high-performance liquid chromatography–ultraviolet

(HPLC-UV) chromatogram. Calibration standards of

0.06, 0.03, 0.02, 0.008, and 0.004 mg/mL RDX in 50/50

methanol/water and 0.1% formic acid solutions were

measured to obtain a calibration curve. Photolyzed RDX

samples at varying irradiation times were also mea-

sured using the HPLC. The calibration curve was used to

determine the concentrations of the irradiated RDX

samples. The area of the RDX peak and the concentra-

tion of the RDX in the samples were then used to

determine the solution photolysis quantum yield.

Gas chromatography mass spectrometry (GCMS) was

used to identify formamide in the irradiated 30 photon

per molecule irradiated RDX sample in CD3CN. A

GC2010 Shimadzu gas chromatograph coupled with a

GCMS-QP2010S Shimadzu mass spectrometer was used

for the measurements. A SHRXI-5MS column (30 m in

length) was used. The column was held at 50 8C ramped

at 10 8C/min to 270 8C and finally ramped to 275 8C with a

hold time of 5 min. A volume of 1 lL was injected into the

gas chromatograph for each sample. Electron ionization

(EI) in the positive ionization mode was used. The scan

range was from 30–300m/z. The interface and ion source

temperatures were held at 280 and 200 8C, respectively.

The total run time was 27 min for each sample.

Solid Samples. For the DUVRR solid-state photodeg-

radation experiment, 1 mL of a 1 mg/mL RDX solution in

50:50 CH3OH:CH3CN (AccuStandard) was added to MgF2
powder (Strem Chemicals) and left to evaporate. The

dried sample was packed into the groove of a brass

rotating Raman cell. The sample was spun during

excitation and excited with 4.2 mW of a 229 nm CW laser

beam focused to a spot size of �200 lm. A Teflon DUVRR

spectrum was measured for Raman frequency calibra-

tion. Each spectrum was accumulated for 5 s.

We prepared solid-state samples for photolysis stud-

ies by evaporating 1 mL of a 1 mg/mL RDX solution in

50:50 CH3OH:CH3CN (AccuStandard) onto a quartz slide

to obtain 1 mg of RDX crystals. Here, 1 lL of a 50:50

H2O:CH3OH mixture was added to the 1 mg of RDX

crystals on the quartz slide and compacted to form a

paste. The system was left to evaporate. The dried

sample was irradiated with 8.5 mW of a CW 229 nm laser

beam focused to a spot size of �200 lm. Deep-ultraviolet

resonance Raman spectra were accumulated for 30 s.
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We prepared a solid-state RDX sample for DUVRR and

X-ray photoelectron spectroscopy (XPS) measurements

by pipetting 6 lL of water onto a gold-coated glass slide.

We then pipetted 10 lL of a 1 mg/mL RDX solution in

50:50 CH3OH:CH3CN onto the 6 lL of water on the slide.

The system was left to evaporate. The dried sample was

irradiated for 465 min with 5 mW CW 229 nm laser beam

focused to a spot size of �300 lm.

X-ray Photoelectron Spectroscopy. X-ray photoelec-

tron spectroscopy (XPS) measurements of the RDX

utilized the Thermo Scientific ESCALAB 250Xi instrument

with a monochromatic Al Ka source focused to a spot

size of 200 lm. The sample stage was cooled with liquid

nitrogen in a base vacuum of 1 3 10�10 mbar. A survey

spectrum was taken for each sample with a pass energy

of 150 eV and a step size of 0.1 eV. The C1s and N1s

spectra were measured with a pass energy of 50 eV and

a step size of 0.1 eV. The flood gun was used to charge

neutralize the RDX sample.

X-ray Powder Diffraction. X-ray powder diffraction

was used to determine the crystal structure of the RDX

on the SiO2 substrate and RDX on the gold-coated glass

slide. X-ray powder diffraction patterns were collected

using a Bruker AXS D8 Discover powder diffractometer

with the Lynxeye 1-D detector at 40 kV, 40 mA for Cu Ka
(k = 1.5406 Å) radiation. A scan speed of 0.40 s/step and

a step size of 0.048 was used for the sample of RDX on

SiO2. A scan speed of 5 s/step and a step size of 0.048

was used for the sample of RDX on the gold-coated glass

slide. The experimental X-ray powder patterns of RDX for

both samples were corrected for background using the

Bruker Eva software program. They were then matched

to a powder diffraction file (PDF). The experimental RDX

X-ray powder patterns are in excellent agreement with

the PDF entry 00-044-1619, which is the a form of RDX

with unit-cell parameters of a = 13.192, b = 11.592, c =

10.709, and a = b = c = 908. See the Supplemental

Material for the experimental RDX powder diffraction data.

RESULTS

Solution RDX Photodegradation. The least photo-

lyzed (0.04 photons per molecule) DUVRR spectrum of

RDX in Fig. 1a shows DUVRR bands at 940 cm�1 (N–N

stretching), 1035 cm�1 (N–C stretching with CH2 rocking),

1219 cm�1 (N–C stretching), 1266 cm�1 (N–N stretching

and O–N–O stretching), 1337 cm�1 (CH2 wag or combi-

nation), 1382 cm�1 (CH2 twisting), and 1580 cm�1 (O–N–O
stretching).1,2,26

Photochemically induced spectral changes occur even

after a small number of photons are absorbed per RDX

molecule. This indicates a high RDX photolysis quantum

yield. The 940 cm�1 N–N stretching band essentially

disappears after the absorption of five photons per

molecule. This indicates destruction of the RDX N–N

bonds in the initial stage of photolysis. The 1580 cm�1

band, which derives from O–N–O stretching, also

disappears after five photons per molecule illumination.

This indicates the loss of the –NO2 groups of RDX.

At longer irradiation times, DUVRR bands of RDX

photoproducts appear, as seen in the 20 photons per

molecule spectrum. The Raman bands of the photoprod-

ucts increase in the 30 photons per molecule spectrum.

This is in part due to the absorption decrease at 229 nm

observed in the 30 photons per molecule spectrum (Fig.

2a). The photoproducts absorb less at 229 nm, and

therefore, a larger volume is excited due to the laser

beam penetrating deeper into the solution. This also

leads to an increase in the Raman intensities of the

solvent Raman bands. Figure 1b shows the increase in

Raman intensity of the solvent CD3CN band at 834 cm�1

as the irradiation time increases.

FIG. 1. (a) Solution DUVRR spectra of RDX in CD3CN with increasing irradiation (photons absorbed per molecule). Here, 1 mL of 3 mg/mL RDX in

CD3CN was irradiated with 17 mW of 229 nm light. Quartz and CD3CN Raman bands were subtracted. (b) DUVRR spectra of the 834 cm�1 CD3CN band in

the RDX spectra with increasing irradiation time. The CD3CN band increases in intensity as the photolysis increases.
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A dominating photoproduct Raman band is seen at

1044 cm�1. This band is likely to result from the m1
symmetric stretching vibration of NO3

�.27

Figure 2a shows the dependence of the RDX absorp-

tion spectra on increasing irradiation by 229 nm light.

The initial RDX absorption spectrum shows a strong

peak at �195 nm and a broad shoulder at �240 nm. Our

recent excited electronic state studies of RDX indicate

that these absorption bands derive from multiple

overlapping electronic transitions.28

The broad absorption shoulder at �240 nm decreases

as RDX is photolyzed. The �190 nm absorption increas-

es and blue shifts during the photolysis. The 30 photon

per molecule spectrum in Fig. 2a shows a single, broad

absorption peak with a maximum at �190 nm. The

increase in the 190 nm absorption band observed after

long irradiation indicates formation of photoproducts.

A complex behavior is observed in the absorption

difference spectra (Fig. 2b). Multiple difference absorp-

tion bands evolve during the photolysis. This complex

photochemistry is likely due to multiple photoproduct

species forming during the photolysis.

We used HPLC-HRMS to determine the photoproducts

formed during RDX photolysis (Fig. 3). The HRMS low

mass detection limit is 50 m/z.

The non-irradiated sample chromatogram shows a

peak that elutes at �3.7 min that derives from the RDXþ
formate complex. Studies using electrospray ionization

(ESI) in the negative ionization mode show that RDX

forms adducts with anions.29 As the irradiation time

increases, new peaks appear indicating formation of

photoproducts. At least three major condensed phase

photoproducts are observed during the initial photolysis

with mass-to-charge ratio values of 251, 235, and 219m/z.

At larger irradiances (5–30 photons per molecule), an

intense peak is observed at �2.4 min with a mass-to-

charge ratio of 62 m/z. Table I indicates the Fig. 3

retention times, mass-to-charge ratio values, and their

proposed identities.

Three major condensed phase initial photoproducts of

RDX are hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine

(MNX), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine

(DNX), and hexahydro-1,3,5-trinitroso-1,3,5-triazine

(TNX) with mass-to-charge ratios of 251, 235, and

219 m/z. At five photons per molecule, the nitrate ion

appears with a mass-to-charge ratio of 62 m/z.

RDX photolysis in the gas phase has been studied in

detail.19–21 Formation of gaseous photoproducts such as

NO, N2O, HCN, and formaldehyde were detected.19–21

The photolysis of RDX occurs along multiple parallel

photolysis pathways.11,18,21,30 The DUVRR spectra show

resonance-enhanced photoproducts such as nitrate that

must involve cleavage of the RDX N–N bonds. The HPLC-

HRMS data show the formation of nitroso derivatives as

well as formation of nitrate. The DUVRR and HPLC-

HRMS give different insights into the complex photolysis

of RDX.

Gas chromatography mass spectrometry (GCMS) was

used to determine lower molecular weight (,50 m/z)

compounds formed during RDX photolysis. Figure 4

shows the mass spectrum that identified formamide in

the 30 photon per molecule irradiated RDX solution

sample. Presumably, we do not see formamide bands

present in the photolyzed RDX DUVRR spectra because

its concentration is below the detection limit.

We determined the photochemical quantum yield of

RDX photolysis in the solution state by monitoring both

the RDX peak intensity decrease in the high-performance

liquid chromatography (HPLC) and the intensity de-

crease of the 940 and 1580 cm�1 Raman bands as a

function of absorbed photons per molecule (Fig. 5).

We use a linear fit of the initial portion of the intensity

decay to calculate the slope which indicates the quantum

yield (Fig. 5). The initial portion of the 940 and 1580 cm�1

Raman peaks intensity decay and the decay of the RDX

HPLC peak assumes that at the early stage of photolysis,

only RDX molecules absorb photons and photolyze,

removing their contributions to the HPLC band and to the

RDX Raman intensities.

We measured the HPLC-mass spectrometry to identify

the RDX peak and used HPLC-UV chromatograms to

determine the RDX content of the initial and the

FIG. 2. (a) Dependence of the absorption spectra of RDX in CD3CN

upon irradiation of 0.01, 1, 2, 5, 10, 20, and 30 photons per molecule by

229 nm light measured in a 0.05 mm path length cuvette. (b)
Absorbance difference spectra between 1–2, 2–5, 5–10, 10–20, and

20–30 photons per molecule absorption.
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irradiated samples of RDX. We calibrated this measure-

ment with 0.030, 0.015, 0.0076, and 0.0038 mg/mL RDX

standard solutions. A linear fit gives a slope indicating a

quantum yield of u � 0.35 (R2 = 0.99).

Figure 5 also shows the intensity decay of the 940 cm�1

Raman band vs absorbed photons per molecule in the

initial stages of RDX photolysis. The 940 cm�1 Raman

band derives from N–N stretching1,2,26 and disappears

quickly in the solution-state photolysis, indicating cleav-

age of the N–NO2 bond. The linear fit gives a quantum

yield of u = 0.19 (R2 = 0.99). The intensity decay of the

1580 cm�1 O–N–O stretching1,2,26 Raman band versus

absorbed photons per molecule is shown in Fig. 5. The

1580 cm�1 Raman band disappears quickly in the

solution photolysis. A linear fit gives a quantum yield

of u = 0.32 (R2 = 0.97).

The DUVRR quantum yield of the 1580 cm�1 Raman

band is close to that of the HPLC 0.35, while the 940 cm�1

Raman band is 0.19. The 940 cm�1 Raman band intensity

may contain contributions from photoproducts of RDX

that will bias the results toward a smaller RDX quantum

yield.

We examined the Raman difference spectral changes

during photolysis of solution-state RDX to examine

FIG. 3. Mass spectral ion current chromatograms of RDX irradiated by 229 nm light at different irradiation times. The irradiation times are given in

the number of absorbed photons per molecule. The mass-to-charge ratio values correspond to the formate adducts. Table I indicates the proposed

compounds along with their calculated mass-to-charge ratio values.

TABLE I. Mass chromatogram retention times, mass-to-charge
ratio values, empirical formulas, and proposed identities of the
species that form a formate adduct.

Retention

time/min m/z

Empirical

formula

Proposed

species/structure

þ formate

3.7 267 [C4H7O8N6]
� RDX þ formate

3.5 251 [C4H7O7N6]
� MNX þ formate

3.2 235 [C4H7O6N6]
� DNX þ formate

3.0 219 [C4H7O5N6]
� TNX þ formate

2.3–2.4 62 [NO3]
� Nitrate FIG. 4. GCMS of a 30 photon per molecule irradiated RDX sample. The

peak at 44 m/z is indicative of formamide.
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photoproduct formation (Fig. 6). In addition, we mea-

sured the 229 nm DUVRR spectrum of nitric acid to

compare its spectrum to the 30 photon per molecule

difference spectrum of RDX (Fig. 6).

Figure 6 compares the RDX initial, 0.04 photon per

molecule spectrum to the difference spectra between

the initial RDX DUVRR spectrum and the irradiated

DUVRR spectra of RDX. Positive features indicate a

decrease in the RDX concentrations, while negative

features indicate bands from photochemical products.

We see negative features showing photoproduct forma-

tion at 1346 and 1406 cm�1 that increase as the

irradiation time increases. The 1044 cm�1 Raman band

intensity increases with irradiation time, indicating

photoproduct formation. The HPLC-HRMS studies dis-

cussed above demonstrated the formation of nitrate. We

presume that the 1044 cm�1 band derives from the NO3
�

symmetric stretching vibration.

Solid RDX Photodegradation. We compared the

DUVRR spectra of solid-state RDX (Fig. 7) to that of

RDX in CD3CN (Fig. 1a). We were unable to reliably

estimate the number of photons per molecule during

the solid-state photolysis of the RDX on the MgF2
powder.

The minimally photolyzed RDX DUVRR spectra in the

solid and solution states are similar and show the same

major bands. Deep-ultraviolet resonance Raman bands

in the minimally photolyzed 15 s solid-state samples

(Fig. 7) are at 762 cm�1 (ring bending and NO2

scissoring), 858 cm�1 (C–N stretching with NO2 scissor-

ing), 940 cm�1 (N–N stretching), 1029 cm�1 (N–C

stretching with CH2 rocking), 1226 cm�1 (N–C stretching),

1269 cm�1 (N–N stretching and O–N–O stretching), and

1591 cm�1 (O–N–O stretching).1,2,26

As solid-state RDX absorbs photons, the isolated

940 cm�1 band consisting of N–N stretching decreases

and disappears after 1 min of irradiation. This indicates

cleavage the N–N bond and the loss of the RDX –NO2

groups. It is known that the initial step in the photochem-

ical decomposition of RDX is the cleavage of the N–N

FIG. 5. Solution RDX 940 and 1580 cm�1 Raman bands intensity versus

absorbed photons per molecule and the 267 m/z peak intensity from the

HPLC-UV versus absorbed photons per molecule. A linear fit is shown

for each of the plots.

FIG. 6. The RDX CD3CN initial solution, 0.04 photon per molecule

spectrum is shown in comparison to the RDX difference spectra

between the minimally photolyzed 0.04 photon per molecule RDX

sample, and the 229 nm DUVRR spectra of RDX samples that absorbed

1, 2, 5, 10, 20, and 30 photons per molecule. Negative peaks derive from

photoproducts. Here, 229 nm solution DUVRR spectrum of neat nitric

acid (69%) is also shown. The quartz and CD3CN Raman bands were

subtracted.

FIG. 7. Irradiation time dependence of 229 nm excited DUVRR spectra

of solid-state RDX on MgF2 powder (,1% by weight RDX). The sample

was spun during excitation and irradiated with 4.2 mW of a 229 nm CW

laser beam focused to a spot size of �200 lm.
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bond to generate NO2.
19,20,23,30 The solid and solution

photolysis of RDX both involve cleavage of the N–N bond

releasing NO2.

A decrease in the 762 and 858 cm�1 bands is also seen

after 1 min of irradiation, showing the loss of the –NO2

groups. The 1029 cm�1 band that involves N–C stretching

with CH2 rocking band disappears after 1 min. The

disappearance of this band indicates the loss of the CH2

groups.

In the 1 min photolyzed RDX spectrum, a band at

1411 cm�1 increases in intensity indicating photoproduct

formation. The 5 min spectrum shows a band appearing

at 2243 cm�1 that we assign to C�N stretching

vibration.31–33 After long irradiation, the 70 min spectrum

shows a band at 691 cm�1 from a late stage photoprod-

uct.

We studied the later stages of photolysis of RDX to

identify late-stage photoproducts that give rise to the

691, 1411, and 2243 cm�1 Raman bands present in the

70 min spectrum in Fig. 7. For this sample, �1 mg of

RDX was deposited onto a quartz slide as described

above. The sample was stationary during excitation

resulting in a faster photolysis and more RDX photo-

degradation.

The 30 s Fig. 8 DUVRR spectrum of RDX on a SiO2

substrate displays three strong bands at 1374, 1654, and

2222 cm�1. The band at 2222 cm�1 is assigned to a C�N
stretching vibration.31–33 This band is 20 cm�1 downshift-
ed compared to that of RDX on MgF2 at 2243 cm�1. It
appears that two different C�N containing photochemi-

cal products are formed. The C�N stretching frequency

typically occurs between 2200–2260 cm�1 in nitrile

containing compounds.34,35 The 1374 and 1654 cm�1

bands resemble the ‘‘D’’ and ‘‘G’’ bands of graphitic–

amorphous carbon nitride-like samples.16,31,32,36–38 The

1374 cm�1 ‘‘D’’ band is generally observed in graphitic

carbon and carbon nitride materials.37 The �1650 cm�1

‘‘G’’ band derives from the bond stretching of sp2 atoms

in both ring and chain structures.31,32 We assign the

1411 cm�1 band to the breathing modes of sp2 atoms in

ring structures.31,32

The more extensively irradiated samples show two

additional strong peaks at 691 and 984 cm�1 that grow in

over time. The 984 cm�1 peak we assign as a symmetric

N-breathing mode of triazine rings due to this being a

common vibration seen in graphitic carbon nitrides.37

The 691 cm�1 peak we assign to CNC in plane bending

vibrations, which is also seen for carbon nitrides.37 The

1654 cm�1 band becomes more intense as the number of

photons absorbed increases. Figure 8 indicates the

formation of a graphitic–amorphous carbon nitride after

RDX is extensively photolyzed. The carbon nitride

DUVRR spectrum can be used as a signature for RDX

photochemistry for standoff detection of RDX.

RDX exists in two different polymorphic phases, a-RDX
and b-RDX.26,39–44 We used X-ray diffraction to determine

that the RDX on SiO2 and the RDX on the gold-coated

glass slide is in the a-RDX form. We also determined that

the RDX on MgF2 is in the a-RDX form by comparing its

UVRR to the normal Raman spectra. The normal Raman

spectrum easily differentiates between a-RDX and b-
RDX.26,39,41–44 The a-RDX has molecular symmetry Cs,

FIG. 9. Nitrogen 1 s electron XPS spectra of RDX (on a gold substrate)

at different irradiation times: (a) RDX with no UV irradiation, (b) RDX
after 5 min of UV irradiation, and (c) RDX after 465 min of UV irradiation.

The spectra were fit to Gaussian bands. The RDX sample was

irradiated with 5 mW of a CW 229 nm laser beam focused to a spot

size of �300 lm.

FIG. 8. Here, 229 nm DUVRR spectra of solid-state photolyzed RDX on

a SiO2 substrate with varying irradiation times. The sample was

stationary during excitation and contained �1 mg of RDX. The sample

was irradiated with 8.5 mW of a CW 229 nm laser beam focused to a

spot size of �200 lm. The 1555 and 2368 cm�1 bands derive from

atmospheric oxygen and nitrogen, respectively.
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while b-RDX is C3v.
26,41–43 The b-RDX increased molec-

ular symmetry results in a decrease in the number of b-
RDX Raman bands.41–44 We diagnosed that RDX on MgF2

is a-RDX from the 1595 cm�1 (NO2 asymmetric stretching)

and 1032 cm�1 (N–C–N stretching) bands present only in

a-RDX .42

We used X-ray photoelectron spectroscopy (XPS) to

study the solid-state RDX photolysis. Deep-ultraviolet

resonance Raman and XPS spectra were measured for a

�0.01 mg sample of RDX on a gold-coated glass slide, as

discussed above. The DUVRR spectra of this sample

resemble that of Fig. 8.

Figure 9a shows two distinct peaks for the N1s

electrons of RDX. The peak at 406.2 eV is from the NO2

group nitrogen electrons.45,46 The peak at 400.4 eV

comes from the ring nitrogen electrons.45,46 The 406.2 eV

peak intensity significantly decreases after 5 min of

irradiation and disappears completely after 465 min

irradiation, indicating the loss of the –NO2 groups, which

is consistent with the DUVRR (Fig. 7). After 5 min

irradiation, a peak at 399.6 eV is observed in Fig. 9b that

is attributed to sp2 bonded nitrogen (C=N) electrons.47–50

After longer irradiation times, the spectrum resembles

carbon nitride (Fig. 9c).47–50 The 398.4 eV peak is

assigned to CNC coordinated nitrogen of carbon

nitride.51

Figure 10a shows two peaks for the C1s electrons of

RDX at 286.7 and 284.3 eV that are attributed to sp3

carbon bonded to nitrogen (C–N) and graphitic carbon,

respectively.49,50 The C1s spectrum changes after irra-

diation with UV light. Figure 10b shows the 286.9 eV

peak, which is assigned to sp2 bonded carbon (C=N).48,50
Figure 10c shows a dominant peak at 288 eV, which can

be attributed to C–N–C coordination, which is seen in

carbon nitride.51 The C1s and N1s spectra indicate that

solid-state RDX photolysis gives rise to carbon nitride-

like photoproducts.

CONCLUSION

Solution-state RDX in CD3CN excited in resonance with

229 nm excitation quickly photolyzes with a quantum

yield of u � 0.35 as determined by HPLC. Deep-

ultraviolet resonance Raman spectra show a loss of

RDX bands and the appearance of photoproduct bands.

The RDX 940 cm�1 band, which derives from N–N

stretching, decreases and disappears over time, indicat-

ing cleavage of the N–N bond. The RDX 1580 cm�1 band
that involves O–N–O stretching, also decreases and

disappears indicating the loss of the –NO2 groups in the

initial stages of photolysis. A 1044 cm�1 NO3
� band

appears, indicating facile formation of NO3
�, which can

serve as a signature of photolysis of RDX in solution.

We identified some of the solution-state RDX photo-

products. The initial photoproducts are hexahydro-1-

nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-

dinitroso-5-nitro-1,3,5-triazine (DNX), and hexahydro-

1,3,5-trinitroso-1,3,5-triazine (TNX). After extensive pho-

tolysis, NO3
� is observed as a photoproduct in solution-

state photolysis. Thus, the NO3
� band can be used as a

signature of RDX photolysis in the solution state. The

GCMS results show that formamide is also a photoprod-

uct in the later stages of photolysis in the solution state.

We do not detect formamide DUVRR spectra.

Solid RDX photodegrades quickly and shows cleavage

of the N–N bonds and loss of the –NO2 groups of RDX in

the initial photolysis stages. X-ray photoelectron spec-

troscopy spectra further confirm this loss of �NO2

groups. At late stages in the photolysis of solid-state

RDX, the DUVRR spectra show the formation of carbon

nitride species. We also do not see formation of NO3
� in

the solid-state photolysis.
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