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INTRODUCTION

Advances in thg theory énd in experimental techniques of electron
scattering by gas molecules have made it possible to determine molecular
structures with a precision unattainable a few years ago. Procedures for
analyzing diffraction data, however, have not kept pace with dgve10pments
in theory and experiment, Therefore, the present investigation was initi-
ated (a)'tb inéorpqrate more complete theoretical expressions into numeri-
cal analysis of experimental data, and (b) to carry out analysis directly
in terms of internal coordinates of.molecules instead of the customary set
of (ppssibility inconsistent) internuclear distances.

An additional objective of the present studvaas to apply the newly
developed methods of analysis to the determination of structures of several
molecules. It was hoped that the molecules cﬁosen would serve to illus-
trate effects of intramolec#lar Van der Waals forces.

Digital computers have béen used extensively to facilitate the ex-
traction of information containéd in electron diffraction data. Least
squares programs have been developed to solve for a set of internuclear
distances giving an optimum fit to the experimental points. In almost all
: previous analyses the internuclear distances had been allowed to vary‘inde—
pendently with no assurance that the final set of distances would corres-
pond to a geometrically possible set. Moreover, when a molecule was stud-
ied that contained more internuclear distances than could be varied in a
realistié least squares analysis it was necessary to fix the weaker scatter-
ing diétanceslat plausible values and allow only the stronger scattering

distances to vary. When improved values were found for the major distances



the fixed parameters were recalculated and the process repeated. This
process had to be recycled to self-consistency and in many cases it was ex-
trémely difficult to obtain a converged set of parameters. It seemed de-

" gsirable, therefore, to design a computer program which would at all stages.
treat a molecule in terms of a mptually consistent set of internal struc-
tural coordinates. Such an épproach.would, in general, reduce the number
of parameters to be héndled and guarantee that the derived internuclear
diséances would be geoﬁetrically compatible. Thus, the tedious recycling
required in conventional analysis would be eliminated.

In addition to imposiﬁg geometrical constraints, more exact theoreti-
cal expressions relating scattered intensities to structural parameters of
molecules were incorporated in the least squares programs. Some of the ex-
pressions had been too cumbersome to be handled by computers preyiously

W

available, but have prove& to be well within the capabilities of the IBM
709.

Two least squares programs were developed which imposed geometrical
constraints ana ét the same time incorporated more complete theoretical
expressions. The first waéAfor the direct analysis of experimental inten-
sity data and the second was forAanalysisvof the experimental radial distri-
bution curve. + Since the radial distribution and intensity functions are
related by Fourier transformations, they contain the saﬁe'molecular infor-
mation. Ne§erthe1ess, in a given situation, one program may have advantages
over the other.

These'two programs were applied to the structural determinationg of
hexamethylethane, éetrgmethylethane aﬁd dimethylcyclopropane. All three of

the molecules selected are of chemical interest but contain too many



" internuclear distances to be handled conveniently by conventional analyz-
ing techniques. A study was also made of the diatomic molecule chlorine to
allow Q check to be made of the operation of the programs and to provide
the investigator with experience in the field of electron diffraction.

The structure of a number of hydrocarbons has been studied in this
laboratory. Trends in the structures have been documented and found to be
consistent with a simple model of intramolecular Van der Waals forces. The
theory of nonbonded interactions predicted deformations from conventional
reference configurations when internuclear distances between nonbonded
atoms were less than the sums of Van der Waals radii. Hexamethylethane and
tetramethylethane are simple hydrocarbons containing methyl groups wedged
" closely together, But: prior to the present study no definite information -
existed concerning the magnitudes of theilr steric deformations. The mole-
cule 1,1 dimethylcyclopropane may also be expected to provide information
on nonbonded interactions. It may be viewed as a derivative of neopentane
in which two of the "metﬂyls" have been tied back by a covalent bond between
them (to form thé cyclopropane ring). This relieves the stress on the re-

maining two methyl groups. It is of interest, then, to examine the concomi-

tant relaxation of bonds to these methyl groups.



PREVIOUS WORK
Geometrically Constrained Least Squares Analysis

#eports have been published by two different laboratories indicating

that geometric constraints have been employed in the least ‘squares analysis
of gas electron diffraction data (1,2). The technique developed by Hed~
berg et al is not conveniently applicable to a complex mqlé:ule. It in-
corporates into the program analytical expressions defining the relation-
ship between the various internuclear distances. These éxpressions must be
developed for each individual type of structure and in a great many mole-
cules such an approach is too tedious to be used. In the method of Corbet
et aZ; the independent parameters are chosen to be Cartesian coordinates of
atomé. No .detailed description of the application of the method has ap-
peared.. The procedure does not appear to lend itself readily to the de-
scription of a complex molecule and places severe limitations on the choice
of the geométrically independent parameters. Very little information has
been published on.the actual results obtained by applying constraints to
the least squafes process."The only detailed description in the literatufe

., is an application to cyclopropane made by Bastiansen, Fritsch and Hed-

berg (3).
Molecular Structure Determinations

Many studies have been made of the chlorine molecule. An ultraviolet
band spectrum of chlorine was obtained in 1930 by Elliot (4). His results
were recalculated by Badger (5) and a complete reinvestigation was made by

‘Richards and Barrow (6). Gas diffraction studies of limited precision were



performed by Richter (7) with X~rays and by Pauling and Brockway with elec-
trons (8). More accurate diffraction studies were performed by Shibata (9)
and by Bartell and Carroll (10). |

A previops electron diffraction study of hexamethylethane was performed -
(11). However, the data were not sufficiently developed to establish the
exact nature of the steric deformations. A microwave study of the iso-
electronig analog (CH3)3B-N(CH3)3 (12) has been reported by Lide. It wﬁs.
evident that the molecule suffers a considerable deformation but the details
of tﬁe deformations have been the subject of some controversy. The struc-
tures of fetramethylethane and 1,1 dimethylcyclopropane have not been stud-
ied. Molecules related to 1,1 dimethylcyclopropane have, however, re-
ceived considerable attention. An electron diffraction investigation of
cyclopropane was conducted'by Pauling and Brockway (13). The molecule was
reinvestigated recently with greatly improved precision by Bastiansen,
Fritsch and Hedberg (3). Cyclopropyl halides have also been investigated.
Microwave studies of C3H5C1 by Schweﬁdeman, Jacobs and Krigas (14), of
C3H4C12 by Flygare, Narath and Gwinn (15) and of 03H501 by Friend and

Daiiey (16) have been published.
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THEORETICAL EXPRESSIONS USED IN GAS ELECTRON DIFFRACTION

Theoretical expressions for the scattering of high energy electrons by '
molecules were developed by Mott (17), Wierl (18) and Debye (19). Correc-
tions for anharmonicity of vibration (20), failure of the Born Approxima-
tion (21,22,23) and finite beam energy (245 have been added to the original
expressions in recent years.

When'high energy electrons encounter a molecule'they are scattered by
both the planetary electrons and the atomic nuclei. If the energy of the
incident electrons is large compared to the energy of the bound planetary

electrons, the intensity scattered by an N atom molecule is given by

1 (s) - L {I; [z, - F (S))2+ 8,(s)]
total wle? qep 1L 1
I F, (s)(Z, - F,(s))/(P,, (r) sin sr/sr)d
: j#i( 1" s g ‘ 3 8))} 13 r) sin sr ér r} (1)

Iatomic + I olecular

where s is the scattering variable, Fi(s) and Si(s) are the elastic and in-
eiastic X-ray scattering factors, resﬁectively, for the ith atom, Pij(r)

the probability distribution function for the separation.of the ith and

jth atom, R the distance from the polnt of interaction to the point of ob-
servation and K is related to the incldent electron beam intensity and the

number of atoms encountering the beam (25). The scattering variable. is

glven. by

? ‘%‘Esin—g- (2)



where A is the wavelength of the incident electron beam and 8 is the scat-

tering angle.

It is convenient in structural analysis to work with a reduced inten-

sity function M(s), where

I I
molecular _ ' ‘total _
M(s) = 22 el g (3)
atomic atomic
If the Pij(r) are approximated by Morse distribution functions (26) and

corrections for failure of Bornm approximation included, the theoretical re-

duced intensity function may be expressed as

M) g = T O30 (© exp[ﬁ-g§>ijs%zlccosAnij>
X sin [s((x) ij+ q’ij (»s-.))]/s (re)ij (4)
N2
where Cij = ZiZj/kil(Zk + Zk)

Ui (e) = (2 - Fi(S)][Zj’- Fy(s)]
] [C,, 2, = F @)%+ 5, ()]
ij 'k k k
(zm)ij is the effective root mean square amplitude of vibration of
the ijth atom pair (27),
cosAni. is the phase shift correction for failure of Born Approxima-
tion (21,22,23) for ijth distance,
(ra)ij is the center of grévity of the ijth'distribution
Pij(r)/r @n,
¢ij(s) is the frequency modulation term aésociated with the ijF#}anf
harmonic oscillator (27), and |

(re).j is the equilibrium distance for the ijth atom pair.



EXPERIMENTAL PROCEDURE
Apparatus

The electron diffraction unit used in this investigation was con~
structed at Iowa State University. It is similar to the apparatus con-
structed at the University of Michigan by Brockway and Bartell (28).

The glectron beam was accelerated through a 40,000 volt potengial
difference and focussed with a magnetic lens to a spot 0.05 millimeter in
diameter on the photographic plate. The diffraction patterns were recorded
on Kodak 4" x 5" process plates. A heart-shaped sector was rotated above
the plates to compensate for the steep dropoff in.intensity of the scat;
tered electrons with increasing scattering angle.

The gas samble waé-introduced at right angles to the electron beam
through a platinum nozzle which could be placed 21 centimeters, ll centi-
meters or 7 ceﬁtimeters above the photographic plate. This allowed data fo
. be recorded from s = 3.52#1' to s = 65X_1'. The distance beé;een the plat-
inum nozzle and photographic plate was measured with a high-precision
cathetometer. | |

The specimen injection system consisted of the platinum nozzle, a
sample bulb and a stopcock-microswitch attachment. Whenever the stopcock
was opened, the microswitch triggered an electrostatic shutter so that the
electron beam and the emerging gas samp;e intersected for a specified
length of time. The sample pressure and exposure time were controlled to
reduce pressure buildﬁp in the diffraction chamber. A liquid nitrogen trap

was also placed in the diffraction chamber to condense the gas sample af-

ter it had intersected the electron beam.

v



Intensities of diffraction patterns were determined by measuring the
absorbancies of four plates for each camera distanée; The measurements
were made with a modified Sinclair-Smith microphotometer in conjunction
with a voltage-to-frequency converter and a Hewlett-Packard electronic
counter-digital recorder assembly. 'During photometry the plates were ro-

" tated so that three complete revolutions occurred in the one-second reading
period to average over the grains in the photographic emulsions. Voltage
readings were recorded at quarter-millimeter intervals starting at thé outer
edge to the right of pattern center and progressing across the center to the
épposite edge. Since rea&ings were made both to the right and to the left
of the pattern center, eight measurements in all were averaged at eaéh par-
ticular value of s. Furthermore, reading the full diameter of the diffrac-
tion pattern eliminated small errors in centering the spinning plate.

The exposure time, camera distances and other parameters defining the
experimental éonditions under which the diffraction patterns of the various
molecules were obtained are indicated in Table 1. |

‘Experimental Intensity Curve
.After the photographié plates were read with.the microphotometer, the

mean absorbancies A were calculated

A= (o, +A)/2 ‘
where the subécripts R and L refer to data taken to the right and left of

center, respectively, and

Ay = 1og[(v100 - VO)/(VR - vo)]



Table 1. .Experimental conditions under which diffraction patterns were obtained

" Camera Exposure Sample Sample Beam CE?:%sio? :
Molecule Distance Temperature Pressure Current gonszzzt:n
(mm) (°c) (mm Hg) (na) o . a

: 1’ "2
chlorine 210.48 1.4 25 24 0.504 0.50, 0.00
111.07 3.5 25 30 '0.686 0.50, 0.00
hexamethylethane 213.62 6.0 32 32 0.616" 0.50, 0.00
Run I 110.83 16.0 23 22 0.616 0.50, 0.00
67.74 30.0 28 29 0.616 .50, 0.00
hexamethylethane 214.35 5.0 25 24 0.490 -0.28, 0.14
Run II 106. 32 ©16.0 25 24 0.490 -0.28, 0.14
’ - - 68.15 24.0 25 24 0.532 -0.28, 0.14
tetramethylethane 214.35 -35 10 0.490 -0.28, 0.14
106.32° -7 55 0.497 -0.28, 0.14
1 68.15 -7 55 0.525 -0.28, 0.14
1,1 dimethyl- 213.61 25 25 0.392 -0.28, 0.14
cyclopropane 106.72 25 60 0.399 -0.28, 0.14
67.70 25 60 0.406 -0.28, 0.14

0T
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R £_ ol
Vo = Vg + ¥'(@) (Vg = V)

i

= V100

v + Y! (r)(v

100 100 © 100)

~where Y'(r) is a meéasure of the instrumental drift and is equal to YR(t)

~YR(r) l=l{rmax - xl/ [z(rmax - r.min)]

when the readings are to the right of center.: Y'(x) is equal to YL(r)
YL(r) =1 - YR(r)

when the readings are to the left of center.

The parameter r is the distance from the center of the pattern and varies .
between r nin and r ax’ V% and Vg are the initial and final dark current
readings, and Vi and V are the initial and final-voltage readings at

100 100
an unexposed portion of the photographic plate.
A plot of the difference between the readings to the right and those
to the left of center indicates the centering error for the particular
platé and the amount of random scatter in the readings caused by the micro~

photometer fluctuations. A set of absorbancies was considered usable if

the undulation due to the centering error was less than 0.5 percent and the

‘random fluctuations less than 0.1 percent of the absorbancies.

~The average absorbancies were converted to average intensities by '

_ M_ 2 n
I= % Ai(l + 3 anA Y/M ‘
i=1 n=1 ]

bt

where un's are the emulsion calibration constants (29) and M is the number
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of plates to be averaged. The average intensities are then leveled by the

expression

= 2,3 3
Ip(s) = (T - 1)@+ (/WD [e)/T,, .o

where the quantity (lv+ (r/L)z)3 corrects for the inverse square falloff of
the intensity received by the flat photographic plate. ‘The.sector correc—
ticn term is (¢Sc/r3) and the extraneous scattering Ie is obtained by read-
ing a plate which was exposed to the electron beam without introducing the
gas sample into the diffraction chamber. The theoretical expression for

the atomic scattering, I , used to level the intensities is given by

N
I =z
atomic k=1

atomic

[z, - F ()% +5,()].

Analytical functions approximating Fk(s) and Sk(s) were used to calculate
the elastic and inelastic scattering.factors at arbitrary s values. A
function of the form
2.%
Fk(s) = gaj/(l + bjs )
J

was used to approximate the ;iastic scattering factor (30,31). The Heisen~
berg-Bewilogua (32,33) approximation was used to célculate Sk(s) values.

Experimental reduced intensity data, M(s)exp, were obtained from the
leveled intensity by dividing Io(s) by an experimental background function
IB(s). If theory and experiment were perfect, IB(s) would be constant for
all s values. Since, however, the theoretical expressions for atomic scat-

tering are only approximatiomns, and extraneous scattering cannot be deter-

mined accurately, the background is not constant and a smooth curve must be
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selected to represent IB(s). The leveled intensity curve is divided by the

smooth curve'IB(s) to obtain M(s)exp

M(S)exp = [IO(S)/IB(S) -1] .

Experimental Radial Distribution Curve

The radial dist?ibu;ion function is often defined (34) as
.f(r) = 4§M(é) exp(-bsz) sin sr ds

where exp(-bsz) is the Degard damping factor (35). Ac can be seen from
Equation 4, the reduced intensity includes effects of planetary electron
scattering in the term Uij(s)° It is convenient in structural studies to
make some correction for this non-nuclear scattering before invérsion of
the data to facilitate the deduction of internuclear distances. Plotted

in Figure 1 are Ui (s) functions computed for the three different types of

3 4
bonds in hexamethylethane. The limit of Uij(s) as s approaches infinity is

unity, but the deviation from unity is appreciable at small values of s.
Several different methods have been proposed to compensate for the contri-
bution of the planetary electrons (34,35,36,37) to the molecular intensity.

The approach used in this study was to approximate the Ui (s) functions

3

with Gaussian functions of the form

2
Nij(s) f aij + bijexp(—Bijs )

where a and B,, are constants. A comparison of Nij(s) and Ui (s)

| 197 Pyy a0 By ‘ 3
is shown in Figure 1. A corrected reduced intensity function MN(s) was

defined as



Figure 1. A comparison of Ui j and Ni j curves for three bond ﬁypes in hexamethylethane
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: 2 2
Mg (s) i jiiCiJNiJ (s) exp[( lm)ijs /2](cosAnij)
X sin[s(ra)ij + ¢ij(8)]/8(re)ij
and the related distribution curve as

fN(r) = ggMN(s) exp(-bsz) sin sr ds, o (6)

The procedure emp}oyed was to convert M(s)exp to MN(s)exp by use of a cal-

culated function AM(s) where

- 2, 2
AM(s) i jiicij(uij Nij)exP[( Qm)ijs /2](cosAni?)
X sinls(ry)y, + 6, @1/~ D

The corrected experimental reduced intensity

) = M), + AMGS)

was then used to obtain fN(r)exp'

Since experimental data are not available for very small and very

large values. of s, theoretical.MN(s) data were used in the region s = 0 to

s =38

and an integral termination correction, Iterm’

(36) was applied to '

/

min

make allowance for lack of data from s = Spnax to 8 = =,

-Exﬁerimental radial distribution curves were calculated from

Snin , )
fN(r)exp = Sﬁo sMN(s)theoexp(—bs ) (sin sr)As
)
+ I sMN(s)expexp(-bs ) (sin sr)lds + Iterm' (8)

8= min



17
GEOMETRICALLY CONSTRAINED LEAST SQUARES ANALYSIS
Application of Constraints

The N(N - 1)/2 internuclear distances found in an N atom molecule are
not, in general, all independent but may be expressed as functions of
N -6 geometricaily independent pa?ameters (N > 2). Geometrical constraints
may be imposed on the N(N - 1)/2 internuclear distances by relating the po-
sitions of the atoﬁs in the molecule to the 3N - 6 independent parameters
which define the geometry.

Geometrical conmstraints are imposed in the present gnalysis by choosing
coordinate systems for each of the atoms in the molecule so that atom Ai is
located at the origin of its coordinate system with the X, axis lying along
the bond joining atom Ai and atom Ai—l and the v axis in the plane defined .
by atoms Ai—l’ Ai and Ai+l'

set in some convenient direction. With the use of these coordinate systems

For atom A1 the Xy and y, axes are arbitrarily

it is easy to write the coordinates of atom Ai in the Ai—l coordinate sys-
tem an§ then to transfer stepwise back to the coordinate system for atom

A matrix method due to Eyring (40) can be used in the transformation.

Al.

The matrix elements are functions of Ri, a displacement along the X, axis;

.

%> a rotation about the z, axis such that the X, axis is coincident with
X1 axis, and Bi a rotation about the displaced yi axis so that the z;
axis is coincident with Z, 1 axis. This allows a set of internal coordi-
nates to be chosen as the independent parameters that are varied in the
least squares calculations. With a‘little practice and ju&icious use of

dummy atoms, it 'is possible to formulate descriptions of quite complex

molecules with this approach and to impose whatever symmetry restrictions
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are desired. The Ri's; ai's and Bi's are expressed as linear functions of-
the chosen set of independent parameters. This permits the most convenient
set of internal coordinates.to be chosen as the independent parameters. )
For example, thevset may be composed of bond'lengths, average bond lengths,
a difference in bond lengths, bond angles, a difference in bond angles,
avefage bond angles, and internal rotations about a given bond. Once

the coordinates of all atoms are determined, the internuclear dlstances are

calculated using the following equation:
2 2 2.3
Ty [(x; xj) +(yy | yj). +(z, - zj) 1% . (9)

To demonstrate the application of geometrical constraints tu the least
squares analysis of data it is convenient to begin by summarizing the prin-
ciples of least squares curve fitting. Following formulation of Hedberg (1)

we suppose
f = f(xl,xz,xa.....xm)

is a nonlinear function of m parameters xq by which we seek to represent K
(K > m) experimental points. If approximate values xo are known for the m

barameters, we have, negiecting higher order terms,
0._0_0 0 :
f= f(xl,xz,xs.... m) + (6f/6x1)0Ax1
+(5f/6x2)0AX2+ lo.v-!-.uo'llolo' i

or in matrix notation

O' .
B = Fp + A X . (20)



19

Equations 10 are the conditional equatiomns. FK and Fﬁbs differ by Vk, 80

that use of the observed values of the function gives, after dropping sub-
scripts,
% 4+ v =0+ Ax

Ve - 75 4+ AX = - + AX. . (11)

Introducing the diagonal weight matrix PKK = P and applying the least

squares criterion V'PV + minimum (V' is the transpose of V) we have
(6/6X) (V'PV) = A'PV = 0. (12)

Combination of Equations 11 and 12 gives the normal equations

BX = Y-
where
B = A'PA
and |
Y =A'PN. o

The solutions are -
X = By, 4 (13)

and the standard errors o(xq) are
ox) = [EHEPN/® - w1E (14)
q qq : Lot

Elements in the matrices are of the following form

K
obs
yq = 7 (6fn/6xq)o(fn - fn ) v
n=1
K
bqk =n§l(6fn/6xq)O(an/ka)own
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where n ranges over the points in the experimental curve and LA is the.
weight function. To obtain improved values for the geometrically indepeﬁd-
ent pérameters, the partial derivatives in the matrices B and Y must repre-
sent the change in the function with respect to the geometrically independ-

ent parameters z, such that .
« .

bqk = 3 (an/GZqZ§6fnldzk)own.
n=1

Since expressions for the experimental curves in electron diffraction are
in terms of the internuclear distances and amplitudes of vibration, the re-
quired partial derivatives are obtained by

(6£ /62,) =1 I (8f /or,.) (Sr,./82.) -

n’ “ko 1 441 n - ijfer 43t ko,
A numerical value of (Grijldzk)o is obtained by calculating a set of rij
ot

from the independgnt parameters z;;Z,esesZp e, and a second set rij from

the independent parameters ZysZgseeeneZy + Azk"""sz If Azk is small,

then
]

(1,3 /67,) = [(x}, = r;j)/Azk]O .

This allows corrections to be obtained for the independent parameters. The
improved values may then be used to recalculate values for internuclear
distances and partial derivatives. The process can be repeated until a
converged set of independent parameters‘is’obtained.

The geometrically consistent parameters calculated by Equation 9 are
not, however, equiyalgng to the obsgrved mean internuclear distance rg.

The geometrically consistent parameters are calculated for a rigid
moiecule. Since the atoms are in a constant state of vibration, the ob-

served lengths of nonbonded distances are different from the geoméﬁrically
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consistent nonbonded distances. This effect is known as the Bastiansen-
Morino shrinkage effect (41,42,43). Estimated values of the shrinkage
effects are subtracted from distances calculated by Equation 9 and the cor-
rected values used in the least squares calculations.

In practice it is not feasible to vary all the amplitudes of vibration
associated with the N(N - 1)/2 internﬁclear distances in a least squares
énalysis.. The number of‘amplitudes allowed to vary should not exceed the
number of distinguishable peaks in the radial distribution curve. There-
fore, provision is made in the least squares programs allowing“two or more
of the N(N - 1)/2 distances to be defined as either having identical ampli-.
tudes of vibration or amplitudes that differ by a fixed amount. If there are
two bonds in the. molecule which are'slightly different in length but are
otherwise similar, it is possible to use an extension (44) of Badger's rule
(5) to estimate the difference in the two amplitudes. Accordihg to Badger's

rule the force constant k is related to the internuclear distance riJ by

3 5

k( d,.,)” =1.86 x 10

137 %4y
where dij is a constant tabulated by Badger and 1s dependent on the two
elements comprising the bond. If the amplitude of vibration can be con-
sidered to be inversely proportional to the fourth root of the force con-

stant, as in the case of a diatomic molecule, then the amplitude 22 of bond

r, can be related to the amplitude 3 of bond r; by

byl = Lry = )/ (xy - 34y 1Y%, B 15)
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Least Squares Intensity Analysis

The calculations performed by. the geometrically constrained least
squares analysis of the intensity curve are similar to those described in
Reference 45 éxcept for the imposition of geometrical constraints. The
criterion for refinement is minimization of the weighfed sum over experi-.

mental points

2

§wi[(10(8)) - @ () 0y

cale

with respect to variation of both molecular parameters and experimental
background. The calculated intensity is given by
]

Io(s) . = IB(s)[l + RM(s)

cale .theo

where R is the index of resolution, IB(s) is an analytical function of the

form
N

IB(s) = aoexp(-ds) + 1z ansn-l ' (16)
n=1

and M(s)theo is defined by Equation 4. The experimental backgrougd was
varied in the least squareé analysis by allowing the background coefficients
a to change in the least squares iterationsi

The intensity data were weighted by a simple function of s to account
for the uncertainty in the loose ends of IB(s) and to weight down the data
aﬁ small scattering angles where the imperfections in the sector figure are

known less reliably. The weighting function chosen in this investigation

is of the form

w,(6) = expl-p(s - s)?1[b - exp(-0(s - 5,)%)] (1)
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" where p, Sps b, o and s, are constants.
Least Squares Radial Distribution Analysis

The least squares technique developed by Bonham and Bartell (37) that
has previously been used in analysis of radial distribution curves was de-
veloped to fit the observed peaks in the curves with Gaussian functions.
This required that initial guesses of molecular parameters’be used in con-
struction of the distribution curve in order to

(a) correct for the anharmonic character of the peaks

(b) £ill in data from s = 0 to s

min

(c) correct the reduced intensity function M(s)exp to a constant

coefficient function M (s) _ .
¢ “exp.

The constant coefficient function Mc(s) has the same form as the MN(s)
function defined by Equation 5 if the term Nij is taken to be unity.

Although this procedure did not prejudice the experimental result to
ény great extent if it were recycled to self-consistency, it was clumsy and
‘tedious to use. The constrained least squares program was designed to fit
an fN(r) , obtained from MN(S) , with an anharmonic radial distribution

: exp exp
function. The influence of the initial structural guesses is, therefore,
reduced since

(a) the MN(s) curve more closely apﬁroximates the M(s) curve than does

the Mc(s) curve

(b) no corrections for the anharmonic character of the distribution

peaks .are made in the construction of the experimental curve.

A theoretical curve is still used to fill in the region from s = 0 to Spmin

in the comstruction of the distribution curve. Experience has shown that
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—r

minor inconsistencies' in calculating the theoretical Mﬁ(s) in this range
have little effect on the position of narrow peaks in fN(r) curves. Peaks
occurring at large r with large amplitudes of vibration, however, may be
.quite sensitive‘to the'input curve and hence should not be relied upon to
determine the structural parameters.

The criterion for refinement in the ‘least squares analysis of the fN(r)
curve is minimization of the sum over all points in the radial distributidn

curve

2
‘E[fN(r)exp f £y catcly

with respect to variation of a set of geometrically independent parameters
and amﬁlitudes of vibration. It can be shown that the radial distribution

function fN(r) is related to the probability distribution by (27)

£(r) =L I A,.c, [n/l6b]9f P (x)(r + x)

X exp[-(r -r, - x)Z/AbJ dx + ¢ [n/16(b + B )]*f Pij(x)

15713

X (r + x), exp[ (r -r, - x)2/4(b + 8,,)] dx}

ij i3

If the Morse oscillator distribution function (26) is used to represent

ij(r), then

fN(r) =3 I A e

| $
cale | i#1 13 /(2<re)ij)]{aij[(aij/Yij) E(x)ij

13
o
G EL MR LE IO

exp(-o

y ij/yij)]}, - (18)

where
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5
R n n
E(x)y, nzo(e“ 13"13%1 3
5

T 1 n n
E'(x),, nEO(e )ij 15%13

'Vij = ébaij + 1

ij = 4(b + B )aij +1

“(e")

Dy =2 (n + zg)ll(zmnlmx)(d

n (n’m=0’1’2,3’ .o oo)
m=0

nt2m’ 1384 5

1/2a : 1/2(2 )

813 S . o’ 13

(d),, = (c)

n’ij n’1j ~ (dn‘l)ij/(re)ij © withdjy =1

xij r - (r )13 ’

and Aij is a normalizing constant, b the constant term in the Degard damp-

ing factor; a curves, and

130 byg and By 1

are a set of parameters which are functions of (2 ) 1j and ay 13 the

are the constants defining the N
(cn)ij
Morse asymmetry constant. The (re) y (2 )ij and a, 19 are convenient param-
eters for expressing the radial distribution function. The more physically
significant parameters rg and 23 are derived from these parameters by use
of Equations 8 and 19 in Reference 27. It has been found that the first
five terms in the sum E(x)ij characterize : the anharmonic Fharacter of the
distribution curve with sufficient accuracy for current needs.

If corrections are needed for the failure of the Born approximation,
the first three terms in ;he series E(x)ij and E'(x)ij are replaced by an

expression developed by Bonham andvﬁkaji (21). When the difference in atomic

number is very large, the expression of Bonham and Ukaji breéks down and
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some additional terms aré needed, These terms were developed by Kimura and
Iijima (46). The values of the integrals of Kimura and Iijima are determined
in the program, numerically, using Gauss's quadrafure method. A synthetic
radial distribution curve was obtained from a theofetical MN(s) curve for a
hypothetical model of Xer to check the validity of the expressions in the
least squares program. A comparison is made in the Appendix of the two
distribution curves, one developed from the inverse of MN(a),.the other

from expressions in the constrained least squares program.
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ANALYSIS OF DATA
Chlorine

Leveled experimental intensities and experimental backgrounds for 21-
centimeter and ll-centimeter camera distances are shown in Figure 2. The
backgrounds were adjusted to eliminate negative regions in the radial dis-

“tribution curve. A radial distribution curve was constructed using a damp-
ing factor éxp (-_0015852j,” The radial distribution curve is shown in Fig-
ure 3. |

Resulgs of the least squares analyses of the intensity curves, an an-
harmonic radial distribution curve and an analysis of a "harmonic" distri-
bution curve analyzed using the least squares method of Bonham and Bartell
are indicated in Table 2. The standard deviation of the parameters o(xq),
calculated by the least squares programs are included in the table Elong
with estimates of the total standard deviations, including random and sys-
tematic errors.

The spectroscopic results of Richards and Barrow (6) are also reported
in the table. Values of zu and rg were calculated from the feported values
Ty Vo and a,. in order to compare these results with electron diffraction
results. A value for za was calculated from Vo by use of Equation 2 in
Reference 27. The value of rg was obtained from rei?ij and 2a by use of
Equation 12 in Reference 27. Since the electron diffraction patterns were
obtained at 25°C an additional 0.001& was added to the value of rg calcu~
lated using Equation 12, ' This value approximates the amount of centrifugal

stretch experienced By the chlorine molecule at 25°C (20).
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Figure 2. Chlorine intensity and experimental background curves for long and middle camera
_ distances
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Figure 3. Anharmonic radial distribution curve of chlorine. Constructed with NClCl equal to
unity. Theoretical curve shown with crosses.
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‘Table 2. Results of chlorine studies

Studied by 1':g c (rg) Lo c(La)

Carroll and Bartell 1.992,30.0045% 0.043.20.0021%

Shibata | 1.994030.0625 0.050 £0.003

Richards and Barrows 1.9944 | .0.0415

Least .Squax;es Analyses | . .
of Long I_(s) 1.991, 0.00037  0.045; 0}00063
of Middle I_(s) 1.9927' 0.00050 0.045; 0.00049

" of "harmonic" £(r) 1.9914 0.00021 0.043¢ 0.00035
of anharmonic £(r) 1.992,+0.0022 ~ 0.00028 0.044,%0.0032 0.00045

aTotal standard déviations.

[4?



33
Hexamethylethane

Two separate and completely independent investigations of the hexa-
methylethane molecule were performed. The sample of hexamethylethane w;s
obtained from the American Petroleum Institute. An NMR investigation in-
dicated that greater than 99 percent of all hydrogens in the sample were
equivalent. .

Levelea intensities for 2l-centimeter, ll-centimeter and 7-centimeter
camera distances for Runs I and II are shown in Figures 4 and 5, respec-
tively. The solid backgrouhds drawn through the intensity curves are those
used in constructing fN(r); the dashed backgrounds are those obtained by
the least squares investigation of the intensity curves. It was discovered
too late to make corrections that in photometering of plates in Run I the
microphotometer deviated from a linear response when recording absérbén“
cies greater than 0.8. Unfortunately, this caused an excessive curvature
in the background for the front portion of the 2l-centimeter camera distance
curve. The radial distribution curves obtained from MN(s) curves using a
damping factor of exp(f.00073§2) are shown in Figures 6 and 7.

If D3 symmetry is assumed for. the carbon skeleton along with threefold
symmetry for the methyl groups, the structure of hexamethylethane may be
described with seven parameters. The seven parameters chosen were:

1 r average C~C bond length

b
(2) Ar difference between the central and terminal bond lengths
(3) oy C-H bond length
~(4) G%noe ~ inmer CCC bond angle
(5) a CCH bond angle

CCH



Figure 4. Hexamethylethane intensity and experimental background curves for long, middle and short
camera distances. Run I. .
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Figure 5. Hexamethylethane intensity and experimental background for long, middle and short
camera distances. Run IL. ~
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Figure 6. Radial distribution curve of hexamethylethane, Run I. Constructed with

Ngo = 1.0 - 0.15exp(-0.0045s%)

Neg = 1.0 + 0.1l4exp (-0.0020s2)
NHH = 1.0 + 0.53exp(—0.0030s2).

Theoretical curve shown with crosses.



39

4

v°8 82's ,w ¥ 96°1



Figure 7. Radial distribution curve of hexamethylethane. Run IT. Constructed with

Nog = 1.0 - 0.15exp (~0.0045s%)
Ngg = 1.0 + 0.14exp(-0.0020s%)
Ny = 1.0 + 0.53exp(-0.0030s%).

Theoretical curve shown with crosses.
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(6) BCC rotation of one tertiary group with respect to the other
(BCC being taken as zero for the eclipsed form (D3h))
(7) BCH rotation of methyl groups about terminal C~C bond (BCH

taken as zero when the C-~H bonds are eclipsed with the
C-C bonds) .

The two parameters (BCC and BCH) defining the rotational distortions
of the molecule were not varied in the least squares analysis. To deter-
mine the value of these parameters a study was made of how the standard
deviation between the experimental and theoretical curve changed as a
function of changes in these parameters. The two parameters were fixed at
certain values and the other five parameters varied in a least squares
analysis to obtain an optimum fit of the curve. In Figure 8 is shown a
plot of the change in the standard deviation between the curves versus
change in one of the parameters. The minima in the curves correspond to
BCC = 65 degrees and BCH = 60 degrees. In all least squares investigations
reported in this study BCC was fixed at 65 degrees and BCH at 60 degrees.

Since there were only six well resolved peaks in the radial distribu-
tion curve, it was felt that only six amplitudes of vibration coﬁld be
profitably varied in the least squares analysis. For this reason the fol-
lowing limitations were placed on the amplitudes of vibratiomn:

(1) The amplitude of vibration of the central bonﬁ was assumed to be

0.001& greater than the terminal bond amplitudes (difference es-
timated by extension (44) of Badger's rule (5)).

(2) When two nonbonded C...C disfanpes were less than their amplitude

of vibration apart they were constrained to have the same ampli-

tude.
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Figure 8. Standard deviation between curves versus change in parameters BCC

and By (A) Standard.deviation o(f) versus change in BCC' Boy
fixed at 65 degrees. (B) Standard deviatien ¢(f) versus

change in BCH' BCC fixed at 65 degrees.
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(3) The amplitudes of all H...H nonbonded distances and all C...H non-
bonded distances greater than 2.3A were fixed at plausiblevvalues
ranging from 0.13A to 0.20 A.

The results of.the two runs and the two analyzing techniques are in-
dicated in Tables 3, 4, 5 and 6. In the least squares analysis of the in-
tensity cur&es, two approaches were applied. The first approach was to al-
low the background function to vary along with the molecular parameters.

In the second approach only the molecular parameters were varied and the
background fixed at the values used in constructing the radial distribution
curve. The amplitudes of vibration were not varied in the least squares
analysis of the intemsity curve. They were fixed at the values determined
in the analysis of fN(r) curves. The Bastiansen-Morino shrinkage correc-
tions used in the data analysis are indicated in tables. These values were
estimated crudely on the basis of corrections calculated for benzene (47),
napthalene (48), dimethylacétylene (49) and a consi&eration of the shrinkage
arising from intermal rotations in'the molecule (50). Also, the standard
deviation o(rg)'of the parameters calculated by the least squares programs
(using Equation 14) and an estimated total standard deviation are indicated
in the tables.

Tetramethylethane

The sample of tetramethylethane with specified purity greater than
99.8 percent was purchased from ?hillips Petroleum Company.

Leveled intensity and background curves for three camera distances are
shown in Figure 9. The experimental radial distribution curve for tetra-
methylethane is shown in Figure 10. The fN(r}“curve was constructed using

a damping factor of exp (4.0007332).



- Table 3. Results of least squares analysis of radial distribution curve (in A ‘units)

Hexamethylethane.

Run I

Independent Parameters

Resulting- Internuclear Distances

ceam . -

. ’ . , Shrinkage
Parameter rg c(rg) Identification r Lg . chg) Correcgion
(x107)
T, 1.547,30.002%  0.00020 terminal C-C  1.541, 0.053,£0.003%  0.0003 00
Ar 0.039 $0.006  0.0020  cemtral C-C  1.579; 0.054, 00
C....C 2.492,  0.074,30.005  0,0007 05
oy 1.111,%0.003  0.00057
c....C 2.572. 0.074 ' 05
e 5 7 :
o C....C 2.994, 0.14, $0.010  0.0024 20
%ecc 111.03 #0.500°  0.038 ‘
‘ ' C....C 3.097, 0.14, 20
Bocy 111.7, +1.00% 0.106°
- ' C....C 3.9315  0.078,30.008  0.0024 30
C-H 1.111, 0.080,%0.004  0.0004 00
o.b o v T2 0
Bec (65°)° 4 ' .
: o C....H 2.207, 0.110,%0.010  0.0021 20
Ben (60%) =10 ;

8Estimated total standard deviation

Parameters in parentheées not varied in least squares analysis

ah
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Table 4. Results of least squares analysis of radial distribution curve (in A units).

Hexamethyl-
ethane. Run II.
Independent Parameters Resulting Internuclear Distances
Parameter b a(r ) Identification T 2 a(® ) Shrinka%e
g g g g g Correction
x10%)
a .
T 1.5477i0.0018 0.00022 terminal C-C 1.5422 0.0551‘—*0.0025 0.00035 00
central C-C 1.5803 0'.056l 00
Ax 0.041 +0.006 0.0024 C....C 2.4911 0.075210.005 0.00064 05
C....C 2.5749 0.0752 05
+ .o . . 0. - 0.
Ton 1.1134 0.0025 0.0008l C. C 3 QOOl 0.138 #0.01 0 0026 20
C....C 3.1024 0.138 20
o [} +
aCCC ;11.0510.50 0.038 c....C 3.935, 0.0772—0.008 0.0027 30
— +
C-H 1.1134 0.082l 0.0035 0.0005o 00
o+ o o +
aCCH 111.50-0.80 0.135 C....H ,2.2063 0.105 *0.01 0.0020 20
[ b+ cop0
o + [
BCH (60°) * 10

aEstimated total standard deviation

Parameters in parentheses not varied in least squares analysis

9y



. Table 5.

Results of least squares dnalyses of intensity curves (in A units).
Hexamethylethane. Run I.

Background Fixed Background Varied

Parameter Long Middle Shoft Long Middle Short Welghted
. ’ A.veragec
T, 4 1.548§t 1.5472i 1.5483i 1-546gt 1.54731 v1.5483i 1.5474
0.00092 ~0.0004 0.001 0.0019 0.0004 0.001 -
Ar 3 0-033ji 0.041£t 0.Q43§i 0.0426t O'OAIfi 0.0442i 0.0414
0.0087 0.0038 0.0066 0.020 0.0042 0.0063
: . b
Yoy 1.1047i 1-111jt (1.1113) 1.12423 1.11151 (1.1113) 1.1104
0.0017 . 0.0013 0.0046 0.0015
(-] (-] o o -] (-] o
®cce 111'4Ii .lll.Ori (111.02) 110.851 lll.Ozi (111.02) 111.06
0.17° 0.09° 0.36° 0.10°
% ocH 111.26i . (111 74) (1i1. 74) 111.8#1 (111.7; ) (111. 74) 111.3;
0.28° 0.58°
R 1.078+ 1.081+ 1.082+ 1.081+ 1.081+ 1.083+
- 0.012 0.009 0.04 0.01 0.04

0004

3Standard deviation of parameter calculated with Equation 14
“Parameters in parentheses not varied in least. squares analysis

[ "_’ ’ -2 2
Averége calculated by z, = igl.[(zk)i/oi(zk)/Z[l.O/ci(zk)]

LY
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Table 6. Results of least squares analyses of intensity curve (in A units).

Hexamethylethane. Run II.

Background Fixed

Background Varied

Parameter Long _ Middle Short -Long Middle Short Weighted
: ' ’ Averagec
, 1.547,% 1.547 4  1.5484+ 1.548 + 1.547 4 1.547,+ 1.547,
0.00082 0.0003 0.0013 0.0011 0.0003 0.0015
Ar 0.049 4 0.039;+ 0.043t 0.036+ 0.039.+ 0.043+ 0.039,
0.0062 £ 0.0021 0.0081 0.011 0.0020 0.0098
: Y
- 1.112.4 1.113,4  (1.113) 1.110_+ 1.113¢ (1.111,) 1.113,
0.0021 0.0011 : 0.0024 0.0010
o, o ° ° o ° o
%ccc 110.95+ 111.0%+  (111.13) 111064 111.02+ (111.09) 111.0;
" 0.16° 0.06° 0.25° 0.08° '
o ) o o L o o
ech 111.95+ (111.5°) (111.5°) 111.8; (111.5°) (111.5°) 111.0,
0.28° 0.42° .
R ' 0.994+ 1.0054+  1.001+ 0.995+ 1.005+ 1.002+
'0.015 0.005 0.05

0.0085 0.0052 0.04

)]

4Standard deviation calculated with Equation 14

Parameters in parentheses not varied in least squares analysis

Average calculated by z

.= izl[(z ) /o (z )1/z[1. 0/0 (2]

8y



Figure 9. Tetramethylethane intensity and experimental background curves for long, middle and
short camera distances '
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Figure 10. Radial distribution curve of tetramethylethanme. Calculated with

NCC = 1.0 - 0.13exp(—0.002052)
Ngy = 1.0 + 0.14exp(-0.0020s%)
N = 1.0 + 0.53exp(-0.0030s2).

HH

Theoretical curve shown with crosses.
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"A gas sample of tetramethylethane at room temperature is a mixture.of
trans and gauche isomers. Certain assumptions were made in order to reduce
the.number of parameters that must be determined to define the structure
of these two isomers. Both isomers were assumed to have the same terminal
C-C bond lengths, identical C-H bond lengths, identical CCH bond angles and
identical CCC terminal bond éngles. The central C-C bond was assumed to be
0.0024 greater in length in the gauché isomer than in the trans isomer.

The basis for this assumption will be discussed in a later section. The
trans isomer was assumed to have C2h symmefry, the gauche isomer C2 symme=
try. Two different inner angles were considered in the gauche form. In
Figure 11 is a sketch of the carbon skeleton of the gauche isomer. The
inner angle 01C2C3 was assumed to be different from the Clczc4 angle,

The bonds to the tertiary hydrogens were assumed to be 0.022 longer
than the C-H bonds in the methyl groups. An investigation of the C-H bon-
ded peak in the radial distribution curve indicated that the average C-H
bond distance was 1.1146A. The average C-H bond in hexamethylethane was
' 1.1134A. If the C-H bond in the methyl groups of both compounds were iden-
tical in length, then the bbnds to the tertiary hydrogens must be ;fproxi-
mately 0.024 longef than the methyl C-H ﬁonds, in order to have an average

C-H bond length of 1.1146A in tetramethylethane. The CCH bond .angles

tertiary
were set so that the tertiary hydrogens were an equal distance from each of
their three nearest’ neighbor carbon atoms. On the basis of these assump-
tions the radial distribution curve was least équared using the following
ten parameters:

(1) pefcent of trans and gauche isomers

2 r

p, average C~-C bond length
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Figure 11. Carbon skeleton of the gauche isomer of tetramethylethane
showing the numbering of carbon atoms. - The two small balls
represent the tertiary hydrogens. :
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(3) Ar difference in length between central C-C and terminal C-C

bonds
(4 oy C-H bond length in methyl groups.

5) inner CCC bond angle in trans isomer
CCCt

(6) aCCC inner C1C2C3 bond angle in the gauche isomer

(7) AaCCCg angle Clczcs-angle ClCZQA

(8) GCCC terminal CCC bond angle

(9) %ecq CCH bond angle

(10) BCC rotation about the center bond (defined as zero for the

g
eclipsed form sz),
It was impossible to obtain convergence if all nine of the structural pa-
rameters were allowed to vary simultaneously in the least squares process.
Therefore, four of the parameters, Ar, OCCd’ BC@ and AaCCC were fixed at
s

a certain valua and the other five parameters varied to obtain the optimum

o fie. Four new values for the four fixed parameters were then chosen and the
process repeated. Plots were made' of tﬂe deviation between the curves versus
each of the four paraﬁeter values. Sufficient points were chosen to char-
acterize the minima in the cufves. The plots are shown in Figure 12. Each
curve has identical Qalues for three<ofvthe four parameters, Ar, OCCC’

B » aEd Aac

cc cc The parameter specified on the abscissa is the only ome
. = g . )
varied along a given curve.
It was discovered that the weighted average of all the CCC angles was
111.35 degrees, regardless of ;he choice of the four fixed parameters. The

final models for the two isomers were determined by constraining the weighted

average"of all the CCC angles to be 111.35 degrees, and using values for



Figure 12.

Change in standard deviation between distribution curves
versus change in parameters. (A) Standard deviation of

curve versus change in Ar. On curve a eCCC= 1107, BCC =

o = = ° = 0
66.3" and Aagcc =2, On curve b egcc 1107, Bcg 6%.3
=1°, & = 108°, 8. . = 66.3%°8and
CCCg o o CCg o
CCCg ol . On curve d eCCC= 1127, BCC = 66,3 and
A 2”., (B) Standard deviation of cufve versus change

%cec ~
On curve a Ar = 0.0058, B..=66.3° and Ac =

. g
in 8uepe cc cce
- Og

o = — g o =
2%, on curve b Ar = 0.005%, Bo = 62+6° and Aay,. = 0%
(C) Standard deviation of curve versus change in'AaCCC .
g
On curves a,b and c Ar = 0.0058 and eCCC= 110°, -On curve
= o - o - o
a Boo = 62.6 ", on b BCC 64.6" and on c BCC 66.3".

and Aa On curve c BC

CG

\

(D) gStandard deviatfo% of curve versus chaége in BCC .
On curves a,b,c and d Ar = 0.0058 and eCCC= 110°. on 8

o 0
=17, on ¢ Aa = 2~ and
Ce 0 CCCg CCCg

cc '

"8

o
curve a AaCCC =0, onb Aa

on d AaC
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tion curves.

Constraints similar to those used in the hexamethylethane investiga-
tion were placed on the amplitudes of vibration in the tetramethylethane
analysis. Estimates of shrinkage corrections were made on the same bésis
as in hexamethylethane.

The results of the'least squares investigation are indicated in Table
7. Standard deviations of parameters c(rg) calculated by the program (using
Equation 14) as well as estimates of the total standard deviation are also
listed iﬁ Table 7.

1,1 Dimethylcyclopropane

/
Leveled intensities and experimental backgrounds obtained for 1,1 di-

methylcyclopropane are shown in Figure 13. The fN(r) curve obtained from
MN(s) with a damping fact&r of expi(-.0007332)is shown in Figure 14.
The following assumptions were.made in the analysis of 1,1 dimethyl-
cyclopropane:
(1) the three C-C bonds in the cyclopropyl.ring were identical in
length,
(2) methyl éroups had threefold symmetry about the C-C bond,
(3) the C-H bond lengths anﬁ HCH angle in the CH2 groups on the cyclo~
propyl were equal to 1.1002 and 115 degrees, respectively. These
are the values determined by Bastiansen in the investigation of

cyclopropane (3).

The structure of 1,1 dimethylcyclopropane may then be described

using the following parameters:



Table 7. Results of least squares analysis of radial distribution curve (in A vhits). 77

Tetramethylethane.
Independent Parameters . Resulting Intérnudiear Distances
A - . Shrinkage
Parameter T s(r) Identification r 2 o2 ) Correction
g g g g g . 4
- (x107)
Ty 1.5398-1-_0.002a 0.0002l ~ C~-H methyl 1.1136 : 0.0850_i0.006a 0.00043 00
' C-H tertiary . 1.1336 0.0866 00
C...H methyl 2.1907 0.110 + 0.01 0.0014 20
Ar » 0.005+0.008 trans.@éomer.b i
' terminal C-C - 1.537, 0.055,40.003  0.00030 00
~central C-C - 1.542, 0.055.% ) 00
Toy . 1.113510.006 0.0005, C...C, 2.5214 0.0750iO.006 0.00066 05
C...C 2.5405 0.0750 05
®oce 110.92 + 3° 0.21° C...C 2.9822 0.122 +0.01 0.0035 20
%ot 111.0f + 3° 0.13°  C...C 3.904,  0.07440.01 0.0035 30

6S

aEstimated total standard deviation

bResults determined with 40 percent trans, 60 percent gauche



"Table 7 (continued)

Independent Parameters - Resulting Internuclear Distances
| Shrinkage
Parameter r . a(r ) Identification r 2 - a2 ) Correction
g g . . 8 g : 4
(x10)
gauche isomer
o _ o [+ 3 i . 9 ‘
AuCCC 2 4° + 3 terminal C-C 1.53,7,6 0.0554 00
’ ' central C-C - 1.54%% 0.0556 : 00
o ( ° o .
2GCCC : llQ.O + 2 C3...C4 2.5224 0.0750 05
. ° ° ' ’
BCC 65° + 5 Cl"'CB 2.5800 0.075o 05
Cl"'CA 2.5501 0.0750 05
average of o °
CCC angles 111.35‘i 0.7 CB"'CS 3.1183 0.122 ) 20
 average of : Cy...Cq 3.119, 0.12, { 20
inner CCC 112.01‘i 1.5° :
angles C4...C5 3.908o 0.0746 30

09




Figure 13. 1,1 Dimethylcyclopropane intensity and experimental background curves for long, middle
and short camera distances
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Figure 14. Radial distribution curve for 1,1 dimethylcyclopropane. Constructed with

NCC = 1.0 - 0.13exp(-0.003052)
Ngg = 1.0 + 0.15exp (~0.0020s2)
Ng = 1.0 + 0.45exp (~0.0020s2).

Theoretical curve shown with crosses.
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(1) r, average C-C bond length

b
(2) Ar difference in length between the Cr--Cm bonds to methyl groups
and the Cr--Cr bonds in the ring (Cr is carbon atom in the cyclo-

propane ring, Cm is the carbon atom in the methyl group)

(3) 1y C-H bond ‘length

CH
(4) %ooo amgle Cmer;
(5) %oy angle CrCmH
(6) .BCH' the orientation of the methyl groups on the Cr-Cm axis (BéH

taken as zero when one of the C-H bonds bisects the 60-degree
angle in the cyclopropyl ring).

There are only two peaks in the radial distribution curve arising from
carbon-carbon distances. Therefore, an approach similar to that used in the
analysis of tetramethylgfhane was employed. The parameter Ar was fixed at
certain values and the other four parameters varied to obtain the optimum
fit. A plot of the change in total standard deviation of the curve versus
the change in Ar is shown in Figure 15. Results of the least équares analy-
sis are reported in Table 8. Amplitudes of vibration, subject to restric-
tions similar to the hexamethylethane investigation, and the estimated
shrinkage corrections are indicated in Table 8.

A study was made of the orientation of the methyl groups on the Cr - Cm
axis. The barrier to internal rotation appears to be greater than three kilo-

calories, with the lowest energy form corresponding to sCH equal to zero.
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Figure 15. Change in standard deviation between theoretical and
experimental radial distribution curves versus
difference in Cr-Cm and Cr-Cr bond lengths.
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Table 8. Results of least squares analysis of radial distribution curve (in A units).
1,1 dimethylcyclopropane.

Independent Parameters

Resulting Internuclear Distances

Shrinkage
Parameter r o(r) Identification T L g(2 ) Correction
g g g 8 g -4
‘ (x10 )
r 1.509,+0.0022 0.00015 C_- 1.507, 0.053.40.003% 0.0002 00
b 2— r r 2 7—
Cr— 'n 1.5122 0.0537 00
Ar 0.005 + 0.01 C ...C 2.580 0.077 .+0.008 0.0005 05 .
- r m 6 o
Ty 1.114310.008. 0.0005 CmaH 1.1143 0‘0796t0'006, 0. 0004 00
b
° ° ° _
aCCC 115.78 + 1.5 0.13 Cr H (1.100) 0.0796 00
M [ p ]
aCCH 110'05<i 1.5 0.23 Cr...H 2.162 0'101.i 0.01' 0.0012 02
average )
c-H 1.1098i 0.004 Cr...H 2.243 0.101 02

2Estimated total standard deviation

bParameter not varied

L9
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DISCUSSION OF RESULTS
Chlorine

The four analyzing techniqués used.in the investigation of chlorine
data gave identical results within experimental error. The results agree
with those reported by Shibata (9) and by Carroll (10).
| On the basis of the‘agreement of the four separate ‘investigations, it

would appear that the least squares programs will give consistent results.
Hexamethylethane

The steric deformations observed in hexamethylethane can be accounted
for on the b#sis of an iﬁtramolecular Van der Waals force model (50). Com-
parison of the C-C bonds in hexamethylethane with the C-C boné'of 1.5344
(45,51,52,54) found in normal hydrocarbon chains would indicaée a stretch-
ing.of the central bond of 0.047A and of the terminal bonds of 0.009A. The
ratio of the lengthening of the central bond to the lengthening éf the ter-
minal bond can be explained by simply counting the number of intermethyl
forces that act along the 5onds. The central bond feels the force of all
six interactions with the forces acting parallel to the bond. A given ter-
minal bond would be acted on by two intermethyl forces with the force act-
ing at an angle of 57° to the bond. If the amount of étretching of the
bonds is proportional to these forces, then

strefch of central bond - 6 - 5.5 .
stretch of terminal bond 2 cos 57° g

On the basis of this argument one would expect 5.5 times as much

stretching of the central bond as of the terminal bond. This ratio is Very
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close to the observed experimental ratio of 5.2.

The inner angle in hexamethylethane is opened by 1.7° when compared to
the tetrahedral angle one would expect in neopentane. The opening of the
inner angle is not surprising, but it is interesting to note that the 111° -
inner CCC angle is actually less than that observed in norm;i hydrocarbon
chains, where the angle is usually 112 to 114 degrees (51,52,53,54). If we
consider ;he 1,3 methyl interactions and note that the terminal bond angles
are closed to 108 degreés when the inner angles are opened to 111 degrees,
it seems reasonable to expect a smaller inn;r angle in hexamethylethane
than in normal hydrocarbons. The 1,4 methyl interactions force ghe inner
angles to be greater than the terminal angles, but the closing of the 1,3
distance keeps the inner angles from becoming as large as the CCC angles in
hydrocarbon chains.

| The deformation of the carbon skeleton from D3h symmetry can glso be -
explained on the basis of forces acting betﬁeen nonbbn&ed atoms. If'a
model is constructed with D3h symmetry, the hydrogens that are pointing to-
ward the centef of the molecule are found to be pointing directly at the
hydrogens on the opposite éide of the molecule so that H...H nonbonded dis-
tance is approximately 2.12. A slight rotation about the central bond al- -
iows the H...H distances to be increased, thereby lowering tﬁe repulsive
force and leading to a more stable configuration.’

Additional experimental evidence that a distortion is present in the
molecule is tﬂe large amplitude of vibratidn observed for the 3.1 gauche
distance. This amplitude is greater in hexamethylethane than in tetra-

-] ©
methylethane (0.136A compared to 0.120A). On the basis of the height of
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the barrier to internal rotation, one would expect the 3.14 gauche distance
amplitude of vibration in hexamethylethane to be less than the correspond-
ing amplitude in tetramethylethane. The molecule with a higher rotational
barrier would be undergoing less rocking motion about the cent?al bond.

The smaller rocking motion would contribute less to the observed amplitude
of vibration in hexamethylethane than in tetramethylethane. If the stable
_ configuration, However, corresponded to a five-degree distortion from D3d
symmetry, there would then be six energywise degenerate states correspond-
ing td the lowest energy, with minima at +5 and -5 degrees from the stag-
gered configuratién. The éonfiéuration with 8 = 55, 60, and 65 degrees
would be approximately equivalent in energy with the staggered configuration
a slightly higher energy state. This leads to a broadening of the poten-
tial well and a greater librating motion, and hence a larger observed am-
plitude of vibration for the 3.12 gauche distance,

An additional way of relieving the close H...H nonbonded distances is
to shorten the C-H bonds that are pointed towards the center of the mole-
cule and to tilt the methyl groups back off the axis of the terminal C-C
bonds. A microwave study of propane (54) has indicated that such distor-
tions of the methyl groups do occur. These distortions were not considered
in the present study, but evidence that they may be present in hexa-
methylethane is that the C-H bonded distance amplitude of vibration is
slightly greater than the observed amplitude in normal hydrocarbons (51,52,
53). The larger amplitude of vibration would lead one to believe that there
are possibly two different C-H distances under the C-H bonded peak.

It is interesting to speculate on the structure of (CH3)3B-N(CH3)3 on
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the basis of the experimental results obtained for hexamethylethane. Lide
(12) interpreted the single rotational constant observed in terms of a long
1.80& B-N bond. Geller (56), on the other hand, argﬁed that a normai 1.62
B-N bond was more likely and that the moment of inertia could be explained
by an opening of the CBN and CNB angles (perhaps to 113‘degrees). If force
constants can be used as a measure of the intramolecular forceé, one would
predict a stretching of the B-N bond of approximately 0.07 -.O.IR. (The
force constant for a B~N bond (57) is approkimately half that of a C-C bond
(585). The CNB angle Would open about one degree and the CBN angle woulg
open two to four degrees, since HCNB (59) > HCCC (58) > HCBN' One would
then predict a B-N bond of l.7l‘i|0.03£, a CNB angle of 109.5 - 110.5 de-

grées, and a CBN angle of 112.0 - 113.5 degrees.

Tetramethylethane

The tétramethylethane data were best fit with a 60 percent gauche-

40 percent trans isomer mixture. Spectroscopic investigations have indi-

cated that the energy difference between the rotational isomers of tetra-
Qethylethane is very small; with an upper limit of about 100 calories per

mole (60,61).

Comparison of the deformations observed in tetramethylethane with those
in hexamethylethane indicates that the former has less stretching of the
bdnds and a greater inner angle opening. The tetramethylethane molecule has
the ability to'ofen the dihedral angles to compensate for the opening of the
inner angles. Hence, the terminal angles in tetramethylethane are liO de-
grees (which is very closevto angles observed by Lide for isobutane (62))
and are not closed to the 108-degree terminal angles observed in hexamethyl-

ethane. One would predict by comparing the number of 1,4 interactions in
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tetramethylethane with the number in hexamethylethane one-third to one-half
as much stretch in tetramethylethane as in hexamethylethane. Because of

the greater angular opening, however, less than 0.014 stretch in the centrél
bond is observed. An argument similar to that used in the hexamethylethane
discussion can be used to predict the ratio of the central bond stretch to -
the terminal bond stretch. In the trans isomer there are two 1,4 interact-
ing forces parallel to the central bond and only one acting on each termi-
nal bond, at an angle of 57 degrees.

stretch of central bond _ 2 = 2.4
stretch of terminal bond 1 cos 57° “°°°

In the gauché isomer there are three 1,4 interécting forces parallel
to the central bond while two of the terminal bonds are acted on by two
opposing 1,4 forces and the other two terminal bonds are acted on by one
force., The double opposing forcg leads to a greater opening of the chZ 3.

angles than the CIC:ZC 4 angles.

A greater stretching of the central bﬁnd in the gauche isomer than in
thg trans isomer may be.expected. The central bond in the gauche isomer has
three 1,4 repulsive interactions acting parallel to the bond while the cen-
tral bond in the trans isomer has only two. This would lead to ;ne and one-
third times as much stretching in the gauche isomer and explains why the
stretching of the central bond was taken as 0.0022 gfeater in the gauche
isomer than in the trans.

stretch of central bond in gauche isomer _ 3 _ 1.5.
stretch of central bond in trans isomer 2 t

~ The greater opening of the ClCZC3 and C2ClC5 angles in the gauche iso-
. :
mer causes a split in the 3.1A gauche distances such ‘that the 03;..06 dis-

tance is greater than the C6"‘C4 distance. This splitting of 3.1& gauche
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distances is offset by an internal rotation of the isomer so that the

C ...C6 and C6...C4 distances remain approximately equal.

1,1 Dimethylcyclopropane

There is.a possibility that the bonds in the cyclopropyl ring are not
equivalent.. This possibility was not investigated in the present study.
Microwave studies of halogen derivatives of cyclopropane (14,15) indicated
that the bonds in the substituted ring may not be équivalent. The assump-
tion that the C-C bonds in the ring are equivalent, however, should not in-
troduce large uncertainties in the parameters determined in the least
squares analysis, since the expected difference in the bond lengths is a
few thousapdths of an Angstrom unit.

A comparison of the Eérameters observed in 1,1 dimethylcyclopropane
with the parameters in neopentane shows that the CmCrCm angle is opened by
approximately six degrees over'the tetrahedral angle observed in neopen-
tane, while the Cr-Cm bonds are 0.02A shorter in length than the 1.5342
C-C bonds found in neopentane. The opening of the angle and the Short-
ening of the bonds may be ekplained by considering the effective lowering
of two 1,3 methyl interactions by formation of the cyclopropane ring. It
is intéresting to note that the 1,3 C...C distances found in 1,1 dimethyl-
cyclopropane are both lonéer than the 1,3 C...C distances in neopentane
even though the C-C bonds are shorter.

An investigation of the series neopentane, isobutane, propane and 1,1
dimethylcyclopropane shows the change in CCC angles as methyl groups are re-
placed. In neopentane the 1,3.methy1 interactions are balanced and the CCC

angles are 109.5 degrees. In isobutane one of the methyls is replaced by

a hydrogen and the CCC angles are opened to 111.5 degrees (62). In propane,
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two of the methyls are replaced and the CCC angles are opened to 112.4 de-
grees (54). In 1,1 dimethylcyclopropane the two methyls are tied back so
that the 1,3 forces are even further reduced and the CCC angle opened to
115.5 degrees.

An altern;tive method of expléining the structure of 1,1 dimethylcyclo-
propane would inﬁolvéhg discussion of the bonding in the cyclopropane ring.
The bond angles and bond lengths could be explained on the basis of hybrid-
ization of bonds and double bond character. Whether the.nonbonded forces
are of sufficient magnitude at the appropriate nonbonded distances to ex-
plain the séructure of 1,1 dimehhylcyclopropane without invoking hybridiza-
tion or double bond character remains to be determined by a more detailed

investigation of these forces.

Errors

Uncertainties in structural parameters derived from electron diffrac-
tion data may result from either theoretical or experimental dgficiencies.

The theoretical expressions employed assume that the energy of inci-
dent electrons is extremely large compared to molecular energy levels, that
molecular electron densities are the sum of spherical atomic densities, and
that effects of polarization and multiple scattering are negligible. Re-
cent calculations of Bonham (64,§5,66,67,68) indicate that these assumptions
provide reasonable approximations, especially for molecules containing atoms
of low atomic numbers.

Experimental errors may be of three different types: (a) measurement
of scattering angle and determinations of electron wavelength give rise to

Sys;ematic errors which affect, primarily, the bond lengths and, secondarily,
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the amplitudes; (b) inaccurate emulsion calibration and improper extrane-
ous intensity corrections cause systematic errors affecting the amplitudes
of vibration and, possibly, the bond lengths; (c) random errors in the
sector calibration curves and random errors due to fluctationé in micropho-
tometer readings and emulsion irregularities contribute to uncertainties
in both interatomic distances and amplitudes of vibration. These errors

do not exhaust all possiblé sources, but are enough to indicate the pri-
mary contributions in these experiments.

The use of Equation 14 to estimate the standard deviation of
parameters depends on the assumétion that all observed points remain mu-
tually independent. Murata and Morino (68) have demonstrated that correla-
tion among experiment measurables does occur. There are two ways through
which correlation-i; introduced into the observations. It may come in
directly from the process of the measurement; it may also be introduced
through the process of transformatioq of the‘bbservations, such as
Fourier transformation. Murata énd Morino have pointed out that correla-
tions which are introduced can be treated by introducing off-diagonal
terms into the weight matrix. They propose the use of this off-diagonal
Weight matrix instead_of the diagonal matrix used to obtain Equation 14.

In the present studies the standard deviations G(zk)'reported in
tables were obtained from Equation 14 with K the number of observables used
to construct the intensity curve. In the analysis of the radial distribu-
tion curve, K is taken to be the number of intensity values used in the con-

struction of the distribution curve ( not the number of points in the
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distribution curve).

Least Squares Analysis

The intensity curve investigation is more direct and less subject to
operator bias than the radial distribution analyéis. It is also easier to
correct for the Born approximation failure in the intensity curve analysis
than to evaluate the integrals needed in the fN(r) analysis. The circle of
convergenée, however, appears to be more limited in the intensity analysis,
and a reasonab;y good initial guess must be made if meaningﬁé?jresults are
to be obtained from the least squares investigations. It appears £hat the
best approach involves the use of both investigating tooi;.ﬁith a radial
distribution curve constructed at an early stage of the analysis and used
as a guide in proposing initial guesses as to the structure of the molecule.

One of the major problems in the analysis of electron diffraction data
is determination of the experimental background. One approach is to allow
the background to change along with the molecular parameters, as is presently
done in the least squares fitting of intemsity data. The background, how-
ever, also may be determined as the curve that eliminates negative regions
in the f;(r) curve and removes sinusoidal noise patterns that have periods
similar or greater in width than the distribution peaks.

" One of the best ways of checking for systematic errors is to perfgrm
an independent least squares investigation of the data for each camefa dis-
tance and check how these results compare with one another and with the
radial distribution analysis. _The‘parameters obtained from the radial dis-
tribution analysis.may differ from those obtained from the intensity curve
analysis since the points in the intensity curve are not weighted in the

same manner in the construction of MN(s) as in the least squares analysis
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of the intensity curve.

Compariswvn of Two Independent Studies
of Hexamethylethane

The two independent investigations of hexamethylethane yield the same
results within experimental error, with exception of the investigations of
the long camera distance data in Run I. In Figure 16 the intensity curve

for the long distance along with a correlation background obtained from

; IO(S)

Bcorr RM(s)thep +1

is plotted. At small scattering angles the correlation background contains
two humps, one at s = 63-1 and the othef at s = 8.53_1. A curve can be
drawn which will follow the sharp curvature in the front portion, but the
misfit around s = 8.53—l cannot be fitted unless the criterion of a smooth
background is relaxed. ‘This misfit introduces a noise pattern in the fN(r)
éurve having a period of 0.88. This noise pattern causes a negative region
in the probability curve around r = 1.32 and affects the center of gravity
of both the C-H and C-C bonded peaks. The radial distribution curve shown
in Figure 6 was constructe& by using theoretical data extending out in
space to weight down the influence of nonlinearity of the microphotometer
in recor&ing_data at small s. |

The disagreement between the different analyzing techniques in Run I
demonstrates that at least some systematic errors in data can be detectea
by using different analyzing techniques. The noise patterns in the radial
distribution curve reflect that there is an error in the front portion of
-1oné camera distance data. The large index of resolution obfained in Run I

indicates that the emulsion calibration comstants do not accurately
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characterize the response of the emulsion surface to the bombarding elec~
trons. The agreement between the amplitudes of vibration obtained in Run I
with those determined in Run II, however, demonstrates that much of the

error in the emulsion constants can be absorbed in the index of resolution.
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SUMMARY

Two least squares programs for analyzing electron diffraction data
were developed which.imposea geometrical constraints on the internuclear
disfancgs. One of the programs was used in the analysis of intensity data
and the other in the analysis of radial distribution data. Both programs
incorporated more accurate corrections for anharmonicity éf vibration and
failure of Born approximation than had been used previously. The programs
~ were desigﬁed to analyze data directly in terms of a set of geometrically
indepehdent internal coordinates. The programs were written to take full .
advantage of any molecular symmétry properties. A comparison of the two )
analyzing techniques was made in the determination of several molecular
. structures, |
The moleéuleé selected included hexamethylethane,-1,1,2,2 tetramethyl-
| ethane and 1,1 dimethyicycloPropane. In each case it was observed that bond
lengths and bond angles were deformed when compared to those in simpler
%reference molecules. In hexamethylethane the central bond was 0.0463
lopgér than C-C bonds in n-alkanes, and the terminal bonds were stretéhed |
by 0.0098. The inner CCC angles were 111 degrees. The bonds in tetra-
.‘methylethane were not s;retched as much as those in hexamethvlethane;
" nevertheless,the central bond was 0.009% longer than the normal C-C bond
while tﬁe terminal bonds were stretched by 0.0038. The average inner anglé
in tetrémethylethane was 112 degrees. In 1,1 dimeth&lcyéloprqpane all the
C-C bonds were 0.0258 shorter than the bonds in n-alkanes. The'CH3--C--CH3
angle of 116 degrees is considerably larger than thatlfound in normal
hydrgcarbons. A coﬁsideration of nonbonded interactions accounted for the
observed deformationg’in bond lengths and bond anglés'in all three moleculgs.

\
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APPENDIX

' The theoretical expression used in the least squares analysis of fI;I(r)'

when corrections are made for failure of Born approximation (21,22,23) is

N carc = i Jil{é (2) + §_(x) +dpy + Ay +dgy +dg
A (e, /202, 0] <f-—i—ﬂ>”2 (), exp(- /¥ )
“13' 7 el157 By 3-5%7 1 KPLT0 5% ij V13
+ b ('—--']-—)l/2 (x) exp( o, x /y )]
i
where
5
E3—5(x)ij nf3(€n)1_jY )l_'] ij
5
1 : 0 n
E3—5(x>ij nEB(En)lJY ij 1J
6i(r) =, fi(r) +. bij f__;_(r)
/(:2+ = aijI2+ 4 leI'z
L3+ - aij13+ + bljlé
£,() = Loy, /40y T Prad) o+ w1 oy
X exp (~(x2)../20.) cos [A' + (2. ./20.]
. +71j 1 +71ij 2
I = +(x)../o. flaelexp[-(x.)2. /20, (1-(4%). .0%/5.)]
2, I437% % PLoXL) 45799 /i3° %1
cos [-Acij (xi)jz_jezloi - (xi)ij/(ZUZ) + n/2]}
-
13+ = -T-<x_-i_-_)ij/02 de{exp[( L )1j (x+)1j@ /(202)
+ ZACLJ (x+) @/a (x_‘T‘_)]._./anvl
+ @h, . oD, /zo ] cos [(dey; (x %), /000
c’ij 1 1 il & VA
+ 3. .65, jeloy0 , =), /20~ de %) . . Jo% + ha..]}
131 41579997 83501479 1j
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. (xi>lj =r-= (rc)ij x Abij
2 2 2 -

o) = (zc)ij + 2b + 4Acij/[(zc)ij + 2b]
o = 28c,. + [0, . + 2b1%/28¢

2 : ij c’ij , ij

2

1 —

A = 0.5 arc tan [2Acij/((2,c)ij + 2b)]

+

2 2 2 2
Aaij[4Acij + ((zc)ij + 2b) ]/[(zc)ij + 2blo;

where (rc)ij and (zc)ij are related to (re)ij and (20‘.)ij by Equations 25

and 26 in Refereace 27. The terms I! and I! are similar to I, and I, ,
2+ 3+ ‘ 2+ 3+

respectively. The difference is that in the';fimed integrals the dampiﬂg

factor b is replaced by b + Bij' The additional terms are defined by the

equations
2
Nij = aij + bij exp (-Bijs )
4 _ . 2
cos (Anij) = cos (Aaij + Abijs + Acijs )
} Aaij ‘ =a; - aj
Ab, =b. - b,
ij i 3
Ac =c, - ¢C
ij 1 J
and
a; = 0.1904 exp(0.004222221) - 0.168 exp(~0.069802i)
by = 0.1091 exp(0.005066Z,) -~ 0.1084 exp(-0.02784zi)
c, .==0.0007592 exp (0.0061032i) + 0.0007543 exp(-0.042122i)

A synthetic radial distributiom curve was constructed from a theoretical
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' MN(s) curve calculated for a hypothetical model of XeF2 with an Xe-F dis~:
. . [ .

tance of r_ = 2.0013k, g, = 0.050% and an a,, value of 2.5 %. A plot of

this curve is shown in Figure 17. Along with this fN(r) plot are three

curves showing the difference between theoretical fN(r) curves, Differ-

ence curve A is
[fN(r)MN -’fN(r)LS]

where fN(t) is the curve obtained from the inversion of the theoretica1 

My

MN(s) curve and fN(r)LS is the curve obtained by using expressions in the. ..

least squares program. Difference curve B is
-~ £
[fN(r)MN £y(0) gl

where fﬁ(r)LS is obtained from the expressioné in the 1ea;t squares program
without inclﬁding the additional Born approximation'corrections I, and I due
to Kimura and Iijima (46). Difference curve C shows the difference between
fN(i:)MN and a curve calculated with Equation 18 without any Born apﬁroxiﬁa—
tion corrections being included.

A least squares analysis of the fN(r)MN curve was performed starting
with an initial model with r_ for Xe-F = 1.9913k, 1, = 0.053% and a = 2,541,

The converged set of parameters obtained were r, = 2.0014 and 2o = 0.05014.



. Figure 17. Comparison of theoretical radial distribution curves
calculated for a hypothetical model of XeF,. (A) Dif-
ference curve A, (B) Difference curve B. “(C) Differ-

ence curve C,.
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