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The microwave-Zeeman-spectrum of HOCI has been investigated with magnetic fields up to
25 kG. A method is described to perform the calculation of the Zeeman parameters independent
from rotational constants and quadrupole coupling constants.

Introduction

In the recent years many investigations of the
rotational Zeeman-effect have been reported. Among
the ‘molecules of different kinds are very few con-
taining a chlorine atom !~%. We report the results of
the Zeeman studies of the HOCI molecule.

Other asymmetric-top molecules containing chlo-
rine are under investigation in this laboratory.

We started with this simple triatomic molecule,
as the structure has been determined with a good
approximation . We hope further that quantum
chemical calculations may be performed for this
simple molecule.

Experimental

Hypochlorous acid (HOCI) was prepared con-
densing Cl,0 (0.5 ml) on ice (0.5ml) at liquid

nitrogen temperature.

The sample was then permitted to warm up to
—20 to —30°C and a slow reaction took place at
the contact surface until the equilibrium mixture
Cl,0 + H,0 Z2HOCI was obtained. The sample
was then stored in a bath at —80°C: a decom-
position could not be detected at this temperature.

For the microwave measurements HOCI develop-
ing from the equilibrium mixture flowed continously
through the waveguide at a pressure of approxi-
mately 4 mTorr and a temperature of —23 °C.

The spectrometer used was a conventional 33 kHz
Stark-modulated one described elsewhere °.

The frequency sources were conventional BWO’s
up to 40 GHz. For the frequency range above
50 GHz the second harmonic of a 30V12 OKI-
Klystron was generated using a cross waveguide
harmonic multiplier provided with a Schottky-bar-
rier mixer diode PI 1909.

* On leave from Tokyo Institute of Technology, O-okayama-
Meguro-ku — Tokyo/Japan.

Spectrum

HOCI is a prolate-top molecule with rotational
constants 4 = 607 GHz7, B =15.11750 GHz and
C=14.72504 GHz5. Only an investigation of the
Uq-type spectrum can be performed with our present
apparatus. The measured lines are: 0gg— 19y, 14; —
2y, and 1;5—2;;. Due to the high values of the
quadrupole coupling constants of chlorine ()
= —121.91, 2,=59.61) and the relatively low
magnetic field of 30 KG only the coupled case could
be investigated.

The appropriate Hamiltonian for the HOCIl-mole-

cule is in this case 8:
H’—_‘}{rut +Hm:lg +HQ ’ (1)
Humg = :Hg;g - 7"5181215' + }’;lll;g . (2)

Where H,,; is the usual zero-field rigid rotor Hamil-
tonian, H, is the nuclear quadrupole coupling
Hamiltonian for the Cl atom and H,,,, describes
the Zeeman effect which has three contributions:
the rotational Zeeman-effect described by H{E, con-
taining the molecular g-factors, the Zeeman effect
originating from the induced magnetic moment
described by H s containing the molecular mag-
netic susceptibility tensor and the Zeeman effect of
the chlorine nucleus described by Hfﬁ;g containing
the nuclear g-factor g; .

Considering that the splitting due to the Zeeman
effect at field strengths from 5 to 30 KG is less than
or at most equal to the quadrupole coupling split-
ting of the chlorine atom, the cases of low and
intermediate field have to be used for the calculation
of the energy levels.

The combined Zeeman-quadrupole effect can be
described with the basis function |/, 7,1, F, M) or
E],T,I,MJ,M[>.

The first one is more adapted to the case of low
fields, the second one for the case of intermediate

and high fields. In the |J,7,1,M;, M;)-basis only
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a (I,7,1/],7,I) submatrix will be considered. H,,;
is diagonal in this basis. The contributions of Hy,,¢
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will be considered only to first order. The (/,7,1/
J,7,1) submatrix has the following elements:

(Js T,IaMJ,MIIj'Irot +Hmagl]a7317M.ls]ul) =Erot+E§§a)tg +E§1§;g +Egz):g (3)
where E., are the usual asymmetric rotor eigenvalues
M;H
ngz)xg = — Uy J(JJ+1) Zgyg (1) (4)
3MP2E—-J(J+1)
S) _ _ 2 _ J _ 2
Ernag 1/2 x H, { 32) 1)(21+3)](]+1)2(3xgg 3x)(!u)} (5)

EQde = —poq M H

(1, My, My | Ha o LMY, M) = S0 +1)

(6)
—3MA{IT+1) —3 M2} Ouym, Ouym, (7a)

+3CEM;E) M FY) VUFM)(TEM;+1) (IE£M)) (IFMp+1) Ouy my21 Ouym71 - (7h)
+3CVUFTM)UFM, =) (JEM;+1)(JEM;+2) UEM)IEM; 1) IFM;+1)(IFM;+2)
“Ony My+2 Ontya, 72 (7¢)
the value of C is:
1 (@
C=JUrn @D @i+ i@i-1) > M a

H, is the applied magnetic field, 1, the nuclear
magneton, g,, the diagonal elements of the molecu-
lar g-tensor, y,, the diagonal elements of the mag-
netic susceptibility tensor, y the bulk magnetic sus-
ceptibility, g; the g-factor of the chlorine nucleus,
25" the nuclear quadrupole coupling constants of
the chlorine atom and (/,?) the expectation value
of the squared angular momentum operator for the
state J, 1.

In the basis |J,7,1,F, My) the Hamiltonian H,
of the quadrupole coupling energy is diagonal in
Mpy=M;+M; and the matrix of the total Hamil-
tonian (1) has only diagonal elements.

In the Table 1 the submatrices for /=0,1,2 are
given in detail with running M; and M; .

I is fixed to 3/2 for chlorine, E,, and — 3%y H,?
have been omitted and My is given in addition to
M; and M; indicating that the matrix is diagonal in
My in the |J,7,I, F, My)-basis. Due to the limita-
tion in the strength of the applied magnetic field, it

was not possible to reach the more simple case of
high field condition.

For this reason the basis |/, 7,1, F, My) has been
found more convenient for the characterisation of
the energy levels E(J,7,I,F,My) and for com-
parison with the zero field values E,q(/, 7)

E(],T,I,F,MF) =Er0t(-]9r) _%tzz
—E(J,7,1,F, My) . 9)

E'(J,7,1,F,My) are the eigenvalues of matrices
given in Table 1.

To avoid the use of inaccurate rotational con-
stants and of the quadrupole coupling constants of
chlorine for the determination of all Zeeman pa-
rameters, a method has been developed which uses
the frequency differences between measured Zeeman
satellites.

Simple relations have been obtained relating the
frequency differences and the g-factors only or the
magnetic susceptibility anisotropies only.

Mp=13/2

Mp=2%1/2

Mj=0; Mi=1%3/2

Mj=0;M;=*1/2

Myp=+3/2 %{:gg/z F3/2 o 91 Hz 0
Mp==*1/2 %{:9_}_1/2 0 F1/2 uy g1 H,

Table 1 a. Submatrix for J=0.




Table 1 b. Part of the submatrix for J=1 with the elements used in this work.

Mp=25/2 | Mip==sk g2
Mj=121; M;=13/2 | Mj=2x1; Mi=%1/2 Mj=0; Mj=1%3/2
__ F3/2 1o g1 Hz
M=l F1/2 Mo%gag Jg* e He
My=:k5j2 —H2[30 3G 190—370) Jour 0 0
M;=1%3/2 g
+1/20 3 75" g1
g9
F1/2 g g1 He
MJ: i 1 11/2 Ho Zggg (.102)11 HZ
g
0 —H.2/30 33 zgg—37) (U
Mi=%1/2 22 ” X9g 0 T 12/(? %‘ 7024
—1/20 3 73" (U g1
Mp==13/2 g
Mj=0 +3/2 ug g1 Hz
0 VB g sangp s HHA15 3 B 1003 1) ToPhue
Xog Jg 17 g9
Mi=+3/2 0 3 —1/10 3 7 5> UgHue
g
Table 1 c. Part of the submatrix for J=2 with the elements used in this work.
Myp=117/2 | Mp=15/2
Mj==%2; Mi=%*1/3 | My=%2; Mj=%1/2 My==%1; M;=13/2
—+ F3/2 o g1 Hz
Mr=E2y F1/3 g Zg9g{Jg?)er H-
g9
MF=sai —H63 3G 10s—37) oD 0 0
M=*3/2 g
+1/423 15T e
g9
F1/2 uo g1 He
—+ + 0
My F1/3 g Hz 3 ggg {Jg*)ss
g9
0 —HZ2[63 3 (3 x99—3 1) {Jg*)er Rz Sy (1,2
Mi=%1/2 g 42 72’0: g /et
—1/42 3 55T g* e
Myp=1=5/2 !
My=%1; F3/2 1o g1 Hz
V3 cen F1/6 uo Hz X' 999 Jg*) e
0 T 3 2590 g™ g
Mp=+3/2 v +H?126 373 xg9—3 1) {Jo»ar
9

—1/84 3 15" (Jg*)er
g9
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Thus the values of these parameters are deter-
mined from experimental results directly without
using involved fitting procedures.

quency from the level E(J,7,1,F, Mp) to the level
E'(J,7,I')F,My’) is expressed by the notation
v(J],—J s F—F; My; H,). Further we use the

The following procedure is used in the case of
parallel fields with AMyp=0: The transition fre-

sum of the transition frequencies

v[J,>UJ+1),3F=]+1—-F =F+1;My=F; H,]
v[J,=>U+1)3F=]+1—F =F;My=F;H,]

and

in the following formula

vE(Mp=1F) (10)
_ W=t F=J+1>F=F+LiMp=2FiH,)) +v(J > T s F=]+1> F=F;My=3F; H,)
B ;
Now it is easy to see that
H,
"_(MF: “F) "V+(MF: +F) =Dv_ :'“07}1; = where J;f(gl’ YGaas> Job s g('(') (11)
is only a function of g; and g-factors.
For the susceptibility anisotropies the following formula was developed:
H}?
" (My=—F) +v*(My=+F)] 40 — [V (Mp= —F) +v*(My=+F)] y..o =D," = -5 5 (12)

where

S:f(a,ﬁ), @ =2 Yua— Job— Xec and ﬂzzlbb_zcc'“Zuu-

Both 4 and S functions are given in Table 2.
In the case of perpendicular field conditions (4My= 1) the following formulas have been found

v+ F=]+1->F =F+1;My= —F—>My = — (F+1); H,]

= U+ D) F=l 41> F =F+13Mp=F > M’ =F +1; H,] (13)
[ AMy= —1) —v(AMp= +1)] =D, =y f,llli ,
H?
[ (AMy= ~1) +v( My = +1)Tis0 ~ [(AMp= ~1) +7(@Mp= +1)]u0 =D," = Z=S. (14)

Further, for the 0yy— 1y, transition the formulas
given in the appendix were developed.

Using the relations (11, 12), (13, 14) and (A1,
A 2) the values of the g-factors and of the magnetic

Table 2) are given in Table 3 together with the D,*
and D,” values.

The assignment was made observing the relative
intensities and the frequency shifts of each Zeeman

susceptibility anisotropies could be obtained. The
Zeeman splittings at several magnetic fields of those
transitions used to derive the functions (see

component. D,* values smaller than 30 kHz have
been omitted, as the experimental errors of D,*
have been estimated to be about *20kHz. From

Table 2. List of the obtained functions 4;(gs. gaa. gov . gee) and Si(a, f). Nr. 1 and 2 refer to AMp=0 case Nr. 3, 4,
5 and 6 to the AMp= %1 case.

i Transition F | My | — | My’ | A1 s gaa gvb gec) S(a, B)

1 0= 1gy 3/2 32 — 3/2 —g1+1/2(gbb +gec) —a/30

2 Tgi=>245 5/2 52 — 502 —g1—1/2 gaa+1/2 gob+ gee (5a—9p)/210
3 5= Tog 3/2 3/2 — 5/2 gbb+gee a/l5

4 1y — 24 5/2 512 — 12 1/3 (—gaa+2 gob+5 gec) (10 a+3 ) /105
5 Lig— 2y 5/2 52 — 17/2 1/3 (—gaa+5 gbb+2 gec) (7a—3 f)/105
6 055 1s; 3/2 1/2 — 3/2 91+1/2 (900 +gec) —a/30




Table 3. Observed D,” and D,* values.

Field Obs. Freq. Obs. Freq. D,” (MHz) D,* (kHz)
J—=>T (Gauss) F—F My — My’ (MHz) F—F Mp - Mg’ (MHz) obs. calc. * obs. calc. *
0p0 = 1o 00 3/2—5/2 29848.586 3/2—3/2 29818.063

32— 3/2 20852.531 3/2—> 3/2 29820.279
13023.1  3/2—>5/2 {—3/2 32 o0ga5032 S22 \_35 35 20815328 2 0125 —6.129 - -
32— 3/2 29854550 { 3/2—> 3/2 29821.168 ,
191171 3/2—5/2 {_ Da 35 soaisaes  d2—sz | 3BT B Seiiass 898 —8.998 72 78
. 3/2—> 3/2  29856.263 { 3/2—~ 3/2 29821.851
24078.9  3/2— 5/2 { Se 3 Jomaes  S-sz YO N eimes —l1337 —113% 129 124

98209 3/2—5/2 { 32— 5[z 29849.075 ~1.032  —1.031

—3/2—> —5/2  29848.043

147073 3/2—>5/2 {_gﬁ’ = _gﬁ el ~1540 —1543 —102  —104
21966.5 3/2— 5/2 {_g;‘;’ = _g;g oo 2305 —2305 —232  —232
s wmevn {373 DUSN gian (AT B s s -
ly—>2, 00 5272 59205709  5/2—5/2 59280.108
wnr s | BT ZEOS sow (AT 3 EEZ w m - -
sono st | BT I BME  onesn [T % DU s e -
9824.3 5/2— 72 { _gg e _;ﬁ =y —2751  —2.739 - -
147029  5/2—> /2 { _gg = _;ﬁ s —4081  —4098 —79  —95
21966.1 52— 7/2 {_gﬁ, = _%g e —6127  —6121 —229  —222
ly—2, 00 5/2-72 60077.657
98332 5/2— 72 { _gg e _Zg e —2854  —2.850 - -
147042 5/2—17/2 { _g;‘;’ = —% et —4272 —4258 —112  —113
, 21968.7 { _gg = _% il —6346  —6358 —254  —253
* These values have been calculated by putting the values listed in Table 3 into the relation,
D,"=0.76227, x 10~ x 4 x H, and D,*= ‘3.’9*;62‘7* x Sx Hat.
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D,* and D, -values the functions 4 and S could be

estimated using a least square fitting procedure.
They are listed in Table 4.

Table 4. The value of the functions shown in Table 2.

Functions obs. dev. *

Ay = —0.6176 £0.0024 —0.0002

4, = —0.9697 £0.0007 —0.0002

3 = —0.1376 £ 0.0002 —0.0022

34, = —1.0964 £0.0038 0.0007

34y = —1.1377£0.0035 0.0003

Ay = 0.4786£0.0010 0.0009
S- 30 = 262+ 2.2+%* 1.4
S+ 15 = —289% 0.3 —4.1
S$:105 = —220.7% 2.2 0.4
S$-105 = —200.5+24.1 0.3

* dev. are the differences between the observed and the
calculated values.
** The units are 10—% erg/G*- mole.

The signs of the g-factors, as listed in Table 6
could be determined using the knowledge that the
sign of the gj-value of chlorine is positive 1°.

In this case no reference to the magnitude of the
molecular electric quadrupole moment or the sign
of the second moment of the electric charge is
necessary.

The electric quadrupole coupling constants of the
chlorine atom were remeasured from the frequency
splitting of the Oyo—1gy, 143—245 and 1,5—2
transitions at zero magnetic field as reported in

Table 5. The results, listed in Table 6, agree with

2 yaa— Jbb— Jcc
2 Zl)b—l((‘f‘laa
(T

- Microwave Zeeman Spectrum of Hypochlorous Acid

the values reported by Mirri et al.® within experi-
mental errors. For a final check the frequency split-
Table 6. Chlorine nuclear g,-factor, molecular g-values,

magnetic susceptibility anisotropy parameters and nuclear
quadrupole constants of chlorine.

' 0.5490+0.0014
Jaa 0.6390 £ 0.0055
gbb —0.0752 £ 0.0009
gee —0.0616+0.0010

—24.8%0.3-107% erg/G*-mole
15.8%0.7-10% erg/G-mole
—121.93+0.03 MHz (—121.91+0.07 MHz)»
59.50 % 0.04 MHz (59.61£0.08 MHz)
62.43 MHz

Laa
(1
Ve
. (C1)

Lee

O 1 O

The values in parenthesis are given in a preceeding work
from Mirri et al. Our values fit the measurements of this
paper in a better way.

tings observed for the Ogg— 1gy, 11 — 245, 19— 24
and 1,; — 2, transitions are listed again in Table 7
for both AMy=0 and AMp= =1 cases and com-
pared with calculated values which were obtained
by solving the Hamiltonian (2). In these calcula-
tions the values reported by Ashby ® were taken for
the rotational constant A and those reported by
Mirri et al.  for the constants B and C.

Molecular Electric Quadrupole Moment

Combining the molecular g-values, the magnetic
susceptibility anisotropies and the rotational con-
stants, the diagonal elements of the molecular elec-
tric quadrupole moment tensor can be calculated

using Eq. (15)

) __M(ﬂi@,_gﬁb__ﬂm)_ﬁ(gy o — 7o) (15)
aa 8 Mp A B C ‘ . , Laa Lb hcC
Jx-xe—=>Jx-_x+ corr.® F—>F obs. calc.
Table 5. Transition frequencies (MHz) at
20842.461 3/2—1/2 29872.925 29872.943 zero magnetic fields.
0go — 1oy = 0 611 3/2—5/2 29848.586 29848.557
- 3/2—3/2 29818.063 29818.075
1/2—1/2 59318759  59318.756
1/2—3/2 59303.141 59303.149
Ty <50 59288.274 5/2—7/2 59295.709 59295.708
i 12 +0.008 5/2—5/2 59280.108 59280.101
3/2—3/2 59276.366 59276.373
3/2—5/2 59265.229 59265.226
1/2—1/2 60100.719 60100.738
1/2—3/2 60085.880 60085.863
Lio = 2 60070.256 5/2—17/2 60077.657 60077.628
10 3 +0.008 5/2—5/2 60062.733 60062.752
3/2—=3/2 60057.764 60057.771
3/2—5/2 60047.144 60047.145
1, — 9 59684.064 3/2—3/2 59708.463 59708.450 .
o1 02 +0.013 5/2 - 5/2  59656.181 59656.195 * corr. are the corrected frequencies for the

nuclear quadrupole splittings.
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and cyclic, where |e| is the electronic charge, M, the proton mass, m the electron mass. 4, B and C are
rotational constants, g,, the molecular g-factors and 7, the magnetic susceptibilities. The Q,, are given in

Table 8.

The second moment of the electron charge can be calculated in the form given as follows:

2 h gvb __ Yaa
2\ _ (a2) — 2_ 2 _ Jaa
(8%) — (a%) = 52062 at) + g (- %

(a*) = (0| Za?| 0)

Table 8. Diagonal elements of the molecular electric qua-
drupole moment tensor.

Qua =+ (0.50+0.35) -10—2 esu
Qbp =+ (0.74%0.67) -10—28 esu
Qcc =—(1.24+1.02) 10~ esu

where Z, is the atomic number of the nth nucleus,
a, and b, are its coordinates in the principal axes,
a; is the coordinate of the i*! electron.

(c?) — (b?) and (a®) —(c®) are obtained by
cyclic permutations.

Using nuclear second moments calculated from
the known structure of HOCI 5:

S 7, 0,2 = (17.41 +0.04) 10716 cm?,
S Z,b,% = (0.81+0.03) 1016 cm?,
>Z,c,2=0.0

and the empirical rule given in (9) for the estima-
tion of (c¢®) from free atom values, one gets the
values given in Table 9. Further the diagonal ele-
ments of the paramagnetic susceptibility tensor and
of the diamagnetic susceptibility tensor given by
the following formulas, could be calculated.

ez N R Gaa
Xoa = — (2mcz) [(87‘!14 Mp) _égzn(bn2+cn2)
(18)

4 2
) + "slne_;’ [(2 260 — Xaa — Xec) — (2 Laa — Xvb — Xec) ]
(16)
(17)
2 N
o=~ () OIS @e]0).  (9)

Table 9 lists all the calculated parameters. As the
bulk magnetic susceptibility is the sum of a pa-
ramagnetic and a diamagnetic term it can be now
evaluated to be

7= —(27.21£3.7) - 10" € erg/G* mole..

Table 9. Calculated Zeeman-parameters.

(a*) 21.3 £0.5
(0% 48 *05
) 3.9(+0.3) *
() —(36.7 £3.2)
iowy —(106.3 +3.2)
ey — (1104 *3.9)
(Hoa) 1.2 0.2
(fon) 844 *0.3
) 86.2 0.4
Xaa —(35.5 *3.4)
Xbb —(21.9 *£3.5)
Xee —(24.2 *4.3)
1=1/3(taa+xv0+xcc) — (272 £3.7)

* Estimated with the additivity rule given in Reference 9.
z-values are given in units of 10—%erg/G2-mole. (a?),
{b?®) and {c®) are given in units of 10~1% cm>,

Appendix

For the transition Ogy— 1y; (=06 in Table 2)

the following formulas were developed:
v(F=3/2—F =5/2; Mp= —1/2— My =
v(F=3/2—F =3/2; Mp= —1/2— My’ =

—3/2; Hz) =71,
—3/2; H,) =v;,

v(F=3/2—F =5/2; Mp=1/2— My =3/2; H,) =5,
y(F=3/2—> F =3/2; Mp=1/2 — Mg =3/2; H,) =,

D 1t

_ V3t

2

= uo(H./h) A,

2 (A1)
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Y, 4V, Vo + ¥ v+ vy Vo + ¥ H.;?
O O I LT e S -
2 2 .40 2 2 H,=0 h e
A and S are listed in Table 2.
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