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The problem of rotational isomerism in
chlorinated ethanes has been well eluci-
dated by a number of investigators from
various points of view. In the series of
CH.CI-CH:Cl, CHCIl,-CH.Cl and CHCIl>-
CHCI., the energy differences between the
trans (or C;) and the gauche forms are
expected to be almost equal, from simple
considerations on the interaction between
non-bonded atoms. Contrary to this ex-
pectation, the experimental evidence shows
that there are remarkable variations in
the energy differences in these three
compounds: the energy difference for
CH.CI-CH,Cl is reported to be 1.0~1.3
kcal./mol. by many investigators'~*, that
for CHCl1,-CH,Cl is 2.9kcal./mol.5:%> and that
for CHCI,-CHCI, is nearly 0kcal./mol.5",
these data being evaluated in the wvapor
state.

Miyagawa® suggested that this variation
of the energy difference for these three
compounds arises from the induction
effect and the difference in bond angles.

Kreevoy and Mason gave in their recent .

paper® the same explanation for this ex-
perimental result. Miyagawa!® also re-
ported that the substitution of a hydrogen
atom in chloroethanes with a methyl
group having a van der Waals’' radius
almost equal to that of chlorine atom gave
no appreciable decrease of the energy
difference between the isomers. This fact
stimulates the investigation of the effect
of fluorine substitution which introduces
the C—F bond moment that is almost
equal to the C—Cl bond moment in con-
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trast to the methyl substitution which
introduces inappreciable change in elec-
trostatic interaction.

Furthermore, the general applicability
and the merits of various potential func-
tions%:®> that have recently been proposed
can not be criticized until comprehensive
data on the molecular parameters are
available. Therefore, it is desirable to
carry out a study on the molecular struc-
ture and the rotational isomerism of some
fluorochloroethanes by electron diffraction
which will give the data for the energy
difference and the azimuthal angle of the
gauche form in addition to other molecular
parameters.

The present writer has undertaken
studies on the molecular structure of
CF.Cl-CF.Cl, CFCl,-CF.Cl and CFCl.-CFCl,
in order to find the effect of fluorine sub-
stitution on the energy difference between
the isomers and on the bond distances.

Apparatus. —In earler investigations, the
molecular scattering term required for the
analysis of molecular structures was estimated
visually from the total scattering which was the
supperposition of small oscillation corresponding
to the molecular term and the steeply falling
background corresponding to atomic and incoher-
rent scatterings, because the background fell off
very rapidly with an increasing scattering angle
so that it was difficult to record and measure the
pattern accurately. Therefore, the visual method
may essentially be free from a large error in
the estimation of intensities. As a matter of
fact, there is a limit in the accuracy of the
molecular parameters determined by the visual
method; moreover this method is not sufficiently
reliable to provide solutions for such a com-
plicated problem as that of rotational isomerism.

This difficulty has been overcome by the use
of a rotating sector to compensate for the sharp
drop in intensity by screening electrons appro-
priately before they reach the photographic
emulsion used to record the pattern, and by
the measurement of the resulting diffraction
patterns with a recording microphotometer.
The sector-microphotometer method has been
proposed independently by C. Finbak!D? and
by P. Debye!® and has been developed by the
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Fig. 2.

Norwegian school!®. Several laboratories!d—18
now use this method in electron diffraction in-
vestigation on molecular structures. In our
country, the first apparatus having a rotating
sector was constructed by Ino!'® and applied to
thin amorphous films of a high polymer. The
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Sectional drawing of an electron diffraction unit.

1. filament, 2. Trichter, 3. anode, 4. to pump, 5. diaphragm, 6. slit, 7. shield case
made of permalloy, 8. Helmholz coil, 9. magnetic lens, 10. stop valve, 11. slit, 12, 13.
port for specimen injection, 14. window, 15. to pump, 16. fluorescent screen, 17. ball
bearing, 18. sector, 19. pulley for rotating the sector, 20. cassette, 21. fluorescent
screen, 22. photographic plate, 23. handle for rotating photographic plates, 24. handle
for rotating fluorescent screen.

apparatus®® used in this study was designed and
constructed after the example of Ino’s apparatus
and some device was made for the treatment of
gaseous samples.

Figs. 1 and 2 show the external appearance and
the sectional drawing of the electron diffraction
unit, respectively. It consists of four parts: an
electron gun, a collimating system, a specimen
chamber and a diffraction chamber. Cylinders
made of permalloy were used for shielding elec-
tron beams from the external magnetic field.
The electron gun was of a hot cathode type,
consisting of a filament, a Trichter®? biasing
cup and an anode. The divergent beam from the
gun was focused on the plane of photographic
plates by a single magnetic lens. The direction of
the beam was precisely controlled and adjusted
to the center of the sector by means of two
pairs of Helmholtz coils which are set at a right
angle to each other. Two ports are provided
for introducing specimens into the electron beam,
one at 125 mm. and the other at 285mm. from
the photographic plate. The shorter distance is
suitable for studies on moderate and wide-angle
scatterings, 20 < ¢ < 105, and the longer distance
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Fig. 3. Sectional drawing of a specimen
injection system.
1. body of a diffraction unit, 2. liquid
air, 3. cold trap, 4. electron beam, 5.
nozzle, 6. rubber packing, 7. cross
leader, 8. Wilson seal, 9. ball, 10. screw
for adjusting the position of the nozzle,
11. nob, 12. needle valve, 13. needle,
14. screw for adjusting the inlet pres-
sure, 15. sample.

is useful for examination of small angle scatter-
ing, 7 < q < 45. The system of specimen injec-
tion is shown in Fig. 3 and the nozzle of a drum
type is used. At first sight, it seems likely that
in the nozzle of this type the spreading of sam-
ples is rather large and so the multiple and ex-
traneous scatterings are serious. However, in
practical use, a nozzle of this type makes it
possible to take very clean diffraction patterns
in lower inlet pressure of gas than that in the
case of a nozzle of the ordinary type. Even if
the inlet pressure of gas is sufficiently low and
the cold trap is used, the diffraction patterns
obtained have an index of resolution of 0.95~
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1.00; that is, the ratio of the amplitude of the
molecular scattering terms to the magnitude of
the smooth background upon which the molecular
terms are superposed is 0.95~1.00 times that
given by theory for a perfect pattern. The inlet
gas pressure can precisely be controlled by a
needle valve having a mildly tapered needle.
The spreading gas is caught by using the cold
trap which consists of three-fold concentric
cylinders. The stop valve which is set behind
the magnetic lens permits the electron gun to
be isolated from the other parts of the apparatus
and to keep it evacuated in placing photographic
plates as well as in altering the mnozzle-to-plate
distance. The wavelength of the electron beam
is determined by means of a gold foil attached
to the nozzle. The sector which has a spiral
form with an angular opening increasing as the
square of the radius! is provided because
this form is somewhat more profitable than the
heart form with respect to the accuracy of
figuring and finish. The sector is mounted on
the inner race of a ball bearing of phosphor
bronze, which is rotated by a power supply in-
troduced into the vacuum space through a Wilson
seal and transmitted by a pulley and a phosphor
bronze wire. The fluorescent screen placed in
front of the sector assembly makes it possible
to observe the diffraction patterns in their innate
state without replacing the sector. Moreover,
it serves as a shutter of the electron beam.

The experimental procedure and the method
for deriving the molecular scattering intensity
from diffraction data has been already described
in previous papers?—29,

Results

The detailed description of the analysis
has already been reported in this Bulle-
tin?-2, Only the results are briefly des-
cribed in this paper.

The experimental and the theoretical in-
tensity curves are reproduced in Fig. 4, and
the radial distribution curves derived from
the experimental intensities are shown in
Fig.5. The molecular parameters obtained
by the radial and the correlation method
are listed in Tables I and II. In all cases,
the analyses were made on the assumption
that the structural frame of molecules
does not change with rotation about the
C—C bond. In the case of a CF,CI—CFCl,
molecule, the C—C distance and the bond
angles for the two halves of the molecule
were assumed to be equal to those of
CF.CI-CF.Cl and CFCIl,-CFCl., respectively.
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sium on the X-ray and electron diffraction held in Osaka
City University, Nov. 1956,

23) M., Iwasaki, S. Nagase and R. Kojima, This Bul-
letin, 30, 230 (1957).

24) M, Iwasaki, ibid. 31, 1071 (1958).

25) M. Iwasaki, ibid. 32, 194 (1959).
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TABLE 1
THE MOLECULAR PARAMETERS FOR CF:Cl-CF.Cl, CFCl.-CF;Cl aAND CFCl.-CFCl,

CF:Cl-CF:Cl

C—F(4) 1.33,40.01s
Cc—C1(A) 1.7450.015
c—Cd) 1.54 +£0.04
ZCccl 112 +1.5°
/. CCF 108 +1.5°
ZFccl1 110 £1°
/FCF 108°44'

/. CICC1

(*): Assumed

CFCl;-CF:Cl CFCl,-CFCl,
1.3204+0.01

1.37+0.02, 1.38 +0.02
1.74;40.02;

1.75520.02, 1.76 +0.01
1.534(%) 1.54 +0.06
112° (%)

112° (%) 112 +2°
108° (%) .
107°05 (¥) 107°05'
110°(%)

107.5° (%) 107.5+1.5°
108°44' (*)

110.5°(%) 110.5+1°

TABLE II
OBSERVED MEAN AMPLITUDES FOR CF:Cl-CF:Cl, CFCl;-CF:Cl AND CFCl;-CFCl;

CF,CI-CF:Cl

C—F 0.052A
c—Cl 0.061
c—C 0.045
(F---Cl)¢ 0.062
(Cl1---Cl) 4 0.088

The mean amplitudes were not determined
except the values listed in Table II and
the values estimated from the spectro-
scopic data and other electron diffraction
data were used throughout these analyses.

The energy difference between the
rotational isomers and the azimuthal
angles of the gauche form in these three
molecules are listed in Table III and the
stable configurations are shown in Fig. 6.
In the case of the CF.CI-CFCl: molecule,
the configuration having the C; symmetry
is called the C; form and that having no
symmetry the gauche form as shown in

CF:Cl-CF,Cl

! CFCls-CFCl
APATEA

Thegretical

CFCl,- CFCl,
Theoretical
20 10 80 80 100
q

Fig. 4. Experimental and theoretical in-
tensity curves.

CFCl1;-CF.Cl CFCl;-CFCl:

0.0555A 0.064A
0.054, 0.062
0.0414 —_—
0.0635 0.070
0.069s 0.081
Fig. 6. In all cases, the trans (or C,)

form was assumed to possess the C; (or
C;) symmetry but the azimuthal angle of

CFCI-CF,Cl

1.0 20 10 4.0

C~F{ (F-Fig (FClg{cp-Chy,; (F-Fh
1.0 20 3.0 40
CFCl,-CFCl,

(F~F),

4.0

Fig. 5. Radial distribution curves.
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TABLE III
THE ENERGY DIFFERENCE BETWEEN THE ROTATIONAL ISOMERS AND THE AZIMUTHAL ANGLE
OF THE 64vc¢HE FORM FOR CF,CI1-CF:Cl, CFCl:-CF:Cl AND CFCl,-CFCl;

Molecules Stable form N (%) (caljfml.) A:ﬁg;;hﬁkzng’l:r;’f
CF,C1-CF.Cl trans (Cqp) 48+ 5 (10°C) 4404110 62.5+3° (CIl-C-C-CI)
CFCl;-CF.Cl gauche (Cy) 76+ 7 (20°C) —270+£250 59.5+3.5°(C1-C-C-CI)
CFCl,;-CFCl, trans (Cop) 55410 (15°C) 2804240 59 +4° (F-C-C-F)

Ng: Amount of the gauche form.

4E: Energy difference between the isomers. 4E=E,—E; (or Ec,)

the gauche form was taken as an unknown
parameter. The amounts of the rotational
isomers were obtained from the area
under the radial distribution peaks by
using the successive approximation and
further confirmation was made by analyz-
ing the small angle scattering (20< ¢ < 40)
that was precisely measured by use of
the long camera length. The azimuthal
angle of the gauche form was also deter-

CF2CI-CFyCl

gauche (C;)
trans ( Cap )
CF,CI~CFCl,

gauche (Cy)

CFCly-CFCly

trans ( Cm )

gauche ( C; )
oX
O r

Fig. 6. Stable configurations.

mined by the analysis of the radial dis-
tribution curve and the small angle scat-
tering (20 < g < 40).

Discussion

Bond Distances and Bond Angles.—The
shortening of the C—X bond (X=halogen
or carbon atom) by the substitution of
hydrogen atoms in H;C—X compounds
with fluorine atoms was a historical pro-
blem which has been stimulating many
investigators working in the field of
electron diffraction and microwave spec-
troscopy. Brockway and Livingston?®>
have first reported this shortening for
many fluorinated hydrocarbons from the
results of visual electron diffraction. On
the other hand, Bauer?> doubted whether or
not this shortening was real, because of the
great ambiguity inherent to visual electron
diffraction. Thereafter, the development
of microwave spectroscopy and the sector-
microphotometer method of electron dif-
fraction revealed that this shortening was
real in the case of carbon-halogen bonds,
although the magnitude of this shortening
was somewhat smaller than that reported
by Brockway and Livingston.

In the series in question, it was shown
that the C—F bond distance decreased
with the number of fluorine atoms at-
tached to one and the same carbon atom,
i.e., in a —CFCIl; group the C—F bond
distance is 1.38A and in a —CF,Cl group
it is 1.33A. These results coincide with
the results of other organic fluorine com-
pounds as shown in Table IV. The value
of 1.38A for CFCl,-CFCl, coincides with
those of the groups having a single fluorine
atom attached to one and the same carbon
atom. The value of 1.33,A for CF,CI-CF.Cl
seems to be slightly shorter than that for
the group having two fluorine atoms at-
tached to one and the same carbon atom,

26) L. O. Brockway and R. Livingston, U. S. Naval
Research Lab. Project M-510, Report No, 547.1. XA
C-R-1080, A-3786.
27) S. H. Bauer, U. S. Atomic Energy Com. Report,
MDDC 1494 (1947).
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TABLE IV
THE MOLECULAR STRUCTURES OF SOME FLUORINATED HYDROCARBONS
Compounds C—F(A) C—Cl1(A) Other structure parameters Method Ref.

CH,;F 1.385 / HCF =110°0' MW a
CH.CIF 1.378+0.006 1.759+0.003 [ FCCl=110°01"+2' MW b
CHCLF 1.41 +0.03 1.73 +0.04 /. CICC1=112°+2°, /FCCl=10.9°+2° v c
CCLF 1.40 +0.04 1.76 +0.02 / CICC1=111.5°+1°, /FCCl=107.5°+1° v c
C(CHj),F 1.38 +0.02 /. CCF=108°+1.5° S d
CH,CH,F 1.375 / CCF=109°28' (assumed) MW e
CH.F. 1.358+0.001 / FCF=108°17' +-6' MW f
CHCIF: 1.36 +0.03 1.73 +0.03 /. FCF=110.5°+1°, /FCCl=110.5°+1° v c
CCLF, 1.35 +0.03 1.74 +0.03 L/ FCF=109°42°, /CICCl=113°42° v c

1.33;-£0.02  1.77,+0.02 /FCF—=109.5°+3° /CICCl=108.5°+2° vV g
CHF; 1.3324-0.008 /. FCF=108°48" 445’ MW h
CCIF; 1.3284+0.002 1.751+0.004 FCF=108.6°+0.4° S i

1.328+0.002 1.748+0.009 FCF=108.6°-+0.4° (assumed) MW i
CH,CF; 1.335+0.005 C—C=1.530+£0.005, /CCF=111°2"+17' MW j
CFCF;  1.32 +0.01 / CCF=109.5°41.5° S k
CF, 1.323-+0.005 ] 1

MW: microwave, V: visual, S: sector
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e) J. Kraitchman and B. P. Dailey, ibid., 23, 184 (1955).
f) D. R. Lide, J. Am. Chem, Soc., 74, 3548 (1952).
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but the difference is inappreciable in view
of errors involved in experiments.

On the other hand, although the in-
accuracies of the data do not permit us
to draw a definite conclusion, it appears
to be likely that the C—CIl distance also
decreases with the number of fluorine
atoms. Recently, Livingston and Lyon?®
reported a slightly greater value 1.77:A
for the C—Cl distance in CF.Cl, in dis-
agreement with the present value, although
the difference is within experimental
errors. Their result seems to be related
to the fact that the CICCl bond angle
108.5°, obtained by them, is slightly shorter
than the tetrahedral value, 109.5°. In this
connection, it is desirable to determine
the C—Cl distance in CF,Cl, by the sector-
microphotometer method or the microwave
spectroscopy. The wvalue of the C—Cl

28) R. L. Livingston and D. H, Lyon, J. Chem. Phys.,
24, 1283 (1956).

Brockway, C. G. Thornton and L. S. Bartell, Am. Chem. Soc. Meeting,
Los Angeles, California, March 1953.

distance determined for the extreme case
of a CCIF; molecule in which three atoms
except one chlorine atom were replaced
by fluorine atoms was reported to be
1.748A220 from the microwave spectros-
copy and 1.751A% from the sector-micro-
photometer method of electron diffraction.
In the case of a CF.CI-CF.Cl molecule
having two fluorine atoms attached to one
and the same carbon atom, the C—Cl bond
distance was found to be slightly shorter
than the extreme value, the difference
being also within experimental errors.
With regard to the C—C bond distance,
although a definite conclusion could not
be drawn because of the greater ambiguity
of the data, experimental results could be
explained by the normal distance of the
C—C bond. It is not likely that such a

29) D. K. Coles and R.H. Hughes, Phys. Rev., 76, 858(1949).
30) L. S. Bartell and L. O. Brockway, J. Chem. Phys.,
23, 1860 (1955).
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large shortening as reported in earlier
investigations was realized in the present
molecules.

With respect to bond angles, it is to be
noted that the FCF angle is less than the
tetrahedral wvalue, in agreement with
recent determinations on other fluorinated
hydrocarbons. This is interesting together
with the fact that the decrease in the
FSiF angle from the tetrahedral value
was also reported in the case of organo-
silicon compounds. For example, the FSiF
angle is 108°17'+30’ for SiHF;**> and 107°56’
+6' for SiH,F». Other bond angles are
also consistent with the values found in
other related molecules.

Such a shortening of the carbon-halogen
bond was originally explained by Pauling®**?
by the assumption of resonance structures
of the type

X—C=X*

}I{

The fact that the C—F shortening is more
marked than the C—Cl shortening is
attributed to the great tendency of a
fluorine atom to form double bonds. It
is conceivable that the structures of this
type can also contribute to the slight
closing of the FCF angle because of the
Coulomb attraction between F- and F*.

Rotational Isomerism.—From the present
studies, it was definitly confirmed that
there exist two isomers, the {rans (or
C;) and the gauche forms, in the vapor
state for the series of the molecules in
question. As shown in Table III the
energy differences were almost of the
same magnitude and considerably small
compared with the remarkable variation
and large values (except CHCIl,—CHCI.)
observed in the series of chloroethane:
CH.CI-CH.Cl (1.2 kcal./mol.), CHCIl,-CH.Cl
(2.9 kcal./mol.) and CHCI1,-CHCIl; (0 kcal./
mol.). Itis said that the internal rotation
is subject mainly to the steric and electro-
static interactions. According to the re-
placement of a hydrogen atom with a
fluorine atom, the nature of three atoms
contained in two groups rotating against
each other is more close together in both
‘“steric’’ and ‘‘electrostatic’ senses as
compared with the case of chloroethanes.
As a concequence of this circumstance, it
is likely that the potential energy of the

(X=F or Cl)

31) G. A. Heath, L. F. Thomas and J. Sheridan, Trans.
Faraday Soc., 50, 779 (1954).

32) V. W. Laurie, J. Chem. Phys., 26, 1359 (1957).

33) L. Pauling, ** The Nature of the Chemical Bond",
Cornell University Press, Ithaca, N. Y., 1945, p. 235.

trans (or C;) form becomes nearly equal
to that of the gauche form. It was re-
ported by Miyagawa'® that the replace-
ment of a hydrogen atom with a methyl
group in chloroethanes gave no serious
decrease of the energy difference between
the isomers and did not affect the tendency
of the change in the energy differences
with the number of chlorine atoms sub-
stituted in the molecules, although a
methyl group having almost the same
van der Waals’ radius as a chlorine atom
was introduced. Moreover, a fluorine
atom may be closer to a hydrogen atom
in the magnitude of the steric interaction
than a chlorine atom, because the poten-
tial barrier of CF;-CF; 3.92 kcal./mol.?*>
is close to that of CH,-CH,, 2.875kcal./
mol.*® as compared with the value in
CC1;-CCl;, 10.8 kcal./mol.*®. Accordingly,
the main factor contributing to this lower-
ing of energy difference in fluorochloro-
ethane is presumably due to the decre-
ment of the electrostatic interaction rather
than the steric interaction. In fact, it is
well known that the bond moment of C—F
is approximately equal to that of C—CI.

From a simple assumption of the
additivity of interaction energy and the
constancy of the bond distances as well
as bond angles, it is expected that the
energy differences are all the same in the
series of 1,2-di-, 1,1,2-tri- and 1,1,2,2-
tetrasubstituted ethanes. However, the
observed energy differences in chloro-
ethanes were not the same and indicated
a remarkable variation which was ex-
plained by the induction effect and the
opening of the CICCl bond angle® as des-
cribed in foregoing section. In the series
of chlorofluoroethanes, the changes of the
energy difference caused by the effect of
induction are very small and the CICCl
bond angles are close to the tetrahedral
angle. As a result of this circumstance,
it appears to be likely that the energy
differences in the present series represent
almost the same value.

From the theoretical side, many attempts
have been made to predict the hindering
potential for the internal rotation about
single bonds, based on a simple model
for interactions between non-bonded atoms
or groups. Among a number of attempts,
the treatments recently made with toler-
able success by Miyagawa® and Mason

34) D. E Mann and E. K. Plyler, J. Chem. Phys., 21,
1116 (1953).

35) K. S. Pitzer, Disc. Faraday Soc., 10, 66 (1951).

36) Y. Morino and E. Hirota, J. Chem. Phys., 28,
185 (1958).
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TABLE V
OBSERVED AND CALCULATED ENERGY DIFFERENCES (kcal./mol.)

Lennard Jones Buckingham
Molecule AE s AE, e -~ — -
4E; AEmu AEs 4 Eiotal
CF.CI-CF.Cl1 0.44 0.15 —0.10 ( 0.00) 0.05 ( 0.15) 0.30 0.45
CFC1;-CF:Cl —0.27 -0.17 0.15 ( 0.05) —0.02 (—0.12) —0.20 -0.37
CFCl,-CFCl; 0.28 0.15 —0.25 (—0.13) —0.10 ( 0.02) —0.05 0.10
AE=Ez;—E; (or Ec,)
TABLE VI
OBSERVED AND CALCULATED AZIMUTHAL ANGLE OF THE €4AUCHE FORM
Molecule Pobs Peare(I) Peate (I1)
CF:C1-CF.Cl 117.5° 1182 (119°) 116°
CFCl;-CF,Cl 122 123 (122 ) 124
CFCl.-CFCl, 121 120 (120 ) 118
¢eaic(I): Lennard-Jones
¢Peate(II): Buckingham

and Kreevoy® seem to be most promising.
The former author used a Lennard-Jones
type potential while the latter a modified
Buckingham type potential for interatomic
interactions.

In order to estimate quantitatively the
energy differences, a similar treatment
was applied to the present case. The
Lennard-Jones type potential for fluorine-
fluorine interaction was approximated by
the following formula for neon-neon in-
teraction®?,

V(F—F) =7.148 X 10%/r*?
—143.58 X % kecal./mol. (1)

The application of this formula leads to
the value of 2.4 kcal./mol. for the potential
barrier in CF;-CF;, minor terms due to
dipole interaction being added. Though
this value is somewhat smaller than the
observed value 3.92 kcal./mol.*?, the two
values seem to coincide roughly with
each other for such approximate calcula-
tion. The formula applied by Miyagawa?®’
to chlorinated ethanes with a fair success,

V(C1—Cl) =2.332x10°/#'2
—2.180 X 10%/#® kcal./mol. (2)
was adopted for chlorine-chlorine interac-
tion. The expression for fluorine-chlorine
interaction was derived through the
method of averages proposed by Miya-
gawa® as follows:
V(F—CI) =4.185x 105/#?
—5.663 x10%/#¢ keal./mol. 3)
As a result of the application of these

formulas, the wvalues listed in the 4th
column of Table V were obtained for the

37) J. Corner, Trans. Faraday Soc., 44, 914 (1948).

energy differences due to steric interaction.

For the sake of comparison, the modified
Buckingham type potential given by Mason
and Kreevoy® was also applied to this
problem. The results are listed in the
8th column of Table V.

With respect to the electrostatic in-
teraction, dipole interactions were calcu-
lated taking into account of induction
effects. For the sake of this computation,
the following induced moment were
estimated from the observed dipole mo-
ments in many chlorofluoroalkanes, as-
suming a vanishing C—H bond moment
and the tetrahedral angle.

CI\.K% VC! \f //CI

7028 ¢y / O
2 F %\
c ;;cﬁc% y‘o x/wo
—7 028 ) \

The thick and slender arrows indicate
original dipoles and induced dipoles, re-
spectively. The dipole moments calculated
on the assumption of the additivity of
these induced moments were in good
agreement with the observed values as
shown in Table VIL

The energy differences contributed from
the electrostatic interactions were esti-
mated using these dipoles and induced
dipoles as shown in the 3rd column of
Table V. In this calculation, the center
of the dipole moment is located at seven-
eighth of the bonded distance from the
carbonatom. Total energy differences listed
in the 6th and the 9th column of Table V
approximately coincide with the observed
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TABLE VII
CALCULATED AND OBSERVED DIPOLE MOMENTS IN CHLOROFLUOROALKANES (VAPOR STATE)
Molecule p(cale.) p(obs.) Ref. Molecule p(cale.) p(obs.) Ref.
CH4F 1.81 1.81 a CH;CF.Cl 2.16 2.14 n
CH,Cl1 1.87 1.87 b,c,d CH,CF; 2.33 2.32 d
CH.F; 1.97 1.96 e (CHs)sCF 2.05 2.05 0
CHF, 1.61 1.62 f CF;CHF, 1.53 1.54 f
(1.645) (8) CF;CF,Cl 0.51 0.52 £
ggglz 1 -23 1 —gz h CH,CH,Cl 1.96 2.03 P
3 0.97 0.95 i . j
& p  Gwo e xe
CFCl, 0.44 0.45 k M : :
CF.Cl, 0.52 0.51 k (CHa)sCCly 2.15 2.13 4
(0.55) ) CH,CICCl, 1.39 1.39 r
CF,Cl 0.46 0.46 i CHCI1:.CCly 0.89 0.92 r
CHFCI 1.20 1. (CH:CICH:F); 2.64 2.64 n
c::Hcmx2 1.41 1.23, 1}(: (¢ =68°37)
CH,CH;F 1.90 1.92 a (CHCLCHF)g 2.0, 210 "
CH;CHF; 2.28 2.24 m
a) C. P. Smyth and K. B. McAlpine, J. Chem. Phys., 2, 499 (1934).
b) O. Fuchs, Z. Physik, 63, 824 (1930).
c) R. Karplus and A. H. Sharbaugh, Phys. Rev., 75, 1449 (1949).
d) R. G. Shulman, B. P. Dailey and C. H. Towes, ibid., 78, 145 (1950).
e) D. R. Lide, ibid., 87, 227 (1952).
f) A. D. Giacomo and C. P. Smyth, J. Am. Chem. Soc., 77, 774 (1955).
g) J. N. Shovlery and A. H. Sharbaugh, Phys. Rev., 82, 95 (1951).
h) R. J. Myers and W. D. Gwinn, J. Chem. Phys., 20, 1420 (1952).
i) R. Singer, Physik. Z., 27, 556 (1926).
i) A. A. Maryott, M. E. Hobbs and P. M. Gross, J. Am. Chem. Soc., 63, 659 (1941).
k) C. P. Smyth and K. B. McAlpine, J. Chem. Phys., 1, 190 (1933).
1) G. W. Epprecht, Z. angew. Math. Physik., 1, 138 (1950).
m) J. H. Gibbs and C. P. Smyth, J. Am. Chem. Soc., 73, 5115 (1951).
n) A. D. Giacomo and C. P. Smyth, ibid., 77, 1361 (1955).
o) F. Andersen, J. R. Andersen, B. Bak, O. Bastiansen, E. Risberg and L. Smedvik,
J. Chem. Phys., 21, 373 (1953).
p) R. Singer, O. Steiger and K. Gachter, Helv. Phys, Acta, 5, 200 (1932).
q) R. H. Wiswall, Jr. and C. P. Smyth, J. Chem. Phys., 9, 356 (1941).
r) J. R. Thomas and W. D. Gwinn, J. Am. Chem. Soc., 71, 2785 (1949).
values. The modified Buckingham type agreement with observed values as shown

potential seems to give somewhat better
results. However, if two constants in
Lennard-Jones type potential are adjusted
so as to give observed potential barrier
in CF;-CF;, the agreement between the
calculated and observed energy differences
becomes better as shown in the 7th column
of Table V. The modified potential func-

tions used in this calculation are as
follows :
V(F—F) =12.729 X 104 /12
—2.5569 % 102/#¢ kcal./mol. 4
V(F—Cl) =5.5839 x 105 /2
—7.5565x10%/7¢ kecal./mol. (5)

It is to be noted that the azimuthal
angles of the gauche forms calculated from
these potential functions are in excellent

in Table VI. In this calculation, the
angle was measured from the trans (or C;)
position. This agreement may indicate
that the potential functions used were
fairly adequate.

In the above calculation, the effects of
resonance arising from the substitution
with fluorine atoms were not included
explicitly. However, the changes of the
geometry caused by resonance were con-
sidered to be implicitly taken into account
by wusing the molecular parameters
obtained from the electron diffraction.
Furthermore, the changes of the charge
distribution were also considered to be
implicitly contained in the estimation of
the induced moment as a result of ascrib-
ing the lowering of the dipole moment
caused by resonance to that by induction.
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From the foregoing consideration, it is
concluded that the substitution of hydro-
gen atoms in chlorinated ethanes with
fluorine atoms decreases the difference
of the electrostatic interaction between
the trans (or C;) and the gauche form, and
that as a consequence the energy differ-
ences in fluorochloroethanes decrease and
become almost equal to one another irres-
pective of the number of chlorine atoms
substituted in the molecules. This fact is
consistent with the conclusion reached by
Mizushima, Morino and Shimanouchi®*®
that the most important force in deter-
mining stable configurations of rotational
isomers is the steric repulsion, but the
electrostatic force plays an important
role in determining the energy difference
between the rotational isomers, because
in the stable configurations the steric re-
pulsive force may become of the same
order of magnitude as the electrostatic
force.

TABLE VIII
THE ENERGY DIFFERENCES FOR RELATED
COMPOUNDS (cal./mol.)

Molecule X=H X=F Difference
CX:CIl-CX;C1 1140 440 700
CX:Cl-CX;Br 1460 600 860
CX;Br-CX,Br 1700 945 755

As an example of the lowering of the
energy difference caused by the fluorine
substitution, one can point out the case
of bromofluoroethanes studied by Kagarise
et al.; that is, the energy difference in
CF:Br-CF;Br is 945450 cal./mol.*® and that
in CF.CI-CF.Br is 600200 cal./mol.*”> as
compared with the value of 1700-+40cal./
mol. for CH.Br-CH;Br*” and 146030 cal./
mol. for CH.Br-CH,Cl*”. It is interesting
to note that the lowering of energy differ-
ence caused by the fluorine substitution
shows almost the same value as shown
in Table VIII. In other words, this fact
indicates that the electrostatic part of
the energy difference in these molecules
is of almost the same magnitude as 0.7~0.8
kcal./mol. This is caused by the fact that
the C—F, C—Cl and C—Br bond moments
are of almost the same magnitude. More-
over, the order of the energy differences

38) S. Mizushima, Y. Morino and T. Shimanouchi, J.
Phys. Chem., 56, 324 (1952).

39) R. E. Kagarise and L. W, Daasch, J. Chem. Phys.,
23, 130 (1955).

40) R. E. Kagarise, ibid., 26, 380 (1957).

41) K. Kuratani, T. Miyazawa and S. Mizushima, ibid.,
21, 1411 (1953).
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in the series of CH.CI-CH.Cl, CH.CI-CH.Br
and CH.Br-CH.:Br does not change with
the fluorine substitution and a considerable
amount of the energy difference exists
after the fluorine substitution. This
fact indicates that the steric part cannot
be neglected and its contribution becomes
larger with the number of bromine sub-
stitutions.

Summary

In order to investigate the molecular
structure and rotational isomerism, the
electron diffraction camera having a
rotating sector was designed and con-
structed and its application to some
fluorochloroethanes was made successfully.
The shortening of the C—F and the C—Cl
bond by the substitution of atoms attached
to one and the same carbon atom with
other fluorine atoms was also revealed in
fluorochloroethanes as well as fluorochloro-
methanes, although in the case of the C—Cl1
bond distance the inaccuracy of the data
does not permit a definite conclusion to
be drawn. It was definitly confirmed
that there exist two rotational isomers,
the trans (or C;) and the gauche forms,
in the vapor state for the molecules in
question. The energy differences between
the isomers and the azimuthal angles of
the gauche form were determined and
further discussed from the standpoint of
intramolecular potential.

It was found that three fluorochloro-
ethanes in question have almost equal and
small energy differences in contrast to
the remarkable variation in the case of
chloroethanes. This is caused by the
fluorine substitution which produces the
decrease of the electrostatic part in the
energy difference between the isomers.
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