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Context
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- Nitrotoluene compounds are focused in my PhD project : A. Cuisset __G. Mouret

Military interest + Industrial compound

Taggants of explosives (TNT) Widely used in dyestuffs, pesticides,
rubber and in the pharmaceutical industry.
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- The detection, quantification and monitoring of explosives and their taggants requires methods with
high selectivity and sensitivity.

- First gas phase high resolution THz measurements of explosives taggants at room temperature

Species Pvap (293 K)
Imbar IPa
TNT 6.106  0.0006
2,4-DNT 5.10 0.05
2,6-DNT 25.10%  0.025
2-NT 0.127 127
_ _ _ 3-NT 0.086 8.6
2-Nitrotoluene 3-Nitrotoluene 4-Nitrotoluene ANT 0.038 38
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Internal rotation motion

- Spectroscopic properties of 3-Nitrotoluene (3-NT)
Asymetric rotor (K=-0,7), a-type (u, = 5D) and b-type (u, = 1D) transitions

Hyperfine structure |(N)=1
Internal rotation coupling with the methyl group

- Effect of internal rotation on the observed spectra : splitting of the E levels

Three equivalent positions are possible compared to
the molecular frame : the potential function is periodic.
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The tunneling effect throw the internal rotation barrier
splits each rotational level into nondegenerated (A
species) and doubly degenerated (E species) sublevels.
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The internal dynamics is linked to the height of the
potential barrier:
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Lower is the barrier, larger are the splittings
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Measurements and data analysis
Using the Jet-FTMW spectrometer of the PhLAM (2-20 GHz) L /

S. Bteich M. Goubet

- The jet-cooled FTMW spectrometer

Pure rotational spectroscopy in the gas phase cooled by adiabatic expansion (T,,,<10K)

Gas impulsion of 3-NT . macroscopic When the electromagnetic field
evaporated in a heated injector (343K) short and intense E> polarization at the E> is cut-off, the molecules emit a
and seeded in Neon gas (2.5bar) MW pulse resonant frequency free induction decay signal
n x 100 us
I I —r AN \ fy = A — AN \
L o
Gas impulsion ,\—_,// |~ \—_,//
nx1us
EO
Excitation : MW impulsion with tuneable E,
B n x 1000 us R
Signal etection \\
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Measurements and data analysis
Using the Jet-F TMW spectrometer of the PhLAM (2-20 GHz)

- Cavity : Perot-Fabry resonator Aol I NG oHbE

- Signal amplification : the mode of the cavity is tuned to be resonant with a molecular transition
- Coaxial arrangement : Doppler doublet (splittings of 70 kHz)

P 1200 mm
e

Stainless steel cell
Gaussian beam profile

W,=42 mm at 12 GHz
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step motor =
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Pulsed nozzle
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-shaped antenna
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Differential
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High sensitivity and

resolution
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Spherical moving mirror Hype ine StI‘UCtureS
Spherical mirror in Aluminium Diameter = 400 mm
Diameter = 400 mm Pumping group Radius of curvature= 800 mm fu I Iy reSOI\Ied

Radius of curvature = 800 mm

(accuracy of 2kHz)
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Measurements and data analysis
Using the Jet-FTMW spectrometer of the PhLAM (2-20 GHz)

- Results of the MW analysis

A species E species E species A species
797606 Bog— 717
8+7 | | , 7.46 | |
. ! CE 9+8 U
Hyperfine il edr ik
structure Tl e i,
. © _ ° 7-+H6 .
Splittings ¢ g
= g uy 5
Doppler J | Uk L L J L L
splittings | /1" J |
09055 ! 10906. f10463 110444 T oses 113402 113444 113444 113445 121083 12168.4: 121085
\ Frequency /MHz : Frequency /MHz \:
Internal rotation 141 MHz 762 MHz
splitting
ve sym J.. KI ... N“ RMS /kHz
0 A 11 6 300 1.8
0 E 11 6 260 2.0
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Measurements and data analysis
Using the mm-wave spectrometer of the LPCA (70-220GHz)

G. Mouret F. Hindle  R. Bocquet

Millimeter-wave room temperature spectrometer (293K)

- Source _ x2
! - . RF input %36
- Commercial frequency multiplier chain (VDI) 7.8-12.2 GHz ) ( %') " 330440 GHz
X. VDI
- Electronic source associated with multipliers R A o ;<2103( . I
=T 9 1 z
- Cell Clao \}m/ %3
— . . CAB18-3004 WRS5.1x 2R2 X.J-l
- Simple or double pass 1.25m absorption cell —@—' 440-660 GHz
x5 VD
- P= 8Hbar (flOW) 3 _D m WRLSx3 %0
. ’ = 70-110 GHz
- Detection ./ 3 7
- . . PMP Ka3 Spacek WR10x3YRL m % 97
- Good S/N ratio : 2F frequency modulation (25.5kHz) SP015-92-26 ot 210-330 GHz
. . . v 3
- High spectral resolution (10kHz), Doppler limit. WRS.4% 3R2 - 81
- mgw - ;‘ { _; ,
- High sensitivity : InSb He cooled bolometer (4K) @\__m 0307900 G

WH1.2x3
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Absorbance

Measurements and data analysis
Using the mm-wave spectrometer of the LPCA (70-220GHz)

- Millimeter-wave spectrum (70-220 GHz)

Perot-Fabry effect arising from stationary waves

- Weak and congested 2F absorption spectrum of 3NT
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Baseline was reproduced

with a FFT filter and then

subtracted to reveal the
molecular lines
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Step : 100kHz
Deviation : 40kHz
Time constant : 200ms
P =8pubar (flow)
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Measurements and data analysis
Using the mm-wave spectrometer of the LPCA (70-220GHz)

- How to analyse the millimeter-wave spectrum ?

- BELGI-Cs-hyperfine : well adapted to analyse splittings of a low barrier of Cj,
internal rotor in a C, molecular frame.

- AABS package : to assign the transitions by comparing the calculated and
experimental spectra.

A routine to convert BELGI
input/output files in the
SPFIT/SPCAT format

7 NV

BELGI-Cs- @ SPFIT/SPCAT @ AABS package
hyperfin input/output files For user-friendly

assignments
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http://www.ifpan.edu.pl/~kisiel/introt/introt.htm
http://www.ifpan.edu.pl/~kisiel/introt/introt.htm
http://www.ifpan.edu.pl/~kisiel/introt/introt.htm

Measurements and data analysis
Results of the analysis

- Comparison between the experiment and the calculated spectra
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Frequency /MHz Frequency /MHz
Most of the lines are Many lines are remaining
weak and blended (excited states)
ve sym Jl.. K. .. N RMS /kHz ve sym J.. K. .. N“ RMS /kHz
0 A 14 23 705 93.2 T A ™ 8 181 116.1
0 E 73 20 517 96.5 1 E 74 9 119 109.7
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Measurements and data analysis
Results of the analysis

- The global fit of the ground and first excited torsional states allowed to determine the
molecular parameters, the internal rotation potential and bond angles.

Quantum number J

4 0 1 2 3 4 5 6 7 8 9 10
Y 7T T T T T T r 1 T+
Unit BELGI-C.-hyperfine Calculated — i — —
A MHz 2662.853(33) 2661.861° 12 - _ FE species=1
B MHz 982.0909(41) 991.031% T == =
C MHz 721.63029(35) 725.568" < 10 k - ==
v, ! 6.7659(24) 663" § _ == =E = — —
Ve cm”! 0.02333(22) > [ e e
0 unitless 0.01273920(48) 0.001267" 2 8 r - I
F cm™’ 5.386202(82) 5.4584" S =
Oram deg —19.18639(74)'¢ —~19.318 T 6 5.29
(i,a) deg —43.3346(17)" —43.248" e
unitless standard deviation ~ MW:0.942""/mm-wave: 0.983" ;"c: 4L
3
2+ ;
V(a) = 1/2V5(1—cos(3a)) + 1/2V4(1—cos(6a)) | \prespm”
0

0 pi/3 2pi/3 pi 4pi/3
Torsional angle
[a]: estimated by adding DFT anharmonicity (B98/CBS) to the MP2 constants
at equilibrium (MP2/CBS) (called « hybrid ») + Herschbach corrections 1
[b]: MP2/CBS level ZPE corrected. V;=6.7659(24) cm-: free
[c]: estimated from « hybrid » rotational constantes, internal |, and direction .
cosines of the MP2/cc-pVQZ equilibrium structure. internal rotor
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Measurements and data analysis
Results of the analysis

- Very large internal rotation splittings
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Conclusion and prospects

- Alinelist has been produced and the detection limit has been estimated to 600 ppm for future
in situ detection of 3-NT.

- The two other isomers 2-NT and 4-NT have been measured in the MW and mm-wave regions and
the analysis is in progress. It will permit to study the influence of the isomerism on the internal

rotation barrier height.
- 2-NT : calculated at 550 cm-!
- 4-NT : calculated at 11 cm™!

175600 175700 175800 175900 176000 176100
1 .

——2NT
— 3NT
———4-NT
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Work in progress
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Questions
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Questions

- How to describe the internal rotation coupling of one C,,
top in a C_, molecule :

H =H,ot + Hors + Hyise + Hiy + HQ

1) Diagonalization of the torsional part of the Hamiltonian in an axis system
where torsion-rotation coupling is minimal (Rho Axis Method, RAM) :

1
Hipps = F(Pa + pPa)z + §V3(1 - COS(S‘I))

2) Eigenvectors are used to set up the matrix of the rest of the Hamiltonian in
RAM :

H, ot = Apam Pa? + Bram Py? *Cram Ps? + Dap (PoPy + PpFy)

Centrifugal distorsion terms : Low barrier of C.
3v
H 45+ usual centrifugal distorsion terms Internal rotor
H;,; : higher order torsion — rotation coupling terms
Nuclear quadrupole coupling : U
2f(1,],F) BELGI-Cs-Hyperfine
=01 D [Xaa PZ + Xpp P; — (Xaa + Xpp)P? + Xap (PoPp + PyPy)] was well adapted
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