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The hyperfine structure of the microwave spectra of CI?0, and CI*’Oq has been analyzed. It was found
possible to fit the hyperfine splitting within experimental error with the Hamiltonian:

H=AN2+4+BN2+CN2+ (0) 8 (N . S) +Ei“b° (Zl) sN:S;+ (0) 1 (S . I) +-2;abe (’I«i) 1S:I; —{—Zia‘” (ii)q[ﬁ.
Also, several rotational transitions of CI¥¥008 have been observed and assigned.

ROTATIONAL assignment of the microwave

spectrum chlorine dioxide has been previously
reported.! The present work is largely concerned with
fitting the hyperfine structure, which was only approxi-
mately treated in I, as exactly as possible. The results
of the present investigation completely confirm both the
rotational assignment and the hyperfine assignment
given in I. In addition the approximate interaction
constants given in I are fairly close to the final constants
given here.

THE HYPERFINE HAMILTONIAN

For an asymmetric rotor molecule with S=% and one
nuclear spin, the Hamiltonian for the rotational and
electronic spin and nuclear spin states can be expressed
as follows*™:

abe
H=AN 2+BN2+CN 2+ (0)s(N-S)+3 (i) sNaS;
DY)

+ > (k) sLesinlViSi+ihSi ]+ (O)I(S'I)+Zk (291541 ;
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The quantity N (with components N, Ny, N,) is the
rotational angular momentum operator. Similarly, S is
the electronic spin operator. The quantities (25)s, (¢7)1,
(if)@ are components of symmetric, traceless, second-
rank tensors which are constants in the frame rotating
with the molecule. The quantities (k)s and (3)r are
components of an axial vector which is a constant in
the molecular frame.
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For the case of CI*0,'® and CIF0,'® with C3, sym-
metry, by symmetry one has (1)s=(¢);=0, i=a, b, ¢
and the tensors (15)s, (1)1, (¢7)q are diagonal. In the
case of CI®0O0'8, the symmetry is broken slightly.
However, the terms which now appear contribute
nothing in first-order perturbation and are neglected.
The final justification of this approximation is the
experimental fact that the hyperfine structure of
CI300 is virtually identical with that of CI¥0,t8,
Therefore the final Hamiltonian form used for ClO, is

H=AN 24+ BN@+CN 2+ (0)s(N-8)+ (aa) sN oS,
=+ (8b) sNSp+ (cc) sN oS+ (0) 1 (I-S)
+ (aa) 1l oS ot (8) 1IpSo+ (co) 1l .S,
+ (aa)ol 2+ (bb)oI?+ (cc)ol 2, (2)

(aa) s+ (bb) s+ (cc)s=0,
(aa)r+ (bb) 1+ (cc)1=0,
(aa)q+ (8b) o+ (cc)@=0.

The S subscript terms arise from a Van Vleck pertur-
bation with excited electronic levels. The Fermi or
contact interaction is

(0)r= (16m/3)grusun|¥(0) |2,

the magnetic dipole-dipole term is

where

(#8) 1= —gsgupun{(1—372) /1%y,
and the quadrupole term is
eQ oV

20 (2I—1) 2 )

(i1)q=

CHOICE OF BASIS AND PERTURBATION
TREATMENT

The rotational angular momentum N, the electronic
spin S, and the nuclear spin I, may couple in three
different ways.

J scheme: N+4S=], J+1=F;
E scheme: N+4+I=E, E+4S=F;
G scheme: I+4+S=G, G+N=F.
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TastLE 1. Fit of nuclear hyperfine structure.

CI35Q, second
CIO, CI¥70, order corrections®
v(obs)® v v(obs)® v ¢ € ¢ ¢
(Mc/sec) (Mcfsec) (Mc/sec) (Mc7sec) (Mc/sec)
1o1— 130

F=1—0 43416.10 (+0.50) 4211240 (40.23) 0 -32 0 0
0—1
1—1 L4872 (~0.11g o —26 -32 0 0
251 43398.08 (40.08 4209640 (-0 —26 —36 0 0
12 43 444,10 5 0.14) 4338928 42135.12 (4-0.05) 4208951 —65 —32 0 0
22 43 413.60 (—0.05) 4210920 (—0.07) —65 —36 0 0
352 43338.16 (—0.42) 42047.54 ( —65 0 0 0
253 43423.60 (4-0.55) 42117.52 (+0.37) 00 —36 0 0
353 4334860 (—0.21) 4205584 (—0.06) 0 0 0 0

J=%—13

F=0—-1
1—1 44545.80 (—0.12) 43 227.26 (—0.12) 26 =32 0 0
21 4451528 (—0.04) 43201.54 (—0.25) 26 —-36 0 0

-2
252 44703.00 (—0.03) 65 —-36 0 0
352 44627.20 (+0.00) 43204.8 (—0.11) 65 0 0 0
AE1n=—159.0 AL, =—158.9

J=3—%

F=1—0 43112.78 (40.17) 0 32 0 0
11 4312495 (—0.03) —26 32 0 0
2—-1
152 4314030 (-4-0.04) 41856.53 (—0.17) 65 32 0 0
22 4327456 (—0.03) 4196848 (++0.01) —65 36 0 0
253 432855 (—0.33) 41977.60 (—0.55) 0 36 0 0

J=%—>1%

r=i-i 4424208 Elg ggg 4201850 Eigggg 26 .32 0 0
25 6. 43 060, 3 26 36 0 0
152 4442974 (4+006)  *4441.68 4310418 (—004) 431146 65 32 0 0
252 4456410 (—0.11) 43 21584 (40.20) 65 36 0 0

212 303
SER T s am e b0
-2 . . < 098 0 0 0
253 138045 (—0.11) 139208 151668 (—0.44) 15188.55 154 0 0 0
34 139536 (+0.05) 152153 (+0.15) 135 0 0 0
45 142316 (-|-0.22; 154863 Eigzisl)) 0. 0 0 —13
34 142467 (4024 5499 ). —135 0 0 401
253 142564 (+0.00) 142417 155074 (—0.07) 1549478 —154 0 0 +12
152 142625 (—0.46) 155124 (—027) —098 0 0 +19
308 — 312

SETT e aue o ty e 38 1
44 477398 (0. 0 (—0. —364 —135 00 0
353 477646 (40.19) 477379 465600 (—009) 46537.28 —375 —154 —03 0
252 477782 - (40.05) 465710 (+0.43) —203 —098 —05 0
11 4823210 g—o.42) i 037.0 §+8.}s7;g 0, 0, Tl 0
252 48 276.60 (-+0.28) 4 (=0 203 098 —12 0
353 483360 (1005) 483322 471226 (4028) 4712044 375 154 —01 0
44 4830820 (—0.17) 4717577 (~0.70) 364 135 13 0

S14— 423

SNy s con =T T
54 252746 (40, . . —086 —288 05 —0.
6—5 252001 (—005) 252864 212504 (—003) 2124783 —078 —253 —01 01
76 253067 (—0.17) 212643 (—0.13) 0 0 —08 04
of pm e neat oo n a8 o
5—4 258281 (+0. . . 86 2. . .
43 258527 (4001) 258309 217841 (40.12) 2176592 069 181 —07 —05
352 258701 (—0.11) 217977 (40.52) 0 0 —14 —10

625 — 716

Ly e G g (o 0, 3
556 207133 (40.00 8 (0. . 04 —03 —0.
67 207418 (—012) 207336 248085 (+106) 24893.26 218 07 01 01
758 20770.6 (40.18) 249246 (—0.53) 18 06 05 06
829 208572 g—o.%og 25,0063 E—g.ggg 0 0 03 04

-8 208812 (+0.20 1 (=0, ~185 —06 —00 —01
67 200006 (—010) 208857 250410 (+0.70) 25029.34 —218 —07 —02 02
556 209159 (—0.40) 250547 (—0.40) —144 —04 —04 05

Z[v(calc)—r(obs)=2.6 (Mc/sec)

Z[v(calc)—w(obs)=5.1 (Mc/sec)?

 y(calc) —»(obs) in parentheses after »(obs). b ¢, e ¢, e defined in text.
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TaBLE II. Fit of spin-rotation splitting of chlorine dioxide.

CI#0, CI¥0,

Aﬂib Avib

(v4e—v_)obs® correction (v4+—v_)obs* correction

(Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec)
AE1n —159.0 (—0.02) 0.0 —1589 (—0.07) 0.0
AEq1y, —12114 (—0.04) 7.5 —1184.0 (+4-0.08) 741
212 — 303 3209 (40.39) —14.9 306.2 (—0.09) —14.1
305 — 312 —594.3 (+0.58) 11.7 —583.2 (—0.03) 11.1
S14—> 43 —544.5 (—0.54) 23.0 —518.4 (—0.20) 22.2
695 — T16 152.1 (—0.85) —18.9 136.1 (—0.12) —17.5

2 (calc)— (obs) 2=1.50 (Mc/sec)?

2Z[(calc)— (obs)2=0.08 (Mc/sec)?

2 (v4 —v-)ealo — (v+ —»-)obs in parentheses.

The J scheme would be a good choice of basis if the
spin-rotation interaction were the largest, the E scheme
if the quadrupole interaction were largest, and the G
scheme if the Fermi interaction were the largest.

In the case of ClO; a rotational transition for large
N should consist of two quartets if the J scheme is
applicable, 4 doublets if the E scheme is applicable,
and a group of 8 lines if the G scheme is applicable.
Since the observed spectrum consisted of quartets the
J scheme basis was naturally chosen.

For the J scheme basis the energy of a single hyperfine
level can be represented to second-order perturbation by

E[N7JF]=(N+JF|H|N+JF)

. NeIF|H|Nr(J£1)F)|?
" E[N+JF]—E[N+(J£1)F]

(N+JF|H|N's'J'F)|?
N'71 E[N+JF]—E[N'7'J'F]

(1—dnnd,0), (4)

where the quantity 7 is the asymmetric rotor quantum
number.

Complete evaluation of the sum over N'7’ is tedious
since there are nonzero matrix elements for AN<2.
Fortunately for the parameters found for ClO,, it can
be easily shown that there is only one term in the
sum over N’ which contributes significantly. This
term has J'=J, K_y=K_; (K-, is the prolate-top K,
1=K 1—K,,), and AN==41 (& chosen in order to
make J'=J).

Matrix elements of the terms in H for which AN=0
and Ar=0 have been given previously.2~* The required
matrix elements for which AN=21 are given in the
Appendix for k= —1. The effect of rotational asym-
metry was not included for these terms.

3 [{N+JF|H|N+(J£1)F)|?
 ENtJF]= [N+ 1)FT

UNK_vyJ | Hsn| (N+£1)K_yyJX(N+1)K_yyJF|Hp| NK_1yJF)
e ==

b Ay, (corr) is added to (¥4 —»-)obs to remove effect of second-order terms.

FITTING THE SPECTRUM

The spectra of CI*0, and CIF7O, were fitted as
follows: First the parameters were estimated and the
second-order perturbation terms which depend on the
subscript I and Q parameters were calculated. These
were subtracted from the observed spectrum. Then the
differences were fitted by least squares with (0)7, (aa)r,
(co)1, (a@)q, (cc)q, and v, for the center of each quartet.
In the case of the 1o5,— 1y transition, »,(3—3%),
v_(3—13), and AE,,(§—%) were used. The frequencies
being fitted are linear functions of the parameters. The
least-squares computation was carried out on the Rice
University digital computer.

The spin-rotation interaction parameters were fitted
to the (v.—w»_) differences by the following procedure.
The estimated values of (aa)s, (bd)s, and (cc)s were
used to correct the differences between the ».’s by
removing the second-order terms. The corrected differ-
ences between the »,’s were then fitted by least squares
with (0)s, (ea)s, (bb)s, and (cc)s. The average of the
two »,’s associated with a rotational transition was
then corrected by the subscript .S parameters obtained
and the second-order perturbation terms, giving the
hypothetical rotor frequency », for each transition. The
rotational constants were fitted to the five »y’s by
least squares. The transitions with N <3 were given
weight ten; the Sy — 493, weight one; the 69— 7y,
weight one-half.

The new parameters obtained were used to recalculate
the second-order perturbation terms. These were sub-
tracted from the observed frequencies, and the least-
squares fits were repeated. The parameters changed
only very slightly.

Table I gives results of this second iteration for the
two species. The observed frequencies which were
reported in I are listed here again for convenience. The
quantities €, ¢, ¢/, and e are defined by

)

E[NK_yyJ]—E[(N+£1)K_1vJ]
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TaBLE III. Rotational frequencies and constants of chlorine dioxide.

Corrected?
vy v_ (vitv_)/2 Av(corr)b vo°
(Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec)

CB50,

1ot — 110 43 396.8 44 4417 43919.3 —174.3 437450 (—0.25)

219> 303 14 234.3 13 928.3 14 081.3 +40.6 141219 (+40.12)

303 — 312 47 742.2 48 324.8 48 033.5 —41.3 47992.2  (40.13)

514 4o3 25 298.2 25 819.7 25 559.0 —40.3 25518.7 (+410.9)

695 — 716 20 876.3 20743.1 20 809.7 +12.0 20821.7 (411.2)
CB"0,

lot = 110 42 096.6 43114.6 42 605.6 —169.7 424359  (—0.30)

215 — 301 15487.8 15195.6 153417 +39.3 153810  (+0.14)

303 — 312 46 541.4 471134 46 827.4 —40.9 46 786.5  (+0.16)

514> 4o 21259.1 21755.3 21 507.2 —38.7 21468.5 (+11.2)

695 — 716 25 020.5 24902.0 24 961.3 +11.4 24972.7 (48.0)

a The »; and »_ frequencies given in Table I have been corrected for the effect of the spin-rotation Hamiltonian which is off-diagonal in N.
b Ap(corr) =[1/4(2N’+1)1Zs’ —[1/4(2N +1) 123, and is part of the correction mentioned in I.
° »o is the hypothetical rotor frequency. The numbers in parentheses are [»(calc) —»(obs)] where »(calc) is obtained from the parameters given in Table

where

Hgr=(aa)sNoSo+ (00) sNuSy+ (cc) sN oS,
Hp= (aa)IIaS.,-l— (bb)IIbSb+ (CC)[IGSC;

v is the asymmetric rotor quantum number which
appears in the Wang wave function (see Appendix),
¢ and ¢’ refer to the upper state involved in the transi-
tion; € and e refer to the lower state. Thus

v*=p(obs)—e+e—e'+e

should be a linear function of the parameters.

In Table IT are listed the second iteration »,—wv_,
Av(corr) (the correction for second-order perturbation
with other rotational levels), and the difference between
the calculated and observed v,—v_.

In Table IIT are listed »,. and »_ corrected for
second-order terms, (v +».)/2, Av(corr), vy (the rotor
frequency), and wo(calc). In Table IV are listed all the
parameters obtained in the fitting process.

The particular method of fitting used here was chosen
for a number of reasons. First, it was decided that the

TasLE IV. Hamiltonian parameters obtained by fitting
microwave spectrum of chlorine dioxide.

CI350, CB70,
(Mc/sec) (Mc/sec) Ratio CI¥0;: CB70,
A=52077.95 50 733.98
B= 995242 9952.91
C= 8333.21 8298.38
(0)s= —533.6 —521.4
(aa)s= —855.0 —830.9
(bb)s= 316.9 304.7
(cc)s= 538.1 526.2
0);=  46.21 38.48 1.201]
(aa);= —77.87 —64.87 1.200 Juz=1.201
(0b)7= —83.09 —69.02 Has/ par= 2
(cc)r= 160.96 133.89 1.202
aa)e= —8.65 —6.82 1.268
()=  0.38 0.44 Qs5/Qs1=1.269
(cc)o= 8.27 6.38 1.296

spacings inside quartets would be most accurately
represented by the equations used and approximations
made. However, if one fitted the frequency differences
in quartets, the experimentally observed lines would
have different weights; by fitting », to each quartet
the experimental observations are weighted equally.

TABLE V. Predicted rotational constants and some observed
microwave transitions of CI350%018, 4 =50 578 Mc/sec, B=9380
Mc/sec, and C=7892 Mc/sec.

Av(corr)  wo(obs)  wo(calc)
(Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec)
212 — 303
F=0—-1 11 633.8 (vvw)
1—-2 11 640.1
2—3 11 677.5
34 11 736.2
55 11 905 11 906
4—35 12011.4
3—4 12 026.6
2—>3 12 036.7#
1—-2 12 042.7
S1a— 493
F=4-53 28 308.2
54 28 322.1
6—35 28 337.4
756 28 354.2
—45 28 562 28 567
"6—5 28 843.6
5—4 28 873.7
4—3 28 897.9
3—-2 28 915.8=
625 — 716
F=4-—>35 14 855.6
556 14 881.2
6—7 14 910.0
7—8 14.939.1
15 14 997 15014
8—9 150352
7—8 15059.2
6—7 15078.4
5—-6 15093.6

a A normal line falls at this frequency, therefore one cannot be sure an
Q18 line is present.



MICROWAVE SPECTRUM OF Cl10.. II

TaBLE VI. Comparison of frequency differences between corre-
sponding hyperfine components of CI350,1¢ and CI3801Q8,

Av(018) Av(01%)
212 — 303
F=0—-1
6.3 6.4
12
37.4 36.0
2—-3
58.7 59.1
3—4
275.2 278.0
4—-35
15.2 15.1
3—4
10.1 9.7
2—3
6.0 6.1
152
S14— 43
F=4->3
13.9 13.6
5—4
15.3 15.5
6—5
16.8 16.6
7—6
489.4 491.8
6—35
30.1 29.6
5—4
24.2 24.6
4—-3
17.9 174
3—>2
625 — 716
F=4-—>3$
25.6 253
5—0
28.8 28.5
67
29.1 28.8
7—8
96. : 86.6
8§—9
24, 24.0
7—8
19.2 19.4
6—17
15.2 15.3
5—6

The reason it was decided that »,.—»_ would not be
as accurately fitted is that Av(corr) was calculated for
x=—1 and the magnitude of the error incurred by this
approximation should increase with N. In order to
estimate this error, Av(corr) arising from 645 <> 75 has
been calculated for k=-—0.9259 and is found to be
—11.9 Mc/sec compared to —11.2 for k= —1.

Finally, the rotor frequencies were not expected to
be exactly fitted because of centrifugal distortion.

1997
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A sample of O¥—ClO, was prepared as follows.
Sodium hydride (0.3 g) was dissolved in a fivefold
excess of 309 O¥—H,0. Then Cl; gas was passed
through the solution, giving NaClO; and NaCl. The
NaClO; was made to react with oxalic acid to give O'$
chlorine dioxide.

The rotational constants of CI3%0*¢0'® were predicted
from the structure of chlorine dioxide and Kraitch-
mann’s equations, and are given in Table V. From
these the vy’s of several rotational transitions were
predicted. The observed »y’s are compared to the
predicted »¢’s in Table V. This comparison confirms
the rotational assignment. The approach used and the
Av(corr) given are the same as those of paper L.

The most conclusive confirmation of the rotational
assignment of CI®*O' 0!8 is obtained by comparison of
the frequency differences between successive hyperfine
components of the O transitions with the frequency
differences between the corresponding components of
the corresponding O transitions. These comparisons
are shown in Table VI.

The close correspondence of the spacings inside
quartets indicates that the subscript I parameters and
the subscript Q parameters are unchanged to our
experimental accuracy by O' substitution. However,
the splitting between quartets is changed by a few
megacycles per second by O substitution. Therefore,
the three subscript .S parameters were fitted to the
three »;—»_ in Table VII.

The rotational constants 4, B, and C were fitted to
the three »y’s in Table VIII assuming the same apparent
centrifugal distortion as in CI®*0,'S, The very slightly
revised structure obtained for ClO; is also given in
Table VIII. This is now an 7, structure.

DISCUSSION AND INTERPRETATION OF HYPERFINE
PARAMETERS OBTAINED

The first item to be considered is the internal con-
sistency of the hyperfine parameters obtained for the
various isotopes. The subscript-/ parameters should be
proportional to the magnetic moment of the Cl nucleus.

TaBLE VII. Spin-rotation interaction of CI35016018,

(V+— V—)obs Aveorr®
(Mc/sec) (Mc/sec)
2‘2—)303 318.8 —15.2
S1a— 4o —542.5 23.6
625 — 716 161.9 —19.3
(aa)s=—828.5
(bb)s= 310.9
(C(J),s= 517.6
(0)s=—513.3

a Av(corr) arises from second-order perturbation off diagonal in N and
must be added to (v4+—»-)obs to remove these terms.



1998 CURL, HEIDELBERG, AND KINSEY
TaBLE VIIIL. Calculation of the rotational constants of CI3501608 and the 7, structure of ClO,.
o

vy v_ wetv)/2 Avw(corr)? vo Awo? corrected

(Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec) (Mc/sec)

212 — 303 12021.8 11 703.0 11 862.4 40.0 11 902.4 0.0 11 902.4
51— 4o 28 333.8 28 876.2 28 605.0 —39.2 28 565.8 10.9 28 576.7

625 — 716 15063.6 14 901.7 14 982.65 11.8 14 994.4 11.2 15 005.6

A=750580.9 (Mc/sec) re=1471 A

B= 9379.6 (Mc/sec)
C= 7891.7 (Mc/sec)

(0C10),=117° 35’

a Ay(corr) includes 2nd order effects off diagonal in N and the Av(corr) of Table ITI. X
b Apo is added to »o to obtain vo(corrected). It removes the apparent centrifugal distortion found in CI#6(016),,

The subscript-Q parameters should be proportional to
the electric quadrupole moment of the Cl nucleus.
Therefore, these parameters should be the same for the
two CI%® species, CI3%0,!% and CI**0'¢0'8. Since quartet
spacings of corresponding transitions are identical, this
criterion is satisfied.

Tasre IX. Effect of isotopic substitution on
spin-rotation parameters.

The ratios of these parameters for CI3%0,; to CIF0O,
are given in Table IV. Also, the ratios of the magnetic
and quadrupole moments are given. The agreement is
highly satisfactory.

The quantities 45, Bs, Cs, which are defined as
Ag=(aa)s+(0)s, Bs=(bb)s+(0)g, etc., should be
proportional to the corresponding rotational constant.?
The proportionality constant should be nearly inde-
pendent of isotopic substitution. In Table IX these
paramieters are compared for the different isotopic

CI#(0%), Cr7(0%), CrsorQt species analyzed. The isotope dependence agrees well
As — 13887 —1352.3 —1341.8 with that of the rotational constant.
Bs —216.6 —216.7 —202.4
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APPENDIX

Matrix Elements Off-Diagonal in N, =, used in Fitting the Spectrum

The asymmetric rotor notation used here is N, K_;, and v, where

Y(NE_yy)= Q)Y (VEK_)+ (1) (N—K_)]

and Y (VK_,) is the wave function for the prolate symmetric top. In the formulas given below, k= —1.

—3K[(N+1)2—

((N+1)K.1’Y’]Fl HSRJ NK_17JF>=

K21 (a0) s+301x(— DV(N+1)[2(cc) s+ (aa) s T} W
4(N+1) ’

where Hsg is the spin-rotation interaction. For B, levels, the 8:x terms have opposite signs.

((N+1)K_yy'JF|Hp| NK_yyJF)

~[](J+1)+I(I—I—1)—F(F—!—l)]SK[(N-I—l)z—K?]*{ (@)1 +30:1x (— )Y (N+1)[2(cc) 1+ (aa)1 1}

@

2(2N+1)(2N+3)(V+1)

where Hp is the magnetic dipole-dipole interaction between the nuclear and electronic spin.

§J. H. Van Vleck, Revs. Modern Phys. 23, 213 (1951).
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These matrix elements are used in the calculation of the second-order perturbation corrections e and A, (corr).

_ AWA)K_ryJF|Hsx| NE_JFXNK _tyJF| Hp| (N+1)K_1vJF)
B E[NK_wJF]—E[(N+)K_wJF] '

e

©)

Avy(corr)=—AE,+AE'+AE,—AE_, 4)
where
[{(N4+1)K_vJF|Hsg | NK_yJF)|?

Y EINK oI Fl— ELNA DKy JF]

_ [(NK_yyJF|Hsg|(N—1)K_yyJF)|?
- E[NK_wJF]—E[(N—1)K_nJF]




