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The vapor pressure of 13CHF relative to the

vapor pressure of 12CHF3 has begn measured as a

function of temperature between 161° K and 205° K

through the use of a modified Bigeleisen distillation
column. The transient build-up of the isotopic
concentration gradient along the length of the packed
column during the start-up period was monitored as

a function of time by taking samples from the

condenser section. The gaseous samples were

completely oxidized to carbon dioxide in the

presence of a platinum catalyst and a large excess

of oxygen at temperatures between 1050O C and '

1100° ¢. The combustion products. were gas chromat-
ographically purified and the purified carbon :
dioxide samples were analyzed in a Nier-type MAQTL.Q =
isotope-ratio mass spectrometer. The data of each T
distillation run were reduced in light of a modified
Cohen's theory of the kinetics of a square cascade

of close-separation stages.

The vapor pressufe'isotope effect for carbon
vsubstitution in CHF 5 in this temperature range has
been found to be an inverse effect. A trend of
increasing inverse effect with decreasing temperature
has been observed. The relative vapor pressure may

’

be expressed as

P’ (217 % 66) (0.89 * 0.36)
in — = -
P T T
where P' and P are the vapor pressures of 12CHF3
and 13CHFé respectively.

A cell model liquid force field for trifluoromethane
has been derived. The accompanying table contains
the F matrix elements fit to the observed vapor

pressure isotope effect.
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Liquid and Gaseous F Matrix for Trifluoromethane

Force Constants

F Matrix Elements

(a)

Internal

Diagonal
C-H Stretch
C-F stretch
H-C-F bend
F-C-F bend

Interaction
C-H str x C-F str
C-F str x C-F str

C-H str x H-C-F bend
C-H str x F-C-F bend
C-F str x adj H-C-F bend
C-F str x opp H-C-F bend
C~F str x adj F-C-F bend

C~-F str x opp F-C-F bend

H-C-F bend x H-C-F bend

F-C-F bend x F-C-F bend

H-C~F bend x adj F-C-F bend

H-C-F bend x opp F-C-F bend
External '

Diagonal

Translation

Rotation
Internal—External‘Interaction

C-H str x Tz

C-F str x TZ

H-C~F bend x Tz

F-C-F bend x Tz

Gas

5.000000
6.017878
0.491320

0.764617

1.172021
0.749878
-0.167382
0.167382
0.194294
-0.265706
0.256033
-0.180848
0.039340
-0.097309
-0.151667
-0.266667

_Liquid _

4.814698
6.206256
0.489509
0.765351

0.859410
0.474351
-0.310438
0.310438
0.194294
~0.265706
0.256033
-0.180848
0.041347
-0.096575
-0.125241

-0.240241

0.300000

0.100000¢P)

~0.840000
0.840000
0.300000
~0.300000

(a) Unless otherwise noted, in units of mdyn/ﬁ.

(b) In units of mdyn—g.
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I. INTRODUCTION

The purpose of this study is twofold. The first is to
experimentally determine the separation factor for carbon-13
as a function of temperature from its natural abundance by
means of low temperature distillation of trifluoromethane,
CHF3. Secondly, this study proposes to investigate
theoretically the inverse vapor pressure isotope effect in

13CHF3/ 12CHF . This is to be done by a force field study

3
utilizing Wilson's F and G matrix method.(zg)
Carbon—13 is a stable isotope that naturally occurs at
an abundance of 1.11%. The fact that it is not radioactive
has recently attracted the'interest of biomedical scientists
to its potential use as a tracer for carbon in medical and
biological studies. Recent advances for detection and/or

13

determination by ~C NMR have made its use particularly

attractive. In such tracer studies, this technique will not

13

only trace the‘path of C, but also determine its molecular

environment.
13C is currently being enriched up Eo 95.5%(1) by
means of cryogenic distillation of carbon monoxide. It
has also been fractionated‘by the carbon dioxide-carbamate
process(z) and the thermal diffusion of methane.(3)

Other methdds that have been investigated, but not
adapted to production scale, include the following. 1In the
process ﬁsed by Urey et al, l3C was enriched from its natural

abundance by means of a carbon-isotope exchange between an

aqueous solution of sodium cyanide and gaseous hydrogen




(4)

cyanide;
e+ PN ==nut%en + 3o

The equilibrium constant was found to be 1.026 at room

temperature, but in addition to the obvious toxidity of the

substance, polymerization of HCN gradually sets in, leading

- to an equivalent loss of isotopes in a cascade operation.

A system that consists of a cuprous chloride-ammonium
chloride solution and carbon monoxide (COCO system),
developed at Oak Ridge National Laboratory, employs thermal
. reflux at both ends. . The stage separation factor for this
system is 1.015 at room temperature, and the isotope
exchange is rapid endugh to obtain a stage height of less
than 1.5 times the column diameter.(s)

Another exchange system developed at Oak Ridge consists
of a kefone cyanphydrin and aqueous cyanide solution. It
has a very higﬁ separation factordof about 1.04 but requires
a chemical reflux.(s)

The carbon dioxide-carbamate exchange was developed
by T. I. Taylor and his students at Columbia University.
It has since been scaled up by Mound Laboratory for enriching '
13C from its natural abundance to about 93%. The effective
stage separation factor depends on temperature, pressure,
flow rate, solvent, and the choice of carbamate. The Mound
process utiiizes carbamate of n-dibutylamine dissolved in
triethylamine and yields an effective single stage

separation factor of 1.01.(6) Because of the limited

solubility‘of carbamate and the rather high vapor pressure




of the amine, the carbamate process is generally limited to’
operation at temperatures in the range of 25-40° c.

Unlike processes such as distillation or isotoée
exchange reactions, thermal diffusion is a non-equilibrium
process. Although thermodynamically'unfavorable, the thermal
diffusion_process original;y devised by Clausius and Dickel(7)
has been'&idely used for isotoﬁe separation purposes. |
This is due primarily to the simplicity of the aparatus
and the relatively large separation factor yielded by the
process. This process was used at Mound Laboratory in
combination with the carbamate process.

Before proceeding furthef, it seems appropriate to
bresent the basic nomenclature used in the present study,
and to discuss the relative advantages and disadvantages
of the various processes. The basic unit of the séparatioh
process is the separating stage. Each stage is fed with
material of the same composition and produces partially
fractionated product streams. When the degree of separation
effected by a single stage falls short of the desired
separation between product and feed.material, it is
necessary to connect stages in-series. A-group of stages
’connected in series is referred to as a cascade. The degree
of separation effected by a unit stage is expressed in terms
of the separation factor. Referring to Figure 1, the stage
separation factor, ¢, is defined as

- Abundance Ratio in Heads
"~ Abundance Ratio in Tails

o




Figure 1. Separation Stage
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R’ N_1-Nv (1)

Since q. for an isotoped exchange is generally close to
unity (except for hydrogen isotopes), it is sometimes
convenient to use ¢, defined as

e = a -1, (2)
For a distillation process, a« is equal to the ratio of the
vapor pressures of two isotopic molecules at a given
temperature. ' As é rule of thumb, € for a distillation
process for en:ichment of isotopes of second period elements
2

At Mound Laboratory,. CC1,F

(Halocarbon-11) was distilled at 24° Cc and the separation

(Li-F) does not exceed 10~

factor was found to be 1.0019 = 0.0003.(3) For an exchange
process, the separation factor is proportional to the
equilibrium conétant. These are not necessarily identical
since an isotopic substitution at equivalent atomic .
positions in a given molecule does not lead to isotopic

(8)

fractionation. ~Generally e for an exchange reaction
often exceeds 2-3 x 10 2 which is attributable to a large.
change in bond order around the substituted atom as it is
exchanged between two chemical species. The disadvantage
of the exchange process'is that it usually requires a
chemical reflux at Both ends of the cascade. Such a
chemical reflux 1is necessary to achieve complete conversion
of one chemical species into the other at the end of the

cascade without any loss of isotopes from the system. This

usually leads to costly chemical waste. The carbamate




process achieves the reflux by thermal means, i.e., the
Carbamate 1is thermally decémposedvat one end of the cascade
while carbon dioxide and amine are thermally combined to
form carbamate at the other end. Such an exchange process
is called an éxchange distillation, and has the advantages
of both the exchange and distillation processes. 'The more
important merits of a distillation lie in the absence of a
chemical reflux and in a large material throughput, the
latter being é very important consideration in an industrial
size plant. . Thus, a distillation plant which handles a
substance with a molecular weight of 100 and a density of
~2 grams/ml would be 20 times smaller in volume than an
exéhange plant handling 1 molar solutions.

The recently dlscovered method of laser-activated
1sotope separatlon has a special advantage of being capable
of yielding a large separation factor, i.e., of the qrder
of tens and hundreds for «.(9) At this early stage of
development, the material thropghput is exceedingly
limited due to the fact that the laser activation has to
be.achievedlin the gaseous State of very.low pressure,
typically of the order of 1 -torr. This dilute system is a
necessary requirement for the achievement of the extremely
high selectivity. The future of laser isotope separation
seems to depend on ultra-powerful laser technology and a
compromise between selectivity and throughput.

| In Section I-1 that follows, the general ﬁheory of the

vapor pressure 1lsotope effect will be presented. Following




it, in Section I-2, will be a discussion of preliminary
investigations that lead to the choice of CHF3 (Halocarbon-
23) as the distillation material. The Introduction will be
concluded with Section I-3, wherein the outline of the

investigation will be presented.

I-1. Theory of Vapor Pressure Isotope Effect

| The vapor pressure of a chemically and isotopically
pure liquid is determined by the dynamic equilibrium between
two species, i.e., the molecules in the gas phase and the
molecules in the liquid phase. The vapor pressure of such
a substance can;be expressed in térms of the partition
function of these two species. It follows then that the
difference in the vapor pressures of a pair of isotopic
liquids of the same substance is expressible in.terms of
four partition functions, the gas and liquid partion

functions for each isotopic species.
(10)

Bigéleisen developed a fundamental theory of vapor
pressure isotope effect based on the assumptions of the
simple cell model of liquids, anf the Born-Oppenheimer
approximation. According to this theory, the ratio of the

vapor pressures of the lighter isotopic species, P', to that

of the heavier isotopic species, P, is given by




- £n -z-,fg 4 (3)

zn(—P—') = gn 2,f -
s'"c
where s' and s are the symmetry numbers of the light and
heavy isotopic spéciés respectively, and fC and'fg are the
isotopic ratios of the reduced partition functions in the
condensed phase and the gas phase respectively. They are
"reduced" 1in fhe sense that they are the ratios of the

partition functions to their classical limit, i.e.,

(4)e  (mt)

where Q' and Q are the partition functions of the light and

s
s't

~heavy species respectively, and the subscripts gm and cl
represent the quantum mechanical and classical respectively.
Within the framework of the Born-Oppenheimer approx-
imation and under the assumption that the potential is
harmonic and that the translational and rotational partition
functions are clasSical, g;f can be expressed(7) as
. ' —ui/2'< -u, >

S u, e 1l - e :

—.f = T 0 i (5)

s R e A -u,

= e 1 -e

where ther product is taken over all degrees of vibrational

freedom, and u is defined as

- _ hcw
where h is Planck's constant, c the velocity of light, w

1

the normal frequency in units of wavenumbers (cm” ~), k the

Boltzman constant and T the absolute temperature.‘




When T is very large or when the w's are small,

Equation 5 reduces to

S
n =, =
S'

glw

Z(u- - u%) S
1 _1/hc 2 2
";5%(?)2“’1 eyt @

When T is low or when the o's are large, Equation 5

approaches

' : u.' - u. '
DY @
L .
T 2k Z Cogt = wy) | (10)

In the simple cell model, £n E'fc in Equation‘3 is
evaluated by associating three translational degrees of
freedom, three retational degrees of freedom, and 3N-6
internal degrees of freedom, with each molecule. Further-.
more, the translational and rotational motions are assumed
to be-oséillatory in nature, a consequence of the cell modél
assumption that a liquid can be represented by a represent-
ative molecule which oscillates independently in an isotropic
liquid field. Due to the relatively weak external‘force
- (as compared to the forces within the molecule), the
frequencies for external oscillation are small; “axct < 200
‘em™ Y.  Thus, £n i'fc in Equation 3 can be thought of as
consisting of two types of terms, one attributable to the
weak external oscillations, which is broportional to l/T2

in accordance with Equation 8, and the other to the internal

vibrations in the condensed phase which is proportional to




-10~

1/T in agreement with Equation 10. The other term in
Equation 3, £n i'fg’ of course contribﬁtes additional terms
which are proportional to 1/T. Consequently, as a first
approximation to Equation 3, Bigeleisen‘derived(lo) the

following relationship

T A _ B
Zn P = > T . (11)
T
‘where
1 (ne\ & 2 - 2
A = ﬁ(i_) Z (”'ext _uext) (12)
and

w
]
ny

c 3N-6 . -3N-6
(T)gl: Z‘f’g' - X “’c']int
IN-6 3IN-6

"L X wg - Xoedine{ (3

It is seen that A depends entirely on the external
vibrations, while B represents the isotopic difference in
the zero-point energy shift on condensation. It has been
shown that A and B are always positive. According to
Equation 11, the vapor pressure of the lighter isdtope is
greater than the heavier isotope at sufficiently low
temperatures, while the effect could be reversed as the
temperature ihcreases above a-certain point. If such a
Ccrossover temperature lies within the range of 1liquid
temperature, i.e., at a temperature above the triple point
and below the boiling point, then the inverse vapor pressure
effect is expected to be advantageous in isotope production.
Thé,reason for this will be explained briefly in the

following paragraph.




Since isotope separation is a Close separation (small

€ ), an isotope separation plant requires a large number

of separation stages. At the initial startup of a plant,
all stageslare charged with material'of natural enrichment,
and the refluxers on both ends of the column are activated.
During the initial transient period, an isotopic concen-
tration gradient is gradually established along the. length
of the cascade. When the enrichment at the product end of
the cascade feaéhes a steady level, slow product w1thdrawal
is initiated and is accompanied by a correspondlng materlal
input at the feed point along the cascade. During the
'tfahsient period, the cascade is dperated at total reflux

at both ends, i.e., material is neither withdrawn nor
introduced into the System. This transient period increases
the holdup (the amount of desired material held up in the
system). According to the theory developed by Cohen,(ll)
the transient period is shorter when e is negatiye, For a
distillation fractionation of 130, the negative ¢ corresponds
to the inverse vapor pressure isotope effect. A preliminary
investigation, outlined in the following section, showed
that the probability of finding such an inverse effect in
the liquid temperature range wouid be sustantial for |

fluoromethanes.
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I-2. Investiqgation Leading to the Choice of Fluoromethanes

l3CH4 has a lower vapor pressure than 12CH4, at

(12) l3C substitution in

liquid methane temperature, while
CCl4 leads tb a slightly inverse isotope effect at 35° C.(l3)
This is a consequence of the external‘(translational and
rotational) modes approaching négligible'levels, as a result
of the symmetric substitution of the peripheral positions

of heavy chlorine atoms, yielding a small A in Equation 11.
The smallness of the iﬁverse effect in CCl4 is attributable
to the high temperature and the prohibited interaction
between the rotation and internal'motion of a tetrahédral
molecule. A high molecular weight and a large magnitude of
inertia reduce the magnitude of the l/T2 term of Equation 11,
thus favoring the inverse effect at low temperatures. The
Zero-point energy shift term is enhanced by strong
interagtiéns of liquid phase external modes with strongly
inffared4active internal mode actions, in which the center
atom actively participates.(l4) Presence of fluorine atoms
in a molecule brings the melting and boiling points down to
regions that are much lower than those of the corresponding
chloro-derivatives, thus raising the possibility of the
occurence of the crossover temperature'within the liquid
range rather than in-the solid. One of these compounds,
trifluoromethane (Halocarbon-23) has C3v symmetry, which

is sufficiently non-symmetric to allow its carbon atom to

participate in the normal vibrations that can interact

with the external modes in the liquid. It has a melting
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point of -155.2° ¢ and a normal boiling point of -82.03° C
(see Tabie I), which can be conveniently handled by the
Cryogenic distillation column that was generously made
available by Prof. Blgelelsen of the Unlver51ty Oof Rochester.
Prellmlnary calculatlons( 5) on the- zero-point energy shift .
On condensation, based on Wolfsberg's‘theorycl4)’ofﬁLondon
dispersion forces in liquids, showed that Halocarboﬁ—23 had

@ good possibility of yielding the inverse isotope effect.

I-3. Outline of Investigation

The separation factor for 13C fractionation in the

Cryogenic distillation of CHF3 has been determlned 1n the

following manner. A portion of CHF3 manufactured by Matheson
Gas Products, which is 99.0% pure, was purified by repeated
bulb-to-bulb distillation and distilled under total refilux

in a cryoéenic distillation column, which was designed and
built by J. Bigeleisen(lg) and later modified.(lg) The
build-up of the 13C enrichment gradient along the column
'was.monitored as a function of time. This transient behavior

under total reflux was analyzed according to the theory of K.

Cohen,( 1) leading to the determination of the stage ‘separa-

tion factor and the number of theoretical stages. The sep-




/

TABLE T. Physical Properties of Halocarbon-23(a)

Molecular Formula ' ' | CHF 5
Molecular Weight . - 70.01
Normal Boilihg Point , -82.03° c(191.13° k)
Normal Freezing Point -155.2 © c(118.0° &)
Critical Temperature ‘ 25.99 ¢
Critical Pressure .47.7 atm
‘Critical Volume ' 133 c¢c/mol
‘Critical Density - : _ 0.525 g/cm3
Density of liquid @ 298° K ~ 0.670 g/cm3
| @ 200° x 1.409 g/cm> (P)
@ 150° K 1.555 g/cmS (P)
Specific Heat of liquid @ 285° K 0.252 cal/g (b)
@ 200° K 0.168 cal/g (P
@ 180° K 0.162 cal/g P
Heat of Vaporization @ n.B.P. . 57.23 cal/g
@ 200° K 55.58 cal/g (P)
@ 150° K 64.47 cal/g ‘P)

(a) Unless otherwise noted; data taken from "Handbook of
‘ Chemistry and Physics", 53rd Edition, Chemical Rubber Co.,
(1972).

(b) Taken from "Handbook of Fundamentals", American Society
of Heating, Refrigerating, and Air-Conditioning Engineers,
(1974)
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The data was fit fo Bigeleisen's formulae, Equatione 3 and
11, and the resﬁlt was compared with a theoretical
calculation based on the theory of the simple cell model.

In Chapter II (Experimental), the experimental procedures
will be discussed in detail. The method of data reduction
by modified Cohen;s theory will be presented in Chapter III
(Data Reduction). The derivation of the formula used in

the data reducfion will also be presented in that chapter.
An extension of Cohen's theory to accomodate the need of ﬁhe
present investigation whieh deals primarily with the inverse

isofope effect has- been developed by Ishida and Wieck.(26)

In Chapter IV, the presehtly obtained data on the
12CHF3/13CHF3 vVapor pressure isotope effect will be compared
with Bigeleisen's theory, and a cell model liquid force

field for trifluoromethane will be derived accordingly.
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IT. EXPERIMENTAL

The low temperature distillation of Halocarbon-23

.(CHF3) necessitated the use of several pieces of apparatus.

The‘two ma jor pietes of apparatus, a low-temperature
distillation column and a combustion -train, ére described
in Section II-1, which follows. The acquisition of
reliable vapor pressure data for Halocarbon-23 is described
in Section II;Z. Actual experimental procedures are

bpresented in detail in Section II-3.

II-1. Design and Construction

Désign and construction of the experimental apparatus
used in this investigation has been fully described by Wieck

(19) The following is an exerpt from it, except

and Ishida.
for several modifications in the design and procedures as
noted. | |

Preliminary purity analyses of Halocarbon-23 were
performed on a Perkin-Elmer model 990 gas chromatograph.
The resulting chromatograms indicated the presence of
significant amounts of impurities. Air, the major impurity,
was removed by repeated bulb—to—bﬁlb distillation. The

other impurities were shown to be CH4 and SiF4. Low boiling

impurities would lead to erroneous interpretations of the




isotopic analyses of the distillate with respect to the

distillation column characteristics. In order to bring
the level of these impurities down to a more acceptable
level, one part in 105 , further purification was necessary.
The distillation column oftthe Bigeleisen type was

generously donated by its creator, Professor Jacob
Bigeleisen of thé University of Rochester. Since its
movement from:Rochester, the column has been cleaned,
reassembled and modified.(lg)

| In order to perform isotope-ratio analyses of the
Halocarbon-23 samples withdrawn from the column, the
conversionAof CHFB-to carbon dioxide was found to be
neceésary. This conversion isAaccdmplished by the use of
a specially designed and constructed combustion system.
Halocarbons, especially highly fluorinated ones,
are chemically quite stable. A combustion train similar

(20)

to that of McKenna, Priest, and Staple with some

modification was fabricated in quartz.

A) Distillation Column and Its Support System.

The low-temperature distillation column was originally

(22)

designed by Bigeleisen and Ribnikar at Brookhaven

~ National Laboratory; It was applied in studies of the

vapor pressure isotope effect in N,O ‘at 184° K.

Subsequently, it was used in the distillation studies of
2. 13

a1
<C2H3D and CHZ—

CH2 by Bigeleisen, Cragg, and Jeevanandam(lz)
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for their study of isotopic methanes. This column was
transported from the University of Rochester along with
its brass housing and service vacuum line. The column has

since been modified.(12,19,20,23)

The reassembled column, in the same configuration as
that most recently.used,(lg)'had been cleaned, and was
repacked with 76 grams of Podbelniak Nichrome Heli-pak
No. 2916, which had been cleaned in a Soxhlet extractor
with benzene for three days. The reassembled column is
depicted in Figure 2 and an enlargement of the boiler is
shown in Figure 3.

The entire column and service vacuum line were leak-
tésted using a highly sensitive (minimum detectable leak is

5 x 10 11

chTP/sec)bhelium leak detector (Dupont
Instruments model 25-120 B). It was found thét the service
line and column were able to attain a vacuum of 10_5 torr,
a rather good wvacuum considering the capillaries involved
and the large éurface area of the packing. The service
vacuum line is schematically répresented in Figure 4.

The liquid nitrogen level in the dewar surrounding
the column's helium jacket was maintained using a Veeco
Instrument's model VLN 30 Liquid Nitrogen Level Controller.
The controller, two sensor leads,. and.a three-way solenoid
valve comprise a system (Figure 5) which can maintain a
liquid nitrogen 1level between two predetermined points.

The atmosphere above the liquid nitrogen in the liquid

nitrogen tank is normally vented through the three-~-way
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solenoid valve. When the level of liquid nitrogen drops

below the lower sensor, the three-way solenoid is activated,
the vent ciosed,.and a liquid nitrogen holding tank (Union
Carbide's model UC-55) is pressurized with gaseous nitrogen.
The dewar is filled until the lével reaches the higher
sensor. Upon achieving the required level, the holding
tank is vented to the atmosphere. The close control of the
1i§uid nitrogén level in the dewar is vitally imbortant for
the stable pressure maintenance within the column.

A Vacuum.SYStem to maintain a high vacuum in the helium
jacket of the column was fabricated primafily‘of stainless

steel.(lg)

The.system, which is a one-inch vacuum pumping
station, employs a Consolidated Vacuum Corporation type

VMF 21 o0il diffusion pump and a Vacuum Instrument
Corporation's‘BT—ZO 1iquid nitrogen bucket-type cold trap.
The configuration of the system is schemétically represented
in Figure 6. The valves are Veeco Instrument's bellows
sealed vaives. Vacuum readings are obtained using a model
TG-7 Thermocouple Gauge in conjunction with a model RG-81

Ionization Gauge Controller and model RG-75 Tonization

‘Gauge Tube, all manufactured by Veeco Instruments, Inc.
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B) Combustion.Train
The isotopic analysis of the l3C/lZC ratio is most
easily performed oo Samples of carbon dioxide. A sample of
CHF3 introduced in a lass-spectrometer is hard to Completely
evacuate;out Of the systen. This therefore Necessitated 3
Process for the oxidation of CHF3 with sufficiently high
yieid,éolas to make any corrections for the 13C/l'ZC isotope
effect unnecessary.A It was estimateq that a 95%’cooversion

of CHF3 to CO2 would limjit the»uncertainty on the isotopic

(Figure 7). The first section is a quartz tube, 55 cm in
length and 10 mm in outside diameter. The tube ig paokéd
alternately with Platinum gauze and crushed quartz. It jg
heated by two Lindberg-Hevi Duty ovens, maintained at
temperatures'between 1000° C and 1050° C. In this temper-
ature region, CHF3, in the bPresence or 3 large excess of
oxygen; is decomposed to COZ’ inorganic fluorine Compounds
(which are eventually converted to SiF4), and sz. The
Second section of the train is a 10 mm outside diameter

Pyrex tube, which is packed alternately with pyrex wWoo1l

VR SRt e
v &

and sodium fluoride. Thig 30 cm length of tubing is majin-
tained at 250 + 5° C by an oven home—fabrlcated especially
for this use-(BO) The sodium fluoride section ig employed

to absorb SiF4. The finai Section ig g3 PYrex U-tube a3t
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room temperature filled with silica gel to remove HZO'

Oxygen used in the train is Obtained from a tank and
purified by passing the stfeam thfough a cencentfaﬁed HZSO4
bubble tower, a Drierite absofption tube, and finally an
Ascarite absorption tube. After leaving the purifier, the

stream is divided into two legs. One passes through the

sample inlet -area, thereby driving the sample into the oven

and the other legubypasses this area, flooding the oven

with oxygen.

The combustion product,'COZ, thus obtained was trapped
-in a liquid nitrogen trap. The product contained a small
amount (less than one‘percent) of uncombusted sample plﬁsv

traces (less than 0.05%) of yet undetermined impurities.

The samples of CO2 were then further purified by means of

a home-fabricated gas—chromatograph(BO) packed with alumina,

After this final purification, the carbon dioxide samples

were transferred to glass sample holders for analysis.

ITI-2. Precision Measurement of the Vapor Pressure of CHF3

The only data available for the vapor pressure of
CHF3(24) is from an industrial source. In addition, there
Was no assurance of the accuracy of the temperétures
reported by the investigator. Obtaining consistent vapof

Pressure data was therefore necessitated. For this purpose,




samples of CHF3 were purifiedLA All impurities in the samples

were less than one part in iO?

The manometry was performed in a cryostated differential

manometer in Prof. J. Bigeleisen's laboratory at the

(25)

University of Rochester. The cryostat 1s capable of
maintaining cryogenic temperatures to within ¥0.001° C‘for
several hours at a time. The differential manometry is
accomplished through the use of differential capacitance
gauges, which are'capable of measuring pressure differences
up to 50 torr *0.1 millitorr. The vépor phase volume in
the cryostafed sample holder-manometer system is negligible
- compared to the amount of.liquid in the sample holder. The
absolute pressure of one of.the liquid samples, which in
this case was CHF 5, is measured to within *1 millitorr by
the use of a Texas Instruments' quartz spiral gauge. Vapor
pressures of pur CHF3 were measured in this apparatus at

29 temperatures between 139.3° K and 191.7° k. The ‘results

were least-squares fit to a four term equation:

-278.269

(TR - 4.65910 + 0.0772937T

loglOP(torr) =

- 0.000158127T2 , (14)

The single largest deviation of Equation 14 from an
experimental point is 0.004 out of 1.183 in nglOP.' These

results are plotted in Figure 8.
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IT-3. Experimental Procedure

A) Purification of CHF 5
After the removal of the major impurity, air, by

répeated bulb-to-bulb distillation, gas chromatographic

analyses, using the Perkin Elmer model 990 gas chromatograph,

indicated the presence of 2.7 xAlO_4 CH, and 1.2 x 1074

SiF4. A preliminary low-temperature distillation trial

was performed and the resulting material was gas

chromatographically énalyzed. This procedure indicated

that the level of the imburities was significantly reduced.

Therefore, the entire supply bf trifluofomethane was

distilled at low temperature. Gas chromatographic analyses

of the resulting material indicated that the CH, was reduced

té a non-detectable level and that fhe SiF4 was present to

5

the extent of 1.7 x-10 This material was then stored as

that to be used in the distillation.

B) Distillation

The following paragraphs”will outline the preparations
for and the execution of a distillation run on the modified
Bigeleisen column.

Appfoximately two days prior to a distillation run,
the diffusion pumps on the service line and on the helium
Jjacket line are started up and the iiquid nitrogen holding
tanks (used as a supply of liquid nitrogen for the cold

traps) are filled. Until this point, these vacuum lines




have been kept under rough vacuum. The night before the

distillation runis performed, the-UC—SS.liquid nifrogen
holding tank is filled to capacity. The '"aging" of this
liquid nitrogen was found to be essential, since the liquid
nitrogen is shipped at a higher pressure than is maintained
in the tanks. Therefore, time must be allowed for it to
come to thermal equlllbrlum in its new env1ronment

On the morning of the dlStlllatlon, various preparations
are made, including preparation of the CHF3 samplé and
cooling of the'distillation column. The preparation of the
CHF3 sample involves'condensing (using liquid nitrogen)
into the cold finger, shown in Figure 4. When approximately
% mole (an amount in excess of that which will actualiy be
needed for the distillation)‘of CHF3 has been collected in
the the cold finger, the liquid nitrogen is removed and
replaced with a dry ice-acetone slurry. This maintains the
pressure in the cold finger (which is isolated by the use
of valves adjcent to each side) at approximately one
atmOSphere. It was observed that the nearer the temperature
of the coiumn was to the actual distillation temperature,
the more smoothly the experiment proceeded. At this point,
the liquid nltrogen level controller for the dewar
surrounding the hellum jacket was activated to automatic
and the dewar was filled. The temperature within the
boiler was monitored with the platinum resistance probe
and, as it approached the target temperature for the

distillation, the introduction of the CHF3 into the column




was begun.

From its construction, it can be seen that, in the
absence of a conducting gas within the vacuum jacket, the
packed section of the column is cooled by the liquid
nitrogen by conduction from near the condenser area.
Therefore, it follows that a temperature gradient is
established as the column temperature is lowéred, with the
boiler area'ﬁhe warmest and the condenser area the coldest.
In order to properly charge and wet the column packing,
this gradient was employed. It-allowed the charge of CHF3
to freeze and liquify on the packing rather than condense
into the boiler immediately.

This charging procedure is as isothermal as can be
hoped for. When the temperature probe in the boiler became
.near that temperature pre-selected for the.run,lthe'valve
on the column side of the cold finger and the needle valve
leading to the top of the column were slightly opened. As
the CHF3 entered the column, it condensed and warmed the area
on which it was condensing, and this "wet" area éan be
thought of as having travelled along the column towards
the boiler. The temperature profiile along the column would
become more uniform ﬁhan it was before the charging started.
During this time, the rate of addition of CHF3 entering the
column was adjusted using the needle valve in order to keep
the temperature of the column as steady as possible by
monitoring the pressure in the condenser and the platinum

thermometer in the boiler. As the temperature gradient was




removed by the entering CHFB, the boiler started to fil1l
with the charge and as soon as the level in the boiler was
approximately %" below the tip of the packed section,
corresponding to approximately 20 ml of liquid in the
boiler, the column was sealed and the boiler heater current
activated. This was the start of the reflux and was time
Z2ero for the experimental time measurement. This
introduction4bractice helped minimize the uncertainties

on time Zero. At this point, the pressure is alfeady
stabilized and the column practically at equilibrium due

to the "isothermal® charging ‘procedure. Pressure through-
out the charging was recorded using the output of the Setra
Systems' model 236 differential Capacitance gauge connected
tQ the boiler section.

The column was then Operated isothermally (iO.BO C)
under total reflux, and the buildup of the isotope-
enrichment profile along the length of the column was
monitored as a function of: time by withdrawing gas samples
from the condenser section of the column. The condenser
samples (approximately 5 x lO_4 mole) were ‘withdrawn
through a variable leak into a small manifold of Known
volume (approximately‘75 ml) and tﬁe sample pressure of
épproximately 100 torr was determined by use of a Wallace-
Tiernan differential bressure gauge. 'A sample was usually
withdrawn over a period of three to five minutes. Samples
were generally taken every 15 minutes during the first hour,

and then, succesively, two half-hour samples, two fourty-
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five minute Samples, and hourly samples, until approximately
eeven hours after time zero. ‘Pressure and temperature
lmeasurements, as well as the current and voltage of the
'heater, were noted both before and after the extraction

Oof each sample.

Samples of'fhe boiler vapor were withdrawn as a control
for‘the isotopic enrichment. A boiler sample was taken as
close to time zero as possible and then at least once more
during.the course of the distiliation. Boiler samples were
removed by filling the service manifold, a volume of
approXimately 425 ml, with CHF3 through the capillary
ieading to the boiler, the pressure monitored once again
with the Wallace- -Tiernan dlfferentlal pressure gauge.

Samples were stored in 60 ml high vacuum glass gas
sample holders. |

All samples were now . -ready for combustion, which w1ll
be descrlbed in the follow1ng Subsection, II-3-C.

In order to apply the modified theory of K. Coheo to
the kinetics of the distillation, it was necessary to
determine the amount of CHF3 held up in both the column and
the condenser.

The orocedure developed to determine the column holdup
was essentially a two—etage shut-down of the column. After
the last samples were removed from the column during the
distillation operation, the 1line connecting the'boile;'to
the service vacuum line was opened in ordef to drain the

CHF3 remaining in the boiler. The heater current was




increased to compensate for the.additipnal Heat required for
the increased fate of vaporization, thereby maintaining'
pressure in the column at the. same constant level as that
in the normal distillation operation of the column. When
‘the boiler was emptied, which was checked visually by
watching the boiler through an opening in the silver-
mirroring on the dewar, the column was sealed and the heater
current was deactivated. The liquid nitrogen level con-
troller maintaining the level in the dewar surrounding the
column assembly was shut off and the liquid nitrogen
allowed to boil off. The liquid nitrogen level in the
dewar was allowed to come down to a level below the boiler.
This made the boiler the coldest spot of the distillation
column, and the CHF 4 originally held in the column packing
condensed down into the boiler. The column heater was
turned on again and all the material "held'up" in the column
was collected through the boiler sample line into a high
vacuum stainless steel weighihg vessel. The vessel was
then wéighed, its empty weight of 126.02 grams subtracted
and . thereby. the amount of CHF3:heid up in the column was
precisely determined.

The holdup in the condenser, another quantity needed
fof the column kinetics calculations, was determined in é
separate series of experiments. The manifold of known
volume leading to the column was filled with a known
pressure (approximately 500 torr) of CHFB. The charge was

slowly allowed to enter the column until the first drop




appeared at the condenser tip. The remaining pressure in
the manifold was the observed. The amount of'CHF3 that
entered the condenser before the first drop was determined
by applying the ideal gas laws, and this amount was con-

sidered to be equal to the condenser holdup.

C) Combustion and Purification

In order to facilitate.the isofopic analysisAof~the
CHF3 samples taken from the column, They were combusted to
carbon dioxide,4using the apparatus shown in Figure 7 and
described in Subsection II-1-B.

Each sample was transferred from its holder into a
manifold‘of known volume, and its pressure was measured
using a Wallace-Tiernan differential pressure gauge. . The
samplevwas then transferred to the combustion sample trap
by condensing the sample into the trap at liquid nitrogen
temperature. Oxygen was allowed to flow through'the oven
for five minutes using the bypass stopcock. At this point,
the 1iquid nitrogen was removed from around the combustion
sample’trab and oxygen was allowed to flow both thfough the
bypass and to sweep through tHe'sample trap for ten minutes.
At the end of this ten minute period, the oxygen flow was
halted and five minutes of pump-down time was allbwed,
followed by two minutes of helium flow to remove any traces
of sample from the system. Another ten minute pump-down

period was allowed at this point. 1In all cases, the flow’
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rate of the gases entering the ovens was 0.05 liters/min.
The combustion product, COZ’ was clearly visible at this
time in the collector coils., The sample was then trans-
ferred to the inlet side of the purification gas chromaro-
graph. Using a flow rate of 20 ml/min at 300° C and an
alumina-packed column, the carbon dioxide was purified and

Collected. The sample pressure was measured in a Known

volume with a Wallace-Tiernan differential pressure gauge.

D) Mass Spectrometry

An isotopic analysis was performed on each sample
using a Consolidated Engineering Corporation's model 21-201
Isotope Ratio Mass Spectrometer. This model is of the Nier
type construction. The feature which makes this particular
model very attractive for isotopic analysis is its dual
Collector instrumentation (see Figure 9). 1In this mass
spectrometer, gas‘molecules enter at low pressure( approx-
imately lO_6 torr), are ionized, and accelerated iﬁto a
magnetic field. 1In this magnetic field, all particles
follow paths which are arcs of circles, with the heavier
particlés fravelling paths of larger radius than the
lighter particles. After passing through the magnetic
field, each mass (or more correctly, masS—to—éharge‘ratio)
is-focussed at a different point. _The model 21-201's dual
collector allows the beam impinging on one of its collectors

to be compared with the beam falling on its other collector
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Figure 9. Dual Collector used in the Model 21-201 Mass Spectrometer.

Ion beams enter from top. The higher mass m; reaches Collector #2. -
The lower mass impinges on Collector #l1. (Each collector has a box-like
shield.) G5 and Gg are grounded shields to prevent electrical leakage
between Ej or E; and Collector #1. Ej and E; operate-at -45 volts with
respect to ground and act as suppressors of secondary electrons released
by ion bombardment from the collectors. Their slits are large enough so.
that they intercept no ions. '




concurrently. This allows simultaneous recording of the
number of ions hitting each collector.

A model 21-201 waS‘génerously made available at
Brookhaven National Laboratory in the laboratory of Dr. L.
Friedman.

Prior to each isotopic analysis, a standard carbon
dioxide sample was introduced into the inlet system. ‘With
the ion'acgelérating voltage set at approximately 1175
volts, the magnetic field was scanned and recordéd using
the number two collecter (narrow slit). Upon detecting
the mass 44 and 45 peaks (12CO2 and l3CO2 respectively),
the field was - varied to place the 45 peak on the number
two collector. The peak was piaced directly on the collector
‘by using the ion accelerating voltage as a fine ad justment.
With mass 45 on the number two collector, the number one
collector’colleéted masses 42.6 to 46.5. 1In order to gét/
more accurate data, all samples were analyzed at uniform
pressure. Amplifiers were zeroed and checked periodically
throughout each analysis session. Adequate time was

allowed for pump-out in order to avoid any "memory" from

previous samples.




IIT. DATA REDUCTION

Cohen's theofy(ll) of the transient kinetics of a
Square cascade was applied to the data obtained from the
mass-spectrometric analyses of the samples from the‘cdndenser
and boiler in order to detérmine the relative vapor
pressures of the isotopic species. A modification of the
theory of long-time Kinetics (LTK) was developed,(26) and-:
-was used to map the kinetics parameters, A and B, in the
ranges of the overalil separatlon and relative (condenser to
column) holdups needed for the reduction of the present
data. The following Section, ITI-1, contains an outline
of the modified Cohen's theory of long-time klnetlcs
Section ITI-2 wi1ll outline the method of application of
Cohen's theory to the present problem, and Section ITI-3
will contain a complete set of sample calculations |

pertaining to the experimental runs.

III-1. Modified Cohen's Theory

The transient behavior of a square, counter-current
Cascade of close separation stages during the start-up
period was theoretically analyzed by K, Cohen(ll) in
relation to the fractionation of uranium-235. A con-

sideration of the materiail balance of the desired substance.




between the product stage and the s-th stage under conditions

of constant flows leads'tl) to a partial differential

equation:
N - 33N '
)\———at _‘——-—asz - E*as [¢NA+ N(l—N)] (15)'

where N = N(s,t) is the average mole fraction of the desired”
substance in the input streams for the s-th stage
:(cf; Figure 10), counted toward the product end starting
from the feed point in the Cascade, at time t from the
start-up of the cascade. Other quantities used in Equation
15, all dimensionless, are:
€ = a-1, where « is the "head—to—tailﬁ separation
factor. This use of a.is different from
Coﬁen's,‘in that the‘latter a is the '"head"
or "tail" separation factor. The « used in

the present study is twice Cohen's
o (12,22,23,27)

A= 2h, where h is the holdup per stage per unit flow,
| on the average process time per stage;
Y= == , where P is the production rate, or the rate
of withdrawal of the product at the product-

- end of the column, and I is the total inter-
stage flow-rate at stage s. 1In a square
distillation.cascade under total reflux, L
is also equal to twice the boilup rate.

When the mole fraction of the de81red substance is

negllglbly small compared to unity Equation 15 becomes
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linear:
32N IN
AT— = 557 - €(1 + ?) s (16)

This would be the case in preliminary fractionation
processes of isotopes, such as.ZBSU, D, 130, and'lsN.
Cohen solved the equation under the following initial and

boundary conditions:

at t = 0 ; N(s,t=0) = No at all s

at s 0 (feed point); N(O,t) = NO at all t

n (product end); P = O at all t
Holdup in refluxer = H

at s

Such a solution is of general interest for tﬁo reasons.
First, in large-scale production one seéks to minimize- the
initial start-up period during which the system is operating
under total reflux. Second, observation of the transient
behavior can be used for evaluating such separation system
constants as the number of the theoretical plates and the
separation factor.(ll)

- Cohen's first-order solution of Equation 16 can be

expressed in the form

H = Ae_BT (17)
S ‘o

where 7 is the reduced time and is equal to t/xnz, and N
is the mole fraction of the desired substance at t—> e .
A and B are Cohen's kinetics parameters, which were

tabulated,(ll)

both dependent on two factors, €n and
k/An; n is the number of theoretical nlates, and k is the

ratio of the holdup in the condenser to the boil-up rate.




Thus,

23
I
®

€n (18)

and

Holdup in the condenser (_= Hcond)

Total holdup in the column ( = H

5
S Ix
|

) - (19)

col
Cohen's solution, Equation 17, was estimated(ll) to be
valid at large t, satisfying the condition t > n?/lo.

The modification(26) of Cohen's LTK theory takes into

account the second-order term for the solution of Equation-l6

and can be represented as

No ~ N _ =Byt , _~B,r
Ny - Ng = Ale St A,e (20)

where Al and Bl are Cohen's first-order parameters, A and B
respectively, and Az'and B, are the second-order parameters

Calculated and tabulated by Ishida and Wieck.(26) A, and

2
B2 depend on the same two factors, €n and k/An, as do

Cohen's parameters. Table XV contains the first-order
parameters A, and B, in the ranges of €n and k/An observed
in this study{ Table XVI contains the second-order
parameters A, and B, in the same ranges of En.and k/An.

The first-order solution, Equation 17, has the

advantage of a straight-line least-squares fit: from

Equation 17,

y;,(7) = &n [g:—:_%—:l = 4n A - Br (21)
where
N .
q = T (22)
) No




and

N = _R__ : (23)

In this study, in order to take advantage of the linear
least-squares fit (LSF) wHile applying the second-order
" Equation 26,'the'second—order term of Equation 20 was used
as a correction for the left-hand .side of the equation.

Thus,

1 1

_ 9eo = q -B,7 = _
Y (") opy = 4D [ = Aje 4n A, - Bt (24)
and the left-hand side of Equation 24 was plotted against
time t. A, and B, were obtained from a knowledge of ¢n,
obtained as 4£n dw » and k/An, obtained from the "holdup

measurements. ‘A straight line is obtained from the above

plot with
Intercept = gn Al (25)
and '
Pe =
4 Bl(L/Z)
= (26)
nHoo

Then,

(Boil-up rate)(Bl)

n (27)

(Column holdup) [Slope|
By knowing B, from Cohen's table, oné obtains n and

subsequently e,




II1-2. Qutline of Method of Data Reduction

For each run, the mass-spectrometric data was
brocessed according to the following procedure, outlined
sChematically in Figure 11:

' The raw mass-spectrometric data of the 45/44 relative'
peak ratio represents the atom ratio, R, of 13C to 12C
contained in the CO2 samples. The overall separatlon, d,
between the top and bottom of the column at time t 1isg
given by Equation 22.

Thus, from ‘the isotopic ratio of C/ R, of a
condenser sample, and the isotopic ratlo of 13 /lZC, Ro’
Oof a boiler sample, N was calculated by Equation 23. Then,
g was calculated frem Equation 22, and both ¢n (de = q)/
(9, = 1) and £n [(q - )/ (g, - 1) - A2e_B2T] were plotted
as a function of time t. The plots were fit to a linear
~function of t, us1ng equal weights for all p01nts the
possible error in the plotted guantity due to uncertainties

-5 . . '
in the 1sotoplc ratio measurements ‘are of

of 2.2 x 10
the order of 0.014 and do not vary significantly from point
to polnt, so that their effect on the slope of the least-
squares fit line going through these points is insignificant.
The errors on the LSF parameters, the slope and the
intercept, were estimated based on the root-mean-square
error (RSME) of the actual scatter of the experimental
points around the best-fit line.(zs) The points with the

largest deviations were ellmlnated until the estlmate of

error on the slope became no more than 10% of the absolute




FIGURE 17. FLOW CHART OF DATA REDUCTION
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magnitude of the slope. It was found that the values of

the slope are rather insensitive to decisions to retain or
discard points, while the intercept is very sensitive to
such decisions. Therefore, the slope would lend to
relatively objective evaluations of n and ¢, despite the
rather arbitrary aecisions made on the experimental. points.
It was also fdund that the intercept of the LTK plot,
which is equal to £n A, is too sensitive to relatively
small uncertainties ih‘time zero. Thus,; for example,
referring to'Table XIV(C), the intercept for Run LD-10 is
—0.554, whereas the value determined from €n and k/xh
(i.e.;2n Al)‘is -0.173. The latter value of the intercept
could have been obtained if time zero were set approximately

15 minutes earlier than time zero actually used.

ITIT-3. Sample Calculations

As an illustrative example, run LD-10 will be used.

- The average R of the boiler samples is equal to 0.011759.

N _y o 0:011759
Boiler ~ "o ~ 1 + 0.011759

= 0.011622
The equilibrium value of separation (or the overall
separation value) is'equal to 0.012189.

— 0.012189 B
Neo = 1 + 0.012189 ~ 0.012042
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For condenser sample #1;

N= 1 2'8%é§2279 = 0.011740

= Mo gouza
Yo = N2 = Fox2042 ) 036
yp (1) = zn.[giff—%—J = -0.3279

" Since k/An is equal to 0.0374 and €n has a value of
0.03551, the following values of the "Correctional" LTK

parameters, A2 and B2 are obtained from Table XVI as:

A, =.0.0879
B, = 20.5846
yp(7) = in [gfff—f— - Aze“B2’] = -0.2940
These corrected yL(r) were then least-squares fit (LSF),
Yielding | 4
Slope = -0.00772 * 0.00080
Intercept = -0.580 % 0.297

The values of yL(T) calcaluated from this LSF are
compared to their corresponding experimental values under
the column "First LSF" in Table II. Since the RMSE of theA
above slope is more than 10% of the absolute magnitude of
the slopé, the experimental points No. 7, 10, and 12 were
removed. Another linear LSF was then performed on the
remaining eleven points. The Second LSF yielded

Slope = -0.00787 * 0.00075

Intercept = -0.554 + 0.220
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TABLE II. __SAMPLE CALCULATION OF RUN LD-10
4 FIRST LSF SECOND LSF

EXP CALC EXP-CALC CALC EXP-CALC

sampre Y (7) v, (7) Yy, (7) vy (7) v (7)
1 -0.294039 -0.663129 0.369 —0.688027: .0.394
2 -0.917590 -0.790411  -0.127 -0.806163 -0.111
3 ~0.963767  -0.931827 - -0.032 -0.932176  -0.032
4 -1.169525 -1.051503 -0.118 -1.050313 -0.119
5  -1.357729 -1.308424  -0.049  -1.302338 -0.055
6 -1.609364 -1.516499 -0.093 -1.514984 -0.094

7 -0.600317 -1.981516 1.351 — _—
8 -2.862201 —2.587§57 -0.274 -2.578214 -0.284
9 -3.207041  -2.902441 -0.305 -2.877494  -0.330

10 -4.728409  -3.419253 -1.309 SN
11 -3.332205 -3.721396 | 0.389 -3.696575 0.364
12 -~ -2.666173 ~4.187942 1.522 _ —
13 ~3.401197 -4.436931 i.o36 | 24.413271 1.012
14 -6.040255 -5.243201  -0.797 ~5.295358 - -0.745
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and the values of yL(f) Calculated thusly are arrayed in
Table II under the column headed "Second LSF". The
experimental values of yL(T) are plotted versus time in
Figure 12, and the line drawn is according to the
Calculation of the Second ISF.

| Since €n and k/An are equal to 0.03551 and 0.0374
respectively, Al and Bl are obtained from Table XV as
°0.8411 and 2.2589 respectively.

(1.2922)(2.2589)

(6.762) [-0.00787] = 248

..n
The error on n is assumed to be due to that on the

slope of the linear LSF only. Therefore,

- _ 54.8 0.00075

n (0.00787) = 5.2

Knowing the value of €n and n, € can subsequently be

ascertained:
- £&n _ .0.03551 @ - ;

€ = == = 545 = 0.000647

and. ,
_ (0.00075)

9c = 0.000647 (000767 =  0.000061
Thus

_ 1 _ 1 _

* T T+¥€ = T70.000655 = 0-999352

In ordef to observe the effect of the second—order'
correcfion term of yL(T) in Equation 24, run ID-02 will
~be used as an example.

Since €n and X/An have values of 0.03565 and 0.0400
respectively, values of Al and Bl (from Table XV) as well

as A2 and B2 (from Table XVI) are as follows:
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Al = 0.8428
Bl- = 2.2475
A2 = 0.0877
B2 = 20.4830

Both Equation 21 and Equation 24 are least;squares fit
using the above information.
For the uncorrected fit (Equation 21), the LSF yields
Slope = -0.01335
" Intercept = -0.629.
For the corrected fit (Equation 24), the LSF yields .
Slope = -0.01456
Intercept = ~-0.538
Both the LSF of Equation 21 (aashed line) and the LSF
of Equation 24 (solid 1line) are plotted in Figure 24. It
can be seen that the effect of the second-order term in
Equation 24 is that of an improvement of the fit fo the

experimental points.
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IV. RESULTS AND DISCUSSION

This chapter is comprised of two parts. Section Iv-1,
which follows, will contain the results of the experimental
aspect of this study.and a discussion thereof. 1In the
second part of this chapter, Section IV-2, the cell-model

force field calculations will be developed.

IV-1. Experimental Results of -the Separation Factor as a

Function of Temperature

Results of the mass-spectrometric analyses of the
samples for éllieleven runs are preéentéd in Tables III to
XIII, one table for each distillation run. Tables . XIV(A)
through XIV(D) summarize the calculatibns of the number of
‘theoretical. stages, n, and the separation.factor, € (= a-1).

The headings in Tables III to XIII ‘are self—explanatpry.
In Table XIV(A), the heading "T (O K) from P" was obtained
using Equation 14 and the pressure, tabulated‘under "Pp
(torr) from W-T gauge", fead from the Wallace-Tiernan
differential pressure gauge. Using the Platinum Resistance
Thermometer (PRT) readings, the temperature is additionally
obtained through a calibration traceable to the National
Bureau Qf Standards. The least-squares fit formula .for the

calibration is:
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. TABLE ITT. Data for Run LD-02
NBoiler = 0.011610 Epsilon x n = 0.03565
NInfinity = 0'01203; - QInfinity = 1.0363

1l

Boilup Rate 0.7049 grams/min.

Column Holdup = 6.320 grams

NReading~
0.011784
0.011837
- 0.011871
0.011923
0.011960
0.011995
0.012002
0.012004
0.012016

0.012023

0.012030

0.012027

QReading
1.0150
l.Oi96l
1.0225
1.0270
1.0302
1.0332
1.0338
1.0339
1.0349
i.0355

1.0361

1.0359

yL(r)

uncorr.

"-0.5340

-0.7743

-0.9677

-1.3581
-1.7771

-2.4570

—-2.6664

-2.7356

-3.2962

-3.8710

-5.3763

-4.4600

yL(r)
_corr.

-0.5145
-0.7713

~0.9668

- 21.3603

1.7799
-2.4591
-2.6753
-2.7468
-3:3346
-3.9632

-6.0426

-4.6563

Time
min

17
33
48
62 .

82

- 102

122
152
182
242

302

358
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TABLE IV.
NBoiler = 0.011635 Epsilon x n =0.05377
NInfinity = 0.012277 QInfinity = 1.0552

Column Holdup = 6.421 grams ‘Boilup Rate = 0.7538 grams/min.

‘NReading
0.011815
" 0.011971
0.012076
0.012104
0.012139
0.012169
0.012179
0.012218
0.012227
0.012263

0.012272

QReading
1.0155
1.0289
1.0380
1.0403
1.0433
1.0459‘
1.0468

1.0501 .

©1.0509

1.0540

1.0547

yL(v)
uncorr.

~0.3287

-0.7406
-1.1623
-1.3084
-1.5344
-1.7807
-1.8752
-2.3794
-2.5389
-3.7815

-4.6978

YL(r)
corr.

-0.3017

-0.7371
-1.1595
~1.3109

-1.5372

-1.8796
-2.3871
~2.5526
-3.8255

-4.8552

Time

min.

17
47
62
82
102

122

Data for Run LD-03 o
|
|

153
183
242
302

367
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TABLE V. Data for Run LD-04
Boiler = 0.011855 Epsilon x n = 0.02731
NInfinity = 0.012183 QInfinity = 1.0277

"Column Holdup = 6.234 grams Boilup Rate 0.6313 grams/min.

NReading

~0.011878

0.011932

0.011985
0.012085
0.012125
0.012113

0.012135

- 0.012145

0.012152

0.012180

%

1.0065
1.0110
1.0195
1.0228
1.0218
1.0237
1.0245
1.0251

1.0274

eading
©1.0020

uncorr.

-0.0749
-0.2689

-0.5048

-1.2129

-1.7405
-1.5555
—1.9264
-2.1546

-2.3528

-4.7232

YL(f)

corr.

~0.0502

-0.2604

-0.5020

-1.2079

-1.7326
-1.5445

-1.9218

-2.1554
-2.3590

-4.6944

Time
min.

17
33
a7
92
122
155
182
243
302

405
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TABLE VI. _ Data for Run ID-05
NBoiler = 0.011506 Epsilon x n = 0.05039

Nlnginiey = 0-012101 QInfinity = 1-0517 |

Column Holdup = 6;309 grams - Boilup Rate = 0.8838 grams/min.'A
. | g, (") | yp,(7) Time
NReading QReading uncorr. corr. (min.)

1 0.011710 1.0177 -0.4155 -0.3894 18
0.011787 1.0245 o -0.6319 f";Q:6268 32
0.011844 1.0294 -0.8272 - =0.8349 47
0.0li917 1.0357 -1.1543  ;1.1717 62
0.011958 1.0393 -1.3982 -1.4255 92
0.012032 1.0457 -2.0915 -2.1545 152
0.012072 : 1.0491 -2.8389 -3.0213. 183
0.0i2085 - 1.0503 —3.3310 -3.6160 242
0.012096 - 1.0513 -4.0247 | -4.7791 302
0.012095 . 1.0512 ~ -3.9376 -4.5968 417

0.012100 . 1.0516 -4.4788 . -6.3886 738



TABLE VIT. Data for Run ILD-06
NBoiler = 0.011495 Epsilon x n
NInfinity = 0.012072 QInfinity =

Column Holdup =

NReading
0.011658
0.011752
0.011857
0.011860
0.011945
0.011930
0.012020
0.012030
0.012032

0.012060

6.884 grams

QReading

1.0141
1.0223

1.0314

1.0317

1.0391
1.0378
1.0456
1.0465

1.0467

--1.0491

Boilup Rate.

y.(7)

uncorr.

-0.3299

-0.5890

~0.9840

-0.9976
~-1.5071

-1.3986

-2.3933
-2.5983

-2.6689

-=3.8178

1.0502

y.(r)

corr.

-0.2867
-0.5642

-0.9727

' -0.9942
-1.5108
.=-1.4019

-2.4066 .

-2.6202

-2.6690

-3.8729

-0.04899

0.9861 grams/min.

Time
min.

17
32
49
62 .
87
142
272
302
362

.422
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TABLE VITITI. Data for Run LD-07
NBoilér = 0.011440 Epsilon x n =AO.O4894
NInfinity‘z 0.012014 QInfinity = 1.0502

I}

Column Holdup = 6.473 grams - Boilup Rate = 1.0547.grams/min.

NReading
0.011573

0.011733
0.011788
0.011824
0.011889
0.011944
0.011943
0.011948
0.011970
0.011976
0.012011

0.012008

QReading
1.0117
1.0256
1.0304
1.0335
1.0392
1.0440
1.0439
1.0444
1.0463
1.0468
1.0499

1.0496

yp.(7)

uncorr.

-0.2645

~0.7132

-0.9388

-1.1032

- =1.5242

-2.0996

-2.@859
~2.1568
~2.5696
12.7130
~5.2756

—4.5843

yL(f)
CcOorr.

-0.2217
-0.6844
-0.9171
~1.0980

-1.5224

-2.1035

~2.0899

-2.1630

-2.5684

-2.7150

'~5.2540

-4.5609

Time

- {min.)

17

.31

47

62

94
122
182
212
287
317
437

629




Npoiler

NInfinity
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Column Holdup = 5.765 grams

Nﬁeading
0.011715

0.011821

'b.011985

0.012032

10.012059

0.012091
0.012101

0.012125

1 0.012154

0.012165
0.012197
0.012203

0.012210

Q'Reading

1.0128

1.0219

1.0361
1.0402
1.0425
1.0453
1.0461
1.0483
1.0508
1.0517
1.0545
1.0550

1.0556

TABLE IX. Data for Run LD-08
= 0.011567 Epsilon x n

Boilup Rate

y.,(7)
uncorr.

-0.2609

-0.4995

-1.0426

~1.2788

-1.4375

-1.6734

-1.7576
-2.0052
-2.4163

-2.6226

- -3.7864

-4.2968

-5.8002

0.05427

= 1.0558

= 0.5051 grams/min.

y7,(7)

Time
corr. (min.)
-0.2187 20
-0.4743 35
-1.0318 62
' 1.2725 92
-1.4378 122
-1;6731v 152
~1.7596. . 182
-2.0033 212
' -2.4088 244
-2.6191 302 .
© =3.7612 - 350
-4.2720 390
-5.7761

752
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TABLE X. Data for Run LD-09
NBoilér = 0.011456 Epsilon x n = 0.04490
NInfinity = 0.011982 ' QInfinity = 1.0459

Column Holdup = 7.282 grams Boilup Rate = 1.4197 grams/min.

-6.2824

A y(7) yr,(7) Time
NReading QReading uncorr. . corr. (min.)
0.011473 1.0015 -0.0334 -0.0224 18

1 0.011616 1.0140 -0.3650 ~0.3599 32
0.011710 1.0222 ~0.6618 -0.6590 49
0.011906 1.0393 ~1.9327 ©-1.9342 62
0.011917 1.0403 ~2.1000 -2.0909 94
0.011943 1.0425 ~2.6005 ~2.6017 122
0.011959 1.0440 -3.1542 ~3.1298 188
0.011960 1.0441 -3.1985 ~3.1743 226
0.011970 1.0449 -3.8050 ~3.7804 252
0.011977 1.0455 -4.6819 ~4.6559 304
0.011980 1.0458 - -5.6005 -5.5722 364
0.011981 1.0458 -6.2653 422
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TABLE XI. Data for Run LD-10
NBoilér = 0.011622 Epsilon x*n = 0.03551
NInfinity = 0'012042 QInfinity = 1-0361

1.2922 grams/min.

Column Holdup = 6.762 grams Boilup rate

N . o yp,(7) YL(’) Time
. Reading QReadlng uncorr. - corr. (min.)
0.011740 1.0101 -0.3279 -0.2940 | 17
.0.011878 1.0220 . —6;9407 -0.9176 32
0.011883 1.0225 -0.9709 -0.9638 48
0.011912 1.0250 ° -1.1743 ' ~1.1695 63
0.011934 1.0268 -1.3552. -1.3577 95
0.011958 1.0289 -1.6104 -1.6094 122
0.012018 1.0340' -2.8466 ~2.8622 257
0.012025 . 1.0346 -3.1744 -3.2070 295
0.012027 1.0348 -3.2929 -3.3322 399
0.612028 1.0349 -3.3574 -3.4012 490
0.012041 1.0361 - ~-6.0654 -6.0403 602
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TABLE .XTI. Data for Run ID-11

= 0.011726 Epsilon x n =. 0.04456

NBoilér
= 1.0456

= 0.012260 0

NInfinity Infinity

]

Column Holdup = 7.289 grams Boilup Rate 0.3927 grams/min.

-6.3085

_ y.(7) Y (7) Time
~NReading QReadina uncorr. corr. (min.)
0.011906 1.0154 ~0.4108 -0.3808 18
'0.011980 1.0217 ' -0.6459 -0.6331 32
0.012078 1.0301 -1.0797 ~1.0715 49
0.012177 1.0385 -1.8628 _1.8612 93
10.012218 1.0420 ~2.5443 ~2.5427 167
0.012220 1.0422 -2.5921 _2.5915 208
0.012243 1.0442 -3.4719 23.4472. 243
0.012252 1.0449 -4.2261 -4.2010 303
0.012255 1.0452 -4.6944 | -4.6710 373

. 0.012253 . 1.0450 -4.3593 -4.3345 413
©0.012255 1.0452 ~4.6944 -4.6710 517
0.012259 1.0455 ~6.2804 654
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TABLE XITI. Data for Run LD-12

= 0.011701 Epsilon x n =0.04276

NBoilér

= 0.012212 0 = 1.0437

Nynfinity Infinity

Column Holdup = 7.219 grams Boilup Rate = 1.1930 grams/min.

NReading
0.011776

- 0.011934
0.012026
0.012035
0.012080
0.012131
0.012159

0.012167

0.012190

0.012187
0.012192
0.012201

0.012211

QReading

1.0064
1.0199
1.0278
1.0286
1.0324
1.0368
1.0392
1.0399
1.0418
1.0415
1.0419
1.0428

1.0436

. (7)

uncorr.

-0.1582

-0.6084.

~1.0087
-1.0625
-1.3558
-1.8423
-2.2722
-2.4324

-3.1253

-3.0029 .

-3.2163

-3.8621

-6.2548

YL(r)
CcOorr.

-0.1314

-0.6050

~1.0086

" =1.0600

-1.3535
-1.8419
-2.2661
-2.4297
-3.1453
-3.0175
~3.2406
-3.8385

-6.2364

Time
17
49
62
92

122
193
222
274
302
362
435
487

632




P.(ﬁofr)

Run No. . ' from W-T T (d K)

qauqe from p
LD-11 93t11 161.2%0.9
LD-08 ' 153%f11 © 167.3%0.9
1D-04 | 265713 '174}7to.8“
LD-02 366111}' i79.3t674
LD-03 428#12 181,7%0.7. .
1D-05 se2t16 186.8%0.5
LD-06 - 730%f14 190.4%0.5
'LD-07 §4G£291 :i93;p10,7
Ib-12 AlOlEiéé ~ 196.5%0.5 -
' Lp-10 '1225¢3Qi 200.2%0.5
Lb-oé 1497%38

1 204.6%0.5 .

PRT
ohms

55.4%0.5

57.9%0.4

61.0X0.3

62.8%0.3
. 63.8%0.2

65.9%0.2

67.310.3

68.1%70.3
-~ 70.0%0.2
"71.4%0.3

.72.7%0.2

T (° K)

from PRT

161.1tQ.9'f

167.2%0.8

1174.9%0.6
179.3%0.6
181.8%0.4 -

 187.0%0.5

199.5to.6

192.5%0.5

197.2%0.3
200.6%0.5

1 204.0%0.3

"TABLE XIV(A).' fSummary of Distillation Data for Halocarbon 23

"Column

Boilup

7.282

.Holdup Rate
(q) (a/min)
7.287 0.3927
5.765 oksdsi‘"
6.234 0.6313
' 6.320 o.io49
_'6.421; 0.7538
j6.30§ A ? 0;8838 '
6.884 :0.9561
6.473 ' 1,9547
 f.219 1 1.1930
6.762 1.2922




,TABLE XIV(B).- Summary of Distillation‘Data for Halocarbon-23

Run No.

k/An

Epsilon x niv Ay

LD-11 0.0347 004456 8400
LD-08 0.0439 0.05427 8466
ID-04 . 0.0406 0.02731 8425
1D-02 .0.0406A 0.03565 8428
1D-03  0.0394  0.05377 8438
1D-05 0.0401 6;05039 | 8440

| LD¥66 0.0365 .0}64899_ 8417
Lnfoi‘ 0.0391 '0.04894 8@32
1D-12 0.0350 0;04276." 8400

 1D-10 0.0374  0.03551 8411
1D-09 0,0347A . 0.04490

2.2621
2.2132
2.2528
2.2475‘
2.2330

'2.2331

2.2489

2.2389

2.2625 "

2.2589

2.2618

0.0872

0.0859

0.0884

0.0877

0.0862
0.0865
0.0868

'~ 0.0866

0.0874

0.0879

0.0872

,B2

20.6734

- 20.3046

20,4757

20.4830

©20.4741

20.4531

©20.5898

20.4764 .

20.6650

120.5846

20.6547 -




TABLE XIV(C). Summary of Distillation DataAfor Halocarbon-23-

~Negative of Slope

Negative:of

Negative.of Slope .

Negative of

.01432

308.

Run No. of LTK (uncorr). Intercept. of LTK of LTK (corr) Intercept of LTK
(min™ ") (uncorr) (min ~1) (corr.)

- LD-11 Ab.00é83 t0.00072 . 0.813 *0.232 .008softo.ooo72 0.803. *0.233
ILD-08 - 0.00781 t0.00054 ; 0.470 tdfl60 .oo78Q'to.oooé4 " 0.459. *0.160.
LD-04 10.01019 td.00108 0.022 Z0.214 .01018 *0.00202 0.014..%0.144
ID-02  0.01335 *0.00128 . 0.629 *0.225 AQ1456.t0i05135 0.538 *0.214

ID-03  0,01151 *0.00161 ~ 0.254 0.114 ;91;88 £0.00116 0.216. *0.100
LD-05 o(ooa7b’to.boo§94 0.838 't6{289i;  .00814 £0.00080 0.820 *0.271 -
LD-06 Oqu?lé_fOfOOOSBU 70.482. *0.131 .0072§-to.00961. 0.459 %0.138
LD;Q7 : '0.60749 to.boogl 0.645. *0.247 .00750 to.odo72 0.634 io.zgs
ID-12° 0.00842.id.06057 0.218 *0.176. .00842 *0.00056  0.215 *0.175.
LD-10 0.00781‘i0.00077, 0.564 10.225 .;QQ787 Y0.00075. '0.554j Z0.220
LD-09 '0.01438.f0160092 0.311/ *0.204. 0.00094 0. 5410.2064

89— .




-TABLE- XIV(D). Summary of Distillation Data for Halocarbon-23

. S Holdup
"Run No. n (gncorr) e(gncorr) ‘n (cprr)_ e (corr) per Stage
 LD-11 13.7 *1.1. 0.00323. *0.00026 . 13.8 1.1 0.00322.‘foL0002é,1 0.527
Lﬁ—08~ '24.é.i177. 6?00218; to.ooois 2§.8,ti.7; 0.00218. fo.oopls, N 0.23
LD-04 22.3 té,3" ..0.Q0122  $0.00012' 22.3 i2.2 Q.Qolzz fo,000124 0.278
LD-02 18.7 tl.s'- 0.00189 - *0.00018 17.2;t1;5 o.dozo73 T0.00019. 0.367.
1D-03 22.7,&12.1, 0.00236 "*0.00125 . 22.0 *2.1 0.00243 %0.00023" 0.290
1D-05 35.5-&3.6 , 0.00141< 0.00014 35.7 *3.5 ,<0.06140 +0.00014( 0;176
4 Lpfoé 46.1 3.7 6.qoios Ato!boboszl 44.2 3.7 0.00110 idfoooog‘ 0.155
: 1p-07 :43;6ft5.9 d.qoioo:»to;ooolz\ 48.6 £4.6 _o;ddloo. ﬁo;ooooé 0.133"
ID-12 - 44.4 3,0 0.00096 +0.00006. 44.3°*2.9.  0.00096 £0.00006 0.162
- LD-10 55.2 5.4 0.00064 to.Qooos. 54;8;i5.2; .Q.oooe4  ib{00006  0.123-
”.LDQog 30.6 *1.6 0.00146 £0.00008: 36.7wtz.oL 0.00145: +0.00009 "0;236;_




TABLE XV. First Order Term Kinetics Parameters Al'and‘B

1
i . 'k/kn _ '
en. - _0.035 _0.036 _0.037 _0.038 _0.039° _0.040 _0.041 _0.042 ' 0.043 _0.044-
0.027 A= 0.8387 0.8394 0.8401 0.8407 0.8414 0.8421 0.8427 0.8434 0.8440 0.8447

= 2.2776 2.2732 2.2688 2.2644 2.2601 2.2557 2.2514 2.2470 2.2427 2.2384

- .0.028 = 0.8388 0.8395. 0.8402 0.8408 0.8415 0.8421 0.8428 .0.8435. 0.8441 0.8447
. B= 2.2766 “2.2722‘ 2.2678 2.2635 2.2591 2.2548 2.2504 2.2461 2.2418 "2.2375

1 0.029 A= 0.8389 0.8396 0.8402 0.8409 0.8416 0.8422. 0.8429 0.8435 0.8442 0.8448
B=  2.2757 2.2713 2.2669 2.2625 2.2581 2.2538 2.2495 2.2451 2.2408 2.2365

0.030° A=  0.8390 0.8396 "0.8403 0.8410 0.8416 0.8423 0.8430 0.8436 0.8443 0.8449
B=  2.2747 2.2703 2.2659 2.2616 2.2572 2.2529 2.2485 2.2442 2.2399 2.2356

0.031 A= 0.8391 . 0.8397 0.8404 0.8411 0.8417 0.8424 0.8430 0.8437 0.8443 0.8450
= 2.2738 2.2694 .2.2650 2.2606 2.2562 .2.2519 2.2476 2.2433 2.2389 2.,2347

0.032 A= -0.8391 0.8398 0.8405 0.8411 0.8418. 0.8425 0.8431 0.8438 0.8444 O0.8451
. B= . 2.2728° 2.2684 2.2640 2.2597 . 2.2553 2.2510 2.2466 2.2423 2.2380 2.2337

0.033 A= 0.8392 0.8399 0.8406 0.8412 0.8419 0.8425 0.8432 0.8438 0.8445 0.9451
B=  2.2719 2.2675 2.2631 2.2587 2.2543 2.2500 2.2457 2.2414 2.2371 2.2328

0.034 A=  0.8393 0.8400° 0.8406 0.8413 0.8420 0.8426 0.8433 0.8439 0.8446 0.8452
B= | 2.2709 2.2665 2.2621 2.2578 2.2534 2.2491 2.2447 2.2404 2.2361 2.2318

0.035 A= 0.8394 0.8400 0.8407 0.8414 0.8420 0.8427 0.8433 0.8440 0.8446 0.8453 -
B=  2.2699 ' 2.2656 2.2612 2.2568 2.2524 2.2481 -2.2438 2.2395 2.2352 2.2309

0.036 A= 0.8394 0.8401 0.8408 0.8415 0.8421 0.8428 0.8434 0.8441 0.8447 0.8454
' B=' 2.2690 2.2646 2.2602 2.2559 2.2515 2.2472. 2.2428 2.2385 2.2342  2.2299




T en

0.037.

0.038

0.039

0.040

0.041

0.042

0.043 .

0.044

0.045"

0.046

TABLE XV. (Continued)

2.2507

2.2464

2.2420

2.2291

2.2248

. _k/An ‘

0.035 . _0.036 _0.037 _0.038 _0.039 -_0.040 0.041 _0.042 _0.043 0.044
0.8395 0.8402° 0.8409 0.8415 0.8422 0.8428' 0.8435 0.8441 0.8448. 0.8454
2.2680 2.2636 2.2593 2.2549 2.2506 2.2462 2.2410 2.237€ 2.2333 2.2290
0.8396 0.8403° 0.8409 0.8416 0.8423 0.8429 0.8436 0.8442 0.8449 0.8455"
2.2671 2.2627 .2.2583 2.2540 2.2496° 2.2453 2.2409 2.2366 2.2323 2.2280:
0.8397 -0.8404 0.8410 0.8417 0.8423 0.8430 0.8437 0.8443 0.8449 0.8456
2.2661 2.2617 2.2574- 2.2530 2.2487 2.2443 2.2400 2.2357 2.2314 .2.2271
-0.8398 0.8404 0.8411 0.8418 0.8424 1 0.8431° 0.8437 . 0.8444 0.8450 0.8457
2.2652  2.2608 2.2564 2.2521 2.2477 2.2434 2.2391 2.2347 - 2.2304 2.2262
0.8398 0.8405 0.8412 0.8418 0.8425 0.8432 0.8438 0.8445 0.845] 0.8457
2.2642  2.2598 2.2555 2.2511 2.2468 2.2424 2-2381 2.2338.2.2295 '2.2252
0.8399 0.8406 0.8413 0.8419 0.8426 0.8432 0.8439 0.8445 0.8452 0.8458
2.2633 '2.2589 2.2545 2.2502 2.2458 2.2415 2.237 2.2329 2.2286 2.2243
0.8400 ° 0.8407 0.8413 0.8420 0.8427 0.8433 0.8440 0.8446 0,8453 0.8459
2.2623 ©2.2579 2.2536° 2.2492 2.2449 ©2.2405- 2.2362 © 2.2319 2.2276 2.2233
0.8401 0.8407 '0.8414 ' 0.8421 0.8427 0.8434 0.8440 0.8447 0.8453 0.8460 .
2.2614  2.2570 2.2526 2.2483 2.2439  2.2396 2.2353 2.2310 2.2267 2.2224 ° -
0.8402 0.8408 0.8415 0.8422 0.8428 ©0.8435 .0.8441 0.8448 0.8454  0.8461
2.2604 2.2560 2.2517 2.2473 2.2430 2.2386 2.2343  2.2300 2.2257 2.2215
10.8402 0.8409 0.8416 10.8422  0.8429 0.8435 0.8442 0.8448 0.8455 0.8461
2.2595 ' 2.2551 2.2377 2.2334

2.2205

1‘TL;




€n

0.047

0.048

0.049

0.050

0.051

0.052

0.053

0.054
0.055

0.056

TABLE XV. (Continued)

N O

2‘

2.2240

K/an’ . _
0.035 _0.036 _0.037 _0.038 _0.039 _0.040 0.041 0.042 0.043 _0.044
£ 0.8403 0.8410 0.8416 0.8423. 0.8430 0.8436 0.8443 0.8449 0.8456 O.8462
2.2858 2.2541 2.2498 2.2454  2.2411 2.2368 2.2324 2.2281 2.2239 2.2196
0.8404 0.8411 -0.8417 0.8424 0.8430 0.8437 -0.8443 0.8450 0.8456 0.8463 .
2.2576 2.2532 2.2488 2.2445 2.2401 2.2358 2.2315 2.2272 2.2229 ‘2.2186
0.8405 0.8411 0.8418 0.8425 ~0.8431 0.8438 0.8444 0.8451 - 0.8457 0.8464
£ 2.2566 2.2523° 2.2479 2.2435 2.2392 2.2349 2.2306 2.2263 2.2220 2.2177
0.8405 0.8412 0.8419 0.8425 0.8432  0.8439 0.8445 0.8451 0.8458 0.8464
2.2557 2.2513 2.2469 2.2426 2.2382 2.2339 2.2296 2.2253 2.2210 2.2168
0.8406 0.8413 0.8420 0.8426 0.8433 0.8439 0.8446 0.8452 0.8459. 0.8465
2.2547° 2.2504 2.2460 2.2416 2.2373 2.2330 2.2287 2.2244 2.2201. 2.2158
0.8407 0.8414 0.8420 0.8427 0.8434 0.8440 0.8447 0.8453 0.8459 0.8466
2.2538 2.2494 2.2450 '2.2407 2.2364 2.2320 2.2277 2.2234 2.2191 2.2149
0.8408 0.8414 0,8421 0.8428 0.8434 0.8441 0.8447 0.8454 0.8460 0.8467
2.2528 2.2485 2.2441 2.2398 2.2354 2.2311 2.2268 2.2225 2.2182 2.2139
8409 0.8415  0.8422 0.8428 0.8435 0.8442 0.8448 0.8455 0,8461 0.8467
2519 2.2475 2.2432 2.2388 2.2345 2.2302 2.2258 2.2216 2.2173° 2.2130.
0.8409 0.8416 0.8423 0.8429 0.8436 0.8442 0.8449 0.8455 0.8462 O.8468
©2.2509 2.2466 2.2422. 2.2379 2.2335 2.2292 2.2249 2.2206 2.2163 2.2121
0.8410 0.8417 0.8423 0.8430 0.8437 0.8443 0.8450 . 0.8456 0.8463. 0.8469
2.2500 2.2456 2.2413 2.2369 2.2326 2283 2.2197 2.2154 2.2111

. TCL-




€n
0.027

0.028

0.029

0.030

0.031

'0.032

0.033
.0.034
0.035

- 0.036

Aﬁ:

TABLE XVI.

Second Order Term Kinetics Parameters A

20.6017

20.4468

20.4112

20.3755

ahd BZ.
k/An’ .
0.035 _0.036_ _0.037 _0.038 _0.039 .0.040 _0.041 _0.042 0.043 _0.044
0.0885 0.0885 0.0885 0.0884 0.0884 0.0884 0.0884 0.0883 0.0883 0.0883
20.6977.20.6579 20.6180 20.5782 20.5374 20.4976 20.4629 20,4273 20.3916 20.3560
0.0885  0.0884 0.0884 0.0883 0.0883 0.0883 0.0883 0.0882 0.0882 0.0882
20.6958 20.6560 20.6162 20.5764 20.5366 20.4968 20.4611 20.4255 20.3898 20.3542
0.0884 0.0883 0.0883 0.0882 0.0882 0.0882 0.0882 0.0881 0.0881 0.0881
20.6940 20.6542 20.6144 20.5746 20.5348 20.4950 20.4593 20.4237 20.3880 20.3524
0.0883 0.0883 0.0883 0.0882 0.0882 0.0882 0.0882 0.0881 0.0881 0.0881
20.6922 20.6524 20.6126-20.5728 20.5330 20.4932 20.4575 20.4219 20.3862 20.3506
0.0882 0.0882 0.0882 0.0881 0.0881 0.0881 0.0881 0.0880 0.0880 0.0880
20.6904 20.6506 20.6108 20.5710 20.5312 20.4914 20.4557 20.4201 20.3844 20.3488
0.0881 0.0881 0.0881 0.0880 0.0880 0.0880 0.0880 0.0879 -0.0879 0.0879
20.6886 20.6488 20.6090 20.5692 20.5294 20.4896 20.4539 20.4183 20.3826 20.3470
0.0881 0.0881 0.0881 0.0880 0.0880 0.0880 0.0880 0.0879 0.0879 0.0879
20.6867 20.6469 20.6072 20.5674 20.5276 20.4878 20.4521 20.4165 20.3808 20.3452
0.0880 0.0880 0.0880 0.0879 0.0879 0.0879 0.0879 0.0878 0.0878 '0.0877
20.6849 20.6451 20.6054 20.5656 20.5258 20.4860 20.4503 20.4147 20.3790 20.3434
0.0879 0.0879 0.0879 .0.0878 ~0.0878 0.0878 0.0878 0.0877 0.0877 0.0877
20.6831 20.6433 20.6036 20.5638 20.5240 20.4842 20.4486 20.4130 20.3773 20.3417
 0.0878 0.0878 0.0878 - 0.0877 0.0877 0.0877 0.0877 0.0876 0.0876 0.0876
20.6813 20.6415 20.5619 20.5222 20.4824

20.3399



en

0.037
0.038

0.039

0.040

0.041

© 0.042

0.043

0.044

0.045

0.046

TABLE XVI. (Continued)

K/An

0.

035

.036

.037

.038

0

.039

. 040

0.041

0.042

.043 -

0.044

1 0.0877
20.

6795

.0877
.6776

.0876
.6758
.0875
. 6740

.0874
L6722

.0873
. 6704

.0872
.6686
.0871.
.6668
.0871
. 6650

.0870
6632 .

.0877
6397

.0877
.3678

.0876 -
.6360

.0875
. 6342

.0874
.6324
.0873
.6306

.0872
.6288

.0871
.6270
.0871
.6252

.0870
. 6235

.0877 .
.5999

.0877 .
.5981

.0876
.5963

.0875
.5945

.0874
.5927
.0873
.5909

.0872
.5891

.0871
.5873

.0871
.5855

.0870
.5838

.0876
.5601

.0876
.5583
.0875
.5565

.0874
.5547
.0873
.5529

.0872
5511

.0871
.5493

.0870
.5475
.0870
.5457

.0869
.5440 .

0.

20

0876
.5204

.0876

.5186

.0875
.5168

. 0874

. 5150 -

.0873
.5132

.0872

.0871
.5096

.0870

.5078

.0870
.5060

.0869

.5043

.0876
.4806

.0876
.4788

.0875
.4770
.0874
.4752°

0873
.4734

.0872
.4616

.0871
. 4698

.0870.
. 4681

.0870
. 4663

. 0869
. 4645

.0876
. 4450

.0876
. 4432

.0875
.4414

.0874
.4396

.0873
.4378

.0872
.4359

.0871
.4340.

.0870
.4322

.0869
.4303

.0868
.4284

.0875
.4044

.0875
.4076

.0874
.4058-

.0873
.4040

.0872
.4021

.0871
.4001

.0870
. 3982

.0869
.3962

.0868
. 3943

.0867
.3424

.0875
.3737"

.0875
.3719

.0874
.3701

.0873
.3683

.0872
.3663

.0871
.3643

.0870
.3622

.0869
. 3602
.0868
.3582

.0867
. 3562

.0875
.3381
.0874
.3363

.0873
. 3345

.0872
.3327

.0871
.3306

.0870
.3285

.0869
.3264

.0868
. 3243

.0867
.3222

.0866
. 3201




3!
0.047

0.048

0.049

0.050
0.051
0.052
0.053
 0.054

O.Q55

" 0.056

TABLE XVI. (Continued) -

X/An

0.035

0.036_

0.037

0.038

0.

039

0.040

0.0869
20.6614

. 0.0868
20.6596

0.0867
20.6578

0.0866

20.6560

0.0865
20.6542

0.0864
20.6524

+ 0.0864

20.6506

0.0863

20.6489

0.0862
20.6471

0.0861
20.6453

- 0.0869

20.6217.

0.0868
20.6199

0.0867 .

20.6181

0.0866

20.6163

0.0865

20.6145

0.0864
20.6127

0.0864
20.6109

0.0863

20.6092

0.0862
20.6074

0.0861
20.6056

0.0869
. 5820

0.0868
. 5802

0.0867
.5784

0.0866
.5766

-0.0865
.5748

0.0864
20.5730

'0.0864
20.5712

0.0863
20.5695

0.0862
20.5677
0.0861
20.5659

0.0868
20.5422

0.0867
20.5404

0.0866 .

20.5386

0.0865
20.5368

0.0864
20.5350

0.0863
20.5333

0.0863
20.5315

0.0862

20.5298

0.0861
20.5280

0.0860

20.5262

0.

20

0.
20.

0.
20,

0

0.

20

0.
. 4936

20

0.
.4918

20

0.
20.

0.
20.

0

0868

.5025

0867
5007

0866
4989

.0865
20.

4971

0864
4953

0863

0863

0862
20.4504

4901

0861
4883

.0860 °
20.

4865
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o . -0.59608 ' ~
T (7 K) —m')- 31.028 + 2.279R |
+ 2.432 x 1of1R2 - 4.9494 x 107R> (28)

. The discrepancy between the two temperature'réadings
.is an indicaﬁion of the reiiability of the Wallace-Tiernan .
‘gauge, which 1s excellent. In'Tablé XIvV(D), the last |
column, entitled "Holdup~per~stage (g)" is an indication
of the degree oflwetness 6f the column packing.‘>
The data of Tables IIT to XIII have been plotted .in
'Figures'13 to 23, one figure for each distillation run.
Thesé figures“are the plots of the dveréll'éeparétiOn; q;‘
as a function of'time; t, "and the solid lines through the
figurés correspond to the second—order corrected lQng4timé
_ kinetics; Equation 24. | .
| The data from’runsALDQOZ,'LDfO3,"LD—O6,'ahd‘LD—lO have
been plotted in Fighres 24 to 27 respectively in order to .
demdnstrate the effect of the second-order cor;éction term
.of Equation 24, In each.pf these figures, the éolid line |
represents ﬁhe solution of the second-order cofrected o ' .
Equation 24, while the dashed 1line representsAthe first- i
ordér“solution, Equatioﬁ 21; The4effect is obséfyablé only _ |
within app:oximateiy~the first iOO minutes of each | !
distillation run, since the'éecond term in the left-hand
side of Equation 24 becomes insignificant for-léfge values -
of 7, which is equal to*t/xnz.
.:The mass spectrométrib analyses of these distillétion
experiﬁents indicates that all the déta attests_tb the-

inverse vapor pressure isotope effect.




FIGURE 13. SEPARATION AS A FUNCTION OF TIME, RUN-02

. 1.04

q

- SEPARATION ,

OVERALL

1.02

1.0

-77-

1.03

100

200

TIM'El, (mm)

,.300 

(400




'FIGURE 14.ASEP'ARATION AS A FUNCTION' OF "TIME, RUN Lb-03
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FIGURE 15. SEPARATION AS A FUNCTION OF TIME, RUN LD-04
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" FIGURE 16. SEPARATION AS A FUNCTION OF TIME, RUN LD-05
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- FIGURE 17, SEPARATION AS A FUNCTION OF TIME, RUN LD-06
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" FIGURE 18. SEPARATION AS A FUNCTION' OF TIME, RUN LD-07
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- FIGURE 19." 'SEPARATION ‘AS A FUNCTION OF TIME, RUN -LD-08
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FIGURE 20. SEPARATION AS A FU‘NCTION OF 'TIME, RUN LD-09
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FIGURE 21. SEPARATION AS A FUNCTION OF TIME, RUN LD-10
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FIGURE 22, SEPARATION:AS A FUNCTION OF TIME, RUN LD-11.
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FIGURE 23. SEPARATION AS A FUNCTION.AOF TIME, RUN LD-12.
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FIGURE 24. SECOND ORDER CORRECTION OF yr) LD -02
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FIGURE 25. SECOND ORDER' CORRECTION OF Y, LD-03
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FIGURE 26. SECOND ORDER CORR ECTION OF Y (r), LD-06
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The results on € summarized in Table XIV(D) were

least~squares fit to two functional forms:

>

P _ B »
: P’ ; A’ v .: - ' = '
zn<P,) = 5 B' - ) | (29)
‘where P' and P are the vapor pressures of the 12CHF3 and
13CHF3 molecules respectively, so that
£n<§—> ~ tn o0 = 4n (1 + €) =~ €. . (30)
| (10)

'Equatioﬁ'il is Bigeleisen's first—order appfoximation
for the relative vapor pressuﬁes of ‘the isotopic molecﬁles
under the assumptith'bf the Born—oppenheimér approximation,
_harmonic potentials, and the iiquid cell model. Acchding
to‘this theory, A represents thé iéctopic difference ‘in

the first quantum cofrection’for.the:loose'external-
oscillations of liquid molecuies,’andAB représents the
isotdpefeffect in thetShift of the zero—péint energy ﬁpon

condensation. Both A and B are positive according to this

approximation.(38) .
13 12 L :
For CHFB/ CHF3, it has been found that
A = 217 T 66 | :
+ . (3la:b)'
B = 0.89 I 0.36
-and ' _
A' = 1.49 t 0.38 :
: : L 3 (32a,b)
B' = (6.49 ¥2.06) x 10

The. errors quoted in-Equations 31 and 32 are the root-mean-
squares deviation of the experimental points’ around the

-least- squares fit curve. Figure 28 dépictslthe comparison




87 3¥NOI4

’.,

L1 s [(%H?u)d/(cﬂHDsz]“K

- x 103

4.0¢




of these 1éast—squares fits obtainable by the two functional

' 'fofms, Equation 11 (curve TI) and Equation 29 (cﬁrve II) as
a function of 1/T, and Figuré 29 represents Equation Il
(solid liné) and Equation 29 (dashed l1line) plotted as a .
function of T. Aside from the physical meahing that may be
'attached to the constants A and B, EquétiOn 11 is able to .~
account for the existence of-cufvature iﬁ the plot of

: £nA(P'/P) vs 1/T,:Eigure 28.

| The ratio of A to A" is 145, while the ratio of B to
'B' is i37. Therefore, the functional form of Equation 29
can be thought of as a variatibn of Equatioh 11 in which

-A/T

- is set equal to a constant A' and B/Tav'is set equal

to B'. However, there is little difference between the line
. given by Equations 11 and 31 and the one'fepresented by *
Equations 29 and- 32, as seen in. Figure 28.

(12)

Bigeleisen, Cragg, and Jeevanandam reported. that,
13,.,12 : . ‘. . ; A +
for the C/~°C sffect in liquid methane, A = 93.8 I 6.1

and B = 0.535 ¥ 0.06, according to Equation 11." The value
13

CHE3/12CHF3'is considerably greater
13 '

of A = 217 * 66 for.

than A = 93.8 * 6.1 for CH4/12CH4; ' This must be due to

.the~larger intermolecular forces in the pola_r‘CHF3 iiquid.
In order to further investigate the intermolecular
forces in the liquid CHF3, a cell-model calcdiation has

been performed to feproduce the observed vapor pressure

isotope effect in 13 3

the Bigeleisen-Stern-Van Hook-Wolféberg’theory. The result

CHFB/lZCHF within the framework of

is presented in the next section,.Section IV-2.
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IV-2. Cell Model Calculations

The utility of the cell'model lies in the fact that,
under the harmonic force field assumptions, all degrees of
freedom of a liquid molecule can be treated by the standard

* . method of normal'cdordihate analysis. "Wilson's F G matrix
d(29)

metho provides a mathematical procédure necessary for ’
sﬁch’molécular vibration problems;A'In this section, fhis.

F G matrix method and its application to high speed

+ . computer p;égramming o;iginally developed by
thachtséhnéider and Snyder(Bl) will first be described.
The.appliqatiod of fhe method to the pfeseht éroblem of
‘ géseous and liquid trifluoromethane for the.purpose'of
fitting the“E,matices‘to observed vapor_preééuré isotope
effect:as well as the internal frequenbies will be

pfésented in the latter subsections.

A) Wilson's F G Matrix Method

Wilson's F G matrix method is based on classical
mechanics.  If (ql, dy ...‘qf) is a cohplete éét of f:‘
'codrdinates,sﬁhéré‘f is the dégree of fréedom of a moleéular
system (f may be'3N, 3N-5, or 3N-6),. the potential‘énergy
V can be expfessed in thé form of aﬁ f—dimensiopal Taylor

expansion:
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. f _
V=V +~}E:<af ) 2{:}{:( ' ) q.
o 4 d . oq; 8q i95
. L= =1 =1
A+ (hlgher terms),A ’ L (33)
where the subscript "o" refers to the value of‘the,
appropriate function at the'otigin. In isotope effect.
studiee, the origin is chosen to be at the minimum”of the
pOtentialjfhhction. Then? vV, = 0 and (%%j =0 for.ell'i.
~In.thehharmonic approximation, the "(higheroterms)" of
Equation 33:Vanish. .Thus ' . : - o
2V = ZZ(aq aq)qu' - (34
=1 = ' v -

Qt - - . ' | ' | |
2V szu S - (35)
SETIET : o

. f(o7v : : : ,
fijl = .<qu8qj>o - | . 4“(36)

.The kinetic energy T in .cartesian coordinates -is

where

3N O 2 . . . .
L - e . o Cagy
2T = E m. q, ‘ (37)
. \ Sz : ' : S
where mi is the atomic mass- a38001ated with-the i-th:
cartesian coordinate qi .. If the coordlnate transformation
between this coordinate and-a.system of internal
coordinates q is .given by , . .
C : . - S
. .= . . : : 38)
9 Z quJ F | R S

'then the expre881on for the klnetlc energy ‘in the new

coordlnate system‘w1ll become



s Emi(zalﬁ»z‘.

S :§ :E : i 13 lquqk .
(z :mi»aijaik> q59%

ML
M

|- k Yi=1
- Z ik 9%
i .k : .
or . - | l - S
- ff 1} : ' S
ZT = 5 E gij qiqj , T ; ‘(‘39)
=1 i:] ' . : . . . : ‘ : )
where
N N S g
| iy 0 T Z mi2iidik oo
-and gij_l 1s the (13) element of Wllson S klnetlc energy

matrix, QflJ

Application of the Lagrangién equation of motion,

d [aT Vv _ T
dt (aq‘_) (aq ) = 0, L (41).
i . -
to -the present preblem leads to

E ' gij—l”' * E: fquJ = 0 . ' - (42)
Since of 1n£erest 1s a. sét of solutlons of q; of Equatlon 42

1n a partlcular form in which . every part of .the molecule

oscillates in unison, the follow1ng is substltuted:
qJ = Ajsin 2mvt, [ J =1,2,.0...,f ] . . (43)

© into Equation 42, which then becomes

Z (£,.-Ag,. ) A, = 0 [i=1,2,...£] (44)
i:] ’ : oL




s ard? L 4aPc2.2 | n (45)

The'nqn—triVial solution of the simultaneous linear
Equations 44 exist if and only if the following secular

equation is satisfied:

IE - xg‘ll = 0, o R (46)
. where o .
o1 Too - fof
E =S (47)
fe1 fe2 Tre
and -
' S RS, | -1
911 912 91¢
-1 -1 -1
921 992 9of
g-l = (48)
1 4_;1- | 1
9¢1  Y9g2 v 0+ gy

The force}constant‘matrix.E ean be defined for a gas
'moleeule'with'f = 3N-6 or 3N-5 and for a'liquidAmolecule
4with f = 3N.p The present purpose is to flnd such FE matrlces
whlch best reproduce the observed vapor pressure isotope

effect as well as the spectroscopically observed internal
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frequencies. The kinetic energy"matrix G‘-l is- fixed as
soon as the molecular geometry and the atomlc masses are i
known. The secular Equatlon 46 can be alternately solved

by solving elther

F - a1l = o. - (50)

o)

Bl TheASchachtschneider and'Snyder Program .

~ The Schachtschneider and Snyder program'consists of
‘two parts. The first part calculates tne G matrifoor'
every’isotopic molecule, given the molecular geometry and’
the atomic masses. The second part.solves tne secular
equation'after reading in tne G matrix calculated in the
first part;ias well as an fvmatrix.'>The lshldaéBigeleisen
modification of the second part also calculates:thebvapor
pressure 1sotope effects and several contrlbutlons to it

(32) All calculatlons were

at varlous temperatures
Aperformed through the use of an IBM 370/168 computer at

the Clty University of New York/Unlver51ty Computer: Center;
Communication with the CUNY/UCC was effected through the |
use of CRT terminals, and.the printouts were produced atv

. the Brooklyn College School of Science Data Acquisition

Facility.




" C) F Matrix for Gaseous Trifluorcmethane
Prev1ously publlshed results on the observed and
. calculated frequencies for gaseous trifluoromethane are
outlined in Table XVII. For the present study, the F

~(33)

matrix -of Long, Gravenor, and Jones uas chosen as
the basis of the normal coordihate ahalysisifor the gaseous
moleoule ' Tables XVIII, XiX and XX summarize the definition
. of the 1nternal coordlnates, the deflnltlon of the symmetry
coordinates, . and the gaseous F matrix obtalned by Long
. et al respectlvely.. Figure 30-schematlcally represents
:the definition of the internal coordinates. In this figure,
atom 4 is in the yz-plane. The‘frequencies caloulated in
the present study by using‘these'coordinate definitions
and this F matrix along. w1th the 1nternatlonal mass scale

" based on %C (i.e., C = 12.000000 amu, H = 1.007825 amu,

D = 2.014000 amu, F = 18.998400 amu, and 13 = 13.003335
amu) are tabulated in'Table XXI. There is a hoticeable
disagreement between the frequencies'calculated in this
study ahdAthose.of Lohg et a;.' A modification,of the E
matrix of Lohg.et al was performed by first caleuiating
_the.differential effects on frequencies of each symmetry
AE.matrix element. These.effects,auk/agij, are'summariZedA
in ‘Table XXII. The final F matrix and the corresponding
.gaseous‘frequencies.are‘tabulated.in'Tables XXIII and XXIV
respectively. ‘Tabie XXIV shows a significant'improvemeht'
in the agreement between the calculated and observed

gaseous frequencies.




TABLE XVIT. Gaseoustreqencies'(in cm-l) Obsefved'and Calculated for Trifluoromethane

A _ Frequency A.- Long.(BB) | Gaiaéso-(34) 4D'Cunha’(35)-
Molecule number . obs. . calc. - obs. calc. obs. calc.
CHFy wy ‘3035- . 3036 3031 . 3030:5 3031 3o34.4,f-
ey 1137 1138 1140 1146.4 1140~ 1141.3
oy I 700 - 702 | 700 -~ . 700.8 . 700 700.7
oy }A"' 1376 1379 1372 1379.3 1372 1375.5
45 | 1152 1156 o 1152 1158.3 1152 11552
wg ~ 508 . 508 507 505.4 507  508.4
(o)  'ml:' - 2257 2256 2273 ,:2274;0 <A2257: | 2254.5
f92A* o 1110 :’1110 1109 © '1103.0 1169 . 1107.7
ey ' ‘693 691 693 691.7 . 693 . 692.3
Cey 1210 1207 . 1207 . 1200.1  126§. 1203.2
o' 977 971 974 968. 8 974 .»'971.8“”

ey 502 502 - - 504  505.4 504 - 502.6 -

-z0T-
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TABLE XVIII. Definition of Internal Coordinates (a)

Coordinate number . -

1

2
3
4
5
6
7
8
g
10
.AEQE__ X Coordinate ~
c | .0.000000 "
H - 0.000000
Fy " 1.083050
| Fy ~1.083050
. §4f 0.000000

Definition

"C-H stretch

C-F stretch

C-F stretch -
"C-F stretch

~H-C-F bend(b)
- H-C-F bend(b)

H-C-F bend(b)

F—C—F4bend(b)

- F-C-F bend(b)

-AF—C—F bend(b)'

"Y Coordinate

0.000000 -
'o.oooooo
0.625299
0.625299

~1.250599

0

- Z _Coordinate '
.000000 h

.098000
.458505 -
. 458505

. 458505

(a) Refer to Figure 30 for the schematic diagram

coordinates. '

~(b) Weighted by the C-F bond length, 1.322 .

of internal



(a) Refer to Figufé 30 for-schematic,diagram of internal

coordinates.
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TABLE XX. F Matrix for Gaseous Trifluoromethane by Long (33)

Coordinate o " F Matrix Element (mdyne[X)

fll - | | ..‘ 'SjOO.
Flz“ . . . 2.03.
.Fi3 o o4
Fop o | 7.70

Faz - 0.44

Fgg S L 1.14

F44l. - A " 5.29
Fis . | L 0.43
e 4;—0.43
fss - . -  ©0.46

Fsg ‘ ' © -0.09

F66 : 0.82




FIGURE 30: 'INTERNAL COORDINATES FOR TRIFLUOROMETHANE




(33)

TABLE.XXI Calculated Frequencies from F Matrix-of Long

Molecule ' Frequency number Freqﬁéncyﬁcm—ll

CHF 3036.4

3 “1
1154.7

702.1
1390.3
..  11s0.9
503.1
CDF @ . - .2257 1
1124.8

690.8
1207.4
o, . S 974.9

w . 497.7




TABLE XXTT. Differential'Effects-of Symmetry Coordinate F Matrix Elements

o —égggf ( cm—l-hdyn_l-g‘)_
Molecule -Fiigtgggcy T Fp Fis T, Flzi F33 Fqq  Fys Fyg Fag Fog Feo
CCHPy ., 298 1—'19 122 o -4 12 0 o 0 0 o 0
R 0 -5 12 45 233 - 294 0 o o 0o 0. .0
wg 11 -33  -78 24 115 . 135 0 0 0 - 0 0 0
| o o o 0 0 0 12 -268 37 1524 -403 28




TABL

E XXIII

F Matrix of Gasebus Trifluoromethane in

Symmetry Coordinates

‘Symmetry and Internal Coordlnates

F Matrix Element

-Foord. (mdyne/gl
P4 5.000000
Fl, 2.030000
Fig 0.410000
F, 7.517634
Foqg 0.476755
Fi3 ~1.140000
Faq 5.268000
Fue 0.460000
Fue -0.430983
Fee .0.455380
Feg -0.115000
Fee 0.861926

Internal-Coordinates

Coord

(a) F Matrix Element

(mdyne/g)
b '5.000000
fq 6.017878
fap 1.172021 .
f4q 0;749878
fha -0.167382
fog 0.167382
£, 0.491320
faa 10'039340
£y 0.764617
fo -0.097309
g, (P) 0.194294
da ;
g, +(c) -0.265706
da-
e . (b) , '
fag Q.256033
, (¢) . A
fag ' —0.180848
fag (4 -0.151667
g (e -0.266667 -
ag DRoR

.(a)
(b)
(c)
(a)
(e)

Refer to Figure 30

Non—prime'refers‘to tbe bond 1ength adjacent‘to bOnd angIe‘
Prlme refers to the bond 1ength opp051te to the bond angle
Non-prime refers to the bond angle adJacent to bond angle

Prime refers to the-bond angle opposlte to bond angle
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TABLE XXIV. Final'Calcﬁlated Gaseous ‘Frequencies

Molecule Frequency number ‘ Frequehgy(ém_ll

CHF : : ' w

3 3036.2

1133'9
701.4
1381.0
w o 1151.8

CDF, w . 2256.5

w 1109.2

690. 4
1205.4
w 973.7

500.7



D) F Matrix for Liquid Trifluoromethane

As mentioned previously, the‘externai vibrations'of
a iiquid molecule- are treated by the oell model as weak
harmonic oscillations. They consist of three translational |
and three-rotational motions. The‘Sohéchtschneider and
Snyder G matrix program, after oalculations‘of the internal
G matrik, oomputes the.center of'nass and the three
principal 5xesAof thejmolecule.- Furthermore, it calculates
bhe G matrix elements involving the external motions and
fﬁhe gij's'represenbing the interactions between the externa;
and internal motions. Based on the experimental data on.
. the interetomic distances and the atomic bond angles,  as
shovn invFigure'BO the principal. ‘moments . of inertia, in
the units of mdyne per Angstrom per atom mass unit, for

12

CHF are.

3
I = 89.140306

A
and}
IB = -IC = 48, 820366

The fundamental frequenc1es of liquid trlfluoromethane
have been observed as.snmmarlzed in Table XXV, but there
has been no published liquid F matrix.

Towards the.determination<of the 1iquid-F matrix, the
gaseous F matrlx was first modlfled to roughly reproduce
the observed llquld frequenc1es After a series of

calculations of the effects of the diagonal elements for

the translational and rotationai motions, several sets of



' TABLE XXV. Liquid Frequencies Observed for. Trifluoromethane

(37)

| | Giockléf (351 : Rank 1
»Frequencz.numbe; ‘Frequency(cm ) Frequency(cm )'
'Awl‘.‘ | S 3062' : .. 3062

w, 1117 " 1117
wg 697 | '697_'
“s . 1376 137
wS: ' | . " | 1160
w A' 508 508




XXVI. . This is the E,. used in the subsequent E
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these dlagonal external force constants, ftr and frot’

- were chosen, and the .effects of the various internal-

external 1nteractlon force constants for each set of

£ and f_ . selected were studied. ThlS determined

tr rot

the set of external diagonals and internal-external
interaction elenents of the liquid'g matrix that best
reproduced the'vapor pressure isotope effect observed
in the experimental.part of the present study. A final

adjustment to the 1nternal part F ;» was then made to

'flnally ad just the liquid 1nterna1 frequenc1es to the

observed frequenc1es.
As a first step, the gaseous F matrix was modified
to roughly reproduce the observed liquid frequencies

tabulated in Table XXV. For thlS purpose,‘certain values

. for the diagonal elements for the translational and -

rotational motions.had to be chosen,-but'the effects of

.any reasonable changes in these external force constants

on the internal'frequencies‘were found to be negligible.

The tentatlve F matrix obtained by using £ _—— 0.300000

' mdyn/g and f = O 050000 mdyn—X is tabulated in Table

rot

~1liq

ad justment procedures, until the .last step mentioned in

~above outline.

The next step was a study of. the effects of for and .

£ o On the 13C/lzc isotope effect in trifluoromethane.

During . this stage of the study, that part of of:the Eliq
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TABLE XXVI. Internal Part of the Tentative Liquid F Matrix

for Trifluoromethane

(a)

Coordinate F Matrix Element (mdyh/x)
£ , : _ : 4.820698
£4 - o - 6.247256 |
de . B 0.900410 :
fd_d . - | 0.498351
g o - -0:.310438
fpe 0.310438
f 0.489509

a
f 0.041347
aa . : :
f4 S ‘ 0.765351
£ - -0.096575
BB . \
g D) 0.194294
da . '
ey . ‘ -
1 . -—

.fdaA~‘ . | -0.265706

de‘ . 4 .0.256033
,(c) . o .
fag . . -0.180848
{(d a4 1.
fug 0.125241
L, (e) R '
qu , | ) 0.240241

_(aj Refer'to Figure'36

(b) Non—pfime réfers to thé bondilenfth adjacent<tb'bond‘angleA
v(c) Prime refers to the bond iength'opposité to bondAangle‘ .
 (6) Non-prime refers td the bona angle adjaéeﬁf to bdnd'angle

{e) Prime refers to the bond angle opposite to bond angle




_11_5_

" matrix fépresenting the intefnalrexternél interaCtion;
,Eie’ was-séﬁ tplbe a -null matrix;, The diagonal transia;
tional element was varied between 0.01000 and 3.000000
mdyn/®, and the three equal rotﬁtiqnallelementé were
Yaried betweenAO.O01000 and 3.000000 mdyﬁ—g, repreéenting'
.unrealistiCally'high and. low values for external forcés.‘
. Table XXVII summarizes‘thé results of theseistudies;, 
Table XXViI showé_the.magnitude'and.slope Qf'ﬁn (P'/Pf
.béséd_qn thése Eliq-mafrices.and thélggas matrik of Table
"XXiII.' It islobvious that #he Eliq matrix in the absence
of forbé constant .elements réprésenting'interécﬁions
between internal and ekﬁernal motiOﬁs'cannot predict the ;
.observed inverse vapor pressure’isotope effect and the"
observed positive slobe'of the:plot of gn (Pf/P) versus
.temperat@ré; As will become obvidgs in the 1atterpartvof
this subsection when possiblé.effects of some sighifiCant
“changes iﬁ gii wili be diséussed, this'conclusipn On.the
impprtanée ofzgie.rémains unalterablé.
: vIn.the next series of studies, the ihtefnal—extérhai
intefaction forcé cdnsténts'were inclﬁdéd. ‘A symmetry
‘ cbhsidération indicated'that the tfanslational motion in
the direction of the C-H axis, T, intefacts Significantiy‘ )
with the C-H stretch, C-F stretches, H-C~F.bends; and F-C-F
beﬁds. Accofdihgly,‘ﬁhe differehtial effects of'variations
in tﬁe E matrik elements represénting these intérnal¥
external inﬁéréctions on £n.(P'/P) Qere calculated.

The .results obtained, using ftr = 0.300000 mdyn/x ~and




TABLE XXVIT. Effects of the Translational.and.Rotational

Fdrce.Constants on the 130/120 Vapor Pressure Isétope Effect

- _in Trifluoromethane

- 4n (pryp) (@)

ftr ' frot
_ (mdyn-R) _en @rT, A

0.01 . 0.001 0.011807 . 0.009386  -0.002421
0.01 0.01 0.011812  0.009389- - -0.002423
0.01 0.1 0.011864  0.009421  -0.002443
0.01 1. 0.012360 .  0.009733 - -0.002627
0.01 3.0 0.013340 0.010374 -0.002966
0.001 0.012103 .  0.009569  -0.002534

0.01 10.012108  0.009572 . -0.002536

0.1 0.012160 0.009604 - -0.002556

0. 1. 0.012657 - 0.009916  -0.002741
0.1 3.0 0.013637  0.010557  -0.003080
0.001 0.014979  0.011365  -0.003614

0.01 0.014984  0.011369.  -0.003615

0.1 0.015036  0.011401 - -0.003635

1. 0.015533  0.011712 ~0.003823

.0 3.0 0.016514 -. - 0.012354-  -0.004160"
0.001 0.020851  0.015146 - -0.005705 -

0.01 0.020856  0.015150 ~  -0.005706

0.1 0.020908  0.015181  -0.005717

1.0 0.021405 0.015493  --0.006012

3.0 0.022386 . 0.016135  -0.006251

(a) T, ='161.1° K and T, = 204.6° K, corresponding to the

1

2

lowest and highest temperatures respectively at which:

the distillation study was performed.

A is the .

difference of £Zn (P /P)@Té minus £n (P /P)@Tl.'~
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f,ot = 0.100000 mdyn-%, are tabulated in Table XXVIII.

Ohter choices.of Ft and'f ‘t yielded almost 1dent1ca1
dlfferentlal effects as those summarlzed in Table XXVIII,
although‘the.general magnltude of #n (P'/P), in the -
.absence of F'e{ was strongly dependent on the ch01ce of
these e: ternal diagonal elements. In all cases,‘an}'
1ncrease in the slope of the plot of zn (p' /P) versus
'temperature is accompanled by a shlft toward a larger
‘inverse vapor'pressure'lsotope effect, Using these'
differentfaliparameters, The following, which best fit
the experimantal.vapOr'pressure-isotope effect data, were
:obtained: |

-0.840000 mdyn/R

f(Tz,C—H)

£(T,,C~F) 0.840000 mdyn/&

£(T, H-C-F) 0.300000 mdyn/2

F(T,,F-C-F) -0.300000 mdyn/R
»The'introduction of these'non—vanishing internai-

external 1nteractlon force constants, however, Shlfted the
-1nternal frequenc1es to a slight degree Therefore, a

‘,sllght modlflcatlon 1n the F was necess1tated The

"flnal F matrlx thus obtained is presented in Table XXIX.
The liquid internal freqnenc1eS'that the Eliq matrix B
predicts-are tabuiated in Table XXX. .These frequencies

should be compared with the experimental valuesllisted:in

Table XXV. 1In Figure 31, the vapor pressure'isotope effect

calculated (solid line) by dsing this Fiiq matrix and the
F ‘matrix of Table XXIII in conjunction with the exact

© ~gas




TABLE XXVIII. Differential Effects of Internal-External Interaction Force Constants

Involving T, : ftr = 0{3 mdyn/g,.frOt = 0.1 mdyn 2
- E;, Elements tn (P'/P) .
' | . o o (B) (b) (D) (e) (c)
f(TZ,CH)‘f(TZ,CF) f(TZ,HCF) f(TZ,FCF) @‘Tl @ T2 A ‘ Al A2
0 0 " 0 0 0.012813 0.010009 =0.002804 : » ‘
.01 '0 0 0 0.012824 0.010018. -0.002806 0.0000112 - 0.000009
o .-0.01 0 0O . 0.012760° 0.009969 =-0.002791 -0.000053 -0.000040
o o - o0.01 0 10.012640. 0.009883 -0.002757 -0.000173 -0.000126
0 o . 0 - 0.01 0.012991 0.010137 -0.002854 0.000178 0.000128

(a)

()

(e)

(a)

For E,:, see Table XXVI

T, = 161.1° X.and T, = 204, 6° K, corresponding to the:lowest

respectively at which the distillation study was performed.

4n '(P'/P),'le ’
1 .@£@ (P'/P)T

A

with £,

1 . ..o.le

[4n (P'/P), with fia
2

4,

In units of mdyn/x.

minus £n (P'/P)..

i

]

'Q,olj - [zn (p'/P)T2 with Eie

O.Ql]. - ,[£n~KP'/P)Tl with Eie

Q]

o]

and highest temperatures

Ais the‘difference of

—OTT—
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TABLE XXTX. Liquid and Gaseous EAMatrixrfor'Trifluoromethane

Internal

Force Constants

.Diagonal
'_C—H stretch
C-E stretch

H-C~F bend

F-C-F berid

Interaction

C-H
" C-F
C-H
C-H
C-F
C-F
C-F
C-F

str
str
str
str
str
str
str

str

XX oK X X X

X

C-F str

C-F str .

H-C-F bend .
F-C-F bend ‘
adj H-C-F bend
opp H-C-F bend
adj F-C-F bend
opp«F—C—FAbend

H-C-F bend x H-C-F bend

- F-C-F. bend
‘H-C-F bend
H—C—F bend opp F-C-F bend

External -

Diagonal

X F-C-F bend-
x adj F-C-F bend
X

.Traéslation

'Rotation

Internal-External Interaction.
C-H str x T, |
C-F str x TZ
H-C-F bend x Tz
F-C-F bend X Tz

. . F Matrix Elements(a)

Gas

5.000000

6.017878

0.491320
0.764617

1.172021

. 0.749878

-0.167382

0.167382
0.194294

-0.265706

0.256033
-0.180848
0.039340

-0.097309
 -0.151667
~0.266667

Liquid

.814698
.206256
. 489509
. 765351

o o .o b

.859410
0.474351
-0.310438
0.310438

o

- 0.194294

-0.265706

.0.256033

-0.180848
0.041347

- -0.096575

-0.125241
~0:240241

. 300000
.100000(P) .

o O

" _0.840000 .

. 840000
. 300000

o O

(a) Unless cherwise noted, in units.of mdyn/%.

(b) In units of den—X.

~0.300000



TABLE XXX. Liquid Frequencies Calculated from E Matrix of Table XXIX

'Frequéncy number - 12CHF5 Frequency (cm—l); lBCHF.j Fréquency ('cm—l) -
o, 3062.4 .- 3046.3
wy - 1116.7 ' 1097.0.
oy 697.0 1 692.9
oy 1376.1 1366.6. -
ws 1159.9 - . 1133.6
wg 507.8 1506.8
. ;25.8 124.4
©iy 85.3: 847
“tr 85.3 - 84.7
“rot 59.0 58.9
wrot 59.0 58.9
vrot 43.6. | 43.6

-0zT-
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Bigeleisen formulae, Equations 3 and 5 is compared with-
the experimental values of gn (P'/P). .According to

Equations 12 and 13, the F matrix of Table XXbeyields‘

A '~liq
ithe following;values of A and B, the coefficients R
appearing in Bigeleisen's tWo'term apprbximation fdr' N

Zn (P;/P),AEquatibn 11: A = 19.25,. B = 1.31;‘ Agreement
’btween these calculated valués fo A and B and those
obtainedAby the‘least—squares fit of theAexperimehtal vapor
pressure daté to the two térm equation is apparently

poor. This point will be discﬁssed again at thé_end of
this subsection. The effect éf a 10% decréase in £, has
“also been plotted (dashed line) in Figure 31. A 10%

change‘in‘frot is too insighificant to appear in the plot‘-
at that same scale.

Differential éffects of othér fbrce constant elements
in Eie‘are similar to those interactibhs involQing.thé TZ'
coordinate. Some éxamples.in suppo}t of'this Qbservation
are pfesented in Tables XXXI, XXXIi, and}XXXIII{' The
final-_gliq matrik was éhoéen’not.to include thése other
intern&l—external interaction‘forée constant elements.

The ihte;actibns betweeﬁ any two external motibhé, i.e.,
tfanslation—traﬁslatiqn, rotation-rotation, or tfanSlétion-
» rotation, have been found to haQe differential effect values
an order'of'maénitude smaller than those of thevinternal—.
' external interactions. Thérefore,‘the‘extefnal—external

interactions havé not been includeéd in the final result.

, that

It is noted in Table XXIX for the final Eiiq




. TABLE

XXXI Differential Effects of Internal External Interactlon Force Constants

R A

(b)
(c)

(d)

(e)

S - . (a)
Involving Tx’ RX and RY : ftr = 0.3, frot = 0.1
Eie Elements(b’c) 2n (P'/P)
: L@ () (4). (e) ..~ . (e)
| e Tl @ T, A A,  A2‘

fi13.5 = 0.1;,f13’6 = 0.1; fi3,7 = 0.2 .0.012040 0.009431 -0.002804 -0.000773 —93000578'
f;3,8 = 0.2; f13,9 = p.l; 13,10 = O.l'O.Ql3620 10.010597 -0.003023  0.000807  0.000588
f13,5 = 0.15 f,4 ¢ =0.1; f,, 5= 0.2 0.013151- 0.010271 —0.002880 A.ofooo338 0.000262
flg.5 = 0.1; £, ¢ = 0.1 C 0.012801 0.010001 - -0.002800 -0.000012 -0.000008
A1l £, =0 ~ 0.012813 0.010009 -0.002804 -
(a) For F.., see Table XXVI.

~1l1l

In units of mdyn/gu

For coordinate'definitions,'see Table XVIII.

T

= 161. 1O‘K and T, = 204 6° K, correspohding to the 1owest and highest'temperatures

respectively at which the dlstlllatlon study was performed A is‘the4difference of
Zn (P /P) mlnus Zn (P /P) ' 4

4

4,

T2 Ty _ _
= [zn (p’ /P) with: fie = 0.1 ] _..[zn (-P'/P)Tl yith E..= 0]
= [&n (P /p)T with £, '= 0:1 ] - [4n (P'/P); -withlgié = 0]

2 .> ie - 2




- TABLE

XXXIi. Differential Effects’of Inﬁernal—Externai,Ihteraction Force:Cohstants

LA

o . . - 4 Aela)
_;nvolv1ng Tx’ R.» and Ry : ftr'— 0.3, frot = 0.05
Eio Elements(b’c) Ln (P'/P)
o (@) g (d) (@ ., (e) (e)

| @ T, i @ T, .a 8 4, |
'f13;5.= 0.1; fi3,6 = .0.1; fl3’7 = 2 0.012011 0.009413 -0.002598 —0.0QO773 fq;000578
f13,8‘% 0.2; f13’9 = O'};fl3;10 = 0.1 Of013592 0.010579 —0.003013 -07000807 0.000588
'fl4,5 = 0.1; f14,6 = 0.1; fl4,7 =AO.2 0.013123 0.010253 -0.002870 0.000338» Q.000262_
f16 5 = 0.1; f16 6 = 0.1 0.012772 0.009983 -0.002789 -0.000013 -0.000008
All fie =0 S 0.012785 0.009991 -0.002794"
(a) For F see Table XXVI.

(b)
(c)

~1i’

In units of mdyn/g.

For coordinate definitions, see Table XVIII.

{(a) Tl = 161.10 K a_nd-T2 = 204.6° K, corresponding to the lowest and highest temperatures
respectively at which the distillation study was performed. 4 is the difference of
in (P'/P)T minus £n (P'/P)‘T _ '

A 2 . LT _ ’ A : '
" (e) a; ;.Ezn (p,/p)Ti»w1th fie é 0.1]7 - [4n (P /P)T1 Wlth'gie = 9]
a, = [zg (P /P)T2 with £, = 0.1] - [#4n (p,-/p)T2 with E. = Q]

-pZ1-




TABLE XXXITI.

Differential Effects of Internal-External Interaction Force Coﬁstants

“Hh Hh Hh Fh

-GCT- .

Cvo1ving 1 , -0 S (a)
.Inyolving TX’ Rx’ and RY : ftr = Ofl, frot__ 0.05
E.o Elements (P’ C) 4n (P'/P)
(@) g o (A) (d) (e) (e)
_@ Tl @ T2 | 4 A, ' aq A-2

13,5 = 015 f13¢ = 0.15 £, = 0.2 0.011355 0.009007 -0.002348 -0.000777 '-0.000577
13,8 = 0-25 fy3 9= O.‘l; f13,10 = 0.1 0.012942 0.010176 -0.002766 0.000810  0.000590
14,5 = 0-15 £14 6 =0.15 £, =0.2 0.012470 0.009849 ~-0.002621.- 0.000338 . 0.000263
16,5 = 0:15 £ 0= 0.1 0.012119 -0.009579 -0.002540 -0.000013 -0.000007
All £, = O 0.012132 0.009586 -0.002546 ' :
(a) For E;., see Table XXVI.

(b)

(c).

(d)

(e)

In Units of-mdyn/x;

For coordinate definitions,

T

Zn

see Table XVIII.

=-161. 1° K and'T2 = 204 6° K, corresponding to the ldwest and highest temperatures
respectlvely at which the dlstlllatlon study was performed

(

P’ /P) minus £n (P /P)T

[zn (P /P

[4n (P /P)T2

w1th fie

with f.
- Tie

n’

l.. .
0.1]

0.}],'

[zh.(P'/P)T

[4n (P‘/P)T

1

wlth Eie

with E.
5 " Xie

A is the diffeéerence of

i

0]

0]




‘_the C- H and the C F stretching force constants for the

llqu1d are 4.814698 mdyn/g and .6.206256 mdyn/g respectively,

in- contrast to the corresponding values for gaseous
trifluoromethane of 5.000000 mdyn/x and 6. 017878 mdyn/x

respectively. While fC-H decreased upon condensation,

fC—F increased., on.the other hand, it can be.noted;that'
in Tables XVII and XXV the frequency for the C-H stretching
imoder(ul) increases from 3035’cm—;'to'3062 cm L upon .
.condensation,’ while the frequencies involuing the C—f

stretching motions decrease upon condensation. The

natural choice for f and f therefore~would involve an

c-H “"% “c-F’ '
increase in the former and a decrease in the latter upon
'condensation, ' The Eliq fitting process, similar to those -
to that described above, using an increased C-H stretching

force constant, lead to another Eliq matrix, tabulated as

"Ell (I)" in Table XXXIV. The vapor préssure isotope

effect that this Eliq yields (dashed line) is compared.to

the results obtained from the Fiiq of Table XXIX (solid

line) in Figure 32. The increase in fC g upon condensation
leads either‘to a) a too shallow'slope‘when the:magnitudeA
of'znlzP'/P) is comparable to those in the experimentalA
data, or b) too large an 1nverse effect when the slope is -
comparable to that of the experlmental data.

As a further alternatlve, the effects-of‘an increase
in both fC y and f._o have been investigated. Table XXXV

summarizes the effects of f and £ when F.. COnstructed
tr rot, ~11l ‘

from the]internal elements listed uder "Elig(II)" in Table
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- Force Constants

- Internal
-Diagdnal

ACfH str

" C-F str

'H-C-F bend .

' F-C-F bend

Interaction

C-H str ‘x C-F str
C-F str x'CfF str

' C-H.str x H-C-F bend -
C-H str' x F-C-F bend
1C—F{str,x‘adj H—CjF bend
C-F stf x opp H—C—F bend -
C-F stf‘x adj~F—CfF bend

C-F str x opp F-C-F bend
H-C-F bend x H-C-F bend.
F-C-F bend x F-C-F bend

H-C-F bend x adj F-C-F bend
- H-C-F bend x opp F-C-F bend

. External - -

Diagonal _
‘Translatidn
Rotation
'Internal-Exte:nal Interactioh

C-H str x T,

C-F str x Tz

-H-C-F bend x TZ,

F-C-F bend‘x_Tz

E Matrix Elements

" TABLE XXXIV. Trial Liquid F Matrices for Trifluoromethane

(a)

E13 (T _Eiig(II)

.069799
.000442
.475929
+751771

o o o wm

o

.982035
0.653696
-0.167382
0.167382°
0.194294
~0.265706
0.256033 -
~0.180848
0.027767
-0.110155
~0.138821
~0.253821

. 300000
.OSOOOO(

o

b)

o

 -0.080000
.080000
.040000
-0.040000

o o

-5.079799

© 6.070442

0.475929
0.751771

1:070196
0.723596 -
~0.167382
0.167382

. 0.194294

~0.265706
0.256033
-0.180848
0.027767
~0.110155
-0.138821 .
-0.253821

0.300000
'0.050000{P)

~0.030000
0.030000
0.010000°

~0.010000

(a)‘UhlésS otherwisé noted, in
. (b) 'In units of mdyn-R%.

units of mdyn/x;.
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'TABLE XXXV, Effects of the Translatibnal and Rotational

Force Constants. on £n (P'/P) for Trial Liquid F Matrix

Fer - Trot | o _n (P'/P)(é) :
(mdyn/%) :(mdyn—X) e eT, A

0.01 . 0.001 ~0.001208 -0.000925 - 0.000283
0.01 0.01 ~0.001203 -0.000922  0.000281
0.01 0.1 -  -0.001151 . -0.000890 = 0.000261
0.01 1.0 ~0.000655 . -0.000578  :0.000077
0.01° 3.0 0.000326  0.000063 -0.000263
0 0.001 . -0.000911 =-0.000742 0.000169
0. 0.01 °  -0.000906 -0.000739  0.000167
0.1 0.1 ~0.000854. -0.000707  0.000147
0 1.0 © -0.000358 '-0.000395 ~0.000037
0 3.0 0.000623 - 0.000246 -0.000377
1 0.001 0.001965 0.001054 -0.000911
.0 . 0.01 0.001970  0.001057 -0.000933
1.0 - 0.1 0.002022 © 0.001090 -0.000932
- 1.0 0.002518 0.001401 =-0.001117
3.0 0.003499 ° 0.002043 -0.001456
0.001 0.007836  0.004834 -0.003002
0.01 0.007841  0.004837 . -0.003004
0.1 - 0.007893  0.004869 -0.003024
1.0 0.008390 ' 0.005181 -0.003209

3.0 0

.009371 -0.005823 " -0.003548

(a) T, = 161.1° K.and T, = 204.6° K, corresponding to the
lowest and highest temperatures respectively at which
the distillation study was performed. A is the

: difference'of n (P'/P)T minus £Zn (P'/P)
| R 2 - Ty
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XXXIV is'useo.'ANone of the.internal;exte:nal-interaction
constants were included. Tables XXXVI and XXXVII are
tsummafies of tne differential effects'of the interaction
force constants 1nvolv1ng T, and the internal coordinatesf
These illustrate the general observatlon that the |
dlffe;entlal effects of the 1nternal—exte;na1 1nteraction
force constants are 'similar for different choices of E,.
and E_.- However, these different choices significantly'
teffect‘the magnituderf Zn (P'/P). Thus, the choice of
E,; and E__ of Table XXIX sets the level of n (P'/P) at
"a sufficiently positive (normal) level with giévz 0, so
tnat sufficiently large E. . elements could be4included in
otder to achieve a redsonably large slope Withoutvgoing
too far into the inverselregion. The choice of E.. and

11

'Eee of ~ i (II) in Table XXXIV leads to'an.agreement with

the experlment which is 1ntermed1ate in slope between Flqu-

of Table XXIX .and F (I) of Table XXXIV, as shown by the
.dotted‘line in Figure 32.
The importance of the effect of the non-classical

rotation of gaseous molecules towards £n i'fg was pointed

(12)

out by Bigeleisen, Cragg, and Jeevanandam in reletion‘

- to the vapor pressufe isotope effect in methane. When
this effect is explicitly4included, Equation 3 becomes
- P' S : S o)
PL_ 44 8 - s -
gn P in s'fc - kn s,fg n fR | (51)

‘whereig;fgo is the reduced partition function of the




" TABLE XXXVI. Differential Effects of Internal-External InteractionAForce-ConStants

. “for Trial Liquid E Matrix : £,

= 0.3 .mdyn/&; £,

ot

= 0:05 mdyn—x(a)‘k‘

(b)

gn (p'/P)

(d)

Zn (P'/P), ~minus n (P'/P),

. 2 . : ’ 1 : .

8, = [n (P'/P)T-l with £, = 0.01] - [#n (P'/P)Tl with E; . = Q]
’AZ': Ezn (P./P)Tz with fié = 0.011 e Atzn (P'/P)T2 with Eie = 9]

. F. Elements
~le .
. 4 . o m (C) (c) (c) (d) (d)
£(T,,CH) £(T,,CF) £(T,,HCF) £(T,,FCF) @ T, 8 @rT, | a 4, a,
0. .0 0 0 -0.000230 -0.000320 ~0.000090 4
S 0.01 0 .0 _ 0 -0.000209 -0.000303 -0.000094 0.000021  0.000017
o 0.01 o .~ 0 -0.000285 -0.000361 = -0.000076 -0.000055 -0.000041
0 0o . §.01 0 -0.000403 -0.000446 -0.000043 -0.000173 -0.000126
0 A 0 0 0.01 -0.000053 -0.000191 -0.000138 = 0.000177 . 0.000129
 (a) For Eii’ see Table XXXIV ("Eliq(II)ﬂ).
" (b) In units of mdyn/%. ' . ' , o
(c) Tl =161.1° K and T2 = 204.6° K, corresponding to the lowest and highest temperatures

- respectively at which.the(distillation study was performed. .4 is the difference of

-T€T-




TABLE~XXXVII. Differéntial‘Effeéts of Internal-EXternal Interaction Force Constants

- for Trial Liquid E.Matrix : .ftr = 0.1 mdyn/x, foot = 0.05 mdyn—x(a)

. 4n (P'/P)

. F, Elements(b)»"
~le .
eem o) £(n (0 meEy £(r Fery @ (©) e (€ fe) L@ -, (@)
f(Tz.,FCH) f(;Tz,CF) f(Tz’HCF.) f(TZ,FCF) @ Tl @ TZ‘ A ] 'Al ‘AZ
o - o o 0 -0.000883 -0.000725  0.000158 . ——— . | |
0.01 © 0 - o0 0 ~0.000862 -0.000708  0.000154  0.000021  0.000017 N
o ~ 6.0 0 0  -~-0.000938 -0.000766 0.000172 =-0.000055 -0.000041 .
A - : . i
o.. .. 0o 0.01 0 -0.001057 -0.000851 - 0.000206 =0.000174 ~-0.000126
o 0 0.01 -0.000705 0.000178

-0.000595

0.000110

0.000130

(a) For E.., see Table XXXIV (vgliq(II)").

(b) In units of mdyn/g.
(c) $1,='161.1O.K and T, = 204.6O_K, correspohding to thé lowest and highest temperatures
respectively at which the distillation study was performed. a is the difference of
in (P'/P)T minus £n (P'/P)T .
. 2 ' 1 ,
(a) 8y = [&n (P /P)Tl_ylth fie = 0.01] - [sn (P_/P)Tl'w1th Eio = 9]
a, = [&n (P /?)TZ with £, = 0.01] - [zn'(PY/P)Té with F. = 0]




- internal Vibrationetof the gaseous molecule and -

i (q‘“CR S (s2)

: : ;
Q. '/Q :
- (qm cl )R,'
For a symmetric top molecule, the reduced partition
. 7

, functien of the-non—classieal rotbr, (Q /ch)R’ 1s‘~

glven by(3 )
ggm _ cé/ﬁ o :l _ - , m,:7 2 33'22‘
I R
| + ..} . (53)
"where - _ 4 '
o5 = b%?f | S (54)
A gas 2
8 A _

_ A : , A S I
ﬁse of I, = 1.48019 x-10;38lerg—eec2 and Ig ='8¥10673 x‘iO_Bg.
erg-sec? for. Y2cHF,, and I, = 1.48019 x 10738 erg-sec? and
iB = éélé77l x 10_?9 ergfsecz‘for-éHFj im Equation 52
leads‘to |

| 308 %1073 3.423 x 1073 A A
In f, = = - - - T2 — : .1(57)'

It is apparent that the. non- ola851cal rotational correctlon

13C/l2

for c substltutlon in CHF, . is 1ns1gn1f1cant prlmarlly

3

due to 1ts large molecular welght and moments of 1nert1a

The dlsagreement.between the calculated and the .




least-squares fit values of A and B of Bigeleisen's two

term apperiﬁation; Eqﬁation 11, as_pointed earlier, is
_nqt-sigﬁificant.per se. first,-Bigeleiéeﬁ's two'tgrm_

- expression for Zn (P'/P)-is an approximation to the exact
expression, Equation'B. vSecond,'the large degree of
.scatter of.the experimental points led to 1arge:uncertaintiéé.
"in the.least—équarés fit values of A and B. The true tést
'for’an agreement between experiment‘and,theory lies in a
'comparisbn of the calculated £n (P'/P), according to
Equation 3, and the experimental values. Even the solid
line in_Figures 31 and 32,. howe?er, does not‘quite follow

. the trend of'the experimental'points. " This discrepancy

is pfdbably a consequencerf the simplifying assumptions
imp;ied:in the éimple ceil model of the liquid. In this
model, a single liquid molecule répresents the énfire

liquid and this molecule interacts witﬁ the rémainder of

the phése]which is structureless. The present liquid -

‘ force field calculation haS'strohgly indicatedAthe existence
of an unﬁsually higher degree of interaction between the
representative mblecu;e and the remainder.éf the phase aé'
exemplified by the large shifts in the.diagonal,g matrix'
elements upoh condensation and the éxistence of largé
internal—externél interaction forcé'constanfs. This would , |
suggest a‘significant deéree'of molecular associétion,;
perhaps throﬁgh hydrogenAbondiné of molecules. Such a
liquiq systém cannot be well represented by the simple

cell model. The disagreement is probably due to this
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- inadequacy of the model used.
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V. CONCLUSION

The~vapor pressure difference between the vapor
'pressure of lzCHFj, P', and  the vaporApressure of BCHF3,,
p, between the temperatures:of 161° K and ZOSO-K,_may be

expressed as

*d

[ : + N .' . + . :N~ ﬁ ) -
on P - ‘217u§ 66) _ .40.89 5 0.36) | (58)
] T : . S

‘according‘tO'BigeleiSen's two term‘equation,‘Equation 11.
The dinclusion of the seoondjorder'term'in-Cohen‘s
Long Time Kinetics Theory, Equation'ZO affords a closer
least -squares f1t of the experlmental 1sotop1c ratlos of
samples w1th1n approx1mately ‘the flrst lOO mlnutes of
time zero of the distillation. After thls initial perlod,
theleffect of this modification is insighificant.
_According.to the cell model, the experimentally
obtained data of £n_(PY/P)his not reproduced ih'thef
absehce of'interhaieexternal interaetion foroe oonstants,”‘
within reasonable 1imits of the external force Constants.
The experlmental data can be adequately reproduced w1th
,the gaseous and 11qu1d F matrlces summarlzed 1n Table XXIX

through the use of Wll°on s F G matrlx method
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