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of a-particles sufficiently energetic to produce the
(e, 7) reaction is relatively very much lower in the
monazite sample. The monazite also contains a
much higher relative content of contaminants of
high neutron-capture cross-sections than does pitch-
blende. Consequently, in a qualitative fashion,
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the fact that monazite has a much lower Th2??? to
Th?32 ratio than does pitchblende is satisfactorily
explained, even on the assumption that nearly all
of the Th??? is present as the result of the Th2?32(n, )
reaction.
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An Electron Diffraction Investigation of the Molecular Structures of Ketene, Carbonyl
Fluoride and Tetrafluoroethylene!

By T. TavyLor BrouN anD R. L. LIVINGSTON
RECEIVED JANUARY 21, 1952

The interatomic distances in ketene, carbonyl fluoride and tetrafluoroethylene have been determined by electron diffrac-
tion, using the visual correlation procedure. The following results were obtained: ketene, C=C = 1.30 % 0.02 A, C=0=
1.16 =+ 0.02 A, with ZHCH and C-H assumed to be 117.5 = 12.5° and 1.07 & 0.02 A., respectively; carbonyl fluoride,
C-F = 1.32 £ 0.02 A., C=0 = 1.17 & 0.02 A. and ZFCF = 112.5 £ 6°; tetrafluoroethylene, C-F = 1,30 = 0.02 A.,

C=C = 1.33 & 0.06 &, and £FCF = 114 =% 3°,
investigation and with infrared and microwave results.

The results for ketene are compared with an earlier electron diffraction
The interatomic distances in C;F4 compare favorably with those

obtained in a recent electron diffraction investigation in which the rotating sector was employed.

The interatomic distances in ketene have been
determined both by electron diffraction and by
spectroscopy. The electron diffraction results? gave
C-C = 1.35 A, and C-O = 1.17 A. and were com-
patible with a linear arrangement of the carbon and
oxygen atoms, A study of the infrared spectrum?
of this compound did not yield sufficient data to
fix all of the parameters, but a model with C-C =
1.300 A. and C-O = 1.154 A. was found to be in
agreement with the infrared data. It was because
of the disagreement between the electron diffrac-
tion and infrared results that the present reinvesti-
gation of ketene was undertaken. It was felt pos-
sible to improve upon the early electron diffraction
study since the results of that investigation were
based upon measurements of only six features and
gave an average deviation of 0.033 from the mean
Seated/Sobed  ratio. After the present investigation
was started, the results of two microwave studies of
ketene were published. The first of theset led to a
preferred model with C-C = 1.333 A. and C-O =
1.150 A., while the second?® gave the long C-O dis-
tance as 2.62 A.; these results will be discussed
later.

The interest in tetrafluoroethylene stems from
the rather large differences which have been ob-
served in the length of C-F bonds in various fluo-
rine compounds. - In methyl fluoride, this distance
is 1.39 A.%; in methylene fluoride, it 1s 1.36 A.7;
in fluoroform, it is still shorter.® It seewured in-

(1) Contains material from the Ph.D. thesis of T. Taylor Broun,
Purdue Research Foundation Fellow in Chemistry, 1949-1951.

(2) D. P. Stevenson and J. Y. Beach, J. Chem. Phys., 6, 75 (1938).

(3) G. Herzberg, Symposium on Molecular Structure and Spectra,
The Ohio State University, June, 1047,

(4) B. Bak, S. Knudsen, E. Madsen and J."Rastrup-Andersen, Phys.
Rer., 79, 190 (1950).

(5) H. R. Johnson, J, G. Ingersoll and M. W. Strandberg, ibid., 82,
327 (1951).

(6) V. Schomaker and D). P. Stevenson, Tris Journar, 63, 37
(1941).

(7) R. L. Livingston and C. R. Rice, to be published

{8) See references 20-22.

teresting to be able to compare with the above dis-
tances the C-F distances in C,F4 and in F,CO
where the double bond on the same carbon atom
might cause additional shortening. Such a short-
ening has been observed in the corresponding chlo-
rine compounds,?

A comparison of the C-C bond distances in ke-
tene and in ethylene with that in C,Fy should indi-
cate whether or not the presence of the fluorine
atoms has any effect on this bond length. Further,
a comparison of the C-O distances in H,CO and in
F,CO should permit one to determine if the fluorine
atoms have any effect on this bond length.

Experimental

Ketene was prepared in this Laboratory by the thermal
cracking of acetone.” After removal of acetone from the
ketene by simple distillations, the product was subjected to
rectification in a Podbielniak Hyd-Robot distillation
column. The ketene distilled at a temperature of —73.8%
0.5° at 187 mm. and the sample used for the diffraction
photographs was taken from the middle of this fraction.
The sample was judged to be well above 999, in purity.

The carbonyl fluoride sample was provided by the Carbide
and Carbon Chemicals Co. (Oak Ridge) operating under a
contract with the U. S. Atomic Energy Commission. In-
frared examination of the compound carried out at Oak
Ridge indicated that the sample contained much less than
19, of impurities.

Two samples of tetrafluoroethylene were employed.
One of these was obtained in this Laboratory by distillation
of a commercial sample in the Podbielniak Hyd-Robot dis-
tillation column; a middle portion of the constant-boiling
mixture was collected for photographing. The second was
a specially purified sample supplied by Dr. C. F. Hammer of
the Research Division, Polychemicals Department of the du
Pont Company.

The electron diffraction photographs were prepared using
an apparatus constructed by Professor H. J. Yearian of the
Purdue Department of Physics. The wave lengths of the
electrons were determined from transmission patterns of
zinc oxide and were about 0.055 A.; the camera distances
were about 11 cm.

(9) T.. O. Brockway, Ren. Modery Phys., 8, 231 (1936)

(10) (a) Fieser and Fieser, “Organic Chemistry,” I). . Heath and
Co., Boston, Mass,, 1944; (b) R. O. Rice, J. Greenberg, C. F.. Waters
and R. E. Vollrath, Tas Journar, 56, 1760 (1934).
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Interpretation of the Patterns

The visual correlation procedure was used
throughout, with some guidance from calculated ra-
dial distribution curves. The latter were calcu-
lated from the equation!!

rD(r) = by

g=1.2.... gmax

(wqr)
10

I(g) exp (—bg*)sin

with ¢e7%¢" = 0.1 at ¢ = @max. The terms for the
range ¢ = 1 to ¢ = 15 or 20 were obtained from one
of the acceptable theoretical intensity curves. The
latter curves were calculated on IBM machines us-
ing the equation!

Ig) = 2 Z, % exp (—bijg?) sin (7;—%’) (1)

* J

In all cases, measurements and intensity esti-
mates were made by two or more independent ob-
servers.

Ketene.—Measurements of the pattern are sum-
marized in Table I and the visual curve is shown in
Fig. 1; the numbers used to identify the features
are the same as those used by Stevenson and
Beach.? Theoretical intensity curves were calcu-
lated from rigid models of ketene for which the sym-
metry of the point group Covy was assumed. In all
models the C—C distance was kept at 1.30 A. and
the labels on the curves in Fig. 1 refer to the C-O
distances used.

TaBLe I
QUANTITATIVE DATA FOR KETENE

Max., Min, gobsd 1.17 1,16 1.16A 1.16B 1,15 Wts,
1 14,83 0.897 0.897 0.903 0.800 0.897 0
1 19.35 1.034 1.034 1.028 1,044 1,039 O
3 30.18 0.987 0.991 0.984 0.991 0.994 1
3 34.66 1,018 1.021 1,030 1.018 1.030 1
5 46.98 0.981 0.990 0.990 0.990 0.994 2
5 50.87 1.010 1.012 1.010 1.016 1,018 2
6 54.81 1.005 1.007 1.000 1.011 1,007 2
6 58.51 0.991 1,000 0.996 0.98¢ 1.005 2
7 63.06 0.994 1.002 1.001 1.002 1,007 2
7 66.81 1.006 1.009 1.010 1.009 1.010 2
8 71,33 0.994 0.994 0.994 0.992 0.995 3
8 75.41 .990 0.997 0.998 0.997 1.006 3
9 79.29 .999 1.006 1.006 1,008 1,018 1
9 83.43 .992 0.995 0.996 0.995 0.995 1
10 87.38 .991 0.993 0.992 0.994 0.997 1
10 91.23 1,001 1.006 1.007 1.007 1.013 1
Average quoted wt. 0.997 1,002 1,001 1.001 1,006
Mean deviation 0.008; 0.006¢9 0.0073 0.0093 0.007¢

On comparison with the visual curve it is seen
that model 1.18 can be excluded from the acceptable
ones because in the curve for this model, the heights
of maxima 7 and 8 relative to each other and the
depths of minima 9 and 10 relative to each other are
not as observed. In curve 1.17, these same minima
occur with about equal depths, but the other rela-
tions are correct; model 1.17 is thus a borderline
case. The theoretical curve for model 1.16 is ac-
ceptable in every detail. Maximum 9 does not ap-
pear as prominent in 1,15 as the observers feel it
should; also in this curve, the relative depths of
minima 8 and 9 do not agree with experiment.
Model 1.15 is considered a borderline case. The
curve for 1.14 must be rejected because of the exag-
gerated height of maximum 6, the relative depths of

(11) P. A, Shaffer, Jr., V. Shomaker and L. Pauling, J. Chem. Phys.,
14, 659 (1946).
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Fig. 1.—Intensity and radial distribution curves for ketene.

minima 7 and 8, and 8 and 9, as well as the virtual
absence of maximum 9.

In the five models considered above, the hydro-
gen atoms were located by the parameters C-H =
1.07 A. and ZHCH = 117.5°. The effect of chang-
ing this angle may be seen by comparing curves for
models 1.16, 1.16A and 1.16B. In 1.16A, this
angle was 105° and in 1.16B, it was 130°. The
changes in the qualitative appearance of the curve
with changes in hydrogen parameters are seen to
be very small and it was shown that reasonable
variations of these angles and of the C-H distances
would not produce a fit among any of the rejected
models.

Calculations were then made to determine the
nature of the dependency of the choice of distance
ratio on the magnitudes assigned to the damping
factors for the wvarious interatomic distances.
Table II summarizes the values of 4;; used in equa-
tion 1. The values of &;; for distances involving
only the heavy atoms were zero. The variations of
the damping factors as outlined in Table II produce
only very small changes in the theoretical intensity
curves; this leads one to conclude that the heavy

TaBLE II
VALUES oF bi; USED FOR KETENE
Group C-H C.-+H 0...H H--+H
1 0 0 0 Infinity
2 0.00018 0.00035 0 Infinity
3 .00018 .00035 0.00055 Infinity
4 .00018 ,00035 Infinity Infinity
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TaBLE I1I
Qealed /Jobsd RATIOS FOR CARBONYL FLUORIDE MODELS
Max. Min, Qobsd. G H 1 L M N Q R S Wt.
1 20.72 0.951 0.956 0.951 0.951 0.951 0.946 0.946 0.946 0.941 0
2 25.90 965 L0961 958 .958 938 L0568 0.961 .954 0584 0
2 29.79 097 004 L990 LO87 .090 L9090 1.000 L0904 990 1
3 34.27 Q57 L0564 .954 L0534 RERE! 951 0.945 .942 .940 1
3 38.31 . 968 963 960 963 .963 .958 .958 .958 953 2
4 43.79 959 L9587 952 954 954 L0954 .957 .952 952 2
4 47.93 978 976 974 976 976 974 983 980 974 3
5 32.71 977 971 971 971 973 971 . 986 977 971 3
a 56.61 res 972 966 975 972 968 977 .968 957 3
6 61.82 .961 959 .954 .958 959 954 L9054 L0951 .950 3
6 65.63 975 972 972 972 974 970 977 972 970 3
7 70.75 972 971 970 .970 971 .968 982 978 974 3
7 75.54 974 972 .969 972 .970 L9606 997 992 082 3
8 79.54 978 976 970 976 974 970 1.021 1
8 83.35 078 974 972 074 974 972 1
9 87.27 084 981 978 981 LO81 .980 .995 977 1
9 91.55 992 .991 987 990 990 986 1.007 1.005 .999 1
“ 973 Krat L9068 970 970 967 0.975 0.971 L8066
.008g L0085 L0091 L0099 L0092 L0085 L0180 0167 L0149
b .973 971 .68 970 970 967 978 973 967
.0064 .0059 . 0069 0086 0066 L0070 L0136 .0127 L0117

¢ An average in which all features were given equal weight.
from the average.

atom distance ratio is essentially independent of
reasonable variations in the vibration factors and
that it is not possible to determine accurate values
for these factors from the visual data. The values

C
F
H
J
R
U

i

\/\/\_ RD.

_\/\/./
L " i " i i i

) | 2 3 A

Eig. 2 —Intensity and radial distribution curves for car-
bonyl fluoride.

/|

The number below the average is the mean of the deviations

® An average in which the features were given the weights quoted.

of b;; used for the curves shown in Fig. 1 are those
of group 3 in Table IT.

The ¢cared/ Gobsa ratios are given in Table I,
The averages given at the bottom have been taken
with the weights indicated in the right-hand column.
The average deviations from the means of these
ratios are seen to be satisfactory for all these models.

The final results are C-C = 1.30 = 0.02 A. and
C-O = 1.16 % 0.02 A,, assuming C-H = 1.07 +
0.02 A. and ZHCH = 117.5 # 12.5°. These dis-
tances are in agreement with the two strong peaks
on the radial distribution curve (Fig. 1); the peak
at 2.46 A. is interpreted as the sum of the C-C and
C-O distances and agrees perfectly with the final
results.

Carbonyl Fluoride.—The visual curve for COF,
is shown in Fig. 2 and Table 3 gives the measure-
ments of feature diameters.

Preliminary calculations were made on the basis
of rigid models of symmetry C,, in which the C-F
distance was kept fixed at 1.36 A. while the ZFCF
and the C-O distance were varied. The values
assumed for the parameters are given in Fig. 3.
Many more models were actually tried, but these
need not be discussed because of similarities to the
representative ones shown.

The region of acceptable parameter ratios is
shown by the closed curved line in Fig. 3; this re-
gion was established in the following way: Of the
group of curves, B, C, D and E, curve C comes
closest to being acceptable and is shown in Fig. 2.
All of these were rejected because of the lack of the
strong 7th maximum and because the 8th maximum
is much too strong. Curves A, F, K and P are
very similar; of these, only F is shown. These four
were rejected because minimuin 5 is at least as deep
as minimnum 6. Curves J and O are unacceptable
because the relative heights of maxima 7 and % are
uot as observed; curve J is shown in Fig. 2,
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Fig. 3.—Parameters of calculated models of carbonyl
fluoride. C-F = 1.36 A in all models.

Models G, H, I, L, M and N are accepted as
giving theoretical intensity curves that agree suf-
ficiently well with the visual curve. All members
of this group are very similar and are represented in
Fig. 2 by H. By a comparison of the curves J, H
and F, it is seen that there is a trend in which max-
imum 8 decreases in height relative to 7, if the com-
parison is made in the order given. For this fea-
ture alone, H and F are acceptable, while J is not.
One also notes, however, that while in J and H the
relative depths of minima 5, 6 and 7 are essentially
correct, in F minimum 6 is not as deep as 5 or 7 and
hence F may be rejected. On the basis of these
arguments, the limits of acceptability have been
placed just outside of G and I. Minimum 6 is only
very slightly deeper than 5 in G while in I, maxi-
mum 7 is only slightly higher than 8,

The same remarks apply to the curves calcu-
lated from models having ZFCF = 115°. When
this angle is increased to 120°, maximum 8 practi-
cally disappears as may be seen by curve R, Fig. 2.

The qualitative comparisons place the 120° mod-
els on the borderline and the quantitative compari-
sons clearly eliminate them. Models with the
LFCF at 122° were qualitatively unacceptable as
illustrated by curve U in which maximum 5 is
extremely weak and in which the relative depths of
minima 5 and 6 are opposite to that observed.

Calculations have been made to demonstrate the
nature of the dependency of the limits of the area
of compatibility upon reasonable values for the
vibrational damping factors. The values of b&;
were chosen as 0.0001 for the non-bonded distances.
Curves calculated by use of these factors showed a
general damping, but the intensity relationships of
adjacent features were the same as in the original
undamped curves. For factors of this magnitude,
the area of acceptable parameter ratios is un-
changed. If one assumes that the damping factors
for the non-bonded distances have b&; values no
greater than 0.0001 larger than those for the bonded
distances, then the area of acceptability remains
that which is shown in Fig. 3. The Geatcd/Qobsa ra-
tios are given in Table III., It will be noted that
models Q, R and S give rise to average deviations

from the mean ¢ ratios which are sufficiently large
to justify rejection of these models. In Table IV
are listed the interatomic distances obtained by
multiplying the assumed values for each acceptable
model by its average Gealca/gobsa ratio. The final
results are taken as C-F = 1.32 = 0.02 A., C=0 =
1.17 + 0.02 A. and ZFCF = 112.5 = 6°. These
distances lead to a value of 2.20 A. for both the F-O
and F-F distances; exactly this value is given by
the stronger peak on the radial distribution curve
(Fig. 2).

TaABLE IV
CarBoNYL FLUORIDE Distances (In Axcsrrom Unirts)
Model G H I L M N
F-C 1.323 1.321 1.31g 1.319 1.319 1.315
Cc-0 1.168 1.175 1.181 1.164 1.174 1.18g
F...O 2.209 2.214 2.217 2.182 2.18% 2.18j5
F...F 2.16g 2.165 2.159 2.221 2.221 2.214

Tetrafluoroethylene.—The visual curve for this
compound is reproduced in Fig. 4 and is a result of
examination of photographs of both samples men-
tioned earlier. There were no significant differ-
ences between the intensity estimates or measure-
ments made on photographs of the two samples.
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Fig. 4.—Intensity and radial distribution curves for tetra-
fluoroethylene.

A discussion of some of the critical features of the
visual curve follows: Maximum 7 was drawn as a
very small symmetrical peak although by the na-
ture of this feature it was realized that it would be
necessary to be liberal in its interpretation. The
hump on the outside of the 8th maximum is judged
to be less pronounced than are the similar features
which occur on diffraction photographs of CO,.
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Maximum 9 is shown as it impresses most observers,
but the only requirements which one can justifiably
place upon this feature are that it must be asymmet-
ric to the inside, that this asymmetry must be more
obvious than the hump on the outside of the 8th
maximum, and that this maximum be better re-
solved than is maximum 7.

The establishment of parameter limits was first
done tentatively by comparing the visual curve
with theoretical intensity curves calculated by rigid
planar models having Dy, symmetry. The values
of parameters chosen are indicated in Fig. 6.
Curves were calculated for both the labeled and
unlabeled points, but a discussion of curves corre-
sponding to the unlabeled points is not necessary
for the present purpose. The enclosed area on this
chart indicates the limnits of models compatible with
the visual curve while the extended line is a bound-
ary of the shapes of particular features considered
alone.

‘The solid line extension on the lower side of the
compatible area excludes the models below it be-
cause of the absence of maximum 11 and the unre-
solved doublet appearance of the 12th maximum.
Of the models so eliminated, curve K shown in Fig.
5 is the most nearly acceptable. Models close to
this line, but on the upper side, such as O and L,
are in satisfactory agreement with observations.

Curves A, E, H, Q, X and Y are eliminated by
failing to meet the asymmetry and resolution re-
quirements placed on maximum 9 and V is on the
borderline. Each of these is rejected or, at best,
considered as a borderline case, because of other
features.

Curve A is to be compared as an end member to
the series L, G and D, in which a tapering of ac-
ceptability of the maximum 9 relations and the
convex character of the 8th maximum is evident.
Curves D and A are shown in the figures; D is con-
sidered to meet only the minimum requirements.
It is because of the slow pace of this trend that the
limit of compatibility has been placed half-way be-
tween D and A.

Curves E, H and Q are on a line which goes below
B and Y that excludes from acceptability all mod-
els which are above it because they have their th

g.
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Fig. 5,—Intensity curves for tetrafluoroethylene.
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maxima at least as high or higher than their 5th
ones. Among the cases close to and on the bound-
ary, the best in this respect is H, which is shown in
Fig. 4. Curves F, J and R were quite clearly re-
jected on this basis.

The series of models M, P, S, U, V and X exhib-
its trends that are responsible for the rejection of
X and the reserved acceptance of V; the latter
curve has been reproduced in Fig. 4. In each of
these curves, the 6th maximum approaches the 5th
in height, but does not get as bad as in H, the exam-
ple borderline case for this test. The 7th maxi-
mum becomes barely perceptible in V and X, while
the hump on the outside of the 8th maximum gets
so pronounced in comparison to the 9th maximum
that V is accepted only because of the desire to be
as liberal as possible. Also in this curve, the 11th
mininum and maximum seewm to climb up the side
of the 10th peak.

On the basis of the curves for the rigid models,
the conclusion is that the C-F/C~C ratio is 0.987 +
0.046 with an FCF angle of 114 =+ 3.0°.

The effects of the inclusion of vibrational damp-
ing factors in the calculation of theoretical intensity
curves is well illustrated by curves K, K1, K3 and
K5 of Fig. 5, where the numerals in the labels indi-
cate which factor set of Table V was applied. The
results were very consistent; the amount of smooth-
ing of the major features and suppression of the
minor ones is regular from curve to curve, being
proportional to the original intensities of the indi-
vidual features in the curves for the rigid models
and to the amount of damping (that is, the number
and magnitude of the factors greater than zero).
Thus we see that the asymmetry of the minimum
in which the 7th maximum should appear is com-
pletely lost in going from K to K1; the well re-
solved 9th maximum of K is progressively reduced
to a very slight asymmetry in K3. In every case
tried of the representative group inside and outside
the area of compatibility, the individuality of each
feature is reduced step by step as the damping on
the long distance terms is increased until as in K5
all the features look alike beyond what is left of the
6th maximum.

TABLE V
DAMPING FAcTORS TESTED rOoR TETRAFLUOROETHYLENE

Fi F;
Soemed
Fy F

4

Scattering pairs (values quoted are for b;;)
Set

no. Cy-Fy C~C: Cye- Ty Fyeo o Fe Fy+++Fs Fyeve F(
i 0 0 0 0 0.0001 0.0001
2 0 0 0 0 .0002 .0002
3 0 0 0.0001 0.0001 .0002 .0002
4 0 0 .0001 .0001 .0002 .00035
5 0.00016 O .00038  .00044  .00040  .00064

A note should be made here of an exception to
the proportional action of the factors that is not
demonstrated by the damped curves shown. The
convex character of the 8th maximum withstands
the smoothing effect of the factors more than any of
the other minor features. Thus damping of the
type tried would not make a curve such as V more
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The tentative conclusions on the values and
limits of the distance ratio and the F~C-F angle
obtained from rigid models are thus accepted as

C-F.
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Fig. 6.—Parameters of calculated models of tetraflitoroethylene.

C-C = 1.34 A. in all models.

acceptable, even though the prominence of this
hump is one of its objectionable features.

The general econclusion is the following: In no
case was a curve seen to be improved by the inclu-
sion of vibrational damping factors in its calcula-
tion. The rigidity of the requirements placed on
the shapes of the features in the intensity curves
would have to be considerably relaxéd to allow ac-
ceptance of factor set K1, while it would be impos-
sible to correlate curves calculated with sets 4 or 5.

TaBLE VI
Gealed/ qobsd RATIOS FOR TETRAFLUOROETHYLENE
£ 8
2 2 gobsd. D G L M o P
3 26.55 0.949 0.964 0.976 0.987 0.990 0.994
3 29.92 .979 .98 1.003 1.013 1.006 1,016
4 33,42 ,958 .969 0.978 0.987 0.993 0.993
4 36.76 .960 .971 .987 .996 .996 1,001
5 42.65 .957 .966 .980 .989 .994 0.998
5 46.44 .975 .988 .999  1.012  1.012 1.016
6 50.20 .960 .074 .86 0.992 0.998 1.000
6 52.81 .950 .068 .985 .992 1.000 1.002
8 64.01  .976 .987 1.001 1,012 1.009 1.015
9 72.45 .959 .969 .984 0.998 0.995 1.003
10 80.72 .966 979 0.992 1.001 1.006 1.011
11 84.48 .97 ,985 1.000 1.006 1.016 1.014
11 87.06 .970 .982  0.997 1.003 1.010 1.008
12 90.08 .967 .974 .986 1.004 0.994 1.005
13 101.19  .964 .975 .988 0.996 1.000 1.003
Average 0.964 0.976 0.989 0.999 1.001 1.005
Mean deviation 0.0079 0.0067 0.0073 0.0075 0.008g 0.0064
Max. Min. S 18] v
3 0.998 1.008 1.017
3 1.023 1.033 1.039
4 0.999 1.005 1.008
4 1.009 1.015 1.020
5 1.008 1.008 1.018
3 1.023 1,029 1,038
6 1,006 1.012 1,020
6 1.009 1.017 1,024
8 1.023 1.031 1.037
9 1.009 1.020 1.027
10 1.017 1.026 1.033
11 1.022 1.029 1.038
11 1.014 I.022 1.026
12 1.012 1.021 1.027
13 1.010 1.018 1.024
Average 1.012 1.019 1.026
Mean deviation 0.0067 0.0074 0.0072

final results. The gealca/gobsa ratios, together
with the mean deviations from these values, are
listed in Table VI. The interatomic distances
as determined by these ratios for each model
are given in Table VII, together with the final
preferred values.

The radial distribution curve, Fig. 4, shows
four peaks. The first and strongest is very nar-
row and is due to the bonded C-F and C-C dis-
tances; since the C—F contribution to this peak
is so much greater than that of the C-C bond,
the former distance is seen to be very near the
1.30-1.31 A. indicated. The second peak, oc-
curring at 2.24 A, is due to the long C - - - F
and the shortest F ... F distances. Each of the
last two peaks is caused by two pairs of equiva-
lent distances. The intermediate F . . . F dis-
tance is responsible for the peak at 2.76 A., while
the long (diagonal) F - . . F has produced the one
at 3.52 A. Both these values are within 0.02 4.
of all values listed for these two distances in Table
VII.

TaBLE VII
INTERATOMIC DISTANCES IN TETRAFLUOROETHYLENE (IN
ANcsTROM UNITS) AS DETERMINED BY THE ACCEPTABLE

MoDELS
Radial
Range of values distribution

Distance obtained Final value result
C-Cs 1.292-1.375 1.33 £ 0.06 (1.81)*
C-Fr 1.293-1.311 1.30 &= .02 1.31
G-+ Fy 2.303-2.329 2.31 & .03 (2.31)°
Fi- Fy 2.160-2.19¢ 2.18 £ .03  (2.18)°
Fi+- F, 2.739~2.762 2,75+ .02 2.76
Fi.--Fy 3.505~3.514 3.51 & .02 3.52

@ These values were calculated from the other radial dis-
tribution results assuming a planar model.

It should finally be pointed out that the above
interpretation is based entirely on planar models
and that it would undoubtedly be quite impossible
to eliminate models in which the planes containing
the two CF; groups were rotated by about 10° from
the planar configuration.

Comparison of Results

The results obtained for ketene in the present in-
vestigation are believed to be considerably more

C-C.
130 131 132 1133 134 135
] ] ¥ ] T ]
118 |
117 F eoBok:B. & L. B &S,
1.16 ®B.&L
115 ®Bok
114 |

Fig. 7.—Parameters of ketene models (see text).
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accurate than those of the previous electron diffrac-
tion study? since the former are based on diffraction
patterns extending to mwuch larger scattering an-
gles, The present results are compatible with the
infrared results® quoted in the introduction. The
early electron diffraction results (B and S) are indi-
cated in Fig. 7 together with the results of the pres-
ent investigation (B and L).

The microwave results of Bak, ef al., are also indi-
cated in Fig. 7 (Bak). These distances were ob-
tained from absorption frequencies for H,CCO,
HDCCO and D,CCO assuming the rigid rotator
approximation and that ZHCH = 122.,5°. Since
their three experimental data are not sufficient to
define a unique solution to the problem, it seemed
possible that another solution might be found
whiclh would give better agreement with the elec-
tron diffraction data. By successive approxima-
tions the model indicated in Table VIII was found;
this model is not only compatible with the micro-
wave data but also agrees fairly well with the new
electron diffraction values. It is indicated in Fig.
7 by the label (Bak, B and L).

TanLe VIIT
MICROWAVE SPECTRA INFORMATION AND COMPARISONS FOR
KETENE

Johnson, Ingersoll,
Strandberg

Bak, Knudsen, Madsen,
Rastrup-Anderson

Molecular O — 1., (Corrected values)
species transition, mec. (b -+ ¢), mc. (b — ¢), mc,
H:CCO 20,200 20,209.14 + 0.05 377.41 = 0.02
D2CCO 17,690 17.673.42 = .05 568.138 &= .005
HDCCO 18,8254 18,821 .67 = .05 472.42% = .005
Orig. investig, C-C = 1.333 Ceenee 0 = 2.62
preferred model C-0 = 1.150 C-H = 1.19
(rigid rotator C~-H = 1.06 ZHCH = 106°
approxn.) ZHCH = 122.5°
Model obtd. by C-C = 1.310 C-C = 1.309
present invest. C-0 = 1.170 C-0 = 1.168
{rigid rotator C-H = 1.072 CH = 1.092
approxns.) LHCH = 123° LHCH = 123°
C-C/C-0 = 1,120 C-C/C~0 = 1.121

Also indicated in Table VIII is a model which
agrees well with both the new electron diffraction
data and with the microwave data of Johnson, ef
al.> This model does not agree with the value of
2.62 A. which the latter authors have given for the
C . .. O distance; it would be surprising if such a
distance were really in agreement with the micro-
wave results.

Preliminary values of the moments of inertia of
COF; (as obtained from microwave data) have been
given in a recent article!? as 69.98 X 10~* g. cm.2,
T1.70 X 107% g, cm.? and 141.68X 107%0 g. cm.?,
where the smallest moment is about the C. axis.
These data are not sufficient to fix the structure
of this molecule but do lead to a value of 2.106 A.
for the F-F distance which is much smaller than the
value of 2.20 A. given by the electron diffraction
data. A model which is 1n good agreement with
the electron diffraction results except for the FCF
angle will lead to moments of inertia very close to
those given above; thus with C-F = 1.31, C==0 =

17and ZFCF = 107°, 7, = 69.94, [, = 71.80 and
Te = 141.75 X 107 g. cm.?.  While a model with
sucl an angle 1s within the estimated uncertuinties

(02 Alvin H. Nielsen, J. Chew. FPhvs, 19, Y8 (1851).
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of the electron diffraction results, the agreement
cannot be considered as good.

After the present investigation had been started,
an electron diffraction study of C;F4 was published
by I. Karle and J. Karle.!* Making use of a rotat-
ing sector and methods of analysis which should be
quite accurate, they arrive at C-C = 1.313 = 0.035
A.and C-F = 1.313 % 0.010 A. with ZFCF =
114 = 2° They have also determined the magni-
tudes of the vibration factors as those labeled set
51n Table V. The agreement between the inter-
atomic distances obtained in the two investigations
is good, but application of the damping factors, set
5, results in a curve (K5 of Fig. 5) which cannot
account for the pattern observed in the present in-
vestigation.

Discussion

It is interesting to compare the C-F distances ob-
tained in the current mvestxgatxon (1.30 = 0.02 A.
in CoFsand 1.32 £ 0.02 A. in COF,) with the C-F
distances in other molecules containing the CF.
group. In CF,CH,, this distance is 1.321 % 0.015
A " while in CH,F, it is appreciably larger at 1.36 =
0.02 A.'* Three cyclic compounds containing the
CF. group have been studied by electron diffraction.
In C.F; the C-F distance is 1.33 £ 0.02 A.'® For
both CyFy and C¢Fys the radial distribution curves
were interpreted by setting C-F = 1.38 A. with
C-C assumed as 1.54 A. but no systematic varia-
tion of parameters was made in an effort to put lim-
its on these values.'?

Comparisons of the C-F distances may also be
made with those in CH;F and CHF;. In CHSF,
the C-F distance has been determined as 1.39 A. by
electron diffraction®and 1.383 A. by microwave and
infrared spectroscopy.!®* One electron diffraction
investigation'® of CHF; gave C-F = 1.35 £ 0.03 A
with ZFCF = 108 = 1.5° while another?® gave
C-F = 134 & 0.02 and LFCF = 109 = 2°.
Spectroscopic results®! give C-F between 1.32 and
1.33 A. assuming an FCF angle of 110°; if the an-
gle is reduced to 108°, the C-F distance is increased
to 1.335 A. which is in fairly good agreement with
the electron diffraction results. It seems, then,
quite definite that the C-F distance decreases as
one replaces H atoms by F in the series CH;F,

(13) 1. Karle and J. Karle, ibid., 18, 963 (1950).

{14) See reference 13 (electron diffraction). This result is also com-
patible with the moments of inertia obtained from the microwave
spectrum by A. Roberts and W. F. Edgell, Phys. Rer., T6, 178 (1949).

(13) L. O. Brockway, J. Chem. Phys., 41, 185 (1937) (electron dif-
fraction). A study of the infrared spectrum of this compound (H. B.
Stewart and H. H. Nielsen, Phys. Rev., 78, 640 (1949)) gave C-T =
1.32 A, A recent investigation of this compound in this Laboratury by
electron diffraction has, however, confirmed the earlier clectron dif-
fraction investigation.

(16) H. P. Lemaire and R. 1..
5732 (1952).

{17y O. Bastiansen. O. Hassel and L.
Scand.. 8, 297 (1949).

(18) O, R. Gilitam, H. D. Edwards and Walter Gordy, Phys. Rew.,
75, 1014 (1949).

(197 1.. O. Brockway. J. H. Secrist and C. Lucht, paper presented at
the Neeting of the American Chemical Society, Buffalo, N. v, 1942,

(208 S, H. Bauer and J. Y. Beuch, quated by P. W Allen and 1, 8
Sntton, Acte Cryst, 8, 46 (1930).

(21) H.J. Berpstein and 0. Herzberg, . Chem. Phys., 16, 30 ¢ 19481
(infrareds and reference 18 (smicrewave).,
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CH,F;, CH;. In CF4 however, the electron dif-
fraction value for the C-F distance is 1.36 + 0.02
A. (Brockway, reference 15).

The C=0 distances in H;CCO and F,CO (1.16 =
0.02 A. and 1.17 £ 0.02 A.) are shorter than
that in H,CO2 (1.21 = 0.01 A.). The data do
not, unfortunately, permit any valid comparison
of the C=C distance in C,F; with this distance
in other compounds. The rather short C=C
distance found in ketene (1.30 = 0.02 A.) indi-
cates that this bond distance is appreciably

(22) D. P. Stevenson, J. LuValle and V. Shomaker, THIS JOURNAL,
61, 2508 (1939).
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shorter than that in ethylene® (1.35 = 0.01 A.).
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Three general mathematical methods for the calculation of the association constants of a complex ion system have been
examined. The three methods have been shown to yield unique values for the constants of a given system. The trans-
formations in the general case have been developed. Evaluation of the constants of a system by both graphical methods
and the solution of simultaneous linear equations have been discussed. The limitations of the methods have been considered.
The methods have been applied to the calculation of the constants for the uranium(IV) sulfate complex ion system investi-

gated by Betts.
are obtained by the three methods.

In recent years an increasing amount of interest
has been shown in the problems associated with the
formation of complex ions in aqueous solution. In
a review Bjerrum!? has pointed out that the for-
mation of complexes always appears to occur in step-
wise fashion, with the stabilities of the various spe-
cies MA; characterized by a series of mass action
constants, &y, ... k.. He also shows that if correc-
tions for the statistical effect are made, a cer-
tain number of the ligands initially bound to the
central atom, M, are attached with about the same
affinity and suggests that a mean complexity con-

stant k. = VEiks . .. k; can be used as a convenient
measure of the tendency to complex formation.
From an examination of the relationships of the
successive constants he has made deductions about
the existence of characteristic coérdination num-
bers, statistical effects, electrostatic effects, as well
as certain anomalies—such as might be caused by
change in codrdination number—that may exist.

In order to correlate the free energy data on
various complex systems, particularly if quantita-
tive comparisons are to be made, not only are pre-
cise experimental data obtained from demonstrably
valid experimental techniques necessary but the
data must be treated in as mathematically rigorous
and physically significant a manner as possible.

There are available only a limited number of
general mathematical methods for the calculation
of successive complexity constants although a vari-
ety of slight modifications and specific applications
of these general formulations have been made by a

(1) J. Bjerrum, Chem. Revs., 46, 381 (1950).

(2) J. Bjerrum, '“Metal Ammine Formation in Aqueous Solution,"
P. Hasse and Son, Copenhagen, 1941.

Within the manipulative uncertainties in treating the data, identical values of the constants of the system

number of investigators. The three general treat-
ments are those proposed by Leden,® Bjerrum? and
Fronaeus. In the present communication we
have undertaken to restate the general mathema-
tical formulation for the calculation of successive
complexity constants, examine the foundations in
each case, analyze the physical significance of the
treatment, apply the various methods to a particu-
lar set of data and then critically compare the re-
sults obtained, pointing out the aspects of each
treatment that might be expected to introduce un-
certainties.

I. Calculation of the Successive Constants of
Mononuclear Complexes
General equations and definitions:

M = central ion or molecule

[M] = concentration of uncomplexed central ion or mole-
cule

A = ligand

[A] = concentration of unbound ligand

MA, MA,...MA; series of complexes formed
[MA;] = concentration of jth complex
M+A=MAM+2A =MA;,.... M+jA =MA; (1)

For the jth complex the equilibrium constant

MA;] _ T
B = rMﬁ']j =;[=I1 ki (2)

where the k’s are constants for the formation of the
individual complexes formed in stepwise manner,
Now the total central ion concentration, Cp, is

J
Cm = [M] + 3 [MAj] (3)
i=1
(3) I. Leden, Z. physik. Chem., A188, 160 (1941).
(4) S. Fronaeus, Thesis, '"Komplexsystem Hos Koppar,” Lund,
(1948); Acta. Chem. Scand., 4, 72 (1950).




