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Towards the Detection of Explosive Taggants: Microwave
and Millimetre-Wave Gas-Phase Spectroscopies of

3-Nitrotoluene

Anthony Roucou,*™ Isabelle Kleiner,” Manuel Goubet,' Sabath Bteich,” Gael Mouret,?
Robin Bocquet,” Francis Hindle,” W. Leo Meerts,'” and Arnaud Cuisset*®

The monitoring of gas-phase mononitrotoluenes is crucial for
defence, civil security and environmental interests because
they are used as taggant for TNT detection and in the manu-
facturing of industrial compounds such as dyestuffs. In this
study, we have succeeded to measure and analyse at high-res-
olution a room temperature rotationally resolved millimetre-
wave spectrum of meta-nitrotoluene (3-NT). Experimental and
theoretical difficulties have been overcome, in particular, those
related to the low vapour pressure of 3-NT and to the presence
of a CH; internal rotation in an almost free rotation regime
(V3=6.7659(24) cm™"). Rotational spectra have been recorded

1. Introduction

In recent years, intensive research has failed to develop a com-
pact and low-cost explosive vapour sensor with a part per bil-
lion limit of detection capable of replacing the trained canine.
Although high-resolution rovibrational spectroscopy has
proven to be a powerful tool for the detection, identification
and quantification of gas-phase molecular species of atmos-
pheric and astrophysical interest, the optical methods em-
ployed have encountered the problem of room temperature
detection of weakly volatile explosive vapours due to a lack of
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in the microwave and millimetre-wave ranges using a super-
sonic jet Fourier Transform microwave spectrometer (T, <
10K) and a millimetre-wave frequency multiplication chain
(T=293 K), respectively. Spectral analysis of pure rotation lines
in the vibrational ground state and in the first torsional excited
state supported by quantum chemistry calculations permits
the rotational energy of the molecule, the hyperfine structure
due to the "N nucleus, and the internal rotation of the methyl
group to be characterised. A line list is provided for future in
situ detection.

sensitivity. Indeed, energetic compounds have very low vapour
pressures at room temperature. For example, TNT is one of the
most volatile energetic materials, with a vapour pressure of
1.3 mPa at 300 K."" Vapour pressures of most of the other ener-
getic materials such as cyclo-1,3,5-trimethylene-2,4,6-trinitra-
mine (RDX) and pentaerythritol tetranitrate (PETN) are signifi-
cantly lower by several orders of magnitude. On the basis of
this observation, the gas-phase spectroscopic measurement of
explosives requires a shift towards the most sensitive methods
of detection

In 2004, D. S. Moore published a review dealing with instru-
mentation for trace detection of explosives.” Several spectro-
scopic techniques were considered, but each of them presents
some specific disadvantages for the unambiguous detection of
the explosive vapour: ultrasensitive photothermal deflection,®
cavity-ringdown™ and photoacoustic® IR methods, probing in-
tense vibrational transitions, could be used to measure the
gas-phase signatures of TNT and RDX classical explosives at a
sub-ppm level but do not allow the unambiguous discrimina-
tion of compounds of the same family and isomers; Raman
spectroscopy has been used to detect residual explosives in
fingerprint samples™ but its ability to detect very small solid
samples failed in the gas phase because of a lack of sensitivity;
finally, promising results on TNT detection have been obtained
in the UV/Visible domain by laser photofragmentation” or
single photon ionisation®™ but these methods did not exclude
the possibility of the parent molecule fragmentation.

To somewhat alleviate the low-vapour-pressure problem for
the detection of explosives, various taggants are used in many
commercially manufactured explosives.”) Isomers of mononi-
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trotoluene are used as taggant for TNT detection (3-nitroto-
luene (3-NT), 0.5%; or 2-nitrotoluene (2-NT), 0.5%). In addition
to the defence and civil security interests, monitoring of nitro-
toluene compounds is also relevant in industrial environmental
topics because they are widely used in the manufacturing of
dyestuffs, rubbers, pesticides and drugs,"” and they are persis-
tent in natural conditions. With a room temperature vapour
pressure of about 10 Pa,™ 10* times higher than that of TNT,
the gas-phase detection of mononitrotoluenes at trace levels
with usual spectroscopic techniques is possible and some new
spectral windows at larger wavelengths may be used. For
these reasons, studies of new spectroscopic rotational and vi-
brational signatures of nitro-derivative vapours in the THz
domain have been undertaken.

At room temperature, far-infrared (FIR) vibrational gas-phase
cross-sections of the three isomeric forms of NT have been
measured and assigned at low resolution (Av=0.5cm™")."”
The results highlight the selectivity of gas-phase THz/FIR spec-
troscopy allowing an unambiguous identification of nitroaro-
matic compounds. In this study, rotational patterns have been
observed and simulated but it was not possible to resolve the
rotational structure of the rovibrational FIR bands. Despite the
highest available resolution of the FTIR instrument (107> cm ™),
the density of rovibrational lines is so great that it prevented
their individual observation at room temperature. This is prob-
ably due to the low value of the rotational constants, hot
bands and splitting due to large amplitude motions. Consider-
ing that the resolution of the rovibrational structure of FIR fun-
damental bands at very low temperature is out of reach,'® the
opportunity to probe pure rotational transitions of explosive
taggants in the microwave (MW) and millimetre (mm) wave-
length ranges using electronic sources with exceptional spec-
tral purities has been considered. By targeting mononitroto-
luene isomers, experimental and theoretical difficulties should
be overcome. From an experimental point of view, high-per-
formance instrumentation is required to ensure the sensitivity
and selectivity for these molecules. Indeed, high sensitivity is
needed to measure weak signals with sufficient signal-to-noise
ratio (S/N) at room temperature and high-resolution measure-
ments are essential to resolve the heavily congested spectra.

Concerning the spectroscopic analysis, a specific effective
Hamiltonian taking into account large amplitude motion and
hyperfine structure was required. Especially, the internal rota-
tion of the methyl group, depending on the barrier height and
therefore on the isomeric form, has to be specifically treated.
According to this, although rotational spectra of nitrobenzene
compounds have been measured and analysed in the early
705, no high-resolution rotational studies have been carried
out on nitrotoluenes. To date, a limited number of systems
containing both almost free internal rotors and a nitrogen
atom (quadrupolar nucleus) have been studied by rotational
spectroscopy.’>'®

To our knowledge, the only attempt to resolve rotationally
the gas-phase spectra of an explosive taggant was performed
in 2006, by Foltynowicz et al.,!”’ using medium-resolution THz-
Time Domain Spectroscopy. This study emphasises the difficul-
ty to measure the gas-phase rotational spectrum of an explo-
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sive derivative such as 2,4-dinitrotoluene (2,4-DNT). Indeed, the
best results were obtained with a static pressure lower than
0.005 Pa at 150°C for 4 hours. Only the pure rotation pattern
of the 2,4-DNT vapour was observed below 0.5 THz with a rela-
tively poor S/N (<3). No assignment of individual rotational
transitions was performed because of the insufficient resolu-
tion and sensitivity. In this study, we present the first high-reso-
lution gas-phase analysis of an explosive taggant of TNT: 3-NT.
The geometry of the molecule, in the Principal axis orientation
(PAM), optimised at the MP2/cc-VQZ level of theory is present-
ed in Figure 1. 3-NT is a prolate asymmetric top (x =—0.75) be-
longing to the G4 Permutation Inversion group (a C, frame and
a G, top for the methyl group)' with a strong permanent
dipole moment (4 &~ 5.4D) in the (a,b) plane (cf. Figure 1).

Figure 1. Geometry of the 3-nitrotoluene in the principal axis orientation op-
timised at the MP2/cc-pVQZ level of theory.

With the support of high level electronic structure calcula-
tions, the jet-cooled MW spectrum was first measured and
fitted using the BELGI-Ci-hyperfine code, providing a set of
ground-state molecular constants allowing the lowest energy
levels (up to J=11) to be determined, taking into account
both the coupling between global rotation of 3-NT and the in-
ternal rotation of the methyl group as well as the nuclear
quadrupole coupling (NQC) due to the "N atom. The obtained
constants have then been used as initial parameters for analy-
sis of the room-temperature mm-wave spectrum. A global fit
has been performed allowing the MW and mm-wave transition
frequencies in the vibrational ground state and in the first tor-
sional excited state (v,, =0 and 1, respectively) to be repro-
duced at the experimental accuracies. NQC constants, internal
rotation potential and limitations of the model are specifically
discussed.

2. Results and Discussion
2.1. Jet-Cooled MW Spectrum Analysis

The jet-cooled pure rotation spectrum of 3-NT was measured
in the 4-20 GHz frequency range using the supersonic jet
Fabry-Pérot Fourier-transform microwave (FP-FTMW) spec-
trometers of the PhLAM Laboratory in Lille (see Sec-
tion 4.1).1% Two sets of Jj. ,, — Jg. . rotational transitions (a-
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Figure 2. Experimental spectrum of °R-type (7,,—6 50 co-added scans for
A and E species) and "R-type (83 —7,,, 300 and 1000 co-added scans for A
and E species, respectively) MW transitions. The hyperfine structures due to
the "N quadrupolar nucleus are clearly observed (assignments the format
F'—F").

type and b-type) observed around 11 GHz are displayed in
Figure 2. Each multiplet is composed of six signals (the Dop-
pler doublet of the three most intense NQC components). The
methyl group of 3-NT undergoes internal rotation and causes
all rotational lines to split into A and E components.?"?? The
height of the internal rotation barrier (V;) has been estimated
as 6.6 cm ' at the MP2/CBS (ZPE corrected) level of theory (see
Section 4.3 for details). The internal rotation constant F has

been estimated from MP2/cc-pVQZ calculations as 5.4 cm™,

4V3

leading to a reduced barrier height s = 57 = 0.36. With such a
very low value, huge A-E splittings (from hundreds of MHz up
to several GHz) were expected in the FP-FTMW spectrum and
the A-E doublets cannot be straightforwardly identified even in
the ground torsional state v, = 0. It should be noted that in
such a molecule with E levels above the barrier height, the
free rotor quantum number m should be used instead of Vi,
as described by llyushin et al.”*** with the following connec-
tions: v, =0 A—m=0, v, =0 E—=m==%1, v, =1 A—
m=+3, v, =1 E—>m=+2. However, v, is used by the
model presently implemented in BELGI-C,-hyperfin, so we de-
cided to keep the use of this quantum number.

In an initial step, using the SPFIT/SPCAT Pickett’s programs
(Watson-type semi-rigid rotor model in the I' representation of
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A reduction Hamiltonian),*” the A components were assigned

without taking into account the CH; internal rotation by per-
forming an effective fit including, however, the N NQC term.
Concerning the rotational constants, the fitting process was
started using “hybrid” values from quantum chemistry calcula-
tions and taking into account the internal rotation correction
for the A components using D.R. Herschbach formalism [see
Egs. (6) and (7) in Section 4.3]. Electric dipole moment compo-
nents and NQC constants calculated at the MP2/cc-pVQZ level
of theory have also been used as starting values (see Table S1
with all the calculated parameters used as starting values for
the fit).

The BELGI-C,-hyperfine code was then used, which is a
slightly modified version of the BELGI-C,-hyperfine code allow-
ing for treatment of internal rotation effects with hyperfine
structure for molecules with a planar frame.'*?® The code uses
the “Rho-Axis-method” (RAM) to minimise the torsion-rotation
coupling in an effective Hamiltonian.?” Like in BELGI-C,-hyper-
fine, the present code deals with the effect of the weak NQC
using a perturbation approach similar to that used for acet-
amide," a Cs molecule with one methyl internal rotor."®

As starting values for the fit using the BELGI-C,-hyperfine
code, we used the calculated “hybrid” rotational constants cor-
rected for A and E species according D. R. Herschbach (see
Table 1 and Equation (6) and (7) in Section 4.3) and the calcu-
lated dipole moment components in the RAM axis system ob-
tained by a rotation of a and b axes of an angle Ogy=
—19.318° calculated from Eq. (9) (see Section 4.3). The NQC hy-
perfine parameters were taken from the SPFIT simulation and

Table 1. Rotational and torsion-rotation parameters for 3-NT from the
BELGI-C-hyperfine code converted into the PAM system. The fitted pa-
rameters are compared to calculated values (see Section 4.3). All con-
stants refer to the PAM system and statistical uncertainties are given in
parentheses as one standard deviation in the last digits.

Unit BELGI-C-hyperfine Calculated
A MHz 2662.853(33) 2661.8617
B MHz 982.0909(41) 991.031%
C MHz 721.63029(35) 725.568%
A cm™’ 6.7659(24) 6.63"™
V cm™’ 0.02333(22)
0 unitless 0.01273920(48) 0.001267
F cm™’ 5.386202(82) 5.458419
Oram deg —19.18639(74)% —19.3189
/i,a) deg —43.3346(17) —43.248"

unitless standard deviation ~ MW:0.942"/mm-wave: 0.983"

[a] Calculated rotational constants are A", Bi*" and ngb"d, see Sec-
tion 4.3 for details. [b] Calculated internal rotation barrier V; at the MP2/
CBS level ZPE corrected. [c] p [see Eq. (5)], F [see Eq. (5)], Ozam [see Eq. (9)]
and /(i,a) [see Eq.(10)], I,, I, and I_ are estimated from AQY""", Bgyb""‘ and
C'O“'brid constants, and the direction cosines 4, and /, are estimated from
the MP2/cc-pVQZ equilibrium structure. [d] The BELGI-C-hyperfine value
of Ogaw is defined as: tan(26g,y) = % with D,, the “Coriolis-like” op-
erator coefficient corresponding to the off-diagonal element of the iner-
tial tensor in RAM system.”® [e] The BELGI-C,-hyperfine value of the angle
/(i,a) is obtained from Equation (10) using the fitted constants. [f] Unitless

standard deviation of the fit defined as: /3> (f'm;@ky with N the

numbers of fitted lines and A, the experimental accuracy.
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also transformed into the RAM system. Internal rotation param-
eters V,, F and p were estimated from the calculated molecular
structure at equilibrium (see Section 4.2 and Table S1 with all
the calculated parameters used as starting values for the fit).
As an intermediate fit including only the microwave data, we
used the three rotational constants A, B, C and the five quartic
centrifugal distortion constants, the D,, “Coriolis like” operator
coefficient, the torsional parameters p, V5, F and three higher
order terms (F,, d,, ¢, as defined in Table S2). 105 A and 88 E
multiplets corresponding to 300 and 260 hyperfine transitions
(mainly the most intense AF=AJ transitions) have been fitted,
providing a set of determined constants, which allowed the
measured MW line frequencies up to J=11 and K,=6 to be re-
produced within the experimental accuracy: RMS (root-mean-
square) deviation of 2.1 kHz.

2.2. Room-Temperature mm-Wave Spectrum Assignment

The room-temperature absorption spectrum of 3-NT has been
measured in the mm-wave domain (70-220 GHz) using the
mm-wave spectrometer of the LPCA Laboratory in Dunkerque
(see Section 4.2). Figure 3 shows a 40 GHz wide part of the
spectrum and three 40 MHz wide expansions in the 70-
110 GHz frequency region. Compared with the MW spectrum
simplified by jet-cooled conditions, the room temperature
mm-wave spectrum exhibits a quasi-continuum of lines with a
complex mixture of A—-E components of pure rotational transi-
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tions in ground and vibrationally excited states.”** The

40 GHz wide part of the mm-wave spectrum shows this quasi-
continuum of lines polluted by saturated lines due to FP ef-
fects (see Section 4.2). The observed lines are Doppler limited
(AVpoppler = 80 kHz (FWHM)) and artificially broadened by the
frequency modulation®” that limit the spectral resolution to
100 kHz. In these conditions, most of the measured lines are
blended and the N NQC hyperfine structure could not be re-
solved at high J values.®" In the spectral assignment process,
molecular parameters extracted from the fit of MW data have
been used as initial values to extrapolate, in the 70-220 GHz
frequency region, the rotational transitions involving energy
levels with J>38. No measurement was performed in the 20-
70 GHz range and no transition involving 10<J<39 energy
levels were probed.

For the purpose of the present study, two modifications
have been made in the BELGI-C,-hyperfine code: firstly, the
code is now able to calculate rotational energy levels up to
Joax=79 instead of J,,,=30, allowing 3-NT transitions up to
110 GHz to be assigned; secondly, a treatment of the blended
lines as described by llyushin et al.®*? was implemented in the
program, allowing the measured transitions to be weighted by
taking into account their relative intensities.

Line by line assignments were then performed by compar-
ing the experimental and calculated spectra using the SVIEW
and ASCP graphical interfaces from the AABS package.***% A
routine was developed to convert automatically the input and
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Figure 3. Experimental mm-wave spectrum is compared to the simulated spectrum obtained from the fit. (a) is the 70-110 GHz experimental spectrum
(black). (b) is the global simulated spectrum from v, =0 and v,,, = 1 states (orange). Some characteristic patterns of 3-NT are presented in (c), (d) and (e):
individual contributions of A and E species of v, = 0 (red and blue, respectively) and v, = 1 (pink and green, respectively). All intense saturated spurious

patterns in (a) are artefacts due to FP effect (see Section 4.2).

ChemPhysChem 2018, 19, 1056 — 1067 www.chemphyschem.org

1059

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

.@’* ChemPubSoc
Brd-? Europe

output files of BELGI into Pickett’'s SPCAT/SPFIT format used in
AABS and will be made available to BELGI users.

Despite the complexity of the room temperature mm-wave
spectrum, we managed to assign several characteristic features
from v, =0and v, =1 even if the A-E splitting are 2 to 5
times larger than those observed in the MW region. The rota-
tional spectrum of the ground state Vi, = 0 has been ana-
lysed up to J=74 and K,=23. A total of 1222 transitions (705
A and 517 E species) corresponding to 431 blended lines (258
A and 173 E species) are fitted with a RMS deviation of
95.3 kHz corresponding to the experimental accuracy calculat-
ed for measured lines with a S/N ratio < 13.5® The RMS devia-
tion of MW data is slightly improved to 1.9 kHz. In addition,
the BELGI-C-hyperfine code allows a global fit of the A and E
species corresponding to all the torsional levels (ground and
torsionally excited states). Therefore, we also assigned rotation-
al lines from the v,,, =1 torsional state up to J=74 and K,=
9. A total of 300 transitions in the v,, =1 state (181 A and
119 E species) corresponding to 100 blended lines (50 A and
50 E species) were fitted, resulting in a global fit with a RMS
deviation of 98.3 kHz.

The main parameters of the global fit allowing to reproduce
the v,, =0 and v,, =1mm-wave spectrum, presented in
Table 1 in the PAM system. The fitted dataset contains all the
transitions of v, =0 state measured in the MW and mm-
wave regions as well as the v,, = 1 state rotational transitions
in the mm-wave region. The complete set of parameters in the
RAM system, allowing a room-temperature line list for 3-NT to
be built, is presented in Supporting Information (see Table S2).

CHEMPHYSCHEM
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One should note that BELGI-C,-hyperfine uses only one set of
rotational parameters to describe the two torsional states. The
result of the global fit including all the assigned transitions is
also included in the Supporting Information (see Table S3 and
S4 for MW and mm-wave transitions, respectively). In Table 1
the fitted parameters are also compared with the calculated
parameters (see Section 4.3). The sixfold V, barrier parameter
can be determined experimentally because of inclusion of the
mm-wave lines in v, = 1. For all the parameters derived from
the global fit, the agréement with MP2 calculations is excellent.
The quality of the global fit is attested by the unitless standard
deviations very close to 1 for both MW and mm-wave data.
Numbers of transitions, maximum values of quantum number
Jnax and associated K . and individual standard deviations
(RMS) of v, =0 and v, =1 states for A and E species are pre-
sented in Table 2; all of the RMS are very close to the experi-
mental accuracy of the MW and mm-wave spectra (2 kHz and
100 kHz, respectively, see Sections 4.1 and 4.2).

As shown in Figure 3c-e, the most intense lines from
Vi, =0 and v, =1 states are efficiently reproduced but nu-
merous weaker lines are not reproduced. These remaining
lines correspond to rotational transitions involving low-energy
levels populated at room temperature of CH; and NO, torsion-
al states or other low-energy modes measured and computed
by Cuisset et al. in Ref. [12]. Table 3 summarises the vibrational
wavenumbers of the torsional states for the fundamental and
the first overtone calculated with the BELGI-C,-hyperfine code
(for CH; torsion) and with quantum chemistry harmonic fre-
quency calculations at the MP2/cc-pVQZ and B98/cc-pVQZ

deviation (RMS) of each state (v;,, =0,1) and symmetry (A and E species).

Table 2. Number N of different transitions included in the global fit, maximum values of quantum number J’,

and associated K” __ value and standard

max a,max

Mw mm-wave
state sym I K o N RMS [kHz] I K. o N RMS [kHz]
Vig, =0 A 1 6 300 1.8 74 23 705 93.2
Vig, = E 1 6 260 2.0 73 20 517 96.5
Vig, = 1 A 74 8 181 116.1
Vig, = 1 E 74 9 119 109.7

[a] Number of assigned transitions in the fit.

Table 3. Vibrational wavenumbers of the excited torsional states below 100 cm™' predicted from BELGI-C,-hyperfine (J=K=0) and from harmonic frequen-
cy quantum chemistry calculations at the MP2/cc-pVQZ and B98/cc-pVQZ levels of theory. Upper part: positions of the methyl excited torsional states
Vi,, = 1and v, = 2. Lower part: positions of the nitro excited torsional states v, . = 1and v, = 2.

acy. [b] Anbarmonic positions are determined by

V!w
Keere = ( %

Unit BELGI-C,-hyperfine® MP2/cc-pVQZ B98/cc-pVQZ
harmonic anharmonic® harmonic anharmonic®
CHj torsion
Vi, = 1 cm™! 27.207 38.380 46.296 16.695 24611
Ve, =2 am 70244 76.761 100508 33.389 57.138
NO,torsion
Vi, = 1 cm™’ 42.422 48.885
Vio, = 2 e 84.844 97.771
[a] The tabulated values are calculated from a weighted average between A and E species energies (E, = %(EVrmz A+ 2EVM3 £)) according to their degener-

calculated harmonic

X correcting the
—) — (V,, = 1) =7.916 cm™' obtained from BELGI-C -hyperfin Vi, = 1and v, = 2 positions.

3 K ? . P
values with empirical anharmonicity constant
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levels of theory. For such low-frequency, large-amplitude
modes, calculations using the VPT2 method usually fail to pro-
vide reliable anharmonic frequencies.®® Nevertheless, by using
the BELGI-C,-hyperfine torsional wavenumbers for Vig,, = 1 and
Vi, = 2. it has been possible to estimate an empirical anhar-
monic correction (diagonal anharmonicity constant) applied to
the calculated harmonic wavenumbers. Harmonic MP2/cc-
pVQZ and anharmonic B98/cc-pVQZ are in rather good agree-
ment with the BELGI-C,-hyperfine vibrational wavenumbers,
ensuring the location of excited CH; torsional states v,, =1
and v,, =2 around 30 cm™" and 70 cm™', respectively. Quan-
tum chemistry calculations also estimate the harmonic wave-
numbers of the NO, torsional mode calculated by B98 and
MP2 methods with the cc-pVQZ basis set (see Table 3). Both
Ve, = 1 and v, =2 are expected below 100 cm™" (45 cm™
for v, =1 and 90 cm™! for Vo, = 2). Most of the remaining
unassigned rotational lines in the mm-wave spectrum probably
originate from v, = 2 methyl torsion and v, , = 1,2 nitro tor-
sion states. Note that for the NO, torsion, no splitting of the
line are expected because of a high energy barrier to internal
rotation (V, ~ 1700 cm™").”

2.3. Nuclear Quadrupole Coupling Constants

The hyperfine structure due to "N NQC is clearly observed in
the MW spectrum. The two largest diagonal NQC constants y,
and y.. were used in the fit to optimise statistical uncertainties,
the third diagonal constant y,, being retrieved from the well-
known formula ygq + % + e =0. NQC constants resulting from
the BELGI-C,-hyperfine global fit were converted from RAM
into PAM by rotating the NQC matrix around the z-axis with
the angle O,y [see Eq. (8) and Eq. (9)]. These BELGI-C,-hyper-
fine NQC values are compared to the NQC constants obtained
from the initial fit of the A species by using SPFIT in Table 4.
The agreement between the two sets of NQC parameters dem-
onstrates that NQC constants are not perturbed by the internal
rotation. The off-diagonal y,, was kept fixed in SPFIT because
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only the most intense AF=AJ transitions were fitted whereas
it was released in BELGI-C,-hyperfine because of the use of the
RAM system rotating the NQC tensor. In Table 4, different sets
of calculated NQC constants are also presented. Surprisingly,
MP2 and MP2(full) failed in predicting correctly NQC constants,
independently from the size of the basis set. However, density
functional theory (DFT) methods B2PLYP (recently developed
double-hybrid method), B98 (used in this work for calculations
of the other molecular parameters) and B3PW91 (suggested by
W.C. Bailey, see http://nqcc.wcbailey.net/ and [38]) provide reli-
able results with relative uncertainties of a few percent. The
NQC tensor y;; after conversion from RAM into PAM (ij=a,b,c),
has been diagonalised in the principal axes system of the '*N
nucleus (ij=x,y,z) to link the NQC constants to the molecular
geometry and to the electronic structure (y;;=eQq; with e the
electric charge of the proton, Q the quadrupole moment, and
g; the molecular electric field gradient). This diagonalisation
implies the calculation of the a angle between the principal
axis a of the molecule and the principal axis z of the nucleus
oriented, in a first approximation, along the internuclear axis
C-N.B%% The ¢ values, determined both from experimental
and calculated NQC parameters, are in good agreement. Final-
ly, the electric field gradient orientation can be evaluated with
the asymmetry parameter 5 = *2-. In Table 4, the experimen-
tal and calculated values of # indicate a strong deviation of
the electric field gradient from the usually admitted cylindrical
symmetry around the z-axis almost coincident with the C—N
bond. Indeed, the two experimental # values are very close to
0.45 and the calculated # values are always > 0.5. This specifici-
ty is probably due to the NO, functional group characterised
with a partial double-bond contribution (unlocalised electron);
from the point of view of NQC, the nitrogen in NO, behaves as
if it is quadruply bonded to a dummy atom (the two oxygen)
of lower electronegativity.*"*? This should strongly perturb the
electronic distribution around the quadrupolar nucleus, which
may explain the failure of “localised electrons” methods such
as MP2 to predict NQC constants.

Table 4. Fitted and calcu[lated nuclear quadrupole coupling constants y;; in the principal axes system (ij=a,b,c) with their standard deviations in the last
digits, diagonalized y;; in the principal axes system of the *N nucleus (ij=x.,,2), asymmetry parameter 7 and angle a between a and z axes calculated for
each set of parameters with their differential uncertainties on the last digit.
Unit BELGIC,-hyperfine SPFIT B98 B2PLYP(full) B3PWO1 MP2 MP2(full)
(PAM) (PAM) cc-pvVQz cc-pVTZ 6-311 4 G(df,pd) cc-pvVQz cc-pVTZ
Xaa MHz —1.0494(16) —1.0460(21) —1.244 —0.9898 —1.1151 —0.664 —0.6287
Kb MHz 0.1986(91)° 0.1947(47)% -0.082 0.1360 0.0627 0.6028 0.5419
Xee MHz 0.8507(20) 0.8513(26) 1.326 0.8539 1.0523 0.0637 0.0867
Kb MHz (—)0.4106(31)" [—0.4247]" —0.388 —0.4296 —0.3937 —0.4247 —0.3913
Xxx MHz 0.3244(102) 0.3261(45) 0.036 0.281 0.182 0.064 0.087
Ly MHz 0.8507(20) 0.8513(26) 1.326 0.854 1.052 0.732 0.661
Xz MHz —1.17507(50) —1.1775(24) —1.362 —1.135 —1.235 —0.793 —0.747
d unitless 0.4479(106) 0.4461(69) 0.947 0.505 0.704 0.842 0.768
@ deg 16.831(263) 17.198(108) 16.868 18.675 16.882 16.921 16.882
[a] Calculated according to .+ X+ X =0, standard deviation has been indirectly obtained from standard deviation of y,, and .. [b] Fixed to calculated
value in SPFIT but released in BELGIC,-hyperfine, see text for details. [c] Asymmetry parameter n = "‘“x;””. [d] Angle between the principal axis a of the mol-
ecule and the principal axis z of the quadrupolar nucleus from diagonalisation of the y matrix.
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2.4. Internal Rotation Potential - ) . - -
Table 5. Barrier parameters of the internal methyl rotation in meta isomeric
form of mono-substituted toluene derivatives.

The determination of the internal rotation parameters

permits the threefold internal rotation potential of the Molecule Substituent  V;[em™' Ve [cm™] Experimental

methyl group to be characterised. The energy levels of Method

the A and E species in the ground state are presented in toluene - - 4.83783617(94) M\{iigec“osco‘

. . . . . py !

Flgure 4 asa funct'lon of J (to'p x.aX|s). In the same Figure, m-xylene CH, 449(13) ~ FTMW spectros-

the internal rotation potential is also represented as a copy™®

function of the torsional angle (bottom x-axis). The poten- m-nitroto- -NO, 6.7659(24) 0.02333(22) this work

tial barrier V; is very low and the methyl group is in an 'ue"e. .

almost free rotation regime, this extreme limit has al- mtoluidine N, ’ o le:cr;ersoc:;r;c:ym]

lowed the BELGI-C,-hyperfine model to be tested with m-tolunitrile  -CN 13.58(23) —13.68(560) rovibronic spec-

success. All the E species rotational energy levels lie troscopy™!

above the barrier. For A species, only the J< 6 levels have m-cresol- oD 3.188(180) - rovibronic spec-

an energy below the barrier. Such a small energy barrier Ob(trans) troscopy

9?’ . ’ K . 9y m-cresol- -OD 21.341(52) - rovibronic spec-

characterised the internal rotation potential of methyl 0DI(cis) troscopy™®?

groups for meta and para isomeric forms of toluene deriv- m-fluoroto-  -F 15.8(1) 7.97(17) MW spectrosco-

atives. Indeed, the barrier to methyl internal rotation is luene py“”

very sensitive to the steric and electronic surroundings of

Quantum number J
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Figure 4. Threefold internal rotation potential of the methyl group calculat-
ed with experimental V; and V; values, showing three equivalent positions

along the torsional angle (bottom x-axis). Energy levels of the A and E spe-
cies in the ground state are presented in black and red, respectively, up to

J=10 (top x-axis).

the top. A more symmetric electron density around the carbon
to which the -CH; group is attached generally leads to lower
barriers to internal rotation.”® Therefore, for ortho toluene de-
rivatives, the V; barrier is significantly bigger, typically several
hundreds of wavenumber units (e.g. ~ 200 cm™" for 2-tolui-
dine; ~ 700 cm™" for 2-tolunitrile ).*¥ In Table 5, V5 barrier pa-
rameters determined in meta isomeric forms of mono-substi-
tuted toluene derivatives are compared to our experimental re-
sults on 3-NT. Depending on the molecule, the values of V,
and V, have been fitted from MW rotational measure-
ments“*™*" or fitted and/or calculated from fluorescence excita-
tion spectra.*** The value of the V; barrier of 3-NT is inter-
leaved between that of 3-xylene and 3-toluidine where the
quasi free internal rotation is hindered by a methyl and an
amino group, respectively. Nevertheless, for such low barriers,
the V; values are rather close and their level of accuracy and
are therefore very important if we want to probe the CH;
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group molecular surrounding from the barrier height. With rel-
ative accuracies better than 1%, the fitted barrier parameters
of 3-NT reach a level of accuracy significantly better than the
others. In particular, the small V; correction is well determined
providing a 1 ratio of (3.45+0.03)x 10>, This ratio is low and
suggests that the electronic distribution around the methyl
group is weakly affected by the NO, group.

The evolution of the A-E splittings with J and K, quantum
numbers are plotted in Figure 5 for v, = 0 a-type and b-type
transitions involving rotational energy levels with 0<J<60
and 0<K,<14. Quantum number label problems appear for
high J and K, quantum numbers with the BELGI-C.-hyperfine
code when the eigenfunctions are strongly mixed. For each K,
series, the J dependence of the A-E splitting shows some char-
acteristic features with minima and maxima observed in differ-
ent molecules with CH; internal rotation.®” These extrema
show a linear dependence in J and the A-E splitting varies
from hundreds of MHz (a-type transitions) to more than
10 GHz (b-type transitions). We note that the largest splittings
are observed for transitions involving low energy levels with J
~ 4K, both for a-type and b-type transitions.

2.5. Limitations of the Model

In this study, the first limitation was computational: the fit of
Vi, =0 and v, =1 was performed for rotational transitions
up to J=79 only due to the high computational memory cost
required by the BELGI-Ci-hyperfine two-step diagonalisation.
Whereas the first diagonalisation of the Hamiltonian is per-
formed on a size-limited matrix (21x21) without any depend-
ence on J, the second diagonalisation (yielding the rotation,
centrifugal distortion, and rotation-torsion coupling terms) is
performed on a 9(2J41)x9(2J+ 1) dimensional matrix (see
Ref. [26] and references therein).

The second limitation of the model occurs for energy levels
involving high J and K, quantum numbers when the wave
functions begin to mix with each other, which leads to label

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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problems and gives the possibility to local interactions (e.g.
avoided crossing) between energy levels.*” The Figure 6 illus-
trates this last point. The calculated reduced rotational energy
levels are presented as a function of JU+1). A and E species
have different symmetry and therefore cannot interact with
each other, so they are presented separately for clarity. The K,
series have been identified to discuss the limits of assignments
and the possible interactions. The labelling is performed ac-
cording to positive and negative K, values considered by the
BELGI-C,-hyperfine code. Although J, K, and K. are good quan-
tum numbers to describe the A species, it was shown that the
meaning of K. labels of the E species must be based on some-
thing other than symmetry properties.” For this reason, a spe-
cific label of the rotational energy levels for A and E species
has been proposed by I. Kleiner in Ref. [26].

In Figure 6 (bottom part), energy levels of A species are la-
belled with J, K, £+ with + the “parity” quantum number. If K, is
even, K,+ and K,— values correspond to K.=J—K, and K.=
J—K,+ 1, respectively, and vice versa if K, is odd. In Figure 6
(upper part), the +K, labels of E species are associated with
K.=J—K, and K.=J—K,+1 levels with E, , ,, > E, ."® Three
regions of the reduced energy levels have been selected: the
first region (a) corresponds to low K, and J energy levels
probed by MW spectroscopy, the second region (b) corre-
sponds to v,,, =0 energy levels probed by mm-wave spec-
troscopy, and the third region (c) corresponds to higher
energy v,, =0 and v, =1 levels mixed with each other. In
region (a), low J and low K, levels are assigned both for A and
E species. Most of the levels become doubly degenerated for
JU+1)>200, with a different degeneracy observed for low
and high K, values (lowest energy levels are degenerated with
the same K. values but the highest energy levels are degener-
ated with the same K, values for A species). In region (b), the
most of represented energy levels are involved in experimental
transitions. The presence of unassigned levels is simply due to
experimental artefacts (overlapping with intense FP effects;
see Section 4.2). All series are doubly degenerated, both for A
and E species. For A species, the degenerated levels are levels
with the same K_ and different K,. Finally, in region (c) crossed
series are observed between the two states v,, =0 and
Vi, =1 and consequently numerous levels cannot be as-
signed, highlighting some limitations of the model. For
Vi, = 1, label problems occur and it was not possible to
assign transitions involving energy levels with K,>8. As point-
ed out by llyushin etal.,*” a harmonic oscillator vibrational
quantum number v, is not well defined for levels above the
barrier and a free-rotor quantum number m is not well defined
for levels below the barrier. Given that, in the present case, we
deal with a very low threefold barrier, the free-rotor quantum
number m should be more appropriate than v, in high tor-
sional states.

We can also mention the possible interaction between
Vi, = 1 and v, = 2 for A species because their band origins
are expected to be very close in energy (0.11 cm™' predicted
from BELGI-C-hyperfine by taking into account the characteris-
tics of the barrier). It may be assumed that the unassigned
lines can be associated with Vi, = 2 states or to other low-fre-
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quency vibrationally excited modes, such as the NO, torsion
(Vi, mode), which are not studied here (see Section 4.2,
Table 3).

3. Conclusions

The challenging high-resolution measurements and analysis of
3-NT, one of the TNT explosive taggants, have been performed
for the first time under jet-cooled conditions in the MW region
and at room temperature in the mm-wave region, providing a
rotational line list that can be used for future gas-phase in situ
detection. Both experimental and theoretical difficulties have
been overcome: a weak and congested rotational spectrum at
room temperature has been measured and energy levels per-
turbed by a very low internal rotation barrier have been calcu-
lated. An internal rotation potential function of the methyl
group has been determined from the spectroscopic analysis. A
very low barrier has been derived from the v, = 0,1 global
fit with an excellent accuracy (V;=6.7659(24)cm™' and
% = 0.00345(3)). The computational and physical limitations of
the model have been discussed. Structural properties of 3-NT
have been derived from the spectroscopic analysis of the C—
CH; and C—NO, bond, with both being in the (a,b) plane. The
resolved hyperfine structure in the MW region allowed the
angle between the C—NO, bond and the ag-axis to be deter-
mined (¢=16.66(32)°). On the other hand, the 6=
—19.18639(74)° angle determined from the RAM into PAM con-
version of the rotational parameters permits the angle be-
tween the C—CH; bond and the g-axis to be determined
(/(i,a)=—43.3346(17)°). For 3-NT, a complete rotational line list
up to 110 GHz with transition frequency accuracies better than
100 kHz is now available (see Tables S3 and S4 in the Support-
ing Information) and constitutes a crucial tool for future in situ
detection in the gas phase. A similar study for 2-NT and 4-NT is
in progress to examine the influence of the isomeric form on
the internal rotation potential and to give the opportunity to
identify a specific taggant in a mixture of the different isomers
as was demonstrated in the far-infrared with vibrational finger-
prints.”?®

4. Experimental and Theoretical Methods
4.1. FP-FTMW Spectroscopy Experiments

In this work, the FP-FTMW technique coupled to a pulsed super-
sonic jet was used.*>%°? A heated nozzle® allowed the 3-NT
vapour to be mixed with the carrier gas (neon) at a backing pres-
sure of about 0.2 MPa. Temperatures ranging from 373 K to 393 K
were found to optimise the signal-to-noise ratio (S/N) depending
on the amplitude of recorded lines. The mixture was introduced
into a FP cavity through a series 9 General Valve pin hole nozzle
(0.8 mm) at a repetition rate of 1.5 Hz. Jet-cooled molecules (T, of
a few K) were polarised within the supersonic expansion by a 2 us
pulse. The free-induction decay (FID) signal was recorded using
heterodyne detection at 30 MHz, and was digitised at a repetition
rate of 120 MHz on a 14 bit resolution electronic card. FID signals
were accumulated between 50 and 1000 times, depending on the
line intensity, to obtain the best S/N ratio. After transformation of
the average time domain signals, lines of the amplitude spectrum
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were observed as Doppler doublets due to the coaxial arrange-
ment of the jet and the Fabry-Pérot cavity. Each resonance fre-
quency was measured as the average frequency of the two Dop-
pler components. The spectral resolution depended on the
number of recorded points. The frequency grid was set to 1.8 kHz,
which was found to be sufficient because the Doppler linewidths
should be of several kHz. According to this value, the experimental
accuracy of the MW measured lines was fixed to 2 kHz for the fit.

4.2. Millimeter-Wave Spectroscopy Experiment

The room-temperature absorption spectrum of 3-NT has been
measured in the mm-wave domain (70-220 GHz). A continuous
flow of 0.8 Pa of the sample, maintained by a roughing pumping,
was passed through a 125 cm-long and 56 mm-diameter single
path stainless steel absorption cell equipped with Teflon windows
and probed by the radiation generated by a frequency multiplier
chain (Virginia Diodes, Inc). Two off-axis parabolic mirrors are used
to collimate the radiation into the cell and then to refocus it into a
liquid-helium-cooled InSb bolometer.?” The spectrum has been re-
corded in 2F frequency modulation by using a frequency modula-
tion of 10 kHz, 40 kHz modulation depth of the frequencies deliv-
ered by the synthesiser, a time constant of 200 ms and 100 kHz fre-
quency steps. The very dense and weak spectrum was complicated
by the presence of many excited states lines at room temperature
and by the congestion of the lines, which are mostly blended.

Moreover, compared with the weak intensity of 3-NT lines, strong
peaks are observed in the mm-wave spectrum due to Fabry-Pérot
(FP) effects. Two FP effects are observed with two different free
spectral ranges (FSR) of 118 MHz and 624 MHz due to stationary
waves between the two windows of the cell and between the
source and the cell, respectively. The first one has an amplitude
and a width around 50 times larger than the molecular intensities
and linewidths, respectively. This FP effect is easily removed by
using a low pass FFT filter subtracted from the spectrum (see
Figure 7). The second FP effect has a width of 1 MHz very close to
the molecular linewidth. In this case, it was not possible to remove
it with the FFT filter without affecting the shape of the very weak
molecular transitions. This FP effect can be seen in the spectrum
shown in Figure 3a. The experimental error of measured line fre-
quencies was estimated to about 100 kHz using Equation (2) of
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Ref. [35] taking into account the S/N ratio, the frequency step and
the molecular linewidth.

Given that the spectrum was very dense and weak, the 99% purity
of the Sigma-Aldrich product was verified by using a gas chroma-
tography-mass spectrometer (GC-MS): negligible traces of 2-NT
(0.2%) and 4-NT (0.7 %) were identified. After several days of room-
light exposition, the liquid-phase 3-NT became browner because
of a dimerisation and trimerisation of the product, as revealed by
GC-MS and nuclear magnetic resonance (NMR) measurements. The
polymerization of the molecule presents no contribution in the ro-
tational spectrum.

4.3. Theoretical Methods

All the calculations were performed using Gaussian 09 (Revi-
sion D.01) software® on the computing cluster of PhLAM labora-
tory. The frozen-core approximation was used throughout. Dun-
ning and co-workers correlation consistent basis set cc-pVXZ (X=
D, T, Q) were used.”™ All geometries were fully optimised at the
MP2 and B98 levels using the tight convergence criterion. Extrapo-
lations to complete basis set (CBS) for energies (including ZPE cor-
rections) and rotational constants were performed using Dunning's
formula.®® Frequencies and ground state (v=0) rotational con-
stants were calculated at the anharmonic level (VPT2 calculations
as implemented in the Gaussian software)®” with a tight SCF con-
vergence criterion and the ultrafine integral grid option. Anhar-
monic corrections have been extrapolated from DFT (B98) to the
MP2 level by following a method suggested by Barone et al.®® and
recently successful in the case of various systems®®*? (denoted
"hybrid” hereafter). Briefly, given that anharmonic calculations at
the MP2 level are hardly affordable for such a relatively large mole-
cule, rotational constants of a given vibrational state v (called
"hybrid”) are estimated by adding DFT anharmonicity (B98/CBS) to
the MP2 constants at equilibrium (MP2/CBS) [Egs. (1), (2), and (3)]:

Abybrid Ag/gpz _ (Agze -~ A€98> M)
ghverd — B/evgpz _ (Bgzs - 8598> )
Chobrd ngpz _ (Cfgs _ C59s) 3)

T N T i T ¥ T
experiment
(a) lowpass FFT fitter

Absorbance

experiment
low pass FFT filter

—_
o
-~
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87340 87345 87350 87355 87380

experiment - FFT fiter
calculation

—_
2]
-
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87210 87270 87300
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87330
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Figure 7. (a) Part of the observed mm-wave spectrum in the 87.3 GHz frequency region (black) with the low-pass FFT filter which reproduce the strong FP
effect (red), the curves have been shifted in intensity for better readability, (b) Zoom on a 20 MHz wide region and (c) the difference between the experimen-
tal spectrum and the FFT filter (black) is compared to the calculated spectrum (blue).
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where A,, B, and C, the rotational constant of the vibrational state

v and A, B, and C, is the rotational constant at equilibrium.

To have an initial prediction of the frequency positions of the A-E
components, it is necessary to have a first estimation of the tor-
sional parameters V;, F and p. These parameters correspond to the
barrier height of the internal rotation potential of CH;, the internal
rotation constant, and a coupling constant between rotation and
torsion, respectively.”? The potential function is expressed as a
Fourier series in terms of the torsional angle a [Eq. (4)]:

V(a) =1/2V5(1—cos(3a)) + 1/2Vs(1—cos(6a)) (4)

The first term in Equation (4) includes the barrier height V; and its
value was estimated at the MP2/CBS level by optimising the transi-
tion state of the methyl group rotation and ZPE corrected from
harmonic frequency calculations at equilibrium and transition state
geometries. With three equivalent positions of the CH; group in re-
lation to the molecular frame, the second term involving Vg may
be neglected in the v,cy, = 0 ground-state analysis. The internal
rotation constant F and the p; components of the p vector are re-
lated to the principal moments of inertia of the molecule I;=1, I,
and /. and to the moment of inertia of the top /, by the expres-
sions given in Equation (5):

I(l
r=1-> 47 (5)
g

where 4, is the direction cosines of the internal rotation axis i of
the top in the principal axis system; that is, 1,=cos(6(i,g)) with g=
a,b,c. From the 3-NT equilibrium structure optimised at the MP2/
cc-pVQZ level of theory, calculated values of p and F are estimated
and used as initial parameters to predict the splitting due to inter-
nal rotation. In addition, the rotational constants were corrected
with a perturbation approach according to D. R. Herschbach® to
take into account the coupling between the global rotation of 3-
NT and the internal rotation of the methyl group. A second-order
perturbation is therefore introduced to correct the hybrid con-
stants AP and BY"™ of Vi, = 0 state following the Herschbach
Equations (6) and (7):

) 1\ ?
AT = AP FW) (la f) (6)

ri / a g
B = B+ P, (% r) 7)
b

W is a dimensionless perturbation coefficient estimated from the
reduced barrier s = % for a given torsional level (v, = 0) and A
(0=0) or E (0= +£1) state. In Ref.[60], the values of Wéff for a
second-order perturbation are tabulated for 8 <s<100. We found
Wéé) = 0.6532 and Wéft)1 = —0.3130 by extrapolating the tabulated
values for a very small reduced barrier (s <M > 1 for 3-NT).

Then, for a complete correction, an averaged correction of A and E
species from D.R. Herschbach formalism is applied, leading to
AP™ = 0.5% (A" + ASTT) and By = 0.5%(By™ + B), G value
is kept as it is not affected by internal rotation.

Concerning NQC constants, given that large differences were ob-
served between MP2 and B98 results, additional calculations were
performed to obtain the best characterisation of the electric field
gradient tensor induced by the coupling with the "N nuclear spin.
B2PLYP, B3PW91 and MP2(full) levels of theory have been tested
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with specific basis-set (see Table 4) and compared to the experi-
mental parameters obtained from the fit of MW data.

Finally, rotational constants, dipole moment components and NQC
constants calculated in the PAM system have to be converted into
the RAM system for use in the BELGI-hyperfine code. These conver-
sions from PAM into RAM are performed using the rotation matrix
R(Oram) [Eq. (8)]:

cos(Opam) = sin(Opan) O
R(Ogam) = | sin(Ogam)  cOS(Ogam) O (8)
0 0 1

where Oguy is the angle between the PAM and RAM systems
around the c-axis. It can be calculated from the optimized equilibri-
um geometry using the Equation (9):

Al
tanOgpn = /Ib_I: 9)

We can note that the angle /(i,a) between the a-axis and the inter-
nal axis i along the C—CH; bond may be determined from the opti-
mised equilibrium geometry using the direction cosines [Eq. (10)]:

Ao
tan/(i,a) = 28 = 2 tanBeam

70l (10)

All the calculated parameters used in Section 4.3 are detailed in
the Supporting Information (see Table S1).
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