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ABSTRACT

The structures of six gaseous molecules, trifluoromethyl-
acetylene, perfluorobutyne-2, tetramethylsilane, tungsten
hexacarbonyl, molybdenum hexacarbonyl, and osmium tetroxide,
have been determined from a study of their electron diffraction
patterns by the visual correlation method employed in these
Laboratories. An interpretation of the interesting features
of the unusual structures of the hexacarbonyls and the tetroxide
is given. This thesis concludes with a discussion of the
energies of the valence states of atoms as they exist in

diatomiec molecules.
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I. THE STRUCTURES OF SEVERAL GASEOUS MOLECULES

A. Introduction

Photographs of the electron diffraction patterns of
the several molecules were taken with the apparatus des-
cribed by Brockway(l) and interpreted wvisually by the
methods currently used in these Laboratories(2). The
electron wavelength was calibrated by means of zinec oxide(3)
and corrections for film expansion were made in all cases.

Radial distribution curves were calculated by means

of the equation(4’5)

Imax
r D(r) = Z I(q) e-aq2 sin(9rqr/10)
Q=1ly2gy0ee
with the use of punched cards(s’é). The visual intensity
curve, I(q), represents the visual appearance of the photo-
graphs, and the constant a was so chosen that the quantity
6=84° yag equal to 0.10 at that value of q at which the
last visible feature was measured. Heavy lines beneath the
radial distribution curves indicate by their positions and
heights the distances and scattering weights of the best
models.
Theoretical intensity curves for use in the correlation
method were calculated(516) usually in the zizj approximation

to the equation(4)

@ = e iZj ' (Z"f;igz'ﬁi e-2139° sin@rrs§a/10).
?
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Critical marks added to these theoretical intensity curves
indicate tersely a qualitative or gquantitative difference
between each of them and some standard intensity curve, the
visual curve unless explicitly noted otherwise. The use of
these ecritical marks is indicated in detail in Table I of
Section C. for the case of their first appearance, Figure 2.
In all determinations except trifluoromethylacetylene,
the quoted limit of error for a shape parameter (a bond
angle or a ratio of interatomic distances) is that directly
determined in the correlation procedurej; for an interatomic
distance it is the sum of the uncertainty which arises
because of the uncertainty in the shape determination and
of an allowance for an estimated percentage limit of error

in the scale determination.
B. Trifluoromethylacetylene

Substituted acetylenes have long been known to mani-
fest pronounced shortening of the single-bond distances
adjacent to the triple bond; this has been confirmed in
(7,8)

several cases by recent microwave studies Structures
of fluorocarbons have been reported(9) with rather widely
differing CF distances and with the hint that the FCF angle
is less than tetrahedral. Of interest in all these re-
spects is trifluoromethylacetylene, for which the CF dis-
tance has been reported<8) to be 1.33OK and the CC distance,

1.493R on the basis of microwave measurements on two
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TABLE I

Explanation of Critical Marks of Figure 2.

Position Mark

7 max Black dot

All max, Arrows
all min

5 max Black dot
White dot

9 min, Line
10 min

9 max Arrow

10 max, Terminated

11 max line
5 min- Curved
9 min line

8 min Line

10 max Cross

6 max, Line

7 max

13 max Line

4 max= Curved
7 max line

9 max- Line

11 max

Meaning

Inner slope should be more con=-
vex upwards. Creation operator.

Position of maxima and minima as
measured from photographs, corrected
by scale factor. Best curve.

5 max should be found farther down-
wards and to the left. White dot
is destruction operator.

9 min is too deep; 10 min, too shal=-
low. Depths should be as line indi-
cates.

9 max is significantly misplaced
relative to adjacent features.
The arrow is the same as the one
shown on the best curve.

Feature should be wider, with
approximate width as indicated.

8 min should lie below a line
from 5 min to 9 min with relative
depths as indicated.

Feature in bottom of 8 min should
lie closer to 8 max than to 7 max.

Completely unacceptable feature;
compare standard.

7 max is too high relative to
6 max. Line indicates desired
heights.

13 max should lie between minima
of almost equal depth.

6 max is too high relative to
4 max and 7 max. Heights should
lie along curve.

Region should slope upwards more
gently.
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o]
isotopic species and the assumptions that CH is 1.056A,

o]
triple-bond CC is 1.207A, and the FCF angle is tetrahedral.

(10) on the microwave

However, work in these laboratories
spectrum has provided four moments of inertia from the
several 1lsotopic specles available, and the remaining para-
meter has been determined from the electron diffraction
pattern.

The sample of trifluoromethylacetylene (heat of vapor-
ization and extrapolated B.P. from vapor pressure-temperature
measurements, 4650 cal/mole and =-4409; 11¢, (11) B.P., -46%29)
was furnished for both microwave and diffraction studies by
Professor Albert L. Henne of The Ohio State University.
Sample bulb temperatures ranged from -68° to -1000; the
electron wavelength was 0.060632 and the camera distance,
10.94 cm.

Theoretical intensity curves were calculated for models
consistent with the microwave data of Table II for FCF
angles in the range 106.5° to 112.5° and the three sets of
temperature factor coefficients of Table III. Curves for
FCF angles of 107.5° with further variations of the tempera-
ture factors for C'F and C''F were also calculated. The
significant variations, however, are those shown in Table III.

Models 110.5%°4 and 110.5°C are clearly unacceptable in
the region of maxima 8 - 11 and in the relative heights of
maxima 2, 3, 4, and 5. Only models with the FCF angle less
than 108.5° are acceptable if maximum 8 is to be considerably



TABLE II
Microwave Data, Trifluoromethylacetylene, CF3C'C"H

o 0 0 0
FCF Angle CF (A) cc' (a) c'ctt (A) C''H (A)

106, 5° 1.341 1.446 1.201 1.056
107, 5% 1.335 1.464 1.201 1.056
108, 5° 1.330 1.482 1.201 1.056
109.5° 1.325 1.501 1.201 1.056
110.5° 1.320 1523 1.201 1.056
111.5° 1.315 1.542 1201 1.056

e i - oy 1310 1.563 1.201 1.056



TABLE III

Relative Temperature Factor Coefficients, Trifluoromethyl-

acetylene, CF3C'C''H

Atom Pair ajj X 104
A B c
CF 0.2 0.2 0.2
C'F 1.0 0.9 2+1
C''F 2.0 2.6 T ]
FF 0.7 0.7 1.0
FH 5.9 7.2 7.7
Ccc! 0.1 0.1 0.1
cc*? 0.5 0.5 0.5
gyt 0.0 0.0 0.0
CH 3.0 3.0 3.0
c'a 2.6 2.6 2.6

C''H 2.2 2s2 2.2
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Figure 1. Trifluoromethylacetylene
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weaker than maximum 9., Since maxima 6, 7, and 8 appear

to increase in intensity in the order 6, 7, 8, models with
the FCF angle less than 106.5° are unacceptable. Besides,
a weak ring appears at about q equals 72 on model 106.5°A,
and maximum 7 disappears in 106.5°C: two objections to
106.5° models which, however, could perhaps be overcome by
careful adjustment of the temperature factors.

Maximum 10 and the neighboring minima change very
rapldly with FCF angle and so are very important for the
choice of best value and limits of error. According to
visual I they would lead to a choice of about 108°, but
it is not certain that the relative depths of the minima
are just those shown: the photographs sometimes give the
impression that minimum 11 is the shallower, possibly by
as much as would correspond to an angle of 107°, The posi-
tion of maximum 10 seems to afford the most sensitive indi-
cation, the measured value (which seems to be quite precise)
definitely favoring the 107.5° models over all others. In
general, all the 107.5° curves calculated are in good agree-
ment with the visual curve. The lack of agreement in the
relative depths of minima 2 and 3 and of minima 6 and 7
apparently cannot be resolved by changes in the model and
presumably arise from errors in the vlsual curve. Having
inspected the theoretical intensity curves before studying
the photographs, Professor Schomaker was unable to make as

unbiased an interpretation as was desired, but it seems
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obvious to him that minimum 6 is very much deeper than shown
in visual I. Dr. Kenneth Hedberg, who was unacquainted with
the details of the investigation, was asked to examine the
photographs over the region between what are here labeled
maxima 5 to 9. His representation, visual II, confirms the
conclusion that visual I is in error in regard to the depths
of minima 6 and 7. It seems to be true, however, that the
relative depths of minima 7 and 8 are indicated more cor-
rectly by visual I than by visual II.

Table IV shows the comparison of measured q values
with those of 107.5°B. The average deviations for 106.5°B
and 108.5°B are 0.0075 and 0.0074, both somewhat greater
than that, 0.0057, for 107.5°B. The value of the scale
factor, 1.002, is 1In excellent agreement with the micro-
wave data; 1t has not been used to fix the scale of the
molecule. This scale factor is satisfactorily stable with
respect to changes in the weights, and, perhaps signifi-
cantly, more so for 107.5°B than for any of the other curves.
The scale factor becomes exactly unity for 108.5°B, again
in general confirmation of the angle determination.

The structure of trifluoromethylacetylene, with limits
of error, 1s given in Table V. The CF, CC' and FCF angle
values are less certain than the C'C'' and C''H values
because the electron diffraction data merely restrict the
three related parameters not completely fixed by the spectrum
to a region of parameter space of size corresponding to the

listed limits of error.
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TABLE IV

Scale Factor, Trifluoromethylacetylene

Qobs

99.9
105.6

AVERAGE

AVERAGE DEVIATION

qcalc/qobs(lo7o 5OB) Weight

0.844
0.942
0.961
1.019
1.001
1.017
1.002
0.987
0.989
1.009
1.016
1.008
0.980

HHHEFEFDHEOHFOOOOOONNHFNHNHOOO

SCALE FACTOR
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TABLE V

Structure of Trifluoromethylacetylene, CF3C'C"H, C3v

Parameter Value Limits of Error
CF 1.3358 0.018
cc! 1.4648 0.028
crer 1.201% 0.002%
ClH 1.0564 0.0054

FCF Angle 107.5° 1.0
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The significance of these values of the parameters
is discussed after the presentation of the values of the
parameters of perfluorobutyne-2 in Section I.C of this
thesis.

The interrelation of electron diffraction and micro-
wave data may be expressed in terms of the intersection
of a geometric surface which defines limits of error for
electron diffraction in the N-dimensional parameter space
with the sheet of (N - n) dimensions which approximately
represents the freedom remaining in the choice of para-
meters when n moments of inertia are known from the micro-
wave spectrum. On this microwave sheet, limits based on
more general knowledge of molecular structures may be
drawnj these limits are equally avallable for the electron
diffraction determination. In the ideal case, the model
in best agreement with the electron diffraction data lies
on the microwave sheet and at the center of the electron
diffraction limiting surface.

The advantage accruing from the use of electron dif-
fraction data is the reduction of limits based on a general
knowledge of molecular structure to diffraction limits of
error; the advantages accruing from the use of microwave
data are the usually very great limitation of the position
of the model with respect to certain directions in parameter
space, ineluding often some corresponding to the positions

of atoms which do not scatter electrons strongly. The most
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valuable sort of combination is one which minimizes the
area of the microwave sheet included by the diffraction
limit-of-error surface and the fraction of the volume of
this limit-of-error surface which is allowed by the micro-
wave sheet, For particular arbltrary parameters the total
range of allowed variation may be minimized under circum-.
stances which do not correspond to this criterion. 1In
any case, the situation for a certain molecule will not
be a matter of choice unless the possibility of using only
some of the accessible isotopic species is under considera-
tion.

In trifluoromethylacetylene there is a fortunate com-
bination of methods. Two parameters of direct interest,
C''H and C'C'', neither one well determined by electron
diffraction, are accurately determined by the microwave
data, and the fifth, the sole remaining one, 1s easily

found from electron diffraction.
C. Perfluorobutyne-2

Perfluorobutyne~2 is of interest for reasons similar
to those given for the study of trifluoromethylacetylene.
The sample of the butyne (heat of vaporization and extra-
polated B.P. from vapor pressure-temperature measurements,
4840 cal/mole and -249; 11£(12) B.P., =24.6°) was furnished
by Professor Albert L. Henne of the Ohio State University.
The possible presence of an impurity, perhaps perfluoro-

(12)

methylallene s was neglected in the interpretation of
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the diffraction pattern. Sample bulb temperatures were
from -51° to -70°; the electron wavelength was 0.060402
and the camera distance was 10.98 cm.

The values of the relative temperature factor coeffi-
cients are given in Table VI; they were chosen in general,
to be consistent with those used for trifluoromethylacetylene.
The values were roughly confirmed, as for the propyne, by
approximate calculation of mean square displacements on
assumption of the simple valence potential function and
reasonable vibrational frequency values. The effects upon
the C''"'F and FF' mean square displacements of bending
of the carbon axis were estimated by a separate treatment
of XpYp (Dpyep) With X equals C and Y equals CF3, that is,
with the assumption that the vibrational frequencies char-
acteristic of the CF3-groups (including the bending of CF3
as a whole against the adjacent CC) are high enough relative
to the low frequency bending of the carbon axis that the CF3-
groups may be treated as rigid. (The bending force constant
about the acetylenic carbons was taken to be the same as
for methylacetylene. The lower bending frequency is then
about 125 cm‘l, while in the propyne the frequency was ob-
served to be about 170 em~1 (10).) In principle an instru-
mental temperature factor coefficient (of the form Egziig ’
where m is the root mean square radius of the jet of gas as

it exists in the diffraction region, rjj is the interatomic



TABLE VI

Relative Temperature Factor Coefficlents, Perfluorobutyne-2,

Lo LA RS L
CF3C Grigreep 3

Atom Pair ajj x 104
CF 0.2
C'F 0.8
C''F 3.1
gcreip Bl
FF 0.6
cc! 0.1
cct? 0.5
Gicre 0.0
corre 0.9

FF! 29.0
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distance to which this instrumental temperature factor co-
efficlent is to be applied, and L is the camera distance)

has been added to the real vibrational contribution, and,
indeed, the value for FF' (Table VI), which otherwise is

too big, can be accounted for by a reasonable m (about 1 mm).
Some aj4's are not quite consistent but were not readjusted.
The value of app: was also tested to some extent by calcu-
lation of curves for a range of values.

The root mean square angular displacement from linearity
about each acetylenic ecarbon is, according to the XpY,
approximation, 9.5°., Numerical calculation of the difference
in the rigid-model distance C'''F and the average value of
this distance leads to a shortening of almost 0.01K. This
slight shortening affects the diffraction pattern appreciably.
The shortening of the FF' distances is unimportant in the
interpretation of the diffraction pattern and has been
neglected.

The solid-line visual intensity curve of Figure 2 was
drawn from the photographs of the butyne by comparison with
the photographs and the theoretical intensity curve 107.5°B
of the propyne. From it the radial distribution curve was
calculated. The dashed additions to the visual curve repré-
sent the independent impressions of Professor Schomaker.

About 175 theoretical intensity curves were calculated
with the omission of FF' terms and with the CF distance
held constant at 1.33 for values of FF from 2.11 to 2.17,
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TABLE I

Explanation of Critical Marks of Figure 2.

Position

7 max

All max,
all min

5 max
9 min,
10 min

9 max

10 max,
11 max

5 min-
9 min
8 min

10 max

6 max,
7 max

13 max

4 max-
7 max

9 max=
1l max

Mark
Black dot

Arrows

Black dot
White dot

Line

Arrow

Terminated
line

Curved
line
Line

Cross

Line

Line

Curved
line

Line

Meaning

Inner slope should be more
convex upwards. Creation
operator.

Position of maxima and minima
as measured from photographs,
corrected by scale factor.
Best curve.

5 max should be found farther
downwards and to the left.
White dot is destruction
operator.

9 min is too deep; 10 min, too
shallow. Depths should be as
line indicates.

9 max 1s significantly mis-
placed relative to adjacent
features. The arrow is the
same as the one shown on the
best curve.

Feature should be wider, with
approximate width as indicated.,

8 min should lie below a line
from 5 min to 9 min with rela-
tive depths as indicated.

Feature in bottom of 8 min should
lie closer to 8 max than to 7 max.

Completely unacceptable feature;
compare standard.

7 max is too high relative to
6 max. Line indicates desired
heights.

13 max should lie between minima
of almost equal depth.

6 max to too high relative to
4 max and 7 max. Heights should
lie along curve.

Region should slope upwards more
gently.
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CC' from 1.35 to 1.51, and C'C'' from 1l.14 to 1.29. 1In
all models, D3y symmetry was assumed, and when FF' terms
were finally added free rotation of the CF3-groups was
assumed. The parameters of a few of these models are pre-
sented in Table VII, and the intensity curves, including
FF' terms, are reproduced in Figure 2.

A limit-of-error surface in shape-parameter space
was established by detailed consideration of all the theo-
retical curves; the positions of the illustrated models
relative to this surface are indicated in Table VII.
Curve K 1s a fairly good curve, the best in its own iso-
lated region, but is regarded as unacceptable. Several
attempts to find acceptable models in which the C'F and
F'F distances are interchanged were unsuccessful and unpro-
mising.

The determination of the scale factor for Model B is
presented in Table VIII; the complete structure, in Table IX.

The dimensions of the CF3-groups in trifluoromethyl-
acetylene and perfluorobutyne-2 are the same as those in
1,1,1-trifluoroethane and perfluorcethane!?). lethylace-
tylene(13), with HCH angle of 108°14' and CC' of 1.4603,
shows the same sort of abnormalities as the fluorinated
alkynes. The length of the triple bond is quite insensi=-
tive to the electronegativity of the substituents on the
methyl group. It seems likely that the triple bond is
dominant in the determination of the adjacent C-C distance

and the methyl-group bond angles. Accordingly, the FCF

angle of 107.5° may satisfy simultaneously the requirements
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TABLE VII

Parameters of Theoretical Intensity Curves, Perfluorobutyne-2

Model** FF cc! crgrs Scale Factor
(CF equals 1.33)
A% 2.15 1.46 121 1.007
B* 2.15 1.46 121 1.006
C# 2,15 1.43 1.20 1.009
D 2s15 1.49 1.20 1.008
E 2.13 1.47 1.20 1.013
F 2,17 1.47 1.20 1.000
G* 2el5 1+47 1.20 1.008
H* 2.15 1.45 1.23 1.004
I# 2.15 1.49 1s14 1.011
J# 2.15 1.43 1.29 1.008
K 2.13 137 1.26 1.013

» Models marked with an asterisk (*) are within the
acceptable region of parameter space; those marked with
the symbol (#) are near the boundaries of the acceptable
region, either within or without j; those unmarked are
far ou%side.

**% Account of apparent shortening of CC''' and C'''F
through bending of the carbon axis is taken in lodel B.
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TABLE VIII

Scale Factor, Perfluorobutyne-2

Min Max Goba qcalc/qobs(B) ; WeightsII
i 3.4 1,014 0 0
1 5ol 0.852 0 0
2 7.5 0.935 : 0
2 > e & 0.998 | 0
3 11.0 0.952 1 0
3 12.8 0.966 1 0
4 16.0 0.945 " 0
4 19.04 1.035 : 2
5 24,6 1.018 0 0
5 26,2 1,006 0 0
6 27.5 0.991 0 0
6 30.5 1.000 1 0
7 33.78 1.004 1 1
9 3843 0.986 1 0
8 42,5 0.985 0 0
8 47,62 1,008 1 5
9 52,1 1.019 1 0
9 55.14 1.003 1 3
10 58.0 0.987 1 0
10 6049 0.998 1 0
1 63.9 0.978 1 0
11 67.6 0.975 1 0
12 72.26 0.996 1 4
12 76 .66 1,016 ;| 4
13 81.8 1.014 1 0
13 86.26 0.991 1 4
14 89. 1,004 1 0
14 94,24 1.011 1 2

AVERAGE I 0,992

AVERAGE DEVIATION I 0.019

AVERAGE II 1.006 SCALE FACTOR

AVERAGE DEVIATION II 0.009
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TABLE IX

Structure of Perfluorobutyne-2

Parameter Value Limits of Error
CF 1.340% 0.0208#
0
ol 1.4658 0.055R*#
0
crone 1.224 0.0984#
FCF Angle 107.5° 1.09

0
If C'C'' is assumgd to be 1.22A, then the limit
of error is 0.040A for CC' and 1s unchanged for
the other parameters.

Including - 1.0% estimated limit of scale error.
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of a stable CF3—group and the requirements of the most
stable carbon skeleton.

The smaller=-than-tetrahedral IFCF angle is indicative
of extra p-character in the CF bonds and extra s-character
in the CC' bond. The shortening of CC' seems to depend
somewhat on this extra s-character of the C orbital as
well as on double-bond character through conjugation, on
s-character of the C' orbital with perhaps a shortening of
0.033 as for acetyleniec CH bonds, on extra s-character of
the C orbital because of double-bond formation to the fluo=-
rines, and on a shortening of the C radius because of the
loss of electrons to the fluorine atoms. On the other hand,
the CF distance should be affected by double-bond formation,
extra p-chafacter of the sigma bond orbitals, and a correc-
tion for the ionic character of C.

0f the many possible detailed explanations of the
structure and dipole moment of trifluoromethylacetylene, the
following is proposed in which shortening of bonds 1is
accounted for only by double-bond formation and extra s-
character., If C' is assumed to be neutral, if CC' is
shortened through extra s-character by 0.032, if the double-
bond character of CC' (18%) as then deduced from the bond
length measures the contribution of structures in which C'!
or H has a positive formal charge and C is neutral, and if
the difference of charges of H and C'' remains 0.16 electrons,
corresponding to 8% ionie character for an uncharged C-H

group, then use of the observed(lo) dipole moment of 2.36
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Debye indicates that the CF bonds have about 13% net ionic
character. Simultaneous solution for the effective differ=-
ence in electronegativity of C and F and for the bond order
n of the CF bond (through the use of the Schomaker-Stevenson
Ru1e<l4) corrected for bond order by 0.700 log n and through
the use of the relation of ionic character to electronegativity
difference) leads to the values 1.3 and 1.20 respectively.
The ionic character of the CF (¢ -bond is then 33%. The net
charges on y C, C'', and H are 0.13, -0.32, 0.04, and-0.12

electrons respectively.
D. Tetramethylsilane

At the suggestion of Professor Schomaker a redetermin-
ation of the SiC distance in tetramethylsilane, Si(CH3)4,
was undertaken to determine whether this SiC distance was

(14)

really an exception to the Schomaker-Stevenson Rule that

Tp = T ¢+ T = 0.09 ,XA - x3),

in view of the fact that the SiC single bond in this com-
pound has been reported(IS) to be 1.93 ¥ 0.033 instead of
1.88% to 1.90& as found(16) in carborundum, and 1.88% as
predicted by the Rule. The value 1.873 has recently been
reported‘1?) in the three other methylsilanes and the SiC
distance in Sin(CH3)g 1s¢18) 1,90 & 0,02%.
Tetramethylsilane was prepared by the addition at

about 40° of silicon tetrachloride dissolved in n-butyl

ether to excess methyl magnesium iodide prepared in n-butyl
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ether. The mixture was refluxed at about 60° for nine
hours under a 62-cm water-cooled reflux condenser main-
tained at less than 10°. After the volatile products which
passed the condenser to a trap cooled with a dry ice-
acetone mixture were returned to the Grignard solution,
heating was continued for five hours at about 90° with
the condenser at less than 100, and then for a short time,
still collecting the volatile material in the dry ice-
acetone trap, with the condenser at about 26°.

The product, which contailned impurities less volatile
than tetramethylsilane, was fractionally distilled in a
20=-cm Vigreaux column of an unknown number of plates at
a reflux ratio of about 20. A middle fraction, about 3 ce,
had a vapor pressure of 264.1 mm at 0.00°, If trimethylchloro-
silane was the sole impurity, this distillate was about 96%
pure tetramethylsilane.

Sample bulb temperatures ranged from =17° to =43°. The
electron wavelength was 0.060592; the camera distance, 10.94cm.

Theoretical intensity curves were calculated, with
appropriate temperature factors, for SiC equal to 1.89,
for SiH from 2.45 to 2.53, and for CH from 1.06 to 1l.14.
Both the opposed and staggered orientations of the methyl
groups relative to the C3Si framework were considered in
all these models. In the estimation of the temperature
factor coefficients for the rotation-dependent CH distances
the height of the assumed three-fold-cosinusoidal potential
barrier was taken to be 1.3 k cal/mole<19). An effective

value, 1.25, was used for Zyg, All HE interactions were
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neglected. A good fit to the qualitative features of the
visual intensity curve was obtained for angle SiCH equal
to 1109, and CH equal to 1.10. A model in which most, but
not all, of the methyl grdups are staggered relative to
C3S1 is to be preferred on the basis of the qualitative
features of the pattern as well as the quantitative com-
parisons summarized in Table X. The final results are:
angle SiCH, 110° % 3°; cH, 1.10 ¥ 0,054 and sic,
1.888 ¥ 0,028 (estimated limit of scale error, ¥ 0.8%).

This, in confirmation of the Schomaker-Stevenson Rule.,
E. Tungsten Hexacarbonyl

Interest in tungsten hexacarbonyl, W(C0)g, rose from
the difficulties in completing satisfactorily the structure
of molybdenum hexacarbonyl, the structure of which was
undertaken at the suggestion of Professor Pauling. A study(zo)
of the structure of W(CO)g based on electron diffraction
data for values of g less than about 44 yilelded a WC distance
of 2.06 * 0.04% and a CO distance of 1.13 ¥ 0.05%, with
octahedral symmetry assumed. An x-ray study(21) of the
crystals merely placed an upper limit of 2.3K upon the WC
distance.

The sample of W(CO)g was obtained from A. D. Mackay,
Inc., of New York City. Pictures were taken at temperatures
from 97° to 109° with a sample bulb of about 40 cc capacity.
Although the compound decomposes readily above about 1070,

excellent photographs of undecomposed W(CO)6 with scattering
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TABLE X

Scale Factor, Tetramethylsilane

Min Max dobs deale/9obs
Opposed* Staggered*

3 7.9 0.954 0.992
2 10.8 0.869 0.989
2 14.1 0.916 0.980
3 18,1 1.015 0.985
3 20.8 1.100 1.021
4 23.2 1.056 0.995
4 25.4 1.029 0.988
5 30.02 1.001 0.996
5 33.85 1.012 1.018
6 38.6 0.998 0.998
6 45,4 0.985 0.992
7 50.56 0.993 0.992
7 55.20 1.007 1.009
8 61.31 1.003 1.003
8 65.92 1.001 1.001
9 71.65 0.992 0.991
10 82.50 0.997 0.997
10 87.93 0.993 0.993
11 92.91 0.99 0.996
11 98.36 0.995 0.995
AVERAGE I 1.009 0.998
AVERAGE DEVIATION I 0.018 0,011
AVERAGE II 0.999 0.999
AVERAGE DEVIATION II 0,005 0.006

* T4 models: CH, 1.10%; angle SicH, 110°.

Welghts
‘ 4 II

HHRHEEERHREHREREHEERREEO0O00
OHKFHHHKHHHHOOHHOOO0OOOO

SCALE FACTOR
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to the limit of the camera were obtained with less diffi-
culty than for Mo(co)é. The electron wavelength was
0.060758; the camera distance, 10.94 cm.

The gross appearance of the photographs as well as the
radial distribution curve made from wvisual I of Figure 3
indicate that there exist at least two different WC and at
least two different WO distances. Visual II, by Professor
Schomaker, confirms these observations. The standard curve
was considered to be a combination of visual I and visual
II with considerably more weight given to the latter.

Theoretical intensity curves were calculated for the
entire plausible range of the six independent parameters
described in Table XI for models containing three long and
three short WC bonds, with, however, only the WC, WO, and
bonded CO terms ineluded in most cases. The parameters of
33 of the total of 179 models for which curves were calcu-
lated are reproduced in Table XII and their Intensity curves
are presented in Figures 3, 4, 5, and 6. The first letter
in a curve designation indicates the set of relative tem-
perature factor coefficients used (Table XIII), and the
letter Z indicates that account has been taken of the vari-
ation in scattering power of C and O relative to W as a
function of q. For the curves without a letter Z an effec-

(22} Loa

tive value, 65, was used for Zy. Badger's Rule
reasonable bending frequencies were used with the assump-
tion of the simple valence potential function to estimate

the values of the relative temperature factor coefficients.



0
TABLE XI

Definition of Parameters, Tungsten Hexacarbonyl

Parameter

Long CO

Mean CO (SCALE)

Short CO

Short CO
Short WC
Long WC

Long WC

Short WO

Long WO

Long WO

333 Split

g = & 5 a'
a'
b

b* = b+ n

c=3a3+b -1

c' = a' ¢ b' - u!

* u, vy, and w are greater than or equal to

than v.

234 Split*

a' ¢« a'!

b

bl

b'' = b!' 2 w
c=as+b

c! = a' ¢ b!

cl! = a" 'Y bt?

zeroj u is greater
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TABLE XII
Values of Parameters, Tungsten Hexacarbonyl
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TABLE XIII

Relative Temperature Factor Coefficients, Tungsten Hexa-

carbonyl
Distance* ajj X 10*

A B c D E
Long CO 0.0 0.0 0.1 0.0 0.1
Short CO 0.0 0.0 0.0 0.0 0.0
Short WC 0.5 0.5 Ceh 0.5 0.5
Long WC 0.8 0.8 0.8 0.8 0.8
Short WO 1.2 1.2 1.2 1.2 1.2
Long WO 1.4 1.4 l.4 1.4 1.4
Opposite CC 3.6 1.9 : I - P S
Opposite CO 5ed 2.6 2.6 o=  caa
Opposite 00 73 3.2 362 w==  me-
Adjacent CC 3,8 3.0 c T o J— ——
Adjacent CO 5¢3 3.8 kI - R —
Adjacent 00 Fu2 3.8 BB wem o

* Distances which lack values of aij were omitted from
models.
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Curves 1AZ, 1BZ, and 2CZ, each for CWC angles of 90°,
are considered to be more satisfactory than any of the other
models because they involve a minimum of variable parameters,
the general quality of fit not being improved by considera-
tion of non-linear WCO-groups or by adjustment, as in 3C
(angle short CWC, 105°; angle long CWC, 84°), of all eight
parameters of the Cj3y-structure.

Curve 4E, the best of 67 curves calculated for various
values of the six parameters of Table XI for two short and
four long WC, 1s unsatisfactory. Moreover, model 4 cannot
be rendered acceptable by the addition of the neglected CC,
CO, and 00 scattering terms even for CWC angles varying
widely from 90°, the value used in 4CZ. Less than about
two and one-half short WC and more than about three and
one-half long WC cannot constitute the structure of W(C0)g.
This last conclusion is subject to some extent, of course,
to the restrictions of Table XI on the 2:4 models.

The final results are given in Table XV, in the deriva-
tion of which incomplete curves (e.g., 5D, 1lO0E, etc.) were
used except for the best models of cases A and B. The scale
factor for case A is based on curve 1lAZ (Table XIV) and that
for case B on a combination of 1AZ and 2CZ. &n interpreta-

tion of the structure is given in Section II of this thesis.
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AVERAGE DEVIATION I

AVERAGE DEVIATION II
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TABLE XIV

Scale Factor, Tungsten Hexacarbonyl
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66.39
69.94
72.46
7649
79.1
8l.4
86.4
89.46
92.8
94.7
97.5
99.6
102.7
(105.1)
(109.0)

AVERAGE I

AVERAGE II

deale’/9obs (1A2)

0.981
0096
1.00
0.949
1.029
1.011
1.012
0.995
0.99
1.03
1.027
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TABLE XV

The C3v Structure of Tungsten Hexacarbonyl on Several

Parameter

Mean CO

Split, CO

Short WC

Split, Wic

Long WC

Angle WCO

i Assumed.

A

1.131 ¥ 0.028

0.0008 *

1.952
0.230
2.182

180° *

LK 4 I %

1%

0.042
O
0.03A

0.04%

Assumptions Regarding CO Split and WCO Angle

B c
1.133 * 0,028  (1.108 - 1.213)

0.010%
(o 000f - 0.0758) (0.00% - 0.108)

1.947 ¢ 0.048 (1908 - 1998)

(0. 2103-0 2828)
2.185 ¢ 0.048  (2.14% - 2.23%)

180° * (155° - 180°)

# Limits include : 0.5% estimated 1imit of scale error.
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F. Molybdenum Hexacarbonyl

At the suggestion of Professor Pauling, redetermination
of the structure of molybdenum hexacarbonyl, Mo(CO)g, was
undertaken. It had been reported(20) to be octahedral, with
MoC equal to 2.08 * 0,048 and CO equal to 1.13 % 0.054 .
Although the space group symmetry of the crystals imposes no
restriction upon the symmetry of the molecule, regular octa-
hedral symmetry, with MoC equal to 2.13R and CO equal to
about 1.15% has been found(21) to be compatible with the
x-ray data.

A sample of the carbonyl was supplied by Professor
Pauling. In all, 105 photographs were taken at a camera
distance of 10.92 cm in efforts to obtain clearly visible
MoC and MoO scattering beyond q equals 65. Various sample
bulbs of volumes up to 40 cc and various heating devices
were used in vain at temperatures from 90° to 112°. The
ten photographs taken at a camera distance of about 5.1 cm
in order to observe, if possible, the reinforeing region
of scattering, which would occur at large q if this car=-
bonyl were like W(C0O)g, were no better. The electron wave-
length was taken to be 0.06042X throughout these experiments.

A superficial study of the dissociation of Mo(CO)6 at
temperatures of about 130° indicated that the pressure of
CO above excess solid Mo(CO)g is less than about ten mm even
after one hour at 1120, where the rapidly attained vapor
pressure of the carbonyl is 81 mm. Since the sample bulb

was heated up just before the taking of the photographs,
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decomposition was minimized and was probably negligible at
least for the first picture of each set of five. Yet from
none of many experiments came a photograph which showed MoC
and MoO scattering to be even one-fifth as important at
about q equals 70 as the obvious CO scattering.

This extraordinary decrease of the MoC and MoQ scattering
relative to CO scattering might be attributed to a great
amplitude of stretching of the MoC bond and correspondingly
severe temperature factor coefficients, such as those of
Set C, Table XVI. Both Badger's Rule(zz)and Gordy's Rule(23),
however, predict a WC force constant ten times as large as
would correspond to Set C.

This extraordinary decrease of the MoC and Mo0 scat-
tering relative to CO scattering might also be attributed to
the existence of at least two different MoC distances as in
W(C0)g. Indeed, the actual appearance of the photographs, as
indicated by the visual intensity curve of Figure 7, which was
drawn for q values greater than 65 largely by Professor Schomaker
but with measurements by the author, indicates that this is
the true explanation. The radial distribution curve however,
was calculated from the part of the curve for q less than 65
and, accordingly, does not resolve the MoC and MoO groups.

Parameters of several possible models are given in Table
XVII and their theoretical intensity curves are presented in
Figure 7. In all models MoCO was assumed to be linear, the
split in CO to be absent, and all adjacent CMoC angles to be

right angles.



Relative Temperature Factor Coefficients,

Distance

Mean CO

Short MoC

Long MoC
Short o0
Long MoO
Opposite
Opposite
Opposite
Ad jacent
Adjacent
Ad jacent

* Used only with the Z4Z
Z's 33, 6, and 8 for Mo,

CcC
co
00
cC
Cco
00

0.0
0.6
0.7
1.1
1.3
3.6
5.4
7.3
6.5
8.8
13.4

b
TABLE XVI

lolybdenum Hexacarbonyl

D*

0.0

0.4

0.7

0.9

1.2

1.3 - 1.9
1.9 = 2.5
Dl = D
6.5

8.8
13.4

approximation, with effective

ajy X 104

B C
0.0 0.0
0.6 8.1
0.7 8.1
1.2 8.7
1.3 8.7
3.6 18.6
5.4 20.4
% 22.3
3.8 11.3
5.3 12.8
7.2 14.7

é, and O.
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TABLE XVII

Values of Parameters, Molybdenum Hexacarbonyl

Model Symmetry Short lMoC Long MoC Mean CQO Scale Factor

1% Cay 1.97 2.10 1.13  1.013 (1AZs)
2 Cyy 1.99 2,12 1.13  1.002 (2AZ)
k! C3y 1.95 2.08 1.13  1.017 (3AZ)
4 Cay 1.96 2.11 1.13  1.010 (4AZ)
5 C3y 1.98 2.09 1.13  1.010 (5AZ)
6 Oh 2.01 -—-= 1.13 ==---

7 Op, 2.04 -—-- 1.13  -=---

8 Op 2.07 e 1013 =c-e-

9 Dsn 1.93 (2) 2,07 (4) 1.13 =----

* Ifodels marked with an asterisk(*) are within the accep-
table region of parameter space; those marked with the symbol
(#) are near the boundaries, either within or without; those
unmarked are far outside.
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As for W(CO)g, a letter after the model number indicates the
set of relative temperature factor coefficients used from
Table XVI, and a letter Z indicates that account has been
taken of the variation of scattering power of Mo relative
to C and 0. The most noticeable effect of this correction
for scattering power is slightly to weaken minimum 6 and
maximum 8 relative to adjacent features. The temperature
factor coefficients were estimated on the usual assumption
of the simple valence potential function with the use of
Badger's Rule(22) and reasonable bending frequencies.

Not only do the 0) models C fail to provide a good fit
in several ways for moderate values of q, but a C3v model
(1AZ) with linear MoCO groups, 90° adjacent CMoC angles, and
reasonable temperature factors fits well everywhere except
at maximum 8, This feature is probably in error in the
visual curve. Curve 1AZS, which was calculated for a 0.01%
shortening of MoO due to bending of angle MoCO and is actu-
ally a trifle less satisfactory at maximum 8 than 1lAZ,
illustrates the impossibility of obtaining improvement by
assuming moderate Mo0O shortening such as might arise from the
MoCO bending vibration and might possibly be compatible with
the rest of the diffraction pattern.

ilodel 9 represents the best of nineteen D4y models each
calculated with D temperature factors. It appears that for
Mo(CO0)¢, as for W(CO)g, the number of short metal-carbon
bonds must be greater than about two and one-half and that

the number of long metal-carbon bonds must be less than about
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three and one-half. The possibllity of a 2:2:2 MoC split has
not been investigated in detail, but it is likely that a Dyy
model with MoC distances of 1.978, 2.058, and 2.133 would
not prove to be altogether unsatisfactory, even to the very
limit of the known diffraction pattern. An increase in the
relative temperature factor coefficients for adjacent CC,
CO, and 00 would improve the fit obtainable for the 0Op models
for values of q less than 65, but would not explain maximum
11, minimum 12, and maximum 12.

The determination of the scale factor for model 1 is
presented in Table XVIII, and the final results are given
in Table XIX. An interpretation of this structure is given
in Section II of this thesis.

G. Osmium Tetroxide

The study of osmium tetroxide was undertaken to deter-
mine whether the existence of at least two different metal=-
ligate bond lengths was pecullar to hexaligated Mo, W, and
U(24). A previous electron diffraction investigation(l)had
led to a report of a regular tetrahedral molecule with 0sO
distance 1.66 ¥ 0.058. 5til1l another(25) nad led to the
conclusion that there exist two long and two short metal-
ligate distances both in 0s04 and RuO4; however, these
distances had the incredible values 1.79R and 2.81K for
0s04 and 1.66 X and 2.748 for Ru04. The synmetry Doy, Was
£(26)

guessed from the observed lack of dipole momen
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TABLE XVIII

Scale Factor, Molybdenum Hexacarbonyl

Min Max dobs Gcale/Uops (142) Weights
I II
1 5.0 0,991 0 0
1 Tsh 0.930 0 0
2 10,4 0.945 0 0
2 13.0 1.032 0 0
3 15.2 0.957 0 0
3 20.97 1.037 1 1
4 25.06 1.016 1 1
4 27:28 1.006 1 2
5 29.86 0.998 1 1
] 32.59 1,006 1 1
6 36.24 1.007 1 2
6 39.1 1.023 1 0
s 42,5 = eeeaa 0 0
7 45,6 emeea 0 0
8 48,2 0.998 1 0
8 5l.4 1.009 1 2
9 5560 1.010 1 3
9 58.39 1.014 h § 2
11 86.0 1.014 d 0
1.2 89.1 1.00 b | 0
12 92.3 1,01 § § 0
13 103.1 1.028 1 0

AVERAGE I 1.012

AVERAGE DEVIATION I 0,008
AVERAGE II 1.011 SCALE FACTOR
AVERAGE DEVIATION II 0.005
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TABLE XIX

Structure of Molybdenum Hexacarbonyl, C3v

Parameter

Mean CO
Short MoC
Split MoC
Long MoC
Split co
Angle CMoC
Angle lMoCC

Value

1.144
1.99%
0.138
2.128
0.00&
90°, 180°
180°

Limits of Error*

0.02%
0.022

0
0.02A
0.028
(assumed)
(assumed)

(assumed)

* TInclude ¥ 0.5% estimated limit of scale error.
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A sample of 0sO4 (Amend Drug and Chemical Company,

New York City), generously provided by the Shell Develop-
ment Company, was purified by vacuum sublimation and photo-
graphed with temperatures of the 40 cc sample bulb ranging
from 60° to 70°, The electron wavelength was 0.060593;

the camera distance, 10,94 cm.

The radial distribution curve of Figure 8 has peaks at
1.592, 1.823, and 2.818, indicating without doubt an 0s0
split of about 0.23R and a generally tetrahedral arrange-
ment of the oxygen atoms. The areas beneath the peaks,
interpreted with the 21Zj approximation, indicate that the
ratio of number of long 0sO to number of short 0s0O is 1.5
and that the number of 00 is 7.5 times as great as in the
tetrahedral 0s0, model, apparently partly because the 2123
approximation is far from valid and partly because the fine
details of the pattern were greatly over emphasized in the
visual curve.

Table XX gives the parameter values assumed for the
calculation of the curves of Figure 8; the 00s0 angles have
been assumed to be tetrahedral, as is consistent with the
radial distribution curve. The values used for the relative
temperature factor coefficients were calculated on the usual
assumption of the simple valence potential function from
the reported Raman spectrum(27) together with Badger's
Rule(22). The values, of ajj x 104, weres short 0sO, 0.03
long 0sO, O.43 and 00, 1.0, Account of the angle-variation
in scattering power of 0 relative to Os was taken in all

models.
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Values of Parameters, Osmium Tetroxide

lodel Symmetry Long 0s0 Short 0s0 Scale Factor***x*
L% " 1.82 1.59 1.004
2* C2v 1.82 1059 1.005
4 Cop*** 1.82 1.59 1.004
6 Coy 1.84 1.59 0.995
7 Cyy 1.80 1.59 1.014

* Within the acceptable region of parameter spacej; unmarked
models are unacceptable.

** JModel 1 is 60% model 2 and 40% model 3.

***  Jlodel 4 is model 2 with six times the theoretical weight
for 00.

***x* Determined according to weights II of Table XXI except
for model 4,for which all features were given equal weight,
but with the omission of 1 min, 1 max, and 2 min. Average
deviation for model 4, 0.014,



«51e

The caricature of the intensity curve is fortunate for
determining the general arrangement of the oxygen atoms but
happens to be unfortunate for estimating the number of long
and short 0sO. For, minimum 7 of curve 2 is deepened either
by increasing the 00 weight, as in curve 4, or by increasing
the number of long 0sO, as in curve 3. On the other hand,
if the measurements of maxima 5 and 6 are reliable — they
may suffer from the St. John effect — curve 1 1is better
than curve 4. But in any event curve 4 is intolerable beyond
q equals 70 besides being physilcally unjustifiable, so that
curve 1, with the ratio 1.5 of number of long 0s0 to number
of short 0s0 and otherwise clearly the most satisfactory,
has to be judged the best.

Table XXI contains the determination of the scale factor;
Table XXII, the structure. An interpretation of this struc-
ture is given in Section II of this thesis.
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TABLE XXI

ScaleFactor, Osmium Tetroxide

Min Max dops  deale’/Qobs(l) deale/9obs(2) Gcalc/dobs(3) Weights

I II
1 A A e ——— 0 0
2 10,7  ececa  mccea c;ee- 0 0
2 15:) 0.979 0.995 0.959 1 0
3 20.1 0.997 1.009 0.977 1 0
3 232 = emeee eeeee eeeea 0 0
4 - T — 0 0
4 304 = ecccce 00 cccee meee= 0 0
5 33.3 0.961 0.988 0.936 1 0
5 37.02 0.999 1.025 0.978 1 1
6 41,10 1.009 1.018 0.999 1 1
6 45.26 1.010 0.989 1.026 1 1
7 48.6 1.042 1.017 1.064 1 0
3 7 gl.g --------------- 0 0
8 0 eememe e e 0 0
8 53.4 --------------- 0 0
9 62.0 1.000 0.993 1.008 1 0
9 67,52 1,000 0.996 1.008 1 1
10 79,71 1.009 1.006 1.014 1 1
10 78.35 1.013 1,011 1.015 1 1
11 84,00 1.012 1.011 1.013 3 1
11 91.71 0.990 0.992 0.990 1 1
12 97.39 0.994 0.996 0.991 1 1
12 103. 0.990 0.992 0.987 1 0

AVERAGE I 1,000 1,003 0.998

AVERAGE DEVIATION 10.012 0.011 0.022
AVERAGE II 1.004 1.005 1,004 SCALE FACTOR

AVERAGE DEVIATION II 0,007 0.010 0.013
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TABLE XXII

Structure of Osmium Tetroxide, Cpy - Cay

Parameter

Short 0s0
Split 0sO
Long 0s0
Angles 00s0O

Number
long 0sO

Number
short 0s0

Value

1.596%
0.231%
1.8274
1099 28!

2.4

1.6

Limit of Error*

(o]
0.034
0.028
0.028

(assumed)
1.9 - 2-8

102 - 2.1

* TIncluding & 0.9% estimated limit of scale error.
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II. MOLECULES WITH MULTIPLE VIBRATIONAL POTENTIAL MINIMA:
MoFg, WFg, UFgy Mo(CO)g, W(CO)g, 0sO4

A. The Equivalence of Non-equivalent Ligates

The diffraction experiments of Section I of this thesis
indicate that in Mo(CO)g, W(CO)g, and 0sO4 there exist more
than one metal-ligate bond distance. Recent diffraction ex-
periments on UF6(1’2), WFg(2), and MoFg(2) have confirmed
the report(3) that in these molecules the metal-fluorine dis-
tances are not all alike. For all these molecules, except
possibly M0F6, this apparent lack of symmetry is quite cer-
tain, but for none of them is the evidence concerning the
peripheral interatomic distances sufficient to define the
over=-all structure with certainty. On the other hand, the
infrared and Raman spectra of UF6(4); the Raman spectra of
WF6(5), M0F6(5), and 0504(6); the agreement of observed and
calculated entropies of UF6(7); and the observation of a

(8) and 0504(9) seem

negligible or zero dipole moment in UFg

to indicate symmetrical structures.
These unsymmetrical structures have been chosen in as

simple a fashion as possible to fit the results of the essen-

tially instantaneous diffraction experiments; at any instant

some of the metal-ligate distances must be different from

the others. Being unsymmetrical, these structures seem to

contradict the reasonable expectation of equivalence of these

identical ligates. A realization of equivalence through a
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coordinated interchange of roles among the ligates would in-
crease the gross symmetry of each molecule. The consequences
of this possibility for equivalence follow.

For the sake of simplicity, the structures of the hexa-
fluorides will be considered in detail. All remarks about
the hexafluorides may be extended readily by analogy to in=-
clude the hexacarbonyls if fluorine atoms are replaced by
carbonyl groups. The model which will be considered here is
of C3v symmetry with all fluorine-metal-fluorine angles approxi-
mately right angles. If,then, resonance 1s allowed such that
movement of fluorine A to a position close to the central atom
must be accompanied by the movement outwards of fluorine B
directly across from A, and such that movement of A outwards
necessitates the movement of B inwards, the symmetry C3y is
preserved at all times. The problem is then to determine
whether the equivalence so attained, in which a pair of opposed
fluorine atoms tunnels through the potential barrier which
separates their equilibrium positions relative to the remainder
of the molecule, explains the apparent contradiction of experi-
mental facts, one set affirming cubic symmetry and the other
set denying cubic symmetry.

The ground states of these hexafluorides and hexacar-
bonyls are each eight-foldly degenerate, corresponding to the
ratio of the orders of the rotational subgroups of Oy and C3y.
Or, geometrically, this eight-fold degeneracy corresponds to
the eight equivalent positions, at the corners of a cube, of

the central atom relative to the center of mass of its ligates.
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It is convenient to let all the adjacent fluorine-metal-
fluorine angles be exactly right angles and to choose three
independent coordinates to describe the eight-fold minimum
problem., Each of these coordinates is taken as the distance
along the line joining them that a pair of opposite fluorine
atoms moves with respect to the remainder of the molecule.

Of course, in the actual molecule there will most probably

be interaction among these doubling vibrations and interaction
of them with all the other vibrations of the molecule. How=-
ever, a continuous transition from the actual state to the
ideal state of independent coordinates can be made since the
interaction may be imagined to be as small as desired without
changing the essence of the situation.

Such an apparently continuous transition cannot always
pe made. It is a well known fact{1®) that in the calculation
of the partition funection of ammonia the summation over the
low=1ying vibrational levels may be made equally well by using
the symmetry number six and counting every level or by using
the symmetry number three and counting every doubled level as
one level. If the attempt were made continuously to deform
the non-planar equilibrium configuration of ammonia into a
planar equilibrium configuration under the constraint of
maintaining unchanged all energy levels by appropriate varia-
tions in the form of the potential energy, then as the mole-

cule at last became exactly planar its partition function
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would be calculated by summing over each component of the
d¢oubled levels and using the symmetry number six. However,
the correct way to calculate the partition function of a
real planar ammonia molecule is to use the symmetry number
six and to count actually occugﬁng levels, which in this
case would be single and equal in number to the number of
doubled levels in the continuously deformed molecule. The
continuous variation to planarity with preservation of energy
levels demands the rise of an iﬁfinitely high potential bar-
rier between equivalent potential minima, and thus at plan-
arity there would exist two forms of ammonia molecules with
planar equilibrium configuration. Between these two forms
transitions would be strictly forbidden; one form would occupy
one-half the doubled levels and the other form the other half.
This attempted continuous variation is accordingly really dis-
continuous if only one form of planar molecule is to exist.

In Figure 1 are given the species and quantum numbers
of the vibrational energy levels of the three independent and
equivalent doubling coordinates. Their independence and equi-
valence causes each to have the same vibrational frequency and
also leads naturally to thelr description in terms of an
Fiy~-like vibration for symmetry On. Although this vibration
is only an idealization, the doubling coordinates involving
only stretching, the real vibration analogous to it is pri-
marily stretching and is quite similar to it. On the other
hand, if Figure 1 is considered to be a description of a
model with C3v pseudosymmetry, then the frequencies of the
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Uranium Hexafluoride
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Al and E vibrations most perturbed by the existence of the
eight equivalent C3v-1ike minima are assumed to be equal,
this equality of frequencies being accomplished through a
suitable choice of force constants in the vibrational po-
tential energy for each C3v—like minimum.

The quantum numbers of Figure 1 are even and odd for
symmetric and antisymmetric states of each of the independent
doubling coordinates. The energy of the split in the ground
vibrational state of UFg, for which the energy scale of
Figure 1 has been drawn, has been evaluated from an assign-

1 infrared 1ine‘4) to transitions from the

ment of the 675 em”
eight-foldly degenerate ground state to the eight-foldly
degenerate set of levels which in a simple 0p model would
correspond to the 656 cm~1 Ayg Raman-active frequency. In
general, all the vibrational levels of a molecule such as

this are eight-foldly degenerate as referred to 0y symmetry.

The magnitude of the splitting of the eight-fold degeneracy
increases with increasing vibrational quantum number only very
slowly for those Op-like vibrations (in this case, bendings

and symmetrical stretchings) which involve during their course
very little of the ideal vibration described by the triply
degenerate doubling coordinates. The set of levels which
replaces the single level expected of a simple Oy molecule

for its Alg fundamental is, then, split just as the ground

state 1s split. Since the usual symmetry selection rules for
Oy, apply for transitions between the individual levels, infrared

transitions to this set of Ajg-like levels occur displaced
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from the main Raman frequency by the split of the ground state
from Alg to Fq,+ The main Raman line is assumed to be given
by the transitionsfrom the ground state levels to the excited
state levels which involve no change in the quantum numbers of
Figure 1.

The infrared and Raman transitions which are allowed by
the symmetry selection rules for O are very numerous, as
indicated in Figure 1., However, the intensities of lines which
involve the change of two quantum numbers at once are reason=-
ably expected to be small. If such lines are forbidden, the
circumstance that groups of transitions in Figure 1 involve
equal energies serves to bring the potentially complicated
situation into failr agreement with the simplicity of the
(4,5)

observed spectra Accordingly, the infrared spectrum of
Figure 1 then has only five different lines, at 20 cm'l,
330 em~1, 630 em~1l, 930 em~1l, and 1290 em~l; and the Raman
spectrum of Figure 1 then has only two different lines, at
350 em~l and 610 em™l. An estimate of the magnitude of the
dipole moment and polarizability matrices for these seven
lines indicates that the infrared lines are expected to be
intense and the Raman lines, weak even as Raman lines. The
infrared line at 630 em~l in Figure 1 corresponds to the
observed(4) intense absorption at about 623 crn"1 in UFg e

The effect of degeneracy upon excited levels is conven-

iently predicted with the use of the triply degenerate doubl=-

ing coordinates which are each formally like the coordinates
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ordinarily chosen to describe the inversion doubling in am-
monia. The double minimum problem has been investigated theo-
retically several timescll). The exact theoretical solution(lz)
, for a potential of the form

6 2 2
s X X Xo hv
v(x) (12x§4 -7 * 7% ) 2

does not seem inappropriate here. This potential will ensure
that the fluorine atoms remain at a reasonable distance from
the central atom, and since only the very low-lying vibrational
levels are of interest here the exact way in which the poten-
tial rises to very large values for large values of x is pro-
bably unimportant. The parameter x, depends on the distance
2qo between minima, on the frequency V¥ of the unperturbed

vibration, and on the reduced mass/M.thus:

Xo = 2Mqo /Ahi

Values of the symmetric and antisymmetric energy levels of
the vibration as functions of x, are given in the original
article(12) and have been recalculated. In Table I are given

values of x. appropriate to ammonia, the hexafluorides, and

(o)
the hexacarbonyls. The values of 2q, used were the observed
splits in distances rather than the distances between minima
of potentials which would match the various observed densities
of scattering matter, since the additional separation of the

maxima through contributions from excited vibrational states

is not readily estimated.
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TABLE I
Order of Magnitude of Splitting of Ground States

Molecule Xo Predicted Values Observed Values
Height of Split of Split of
Potential Ground Ground State
Barrier State
(em=1) (em-1) (em=1)
NH3 302 800* 20 007
UFg 33 440 10 19.0
IIFG 3.8 810 small 19.0
WFg 32 640 15 Em——
W(CO0)g 2.7 250 30 ik
Mo(CO)6 e 5 80 210 ——

* Best value is 2076 em=1(13),
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The value of ‘VQ the higher frequency of species F1u in a
simple 0Oy model, was taken to be the same as the symmetrical
stretching frequency; this frequency has been observed in

the Raman spectra(4’5) for the hexafluorides and was estimated
from Badger's Rule(14) for the hexacarbonyls. The frequency

used for UFg in the case for which x_ is 3.3 is 480 em~1 and

(o)

was obtained by the use of the three observed Raman frequen-
cies(4) and of the valence bond potential of Wilson desecribed
for use in caleulations of SFy, SeFy, and rer (19, 1In an1

cases the reduced mass 2 éM’§6$m) was used, where I is

the mass of the metal atom and m is the mass of the ligate,

CO being considered a unit. Table I contains values of the
splits in the ground states and the heights of the wvarious
potential barriers calculated from the values of X5. The
values are intended to indicate only the order of magnitude
to be expected.

Wave functions for the symmetric and antisymmetric levels
of the ground vibrational state of this sort of system were
calculated for x, equals 3.00. Evaluation of the density of
scattering matter from these wave functions shows that there
are indeed two maxima in scattering matter and that the den-
sity midway between the maxima is about one-tenth of the
value of one of the maxima. Since the distance between maxima
in scattering matter is less than the distance between minima
of the potential functlon, the wvalues of x5 are all somewhat
small, especially those for MoFg and Mo(CO)g. Moreover, cal-

culations have not been made to determine whether the density
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of scattering matter for values of X, near 1.5 has two maxima
to correspond to the diffraction data.

The energies of 200, 210, and 211 for UF6 as shown in
Figure 1 are the result of the identification of the 623 em~1
absorption and the estimated split of the fundamental with
the use of the predicted Fy, frequency, 480 em~l, This
value is probably too small by about 15% since the predic-
tions for the F,, vibrations of SeF¢ and TeFg with a similar
(15)

use of Wilson's potential are too small relative to the
observed values(16) by about 15%. If 480 em™1 is indeed

too small, the value of x, should be increased, and the
group 200, 210, 211 should lie closer to the group 300, 310,
311.

The value of the higher F " frequency, if corrected by

&
15%, is about 570 em™l instead of 480 cm'l; 570 em~1 is some-

1 which has been assigned(4).

what less than the value 640 cm™
This discrepancy, together with the fact that a split of

19 em~! in the ground state is not unreasonable, strengthens
somewhat the new assignments of the infrared lines at 675 em~1
and 623 cm“l, especlally since the original assigment(4)
depends on the existence of an accidental degeneracy at

640 em~l and full use of the three parameters: two infrared-
active frequencies and an inactive frequency. However, any
meaningful reinterpretation of this spectrum in terms of the
model proposed here would require not only a careful consider-

ation of weak lines, as yet unobserved, but also a knowledge

of the spectrum beyond 17 microns.
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The explanation of the simplicity of the Raman spectra
of these hexafluorides(4’5) depends on the selection rule
which forbids changes in two quantum numbers at once, the
absence of an increase in split with vibrational quantum
number in the Raman-like vibrations, and the estimation that
the polarizasbility matrix for allowed transitions like those
of Figure 1 is small. It 1s possible that weak lines are
still to be observed in the Raman spectra. The infrared and
Raman spectra of the hexacarbonyls have not been reported.

Formal calculation of the split in the degeneracy of
the ground state of XY¥g (C3y - Op) 1is of interest. The wave
functions, Ei, describe the states of the system in terms of
the approximately normalized, but non-orthogonal, electronie
wave functions, uj, for each of the non-interacting C3y-like

structures:

¥o(h1p) = Ng(up ¢ up ¢ u3 ¢ ug ¢ U5 ¢ ug ¢ uy + ug)
¥ (Fry)
¥o(F1u)

Npy(up # up = uz - ug ¢ ug ¢ ug - uyp - ug)
No(uq - U, = Uy # Ug ¢ Ug - UG - Uy ¢ ug)
¥g(F1y) = Ng(up # up ¢+ u3 ¢+ Wy - ug - ug - uy - ug)

He(Fzg) = Ne(up - up ¢+ uy = uy ¢ ug = ug ¢ uy - ug)

YF(Fgg) = Ne(uy # up - u3 - Uy - Ug = Ug ¢ Uy + ug)
Hg(Fzg) = Ng(uj - up - uy # Uy - Ug # Ug ¢ Uy = ug)
U ¢ ug).

Yh(AQu) - Nh(ul -u ¢ uy - g = u5 + Ug
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The energy levels obtained from these by perturbation theory

are:

1H'1) ¢ 3(1H'2) ¢ 3(1H'3) ¢ (1H'
= wO
W(hyg) = W° & 7 4 3(1,2) ¢ 3(1,3) ¢ (1,7

WO o 1H'1l) ¢ (IH'2) - (1H' - (1H!

W(rpg) = we o (LD = QUI2) = (D)« (LD
o, (1H'1) - 3(1H'2) & 3((_1H_'7‘1.1_-_§_1H_'§_).
Whgy) = W" & 29200 5y + 3(L,3) - (1,7

If (1,2), (1,3), (1,7), (1H'3), and (1H'7) are zero, this set

W(F1y)

1
=
o]

of energy levels is equivalent to those of Figure 1.

An estimate of the order of magnitude of the splitting
of the ground state of UFg can be made independently of the
spectrum. The observed entropy has been calculated from data
on the heat capacity observed above 14° K(17). The entropy
for the C3y - Op model is greater than that for the Op model
by about R log 8, and a rise in the heat capacity below about
14° is expected, corresponding to residual entropy of about
R log 8. The difference in energy of the ground state and the
seven other low-lying levels is of the order of kT at 149 K,
or about 10 cm‘l: This estimate, of course, assumes that the
heat capacity measurements were made at equilibrium and that
this residual entropy is not lost at a higher temperature by
interactions among the molecules in the crystal.

From measurements of the dielectric constant of UFg, the
molar polarization has been found to be 30.7 ¥ 1.0 cc at 19.60(18)
and 27.1 ¥ 0.3 ce at 59.5°, 67.40; and 89.00¢ 8), The work of
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these two groups of observers seems to be equally reliable,
but is certainly contradictory. If a mean temperature of
72° is used with the value 27.1 cc together with the value
of 30.7 cc at 19.6°, a dipole moment of 1.1 ¥ 0,3 Debye is
found for UFg. Since the molar refraction (Na D) is only
21.83 cc(8), a dipole moment of 0.59% Debye is not impossible
even if the value of the molar polarization at 19.6° is
disregarded.

Although a simple Op model readily explains a zero dipole
moment, it does not satisfactorily account for the need to
discount the measurements at 19.6° or for the anomalously
large molecular polarizatfon which is required by a zero di-
pole moment. If, however, it is admitted that the Cay-like
model proposed may accldentally have a dipole moment which
is as small as 1.1 Debye, then all except the reported tem-
perature-independence of the dielectric constant from 60° to
90° is explained satisfactorily.

Detailed interpretation of the structure of 0s04 is
conmplicated by the observation in Section I G. of this thesis
that neither a 2:2 nor a 3:1 split in 0sO distances is alone
satisfactory. Consequently, a simple assumption about symmetry
which will serve as a good approximation throughout is not
at hand. It is clear, nevertheless, that if the pseudosymmetry
is Coy, that the ground state is six-foldly degenerate with
vibrational states of species Ay, Fp, and E; and if the pseudo-
symmetry is C3v: the ground state is four-foldly degenerate
with vibrational states of species Al and F2. A quantum
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degenerate
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calculation, as for XYg4, of the energies of these

states of the Cpy -T4 model with the use of the

wave functions

¥ (47)
¥, (Fp)
Y. (Fo)
¥q(Fp)
Yo (E)
¥e()

= Na(uy ¢ up ¢ Uy ¢ Uy ¢ Ug ¢ ug)

= Np(up - ug)

= No(up - uy)

= Ng(uy - ug)

= Ngup ¢ ug - #(up ¢ Uy ¢ Uy ¢ u5))
= Ne(up - uy + ug - us)

leads to the energles

W(Aq)
W(F,)
W(E)

Similarly,

values ares:

¥ (ap)
¥o(F,)
¥ .(F5)
B3(Fo)

W(Al)

W(Fp)

|
=
o
-
o
—
*|»
Fol
by =
| =
N
- |»
M=
O

1H'1) - (1H'6

- w0

ol SR

2 WO 1H'1) - 2(1H'2) ¢ (1H'6),
AR - 2(1,2) ¢ (1,

for a C3v - Tq model, the wave functions and energy

= Na(up ¢+ up + uy ¢ uy)

= Np(uy ¢ up - ug - uy)

No(uy - up ¢ uy - uy)

Ng(uy = up - uy + uy)
WO (1H'1) + 351H'2!
. i + 3(1,2
o o (1H'1l) - §1H'22
w ’ 1 o 1,2 .
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The lack of a dipole moment in 0s04 seems to be certain,
since the temperature was varied over a great range(9). 1f
neither the dipole moment data nor the diffraction data are
to be denied, then the dipole moment must be negligible by
accldent., The simplicity of the Raman Spectrumcé), even
though lines may have escaped observation, demands explana-
tion, perhaps of the same sort as was given for UF6.

The standard entropy of 0sO4(g) has been calculated(19)
with the assumption of simple Tq symmetry; an experimental
value 1is not available. Presumably the low temperature heat
capaclty shows that the solid has residual entropy, which
may vanish at attainable temperatures because the possibility
of interactions among molecules in the crystal is greater for

0s0, than for a sexiligated compound.
B. The Nature of the Non-equivalent Bonds

Of immediate interest after a recognition of the real
equivalence of each ligate is the reason why non-equivalent
bonds should have existence at all, when it is possible for
the central atom to form strong and equivalent bonds in a
much simpler and more conventional fashion. The fact that
sexiligated and quadriligated metal atoms exhibit these non-
equivalent bonds to equivalent ligates indicates that the
formation of these bonds is not an accident of a particular
kind of hybridization of atomic orbitalsj the fact that hexa-
fluorides and hexacarbonyls exhibit this sort of bonding
indicates that their formation 1s not an accident of the
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availability of certain bonding orbitals or an accident of
ionic character, unless the carbon in each carbonyl group
be considered a conductor of electrons from metal to oxygen.
The abundance of stable d orbitals and the absence of
relatively stable p orbitals for use in sigma-bonds together
with the availability of the excess of stable orbitals for
use in pi bonds distinguish the bonding situation in MoF6
and WFg from that in TeF6, a molecule of simple 0h symnetry.
For Te has d orbitals available which are somewhat less
stable than its s and p orbitalsj as a result, use of the d
orbitals is minimized. On the other hand, use of more than
two of the stable d orbitals of W and Mo in sigma-bonds
necessitates abandonment of Oy symmetry for the sigma-bonds.
Presumably, the extra d-character of the sigma-bonds and
the formation of pi-bonds with the excess of stable orbitals
would lower the energy of the molecule. These pi-bonds would
be formed in the hexafluorides by a transfer of electrons
from the fluorine atoms to the metal atom in order to relieve
the positive charge on the metal atom caused by ionic char-
acter in the six sigma-bonds. In the carbonyls these pi-bonds
would be formed by the three unshared pairs of electrons on
the metal atom in an effort to decentralize the large negative
éharge caused by the carbonyls!' contributing all the bonding
electrons of the sigma-bonds. And ionic character of the
bonds through carbon not only would contribute to the exodus
of the metallic electrons but also would allow the use of d

orbitals in bonding rather than the less stable p orbitals,
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extra d-character seeming also to contribute bond strength
beyond that predicted by the usual Pauling strength criterion.
In view of the previous successes in predicting symmetry from
the symmetry of the sigma-bond hybridization, as in symmetrical
molecules like COp which have resonating multiple bonds,
hybridization to form non-equivalent sigma-bonds, as already
suggested for UF6(20), seems to be the reason for asymmetry.
Eight stable orbitals are available on 0s for the forma-
tion of tetrahedral double bonds, the average 0s0O distance
indicating that this is a good approximation to the structure.
But whether or not these double bonds can be made equivalent is
not knownj; however, the most stable set may well require a de=-
ecrease in symmetry. The unused, stable 6p and 5d orbitals
and the unstable 6d orbitals on Os are available for use in
triple bonds.
How to interpret these non-equivalent bonds quantitatively

(21) use of extra d-character and varying

in terms of Pauling's
bond orders has not been investigated. Since the d-character

of the sigma bonds is unknown, Mo(co)6 being diamagnetic(QZ)

and the hexafluorides showing only feeble temperature-independent
paramagnetism(23>, and since the very definition of d-character
of bonds which have d orbitals used for pi-bond formation is
lacking, suech an interpretation must be ambiguous because the
domains of d-character and bond order are coextensive: the
lengths of bonds. It is perhaps sufficient, then, to note

that the average metal-ligate distance corresponds to a single

bond in the sexiligates and to a double bond in 0sO4, lengths

to be expected according to simple valence theory.
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III. THE DISSOCIATION ENERGIES OF DIATOMIC MOLECULES
AND THE ENERGIES OF THE VALENCE STATES OF ATOMS

A. The Dissociation Energy of Carbon Monoxide
and the Heat of Sublimation of Graphite

Reprinted from the Proceedings of the NATIONAL ACADEMY OF SCIENCES,
Vol. 35, No. 7, pp. 350-363. July, 1949

THE DISSOCIATION ENERGY OF CARBON MONOXIDE AND
THE HEAT OF SUBLIMATION OF GRAPHITE

By Linus PauLING AND WiLLiaAM F. SHEEHAN, JR.

GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF
TECHNOLOGY *

Communicated May 5, 1949

For a number of years there has existed doubt about the value of the
dissociation energy of carbon monoxide and about the heat of sublimation
of graphite, a directly related quantity. The most popular values for the
dissociation energy of carbon monoxide are 9.144 electron-volts, suggested
by Herzberg' on the basis of predissociation phenomena in band spectra,
9.61 e. v., suggested by Hagstrum and Tate? on the basis of electron impact
experiments (or the value 9.85 e. v. derivable from predissociation data?),
and 11.11 e. v., suggested by Gaydon and Penney! from an analysis of
spectroscopic data. These values together with thermochemical data
lead to the values 124.9, 141.4, and 170.3 kcal./mole, respectively, for the
heat of sublimation of graphite. Strong evidence for the last of these
values has been presented by Brewer, Gilles, and Jenkins, who have
reported 170.4 kcal./mole from a direct experimental determination. The
value has, however, been criticized by other investigators,® 7 and has been
defended by Brewer.?
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In this paper we communicate an argument which indicates that the
high values of about 170 kcal./mole for the heat of sublimation of carbon
to C)(®P) and 11.11 e. v. for the dissociation energy of carbon monoxide
are not correct, and which leads instead to the values 140 kcal./mole and
9.77 e. v., respectively.

The argument is based on the postulate that the linear extrapolation of
the vibrational levels for the lower vibrational states of a molecule (a linear
Birge-Sponer extrapolation) leads to an energy value corresponding to the
dissociated atoms in a hypothetical electronic state called the valence
state. An atom in the valence state, as defined in this paper, is an isolated
atom with the same electronic structure as that which the atom has in the
molecule under consideration. It is the state that would result if the
atoms in the molecule were to be pulled apart without change in the
electronic structures that exist in the molecule in the lower vibrational
levels of the lower electronic state. The wave function for the valence
state of an atom may of course be formed by linear combination of those
for its spectroscopic states, and the energy of the valence state is somewhat
higher than that of the normal spectroscopic state, by an amount, the
valence-state energy, that is reasonably constant for a given atom from
molecule to molecule.® 1?

The valence-state energy of the oxygen atom has been evaluated as
0.74 = 0.05 e. v.!* A rough value for the valence-state energy of nitrogen
can be calculated from spectroscopic data for the three low-energy levels
of the atom, all based on the configuration 2s*2p3. These levels, 1S, D,
and 2P, have energy values F°, F° —6/25 F?, and F° — 15/25 F* respectively,
according to simple spectroscopic theory. The states 2D and 2P are
observed to lie at energies 2.38 e. v. and 3.57 e. v. above the normal state
4S. These values are not in the ratio 3:5 given by the simple theory,
and accordingly there is uncertainty as to the value of the resonance in-
tegral F2. The normal valence state of nitrogen to the extent that it is
based on the normal configuration 2s*253 is the state in which each of three
electrons occupying separate p orbitals has its spin oriented independently
of the other two electrons, the corresponding energy being F°—21/50 F2.
Because of the uncertainty in the value of F?, the energy of the valence
state cannot be predicted precisely. If the %S level is considered to be
depressed by resonance with a similar state based on an excited configura-
tion of the atom the valence-state energy would be calculated to be 1.39
e. v., whereas if the 2P level is considered to be depressed by resonance the
valence-state energy would be 1.19 e. v. A value somewhat larger than
either of these values might be expected to result from contributions of
higher spectroscopic states to the valence state.

A more reliable value for the valence-state energy of the nitrogen atom
can be obtained from the consideration of nitric oxide. The energy of
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dissociation of the normal nitric oxide molecule to a nitrogen atom-and an
oxygen atom in their valence states is found by linear extrapolation of the
low-lying vibrational levels to be 7.87 e. v. - If we, subtract from this
quantity the sum of the valence-state energy of oxygen, 0.74 e. v., and that
of nitrogen, approximately 1.5 e. v., the dissociation energy Dy.is pre-
dicted to be approximately 5.6 e. v. This argument hence favors the value
Dy = 5.29-e. v. proposed by Mulliken!!-and supported by Wulf!* and
Hagstrum,'® rather than the value 6.49 e. v. supported by Gaydon.'*
If we accept the value 5.29, the valence-state energy of the nitrogen atom
is calculated to be 1.84 e. v. -

Some substantiation of this value is provided by the consideration of the
normal state and the first excited state of the nitrogen molecule. « The
energy of dissociation of N in its normal state X'}, into two nitrogen

“atoms in their valence states is found by linear extrapolation to be 11.60
e. v.; and the value of this quantity given by the first excited state 43Y;"
is 10.58 e.-v.. On subtracting the dissociation energy of the nitrogen
molecule, 7.38 e. v. (the alternative spectroscopic value 9.76 e. v. is to be
eliminated as not leading to sufficiently large values for the valence-state
energy and being incompatible with the results of electron-impact experi-
ments'?), and dividing by 2, we obtain 2.11 and 1.60 e. v., respectively,
for the valence-state energy of the nitrogen atom. The value 2.11 e. v.
given by the normal state of the nitrogen molecule is probably high because
of alarge amount of s character in the orbital of the ¢ bond for this molecule.
We conclude-that the normal valence-state energy of the nitrogen atom.is
approximately 1.84 e. v., and that variation of a few tenths of an electroh-
volt may be expected. v

The valence-state energy of the carbon atom can be similarly derived
from spectroscopic data for the molecules CH and C.;. For the normal
state of CH the energy of dissociation to a carbon atom and a hydrogen
atom in their valence states is 5.20 e. v., as given by linear extrapolation,
and the dissociation energy D, to the atoms in their normal states is 3.47
e. v. The difference, 1.73 e. v., can be taken as the valence-state energy
of the carbon atom, inasmuch as the valence state and the normal spectro-
scopic state of the hydrogen atom are essentially the same. - For the
normal C, molecule the energy of dissociation to two carbon atoms in their
valence states is found by linear extrapolation to be 7.05 e. v., and the
dissociation energy Dy is 3.6 e. v. These quantities lead to 1.73 e. v. for
the valence-state energy of carbon, in exact agreement with the preceding
value.

The energy of a carbon atom in its valence state and an oxygen atom
in its valence state relative to the normal state of the carbon monoxide
molecule is found to be 11.23 e. v. by linear extrapolation for the normal
state, and the values 12.33, 11.87, and 12.10 e. v. are similarly obtained for
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the first three excited states of the molecule, @ *1, a’ 3Y, and 4 . If
we subtract from these numbers the quantity 2.47 e. v., the sum of the
valence-state energies for carbon and oxygen, as evaluated above, we
obtain 8.76, 9.86, 9.40 and 9.63 e. v. for the dissociation energy of the
normal carbon monoxide molecule to atoms in their normal spectroscopic
states. These values are incompatible with the high value 11.11 e. v. for
Dy(CO), and may be considered to support either the value 9.14 or the
value 9.61-9.85.

Evidence indicating that the second of these values, 9.6-9.85, is correct
is obtained from the discussion of the cyanogen molecule and the cyanide
radical. Linear extrapolation of the vibrational levels of the lowest state
of the CN molecule, X 23+, leads to 9.85 e. v. for the energy of a carbon
atom and a nitrogen atom in their valence states relative to the normal
state of the molecule. On subtracting 1.73 for the valence-state energy
of carbon and 1.84 for that of nitrogen, we obtain 6.28 e. v. for Dy(CN).
This value strongly supports the spectroscopic value 6.24 e. v. for this
molecule,!* rather than the alternative spectroscopic value 7.50 e. v.
From thermochemical data and the accepted dissociation energy of the
oxygen molecule, 5.08 e. v., it can be calculated!® that the dissociation
energy of cyanogen, C;Ny, into two CN molecules is given by the equation

Dy(NC—CN) = 2Dy(CO) 4 Do(Ny) — 2Dy(CN) — 10.7 e. v. (1)

The dissociation energy of cyanogen has been reported by Kistiakowsky
and Gershinowitz!® to be 77 = 4 kcal./mole, and by White!” to be 146 =
4 kcal./mole. A chemical argument can be given that leads to an inter-
mediate value. The dissociation energy of cyanogen may be expected to
be greater than the carbon-carbon single-bond energy in diamond (one-
half the heat of sublimation of diamond) by an amount equal to the
conjugation energy of the two triple bonds in the molecule. This conjuga-
tion energy is twice that of two conjugated double bonds, with theoretical
value'® 8 kcal./mole. The value of Dy(NC—CN) may hence be taken as
16 kcal./mole (0.70 e. v.) greater than one-half the heat of sublimation of
diamond, and if this heat of sublimation lies between 125 and 170 keal./
mole the value of Dy(NC—CN) is calculated to be 90 = 11 kcal./mole
Instead of using this value, with its large uncertainty, we may adopt the
following procedure. Thermochemical data require that the value of
Dy(CO) be 3.70 e. v. greater than the heat of sublimation of diamond, and
hence, with the resonance energy 0.70 e. v. in cyanogen, we obtain the
equation .
Dy(NC—CN) = 1/,D,(CO) — L.15e. v. (2)

From (1) and (2) we obtain the equation
3/2 Dy(CO) = 2Dy(CN) — Dy(N;) + 9.55 e. v. (3)
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This equation with the values given above for Dy(CN) and Dy(N2) leads to
9.77 e. v. for Dy(CO), and hence to 140 keal/mole for the heat of sub-
limation of graphite and 86 keal./mole for the dissociation energy of cyano-
gen.

The methods that we have used in reaching these values involve some
novel ideas—the concept of valence-state energy and the postulate that
the valence-state energy is usually nearly the same for an atom in different
molecules, the use of linear extrapolation of vibrational levels to obtain
the dissociation energies of molecules into atoms in their valence states,
the use of conjugation energy for expressing a difference in dissociation
energies—and their reliability and accuracy have not been extensively
tested. From internal evidence it seems likely, however, that these
methods when cautiously applied yield energy values that involve no larger
errors than a few tenths of an electron-volt, and that they may be used
with considerable confidence, as in the present paper, to select the correct
ones from among alternative widely differing possible values of dissociation
energies of molecules.
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B. The Energies of the Valence States of Several Atoms
and the Valence State Dissociation Limits of Several

Diatomic IMolecules

It has long been known that there is an almost universal
tendency for the rate of convergence of vibrational energy
levels of diatomic molecules to be an almost linear function
of the vibrational quantum number, at least for the low-lying
vibrational states. This simple, linear relationship is used
frequently to predict, by linear extrapolation, dissociation
energies of diatomic molecules, with the recognition of the
fact that such a linear extrapolation to convergence of the
vibrational levels according to the method of Birge and
Sponer(l) usually predicts too large a dissociation energy.

A critical discussion of the Birge-Sponer Extrapolation has
been given recently by Gaydon(z).

The significance of the difference in the dissociation
energy found by linear extrapolation and the true dissociation
energy has been pointed out recently by Pauling(3’4). Accord-
ing to his interpretation, the dissociation energy found by
linear extrapolation is to be identified with the energy of
dissociation to atoms in their valence states, the valence
state of an atom being defined as that atomic state in which
the atom has the same electronic structure as it has in the
molecule. The energy of the valence state of bivalent oxygen
as it exlsts in 0o, OH, and Hp0 has been evaluated by
Pauling(4) as 0.74 ¥ 0,05 e.v., a value which is essentially

the same as that predicted by Mulliken(5), 0.67 €.Vae
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This energy of the valence state is found to be almost
independent of the particular molecule in which bivalent oxygen
is located(4). The assumption that the energy of the valence
state of most other atoms is similarly independent of the
particular molecule but dependent om the valence state often
allows the prediction of true dissociation energies which are
more accurate than those which could be found by linear or
non-linear extrapolation by the method of Birge and Sponer.
And when several accurate, but widely differing, values of a
true dissociation energy are possible, the value predicted
by use of the concept of the valence state energy should
resolve the ambiguity.

In Table I are given the values of the dissociation
energlies of several diatomic molecules as found by linear
graphical extrapolation. Values of the increments of vibra-
tional energy were determined from band heads or band origins
of electronic transitions reported in the literature. Since
a thorough search of the literature was made for all the
molecules of Table I, a complete list of references would
be long. An entry to the literature, however, may be gained
readily by reference to Gaydon(z) or Herzberg(6). Almost all
increments of vibrational energy so found for each electronie
state were plotted against the average vibrational quantum
number, and the straight line judged by eye to be the best
was drawn through these points. From the intercepts on the
axes, the linearly extrapolated dissoclation energy from the
lowest vibrational state of each electronic state was calcu-

lated, this energy being given by the area beneath the straight
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TABLE I
Valence State Dissociation Limits
AB State Dgy! Ay Do' # A, States of Energy of Limit
(extrap) Products Products (e.v.)
(e.v. (esv.) (e.v.) A B Ctia¥a)
OH XoT 5,01 0.00 5.01 P 28 0.00 5,01
A2g? 3.02 4,02 7.04 D 2s 1.97 5.07
0o x3zi 6.69 0.00 6.69 3P 3p 0.00 6.69
aldy  5.38 0.98 6.36 3P 3p 0.00 6.36
bles 442 1.63 6.05 3P 3p 0.00 6.05
Ads¥  1.09 4,43 5.52 3p 3p 0.00 5,52
B3,  1.81* 6.12 7.93 3p Ip 1.97 5.96
so X3¢ 6.31*  0.00 6.31 P 3p 0.00 6.31
B35~  2.13* 4.85 6.98 1p 3p 1.14 5.84
So x3z§ 5.60 0,00 5.60 3P 3P 0.00 5460
B354 2.04 3.93 597 1p 3 1.14  4.83
NO X2 7.87 0.00 7.8g 4 %P 0.00 7.87
A2F* 11,71 5,47  17.1 4g S 9,14 8.04
BT 4,72 5.62 10.34 2D P 2.38 7496
D2g+ 6.87 6.60 13.47 2P D 5.54 7.93
NS X2l 6.29  0.00 6.29 %  3p 0.00 6.29
No XLfy 11.60 0.00 11.60 4 4g 0.00  11.60
A% 4,36 6.17 10.53 4 4g 0.00  10.53
BT, 6.23  7.35 13.58 2p  “4g 2.38  11.20
alf 6.23 8,54 14,77 2p 2p 4,76  10.01
c 2,11** 11,03 13.14 2p 4s 2.38  10.76
let 3 3
co xis ke 0,00 11.23 P P 0.00 1504
adT 6.3 6,01 12.39  1p 3p 1.26 19,12
a3 4,34 7.66 12,00 b 3p 1.26 10.74
Al 4,07 8,02 12.09 3P P 0.00 12.00
Bls+  3.84 10.78 14.62 1p D 3.23  11.39
cs xist 8,01 0.00 8.01 3P 3p 0.00 8.01
AlqT 3.25 4,81 8,06 3p 3p 0.00 8.06
CN  x2s*  8.94 0.00 8.94 3p 4g 0.00 8.94
ACTT 7 81, 1:13 9.94 p 4g 0.00 9,94
B2g*+ 7.27  3.20 10.47 3P 2p 2.38 8.09
CP xgi* 6.95  0.00 6.95 3p 4s 0.00 6.95
A=l 5.60 2.7 8.33

B2+  3.56 3.5 7.14

cot x2g* 10.12 0.00 10.12
AT 6.20 2.53  8.83
ng: 3.61 5.66 9.27

Not* X 8.94 0.00 8.94
B2s#  6.20% 3.17  9.37

0¥ X 6.58 0,00  6.58
A e 1.83 4,74 6.57

* Mathematical linear extrapolation(6).
** Graphical non-linear extrapolation.
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line. The values found in this way are reported in Table I.
The fourth column of this table contains the energies of the
various electronic states above the ground electronic states,
and the fifth column contains the height of the various val-
ence state dissociation limits above the ground state. Values
of these limits have been calculated previously by Pauling(3).
Several of these dissociation limits coincide for most of the
molecules, and 1f reasonable amounts of atomic excitation
energy, as indicated in columns six and seven of Table I, are
subtracted from these limits, then these valence state dis-
sociation limits are generally brought into coincidence. The
limit which corresponds to dissociation to atoms in their
valence states is taken to be the average of these almost co-
inciding limits, values of this limit for the various mole-
cules being given in Table II. For CP, CO*, N,*, and 05* , an
obvious correlation with excited and unexcited atoms as allowed
by the correlation rules does not exist.

In Table II a calculation of the valence state energies
of 0, S, N, and C is illustrated for several assumptions about
true dissociation energies, these assumptions differing only
slightly from those made previously(3’4’7). The values of
columns three to six of Table II are derived line by line from
top to bottom by assuming the values enclosed in parentheses.
Other sets of values of the dissociation energies for Np,

NO, CO, and CN and for SO and S, might have been assumed, but
such assumptions lead to valence state energies which differ
rather markedly from values expected theoretically(s). For

example, the valence state energy of S 1s predicted to be
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TABLE II

Valence State Energies of Atoms

D o RIS U
(e.vs) (e.ve)
OH 5.04  (4.40) 0.64 0.64 0.00
05 6.12  (5.08) 1.04 0.52 0.52
S0 6.07  (5.15) 0.92 0.40 (0.52)
S 5.22 (4.4) 0.8 0.4 0.4
No 10.83  (7.37) 3.46 1.73 1.73
NO 7.95 (5.29) 2.66 Bl (0.6)
NS 6.29 4.1 2.2 (1.8) (0.4)
co 11.30  (9.6) 147 141 (0.6)
cs 8.04 645 145 (1.1) (0.4)

CN 8.99 6.1 2.9 (1.1) (1.8)
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somewhat less than the value for oxygenj; hence, a value of
Do(S2) of less than 4.0 e.v. is unacceptable. Table II
1llustrates the usefulness of the valence state energy: values
of Do(NS) and D, (CS) are predicted, and the value predicted
for Do(CN), namely 6.1 e.v., is in good agreement with the
lower of the two spectroscopically favored values, 6.25 e.v.

and 7.50 e.v.(2!6).
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PROPOSITIONS

l. The variation in the increments in t?i molar refrac-
tion per CH,-group in SiR4, GeR,, and Si(SR)4 ) may be ex-
plained on %he basis of hyperconjugation and consequent opti-
cal exaltation.

2. Anharmonicity in the symmetrical stretching modes
of vibration in polyatomic molecules allows E?e calculation,
by a linear Birge-Sponer-like extrapolation( og a disso=-
clation energy to atoms in their valence states

3. Some ?isc?llaneous uses of the valence-state disso-
ciation 1imits(4 are:

a) to calculate one of the three quantities W,
XeWe, and A
b? to detect avoided crossing of potential curves
and great resonance interaction. An example of an avoided
crossing is the gair of 22* states of CO%*; examples of
resonance are No¥* and 0o%.

4, Equation 12c¢ of reference (6) expresses the radii
of the platinum transition metals as a function of bond order,
d-character, and atomic number. A modification of this equa-
tion, giving the radii of all the elements of the very long
period in a similar functional relationship, is

R1(8,6,8,2) = 2.019 - 0.019z - (1.321 - 0.037z)
- (0.175 - 0.005Z)
" (0.297 - 0.0082)¢

sl
6

5d-character

6d-character

4f-character (1.00 or 0,00)
2-540

where

3
5
?
z

5. Knowledge of the structures of 0sFg and HfF4 would
be of 1nteresf Fowards th? Ynderstan?é?g of the unusugl struec-
tur g g 0s04'97, Mo(C0)g(5), W(CO)g MoFg(7), WFg(7), and
UFg\7

6. Braune and Stute(9) have reported the existenc
two different metal-oxygen distﬁnces in both 0s04 (1. 79 and
) and RuO4 (1.668 and 2.748). It seems robable
view of the recent determination of the structure of 04(5),
that these investigators have observed mean metal-oxygen
distances and oxygen-oxygen distances. Accordingly, the
structure of ﬁuo is prﬁbably analogous to 0s04h, wi%h Ru0
equal to 1.60& and 1.73

7. a) A study of the kinetics of the reaction
N14yl4 o N15N15 = 2N14N15
may indicate the magnitude of D i).
b) The detection of N gN resultiné from the quench-
ing of fluorescenge of Kr (4s24p55s) or Xe(5s25p 56s) by a mix-
ture of N14N1l4 and N15N15 may fix the value of Dg(N2).
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8. The existence of nuclear excitation energies of the

order of 2 volts, though improbable, may be experimentally
observed by the observation of forbidden rotational states

in X

diatomic molecules (for example, Np) at elevated tem-

peratures.

1.
2e
3.
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