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Freon-11: 

CFC compound, high ozone 
depletion potential, widely used 
as refrigerant in past

Chloroform:

volatile organic compound, can 
contribute to the formation of 
harmful ground-level ozone

Relevant atmospherical 
compounds.

The Chloroform and Freon-11 
Molecules
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Short Review on “THz”

THz region: between 0.1-11 THz (1 THz = 33.36 cm-1)

Spectroscopy in THz region challenging because:

i)  generation of coherent, narrowband, relatively high-power 
 radiation difficult

ii) sensitive detection difficult

Rotational transitions of light molecules (for example diatomics) 

Low-frequency vibrational transitions of molecules and clusters



Overview

Our Method of Generating THz Radiation

Pulsed, widely tunable, narrow-bandwidth, high 
peak-power source

The CHCl3 and CFCl3 Molecules (and Isotopomers)

The fundamental of the ν6 mode
Spectra
Analysis

Towards Mass-Selective THz Spectroscopy

High-resolution spectroscopy in a molecular beam

Conclusions



Experimental Configuration

frequency stabilization
and calibration

 899-21 Ti:Sa 
ring laser

~800nm

 899-29 Ti:Sa 
ring laser

~800nm

AOM
25Hz, 150ns

AOM
25Hz, 150ns BS

OF

cw Nd:YVO4
laser
532nm

cw Nd:YVO4
laser
532nm

pulsed Nd:YAG
532nm, 25Hz

PD

THz emitter
(DAST)

black PE

FR

frequency calibration

FR

PBS

PBS

BS

FROI

oscilloscope oscilloscope

Ti:Sa

M

Bolometer

FROI

sample
cell

AOM
25 Hz, 40 ns

AOM
25 Hz, 40 ns

899-21 Ti:Sa
ring laser
~800 nm

899-29 Ti:Sa
ring laser
~800 nm

Pulse length: 
40 ns (10 ns - 1 µs),
Programmable pulse 
shape

Repetition rate: 
25 Hz

Peak power: 
~10 -100 µW

Frequency:
tunable between 0.1-11 
THz

Bandwidth:
FWHM ~ 10 MHz 
(Fourier-transform 
limited)

Ideally suited for 1+1’ two-photon excitation/ionization
experiments under jet-cooled conditions

[1] J. Liu et al., Appl. Phys. Lett. 93 (2008) 131105.



Existing Spectra of Asymmetric 
Deformation Mode

Difficult to find actual IR 
spectra, although values for 
transition frequency known 
(very weak band):
12CH35Cl237Cl : 259.9 cm-1 [2]
12CH35Cl3 : 261 cm-1 [3]
12CF35Cl3 : 243 cm-1 [4]

Frequencies of different 
chlorine isotopomers not 
resolved

Values of certain rovibrational 
constants not very accurately 
determined

Vapour phase Raman spectra 73 

>- 
I-- 
u') 
z 
LLI 
I -  
_z 

HlaCCla 

, i I , 1 '  

V3(o,) 

\ 
I 

3 0 4 0  3 0  675  6 6 5  3 7 0  3 6 0  

HI3ccI3 

I 1 I ;  

3 0 3 0  2 0  
, i I ! L  , , 

6 6 0  6 5 0  3 7 0  3 5 0  

F R E Q U E N C Y  ( C M - ' }  

Figure 4. The al  fundamental bands for H12CC13 and HlaCCI3. The  instrumental 

settings were as follows : For Vl (HI~CC13), slit widths 40/200/40/~m, gain 500 c/s ; 
for va (H13CC13) slit widths 40/200/40 Fm, gain 200 c/s. For  the other bands the 

slit widths were 50/200/50 #m and gain 200 c/s, and in all scans tc 1 s. 
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Figure 5. The  observed and calculated band contours of the e species fundamentals of 

Ht~CCI3. The instrumental settings were as follows : v4, slit widths 150/300/150 Fm, 

gain 200 c/s, tc 2 s ; vs, 125/250/125 Fm, gain 500 c/s, tc 2 s ;  v6, 85/200/85 Fm, 

500 c/s, tc 2 s. 
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Figure 6. The  observed and calculated band contour oF the e species fundamentals of 
HxaCCla. The instrumental settings were as follows: v4, 200/350/200 Fro, gain 

500 c/s, tc 1 s ; vs, 100/205/100 Fro, gain 500 c/s, tc I s and vs, 100/285/100/~m, 

gain 1000 c/s, tc 1 s. 

T h e  d e p o l a r i z a t i o n  ra t io ,  pQ, of t he  Q b r a n c h  of a b a n d  m a y  be  c o n v e r t e d  to  

t he  d e p o l a r i z a t i o n  ra t io ,  p, of t he  c o m p l e t e  b a n d  b y  way  o f  the  r e l a t i o n s h i p  

[17, 18] 
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[5] R. J. H. Clark et al., Mol. Phys. 31 (1976) 65-81.

Raman Spectra of ν6

[2] A. Ruoff et al., Spectrochim. Acta 26A (1970) 989-997. [3] R. Anttila et al., Mol. Phys. 102 (2004) 1537-1542.
[4] R.J.H. Clark et al., J. Mol. Spectrosc. 56 (1975) 386–398.



The ν6 vibrational mode of 
CHCl3, CFCl3 and Isotopomers

Molecule is of C3v symmetry 

ν6 of E symmetry (doubly 
degenerate)

Fundamental transition frequency 
of this mode in 12CH35Cl3 at 7.82 
THz (261 cm-1)

Vibrational transition frequencies 
and vibrational motion of other 
isotopomers (and CFCl3) similar 

C

H

Cl Cl Cl

Cl Cl Cl

H

C



Spectra of CHCl3 and 
Isotopomers

A: Spectra of 12CHCl3 and 
chlorine isotopomers, simulated 
contours.

B: Spectra of 12CDCl3 and 
chlorine isotopomers.

C: Spectra of 13CHCl3 and 
chlorine isotopomers.

Peaks marked by asterisk* : 
impurities from other chloroform 
isotopes.

Pure vibrational transition 
frequencies determined by 
simulation.
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[5] C. Haase et al., J. Mol. Spectrosc.  262 (2010) 61–63.



Spectra of CHCl3 and 
Isotopomers

Natural abundance of different 
chlorine isotopomers:
yCX35Cl3 : 43.52%, 

yCX37Cl35Cl2 : 41.73%, 

yCX37Cl235Cl : 13.34%, 

yCX37Cl3 : 1.42%

Bands for isotopomers of Cs 
symmetry (37Cl & 35Cl) should 
split into A’ and A’’ mode, no 
evidence at this resolution.

Spectra of 12CFCl3 and chlorine 
isotopomers also measured, not 
shown here. 
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Fundamental Transition 
Frequencies

Values given in units 
of THz.

a Calculated values at 
MP2/cc-pVTZ level 
of theory.

b Experimental 
uncertainty is larger 
for 12CFCl3 than for 
the other molecules 
because of partial 
overlap with a water 
line.

sities of the transitions of the different chlorine isotopomers within
one spectrum result from the natural abundance of the chlorine
isotopes: xCY35Cl3 : xCY35Cl237Cl : xCY35Cl37Cl2 (x = 12, 13, Y = D,
H) = 43.5:41.7:13.3. The positions of the m6 fundamental bands of
xCY37Cl3 coincide with an intense water line, observed on the far
left of the spectra depicted in Fig. 1a and b. Peaks marked by an
asterisk correspond to impurities from other chloroform isotopes
that were present within the cell and helped to confirm the mea-
sured isotopic shifts. Similar spectra of CFCl3 (not shown) with nat-
ural abundance of chlorine were also recorded. Decreasing the
vapor pressure reduced the pressure broadening without inducing
a measurable shift of the band origins. The precision of the mea-
surement was limited by pressure broadening in combination with
spectral congestion, which prevented us from resolving individual
rotational lines. Under these conditions, the central Q branch rep-
resents the spectral feature most suitable to derive the vibrational
transition frequencies. The minimum pressure compatible with a
satisfactory signal-to-noise ratio is limited to !50 mbar by the sen-
sitivity of the measurement, which itself is limited by the pulse-to-
pulse fluctuations of the laser power (see Ref. [11] for further de-
tails). Using a longer (or a multipass) absorption cell would enable
a further reduction of the pressure.

A computer programwas developed to simulate the frequencies
and intensities of the rovibrational transitions of the m6 fundamen-
tal band of the isotopomers of C3v symmetry. The Hamiltonian

used for this simulation is the same as the one given in Eqs. (1)
and (2) of Ref. [15], which includes the Coriolis interaction and
the l(2,2) interaction. Rotational contours were generated by con-
volution with a Lorentzian line profile with a full width at half-
maximum of 1 GHz. The program was tested with the available
pure rotational and rovibrational spectra reported in Refs. [13,14].

The main intensity contribution to the sharpest feature ob-
served in the spectra displayed in Fig. 1 arises from the central
Q-branch of the vibrational band because other branches are
spread out over a very broad range. In isotopomers of Cs symmetry,
the m6 mode splits into two modes, m6 and m9 of A0 and A00 symmetry,
respectively. Our spectra do not reveal any evidence for this split-
ting. Firstly, the band maxima of the different chlorine isotopomers
shift linearly with increasing number of 37Cl atoms (by "67.5(3)
MHz per additional 37Cl atom in 12CHCl3, "67.0(3) MHz in 12CDCl3,
"67.3(3) MHz in 13CHCl3 and "54.1(6) MHz in 12CFCl3). Secondly,
the shapes of the unresolved Q-branches of all isotopomers appear
identical within the resolution and sensitivity limits of the present
measurement. The harmonic vibrational frequencies of the m6(a0)
and m9(a00) modes calculated ab initio also appear degenerate within
the expected precision limit of the method used (see Table 1).

In simulating the m6 fundamental band of 12CH35Cl3, the ground
state molecular constants were fixed to the values given in Table 1
of Ref. [15] and those of the vibrationally excited state to those
listed in Table VIII of Ref. [14]. In particular, the value of
(C6 " B6 " C6f6) was fixed to "87.23874 MHz as reported in Ref.
[14]. Simulations with the same value for (C6 " B6 " C6f6), but
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Fig. 1. Spectra of the fundamental band of the CCl3 asymmetric deformation mode
of chloroform and selected isotopomers. The strong line on the far left-hand side of
the spectra in (a) and (b) corresponds to a water line. The lines marked by asterisks
correspond to impurities of 12CDCl3 in (a) and 12CHCl3 in (b) and (c). In (a),
simulated profiles of the 12CH35Cl3 isotopomer, assuming values of 0.84 (dashed
line), 0.86 (full line) and 0.88 (dotted line) for f6 are displayed (see text for details).

Table 1
Experimental and calculated fundamental frequencies of the CCl3 asymmetric
deformation modes of chloroform, freon-11 and selected isotopomers in units of
THz. This mode corresponds to m6 for molecules of C3v symmetry and m6 and m9 with A0

and A00 symmetry, respectively, for molecules of Cs symmetry. The numbers in
parentheses represent the experimental uncertainties.

Sym. Expt. Calc.a

12CHCl3
a0 7.798

12CH35Cl37Cl2 a00
7.6725(20)

7.822
a00 7.869

12CH35Cl237Cl a0
7.7400(20)

7.889
12CH35Cl3 e 7.8076(20) 8.008

Sym. Expt. Calc.a

12CDCl3
a0 7.766

12CD35Cl37Cl2 a00
7.6428(20)

7.791
a00 7.835

12CD35Cl237Cl a0
7.7096(20)

7.857
12CD35Cl3 e 7.7768(20) 7.915

Sym. Expt. Calc.a

13CHCl3
a0 7.783

13CH35Cl37Cl2 a00
7.6604(20)

7.809
a00 7.854

13CH35Cl237Cl a0
7.7279(20)

7.875
13CH35Cl3 e 7.7949(20) 7.933

Sym. Expt.b Calc.a

12CFCl3
a0 7.307

12CF35Cl37Cl2 a00
7.2058(20)

7.345
a00 7.364

12CF35Cl237Cl a0
7.2593(20)

7.400
12CF35Cl3 e 7.3140(30) 7.438

a Calculated values at MP2/cc-pVTZ level of theory with frozen-core approxi-
mation, unscaled.

b The experimental uncertainty is larger for 12CF35Cl3 than for the other mole-
cules because of the partial overlap of the central Q-branch with a water line (see
text for details).
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Current Work: Ionization -
Detected THz Spectroscopy

Supersonic jet expansion 

Vibrational excitation followed by 
photoionization of upper vibrational 
level (VUV photon)

Tuning of THz source, detection of 
ions       mass/conformation-selective 
vibrational spectra

Excitation Scheme 

A: VUV generation by four-
     wave mixing

B: Ionization of molecule/cluster

THz spectroscopy of Rydberg states 
by pulsed-field ionization possible

ν1

ν1

ν2

νVUV

A

IP

νTHz

νVUV

(kept fixed)

(tunable)

B

(tunable)
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Conclusions

A laser-based source of tunable THz radiation has been used 
to obtain information on low-frequency vibrations of 
chloroform, freon-11 and several of their isotopomers.

Fundamental transition frequencies of CCl3 asymmetric 
deformation mode of these molecules were determined with 
precision of better than 3 GHz.

Development of experimental configuration that makes it 
possible to record mass-selective THz spectra in a molecular 
beam in progress, (close to completion).







Elements of the Energy 
Matrix

The diagonal elements in the energy matrix are given by:

The off-diagonal elements due to l(2,2) resonance (coupling 
between Δ l = Δ K = 2 levels):

T6 ( l , J , K) = ν0 + B6 J (J+1) + (C6 - B6) K2 - DJ
 J2

 ( J + 1)2

   - DJK
 J (J + 1) K2 - DK

 K4 - 2 (C ζ)6 K l

The value of (C6 - B6 - C6 ζ6) was determined very accurately with 
microwave spectroscopy. However, C6 and ζ6 cannot be determined 
independently, a calculated value for C6 is therefore used.

v6 = 1, l6 = -1 ; J ; K - 1 | H | v6 = 1 , l6 = +1 ; J ; K + 1

= - 1/2 q6 [ J ( J + 1 ) - K ( K - 1 ) ]1/2 [ J ( J + 1 ) - K ( K + 1 ) ]1/2

[3] R. Anttila et al., Mol. Phys. 102 (2004) 1537-1542.
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Outlook

Vibrational Spectroscopy of rare-gas clusters will most likely 
need development of multipass or other configuration that 
increases aborption-path length

Possibility of recording spectra of molecules whose torsional 
motion lies in the THz frequency range (one example: dimethyl 
ether)...?

Possibility of doing THz spectroscopy on Rydberg states 
(absorption strength not expected to be a problem)



Advantages of the Planned 
Experimental Setup

Advantages of working in a molecular beam:

i)   Low temperature (less spectral congestion)
ii)  No pressure broadening
iii) Easier to measure rare-gas clusters later on

Advantages of detecting ions:

i)   background-free
ii)  detection of absorption (not transmission)
iii) isotopomer-selective (no need for isotopically pure sample)

Avoid problem of interfering water lines


