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ABSTRACT

The crystal structure of phenylcyclobutenedione has been in-
vestigated by the x-ray diffraction method. Three-dimensional techniques
were used to deduce and to refine the trial structure. The space group

is P21/° with four molecules per unit cell.

Electron diffraction photographs have been made of cuprous
chloride vapor. A six-membered alternating ring model of the trimer
molecule with LCu~Cl-Cu ~ 90° and very large amplitude of symmetric
bending vibration seems plausible and is shown to be in agreement with
the diffraction pattern.

The electron diffraction study of two light-heavy compounds
(Pb(CH3)u, CFBI) has verified the complex nature of the atomic scattering
factors for electron diffraction. The bond lengths and bond angles of
these two compounds are also determined.

The proposed structural formula of the polycyclohydrocarbon
ClEth (the %ag@) is consistent with the electron diffraction pattern.
The average bond length was found to be longer than the normal C-C single
bond length in both 'cage‘v and norbornane., A simple treatment based on a
Hocke's law potential for bond stretchings and cross-ring repulsions
gives pleasing agreement with the experimental result for the average bond

lengths.
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I. The Crystal Structure of Phenylcyclobutenedione
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Fig.!  Phenylcyclobutenedione




Phenylcyclobutenedione (PCBD), (fig. 1), was synthesized by
Smutny and Roberts (1) in these Laboratories in 1952; it is apparently
the first non-fused-ring derivative of cyclobutadiene ever prepared.
Although the PCBD molecule would be expected to have about the same
degree of ring strain as cyclobutadiene, PCBD, unlike cyclobutadiene*,
is very stable up to about 1500. A precise crystal structure determins-
tion of PCBD would yieldsvaluable information concerning bond lengths
and bond angles in this interesting molecule, and might lead to an
understanding of the cause of its stability. Knowledge of the bond
lengths and bond angles in PCBD should also be valuable in furthering
the general understanding of small ring compounds, many of which have
been quité extensively studied in these Laboratories.

PCBD crystallizes from acetone solution in the form of yellow
monoclinic needles. The needle axis is parallel to the crystal axis a.
Rotation and multi-film equi~-inclination Weissenberg photographs were
prepared for the Oth through 6th layers around a, and Oth through 8th
layers around b, For the a-axis photographs, needle-shaped crystals
about 0,2 mm in diameter were selected; for photographs about the b axis,
it was necessary 1o cleave the crystal and to shape it into c¢ylindrical
form with acetone~soaked filter paper, the resulting specimen again
being about 0.2 mm in diameter. No correction for absorption was then

deemed necessary.

*
Molecular orbital calculation for cyclobutadiene (2), (3) predicts

that it is very unstable, and organic chemists have been unsuccessful in
their attempts to synthesize it,



The unit-cell constants 841 Cp» and 5 were determined from a
Straumanis-type* b-axis rotation photograph taken with Cr Ko radiation
( X = 2.2896 A). For this purpose, three high-angle reflections
(60k% 602, and 3 0 10) were used for which the sin # values are
0.9928, 0.9824, and 0.9706. Subsequently, the spacings of a number of
other h 0 £ reflections were calculated from the determined cell con-
stants; the results are in good agreement with the observed values (see
Table 1). The value of b, was determined from an 0 ¥ £ Weissenberg
photograph for which the effective camera distance was deduced from the
value of ¢, and /3 7previously obtained from the Straumanis photograph.

The cell constants and estimated limits of error are:

a, = T.000 % 0.005 A
b, = 9.287 t 0.020 A
c, = 12.3%0 % 0.005 A
p = 103.31 % 0.3°

The Straumanis method has the advantage that the effective camers
distance may be precisely determined, thus eliminating radius and film
shrinkage errors from the cell constants determination.



Table 1, List of sin /& for observed and calculated

h0¢ reflections,

Reflections (sin ﬂcr )obs (sin@ deale
(6 0k 0.9928 0.9928
(6 02) 0.9824 0.9824
(3 0 10) 0.9706 0.9706
4Ok 0,842 | 0. 8457
o3 0.6548 0.6553
202 0.3467 0. 3462
200 0.3350 0. 3265

The absence of reflections O k O with k odd and h O £ with /
odd indicates the presence of a screw axis parallel to b and a glide plane
perpendicular to b with a glide component of 00/2 ;3 thus, the probable
space group is P21 /c' The density determined by the flotation method,
1.42 gm/cc, agrees with the value 1.44 gm/ce calculated on the basis of
four PCBD molecules per unit cell.

Complete three-dimensional intensity data out to sin = 0.956

were collected* using copper radiation and the multi-film equi-inclination

* 55 £ on the a-axis photograph and h 5 £ on the b-axis photograph

were not estimated because of contamination by iron radiation reflections
from other layers.



Weissenberg technique, Within this limiting sphere about 1470 independent
reflections are permitted by_the space group. Of these about 400 were too
weak to be observed. The intensities were estimated visually with the aid
of an intengity strip prepared from the same crystal. The intensities of
the stronger reflections were estimated on two or even three filmsg from
the same multi-film exposures. The film factor was assumed to be
exp (kseczr) where z- is the inclination angle. The constant k was
evaluated from the zero-layer film factor determined by comparing a few
carefully selected zero=-layer reflections. This form of film factor is
designed to account for‘the increase of effective thickness of the film
a8 a function of the inclination angle. For those reflections whosge
inﬁeﬁsities were estimated from more than one film, weighted averages were
taken, with lower weight for very strong and very weak readings. Cor-
rections for Iorentz and polarization factors were carried out on IBM
machineg giving a set of related F2 values for each layer line about the
a and b axes.

| The correlation factors for putting these F2 valueg from dif-
ferent layer photographs onto the same scale were determined by the follow-

ing method: The ratios

Rij = (F-:;‘Q_;I)a_/( .F:{.’“ 4,;2)4,

obtalned from the ith layer of the a-axis photographs and the jth layer
of b-axis photographs were averaged for all 4'5, (again, with the eicep-

tion of very strong and very weak readings). From the resulting sets of



averaged ratlos, the interlayer correlating factors Gmnvwere evaluated as

Gonn = (2 R Wi /7 winy) /(3 Rae Wne /Z wne)
8] J

where ij is a weighting factor roughly proportional to the inverse of
the average deviation of Rmd’ Then the final set of interlayer correla-

tion factors G;n were evaluated as

, L
Gun = (2 GmiGn) /L,

=0

o

With these correlation factors, all the corrected infensities
were put on the same arbitrary scale; for those which had been megsured
on both a and b axes photographs, averages were taken. To check the ac-
curacy of the visual data, Fg and Fi were compared; the two sets of values
usually agreed within 20%,

The next step was to establish the absolute scale of the ob-

- gerved F's and to evaluate the average isotropic temperature factor; this
was done by Wilson's statistical method (4). Wilson's method is based on
the hypothesis that in a spherical shell of approximately constant sinch

the average value of F2 is equal %o



2o fan*
Z f: exp (-2B sin ‘5/7%)

(%

where the sum is taken over all the i atoms in the unit cell. A plot
of ,en (Z Foz / Z%'ﬁz) versue sin‘eﬂ is given in figure 2. The
slope of the straight line is equal to twice the temperature factor;
thus (+28) = 3.3 (A*cu ? The intercept, n (ZEZ/Z;f:) = - 1.7,
is the log of the scale factor - the factor necessary to reduce ithe ob-
served F2 value to an absolute scale.

With the corrected F2 values and the average temperature factor,

the three-dimensional Patterson function

Puvw)=2 ) A, Ge2n(H U)
- - — \/D ——
ke
was calculated; here V, is the volume of the unit cell, H is the
*
reciprocal lattice vector (hg; kb, j_c_:__*) and U the Patterson space vector

(w, v, w). The coefficients were taken as

2 (R&4L) 7 { M(4ain®)

A = -

L§ exp(-28sin8/A)

in order to remove the peak in the origin and to sharpen the other peaks

for gaining better resolution. The function

. 3 4".1. . z
M (sin®) =7-:—‘% sing exp (- o Sir 5)
H

McWeeny's form factors were used throughout thls investigation.
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where 19 = 4.5, is the modification function designed for the latter
purpose. The ranges of computation were: a, O - 15/30; b, 0 - 30/60;
and ¢, O ~ 60/60. The corresponding intervals are 0.22, 0.15 and 0.20A.
The Patterson showed that practically all the interaction
peaks lie on two planes oriented approximately parallel to (201) and
separated by a distance a /4 (the (201) plane is nearly perpendicular
to the a-axis). Thus, Just from the general distribution of the
Patterson peaks, it was apparent that the PCBD molecule is approximately
planar and that it lies roughly in the (201) plane; furthermore, it
appeared that the long molecular axis must lie about 30° inclined from
the b-axis. However, without a careful analysis of the complete Patterson
function,the actual position of the molecule in the cell is not defined.
mmtmhﬂpwsmeMww@rggzmmmwem&wmwmtmammn-
mate position of the molecule projected on the (010) plane was found.
Appropriate x and z parameters were evaluated based on the molecular con=-
figuration shown in fig. 1 and on normal bond lengths and bond angles.

The position of O, could not be determined; i.e., Ol might have been at-

1
tached to 08 or to ClO‘ A complete set of h O £ structure factors was

then calculated, assuming that 01 was attached to 0103 the resulting
reliability factor R = ZIFo-Fcl /Z |Flwas 0.38, a reasonable value for a
centrosymmetric crystal. An h O £ Fourier synthesis was computed using

the signs obtained from the structure factor calculations. The result of
this Fourier synthesis (fig. 3) not only confirmed the position of 0y
(i.e., 0; is attached to C;,), but also indicated the degree of tilt (about

13°) of the molecular plane fram‘(EOI). A second set of structure factors
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was calculated but because of the severe overlap on the h O £ proJjection
the parameters were not further refined. At this stage the R factor for
the 71 h 0 f reflections was 0.29.

In order to investigate the y parameters, three sets of 0 k £
structure factors were calculated, using the z parameters based on the
previous h O lFourier and y parameters deduced from three trial
structures whose positioﬁs relative to the b and ¢ axes are shown in
fig. 4. These three structures were deduced from a few low order O k ¢
structure factor maps. This time, due to the hypersymmetry of the
molecule, the structure factor map failed to finger out a unique struc-
ture, and results of the structure factor calculation were rather dis=-
appointing. However, as a consolation, there were about ten low order
reflections (apart from o} Q,éb in the (B) case showing some promise for
structure 'B'. An Q gﬂg?Fourier containing about 30 selected reflections
with signs obtained from structure 'B' was calculated, and the result was
a complete failure in that no sensible conclusion could be drawn.

Struggling against frustration, we decided that to go back and
solve the Patterson function methodically and systematically was the best ‘
way out. First, for the convenience of interpretation, the Patterson
function was replotted on sections parallel to (20i) (previously it had
been plotted on sections parallel to (010)). Then, with the assumption
of a planar molecule oriented parallel to (20I) (this assumption was
purely for simplicity's sake, since, as previously stated, the molecule
1s tilted about 13° out of the (201) plane), the problem is reduced es-
sentially to a two-dimensional one; the atomic parameters in this plane

are z_and (z_- x/2). The Patterson function, in the present case, is
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separated into four unmixed sets of vectors: (A) vectors‘due‘to the
intramolecular interactions; (B) vectofs due to interactions between
molecules related by thé 21 axis; (C) vectors due to the interactions
between molecules related by the glide plane; and, finally (L) vectors
due to interactions related by the center of symmetry. Thus we might
proceed to sélve these four sets independently., The solution of (A)
would give the molecular{structure; the solution of (B), the orienta-
tion of the molecule about the 2, axis; the solution of (C), the
orientation about the glide plane; and the solution of (D), the orienta=-
tion about the center, which would provide a check for the values ob-
tained from (B) and (C). However, in the present case, the parameters
could not be evaluated uniquely and accurately for the following reasons.
First, because of the hypersymmetry of the molecule, more than one ap=~
parently satisfactory way of packing of the molecule in the unit cell
could be fitted with the Patterson function. (Thus, vector sets (B),
(C) and (D) could be interpreted in more than one way.) Secondly, be-
cause of the use of the modification function for sharpening the inter-
action peaks, the relative weight of each interaction was perturbed by
the ripples generated from the neighboring peaks, and hence a precise
determination of the parameters was not considered as feasible.

At any rate, four possible ways of packing were found from the
Patterson; two of them were immediately ruled out by undesirable packing
distances and by the previously calculated h O ¢ Fourier. The remaining
two differed only in the y parameters of the atoms. One set of y

parameters was approximately 0,1 A from those derived from model (B),
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and the other set was about half way between (B) and (C). For both cases
the newly obtained (x_- z/2) parameters were in good agreément with those
obtained from the y_‘g ,_e_ data. 0O k £ structure factors calculated for
these two models gave R factors of 0.59 and 0.46 respectively. The for-
mer, like model B, had better agreement for low order reflections, and
was tentatively accepted as the 'right' structure.

Structure factors for two layers, 0 k Land 1 k 4, were cal~-
culated from the parametérs of the 'right' structure, and about 100
gelected reflections were included in a three-dimensional least squares
calculatlion; only the diagonal terms of the matrix of the normal egua-
tions were calculated, and unit weight was assigned to each of the
reflections. Many of the indicated parameter shifts were as large as
0.15 A. Structure factors of about 300 reflections within the sphere
sin £ < 0.46 were calcuiated from the new set of parameters. Sub- |
gequently, two more least squares were calculated using all 300 reflec-
tions (sin &£ < 0.46) with the exception of those of doubtful signs, and
the R factor was reduced to 0.39. At this point, éome of the bond
lengths deduced from the new set of parameters became unreasonable, and

a three-dimensional Fourier synthesis seemed to be in order. The three-

dimensional Fourier series

~5
~
IR
<
1w

4 :
) = Iz.g;é F-Cos ZTT (tj ég)

wag calculated with low order reflections (sin &<0.46) within the range

x from O to 30/30, y from O to 15/30, and z from 15/60 to 45/60, where X



is (x, ¥, z),the general vector in real space. A slice of the resulting

electron density plot through the molecular plane 1g reproduced in

fig. 5; it clearly shows a reasonable position and weight for every heavy
atom. At this point all doubt concerning the correctness of this sgtruc=-

ture evaporated, and it appeared that the remaining work would be further
refinement of the parameters.

Because no hig@ order reflections were involved in the three-
dimensional Fourier synthesis, the resulting peaks in the electron den-
sity map appeared to be rather flat; hence only an unexact (but improved)
set of positional parameters was déduced. A new set of structure factors
was calculated from the improved parameters including all reflections for
sin @ < 0.64 (about 500 in number); the resulting R factor was 0.36.
One more least square treatment reduced R to 0.21.

Structure factors were then calculated for all the recorded
data (1213 reflections); the R factor was 0.23. Two more least squares
did not alter the R factor, although some of the parameter shifts were
as large as 0.05 A. At this stage, the necessity of making a difference
Fourier synthesis was realized.

It was hoped that a difference Fourier might reveal a number
of valuable pieces of information concerning.the crystal structure, such
as the shifts of the atomic positions, the positions of the hydrogen
atoms, and the anisotropic temperature factor effects.

Accordingly, a three-dimensional difference Fourier synthesis

= 4 (Fo-Te) Ces2 (H-X)
D=7 & "
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was calculated (with the complete data), with the same intervals and
ranges as those for the calculation of the three-dimensional Fourier
synthesis,

In the difference map, positive régions sppeared at or near
the positions expected for all the hydrogen atoms except the one bonded
to Ch; however, many of the peaks were badly distorted. The general
appearance of the difference map might be naively described in terms of
the molecule undergoing é seegaw motion in the crystal with the piﬁotal

point located on the Cg-C bond. The indicated motion is practically

7
normal to the molecular plane. In addition, the benzene ring itself
appears to have an in-plane rocking motion. The two carbonyl oxygen
atomg exhibit much greater out-of-plane motion than their bonded carbon
atoms., Of course, the indicated anisotropy is a combined effect due to
the actual anisotropic thermal motion of the atoms in the crystal
previously assumed to be isotropic, and to the discrepancles between the
assumed spherical distribution of electrons and the actual distribution
of electrons of a bonded atom. The anisotropic temperature factor cor-
rection was evaluated by a method due to Cochran (5), who assumes that
the electron distribution of an atom under anisotropic thermal vibration

may be considered to be ellipsoidal in shape. Then the temperature factor

of such an atom is

T ==xp (‘Z; % 'Egz)



where

%(,=6+4~5L

are the thermal vibration parameters in directions i, (1 = 1,2,3, for
the three principal axes of the ellipsoid of vibration), and h, is the
component of sin & / A in the direction i. The correction & Bi j

evaluated from the difference map for a centrosymmetric orthogonal cell

is

4 -
2B, DALY {4i_9 _ 2Pb 22 3.4
v '64“;7@ % 4’ oy ana* ang™ §

where rij is the pfincipal axis i of the ellipsoidal atom j. The

equivalent expression of T (6) is
T exp{-3 & (g 0 4 £ g8 g, €)'}

for the two atoms related by the center where the gil’ 8i2 and g15 are
the direction cosines of the principal axis i with respect to &: bf and

X
¢, and

T, - evpf- 1§ (Rguet - R 2 g€}
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for the other two equivalent atoms related to the above pair by a glide

plane or a screw axis. Then, the structure factor for these atoms of

Pel /G space group is

“F = 4Z {{?n Coe 21 (& Xn +,Qéh)cw, 21 &3“- 2%, sin 2'[(9‘7(“499,).
" ,o,cnzfrkyu}

for (k + [,) even, and

'F = 42 {——E\ 4.;,,171(‘37(,,+13n)3£n2q %3" + Afn Caszfl('ﬂmu?a")-
4 Cos 2!"&2,"}

for (k + [) odd, where

‘;F=~:‘3(_n +T1.)f'

and

A]C =—21('F ~ T-LH‘

The shifts of the atomic positions were evaluated from an equation,

A% = -(%2‘,;)/&

where ’Ci is the curvature of atom i in the electron density map.
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Because of the interaction between the hydrogen peaks and the
anisotropy corrections around the benzene ring, neithervthe positions of
the hydrogen atoms nor the anisotropic temperature factors of the benzene
carbons could be evaluated accurately. Therefore, a new set of struc-
ture factors was calculated with the indicated temperature factor cor=
rection applied to the atoms of the cyclobutenedione group and with
calculated hydrogen positions (assumed C-H 0.9 A) (7); the result showed
some improvement. A sec;nd difference Fourier was then calculated., The
new summation indicated excellent results for the previous correction on
the cyclobutenedione group. The benzene ring appeared to be the same as
in the previous difference map as expected; however, the absence of
hydrogen peaks indeed made the interpretation much easier. The newly
evaluated temperature factors for all the heavy atoms are listed in
Table 2, and the parameter shifts and the new parameters, in Table 3.

At this point, the structure determination is already reaching the final
stage, although a few rounds of refinement are still needed to bring it
to the desirable precision. As it stands now, the author believes that
the maximum parameter shifts still can be as large as 0.03 A,‘and the
average parameter shifts would be about 0.01 A in the next refinement,

which will be carried out later on the new Datatron computer.
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Table 2

The anisotropic corrections of the temperature factor

Atom °L1, e’ 'R ')1 5 g

1073 1073 1073 1073 10™3 1073
1 1.3 -0,2 0 0 0 0
2 6.6 k,0 0.5 0.k 0 0

3 5.3 1.1 0.8 0.6 0 1.2
4 5.7 1.1 1.9 1.5 0 0
5 0 0 0 o 0 0
6 =0.6 -1.3 -0.8 ~0.6 0 0
7 0.k -3.2 -0.3 ~0.2 0 0
8 2.3 -0.7 -0.5 -0.3 0 0
9 6.9 0.3 0 0 0 0
10 546 =0.8 ~0.5 -0.4 0 0
01 6.2 3.3 -1.k4 ~1,0 0 0
0, 10.9 1.2 0 0 0 o}

. Al
T:exp(-Bs.'i‘:? - ZoBUai)
Pa s R
2 2 2
= exp - (0.023h° + 0.012k" + 0.007(" + 0.006h{ )

S AT AR L v qRL + SRR ekl
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Table 3
lategt ghifts and parameters obtained from the

second difference map

Atom Latest shifts Latest parameters

(axfa)’  (azVp)  (az/e)  (=fa) (gp) (2o

1 .0000 .0000 .0021 1780 5356 3751
2 0056 .0000 +O0LT .1389 6645 3177
3 .0022 .0000 .00%5 1670 7929 3765
4 .0000 -.0048 -.0016 .2370 .7882 4918
5 0000 -.0026 .0007 2786 .659& 5498
6 -.0069 -.0019 -.0022 L2447 5311 4867
7 .0000 0000 -.0017 2842 3916 5425
8 .0048 .0000 .0007 .3480 351k 6519
9 -.001k -.0011 .0030 L34k .1913 624
10 .00h3 .0000 .0000 .2684 .2368 14996
0, .0000 .0000 L0041 2220 .1810 4123
0, 0000 .0000 .0000 3817 0797 6750
*
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Discussion of the structure:

The PCBED molecule is planar as the present resuit indicates
(see later discussion). These planar molecules are packed practically
parallel to each other throughout the crystal as may be seen from the
projection of the structure onto the (010) plane, shown in fig. 6. A
drawving of the structure projected onto (203) is’shswn in fig. 73 in this
drawing, all the significant intermolecular distances are indicated.

Each molecule is embracea by twelve closest neighbors, and the contacts
to all of those twelve neighbors are at the normal van der Waal§ distances.
These twelve neighbors may be conveniently separated into four groups.
Two of the neighbors are related to the reference molecule by a transla-
tion along b (group 1); two others, which sandwich the reference molecule
in the g direction,are related to it by the centers of symmetry (group 2).
The remaining eight neighbors are located at the eight corners of an‘
orthorhombic block‘which contains the reference molecule; four of them
are related to the reference molecule by the 2, axes (group 3); and the
other four by the glide planes (group 4). Groups 3 and 4 may be
identified in fig. 7.

In the crystal, the PCBD moleculeg are arranged in layers ap-
proximately parallel to (20i§, as is shown again in fig. 6. But these
layers are not dense and this is not a typical layer structure with weak
intermolecular bonding between layers and strong bonding within layers;
instead, the van der Waals' contacts are distributed rather uniformly in
all directions around each molecule (fig. 7). The absence of a preferred

cleavage is therefore not surprising.
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The density (1.42 gm/cc) and melting point (119?-1200) (1) of
the PCBD crystal are guite comparable with other quinone crystals, such
as p~benzoquinone (1.52 gnfcc; 115.7°) (8) and ol -naphthogquinone
(1.422 gm/cc; 125°) (8). However, PCBD, which decomposes at 150° (1) is
not as stable as the other quinones. This is probably due to the strain
energy in the four-membered ring which is not present in the other above~
mentioned quinones.

At the present’stage of refinement, a detalled discussion of
the molecular structure of the PCBD is probably not warranted. HNever-
theless, a few remarks on some of the structural features might be made;
i.e., features which can be compared to well-known examples, and
features which can be considered to have well-established characteristics
immune to future refinements.

From the list of positional parameters in Table 3, a1l the
bond lengths and bond angles together with the best planes for the benzene
ring and for the four-membered‘ring were evaluated. The bond lengths
and bond angles are shown in fig. 8.

In the benzene ring, the average bond length, 1.39 A (range
from 1.37 to 1.%1 A), and the bond angles (range from 117° to 122°), are
compatible with the usual values for a normal benzene ring. The normal-
ized best plane for the benzene carbon atoms, deduced from a least-squares

treatment, is

0.9933x' + 0.03289y' - 0.3388z' + 0.1650 = O .






The deviations of the benzene carbons from this plane are listed in
Table 4; no deviation is greater than 0.01 A, In view of the uncertainty
of the parameters correéponding to the incomplete refinement of the
structure, the degree of coplanarity of the benzene ring may be for-
tuitous; on the other hand, this apparent coplanarity may be attributed
to the hypersymmetry of the molecule which could cause the atomic par-
ameters to remain "loékedﬁ in a coplanar arrangement during the early
refinements.

The normalized best plane for the four-membered ring also de-~

duced by least sguare is
0.9957x + 0.0495y' - 0.32932 + 0,019 = ©

and the deviations for the four atoms from this plane, listed in Table k4,
are also less than 0.01 A. Although the two carbonyl oxygen atoms were
not includedvin the calculation of the best plane, they are indeed lying
in the same plane (Table 4),

The calculated dihedral angle between these two planes is
emaller than 1°. The deviations of the four-membered ring from the benzene
plane are also reasonably small (Table 4). Thus, the conclusion is that
the present result suggests that the PCBD molecule is planar.

The bridge between the two rings, the C6-C7 bond, appears to he

considerably shorter than the normal single-bond distance of 1.54 A; the
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Table &

Deviations from the best plane of the benzene ring

Atom A(A)
1 0.006
2 0.005
3 -0.006
4 -0.003
5 0,00k
6 -0,006

(n” -0.008

(&) -0.033

(9" 0.005

(10)" 0.015

Deviations from the best plane of the cyclobutene ring

i ‘ 0.003
8 -0,005
9 | 0.005
10 -0.003
(o)) -0.002
(o) 0.012

not included in the calculations.



shortening may be attributed to resonance. This resonance is probably
the main cause of thé stability of the PCBD molecule., We shall defer
any ¢stimate of the im@ortance of this resonance until the 06-07 length
has been more accurately measured.

The bond lengths and bond angles of the four-membered ring -
very important itemé in this investigation - will not be discussed here,
since small deviations are to be regarded as critical and meaningful,
and the present parameters are not competent to indicate such deviations.
However, it 1s clear that r78 is a double bond and the other three bond
distances are all of the right order of magnitude for C-C single bonds.
The average of the carbonyl C~0 distance, 1.19 A is also comparable with
the usual value, 1.21 - 1.23 A.

The result that the bond angles L 1-6-7 and £ 5-6-7 are equal
is expected, but the equality of <£6-7-8 and 4£6-7-10 is very remark-
able. In the case of isobutenev(9)»the corresponding angles are
£6-7-10 ~ 110° and < 6-7-8 = £8-7-10 ~ 125°. 1In PCBD, however,
£ 8-7-10 is compressed to 94° due to the formation of the four-membered
ring; in order to compensate for the compression of Z 8-7-10, both
L 6=7-10 and £ 6-7-8 are stretched, and our result seems to suggest that
L 6-7-10 is stretched twice as much as £ 6-7-8. This result may, per-
haps, be interpreted as due to the difference of bending force constants
for the propane carbon skeleton (0.3 x lO5 dyne/cm) (10) and the propene
carbon skeleton (0.6 x 10° dyne/cm) (115 as reported by the infrared in-
vestigations. A different result, 2 6-7-8 being much greater than
&£ 6-7-10, reported in the investigation of l-methyl cyclobutene (12), may

well be in error.
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II. An Electron Diffraction Investigation of the

Structure of Cuprous Chloride Trimer
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Cuprous chloride vapor was long regarded as dimeric, on the
basls of early vapor density measurements, but in 1948 Brewer and
Lofgren (1) reported ii to consist of monomer and trimer withkno.dimer,
and said that at 10009K the saturated vapor should be 100.0 mole %
trimeric. The Fresent diffraction data are apparently similar to those
obtained earlier by Maxwell and Mosley and not found to be entirely
compatible with any dimer model (2); our interpretation in terms of the
trimer differs, however, from Maxwell's. He reports (3) disagreement
with "a six-membered ring structure" and agreement with "a configura~-
tion consisting of two sphenoids sharing an edge for the trimer in
equilibrium with a relatively high concentration of the monomer." We
find agreewent with an alternating six~ring structure, of the sort pro-
posed by Brewer and Lofgren ((1), p. 3044) to account for the stability
and low entropy of the trimer as well as the relative instability of
the dimer, but with a remarkably great amplitude of vibration toward
and away from the configuration proposed (4) by Professor Pauling, in
which "the copper atoms form a small triangle and the chlorine atoms s
large triangle, each chlorine atom being bonded to two copper atoms and
each copper atom being bonded to two chlorine atoms and also the two A
other copper atoms."

Experimental. Greenish cuprous chloride of C.P. grade was

washed in dilute sulfuric acid to obtain a purified white powder which
was heated to about 450°C in a simple monel-metal boiler inside our new
electron diffraction camera. The photographs (Kodak-50 plates; L ~ 10 com;

A ~ 0.06 A) were interpreted visually in the usual way (5).
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The boiler had a total volume of 0.8 ml and was usually some-
what less than half full, so that the liquid sample surface was about
0.6 cu’. The orifice was a tube about 1 mm long and 0.3 mm or 1 mm in
diameter.

Results. Our photographs show about eight main rings (fig. 1),
graced with a few weak, close-in outer shoulders (1, 3, a, and y); the
radial distribution curve correspondingly has a sharp main peak at
2.16 A and a very broad secondary peak at about twice the distance
(4.2%3 A). There is thus substantial agreement with Mazwell and
Mosley's (2) report of "two prominent distances .f_ and 2£” with ,_e
equal to 2.13 A,

The necegsary information for a detailed demonstration of the
trimer structure is clearly not at hand. First of all, there is the
possibility that the vapor photographed was a non-equilibrium mixture of
evaporated molecular fragments. We have assumed otherwisge, however,
partly because (A) Professor Bréwer has glven us his opinion that, under
the conditions of the experiment, the vapor from our boiler would
probably be predominantly trimeric (the estimated frgction of monomer in
the saturated vapor at 450° being only about 4 x 1072) (6) and (B), the
change in orifice noted in "Experimental"” has no perceptible effect on
the diffraction pattern. There is alsc the possibility that the vapor
containg a significant fraction of higher polymers - the tetramer has
been found in the vapor at 150o (Rosenstock et al; see below), and its
presence at higher temperatures 1s suggested by the negative value for
K, obtained by Brewer and Lofgren ((1), p. 3040) when they interpreted

their data on the reaction of Cu with HC1l on the assumption that monomer,



Fig. 1.
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Visuval intensity and radial distribution curves for
cuprous chloride. A synthetic radial distribution,
plots of interatomic distance vg 4 Cu-Cl=Cu, and a
theoretical intensity curve for the alternating,

planar, trimeric ring model described in the text.
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dimer, and trimer might be present. Nevertheless, we have assumed that
our diffraction pattern is due entirely to trimer, and this is probably
substantially correct. Even so, more than one model can be made to fit.
One that has to be rejected as structurally impossible consists of an
equilateral triangle of copper atoms, each bonded to a chlorine atom at
about 2.16 A and to two coppef atoms, also at about 2.16 A:

Cu-Cu = 2.16 A cannot be accepted.

The planar alternating six-ring with large L C1l-Cu=Cl (~150°)
and small < Cu-Cl-Cu { ~90°) seems the most likely: it has general
advantages as cited by Brewer and Lofgren; the bond angles are reason-
ablé*; the great amplitude of symmetric in-plane bending vibration that
is required to wash out the unobserved Cu...Cu term suggests that
Cue++Cu is a bonding interaction, as suggested by Professor Pauling,
but only weskly and only when all three copper atoms are brought together
in quasi-metallic fashion®™ . As may be seen from the plots of distance
vs LCu=Cl-Cu in fig. 1, almost any equilibrium angle value will lead to
a fit with the radial distribution if the temperature'factors are properly
ad justed, 90° (or even the complémentary 150°) then leading to the great-

est consplcuous area above background for the outer peak, whereas larger

* +
In Cugo as well as, presumably, other bicoordinate complexes of Cu ,
LX-Cu-X is 180°; LM-C1l-M is about 90°, the nominal for p° bonds, in
PdCl, and many other bicoordinate complexes of Cl~.

*%
It could even be suggested that this last aspect of the trimer

structure has something to do with its stability relative to the cor-
regponding tetramer, which could have just the ideal bond angles of 90°
and 180° but would contain the germ of a different, possibly less stable
fragment of metal structure. :
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or smaller angles, with temperature factors adjusted fo emphasize the
longer of the distances Cu...Cl and Cl..+Cl, center the péak more ac-
curately on the distance 4.23 A. Angles of much less than 80°, however,
would imply too short Cus«.Cu distances*, or else too narrvow a Cues-<Cu
distribution, and angles greater than about 100° would hardiy represent
a reasonable approximation to the structural ideals that we have taken
as giving support to the ring model. A priori estimates of the vibra-
tional amplitudes would be most helpful but can hardly be made, since we
know neither the frequencies nor the actual forms of the several normal
modeg. We therefore must be content to note that thg bending amplitudes
quite clearly predominate over the stretching, as expected, and that the
gymmetrical in-plane bending apparently dominates the asymmetrical, as
islmade plausible by the argument of quasi-metallic bonding. The relative
smallness of the vibrational amplitude for the longest distance in the
molecule then invariably follows from the r vs [/ Cu-Cl-Cu plots, which
of course describe the relative effects of the symmetrical bending mode.
The illustrated theoretical intensity curve®* and synthetic distance
distribution (drawn with approximate allowance for the artificial
temperature factor) and the Yonlc values for the best rings (Table 1}

are for a model with Cu-Cl= 2,16 4,

The shortest Cu«.-Cu digtance in cupriﬁe is 3.01 A, both for inter-
and intra-network contacts. In copper itself, Cu-Cu is 2.55 A.

** Various theoretical curves were calculated to test our conclusions

from the radial distribution curve.
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Table 1

Determination of rgy-o1 in,(CuCl)3

Min.  Mex.  qg.° (45a10./%bs 0 v.s.  (%eate./%obsa.)cuw.
4 20.6 (0.982) 0.999
5 - 25.6 (1.008) 99k
5 29.9 | 0.995 .986
6 34.5 993 .988
6 39.1 999 996
1 k3.7 999 .988
7 48.3 .995 998
8 52.9 .996 A 992
8 5745 991 1.003
9 62,1 .983 0.98k
aveg 0.9939 ave, 0.9928
a.d. .0036 .0052
Poygr = 2+175 % 0.9933 = 2.160 A

aror model described in text.
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Iy-g1) = 0+00 47,

w0 _— 2 -
LCuCl-Cu = 87.5% gy o =1/2(825 on - S

2 .
2Cu...01 = 810001 = 0002 A5 and {(z - Dp/(2 - f)CJ.}effective = L3
as 1s a fair approximation (7) for the range O <g L 20 of greatest

relevance. The theoretical curve is in good agreement with our observa-

tions, both of the qualitative aspects ( should probably be re-

81...01
duced somewhat) and, as shown by the arrows, of the ring diameters. The
determination of Cu-Cl in Table 1 is substantially independent of the
exact choice of angle and a values, the temperature factor for all terms
except Cu-Cl being so severe. We conclude that Cu-Cl is 2.160 A with
limit of error % 0.015 A and that the trimer structure is probably the
alternating planar six-ring, with ZCu-Cl=Cu ~ 90° and with a very

large amplitude of symmetrical bending vibration.

Discussion. A Cu-Cl distance of 2.16 A corresponds to a Cu
radius of 1.17 A, in good agreement with the value of 1.18 A from
Cu,0 (8), and considerably shorter than the tetrahedral value, 1.35 A.
- The difference between the tetrahedral radius and the Ag20 radius for
Aé+- is similar (8), but we know no other examples for Cﬁ}*.

Some recent mass spectrometric observatlions (9) on the cuprous

halides seem to tie in with the notion that the copper atoms in (CuCl)5

have a tendency to form a bonded grouvp of some stability. With 75-voli

N. V. Sidgwick ("The Chemical Elements and Their Compounds”, Oxford
University Press, Oxford, England, 1950, p. 116) in discussing AgCN did
not allow for the Agt difference and so was misled into ascribing the
corresponiingly very large decrement in the observed distance entirely
to resonance; Ag(CN),” (p. 134) similarly shows a large decrement.
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electrons, the vapor from cuprous chloride held at about ;500 produced

a main sequence of lons derivable from a parent trimer ion by removal
+ + +

of successive chlorine atoms (Cu3015 R Cu3012 s CuECl , and Cug') and

weaker Sequences of ions containing one, two, or four copper atoms but

almost no ions containing more chlorine atoms than copper atoms.
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III. Electron Diffraction Study of Molecules Containing

Both Light and Heavy Atoms



Ll
A. An Electron Diffraction Study of Pb(CHE)h

Introduction. Early electron diffraction studies led to reports of un=~

equal bond length and hence of low symmetry for uranium hexafluoride and
a number of other molecules (also of presumably high symmetry) containing
both heavy and light atoms. When the present investigation was begun,
these reéults had Jjust been explained (1) as representing not genuine
molecular peculiarity but rather gross error in the atomic electron
scattering amplitudes used for the interpretation of the diffraction data.
Tests of this explanation for molecules of undoubted symmetry seemed to
be in order, and lead tetramethyl was chosen as the first. (An early
study (2) of lead tetramethyl, based on inadequate photographs on which
only three rings were measured, had failed to reveal any anomaly.) Mean-
while, Ibers and Hoerni (3) have made new calculations of atomic scatter-
ing amplitudes, and for these the new photographs provide an important

experimental test.

Experimental. The sample of lead tetramethyl (99.8%) was supplied by

Dr. G. B. Guthrie, Jr. of the Bartlesville laboratory of the U. S. Bureau
of Mines, The photographs were made on Kodak-50 plates in our new ap-
paratus at camera distance 9.627 cm and electron wavelength 0.0618 A;

they were interpreted visually in the usual way (4).

Outline of Theory, Results, and Discussion. The diffraction pattern,as

represented by the visual curve in fig. 1, is characteristic of compounds

having two major terms with approximately equal weight and a few tenths
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Iegend of Figure 1., Parameters of the calculated curves.

Model Pb-C/Pb. .H $rv-c Sev..m j 80 g Bop. .1
(a) (a) (42) (42)
A 2.21/2.80 0.12 0.15 0.0126 0.006
B 2.21/2,80 0.1k 0.15 0.0126 0.006
c 2.21/2.80 0.13 0.15 0.0126 0.006
D 2.21/2.80 0.13 0.15 0.0110 0.006
E 2.21/2.80 0.13 0.15 co 0.006
F 2.21/2.80 0.13 0.15 0.0126 0.006
G 2.21/2.90 0.13 0.15 0.0126 0.006
H 2.21/2.70 0.13 0.15 0.0126 0.006

Cc-H, 1.09 A assumed.D, E, F, G, and H cori‘ca.in no C-H term.

ao.gy = 0.0013%6, assumed.
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of an angstrom difference in r. That is, the envelope of* the molecular
scattering pattern decreases graduwally to a minimum at a certain point
(defined by the difference in r) and then increases again. The con-
ventionél interpretation would accordingly be that there are two pairs
of different Pb-C bond lengths in the Pb(c%) ), molecule. However, this
conclusion is Jjust as erroneous asg many other early electron diffraction
conclusions on compoundsg containing both heavy and light atoms, such as
Uﬁg, OsGh, etc., in that the heavy-light interatomic‘distances in each
ccmpoﬁnd were reported to be unequal, contra;y to all the other physical
7 chemical observations. fhese anomalous results of electron diffraction,
as explained by Schomaker and Glauber (l), were a consequence of using,
even for heavy atoms,the atomic scattering factor obtained from the Born
approximation - the Born approximation is limited to smwall Z and A .
The true atomic scattering factor for electron diffraction is a complex
quantity, £ = \f| exp(iq )}, where both |f]| and " the phase angle,
are functions of Z, s, and A . The usual intensity function then be-

cones

2* . u - SinLi; S
L+ kD 6 T2 g T I s oply S5

The amplitude of the (i,)) term reaches zero at a point So,ij’ the cut-
off‘point, where the difference 4595 of the phase angles of fi and fj
reaches ’W/E. Thereafter, the amplitude changes sign. This seems to

account for the observed anomaly rather well. A single ‘'heavy-light'
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term {fi( \fJ\CoS(bn)g iﬂ%;%? of sI(s) is roughly equivalent to
a pair of ordinary terms with coefficlents %]{;[L%[ and distance
values, (r + A:&/E)i.j and (r - br/2)ij. The difference A Ty of
the two virtual distances is referred to as the 'apparent split'; it is
given to a good approximation by (Ar . BO)ij = 17 .

In this investigation, the atomic scattering amplitudes ]fﬂ
were used for all the atoms Just as given by Ibers and Hoerni (5), but
théir phase angle differences were varied somewhat. The intensity
function was appropriately modifled, as described in Appendix I, for con-
venience of calculation by our routine punch-card method (5).

A few of the calculated curves, as shown in fig. 1, demonstrate
the sensitivity of the diffraction pattern to variation of the critical
parameters. It turns out that in the region near the expected Pb~C
cut-off point (q ~ 38), the pattern is extremely responsive to almost
all the parameters. As an outstanding example, maximum 4, indicated
by heavy bars in fig. l., is a very sharp although rather weak feature.
To fit maximum 4 to its observed position and shape, the cut-off points
of both Pb~C snd Pb.H have to be moved about 10% from the calculated
value (3) (curves A, B, and C), and the temperature factors of C.C and
Pb.H have to be critically adjusted (curves C, D, and E). The resulting
temperature factors are consistent with the observed vibrational fre-
quencies (6).

The C-H term, as expected, does not play an important role in
this determination (curves C and F). Our data also provide a determina-

tion of the Pb.H distance (curves G and H). Curve C, based on our best

model (Table 1), is in excellent agreement with the visual curve.



Measured and calculated q values of Model C

.h-8 -

Table 1

Max. Min. (qa)1 (g /q,o) W
1 6.08 1.020 0

1 11.07 0.967 0
2 15.55 990 1

2 19.96 1.032 0
3 25.79 .988 2

3 - 29.Lk 0.988 5
L 3%.21 1.000 2

L 36.90 0.989 0
5 39.92 0.952 0

5 L3 .66 0.971 1
3 W7 .6k 1.003 1

6 52.68 0,993 2
7 57.42 0.990 5

T 61.66 0.993 10
8 65 .58 0.997 10

8 70.40 .996 10
9 Th4.81 1.000 10

9 78.57 1,008 5
10 (83.31) 1.006 5

10 (88.09) 1.001 2
1l (91.89) 1.009 2

11 (97.27) 0.998 1

1 Ave. of C.W. and V.S.

(

) V.S. only.



Table 1 (Cont'd)

Weighted mean =

0.9970 (scale factor)

ATy o = 0.26 * o.014

ATpy g = 0.30 * 0.05 A

Pb~C = 2.21 x 0.9970 = 2.203 * 0.010 A
Ph..H = 2,80 x 0.9970 = 2.79 * 0.050 A
( 2H-Cc=Pb = 109.0 %

+ 1.0°)
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The apparent splits determined, 0.26 A for Pb-C, and 0.30 A
for Pb-H, are in fair agreement with the calculated values (3) 0.279 A
for Pb-C and 0.331 A for Pb.H., The Pb-C bond length, 2.203 A, is in
excellent agreement with Pauling's covalent radius for quadrivalent
lead, 1.43%0 A (7), which leads to the value 2,200 A for Pb-C. The early
electron diffraction value, 2.29 + 0.05 A (2), is quite incompatible
with our result. The Pb.H distance, 2.79 A, the Pb-C distance, 2.203 A,
and the assumed C-H distance, 1.09 A,define the value 109.0° for

/. H-C~Pb.
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Appendix I

A familiar form of the molecular scattering function appropriate

for correlation with the visually estimated intensity for Po( CHB) L is

. 4 1$e|lel ( .
sty = — € coslan)y o Sin Lgpes
1is) e 3 15 " eb-c

22 [l ¢ 2xp (- APy 3*) Sin g S
Ciah Zpp PR ipCARas) S
+ £ [fel* Mf’ (- de-cs®) sinAe.eS

Ne.e ZH‘\\-

2 el l§ul

Cos w exP(-aeus™) sin Lewnd
+ Nen S |£I” ('b'ﬂCH ‘?’( €4 )S( nS,

2
where 2 [§:|* may be approximated as lfpb’ .

For convenience in punch-card calculation, the function

](S) =‘ﬁz {siu (/L+8)%,c 5 + Sin (A-S)?I,,CS}

+’.£_;:H P 2Ap(-0bys’) fsm (Lt Spust Sin(A-8)g sS

6

- - ") sinlees + ‘& -0 S*) Sinlen S
t i b erplaces) 1o @ bl )



where

}ng(cos pb.cs)('fclk /f("ﬁS AN op-e )HPBI} ,

¢ = f(C%O‘j Pb-H oS SPI,.(S)lle } /f (cos DI)P],.C COSS”_,HS)‘{c‘ f}

) =f- (cos o ¢, c»sSpb.aS)lo‘ulk'/ {(tos ~"0b-c Nf%l& )

and S\J 54 nviv‘ was evaluated instead.

For the range of interest, 1:‘ B ‘f , and GJ sare ap-
proximately constant except for q less than 15 (in the region for q less
than 15, Gaussian approximations may be used for 4 , ?5 ,and U ).

The functions Y , % and (O were approximated as constants
in this investigation. If the variatibns of the cut-off points were as-
sumed to be due to changes in the scale factor of cos o V] 's only
(i.e., the shape of cos 40] 's are invariant), the constant approxima=
tions for % , 415 and (J would hold for all the variations of s 's

illustrated.
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- B. An Electron Diffraction Investigation of CFBI

Introduction. This is the second of a series of electron dif-

fraction studies of molecules containing both light and heavy atoms., The
backgroﬁnd of these investigations will not be repeated here since it has
already been given in IIIA, on Pb(CH3)h. The maJjor purpose is to test
Hoerni and Tbers' calculation on the complex atomic scattering factors
for electron diffraction (5), but the structure of CFEI is itself alsb of
definite interest.

Although the structure of CF_I has already been studied both by

3
the microwave method (8) and by electron diffraction (9), the reported
results are hardly satisfactory. In the microwave investigation, only a
gingle function connecting the three structural parameters was determined.
In the electron diffraction work the gross errors in phase of the usual
atomlic scattering factors were not noticed, perhaps because only rather

limited data (qmax ~ T5) were obtained, and the final parameters were

evaluated in a strange way.

Experimental. Both sector photographs (Kodak process plates)

and non-sector photographs (Kodak 50 plates) were made‘( A~ 10 cm,
NN~ .06 A)*, and the diffraction pattern was interpreted visually

in the usual manner (L4).

* ,e ] 9.627 Cl,
N = 0.0623 A, average for sector photographs and the first-set non-
sector photographs, for calculation of qo's.

o 0.0627 A, average for sector photographs,
= 0.0619 A, average for the first-set non-sector photographs.
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There are two sets of non-sector photographs. Qne get made in
1954 with a sample prepared by C.W., is fairly good (qmax.~'80) but pos=~
gibly does not include'pictures as heavy as might have advantageously been
taken, The other set, taken concurrently with the sector photographs in
1956 with a sample obtained from the Caribou Chemical Company, is very
poor (qmax‘< 50} because only out-dated plates were available at the
time. However, the sector photographs provide us with good data to
q ~ 100, and with observable features all the way to the edge of the
sector (g ~ 150). The features beyond q = 100 are rather diffuse and
therefore difficult to measure and interpret accurately; they are given
reduced weight., The features between g = 33 to q = 46 are very
elusive on the non-sector photographs, especially maximum 6, which
amounts to only about 0.1% of the total scattéring and is very difficult
to locate and describe accurately. The sector photographs are very clear
in that region; however, sector imperfections (the calibration curve,
plotted as gg , has a rather sharp peak at about q = 46 amounting to
1.6% of %; , and a smaller sharp peak at q = 38) completely invalidate
this region of the sector pictures. Therefore, the best we can say is

that some models are closer to what we observé on the non=-sector photo-

graphs than the others.

Results and Discussion. The molecular scattering pattern, as

¥*
represented by the visual curves in fig. 2 , begins with several simple

* Curve C.W. - At first, the non-sector photographs were used for

interpretation of features within g = 33 only, and the sector photographs
for q » 22, Later, the imperfection of the sector was noticed; the
necessary corrections of the visual curve are significant between q = 36
and g = 53. A reexamination of the non-sector photographs confirmed this
error. The revised curve is indicated by the dashed line,



Iegend to Fig. 2

Curves g% LFOF  §o Scr g1 31 25y
(8) (a)  10%a2  10%% 10"
B 1.617 107.5 .08 .08 10 5 5
C 1.629  108.5 .08 .08 20 16 16
¢, " " .09 .10 20 16 16
E 1.579 " .08 .08 10 5 5.
G " 106.5 .08 .08 10 5 5
I 1.598 107.5 .08 .08 10 5 5
L 1.629  109.5 .08 .08 20 16 16
L, " " .07 .07 20 16 16
N 1.59k 108.5 .08 .08 10 5 5

n' " " .09 094 10 5 5
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rings, then develops into a geries of complicated featqreg, and finally
becomes gomewhat simple again near the limit of the present observations.

The pattern is indeed complicated and at least eight parameters
of the molecuiar model and the scattering theory enter into its interpreta=
tiony the size parameter, the two shape parameters, three differential
vibration parameters, and two phase~shift parameters of the kind defined
in IITA to describe the most important possible changes in the scattering
phase angles.,

A number of theoretical intensity curves were calculated, based
on models comparable to both the RDI (not shown) and the microwaje
data (8). The complex atomic scattering factors given by Hoerni and
Ivers (3) were used for all atoms, but were modified for most of the
curves by varying the two phase-shift parameters.

. The I-F cut-off point, 4o, IF» VW8S primarily determined by the
shapes of maxima 8 and 9 and minima 8 and 10. For a good fit to the
visual curve, the F-I cut-off point has to be close to q ~ 60. Maxima
8 and 9 and minima 8 and 10 are relatively insensitive to all the other

parameter variations illustrated. Moving the I-F cut=off point inside

(cont'd from previous page)

Curve V.S, , at first was drawn as a compromise of the ob-
servations on sector and the non-sector photographs for g, 36-53., Al-
though the rather striking difference in appearance of features in this
region between the non-sector photographs and the sector photographs was
noticed, V.S., failing to consider the by then known sector calibration
curve, became convinced that the difference was not so great as it at
first seemed to be (and we now know, is) and that further, the original
sample may have been impure (as, we may now assume, it was not). Since
the original interpretation in the region 36 € q ¢ 53 is a compromise,
the correction, in dashed line, is not as large as C.W.'s.

Curves C.W.(a) and V.S.(a) - New interpretation based on first
set non-sector photographs only.
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q ~ 52 results in broadening minimum 8 and shifting maximum 8 outward
away from the observed position. Moving the I-F cut-off point outside

g ~ 67 broadens minimum 10 and weakens and deforms maximum 9. The best
choice 1is perhaps 90,FI = 59, The I~C cut-off point is less well
determined; it is effectively coupled with ar_g and rp Fe For a reason-
able ar.gs for the range of e g fixed below,and for the theoretical
calculations (3), (10), (11),which predict that %,01 < %,51? Yo,01 % O
seems best. Curves C, L, N and N', illustrating the effects of several

variations of 4, FT and q I,may be used to follow the above description.

0,C

The shape parameters (C-I/C-F and F-C-F) for %,7T = 90,01 ° 62.5
(space A) and for ,FT * 55,5 and do,10 = 5% (space B) were thoroughly
investigated,

The shape parameters for space A are determined by the following
congiderations.

Maximum 6 grows larger toward curves D*, B, I, G and A*, and
moves into maximum 7 in curves E and F*. The three-fold comparison that
maximum 10 is below the average of maxima 9 and 13 fails in curves E*, E
and ?*. The feature that maximum 11 is lower than maximum 10 is not
reproduced in curves A%, By, C, L and E*¢ The position of minimum 9 is
very much shifted toward maximum 9 in curve G. Thus, curves A, B, C, D,

E, F, G and H define the range of acceptability of the shape parameters
(fig. 3). For curves inside the range, good agreement with the visual

curves is obtained as shown by curves L, I and N.

Not illustrated in fig, 2.
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The shape parameters for space B are determined with somewhat
similar considerations with the addition of the shape of ﬁinimum 8 which
is more sensitive to shape parameters in thils space, The range of ac-
ceptability illustrated in fig. 3 is very much smaller.

Limits of acceptability for the size parameter ((rC_F)c + scale
factor)* were determined with the helprof microwave information (8). For
each model, the resulting C-E bond length has an estimated range of un~-
certainty of about ¥ 0.0l A, and models for which re-p deviates more
than 0,01 A from that indicated by the‘microwave data are considered as
unacceptable, The rahge of acceptability for the size parameter in
space A was then defined for the portion of interest by modeler, I, d,
and L (fig. 3) and in space B, by models Q', I', K', and H' (fig. 4).

The temperature factors are not very critical in this in-

2**

vestigation. The values we aécepted as feasible, a = 0,0010 A,

I.F
ap p = 0.0005 Ae, and a;_, = 0.0005 Ag, (ayy = S-r}aﬁ. - 5-:-(23_3,)/2) seem
to be at least roughly coﬁpatible with the spectroscopic data (12).

The final model (Table 2) was interpolated from the best models
in space A and space B***, The best model in either space was interpolated
from all the acceptable models (models inside the overlapping area of the
range of acceptability of the shape parameters and the range of ac-

ceptability of the size parameter) with consideration given to the over-

¥ The scale factor was the average of qc/qo of six well distributed

and distinguished features: minima 5, 8 and 10 and maxima 7, 9 and 13.
*% .
ay,.r is critical for the fine structures beyond q = 100 in V.S.
visual, Compare curves L and N,

*HK% .
The X in fig. 3 and fig. 4.
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Legend to Fig. 3 and Fig. b

——  Microwave contour

— -~ Approximate electron diffraction contour

— Rénge of acceptability of the shape parameters
esw Range of acceptability of the size parameter

swmsm Estimated boundary for the range of acceptability
of the size parameter

X Best model

Model (rgp S.F.)*128 Model (ro_p s.F.) *°
(a) (8)
B 1.341 B! 1.338
c 1.329 c' 1.332
D 1.351 D! 1.350
E 1.346 E' 1.347
F 1.338 F! 1.341
G 1.349 G' 1.347
H 1.327 H! 1.530
I 1.344 I' 1.344
J 1.338 K' 1.334
K 1.3354 M! 1.344
L 1.331 N' 1.3h4k
M 1.345 Q' 1.346
N 1.342
P 1.342

* S.F. - scale factor

&  The ave. dev. of S.F, is within the range of .00k - .008
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Table 2
Min.  Max. 104 do)ay 10Xa/a,) (M)*® 10°(ac/a,) (N0)2
1 622° 9u9P 9ugb
1 913¢ 997 997>
2 1210° 1017° 1017
2 1512¢ 1025° 1020P
3 1812 1010 1001
3 2150 1023 1009
4 25364 1021 1025
4 29794 101k 1007
5 - z3y7d,* 1007 1007
5 37294 981 987
6 10104 997° 1012P
6 4265 1001P 996°
7 yh358 1003P 1003P
7 4935%»* 1001 999
8 5333% 1016 1022
8 5790 1014 1019
9 6207 99k 1015
9 6645* 1007 1008
10 7100" 1010 1007
10 753k 1012 100k
1 7804 1015 1010
11 8123 1006 1007
12 : 8601 1000 996
12 8953 1000 997
13 9210 991 99k
13 9532* 999 1000
1k 10041 994 100k
Ave, (20) , 1006 1006

Ave, dev. (20) 0076 .0071
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Table 2 (Cont'd)

Final results

.342 t 0015 A

"

re-p

2.134 * 0.015A

rc-1

LF-CT= |08.3 4+ 1.5°

59.0 * 5,0

(a))1, .7

55.0 1 8.0

(e.)1¢

Represent the best models in space A and space B
Not included in the average
C.W. only

V.S. measurement on first set non-sector photographs only

For scale factor calculation
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all agreement in shapes and positions of the features of the calculated
curves as compared with the observations. Similar considerations were
used to deduce the final model.

The accepted value of the cut-off points are in good agreement
with the calculated value q = 57.5 for F-I and q = 51.0 for C;I. The
C-F bond length and ZF-C~F bond angle determined in this investigation
are comparable to those existing values for trifluoromethyl derivatives
cl (E.D. LF-C-F, 108.6 t 0.4°; ¢-F,1.328 %0.002 &) (13),

3
HCCCF5 (m.w. and E.D., ZF-C-F, 107.5 * 1.0%; C-F, 1.335 + 0.01 A) (1k),

such as: CF

CF5H (m.w., LF-C-F, 108.48% C-F, 1.332 A) (15), etc. The C-I bond
length 1 also in the range of those reported values: 2,12 +0.02 A and
2.15 + 0.015 A for cI, (e.D.) (15), 2.14 * 0.0k A for CH,I, (E.D.) (15),

2,12 % 0.04 A for CHI, (E.D.) (15) and 2.139 A for CHI (m.w.) (16).
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C. A Brief Comment on the Results of IITA and IIIB on

Atomic Scattering Factors for Electron Diffraction

The experimental results of the electron diffraction study of

Pb(CHa)L (IIIA) and CFBI (IIIB) at 40 kev have verified conclusively the

complex nature of the atomic scattering factor as pointed out by Schomaker

and Glauber (1), Although three sets of calculations on the complex
scattering factors are available, Glauber-Schomaker's (second Born ap=
proximation with screened coulumb potential) (10), Glauber's (more
refined calculation with screened coulumb potential) (11) and Hoerni-
Tbers! (partial wave solution with Thomas-Fermi potential) (%), the re-
sult of Hoerni-Ibers' calculation was chosen as & basis for these in-
vestigatione in view of the previous result on UF6 at 10 kev (17) which
ruled out the first two.

As described in ITIA and IIIB, the experimentally determined
cut-off points are in pleasing agreement with those predicted from the
Hoerni-Ibers' scattering phase angles (usuwally within 10%). The amp~
litudes of the atomic scattering factors are usually not very sengitive
in this kind of work; however, we feel that both fB and Hoerni-Ibers' \fl

will do. The conventional approximation, Z, is quite unsuitable for

light~heavy compounds, We found that in the case of CF3I, the Z approxima-

tion would give a clearly distinguished maximum 6, completely contrary to
our observation.
All in all, despite ﬁhe use of the Thomag-Fermi potential for

light atome and the neglect of valence distortion, the Hoerni-Ibers'
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calculation of atomic scattering factors for electron diffraction has
already passed the severe test and has proved to be essential, with
some modification of 4 v} ‘g, for studyling the structures of light-heavy

compounds.
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IV. Electron Diffraction Investigations of Two Polycyclohydrocarbonsg -

Norbornane and the Compound CqoHy) of De Vries and Winstein

The work described in this section was done in collaboration with
Mr., A, Berndt.



b. NORBORNANE




Introduction. The compound C wag synthesized by De Vries

1251,
and Winstein at UCIA (1). 