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Abstract Fourier transform microwave spectrometer is the main tool for measuring molecular rotational tran-
sitions and an important instrument for researching molecular rotational spectroscopy. Based on quantum me-
chanics, rotational spectroscopy is essential for the structural analysis of molecules and for deciphering molecu-
lar signals from deep space captured by radio telescopes, thus making microwave spectrometers indispensable
in those fields. At present, researchers from countries all over the world are working on the instrumentation of
microwave spectrometers to improve the resolution, sensitivity, and application range as well, while Chinese
researchers are also exploring such instrument development actively, and expect to make due contributions to
those fields. In this paper, the design and development of a chirped-pulse Fourier transform microwave spec-
trometer are presented with a frequency coverage of 1~18 GHz. The broadband chirped pulse of a linear fre-
quency sweep is generated by the arbitrary waveform generator with a sampling rate of 1. 25 GS « s™', After
mixing and amplification, the chirped pulse with a certain frequency coverageis broadcast through a feedhorn
antenna into the vacuum chamber, where it interacts with a supersonically expanded molecular beam. The free
induction decay (FID) signal emitted by the excited molecules is induced and amplified by the receiving circuit
and then directly digitized on a high-speed digital oscilloscope. Many electronic devices of the microwave spec-
trometer are controlled by a personal computer, and their automatic operation can be achieved by a LabVIEW
program. The gas nozzle technology is applied to improve the sensitivity of the spectrometer by effectively re-
ducing the rotational temperature of gas samples in the vacuum chamber. Multiple free induction decay (multi-
ple FID’s) technology is also applied to further improve the sensitivity by dramatically increasing the signal
sampling rate of the spectrometer. By using this broad-band chirped-pulsed Fourier transform microwave spec-
trometer developed in the laboratory, a chemical reaction of hydrochloric acid and tertiary butanol was moni-
tored, with the reaction product tert-butyl chloride detected successfully. The rotational spectra of tert-butyl
chloride and its singly-substituted *’ Cl isotopologue were measured in their natural abundance. and were then
fit by the spectrum analysis software to provide accurate spectral parameters (rotational constants, centrifugal

distortion constants, and the nuclear quadrupole coupling constants, etc. ) and molecular structure. The high
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accuracy of spectral data measured by the spectrometer was proved by comparison with Gaussian calculation.

The spectrometer’s excellent performance in the low frequency range was also demonstrated when compared

with the spectral parameters measured by predecessors.
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Introduction

Rotational spectroscopy is an extremely effective tech-
nique for the study of gas-phase molecular structure, which is
mainly used to study the basic aspects of molecular physics.
The rotational spectra of molecules are highly sensitive to
small structural changes. When fine or hyperfine structures
are observed, the electronic structure information of mole-
cules can be derived with this technique, such as nuclear qua-
drupole coupling. In radio astronomy, this technique also
plays a key role in exploring the chemical compositions of in-
terstellar mediat'”.

Microwave spectrometer is the main instrument for re-
searching rotational spectroscopy. Since invented in 200627,
the broadband chirped-pulse Fourier transform microwave
(CP-FTMW) spectrometer has revolutionized the field of mi-
crowave spectroscopy. Due to the advance in high-speed digital
electronics technology for microwave signal generation and de-
tection, the development of broadband CP-FTMW spectrome-
ter has dramatically expedited the speed of acquiring sensitive

81, In a single

and high-dynamic broadband microwave spectra
scan of the spectrometer, the bandwidth of collected spectrum
can be over 10 GHz, which is several orders of magnitude fas-
ter than before, and the research scope of rotational spectrum

[4]

is also expanded"’. There are a variety of entirely new exper-

iments arising from this technique, from using it to measure
[5]

chemical dynamics and reaction states™ to dual-resonance ex-

perimental multiplexing®™.

In this report, a broadband CP-FTMW spectrometer is
introduced, with frequency region ranging from 1~18 GHz,
single scanning of 1 GHz, resolution of 5~50 kHz. The gas
nozzle technology is used to effectively reduce the rotational
temperature of the gas sample, so that the instrument can ob-
tain best observation sensitivity. Multiple free induction decay
(multiple FID’s) technology"® is applied to further improve
the sensitivity of instrument by dramatically increasing therate
of signal sampling. To demonstrate the performance of the
broadband CP-FTMW spectrometer, the rotational spectra of
tert-butyl chloride, the product of a chemical reaction between
tert-butanol and HCIl, were detected to accurately determine

its structure and spectroscopic constants.

Rotational spectroscopy; Broadband spectroscopy; Chirped-pulse; Tert-Butyl chloride
DOI: 10. 3964/j. issn. 1000-0593(2020)03-0991-06

1 Experiment

1.1 CP-FTMW spectrometer
A schematic diagram of the 1~18 GHz CP-FTMW spec-

trometer is shown in Fig. 1.

10 MHz Rb Digital
oscillator oscilloscope
- LNA
Single frequency
microwave source
1.25 Gs/s
AWG
Pulsed nozzle
Solid-state samplofesd
Amplifier
Circulator Mixer
SPST
Sample chamber
Fig. 1 Schematic of the 1~18 GHz CP-FTMW spectrometer

One single scanning bandwidth of this microwave spec-
trometer is 1 GHz in the working frequency range of 1~ 18
GHz. The schematic is separated into three sections: (a):
chirped-pulse generation and amplification; (b): sample vacu-
um chamber; (c¢): FID detection. (a): A chirped-pulse, typi-
cally with bandwidth of 500 MHz and duration of 5 s, is cre-
ated by an arbitrary waveform generator (AWG, TE Tabor
Electronics, WX1281C) with sampling rate 1.25 GS « s ',
The chirped-pulse is then mixed with a single-frequency mi-
crowave signal generated by the signal

(ROHDE&.SCHWARZ SMF 100A) to up-convert into 1

GHz target frequency band in the working frequency range.

generator

After the mixed pulse signal is amplified by a solid-state am-
plifier (BONN Power Amplifier 1018-5M), and broadcast
through a circulator (TDK8916E1B7, 1—>2) as well as a
double-ridged horn antenna into the sample vacuum chamber.
(b): On the other side of the vacuum chamber opposite to the
horn antenna., there is an aluminum concave mirror coaxial
with the chamber. The solenoid valve nozzle (common valve
series 9, diameters 0. 9 mm)is installed in the center of the a-
luminum concave mirror, which is controlled by a special
pulse driver (Parker IOTA ONE Pulse Driver). The sample

gas molecular beam, after ejected into the vacuum chamber by



%3 il

55 Hr 993

the solenoid valve nozzle, supersonically expands and directly
contacts with the chirped-pulse emitted from the horn anten-
na. Owing to the existence of aluminum concave mirror, the
chirped-pulse microwave can be reflected to stimulate the gas
molecular beam twice, which improves the utilization rate and
polarization efficiency of the sample. After the polarization of
the sample molecular beam, the FID signal is received by the
same horn antenna and transmitted out of the cavity. (c):
The FID signal is transmitted through a circulator (2—3) and
mixed with the same single-frequency microwave signal to
bring the FID frequency down. The mixed FID signal through
a single-pole single-throw electronic switch (SPST, F9114A,
1~ 18 GHz) is then amplified by a low-noise amplifier
(LNA). and digitized directly on a high-speed digital oscillo-
scope (Tektronix, DPO71254C). All microwave sources and
trigger sources in the experiment, as well as the high-speed
digital oscilloscope, are phase-locked to a 10 MHz rubidium
frequency oscillator (SRS STANFORD RESEARCH SYS-
TEM, FS725) to provide phase stability and frequency accu-
racy. Vacuum degree of the sample vacuum chamber is main-
tained by a vacuum system based on a mechanical pump and
molecular pump, which can be 107* Pa under experimental
conditions and 10~° Pa under non-experimental conditions.
1.2 Experiment detail and theoretical prediction
Tert-butanol (99% purity) was purchased from Aldrich
and could be used without further purification. The sample
was placed in a U-shaped tube at room temperature. At a
backing pressure of 2. 7 atm, the carrier gas (an approximate
0.5% hydrochloric acid,

through the tert-butanol sample to produce tert-butyl chloride

99.5% neon mixture) passed

product. The mixture was then supersonically expanded into
the vacuum chamber through the nozzle with a frequency of 1
Hz and a pulse duration of 500 ps. Nine FID signals were col-
lected for one jet and, for the final spectrum. a total of 45 000
FID signals were averaged together in order to get better sig-
nal-to-noise ratio (SNR). Gaussian 03] was used to calculate
the Ab initio electronic structure of tert-butyl chloride at the
MP2/6-311++ G (d, p) level of theory. The structural pa-
rameters of tert-butyl chloride (including atomic coordinates
of the molecule, bond lengths, bond angles, dihedral angles,
etc. ) were obtained, as shown in Table 1 and 2 of the appen-
dix A. The structure diagram of tert-butyl chloride calculated
by Gaussian03 was shown in Figure 2, where the chlorine
atomreplaces the hydrogen atom in tert-butanol and is atta-
ched to the carbon atom. The tert-butyl chloride is a symmet-
ric top, with C;, symmetry. Meanwhile, the calculated struc-
tural parameters were used to predict the rotational constants
and inertial parameters of tert-butyl chloride and its *’ Cl isot-

opologue, as shown in Table 1.

Fig. 2 Structure diagram of tert-butyl

chloride calculated by Gaussian03

Table 1 Rotational constants and inertial parameters of
(CH;)3C*Cl and (CH;);CY Cl predicted by struc-

tural parameters

(CH3),C¥Cl (CHy),C¥Cl

A/MHz 4 557. 367 40 4 557. 367 40

B/MHz 3 035. 353 46 2 970. 783 57
I.a/Camu » A2)* 110. 892 75 110. 892 75
1. b/(amu » A?)® 166. 497 58 170. 116 40
P.a/(amu » A?)P 111. 051 27 114. 670 10
P.b/Camu » AP 55. 446 45 55. 446 45

Note: * Principal moment of inertia; "Rotational angular momentum

2 Results and analysis

Tert-Butyl chloride can be produced by the reaction of
tert-butyl alcohol with hydrogen chloride. Its microwave
spectra were first studied by W. Zeil and coworkers!'“!*', by
the microwave

means of Stark spectroscopy. Recently,

Fourier transform spectra of tert-butyl chloride were ana-

d"'#%) | In this work, the reaction mixture of tert-butyl al-

lyze
cohol and HCI were measured and the rotational spectra of
tert-butyl chloride were assigned in 1-18 GHz region. Tert-
Butyl chloride [(CH;);C* Cl] and its *" Cl isotopologue
[(CH;);C* Cl] were observed in natural abundance. In total,
36 spectral lines were measured and assigned,among which 24
lines belong to (CH; );C* Cl and 22 lines belong to
(CH;);C" CL
(CH;);C* Cl and (CH;);C¥ Cl observed in the experiment is
shown in Figure 3. The measured transition frequencies (J',
K, F-]", K, F') of (CH;);C”Cl and (CH;);C" Cl are

shown in Table 2, with uncertainty about 5 kHz from the

An example of the rotational spectra of

least-squares fit.

Afterwards, the rotational spectra were analyzed by
Pickett” s SPCAT&SPFIT!"! (spectral prediction and fitting
software). During the analysis, the rotational constants, cen-

trifugal distortion and quadrupole coupling constants of
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(CH;);C* Cl and (CH;3);C* Cl were fitted. The results are

shown in Table 3. On the other hand, these spectral parame-

ters were compared with the values in Ref. '™, and satisfac-

torily they are highly consistent.

Table 2 Observed transition frequencies (J', K, F-J”, K, F") of (CH;);C*Cl

and (CH;);CY Cl with residuals from least-squares fit

, . , , (CH3);C*Cl (CH;3);C¥Cl

J J K F F’
Vobs / MHz* Vobs — Veale/ kKHZ" Vobs/ MHz? Vobs — Veale/ kKHZ"

1 0 0 0.5 1.5 6 052. 268 —0.99 5 920. 428 2.44
1 0 0 1.5 1.5 6 022. 004 2.67 5 896.523 —4. 45
1 0 0 2.5 1.5 6 038. 809 0. 20 5 909. 801 1. 60
2 1 0 0.5 0.5 12 070. 860 3. 54 11 814. 270 —1.10
2 1 0 1.5 0.5 12 054. 055 3.99 11 801. 010 4. 49
2 1 0 1.5 1.5 12 084. 326 —0.24 11 824.904 0. 39
2 1 0 2.5 1.5 12 072. 296 —1.71 11 815. 409 —0.06
2 1 0 2.5 2.5 12 055. 489 —0. 84 11 802. 140 2. 89
2 1 1 0.5 0.5 12 087. 707 0. 80 11 827.572 —0.49
2 1 1 1.5 0.5 12 079. 286 —3.74 11 820. 928 —0.54
2 1 1 1.5 1.5 12 064. 154 —2.37 11 808. 981 1. 23
2 1 1 2.5 1.5 12 058. 149 1. 60 11 804. 231 —4. 87
2 1 1 2.5 2.5 12 066. 554 1. 98 11 810. 875 2.71
2 1 1 3.5 2.5 12 074. 950 3. 38 11 817.498 —4.32
3 2 0 1.5 0.5 18 123. 060 —2.50 17 734. 690 —0.56
3 2 0 2.5 1.5 18 102. 860 2. 89 17 718. 726 1. 34
3 2 0 3.5 2.5 18 107. 026 —1.46 17 722.015 —1.40
3 2 0 4.5 3.9 18 111. 040 —0.10 17 725. 202 2.09
3 2 1 2.5 1.5 18 103. 703 —0.49 17 719. 396 —0.75
3 2 1 2.5 2.5 18 109.713 0. 54 17 724.138 —2.14
3 2 1 3.5 2.5 18 103. 823 0.11
3 2 2 1.5 0.5 18 123. 066 3.50
3 2 2 2.5 1.5 18 106. 244 —1.11 17 721. 413 0. 45
3 2 2 3.5 2.5 18 094. 235 0.22 17 711. 929 —0.59

Note: * Observed frequency; " Observed frequency- Calculated frequency

(CH;);C¥Cl
I=1-0
K=0
F=25—15
(CH3):CYCl
J=1-0
K=0
F=15-15 F=15-15
F=2.5—15
| F=0.5—1.5
F=0.5—15 ’ I
l Al 1 I '

5850 5900 5950 6000 6050 6100
Frequency/MHz

Fig. 3 An example of the rotational spectra of (CH;);C* Cl
and (CH,);C* Cl measured by CP-FTMW spectrometer
The (J=1—0, K=0) transitions of (CH3);C**Cl and (CH3)3C* Cl

are marked out

3 Discussion

The performance of the broadband CP-FTMW spectrom-

eter is proved by the products detection of achemical reaction.
Owning to supersonic expansion, the rotational temperature is
reduced and the spectral resolution is better. reaching 5~50
kHz. The multiply FID” s technique is successfully used to
make the sampling rate higher. The measurements of low-fre-
quency spectra are more precise and the spectra are extended
to 18 GHz. After being averaged 45 000 times, the signal-to-
noise ratio of the FID signals attains about 100. As seen in
Table 1, after fitted by Pickett’s SPFIT, the differences be-
tween observed and calculated frequencies are extremely
small. The root-mean-square value of (CH;);C* Cl is only
2.1 kHz and for (CH;);C¥Cl is 2. 37 kHz.

The spectroscopic constants of the reaction products,
(CH;);C*Cl and (CH;);C¥ Cl, are now known accurately
(see Table 3), which are highly consistent with the corre-
sponding constants determined by a Balle-Flyg are type spec-

trometer in Ref. %,

Because tert-butyl chloride is a prolate
symmetric top, in spectral analysis, only the rotational con-
stant B is fitted. In addition, the experimental value of rota-

tional constant B is compared with its Gaussian predicted val-
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ue and the difference between them is 17.632 MHz for
(CH;);C*Cl and 17. 213 MHz for (CH;);C* Cl. It can be
seen that the rotational constants calculated by Gaussian is
only for reference, which are a bit different from the actual
experimental values. This also reflects the good performance
of our microwave spectrometer. Due to more precise measure-

ments of low-frequency spectra, nuclear quadrupole coupling

constants (eqQ) are with better accuracy. Furthermore, the
r. distances (where s is for substitution) are calculated as
well, of which C—Cl bond length is 1. 815 A. And there is
good quantitative agreement for the r, distances and values ob-

tained in Ref. 1157,

Table 3 Spectral parameters of (CH;);C*Cl and (CH;);CY Cl

obtained in the experiment and relevant values in the reference

(CH;3);C*Cl (CH;3);C¥7Cl
this work® previous work" this work® previous work"
B/MHz 3017.721 86(66)¢ 3017.717 7(9) 2 953.570 81(67) 2 953.571 7(8)
eqQ/MHz! —67.254 07(104) —67.312(3) —53.102 06(107) —53.053(3)
Dy /kHz® 0. 967 5(50) 0.6(1) 0. 380 8(52) 0.6(1)
Djk /kHz® 0.280 7(153) 1.2(3) 0. 886 6(162) 1.2(3)
RMS/kHz! 2.1 2.37

Note: * Spectral parameters obtained in this work; " Corresponding spectral parameters shown in Ref. [1%7; ¢ The uncertainty in brackets is the

standard error for the last argument unit; ¢ Nuclear quadrupole coupling constant; ¢ Centrifugal distortion parameter; ' Root-mean-square

4  Conclusion

In this report, the design and performance of a 1~ 18

GHz CP-FTMW spectrometer were discussed. The sensitivity

and relative accuracy of the spectrograph were demonstrated
by the measurement of tert-butyl chloride, the chemical reac-
tion product of tert-butyl alcohol and HCI. Spectral constants
and structural parameters of two tert-butyl chloride isotopo-

logues were reported with good accuracy.
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