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The microwave and millimeterwave spectra of CH3OC] and CD;OCI have been investigated
up to 200 GHz and centrifugal distortion constants up to the sixth order have been calculated
using both Watson’s s-reduction and van Eijck-Typke operators. Watson’s determinable parame-
ters have been obtained starting from both sets of constants.

Introduction

The microwave spectrum of Methylhypochlorite
(CH;0Cl) has been measured by Rigden and But-
cher [1] who determined the molecular structure
and the barrier to internal rotation from the first
excited torsional state.

From the rotational Zeeman spectrum the mag-
netical parameters as well as the value and orienta-
tion of the electric dipole moment and the barrier to
internal rotation in the ground state have been de-
termined [2]. During this last investigation we ob-
served appreciable centrifugal distortion contribu-
tions for some lines measured in the high frequency
range which have been found useful for the deter-
mination of the torsional barrier. In the present
paper we report the investigation of the millimeter
wave spectrum of both isotopic species CH;0%Cl
and CD;O¥Cl with the purpose of performing an
accurate centrifugal distortion analysis. Methyl-
hypochlorite is an asymmetric top molecule with an
asymmetry parameter x=—0.96, hence a nearly
prolate top suitable to be used as further check of
the Hamiltonians [3, 4, 5] developed for this type of
problems.
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Experimental

CH;0CI was prepared following the method of
Sandmeyer [6] and purified at 0°C by vacuum dis-
tillation.

In the used cell it decomposes immediately even
at —75°C and for this reason the gas was flowed
continuously through the cell during the measure-
ments at a pressure of about 0.5 Pa (7 mTorr). The
millimeterwave video spectrometer with frequency
multiplication is the same as described in [7]. A
block scheme is reported in Fig. 1, giving a picture
of two modes of use besides video; mode 1: source
modulation, mode 2: millimeterwave-radio fre-
quency-double resonance (MMW-RF-DR). A spe-
cial X-Band cell with a septum allowing a “coaxial -
type transmission mode for the radiofrequency up
to 4500 MHz was used [7]. The transmission for the
millimeterwaves was satisfactory up to 200 GHz,
higher frequencies seemed to be strongly absorbed.
The frequency measurements were carried out by
means of a synthesized signal generator Schomandl
ND 800M continuously monitored by a S5 MHz-
Signal derived from the 77.5 KHz-Signal of the
broadcasting station DCF 77 (Mainflingen, Ger-
many) with a relative accuracy of 5x107'3. The
measurements are believed to be accurate to Ix
10-7.

Spectrum and Rotational Parameters

We started with the record of the spectrum of
CD;O*CI for two reasons: first because the b-type
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Fig. 1. Block Diagram of the Millimeterwave Spectrometer. — In the operation mode ‘Video’ the Klystron is free running and switches 1 and 2 are open. The
correction signal from the FDS 30 Synchronizer is used as frequency for positioning the convenient stabilisation frequency. — In operation mode ‘1’ the Klystron
is stabilized with a two loops stabilisation circuit driven by an ND 800 M Schomandl standard oscillator, where switch 1 is closed and switch 2 is open. The
system works with source modulation. — In operation mode ‘2’ the Klystron remains further stabilized but switch 1 is open and switch 2 is closed. The system

works with millimeterwave-radio frequency-double resonance.
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Table 1a. Rotational and Centrifugal Distortion Constants
of CH;0%CI after van Eijck-Typke and Watson’s s-reduc-
tion operators. The errors are standard from the least
squares fitting procedure and are given in units of the last
figure.

CH;O%CI (118 Lines)

by van Eijck-Typke by Watson’s s-reduction

A 42.064925(10) A4© 42.064925(10)
B’ 6.296878(1) B® 6.296878(1) GHz
G’ 6.670610(1) C®© 5.670610(1)
D} 4.260(2) D, 4.260(2)
DYy — 24.57(4) D;x — 24.57(4)
Dk 693.22(26) Dy 693.22(26) KHz
oy 0.653(1) d, — 0.653(1)
R¢ — 0.0172(3) d, - 0.0172(3)
Hj 0.0002(16) H; 0.0002(16)
Hpx — 0.09(5) H;x — 0.09(5
Hy, — 3403) Hyg, — 3403)
Hy 53(6) Hy 53(6) Hz
H; 0.0003(8) hy 0.0003(9)
H¢ 0.0019(22) hy 0.0005(6)
Hi, — 0.00003(84) /3 0.000004(105)
standard deviation:
68 KHz 68 KHz
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lines show no internal rotation splitting, second be-
cause, due to the smaller rotational constants, a
larger number of lines were supposed to be present
in the frequency range limited by the power absorp-
tion of the used cell. The identification of the lines
was made using the chlorine quadrupole hyperfine
structure of the MMW-RF-DR technique [7]. A
total of 223 lines ** was measured following differ-
ent branches up to 200 GHz.

The record of the spectrum of CH;0%CI had to
be limited to 118 lines** because the other lines
measured in the frequency range limited by the
power absorption of the cell gave no better informa-
tion. The determined constants using the van Eijck-
Typke Hamiltonian [5] are given in Tables 1a and

** Requests for tables of measured lines to Prof. Dr.
A. Guarnieri, Institut fir Physikalische Chemie, Univer-
sitdt Kiel, Olshausenstr. 40 or under the number TNA4 to
Universitidtsbibliothek, Westring 400, 2300 Kiel, Germany.

Table 1b. Correlation coefficients among the van Eijck-Typke constants of CH;0%*Cl.

A B’ c’

Dj Djx Dy & Rg Hj Hjx  Hgy Hg Hs  Hg
B’ 0.73
G’ 0.53  0.61
D} 0.62  0.80 0.76
Djg 0.69 082 057 086
Dk 0.03 -0.22 -0.06 —0.13 —0.51
o) 0.30 055 -0.23 020 046 -0.30
R§ 023 039 -024 0.10 031 -0.19 091
H; 046 063 067 090 087 -039 0.14 0.02
Hjg 040 059 050 075 083 -051 034 026 092
Hky 0.63 065 038 069 084 -043 039 024 068 0.55
Hy -046 -0.59 -0.30 -0.59 -0.86 0.73 —-0.51 —-0.39 -0.72 -0.75 —0.88
H; 026 046 -0.15 020 045 -034 -092 088 021 048 0.32 -0.53
Hg -020 -0.31 0.05 -021 -0.37 024 -0.68 —-0.82 -029 -0.58 —0.17 045 -0.8I
1o 013 017 015 029 031 -017 -023 039 045 064 009 -034 035 -0.82
Table 1c. Correlation coefficients among Watson’s s-reduction constants of CH;0*Cl.
A® B® c® D, D,x Dg d, d, H; H;x Hg;, Hg h hy
B® 0.73
Cc® 0.53  0.61
D, 0.62 0.80 0.76
D,x 0.69 082 057 0.86
Dy 0.03 -0.22 -0.06 -0.13 -0.51
d, -0.30 —-0.55 0.24 -020 -046 0.30
d, 023 039 -024 009 031 =019 -091
H, 046 063 067 090 0.87 -039 -0.14 0.02
Hx 040 059 050 075 083 -0.51 -0.35 026 092
Hg, 0.63 065 038 069 084 -043 -039 024 068 0.56
Hg -046 -0.59 -030 -0.59 -08 0.73 051 -039 -0.72 —-0.75 -0.88
hy 026 044 -0.08 026 048 -034 -0.85 0.87 033 061 030 -0.55
hy -0.20 -0.31 005 -021 -037 024 068 -082 -029 -0.58 -0.17 045 -0.95
hs 0.13 017 015 029 031 -017 -023 039 045 064 009 —-034 063 -0.82
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Table 2a. Rotational and Centrifugal Distortion Constants
of CD:0¥CI after van Eijck-Typke and Watson’s s-reduc-
tion operators. The errors are standard errors from the
least squares fitting procedure and are given in units of the
last figure.

CD;0%Cl (223 Lines)

by van Eijck-Typke by Watson’s s-reduction

A’ 32.539201(4) A® 32.539201(4)
B’ 5.465252(1) B® 5.465252(1) GHz
C’ 4.974985(1) C© 4.974985(1)
D) 3.219(2) D, 3.219(2)
Djx — 5710(11) D;x — 5.710(11)
Dy 273.1(3) Dy 273.1(3) KHz
oy 0.4534(2) d, — 0.4534(2)
R¢ 0.0100(1) d, 0.0100(1)
H; — 0.003(1) H, — 0.003(1)
Hjx — 0.006(8) H;x — 0.006(7)
Hy;, — 0.54(9) Hyg;, — 0.54(8)
Hy 9.8(64) Hy 9.8(64) Hz
H; 0.0009(1) hy 0.0010(2)
H; — 0.00010(43) hy — 0.00003(11)

n 0.00028(17)  hy 0.00004(2)
standard deviation:

53 KHz 53 KHz
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2a, respectively. For comparison we give in the
same tables the constants determined using the
Watson’s s-reduction Hamiltonian [12].

The correlation coefficients among the 15 con-
stants of CH3;0%Cl obtained from a least squares
procedure using the van Eijck-Typke and Watson’s
reduction formulae are given in the Tables 1b and
lc, respectively. Those for CD;0%Cl are listed in
Tables 2b and 2c.

The rotational constants and the fourth and sextic
centrifugal distortion constants, obtained by the two
kinds of Hamiltonians, are equal in the limits of
their standard errors. It seems, however, that the
convergences of the Hg and Hj, terms in the van
Eijck-Typke are worse than those of the /4, and 4,
terms in Watson’s s-reduction.

Table 2b. Correlation coefficients among the van Eijck-Typke constants of CD;0%Cl.

A B’ c’ D; Djx Dk oy Rg H; Hjx Hg; Hg H; Hi
B’ 0.73
c’ 0.66  0.86
D} 0.73  0.90 0.87
Djg 052 045 034 0.30
D% 076  0.66 0.63 0.82 —0.01
o) 041 059 0.15 040 049 026
R¢ 035 042 020 031 049 018 0.76
H; 0.65 080 079 096 0.18 0.81 033 0.23
Hjg 043 043 031 030 088 003 060 065 0.21
Hy, 044 030 019 025 081 002 036 034 017 062
Hy 059 064 066 084 —-0.14 091 017 007 091 -0.08 —0.14
H; 038 053 016 037 050 023 096 0.77 032 0.69 034 015
Hg -026 -0.31 -0.18 —0.24 -0.49 -0.09 —0.63 —0.90 —0.20 —0.76 —0.32 —0.03 —0.73
Hj, 0.14 015 016 012 043 -0.02 -034 071 0.12 068 027 —0.05 044 -0.92
Table 2c¢. Correlation coefficients among Watson’s s-reduction constants of CD;0*Cl.
A®  B® Cc®  p, D,x Dy 4, d, H, H;x Hg, Hx h hy
B® 0.73
Cc® 0.66  0.86
D, 073 090 0.87
D;x 0.52 045 034 030
Dy 0.76 066 0.63 082 —0.01
d, -0.41 -0.59 -0.15 —-0.40 -049 -0.26
d, 035 042 020 031 049 0.18 —-0.76
H, - 065 08 079 096 018 0.81 —0.33 0.23
H;x 043 043 031 030 088 003 —-060 0.65 0.21
Hy, 044 030 019 025 081 002 -036 034 017 0.62
Hyg 0.59 064 066 084 —-0.14 091 -0.17 0.07 091 —0.08 —0.14
h 035 047 018 033 055 017 —-088 0.87 029 0.79 036 0.10
hy -0.26 —-0.31 -0.18 -0.24 -0.49 -0.09 0.63 —090 —-020 —-0.76 —0.32 —-0.03 —0.91
hy 0.14 015 016 012 043 -0.02 -035 071 012 0.68 027 -005 0.71 —0.92
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Discussion

CH;0Cl is a nearly symmetric top molecule with
a negative asymmetry parameter x=2B-A-C/
(A-C) =—0.96. For this type of molecules it turned
out to be useful, for the centrifugal distortion anal-
ysis, to apply the operator in the “symmetric top
reduction” [3]. Watson [11] has given a form for this
operator and van Eijck-Typke [4, 5] have proposed a
similar one with another choice of the sy, s3;,
5131, $113 coefficients for the transformations.

Theoretically there are many possibilities of

transforming the Watson standard form [11, 12] into
an operator with 15 constants. The result shows so
many different sets of centrifugal distortion con-
stants as given possibilities. Thus it is worth to ob-
tain constants which are independent of the used
transformation and consequently of the used Opera-
tor. Watson [12] has shown that this happens for the
following 15 combinations of standard constants:

1. By =g — 2hop = hago— 2 hops

2. B}- = /1020 e 2 17202

3. B. =lgn—2hy

4. To =hag=1/4 T} 1x

5.7, =huy=1/41],,,

6. T.. =ho=1/47....

T. Ty = hgoy+ hys+ hay

8. Ty = hayg hoas + Moo haga + hoga Mg
9. @ = hey

Table 3. Relations among the /,,,’s and the constants of
the Typke Operator.

hyy=Bi—8H)— 4 H)x+ 4 H} +4Hj,
hoy=B,+ 16 H)+ 4 Hjx— 4 H; — 12 H{ + 4 Hi,

hopy =B~ 8Hj +12H;— 8 Hj
/7-4002_D}_2(§}+2Ré

hosy=—Dj+28)+ 2 R}

1004 == Dj— Djx — Dk
hyy=-D);—6R,—4 H)+ 6 H,— 4 Hi,
fyy==D;—1/2D)x— 0} +8 Hj+ 2 Hjx — 2 H!

— H{+ 2 Hj,
hopn=-Dj—1/2 D)+ 08— AH}—2Hjx+ 2 Hi+ 2 Hi,
heoo = Hj+ Hi+1/2 H + Hig
hoso=H)— H.+1/2 H, — H,
hoos=Hj + Hjx + Hiy+ Hi
hano=3/2 Hj+1/2 H;— 5/4 H{— 3/2 Hi,
haw=3/2 H;—1/2 H{— 5/4 H,+ 3/2 Hj,
haa=3/2 H;+1/2 H)x + Hs + 1/4 H}
hopy=3/2 Hj+1/2 Hjx — H + 1/4 H¢
hyos=3/2 Hj+ Hjx+1/2 Hjy+ 1/2 H
hops=3/2 H)j+ H)x +1/2 Hy, — 1/2 H},
hyy=3H)+ Hjx—3/2 H¢
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Table 4. Relations between Watson's determinable con-
stants and the constants of the Typke Operator.

B.=B,+2Dj+Djx—26
B,=B/+2Dj+ Djx+29;
B.=B!+2D;+12R;

Toy=—-D5—3 8+ 2 RS
T, =-Dj+268,+2R;
T..=-D;~ Djx~ Dk
T, ==3Dj—Djx—6 R}

Ty =-Dj(B.+ B+ BY) —1/2 D) (B, + B))
+0;(B;— B}) — 6 R; B! '

& =Hj+ Hi+1/2 H,+ Hi,

., =H;— Hi+1/2 H,— H|,

®... =Hj+ Hjx+ Hi,+ H

&, =30H;+10Hjx+3 Hy;—15/2 H{

&, =B.(3H;+1/2H)x+3/2 H.— H,—3/2 H{y)
— B, (3/2 Hj+1/2 Hjx + H{+ 1/4 HY)

— B.(3/2 Hj+ 1/2 H{— 5/4 H, — 3/2 H{y)
+20;(Djx—26j)
—8R;(Djx—30,+4R})

&5 =B.(—=3/2H;—1/2Hjx+ Hi—1/4 H)
+B,(3H);+1/2Hjx—3/2H{— H{+ 3/2 H}p)
+B.(=3/2H;+1/2 H+ 5/4 H,— 3/2 H}p)
—26(Djx+296)

—8 R, (Djx+30;+4Ry)

@y =(3Hj+2H)x+ Hgy) (B.—1/2 B, —1/2 B))

+1/2 H{(B,— B}) —1/2 D% — 2 D}k Dk

—2DR+26%

10. (D”.‘. = /106()

11. @,,, = hos

12. @, =3 (haag+ hags + hago+ hogs + hags
+ hoaa) + hox

13. @5 = (haoo — hooa) hazo + (200 — hozo)
haoy — 2 (haoo — h220) (hago — hao2)

14. @3 = (hoy — hyo0) hoaz + (hozo — hoo2)
a0 — 2 (hoso — hoza) (hoso — ha2o)

15. @4 = (hooa — hoo) haoa + (hooz — h2oo)

hoaa— 2 (hoos — hag2) (hoos — hoza).

Since these quantities are independent of the used
transformation [12], they can be expressed as func-
tions either of the original /,,, or of the trans-
formed /qu, without any change in the value of the
B-, T- and @-constants.

We put, for comparison, the van Eijck-Typke
Operator also in the (transformed) Watson standard
form [11]. This can be made by mathematical re-
arrangement with use of the commutation rules.
After some calculations one gets the relations be-
tween the 19 constants of the transformed Watson
standard form and the 15 constants of the suitable
operator used in form of a matrix equation. These
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Table 5. Watson’s determinable constants for Methylhypochlorite up to the sixth order obtained from van Eijck-Typke
and Watson’s s-reduction constants. — The errors are standard errors from the least squares fitting procedure and are
given in units of the last figure. — The symbol M indicates the value of 4 + B + C.

CH;0%Cl CD;0%Cl
from from from from
van Eijck-Typke Watson'’s s-reduction  van Eijck-Typke Watson’s s-reduction
A 42.0649336(97) 42.0649336(97) 32.5392076(45) 32.5392076(45)
B 6.29686060(116) 6.29686060(116) 5.46525189(73) 5.46525189(73) GHz
c 5.67059500(102) 5.67059499(100) 4.97498694(60) 4.97498694(60)
Taa —2691.6(12) —2691.6(10) —1082.2(12) —1082.2(12)
Thp — 22401(14) — 22.401(12) — 16.426(9) — 16.426(9)
Tee — 11.952(12) — 11.952(12) - 9.171(8) - 9.171(8) KHz
7 47.574(202) 47.574(193) — 16.032(57) — 16.032(57)
/M —  5.804(30) —  5.804(29) - 10.26(1) — 10.26(1)
Poaa 49.9(52) 49.9(52) 9.3(64) 9.3(64)
Py 0.0015(14) 0.0018(22) 0.0043(14) 0.0052(15)
o 0.0008(28) 0.0004(30) 0.0019(15) 0.0010(14)
D, — 11.02(107) — 11.02(133) - 1.59(27) - 1.59(32) Hz
@)+ D3/M 0.0027(62) 0.0027(55) — 0.0062(26) — 0.0061(30)
D, —P3/M - 0.0024(62) - 0.0026(20) - 0.0002(26) — 0.0007(34)
D4 /M - 19.5(2) - 19.53) - 3.74(6) —  3.74(6)

relations are listed in Table 3 for the van Eijck-
Typke Operator. From this matrix equation it fol-
lows that there should exist four different relations
between the /,,, constants which can be obtained
by solution of the equations system. One relation
connects the fourth order contants, the others the
sixth order constants together. If one considers only
the terms up to the fourth order, one gets for the
Watson and the van Eijck-Typke Operators the
same relation:

fraoo — hoao = 2 (Frao2 — Fron2)

which means that both Operators are equal up to
the fourth order. We can see that this relation
agrees with the results given in Tables 1a and 3a.
The further consideration of the sixth order terms
gives different relations for both operators, i.e. for
the van Eijck-Typke Operator

3 (hgoo — hroeo) + 2 (hazo — Faao)
=4 (hapy— hoaz) = 8 (haoa — higpa)
3heoo+ 2 hama =4 hugy+ 2 hiagg

and for the Watson Operator
15 (/zsoo = /;:060) + 2 (/7:430 = /7:250)
=16 (ﬁzsoz — 1;04_2) =32 (ﬁzm— /71)24);
27 /7-(,00‘*‘ 16 /{222 = 3 1;060_’_ 6/;420"‘
+ 32 /1.403 + 10 /1.240.

were the ﬁpq,’s indicate that in this case another
transformation is needed. Because of these different
relations among the sixth order terms, both Opera-
tors are different and the constants obtained cannot
be directly compared.

The transformation of the constants obtained by
the van Eijck-Typke Operator in one set of “deter-
minable parameters” according to Watson, can be
performed through the constants /,,, of Table 3 and
leads to a representation which is independent of
the chosen form of the operator [11]. In Table 4,
Watson’s “determinable parameters” are listed as
functions of the van Eijck-Typke constants, and this
procedure is applied to CH;0*Cl and CD;O%Cl.
The results are shown in Table 5. A comparison
among Watson’s determinable parameters obtained
using the constants of the two operators (Table 8)
shows a large agreement within the given standard
errors for both molecules, as expected.
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