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X-ray diffraction patterns of liquid CCly at 27°C have been obtained by both the photo-
graphic and G-M counter methods. The corrected patterns were subjected to a Fourier analysis
to obtain the electron density distribution function for the liquid. In addition to showing the
C—Cl and CI—ClI distances within the molecule, the intermolecular distances and concentra-
tions are indicated as well. The latent heat of vaporization has been calculated from the
distribution function and found to be in reasonably good agreement with the measured value.

INTRODUCTION

ARBON tetrachloride has the distinction of

having been among the first polyatomic
molecules subjected to an early structural
analysis by means of diffraction methods. X-ray
and electron diffraction studies'? of the vapor
have shown the molecular structure to be
tetrahedral, having a central carbon atom sur-
rounded by four equidistant chlorine neighbors.
The maost recent electron diffraction investiga-
tions® give as the Cl—Cl distance 2.98A from
which the C—Cl distance of 1.83A may be
derived. A qualitative picture of the liquid
structure has been obtained* by comparing the
x-ray diffraction pattern of the liquid with a
calculated pattern which assumes a mercury-like
(close-packed) molecular distribution.

A determination of the liquid atomic structure
as characterized by the atomic distribution
function cannot in general be carried out with a
high degree of accuracy for other than the
monatomic liquids. This is due largely to the
unknown natures of the exact molecular scatter-
ing factors whereas the monatomic scattering
factors are well known.® Many polyatomic
liquids have been investigated and approximate
atomic distribution functions obtained by as-
suming (1) that the liquid is essentially mona-
tomic,® which is justified in such cases where the
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scattering power of one type of atom is large
compared to that of the other atoms (CgHs,
H.0, etc.) or (2) where the molecular scattering
factor can be approximated by a sum of the
individual atomic scattering factors.

The second method seems to offer the best
approach to a structural analysis of carbon
tetrachloride for the scattering power of the Cl
atom is less than three times that of the C atom.
Also, the tetrahedral molecular structure should
show enough spherical symmetry to justify using
the second approximation. Thus, an analysis
based on the x-ray diffraction pattern of the
liquid should result in an electron distribution
function which shows, in addition to the inter-
atomic Cl—Cl and C—Cl distances, the inter-
molecular concentrations and distances as well.

EXPERIMENTAL

The x-ray diffraction patterns used in this
study were obtained by allowing a beam of
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F16. 1. Corrected x-ray diffraction pattern of
liquid CCl; at 27°C.
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Fi1G. 2. Electron distribution function of liquid CCl,; showing the interatomic
C—Cl and Cl—Cl concentrations and distances, as well as the intermolecular

CCl,—CCl, structure.

monochromatic x-rays (rocksalt reflected) of
0.71A wave-length to fall upon a cylindrical
sample of the liquid. The diffracted x-rays were
recorded photographically or by means of a
Geiger-Mueller counter. A Pyrex glass capillary
having walls 0.02 mm thick and a diameter . of
0.94 mm was filled with chemically pure CCl,
and sealed off at atmospheric pressure for use as
a sample. Suitable diffraction photographs were
recorded in 22 hours by use of a camera of
5.377-cm radius and a high intensity x-ray tube.”
These diffraction patterns of the liquid at 27°C
have been investigated to a value of sin §/A=1.1
and show seven diffraction maxima in this region.

The liquid small angle scattering was recorded
with the G-M counter method. In this, the
sample was held at the center of an evacuated
camera which in turn was mounted at the center
of an x-ray spectrometer, the general set-up
being quite similar to that used for liquid argon.®
Patterns obtained in this manner showed five
distinct peaks; the sixth was obtained only with
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difficulty since the weak scattered intensity in
this region presents a probable error in counting
of nearly the same magnitude as this prominence.
No attempt was made to find the seventh peak.
When compared over the same regions, both
methods of detecting the scattered x-rays yield
very nearly the same diffraction pattern. Figure
1 shows the corrected x-ray diffraction pattern
formed by combining the small angle pattern as
obtained by the G-M counter method with the
large angle pattern recorded photographically.
The experimental pattern has been corrected
for polarization and absorption in the sample,
the incoherent scattering has been subtracted,
and the intensity is plotted in terms of electron
units per molecule.

As will be explained in detail in the next
section, an attempt has been made to correlate
the position of the first diffraction peak with the
intermolecular distance. In order that this cor-
relation may be checked in an approximate
manner, the sample was heated to a temperature
of about 240°C under a calculated pressure of
26 atmos. Under these conditions of pressure
and temperature the position of the first peak
was again observed by the G-M counter method.
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Fic. 3 (A—Upper left) Experimental intensity function. (B—Upper right) Idealized electron
distribution. (C—Lower) Intensity function calculated from (B) using Eq. (2).

RESULTS

The fully corrected intensity function of Fig. 1
has been subjected to an analysis to obtain the
electron density distribution function by the
method? indicated below.

S Kn4wR2pn(R) =3 KndwR2po+ (2R /)
Xf S[(Tou—3 fu?)/f2] sin SRAS. (1)

9 B. E. Warren, H. M. Krutter, and O. Morningstar,
J. Am. Ceramic Soc. 19, 202 (1936).

>~ denotes the summation over all the atoms of
the molecule; K,,=f./f. or the effective number
of electrons in the type m atom; f,, =atomic scat-
tering factor of the type m atom; fo=> fu/> Zn
or the average f per electron; Z, =atomic num-
ber of type m atom; p,(R)=density of atoms of
type m at a distance R from a given atom;
po=mean electron density of scattering matter;
R=distance from the origin atom ; S=4r sin 6/\;
I.,=intensity of unmodified scattering in elec-
tron units per molecule.

The harmonic analysis required to evaluate
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the integral was performed by means of a
Coradit analyzer. Figure 2 shows a plot of
> K. 4rR%,(R) which represents a superim-
posed electron distribution function such as
would be obtained by placing each atom in turn
at the origin and summing over all the resulting
electron distributions. On the right may be seen
the complete distribution curve out to 10A while
at the left an enlarged portion of this curve is
shown to better illustrate the interatomic struc-
ture. The first electron concentration shows a
maximum at 1.85A thus representing the C—Cl
distance; the second concentration occurs at
2.95A which indicates the interatomic Cl—ClI
separation. The manner in which the peaks are
drawn in is somewhat arbitrary, especially for
those prominences representing the intermolec-
ular distances. Despite this, reasonable agree-
ment has been obtained in comparing the peak
areas with the calculated electron concentrations.
For example, the measured area of the C—Cl
peak 775¢? is to be compared to 2(Kc¢X4Kci)
=648¢> where Kc=4.60 and Kc1=17.34. The
Cl—Cl peak area of 4129¢* compares similarly
to 4(Kc1X3Kc1) =3610¢2. In addition to this
interatomic structure, a peak at 3.9A having an
area of 6250e¢2 may be interpreted as representing
a further Cl1—Cl concentration, these Cl atoms
belonging presumably to neighboring molecules.
By use of the measured area of this peak the
number of Cl neighbors surrounding each Cl
atom at this distance may be calculated as
follows: 8(Kc1XnKc1) =6250 from which »n has
the value 2.6 indicating 2 to 3 neighbors in
adjacent molecules. The fourth peak at 6.2A
represents a concentration which at this large
distance is probably due to the molecules them-
selves, CCl;—CCl,. Under this premise the
number of molecular neighbors # may be ob-
tained from 2(Kcciy XnKccly) =41,000¢? and has
the value of 3.7 or approximately 4.

In the process of evaluating the integral of
Eq. (1), the intensity function S(I—Y f.2)/f
must be assumed to be negligible beyond a
certain arbitrary point. Experience shows, how-
ever, that in most cases the experimental diffi-
culty in evaluating this function at large scatter-

t The Coradi analyzer was made available for this work
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ing angles prohibits setting the vanishing point
with a high degree of accuracy.!® Certain con-
siderations lead to the belief that this intensity
function at large angles is determined chiefly by
the atomic structure at small values of R or in
this case by the C — Cland Cl —Cl concentrations.

An attempt, based on these assumptions, has
been made to calculate the above function for
scattering angles to 180°. It has been measured
experimentally to 103°, a plot of which is shown
in Fig. 3A. An idealized interatomic structure
has been chosen, the C—Cl and Cl—Cl peaks
being represented by Gaussian error functions
having the proper area and position of maxima.
Beyond 3.6A the distribution represents that of
a completely homogeneous liquid. This structure’
is shown in Fig. 3B and is used to calculate the
intensity function by the use of Eq. (2), derivable
from (1).

SU—X fu?) /2= f (1/R) (S KpdrR?pu(R)

3 K.4nR?py) sin SRAR. (2)
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F1G. 4. The function W/R* vs. R used in evaluating the
latent heat. Arrows indicate the intermolecular Cl1—Cl and
CCly— CCl, distances.

The integral was again evaluated with the aid
of the Coradi analyzer. Figure 3C shows this
calculated function. A comparison of the meas-
ured and calculated curves may be most easily
facilitated by numbering the maxima, each of
which has its counterpart in the diffraction
pattern. Peaks 4, 5, 6, and 7 are reproduced in

1 N. S, Gingrich, Phys, Rev, 59, 2907(1941).
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both instances with a noticeable fidelity. This is
consistent with the basic assumption as to the
origin of the scattering at large angle. Peaks 8
and 9 have also been obtained and their magni-
tudes indicate that the vanishing point chosen
for the initial analysis is not truly valid, although
probably justifiable.

At small angles the fine structure, peaks 1, 2,
and 3, of the experimental function is not present
in the calculated function. This is taken to
indicate that this fine structure, particularly
peak 1, arises directly from intermolecular inter-
ference. When the position of this first promi-
nence (sin /A=0.10) is substituted into Ehren-
fest's diffraction equation!' to calculate the
recurring distance giving rise to this diffraction
peak, the resulting value is 6.2A. By applying
this approximate method of calculation to the
position of the first diffraction peak from the
liquid at 240°C and 26 atmos. the intermolecular
distance is found to be 7.3A showing an increase
proportional to T3.

The relationship between the atomic distribu- -

tion function and the latent heat of vaporization
L, has been shown!? to assume the form

L=RT—2xNp, f RV(R)(p(R)/po)dR, (3)

0

where R is the gas constant, T the absolute
temperature, N Avogadro’s number, V(R) the
intermolecular potential, p(R) the atomic distri-
bution function, and p, the average molecular
density. Heretofore, the application of this
relationship has been made only to monatomic
liquids, but since the molecular distribution
function of CCly is available from the curves of
Fig. 2 by subtracting off the interatomic concen-
trations C—Cl and Cl—Cl, an attempt has been
made to evaluate the latent heat. Only the van
der Waals' attractive forces will be considered
in this calculation in which the form V(R)

1 P, Ehrenfest, Proc. Amst. Akad. Sci. 17, 1184 (1915).
2 J, H. Hildebrand and S. E. Wood, J. Chem. Phys. 1,
817 (1933).
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= —kR-% is assumed. The proportionality con-
stant k2 has been related to the molecular
polarizibility « by the equation®®

k=(3/8)hemtai N}, 4)

where NV is the total number of electrons in the
molecule and %, e, and m have their conventional
significance. If one uses for the molecular polar-
izibility a=11.2X107% cc, he finds the constant
k assumes the value 12.6 X107 erg A®.

The integral of Eq. (3) has been evaluated
graphically by plotting W divided by R* vs. R,
where W, the probability function, equals
p(R)/po. This curve is shown in Fig. 4, the
arrows indicating the intermolecular Cl—Cl and
CCly—CCl, distances. From this, the contribu-
tion to the intermolecular cohesive energy due
to the neighboring Cl atoms of different mole-
cules at 3.9A may be compared to that con-
tributed by the remainder of the molecule. The
fact that the maximum of this curve does not
correspond exactly to this Cl—Cl distance is
probably due to the neglected repulsive terms of
the potential function. From the area under the
curve, 7.88X 1073, the latent heat of vaporization
is found to be 6.24 kcal./mole as compared to
the observed value 7.09 kcal./mole. The dis-
crepancy between these values is of the same
order of magnitude as that existing between the
calculated and experimentally observed electron
concentrations. These inconsistencies are be-
lieved to arise primarily from the basic assump-
tions involving the nature of the molecular
scattering factor.
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