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Abstract: In this paper, the measurements of Fourier Transform Spectrum in the far infrared (FIR) and Millimeter Wave 
(MMW) regions for doubly deuterated asymmetric methanol species (CHD2OH) are reported. Detailed assignments for b- 
and c-type transitions yielded accurate frequencies for a large number of a-type transition frequencies with an estimated 
uncertainty of ±15 MHz A catalogue of about 400 accurately calculated a-type transitions in the first six torsional 
vibrational states is presented here. The experimental procedures are described in detailed. This catalogue will be valuable 
for the analysis of infrared bands of this molecule by using combination loops of connected transitions. The findings should 
prove valuable for radio astronomical detection of this molecular species in interstellar medium particularly in the star 
forming regions. A detailed theoretical discussion of the complex energy levels has been discussed.  In course of the 
assignment process it was possible to identify normally forbidden asymmetry induced (odd-even symmetry) c-type ∆K= -1 
transitions involving highly excited torsional state v=11. The catalogue should also provide a database for secondary 
frequency standard in FIR region of the electromagnetic spectrum. This is the first time such catalogue and forbidden 
transitions are being reported. 
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I. INTRODUCTION 
The doubly-deuterated methanol CH2DOH is an important molecular medium in interstellar astronomy [1-2]. This 
molecule also offers an wide range of far-infrared (FIR) laser lines when optically pumped by the 10 micron lines 
of CO2 laser [3-6] the production of optically pumped far infrared (FIR) laser lines. The high resolution 
spectroscopy is not only important for the identification and prediction of FIR emission lines but also helps radio 
astronomical studies.  
 
The complex torsional–rotational–vibrational interactions and relaxed selection rules in CHD2OH make the FIR 
and MMW spectrum very rich as can be seen from Figure 1, where a short region containing mainly a-type trans 
ions  is shown. This short region contains couple of hundred transitions which can explain the challenge for 
working with this species.  The difficulty in searching through large spectral regions with poorly predicted 
transition frequencies complicate the spectroscopy of asymmetrically substituted deuterated methanol in the past 
but a significant progress has been achieved during the last few for decades mainly by Prof. C.R. Quade [7-10] 
which provide a good handle of the calculation of the energy levels.  

II. THEORETICAL ASPECTS  

The spectrum of the asymmetrically substituted methyl alcohol is unique. In a given torsional state there are three 
different torsional sublevels split due to tunneling effects. The unique feature of the torsional-rotational spectra is 
that transitions can occur within and between all the three sublevels since they become significantly mixed by the 
asymmetric hindering potential. Then there are similar transitions for the so called torsional transition in which the 
torsional quantum number changes. The spectra of these species are the most complex of the torsional-rotational 
spectra of any such molecule. The main problem with the asymmetrically deuterated methanol (viz. CHD2OH) is 
that the hindering potential is not truly 3-fold in nature. This removes the degeneracy of the energy states in 
methanol corresponding to σ = ±1 and causes mixing of the three pure symmetry species (σ =0 and±1) in methanol 
and the transitions between the mixed symmetry species are equally allowed. In addition, off axis OH radical 
introduces more general asymmetry in the molecule, which in turn causes more complexity in the spectrum. 
 
Briefly, the potential energy of the molecule due to torsion can be represented by the terms V1(1 – cos)/2 and V2(1 
– cos 2)/2 in addition to the regular 3-fold term V3(1 – cos 3)/2, where  is the OH-torsional angle. The effect of 
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the V1 term is to remove the degeneracy of the  = +1 and –1 levels and strongly mix the  = 0 and 1 levels.  The 
mixed symmetry species are designated by ' = 0,  ‘+’, and ‘– ’. The ' = 0 and ‘+’ states have eigenfunctions even 
(symmetric) in the torsional angle of rotation  and are denoted by e0 and e1, respectively. In the torsional ground 
state the ' = ‘–’ state has wavefunction odd (anti-symmetric) in  and is denoted by o1. The odd wavefunction is 
relatively independent of the magnitude of V1 since the potential energy can mix only states having similar 
(meaning either even or odd) parity. The energy levels that have eigenfunctions even in  are designated by ei (e0, 
e1, e2 e3 etc.) and those with eigenfunctions odd in  by oi, (o1, o2, o3 etc.) in increasing order. In this study only 
states belonging to states e0, o1, e1, e2, o2 and o3 were possible to study.  
 

The components of the dipole moment function of the molecule are represented by a = , b =  cos  and c  = 
–  sin . Thus the a -component of the dipole moment is practically independent of the torsional angle, and hence 
in CH2DOH and CHD2OH the a-type transitions can occur only within a given torsional sub-state. The b and c 
dipole moment components are even and odd functions of , respectively, hence the b-type transitions can occur 
between states within a given symmetry species or between states of different symmetry species having similar 
parity (i.e. between even to even or odd to odd). The c-type transitions can occur only between states having 
different parity, i.e. between e0 & o1 and e1 & o1 in the torsional ground state. The components of the electric dipole 
moment of the molecule are governed by the orientation of the hydroxyl group (molecular framework) as it 
internally rotates with respect to the CH2D or CHD2 group (top). 
 
The analogy of the nomenclature followed here for CHD2OH are as follows (not to be confused with the torsional 
states n=0,1 2 etc. for methanol): 
v=1~e0; 2~o1; 3~e1; 4~e2: 5 ~ o2: 6~o3; 7~e3;  8~ o4; 9~ e4; 10~ e5; 11~ o5; 12~ o6; 13 ~e6;14~o7; 15~ e7. 
With methanol analogy the ground torsional state is equivalent to v=1-3, first excited torsional state is equivalent 
to v-4-6 and so on. 

III. EXPERIMENTAL DETAILS 
The high resolution Fourier Transform Infrared (FTIR) spectrum has been recorded using the Bruker ifs 120 high 
resolution spectrometer at the Winnewisser laboratory of the Justus Liebig Universität in Germany. The CH2DOH 
sample used was supplied by Cambridge Isotope Laboratories, MA, and was 98 % pure. The sample was used 
without any further purification. A sample pressure of about 2.4 mbar was used at a temperature of 24° Celsius in 
a multi-pass cell of base length 1 m and was adjusted to get an absorption path length of 3.28 m. The spectrum was 
recorded in the range 500-980 cm-1 with a nominal resolution (1/MOPD) of 0.002 cm-1. The IR spectrum was 
extended up to 1200 cm-1, to include the OCD bending and the CO Stretch band.  
 
These bands show extremely complicated structure and their study corroborates the ground state study and will be 
the subject matter of future communications. These studies along with vibrational relaxation studies would throw 
some light in the illusive vibrational rotational energy pathways and allow discovery of new sources for FIR laser 
lines. The FIR spectrum was also run at -60oC at a relatively low pressure of 0.15 millitorr to simplify the 
assignment process. 
 
The THz spectrum was recorded at the Spectroscopy laboratory at the Ohio State University using the FAst Scan 
Sub-millimeter Spectroscopy Technique (FASSST). The FASSST system is simple in concept and 
straightforward in execution. In this method a Backward Wave Oscillator (BWO) tube (ISTOK OB-30) is used to 
cover the 240 - 375 GHz region. Similar tubes are available for the 100 - 1000 GHz region [5-6]. The beam splitter 
(BS1) is used to split the output power of the BWO, with absorption cell of length 1 - 10 m and detected by an InSb 
hot electron bolometer. The remaining Fabry-Perot (FP) cavity via a mylar beam splitter, which provides fringes 
for frequency interpolation between reference spectral lines of known frequency. In order to maximize the dynamic 
range of the spectrum, the low frequency roll off in the analog amplifiers between the detector and the A/D input 
to the computer is adjusted to provide an approximately first derivative line shape and to generally suppress the 
recording of the power variations of the BWO and multi-path interference effects. For the study of weaker lines, 
additional analog gain is used at the expense of the measurement of the amplitude of the stronger lines. In the 
current system (which is not optimized for sensitivity), strongly absorbing lines are of S/N 104 in 1 MHz of 
bandwidth (1 msec of integration time). Comparison of spectra obtained on phase locked systems with FASSST 
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spectra shows that they too are Doppler limited. Here we will provide an overview and focus on those aspects most 
important for analytical systems: the characteristics of the BWO sub-millimeter source and the optical frequency 
calibration scheme. The spectra were recorded in a number of closely spaced ranges: 128-146, 150-170, 180-258, 
260-360, 462-506, and 598-610 GHz for CH2DOH and 111-161, 146-182, 193-213, 224-264, 261-325, and 
328-365 GHz for CHD2OH. The selection of these ranges seems random but it was decided by the BWO equipped 
with the spectrometer at the time when the instrument was available for the present measurements. 
 
Fig. 1.  Portion of the FIR spectra showing a-type 

rotational transitions  
 

 
 

Fig. 2.  FIR spectrum of CHD2OH in the region 20-26 
cm-1 

 

 

IV. ASIGNMENTS AND ANALYSIS 
The spectra showed very complicated structure wherever section rules and intensity considerations allowed many 
transitions to be identified to definite quantum states. There is an abrupt and clear start of the R-branch lines 
indicate that these lines belong to a rR branch (JK=J+1K+1 ← JK), where the superscript represents the change in the 
axial component of the overall rotational angular momentum. We arrived at this identification from our experience 
that pR branch lines have a different intensity pattern. The starting point in our assignment process was the matrix 
element tables in Ref [11]. The rP-branch lines may not be too useful but their presence makes the assignments 
more confident.  
 
Our next task was to calculate the transition frequencies of such transitions which would fall in the aforesaid 
range. We observed that transitions from v= 3 to v = 9 indeed falls in the region where the possible sub-branches 
were identified with a obs.-calc. value of about 5 cm-1 or below and often it is very accurate and for higher torsional 
states the accuracy was less than10 cm-1, which were good enough for our identification purposes. We then use the 
usual spreadsheet method which was cross checked with closed combination relations.  For example as first clue 
the identification process the first member of the R-branch series (JK=K+1K+1 ← KK) where the series ends quite 
abruptly. Similarly, for the transitions JK= = K-1K-1 ← KK, the abrupt start of the P-branch gives the starting point. 
In most cases the identification of the corresponding Q-branch lines gives the confirmation of the assignments. 
 
We use here same nomenclature as methanol literature. Since the molecule is very prolate we use the prolate top Kp  
as our K values. The asymmetry splits the lower K levels into “+” and “-“  levels mainly due to the ∆K=±2 matrix 
elements. The splitting is more prominent for lower Ks and is given by  
 

 ∆(K,v,J) = S (Kv) (J+K)!/ (J-K)!     (1) 
 
Where S(Kv) is the asymmetry splitting constant and at higher J shows a J dependence given by  
 

S(Kv) = S(Kv) + T(Kv) J(J+1) …………………..(2) 
 
The catalogue of the obtained a-type transitions is gathered in Table 1. The MMW measured transitions have been 
used extensively to confirm the assignments using closed combination loops. As an example to the appearance of 
the a-type FIR transitions are presented in Fig. 1 [R(14) through R(18) region] and the FIR spectrum in the region 
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of 20- 26 cm-1 is shown in Fig. 2. Each FIR line has an estimated accuracy of ±15 MHz. The high resolution and 
signal to noise ratio can be clearly seen from Fig 3, where the few lines in the R(6) region are shown.  
 
Fig. 3.  MMW spectra showing the resolution and 

    signal/noise ratio. 
 

 
 

Fig. 4.    Forbidden FIR transition corresponding the odd  even 
transition for K = 3 4. See text for details. 

 

Recently, the ground torsional state MMW transitions and some of the same FIR data with a Hamiltonian has It 
should be noted that the transition between the odd to even symmetry states are normally forbidden in the absence 
of the asymmetrically substituted deuteron. But it becomes allowed in this case due to the mixing of the states 
through the fact that the barrier height is not truly 3-fold in nature. It was possible to assign the sub-band 
corresponding to the transition K = = 3  4 for v=11 (odd)  v=3 (even) torsional transition since in this 
transition the value of K for the upper state is less than that for the lower states the P- and Q-branches have 
sufficient intensities to be observable in the spectrum and these transitions are gathered in Table 2, whereas the 
Q-branch transitions are shown in Fig. 4. From the assigned transitions a preliminary evaluations for the 
molecular parameters are obtained as follows (in cm-1): V1=-9.2, V2=-2.3, V3= 373.28, A=2.7881, B= 0.69990, 
C= 0.68950, and Beff= (B+C)/2 = 0.6947. There values are in good agreement with the reported values in Quade 
et al. [8-9]. 

V. COMMENTS ON COREOLIS INTERACTION 
Very highly excited torsional states often come in the vicinity of the lower lying pure torsional states for 
K values differing by ±1 and ±2. The ∆K=±1 and ±2 matrix elements in the Hamiltonian can produce 
sufficient perturbations in the spectra because of the small energy denominators. The interaction occurs 
through the kinetic energy of the molecule and hence shows a significant rotational angular momentum 
of the molecule.  The resulting effect is a shift of the energy levels according to the following formulae: 

(a) First order interaction (∆K=±1): 
 ∆E1 = ± 2{(J(J+1) – K(K ± 1)}]½   ……….  (3) 

where, the interaction term is given by 
      effJ J(J+1) + K {K2 + (K±1)2} …… (4) 
 

With  ½½ + (2/1)½] ≈ 1  and  B is the effective Rotational parameter B of the molecule 
≈ 0.695 cm-1.  

(b) Second order interaction (∆K=±2):   
∆E2= 2 2½ [{J(J+1) – K(K±1)}{J(J+1) – (K±1)(K±2)]½ ………..(6) 
where,  2 = J J(J+1) + K f(K)    …………….. (7) 
with f(K) being an appropriate function of K. 

 

There is enough evidence of Coriolis perturbation in the spectra for v=8 and 9 for K values in the range 
of 4-9, but is has not been possible to disentangle the spectrum to quantify the interaction parameters. 

Table 1 
A-type R-Branch Transitions in CH2DOH in the First Six Torsional Vibrational States (v=1-6) 
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Table 1 (cont.)  
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Table 1 (cont.) 
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Table 1 (cont.) 
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Table 1 (cont.) 
 

 
 
 
Table 2.    Forbidden (Even to odd Parity) Transitions involving Highly Excited  
      Torsional State for K σ = 3 o5  4 e1 

V. CONCLUSION 
 

In conclusion, the measurements of Fourier Transform FIR and MMW regions for doubly deuterated asymmetric 
methanol species (CHD2OH) are reported. Detailed assignments for b- and c-type transitions yielded accurate 
frequencies for a large number of a-type transition frequencies with an estimated uncertainty of ±15 MHz. A 
catalogue of about 400 accurate a-type transitions in the first six torsional vibrational states is presented. This 
catalogue will be valuable for the analysis of infrared bands of this molecule by using combination loops of 
connected transitions. The findings should prove valuable for radio astronomical detection of this molecular 
species in interstellar medium particularly in the star forming regions.  In course of the assignment process it was 
possible to identify normally forbidden asymmetry induced (odd-even symmetry) c-type ∆K=-1 transitions 
involving highly excited torsional state. The catalogue should also provide a database for secondary frequency 
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standard in FIR region of the electromagnetic spectrum. This is the first time such a catalogue and forbidden 
transitions are being reported. Comments are also made on the presence of Coriolis perturbation in the spectra. 
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