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Coherent anti-Stokes Raman scattering (CARS) of the 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX)
C3H6N6O6 molecule is studied by ab initio methods. The results are compared to available experimental
observations and against calculations and experimental observations of the conventional non-resonant
Raman spectrum for RDX. It is found that all intense bands in the observed CARS spectrum and all Raman
differential cross sections are well reproduced by the calculations. The features of the resonant CARS sig-
nal vary strongly from the corresponding Raman signal, and are obtained with a considerably larger cross
section, a fact that could further facilitate the use of CARS spectroscopy in applications of stand-off detec-
tion of gaseous samples at ultra-low concentrations.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Raman spectroscopy is a widely used technique in areas such as
chemical and material science, art restoration, gemology, as well as
in military and biomedical applications. A major limitation of Ra-
man spectroscopy is, however, that the Raman effect is extremely
weak and requires high average laser power to compensate for the
low scattering cross sections which often, at resonance conditions,
can suffer from the presence of a fluorescence background [1,2].
These difficulties can be circumvented by the application of a mul-
tiphoton technique based on coherent anti-Stokes Raman scatter-
ing (CARS) [1]. Advances in recent years have turned this
technique into a unique and powerful tool used worldwide to
probe structure and function of molecular or composite materials
in biology, neurobiology, pathology, and pharmacology [2]. In the
biomedical area, CARS makes it possible to perform imaging of
plant cells and tissue, and the technique also provides exciting pos-
sibilities for gaining information on processes at the microscopic
scale [2,3]. Additional advantages of CARS for biological applica-
tions is its high energy conversion, its insensitivity towards fluo-
rescence and its excellent time resolution [4]. Many
opportunities for pushing the fundamental limits of CARS micros-
copy continue to be unravelled [2,5–8].

CARS microscopy is also expected to have potential applications
in the field of stand-off detection of foreign substances in gaseous
form or in interaction with substrates [9]. Operation at ultra-low
ll rights reserved.
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intensities is most often required in order to detect single mole-
cules or microscopic objects for which the basic Raman cross sec-
tion generally is very small. As such, CARS may be a more attractive
alternative to conventional Raman spectroscopy for obtaining vib-
rationally resolved fingerprint spectra of fluorescing molecules
[4,10].

CARS originates in a third-order nonlinear optical process which
utilizes two relatively high-powered laser beams, where a pump
and a Stokes laser beam, with angular frequencies xp and xs, are
focused into a sample. Due to the laser mixing, a coherent beam
resembling a low intensity laser beam at the anti-Stokes frequency
of xas = 2xp �xs is generated in the medium [11]. The CARS signal
is significantly enhanced when xp �xs coincides, or is tuned to be,
resonant with a molecular vibration xm. Despite the fact that CARS
nowadays is a widely used technique with a well established the-
oretical foundation, ab initio studies of CARS spectra of molecular
systems have been lacking. This state of affairs was very recently
resolved when Thorvaldsen et al. [12] presented a formalism that
allows for fully analytical calculations of CARS spectra. The formal-
ism is a special case of an open-ended theory for the calculation of
frequency-dependent molecular response properties of arbitrary
order, including also contributions from perturbation-dependent
basis sets, and formulated fully in the atomic-orbital basis [13].
The applicability of the theory was demonstrated by calculations
on a set of polyaromatic hydrocarbons. The work of Thorvaldsen
et al. opens for new possibilities for practical applications of CARS,
as it lends itself to the design of CARS labels and also a priori iden-
tification of CARS fingerprints in label-free probes. Furthermore,
the ability to make precise determination of absolute CARS cross
sections makes it possible to predetermine the requirements for
0), doi:10.1016/j.cplett.2009.12.061
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technical parameters in measurements, for instance for the lasers
and detectors at any given geometrical setup in a stand-off detec-
tion. In order to illustrate and confirm these new possibilities, we
will in this work apply the method to calculate the CARS spectrum
of a common explosive molecule of interest in stand-off detection
technology, namely 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX)
C4H6N6O6. We compare the computed CARS with non-resonant Ra-
man spectra, which is the conventionally applied methodology. We
also present calculations of the two spectroscopies on benzonitrile
C7H5N (BN), which has a well-characterized CARS spectrum, thus
serving as a good test case for our methodologial approach.

2. Theory and methodological approach

2.1. Coherent anti-Stokes Raman scattering

The Coherent anti-Stokes Raman Scattering (CARS) process is
formally a four-wave mixing process in which two of the frequen-
cies are the same [14]. The observed CARS signal is thus related to
the fourth-order susceptibility tensor v(3)(�xr; x1, �x2, x1),
where the sign of the frequency x2 is negative since it corresponds
to a deexcitation (the Stokes signal). The outgoing CARS signal is
given as xr = 2x1 �x2. At the microscopic level, the susceptibility
tensor is governed by the second hyperpolarizability tensor, which
in the general case can be written as [15]:

cabcd �xr;x1;x2;x3ð Þ ¼ 1
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In the expression given above, P1;2;3 permutes the operators and
their corresponding frequencies, and we have introduced the a
component of the electric dipole operator l̂a and ⁄xn0 as the exci-
tation energy from the ground j0i to the excited state jni. ⁄x1 is the
energy per photon of the incoming light, and i� is introduced to
avoid divergencies when the denominators go to zero. However,
i� may be given a physical interpretation as representing the finite
lifetime of the vibrationally excited states, and thus describe the
absorption processes that occur close to electronic or vibrational
resonances. The summations in the above equations run over all
possible vibronic states.

In a molecule, there are multiple sources of the second hyperpo-
larizability tensor that determines the CARS intensities, such as for
instance the second electronic hyperpolarizability (in which all the
excited states in the summations in Eq. (1) correspond to electron-
ically excited states), as well as various non-resonant pure vibra-
tional effects [16]. However, the dominating signals arise when
the pump beam x1 and the Stokes signal x2 matches a vibrational
excitation in the molecule x1 �x2 �xk0, with ⁄xk0 corresponding
to the excitation energy of a vibrational mode in the molecule. The
CARS process thus in principle has the same information content as
conventional off-resonant Raman spectroscopy, but with a much
higher intensity (up to five orders of magnitude). As the process
in general generates an anti-Stokes signal, blue-shifted with re-
spect to the incoming laser (s), the process is also less susceptible
to fluorescence in the sample.
Please cite this article in press as: A. Mohammed et al., Chem. Phys. Lett. (201
The dominating resonant contribution to the CARS signal can be
shown to be given by [12,14]
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where the summation now runs over all the excited vibrational
states k of the electronic ground state of the molecule. aab(x) de-
notes here the frequency-dependent electronic polarizability, de-
fined as

aabð�x; xÞ ¼ 1
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Except for the appearance of the finite lifetime of the vibrationally
excited states in Eq. (2), the expression for the vibrationally reso-
nant contribution to the second hyperpolarizability is identical with
one of the contributing terms to the pure vibrational contribution to
the second hyperpolarizability [17,18]. In order to calculate this
contribution in an efficient manner, we use perturbation theory
and expand the geometry dependence of the electronic polarizabil-
ity in Eq. (3) in a Taylor series with respect to the normal coordi-
nates Qi:

aab Q 1;Q 2; . . . ; Q Nð Þ ¼ aab Req
� �

þ
X
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Q i þ � � � : ð4Þ

Representing the vibrational eigenstates as harmonic oscillators,
and keeping only the leading order non-vanishing term in the
expansion of the polarizability, we obtain the following expression
for the resonant contribution to the CARS intensity:
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2.2. Non-resonant Raman scattering

With a common experimental setup of a 90� scattering angle, in
which the incident beam (with angular frequency x) in the Z-
direction and polarized along the Y-direction, the differential cross
section for Stokes scattering at the harmonic frequency xa is given
by [19,20]:

dra

dX
¼ �h

32p2e2
0c4

ðx�xaÞ4=xa

1� exp ��hxa=kBTð Þ½ � � Sa; ð6Þ

where kB is the Boltzmann constant, T is the temperature, c is the
speed of light, and e0 is the vacuum permittivity. The scattering fac-
tor Sa is obtained by considering the general formula:

Sa ¼ afiðxÞ
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where afiðxÞ and b are the isotropic and anisotropic averages in the
molecular coordinate system, respectively and defined as
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Fig. 1. Molecular structures.
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With the initial vibrational state being equal to the ground state
(i = 0), the polarizabilities afi

abðxÞ are determined in the double har-
monic approximation according to the expression:

afi
abðxÞ ¼

X
a

ffiffiffiffiffiffiffiffiffi
�h

2xa

s
oaabðxÞ

oQ a
; ð10Þ

where xa and Qa are the angular vibrational frequency and coordi-
nate of normal mode a, respectively. Each normal mode gives rise to
an oscillating dipole of angular frequency x �xa. Finally, in the
presented Raman spectra, we have converted cross sections from
atomic units to units of cm2/sr with use of the factor
1 a.u. = 2.8003 � 10�17 cm2/sr.
3. Computational details

We study two molecules in this work; Benzonitrile C7H5N (BN)
and 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) C3H6N6O6, and
the calculations of the CARS spectrum and Raman scattering cross
sections are performed at room temperature with T = 300 K. Force
fields are determined using the hybrid B3LYP exchange–correla-
tion functional [21–24] together with the double-f basis set (cc-
pVDZ). The optimized molecular structures of the BN and RDX mol-
ecules belong to the point groups C2v and C3v, respectively (see
Fig. 1).

In the calculations of the polarizabilities and second hyperpo-
larizabilities, we use a Hartree–Fock wave function in combination
with the cc-pVDZ basis set. The derivatives of the polarizability
tensor with respect to nuclear displacements are determined at
the B3LYP equilibrium geometries and with the normal coordi-
nates of the mentioned force fields. The geometry optimization
and the calculations of force fields have been performed with the
Table 1
Theoretical (harmonic) and experimentala (fundamental) frequencies (cm�1) and relativ
respectively.

Peak Frequency Mode description

Calculations Experimentala

BN
1 3052 3065a CAH, in the plane stretch
2 2226 2232 CAN, in the plane stretch
3 1570 1584 CAC, in plane stretch
4 1160 1162 CAH, in plane bend
5 967 1002 Carom, breathing

RDX
1 1340 1316 CAH, in the plane stretch
2 1284 1275 CAN, in the plane stretch
3 1232 1222 CAN, bend out of plane
4 890 890 Ring atoms, breathing
5 860 853 Ring atoms CAN, stretch

a ‘a’ is taken from Refs. [28,29,35], respectively.
b Theoretical and experimental relative intensities for BN and RDX are obtained by no

Please cite this article in press as: A. Mohammed et al., Chem. Phys. Lett. (201
GAUSSIAN program [25], whereas the polarizabilities and second
hyperpolarizability calculations have been carried out with the
DALTON program [26].
4. Results and discussion

4.1. Test calculations on Benzonitrile (BN)

In order to further benchmark the computational methodology,
we choose first to study the benzonitrile molecule which, being a
simple aromatic species, shows a high-quality CARS spectrum.
The experimental bond distances for the N1AC2, C2AC3, C3AC4,
C4AC5 and C5AC6 bonds are 1.159, 1.455, 1.391, 1.393, 1.400 Å,
respectively [27], which compares favourably with the optimized
structure obtained at the B3LYP/cc-pVDZ level of theory, 1.164,
1.437, 1.406, 1.394 and 1.399 Å, respectively. Since our calculations
are concerned with CARS and Raman spectra, it is important to
evaluate the quality of the calculated force field, and for this reason
we compare our harmonic vibrational frequencies to the experi-
mental fundamental frequencies observed in the non-resonant Ra-
man spectrum reported by Gao et al. [28] and Mrozek et al. [29].
BN has 33 normal modes distributed as twelve modes of A1 sym-
metry, eleven of B2 symmetry, three of A2 symmetry, and seven
of B1 symmetry. Some of the important calculated harmonic fre-
quency modes, which are active in both the CARS and the Raman
spectrum, and the corresponding experimental fundamental fre-
quencies, are presented in Table 1. The experimental fundamental
frequencies of the CAH stretch, CAN stretch, CAC strech, CAH
bend and Carom breathing modes are 3065, 2232, 1584, 1162 and
1002 cm�1, respectively. Our corresponding theoretical harmonic
frequencies are 3052, 2226, 1570, 1160 and 967 cm�1, respectively
(see Table 1). The calculated harmonic frequencies show discrep-
ancies in peak positions of up to 20 cm�1 for the overall peaks com-
pared to experimental results, and the origin of these discrepancies
are probably due to the approximate nature of the B3LYP func-
tional and medium effects.

The inset in Fig. 2 shows the CARS (upper inset) and non-reso-
nant Raman (lower inset) spectra obtained at the wavelength of
758 nm, covering the wavenumbers between 500 and 3000 cm�1

(taken from Ref. [31]). Due to the symmetry of the molecule, only
the twelve totally-symmetric modes can contribute to the ob-
served CARS and Raman spectra. It is clear from Fig. 2 that the posi-
tions of the spectral features remain the same, while the relative
intensities are different in the two spectra. The main difference be-
tween them is the peak around 3052 cm�1 (Peak 1) which is found
eb CARS and Raman intensities for BN and RDX at wavelength 785 and 532 nm,

CARSb Ramanb

Calculations Experimental Calculations Experimental

0.8 0.8 0.3 0.1
1.0 1.0 1.0 1.0
0.3 0.2 0.8 0.7
0.2 0.2 0.6 0.8
0.3 0.5 0.8 1.6

1.0 0.8 0.6 0.6
0.3 0.6 0.5 0.5
0.1 0.6 0.1 0.7
1.0 1.0 1.0 1.0
0.2 0.4 0.5 0.4

rmalizing with respect to Peaks 2 and 4, respectively.

0), doi:10.1016/j.cplett.2009.12.061
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to be the second strongest in the CARS spectrum, while being very
weak in the Raman spectrum. There are only three symmetric
modes that contribute strongly to the CARS spectrum, namely
the two stretch symmetric modes CAH (Peak 1), CAN (Peak 2)
and one symmetric breathing mode Carom (Peak 5) in Fig. 2. On
the other hand, the lower inset spectrum reveals that, in the
non-resonant Raman case, there are four symmetric modes that
contribute strongly to the Raman spectrum, namely the CAN (Peak
2), CAC (Peak 3), CAH (Peak 4) and Carom (Peak 5) (see Table 1). The
theoretical CARS and Raman spectra as obtained at the HF/cc-pVDZ
level of theory at the wavelength of 758 nm are presented for
wavenumbers between 500 and 3000 cm�1 in Fig. 2. We note that,
just as in the experimental spectrum, the scattering intensities are
Fig. 2. Calculated CARS and non-resonant Raman spectra for Benzonitrile at 785 nm. The
from Ref. [31].

Fig. 3. Calculated CARS and non-resonant Raman spectra for RDX at 532 nm. The inset s
Ref. [35].

Please cite this article in press as: A. Mohammed et al., Chem. Phys. Lett. (201
dominant for most of these discussed symmetric modes. The per-
haps most striking difference between the CARS and non-resonant
Raman spectra is that the peak at 3052 cm�1 (Peak 1), seen as the
second strongest in the CARS spectrum, is among the weakest in
the Raman spectrum, and it is of course pleasing to note that this
change in the fingerprint of BN is well reproduced in the theoreti-
cal calculation (see Fig. 2). The calculated and experimental rela-
tive intensities of the CARS and Raman spectra are presented in
Table 1. The prediction of the relative CARS intensities for the same
peaks shows a compelling overall agreement between the theoret-
ical and experimental spectra. It is clear that, with applications of
stand-off detection in mind, the molecular fingerprint changes
quite dramatically between the CARS and Raman signals.
inset shows the experimental CARS and non-resonant Raman spectra, which is taken

hows the experimental CARS and non-resonant Raman spectra, which is taken from
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4.2. 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX)

Based on B3LYP calculations, six molecular conformations of
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) were reported in Ref.
[32]. The conformations differ by the arrangement of the nitro
groups relative to the ring atoms of the RDX molecule. It was
shown that the most stable conformer in gas phase was the one
belonging to the C3m point group, namely the AAA conformer
[32–34]. The spectra presented in the present work are obtained
for this conformer (see Fig. 1). In fact, test calculations on a differ-
ent conformers indicate significant differences in the spectra, dete-
riorating the agreement with experiment, indicating that CARS
spectra indeed can distinguish conformers of molecules like RDX
(see Fig. 4). The calculated and experimental frequencies of the Ra-
man and CARS signals are shown in Table 1. The experimental fun-
damental frequencies of the CAH stretch, CAN stretch, CAN bend,
ring atom breathing modes and CAN ring atom stretch modes are
1316, 1275, 1222, 890 and 853 cm�1, respectively. Our correspond-
ing theoretical harmonic frequencies are 1340, 1284, 1232, 890
and 860 cm�1, respectively (see Table 1). There are discrepancies
in peak position of up to 25 cm�1 for the overall peaks compared
to experimental results and, these discrepancies are predominantly
due to the neglect of anharmonicities in the true potential. We can
thus conclude that our theoretical harmonic force field is quite
accurate and that demonstrates the reliability of the B3LYP func-
tional in frequency calculations [19,20,34].

In Fig. 3 we present the calculated non-resonant Raman differ-
ential cross sections and CARS spectrum for RDX in gas phase for
the frequency region 800–1400 cm�1 at a wavelength of 532 nm.
The experimental CARS (upper) and Raman (lower) spectrum for
RDX was reported and analyzed in the work of Portnov et al. [35]
and are shown as insets in Fig. 3. We note, as in the spectra for
BN, that the positions of the CARS spectrum is consistent with
the Raman spectrum while the relative intensities are not. The
experimental Raman and CARS fingerprints of RDX consist of one
strong peak at 890 cm�1 (Peak 4) and four medium strong peak
at 853 (Peak 5), 1222 (Peak 3), 1275 (Peak 2) and 11316 (Peak 1)
Fig. 4. Calculated non-resonant Raman spectra for RDX at 532 nm for different conformat
from Ref. [35]. The spectra have been broadened with a Lorentzian having a width of 20

Please cite this article in press as: A. Mohammed et al., Chem. Phys. Lett. (201
cm�1 for Raman, while for CARS there are two strong signals at
890 (Peak 4) and 1316 (Peak 1) cm�1 and three medium strong
peaks at 853 (Peak 1), 1222 (Peak 3) and 1275 (Peak 2) cm�1. With
respect to the prediction of the intensities for these peaks, the
agreement between the theoretical and experimental spectra is
satisfactory. However, it is fair to say that the theoretical CARS
spectrum around 1222 (Peak 3) cm�1 is, just as in the non-resonant
Raman case, not too accurate. In the two cases, this region acquires
too low intensity as compared to the experimental spectrum.
5. Conclusion

We have studied the coherent anti-Stokes Raman scattering
(CARS) spectrum of the 1,3,5-trinitro-1,3,5-triazacyclohexane
(RDX) C3H6N6O6 molecule. We have compared the calculated spec-
tra with the highly resolved CARS spectrum for the benzonitrile
C7H5N (BN) molecule, and also performed comparative calculations
of the non-resonant Raman spectra of the two molecules. The cal-
culated spectra reveal that all the symmetric modes contribute
strongly to the spectra of the studied molecules, but quite differ-
ently so for the CARS and Raman spectra. A motivation for our
interest in this field is the use of CARS spectroscopy for stand-off
detection of gaseous samples at ultra-low concentrations. In such
applications, the CARS spectra can function as fingerprints of the
explored substances. The use of the resonant CARS conditions im-
plies an overall increase of the intensity by several orders of mag-
nitude over normal Raman and gives the possibility to improve the
accuracy in the identification process by considering the diversity
of the fingerprints obtained by this technique. Complementing ear-
lier theoretical modelling tools for conventional Raman spectra,
with our methodological development for both resonant Raman
[19,30] and CARS [12], we have at our disposal of a powerful mod-
elling toolbox for the three different Raman techniques, that all
have complementary merits and limitations in order to disclose
the content of foreign unknown substances, and theory may thus
be a valuable aid in the technical design of such measurements.
ions. The inset shows the experimental non-resonant Raman spectra, which is taken
cm�1.
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