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Double Resonance Spectra Involving Torsional Excited Levels
.and CO Stretch Band Transitions of CD;OH
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Infrared-Radio frequency double resonance (IRRFDR) and Infrared-Microwave double resonance
(IRMWDR) spectroscopy have been used to probe a level of A symmetry for CD;OH. Double resonance
spectra of CD;OH have been investigated over the range of 940 to 1020 cm™'. Twenty K-type doublet
transitions have been observed in both the radio frequency region, which covers 50 MHz to 1 GHz,
and the microwave region, which covers 8 GHz to 12 GHz. The results propose new assignments
of infrared (IR) absorption transitions and far-infrared (FIR) laser emission lines. These involve torsio-
nal excited levels and CO stretch states. Measurements of the A state splitting have permitted the
determination of the asymmetry splitting parameters $°(n, K) and S*(n, K) for (n, K)=(0, 3) and

1, 3).

I. INTRODUCTION

Due to the successful use of methanol and its isoto-
pomers in optically pumped FIR lasers, they have att-
racted a great interest from spectroscopiests. These
are one of the simplest asymmetric top molecules
exhibiting internal rotation.

Over the past decade several different techniques
have been used to ravel the complicated spectra of
these molecules in the IR region of the spectrum. The
techniques include Fourier-transform'*?! and diode-la-
ser spectrometers®! for high resolution absorption spe-
ctroscopy. The observation and frequency measure-
ment of optically pumped FIR laser lines and the use
of double resonance techniques have been an impor-
tant aid in the analysis of the congested CO stretch
band.

The CO stretch band of methanol and its isotopo-
mers is well overlapped with CO, laser emission lines
in the 10 ym region. The 10 gm absorption region
of the CD,OH molecule have been studied using diode
laser spectroscopy.’**! By pumping several of the isoto-
pic species, researchers have reported many hundred
FIR laser lines from these species.® The study of
CD;OH molecules has not been made as extensively
as in CH;0H molecules. FIR laser lines, produced with
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the CD;OH species, were first observed by Dyubko
et al. in 1975.[°

In the review of CD;OH by Kon et al' CD;OH
was ranked as the molecule giving rise to the second
largest number of FIR laser lines (115 lines) next to
the CH;OH (331 lines at that time). Since then, many
new CD;OH FIR laser lines have been observed by
Sigg et al,®! Pereira et al.,! and Saykally et all®
In 1987, Carelli et al.’™! re-investigated CD;OH and
found new FIR laser lines from this molecule by using
a wave guide C'0, laser with a frequency tunability
of about 300 MHz around each laser line center. The
larger tunability allowed for the observation of many
new FIR laser lines with pump offsets outside the tu-
ning range of conventional C*Q, lasers. The pump
offset was measured accurately using the transferred-
Lamb-dip technique. This group observed 108 new FIR
laser lines ranging from 41.46 to 1155.5 um. They mea-
sured the pump offset of 147 FIR laser lines. The total
number of reported FIR laser lines is now approxima-
tely 340.""12) These substantial additions to the list
of FIR lines, in connection with accurate frequency
measurements and assignments of a number of these
lines, has added to the understanding of the IR spectra
of this molecule.

In spite of the large number of known CD;OH FIR
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laser lines, no FIR transitions has been assigned until
1983. One reason for this is that a Fermi resonance
is significant in this part of the spectrum. Weber et
al! has identified the presence of a Fermi resonance
between pure CO stretch-state levels and torsional-ex-
cited levels of the ground state. Fermi resonance is
a perturbation occurring for energy levels of nearly
the same energy and results from the interactions bet-
ween different vibrations of the same symmetry and
the same rotational quantum numbers. As a conseque-
nce some energy levels are shifted thus making assig-
nments more complicated. The stretch band is a paral-
lel band, which displays the conventional P, @, and
R branch structure. This band was studied by Woods™"*
who assigned rotational quantum numbers J to the
spectral lines. In 1982, Weber and Maker,” reported
assignments of the intramultiplet structure of the P
and R multiplets for CD;OH using diode laser spectra.
They provided molecular constants for the CO stretch
state. In their analysis, they pointed out that there was
a significant Fermi resonance between the torsional
ground state (n=0) of the CO stretch and the excited
vibrational state. This Fermi resonance was used to
explain the discrepancy between a pump C*0; laser
frequency and an expected infrared absorption transi-
tion frequency.

Six FIR laser lines from CD;OH pumped by the
10R36 and 10R18 "C"Q, laser lines have been assig-
ned to specific rotational energy levels in the excited
CO stretch band.l*® Partial assignments of seven FIR
laser lines pumped by *C*0, 9R34, “C'"*0, 10P18, and
12C160), 10P22 were discussed by Mukhopadhyay et al.t**!
Mukhopadhyay et al.**! confirmed several assignments
of IR pump and FIR emission transitions by using high
resolution Fourier transform spectra and frequency co-
mbination relations for closed IR/FIR transition loops.
Fermi resonance was also used in their analysis.

The internal hindered rotation of the methyl group
with respect to the hydroxyl group makes the spect-
rum complex. Therefore assignments have in the past
strongly relyed on laser-based labeling techniques.
Among these are the IRRFDR and IRMWDR techni-
ques. Double resonance spectra, associated with the
CO stretch band of CD,OH, have been investigated
over the range of 940 cm ! to 1020 cm ' Most of
the P and R branch lines of the CD;OH molecule are

located around the @ branch origin at 985.53 cm™'M
This frequency range has been studied using the 10P
and 10R branch lines of *C*0,, the 10P and 10R bra-
nch lines of 2C*0,, and the 9P branch lines of “*C'®0,
laser. All of these branches overlap the CO stretch
band of CD;OH. A systematic search on these laser
lines have been made in this experiment.

II. EXPERIMENTAL

The detailed experimental setup for IRRFDR can
be found elsewherel'). The experimental setup for IR-
MWDR is shown in Fig. 1. The IRMWDR setup is
composed of three essential parts; the semisealed CO,
laser, the radio frequency sweep oscillator, and the
X-band microwave absorption cell. The frequency ra-
nges covered in this experiment were 50 MHz~1 GHz
with the IRRFDR technique and 8 to 12 GHz with
the IRMWDR technique. This microwave region was
limited by the equipment. The same sweep oscillator
as used in the RF experiments was used except that
the RF plug-in unit was replaced by a microwave plug-
in unit. Using the RF absorption cell in the microwave
region was possible since the transmission varied
greatly with the frequency. " Instead, an X-band mic-
rowave absorption cell was used. The design of the
microwave absorption cell is shown in Fig. 2.

The cell is 1 m long, and has E bends mounted
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Fig. 1. Experimental setup for the infrared-radio fre-
quency double resonance experiment.
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Fig. 2. The infrared-microwave absorption cell.

at both ends. Using this cell, the microwave could be
coupled in at one end and out of the other end without
reflections, and the microwave power could be measu-
red after a single pass of the cell. A 6 mm hole was
drilled in each E bend, for in-coupling and out-coupling
of the laser radiation. The appropriate holes were sea-
led with mica windows and ZnSe Brewster windows
for maximum transmission of microwave and infrared
radiation, respectively.

The microwave frequency was slowly swept from
8 to 12 GHz in four 1 GHz steps, each sweep taking
120 seconds. Once a signal was observed a signal re-
gion around the signal (+ 50 MHz) was recorded, and
the frequency was measured using a counter. The
other experimental apparatus and procedures were the
same as in the IRRF experiment.'”) The sample used
throughout this work was CD;OH (isotopic purity of
99% atom % D), which was obtained from Aldrich
Chemicals. The above technique was applied to' the
CD3;0H sample, using three isotopic derivatives 2C'%Q0,,
2C1%0,, and BCY¥0, in the pump laser.

III. RESULTS AND ANALYSIS

Twenty double resonance signals were observed
using one “CM0, and eight 2C¥*Q, laser lines. Some
of the experimental results are shown in Fig. 3 and
4.

The measured frequencies are listed in Table 1 and

8.9 1 126.6 MHz
. z

10 MHz -

Fig. 3. Infrared-radio frequency double resonance sig-
nals in CDsOH observed with the 9P20 line
of the C*0, laser. The laser power was 700
mW, the radio frequency power was 300 mW,
and the sample pressure was 180 mTorr. A
time constant of 300 msec was used. Amplifier
sensitivity was 50 uV.
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Fig. 4. Infrared-microwave double resonance signals
in CD3;0H observed with the 10P6 line of the
2C¥%0, laser. The laser power was 1050 mW,
the microwave power was 2760 mW, and the
sample pressure was 90 mTorr. A time cons-
tant of 300 msec was used. Amplifier sensitivity
was 50 uV.
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Table 1. Observed infrared-radio frequency double
resonance signals of CD;OH

CO; laser line Frequency® Relative
(MHz) intensity®
12C1602
10R14 129.5(4) M
297.0(3) M
10R16 294.5(3) M
13C1602
9P20 88.9(3) VS
226.6(5) VS

@. Figures in parentheses indicate the standard devia-
tion in the least-significant figure.

®. Relative intensities according to the ratio of signal
to noise as follows; VS: s/n>100, M: 20>s/n>
10.

Table 2. Observed infrared- microwave double reso-
nance signals of CD;O0H

CO, laser line Frequency® Relative
(MHz) intensity®
12C 1602
10P6 8374.6(6) S
8670.7(5) W
10P8 8887.4(4)" S
8889.4(2)” S
8910.9(5)» M
8937.1(2) S
10P16 8038.6(2) VS
8917.8(2) VS
10R14 8189.3(3) w
10211.8(3) M
10416.6(2) M
10R20 8115.0(7) VW
8691.0(2) VW
10R38 8048.3(4) M
10473.2(2) S

@. Figures in parentheses indicate the standard devia-
tion in the least-significant figure.

®. The microwave frequency at a positive offset.

©. The microwave frequency at a negative offset.

@ Relative intensities according to the ratio of signal
to noise as follows; VS: s/n>100, S: 100>s/n>20,
M: 20>s/n>10, W: 10>s/n>5, VW: 5>s/n>2.

Table 2, together with the relative intensities of the
signals. All double resonance signals were recorded
by sweeping the radio frequency and microwave fre-

quency, while maintaining the infrared frequency at
the absorption line center. No double resonance signals
were observed when using the 2C®0. laser.

Four quantum numbers are needed to label the ene-
rgy levels of methanol and its isotopomers. Here we
used the notation A(ntK, J)¥, where n is the torsional
quantum number and t can take on values of 1, 2,
and 3 and was used to characterize the threefold hin-
dering potential. The quantum number K is the com-
ponent along the a-internal axis of the total angular
momentum specified by the quantum number J. Tor-
sion-rotation levels are grouped into E,, A, and E,, cor-
responding to t+K=3N, 3N+1, and 3N+2, respecti-
vely, where N is an integer. Only A states can exhibit
asymmetry splitting, and hence the E, and E, levels
remain twofold degenerate. The A states with K+0
split into A~ and A~, where the splitting increases
with J and decreases rapidly with K.

Asymmetry splitting of the levels of A symmetry
can be expressed in the form"*

J+K)!

AnK N=SndK ])U_K)! oy
where S(ntK, J) can be evaluated by the perturbation
theory to the Kth order. In order to fit experimental
data, it is often necessary to add higher order terms
to this expression.?? However, we applied Eq. (1)
because of the limited data set.

The energies of the torsion-rotation levels of CD;OH
were calculated using the published molecular parame-
ters.[223%) The energies were calculated for both the
ground state and the CO stretch state using an existing
computer program.””! Some of the parameters for the
CO stretch state are not known yet. Therefore we have
used ground state values for the unknown excited state
parameters. Experience from work on other isotopo-
mers indicate that this is justified since the CO stretch
parameters are usually quite similar to those for the
ground state and in any case they count for only a
small fraction of the total energy. Asymmetry parame-
ters, including new values calculated from the results
of the present work, are given in Table 3.

1. IRRFDR Spectra from CD;OH Using the “C'*O,
9P20 Pump Line
Strong double resonance signals were observed at
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Table 3. Asymmetry splitting parametrs of CD;OH

S(nK) ground (MHz)® CO stretch (MHz)®
S(0,1) 289.99% 328.13%
256.17(24)¢ 292.92(24)°

5(0,2) 0.2013% 0.2628"
5(0,3) 4.1148(138) X 10 °5¢  6.2881(138) X 1075

4.9542 X107 5.2623X 10"
5(0,4) 2.7517X 10~ 4.6830X10 %
S(1,3) 8.9472(5) X 10~ 1.1522(1) X 10~ *%

@. Figures in parentheses indicate the standard devia-
tion in the least-significant figure.

®; Calculated from the molecular parameters.

©: Taken from Weber et all*-

®: Calculated from the results of this work

889 MHz and 226.6 MHz. So far, no FIR laser emis-
sion lines have been observed with this pump line.
The Fourier transform spectra of CD;OH by Wood'"
indicate that there is strong absorption in the R (11)
multiplet at 1000.698 cm !, which is in close coincide-
nce with the laser line at 1000.64725 cm™'. Since the
K splitting increases with J, the 226.6 MHz line corres-
ponds to J=12 in the vibrational CO stretch state, and
the 88.9 MHz line to /=11 in the vibrational ground
state. Using eq. (1) and taking into consideration the
order of the theoretical values of S(#, K) in Table 3,
the most probable value set for (n, K) is (0, 3). Then,
since K-splitting only occurs in A~ states (for which
r+K=3N+1, N being an integer), the only possible
value of t is 1. The CO stretch vibrational motion is
parallel to the a-axis and only vibrational transitions
with AK=0 are allowed. The infrared transition is ten-
tatively assigned to the “R(0 1 3, 11) transition, and
is shown in Table 4. Using molecular parameters from
Weber and Maker-**! the infrared transition frequency

can be calculated to be 1000.6672 cm™' which is in
good agreement with the Wood’s measurements,"? co-
nsidering that the maximum J value in the former
study was 8. The IR absorption transition can be either
case (a) (0137, 11y—(013*, 12)*, or case (b) (013-,
11Y—(013~ 12)". The assignments of IR and RF tran-
sitions are given in Table 4.

Theoretical values for S°(0, 3) and S*(0, 3), calculated
using the constants of Lees et al,”””! are compared
with the values obtained in the present work in Table
3. From our assignment of the IR absorption transition
we could predict FIR emission transitions which should
be observed when pumping with the “C*%0, 9P20 laser
line. These are either case: (a) (0137, 12y*—(013", 11)~,
(013*, 12)*—(022°, 12)*, and (013*, 12)y*—>(022°,
11)" transitions; or (b) (0137, 12)*—(013", 11), (013",
12)°—(022", 12)*, and (013", 12y°—(022", 11)* transi-
tions. The corresponding frequencies are 1556 c¢m™'
(), 058 cm™" (L), and 16.13 cm™! ())), respectively.
These are summerized in Table 5. The infrared and
FIR transitions involved in this scheme are shown in
Fig. 5. In these calculations we have not taken asym-
metry splitting into consideration. It should also be
mentioned that the 0.58 cm™! line is too low in freque-
ncy to be observed in a FIR laser. As expected, these
three FIR lines constitute a triad.

2. IRMWDR Spectra from CDyOH Using the 2C'*Q,
10P6 Pump Line

Two IRMWDR signals were observed at 8374.8 MHz
and 8670.7 MHz. Comparisons between the Fourier
transform datal’ and the C'"0, 10P6 laser frequency
at 956.18498 cm™ ' show that this laser frequency lie
between the P (21) multiplet at 956.843 cm™! and the
P (22) multiplet at 955415 cm™', It is expected that

Table 4. Assignment of infrared absorption, radio frequency and microwave transitions for CD;OH

CO, laser line (cm™!)@ Infrared absorption

Frequency (MHz)® RF and MW transition

transition nK, J)
BC%Q, 9P20 “R(O 1 3¢, 11) 88.9(3) 13, 11y
(1000.64725) 226.6(5) O 13, 12y
12C150, 10P6 “P(O 1 3%, 21) 8374.8(6) 113, 20"
(956.18498) 8670.7(5) (113, 21y

@, Taken from Freed et al./®

®. Figures in parentheses indicate the standard deviation in the least significant figure.
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Table 5. Assignment of FIR laser lines in CD;OH

Pump line Pump Assignment Far-Infrared Emission® Emission Assignment®
(cm™H® (em™) (nik, Jy
3C%0, 9P20 “R(O 1 3, 11) 15.56(})) (0 1 3%, 12r°—>(0 1 3%, 111
(1046.85423) 0.58(L) -0 2 2%, 12
16.13(1) -0 2 2, 11
2C1%0, 10P6 °P(1 1 3, 21) 25.84()) (113 20—>(1 1 3%, 197
(956.18498) 70.72(L) -1 2 27, 20~
96.54())) —-(1 2 2=, 19
@. Taken from Freed et all?®
®. Predicted FIR laser lines from this work.
. Predicted FIR transitions from this work. -
(n:K) (n<K)
(n<K) (nek) 11
;o (022) . ©t3) 5o22) b 3y
12 - a \ 12 v®= 20 ai \ 20 v= 1
; c —'—Y:— n c F— 19
" —_— 19
3 .16
(°c0,)9p20 (%o, y10P6
1000.64725cm’ 956.18498cm!
1 Vee 0 — 21 v°=o0

a:15.56 cm (1)
b: 0.58cm (1)
c:16.13 em '(I])

Fig. 5. Energy-level scheme of CD;OH showing the
transition pumped by the 9P20 “C™Q, laser
line and three predicted FIR emission transi-
tions.

the lower of the two microwave frequencies correspo-
nds to an asymmetry splitting in the excited state
while the other is a transition in the ground state.
For K<4 there are no coincidences between the laser
line and the #=0 transitions in the molecule. There-
fore we tentatively assign the transition to an n=1
transition, due to the relatively large signal to the noise
ratio of the signal. By applying eq. (1), however, it

a:25.84 cm-](” )
b:70.72 em (L)

c:96.54 cm (1))

Fig. 6. Energy-level scheme of CD;OH showing the
transition pumped by the 10P6 'C™0, laser
line and three predicted FIR emission transi-
tions in the torsional levels.

is found that a transition with ¢/ K)=(21, 3) is the
most probable. Therefore we tentatively assign the ab-
sorption transition as either the (1 1 3', 21y—>(1 1
3%, 20" transition or the (0 1 37, 21y— (11 37, 20)*
transition. The assignment of IR and MW absorption
transitions is given in Table 4. From this assignment,
we obtained the asymmetry splitting parameters
5°(1, 3)=8.9472(50)X10"° MHz for the ground state
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and S*(1, 3)=1.1522(1)X 10" * MHz for the CO stretch
state. FIR emission transitions can be predicted from
the assignment of the IR absorption transition. These
are either: case (a) (1 1 3*, 20 (1 1 3%, 19y, (1
13-, 200°—>(1 2 27, 20)*, and (1 1 3%, 20"—(1 2 27,
19y transitions; or case (b) 1 1 37, 20—>(1 1 3,
19, (1137, 200"~ 2 2%, 20)°, and (1 1 37, 20y"—(1
2 27, 19)* transitions. The corresponding frequencies
are 25.84 cm (), 70.72 cm™! (L), and 96.54 cm~ (),
respectively. The predicted FIR laser assignment is
summerized in Table 5. The infrared and FIR transi-
tions involved in this scheme are shown in Fig. 6. In
these calculations we have not taken asymmetry split-
ting into consideration. These three FIR lines consti-
tute a triad.

IV. CONCLUSIONS

IRRFDR and IRMWDR techniques have been used
to probe a level of A symmetry for CD;OH. Double
resonance spectra of CD;OH have been investigated
over the range of 940 to 1020 cm™'. Twenty K-type
doublet transitions have been observed in both the
radio frequency region of 50 MHz to 1 GHz and the
microwave region of 8 GHz to 12 GHz. From the the
results of this work, we could assign two infrared (IR)
and four RF and MW absorption transitions. Also, we
predicted six FIR emission transitions from the two
IR absorption assignments. These involve torsional ex-
cited levels and CO stretch states. The new obtained
values of asymmetry splitting parameters for the tor-
sional ground states are S$°(0, 3)=4.1148X10"° MHz
and 5“0, 3)=6.2881X10 * MHz and those for the tor-
sional excited states are $°(1,3)=8.9472x10"°* MHz
and Sv(1, 3)=1.1522X10"* MHz.
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