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The microwave spectra of CH,CI®F and CH,CI¥’F between 16,100 and 39,000 Mc, have been measured and analyzed.
The rotational parameters are @ = 41,810.1 Mc., b = 5,715.7 Mc., ¢ = 5,194.6 Mc., and a = 41,738.2 Mc., b = 5,580.5 Mc.,
¢ = 5,081.6 Mc,, respectively. The structural parameters, calculated with an assumed value of 111°56’ for the H-C-H

angle, are rog = 1.078 = 0.005 A., rcc; = 1.759 = 0.003 A,, rcp = 1.378 &= 0.006 A,
+ 5’, where 8 is the angle between the C-Cl bond and the projection of the C-H bonds on the symmetry plane.

CI-C-F = 110°1’ = 2/, § = 125°41’
From the

hyperfine structure of the 1y,~1,,0 transition, the quadrupole coupling constants were evaluated as x, = —52.18 &= 1 Mec.,

xp = 38.83 == 1 Mec.
C-Cl bond.

The structures of the various chlorine- and
fluorine-substituted methanes, were investigated by
Brockway? using electron diffraction. Recently,
more precise structures of many of these deriva-
tives have been obtained from their microwave
spectra,* providing a better basis for discussion of
the bonding involved. The present study adds
CHLCIF to this list; in addition to the structure,
the spectrum yields information about the distribu-
tion of charge in the molecule, through the quad-
rupole hyperfine structure, and a limited amount of
information concerning the direction of the dipole
moment.

The sample of CH,CIF studied was the gift of Dr.
D. E. Kvalnes of the Jackson Laboratory of E. I. du
Pont de Nemours and Company, and is gratefully
acknowledged. An infrared spectrum was ob-
tained with the Baird recording spectrometer;
comparison with the spectrum published by Plyler
and Lamb?® indicated that no further purification
was necessary. The microwave spectrum was ob-
served with a Stark modulation spectrograph® using
100 kilocycle square wave modulation. Frequen-
cies were measured by means of harmonics of a 5
Mec. standard frequency monitored by beating with
station WWYV; they should be accurate to 0.1 Mc.
except where otherwise stated.

Analysis of the Spectrum.—Calculations based
on approximate structural parameters showed that
the molecule is a nearly prolate-symmetric top
(x ~ —0.97) with the dipole largely along the axis
of the intermediate moment of inertia, or b-axis,
although the possibility of an appreciable compo-
nent along the axis of the least moment (g-axis)
could not be excluded. Using the methods of King,
Hainer and Cross,” whose notation is also adopted,
it was possible to predict that the only strong lines
between 16,000 and 30,000 Mc. would form transi-
tions with A7 = *1and AK = T1(K = K_;)and
J = 4 or greater. In addition there should be a
series of lines with AJ = Q and AK = 1, extending
upwards in frequency from about 35,000 Mc.
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With certain assumptions, this leads to a value of 6.6% for the per cent. double-bond character of the

As a result of the interaction of the chlorine nu-
clear quadrupole moment with the molecular rota-
tion, all lines involving J’s less than about twenty
should resolve into hyperfine components., This
hyperfine structure proved to be the means of iden-
tifying the observed transitions, a task which would
otherwise have been nearly impossible in view of the
great density of lines in the spectrum.

A convenient starting point for the calculation of
the hyperfine structure is the formula for the first-
order interaction energy?®

2
Ea (J,F) = 570 ladSyiger 068000 F XS )

Here g = {3/, C(C 4 1) = I(I + DHJ(J + 1}/
2I(27 — 1) (27 — 1) (27 4+ 3),with C = F(F+ 1)
~II+1) - J(J + 1), where F is the quantum

number of the resultant of J and I. xs = eQ82V/
6s%, where s is, in turn, each of the three principal
axes of inertia. The x’s are experimentally deter-
mined, with the restriction that their sum be zero.
The N’s are the line strengths of the Q-branch transi-
tions J, 7 <= J, 7’ allowed when the dipole moment
is along the axis designated by the superscript.

Ordinarily, in applying this formula to an asym-
metric top, the A's must be found by interpolating
in the tables.® However, Lide!® has recently de-
rived expressions for the line strengths of slightly
asymmetric rotors, which may be substituted in
this formula and which readily give explicit equa-
tions for the quadrupole energy with corrections in
the first order for the asymmetry; second-order
asymmetry corrections could also be obtained at
the expense of a great deal more effort. This
method was used to check the equations derived
previously, to the second order, by Knight and
Feld!; they are repeated here to the first order
because the original equations contain a misprint
involving the sign of the first-order term, Knight
and Feld’s work was used to estimate the magni-
tudes of the second-order asymmetry corrections,
which are found to be less than 49, for J's up to
twenty; since no second-order quadrupole theory
is available, it is hardly justified to include these.

The equations for the various cases and near pro-
late symmetry are
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K =0:

Ea = 7705y =70 + Dxe + D - xl)
K =1, 0% levels (Ky1 = J):

Eq =J—(%-1—) 3[3_J(J+1)]Xu+

—JT 4+ 1), B2 ‘
l: 2 + 4 )il [Xb - Xec i

K =1,0"levels (Ky, = J — 1):
=B Vg —
JJ+1) b(J2)
[ 5 + 7 :|[Xb

- Xc]s

K = 2, E+ levels (K+1 =J - 2):
8 )
= m—l—) 3[12 — JJ + Dlxa +
(22— 4170 ] o = et}

K =2 E- levels(Kyy =J — 1):

B s b8 | _
Ea= 57y $12 =0 + Db+ 2 1 - o}
Kz3:
Eq = 7075y {BK? = JU + Ul +
l:bf(J,K +1) (K - 1)][ _ ]2
(K +1) ~ K -1 T
with

HIm) = 3Lt = )T + 1) = 2

. and the asymmetry parameter
=+ D/(x=3) =(c—b)/[2a — (b + ¢)]

With a single quadrupolar nucleus of spin I =
3/2, the general multiplet obtained whenever J is at
least two for both levels of the transition consists of
nine components if AJ = 1, or ten if AJ =
However, the intensities of the four components
with AF = AJ are far greater than those of the
remaining ones if J is four or higher, Further,
numerical calculations show that in the present
instance, the four strong components will usually
coincide in pairs, giving those lines which resolve at
all the appearance of doublets. The main excep-
tion to this is the case of the very low J Q-branch
lines, where the hyperfine multiplets will be quite
complex.

These expectations are confirmed by the observed
spectrum, which contains a large number of doub-
lets in addition to a number of more complicated
patterns at high frequencies. Particularly helpful
in identifying the spectrum was the presence of
about a dozen doublets with spacings on the order of
6 Mc., since it could be deduced from the equations
using estimated x’s that such wide splittings could
occur only for transitions with X = 1 <= K = 2,
The appearance of so many of these transitions in
the K-band results from the rather unusual circum-
stance that, because of the asymmetry, a curve of
these frequencies plotted as a function of J passes
through a maximum in the middle of the band.

Only one of the widely split doublets resolved fur-
ther, into a quadruplet, as would be expected for the
lowest J’s of the series; it could therefore be as-
signed with some confidence to the transition
82.6-9%,0 of CH,CI®F., The Q-branch lines could

MICROWAVE SPECTRUM AND STRUCTURE OF CHLOROFLUOROMETHANE

861

also be fairly readily identified from the predicted
fine structure, furnishing parameters that led to the
identification of the remaining lines with J’s up to
twenty. The importance of the quadrupole effects
in arriving at and confirming assignments cannot
be overrated, since the spectrum is heavily popu-
lated and there are few lines with low enough J’s
to make the centrifugal distortion so small that un-
ambiguous assignments could be made on the basis
of frequency alone.

The presence of the hyperfine structure on all the
low J lines had the drawback, however, of making it
impracticable to observe any resolved Stark effects,
and so obtain quantitative data on the dipole mo-
ment. A careful search for lines resulting from the
selection rules active if there is a dipole component
along the g-axis had completely negative results,
so it may be concluded that the dipole moment is
within a few degrees of the §-axis, (The b-axis lies
within one degree of the bisector of the C-F-Cl
angle; the g-axis also lies in the symmetry plane,
while the c-axis is perpendicular to it.)

The rotational parameters of the two isotopic
species are given in Table I. Table II gives the
observed frequencies and the frequencies calcu-
lated from these parameters; the latter calculations
are made to the nearest megacycle, after which the
quadrupole structure, computed to the nearest 0.01
Me. is superimposed, so that the predicted and ob-
served fine structure may also be compared. The
quadrupole calculations are based on parameters
evaluated from the lo;—1j0 transition; these are
xa = —52,18 Mc., x» = 38.83 Mc. each 1 Mec,

- The limits of error express the fact that the ob-

served frequencies lead to more than enough equa-
tions to determine the parameters, and the results
of using various groups of equations differ by about
a megacycle,

TABLE I
RoTaTrioNAL PARAMETERS OF CHLOROFLUOROMETHANE
CH:CI%F, Mec. CH:CI¥F, Mc.
a 41,810.1 41,738.2
b 5,715.7 5,580.5
¢ 5,194.6 5,081.6

Structural Parameters.—The moments of inertia
derived from the relations I, = 505,446.5/a, efc.,
are displayed in Table III. The six moments do
not suffice to fix the structure of the molecule be-
cause of the equality of the combination I, + Iy —
I, for the two isotopic species, which makes it pos-
sible to find only five of the six necessary independ-
ent parameters. The H-C-H angle immediately
suggests itself as the one to be assumed a priori, first
because the lightness of the hydrogen atoms makes
the moments relatively insensitive to their exact lo-
cation, and secondly because the measured H-C-H
angle varies very little between CH,Cl, and CH,F,
(see ref, 4) and would be expected to have an inter-
mediate value here. It must be borne in mind,
however, that the limits of error for the CH,F,
value are given as =25, so that the assumed value
of 111°56’ for the present compound cannot be sup-
posed subject to a much smaller uncertainty. The
distance between the hydrogen atoms is given by
the explicit equation mud®*uny = I +Iv — l.. The
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TABLE

1I

NORBERT MULLER

MicrowaveE LiNES oF CH,CIF

A. Assigned transitions

The frequencies marked with a’s were measured under con-
ditions which make them subject to errors up to 1 Mc.

Calculated
frequency

Observed
frequency

16,487.12
16,492.71
17,648.07
17,652.92
18,916.70
18,961.29
18,967.52
19,232.16
19,917.48
19,919.07
20,011.22
20,016.47
20,619.17
20,620.26
20,621.30
21,084.05
21,090.31
21,429 .80
21,437.05
21,596.35
21,600.0°
21,603.23
21,608.55
21,834.20
21,836.00
22,395.57
22,402 .23
22,4137

22,419.25
22,889.15
22,895.76
23,937°44
24,020.97
24,021.75
24,026.92
24,027.57
24,048.17
24,050.16
25,494 .60
25,518.46
25,791.65
25,796.15
25,878.70
26,215.43
26,216.84
27,498.50
27,500.30
27,711.27
30,984.37
31,816.40
31,818.03
32,035.40
32,041.58
32,659.51°
32,660.83
32,662.11
33,703.27
33.708.06

Io-
tensity

M
M
w
w
M

RS

w
w

22522000

Y
W
W
M
M
M
M
Y
\'Y
M
M
M
M
M
M
M
M
M
M

w
W
M
M
M
M
M
w

16,504.

16,510.
17,639.
17,644.
18,893

18,954.
18,961.

19,232
19,995.
19,996.

19,988.

19,993.
20,618.
20,619.
20,620.
21,065
21,072
21,326
21,335
21,565
21,572
21,583
21,590.
21,803.
21,804

22,840

23,966

24,028.
24,029.
24,034,

24,035.
24,130,
24,131.
25,466
25,517

25,800.

25,805.
25,840
26,178.
26,179

1
f
|
|
2
|
|
}

27,526.

27,711
30,984

31,836.

31,839.
32,039.
32,046.
32,660.
32,661.
32,663.
33,708.
33,713.

}
|
}
.27 E

49
16
27

73

12

.88
22,363.
22,370.
22,489,
22,498,

07
93
61
39

.85
22,849.

68
42 |
53
27
06
94

71
29

Transition

92.1~101.10

16214~17117
16304~17245
16204=17117
41,4~50.5
19316~202.9
17245~18118

41,4~50.5

17315~181.18
21209-221.22
182.16~191.19
2121922102
143,11~152.14
18216=191a9
2021821121
1921720120

102.9_111|10

82'6“9l'9

193.16-202.19

145.1~15204
Bo,5~7 1.6

82.6-91.9

1731518216
13511~ 14202
102,6~111.10

Gous=T 16
515608

1750518418

T2.0~81.8

51.5~60.6

72.5~81.8

Isotopic
species

35
37
35
35
37
37
37

35

37
35

37
37
37
35

37
37

35

35

37

36,592,
36,611.
36,616.
36,620.
36,624,
36,652,
36,657,
36,660.

36,663

37,129.
37,132.
37,136.
37,140.
37,148,
37,149.

37,153

71°
22
50
92
40
wa
47°
75°

.42°

14°
67°
25°
00°
66°
50

.50°

37,158.82%
37,166.20°
37,924.77°
37,930.0°

37,938°
37,940.52%
37,950°
37,952°

* These frequencies do not include quadrupole structures;
overlapping of the isotopic multiplets and experimental
difficulties in measuring the frequencies made it impossible
to assign individual hyperfine components.

w

w
W

ZsdzdzszgaEaggnzgg

w
w

36,593.01 )
36,611,22
36,616.50
36,621.13
36,624.27
36,651.41
36,657.07
36,660.56
36,663.19
37,129.70
37,133.04
37,136.67
37,140.00
37,146.13
37,149.76
37,153.09
37,158.30
37,165.99
37,926*

e

e

e

Pt
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lo'l_l 1.0 35
loa~T10 37
200211 35
200211 37
30'3’"3l 2 37
30,312 35

e
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B, OrHER LINES, FREQUENCIES IN Mc.

tens-

Frequency ity
16,117.91

Mc

16,166.58

16,296.
.80
17,228.
.76
17,416.
17,782.

16,419

17,331

21,965.

g9

62

Frequency
21,966.23
22,234.17
22,251.93
22,253.07
22,443.0°
22,446.6%
22,564.64
22,802.11
22,919,28
23,088.58
23,154.47
23,158.02
23,408.54
23,450.31
23,452.00
23,602.58
23,703%

23,711.04

23,727.50°

23,883.90
24,105.38
24,2500

24,345.15
24,349.08
24,349.84
24,028 .22
25,082.26
25,088.20
25,197.90
25,214.92
25,619.82
25,628.67
25,707 .52

tens-
ity

LEKE94929n 0N g rdnd g RRPREAR4dd€RR

Frequency
25,708.51
26,257.63
26,368.30
26,429.08
26,551.16
26,616.38
26,617.97
26,920.64
27,138.5%
27,781.00
27,869.96
28,008.22
28,007.90
28,462.5%
28,526.33
28,746.70
28,887.99
29,252.29
29,358.15
29,463.66
29,658.40
29,925.4°%
29,926%

29,997 .29
30,100%

30,219 .42
30,220.79
30,290.67
30,292%

30,580.73
30,645°

30,659.9°
30,837.82

In-

tens-

ity

=S

£9dZ2RRAdRRA» 442448 EREIR»”» 4

M

In-

tens-

Frequency
30,843.59
30,992.18
31,023.24
31,509.67
31,535.33
31,887.8%
31,922.92
31,924.32
32,479.50
33,051.68
33,057.8%
33,162.40
33,224.05
33,404.40
33,406.00
33,633.04
33,677.98
33,733.21
33,769.71
33,787.00
36,583.05%
36,585.29
36,587 579
36,631%
37,914
37,9579
37,962.76%
38,1982
38,199.279
38,423.18°%
38,928.229
39,021.44%
39,028 46°

2222924994V P P2 RRERRIRIPRRIRVER ™

M
M
M

remaining parameters were obtained by a technique
of successive approximations; the limits of error are
those resulting from the uncertainty of about half a

degree in the H-C-H angle.

rcH =

rcel

rcF

1.078 == 0.005 &.

1.759 = 0.003 A.
1.378 == 0.006 A.

£Cl-C-F

g =

The best values are
LH-C-H = 111°56' = 30’

by assumption

110°1" & 27
125°41" £ 5’


182.IB--19l.19
202.18~21l.21
i93.i6~2O2.19
I63.n-i72.15
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where 6 is the angle between the C-Cl bond and the
projection of the C-H bonds on the symmetry
plane.
from electron diffraction® are rcq = 1.76 = 0.02
A, rcr = 140 = 003 A.; ZCI-C-F = 110 = 2°.

TasLe III
MoMENTS OF INERTIA (IN AT. Wr. X A.2) or CHLORO-
FLUOROMETHANE

. Atomic weights used: C, 12.00382; H, 1.008123; CI%,
34.97867; Cl¥, 36.97750; F, 19.00450

CH:CI#F CH.CI'F
I. 12,0891 12.1099
I, 88.431, 90.573,
I,  97.302 99. 466,

Quadrupole Coupling.—If it 1s assumed that the
C—Cl bond coincides with the gz-principal axis of
the quadrupole coupling dyadic, a transformation
of axes may be used to find the components of the
dyadic in its principal system. The other two axes
must lie in the plane of symmetry (x-axis), and
perpendicular to it (y-axis). The result, using the
C1%® data, is xxx = 31.63 Mc., xyy = 38.83 Mc,,
Xzz = —70.46 Mc., all £1 Mc. Independent data
were not obtained for the other isotope, the ratio of
1:1.2688!% for the coupling constants in CI¥ to
those in CI® being used in predicting the fine struc-
ture.

Following Dean!? an estimate of the fractional
double-bond character, f, of the C—Cl bond may be
made from the relation 3f/(2 — f) = (xxx — Xyy)/
xz2z- The result is 6.6, in agreement with the ob-
served bond shortening, and with Pauling’s esti-
mate!4from the diffraction data..

The value of x.» may be compared with that of
—75.13 reported for CH;3Cl' and of —78.4 for

(12) R, L. Livingston, Phys. Rev., 82, 289 (1951).

(18) C. Dean, Thesis, Harvard University, 1952. Especially Chap.
III. See also J. H. Goldstein and J. K. Bragg, Phys. Rev., 78, 346
(1950).

(14) L. Pauling, ‘“The Nature of the Chemical Bond,”” second edi-
tion, Cornell University Press, Ithaca, N. Y., 1945, p. 235.

(15) W. Gordy, J. W. Simmons and A, G. Smith, Phys. Rev., 74, 243
(1948).
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CH,Cl,.1¢ The lowering of the coupling constant
may result partly from increased double-bond

character and partly from increased ionic charac-
ter? of the C~Cl bond.

Discussion

The structure is essentially in agreement with the
electron diffraction results and is compatible with
those of the other halogenated methanes. The

- most striking feature is the marked shortening of

the C-CI bond as compared to molecules not con-
taining fluorine; the observed value is in line with
that of 1.74 A, calculated for CF;Cl by Sheridan
and Gordy.!®* The quadrupole data indicate that

.the shortening of both carbon-halogen bonds is

probably due largely to contributions of the reso-
nance forms

H H

| |
H—C==Cl* and H——lc cr-

F- F+

postulated by Pauling.'* Inductive effects in the
carbon-halogen bonds may also contribute to the
variation in length (see ref. 4, footnote 153). The
relative importance of these and possibly other
effects will evidently be debatable until a rigorous
quantum-mechanical approach becomes possible,
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