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INTRODUCTION

The vaporization behavior of many materials must be desoribed
in terms of several simultaneous reactions. Even the elements do
not necessarily vaporize in : simple, well-defined form, for example
sodium vapor contains a mixture of Na and Na,; the vapor above
phosphorous contains various amounts of P,, P; and P, depending upon
the temperature; sulfur vapor contains melecules as large as S,.
Some well knovn compounds are kmown to vaporize as mixtures of
monomers and polymers$ e.g., the vapor phase above AlCl;, P30gy
CuCl, and FeCl, contains the monomers as well as A1,Cl,, P,04,,
Cu,Cl; and FeyCl, respectively, Other compounds are known to
decompose rather than simply vaporize, for example Ag,0 decomposes
to Ag(a) and 0;, and CaHp; decomposes to Ca(s) and Hg.

The investigation of ternary systems may be further compli-
cated by an increase in the number of components. In contrast to
binary systems, ternary systems have not been thoroughly investigated
although & variety of such compounds has been known for some time.
An important class of ternary compounds is that of complex halides
of the form HIMHI, and }IIMH IX,, where HI represents the Alkali
metals, HII and MIII represent divalent and trivalent metals
respectively and X refers to F or Cl. Gaseous ternary compounds of
the mentioned types have been reviewed recently by Buchler

ot al.l Information on the volatility and stability of such
complexes, in the vapor phase, iz limited to measurements of
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;rti:al pressures of vapors in equilibrium with the ;nlts of
mixtures, of the two binary components MIx and MIIX, or MIIIX,.
Only in a few cases such studies over the orystalline complex have
been reported,

The acoumulation of reliable information on the volatility of
complexes and its interpretation from the standpoint of thermo.
dynamics, kineties and chemical bonding is important in understanding
the primciples of complex formation and the relation between the
properties of the simple components with those of their complex
species. To study the vaporization behavior of such complex salts,
the vapor pressure of the pure components of these salts as well as
the partial pressures of the gaseous species are needed, It is the
objective of this program to study the vaporization of manganese
difluoride by the simmltaneous Krudsen-effusion and torsion-effusion
techniques, and to evaluate the suitability of the instrument
construsted for such simmltaneous measurements. The advantage of
this instrument is that it provides vapor pressures and estimates
of the average molecular weight of the vapors, in a contimuous

experiment, over a range of temperature and pressurs.
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CHAPTER I
THEQORETICAL
Kmdsen-Effusion Method

The Knudsen-effusion method is widely used in measurements of
equilibrium vapor- and dissociation- pressures in the 102 . 10~¢
Torr range. This methed is based on the Kinetic theory of dilute
gasos.z It utilizes the rate of flow of & vapor through an orifice
from a volume saturated with the vapor. This theory indicates that
in a closed system the weight of gas molecules, W, striking the
walls of a container of surface area Ay, in time t, is related to
the gas density A and to the mean velocity of the gaseous molecules
¢ by

- - I-1
Z% -i‘ﬁc (I-1)

Equation (I-1) can be put into a more practical form by substituting
for ,0 using the ideal gas law, and for ¢ from the Kinetic theoryts

P = % | (1-2)

vhere t is the average molecular weight of gaseous molecules;

(m)é (1-3)

ol
1}

T
Thus ¢
- 1
_ 1 P /emr\
w iR (7 -4
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which rearranges to the Kmudsen-effusion equation” :
1
_ W_ (2%Rr)z .
e T LT ("}TI) =3

where Pk is the pressure of gaseous molecules obtainsd from
Krmudsen-effusion experiments,

Validity of equation (I-5) is restricted by the following
conditions ¢
(1) the effusing vapor represents a saturated vapor in equilibrium
with the condensed phase in the effusion cell;

(2) the pressure outside the cell is negligibily low hence no
molecules re-enter the cell once they pass through the orifice;

(3) the flow is free molecular-flow through the orifice — no
molecular collisions of vapor within the orifice;

(4) the fraction of vapor molecules intercepted by the orifice walls
and eventually returned to the cell 1s negligible,

In practice the first three conditions are reslized to &
reasonskble degree, Condition four is influenced by the length to
radius ratio of the orifice. An ideal orifice of infinite thinness
is almost impossible to attain. A cylindrical orifice may be
visualized as a charmnel with a linear pressure gradient along its
axis, A correction for the reflection of molecules in the channel
back to the cell was introduced by Clausingu. The correction fastor,
referrad to as the Clausing factor, W,, represents the "transition
probability", the probability that a molecule having éntered the
orifice inlet will escape through the orifice outlet, It is

expressed by s
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. = fate at which vepor molecules leave the orifice outlet
°® " rate at which vapor molecules enter the orifice inlet

The Clausing factor is related to the length to radius ratio

£[r by:5

We = 1—2—77-)_‘_ 050 Tr (1-6)

for 0<2/r <1.5,

and by $
_ + 0,408 (1-7)
. Wo =15 0.95(f/r) + 0.15(8/F)2

for €/r>1.5.

Acourate values of W, were caloulated by De}hrcus6 and Schulz and

5m0y7.

The introduction of the Clsusing factor modifies equation

(I-5) tos
_ _W_ (2mpr\#
Py = L, ( 3 ) (1-8)

Torsion - Effusion Method

An altermative to the Kmudsen-effusion method is the torsion-
effusion method in which vapor mressures are measured directly by a
simple dynamic techmique., This method, first developed by Mnyors
and Volmrg, utilizes a measure of the momentum recoil which can
be related to vapor pressures. In this method the sample vapor
molecules at saturated equilibrium vapor pressure and at a given

temperature are allowed to effuse through the orifices in a cell
suspended in such a manner that the recoeil forece, F, produced by the
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effusing vapor molecules applies a torque on the cell. The recoil

force is related to the equilibrium vapor pressure, Py by

= &L
P—-,. = Ao (I-9)

where A, is the cross sectlonal area of the orifice (s). The
torque, ’rr, generated by the recoil force on the cell is exactly

counterbalanced by a restoring torque, T - of the suspension wire
of the cell, The torque is related to the recoil force by s

Tr = Fd (1I-10)

where d, the moment arm, is the distance between the orifice center
and the suspension axis, In the conventional torsion-effusion cell
there are two anti-parallel orifices perpendicular to the axis of
the suspension wire (torsion fiber). The resultant torques of such
two orifices are additdve ¢

I, = (Fa),+ (Fd), (T-11)

The restoring torque in the torsion fiber 1s given by @

T =T@ (I-12)

w

where T is the torsion constant of the torsion fiber and @ is the
angular displacement of the suspension system. Substitution from
equation (I-11) and (I-12) into equation (I-9) yields

= T
O R R (113

vhere f 1s a correction factor for finite orifice lengths. It is
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analogous to the Clausing factor in the Kmdsen-effusion equation.
It represents the ratio of the recoil force resulting from effusion
through an orifice of finite length to that expected if the orifice
is of infinitesimal length., This factor, referred to as the pressure
factor, had been determined by Searcy and F‘remnlo and a more

accurate tabulation of it was reported by Schulz and Sea.rcy7.
Correlation of the Knudsen- and Torsion-Effusion Methods

The cell in the torsion-effusion method is a modified Knudsen
cell and can be used to measure the torque and the rate of weight
loss simultaneously. The torsion pressure calculated by equation
(I-13) can be used to calculate the average molecular weight, i','
of the vapor species, By substitution of P for Pk in equation

(I-8) and rearrangement one gets s

- W 2
M = 2TVRT <-m> (I-1%)

If the average molecular weight, ﬁ, is different from the assumed
molecular weight, M, one may speculate on the nature of the
vaporization process and deduce whether the effusing vapor consists
of & mixture as a result of dissociation or polymerisation. The
average molecular weight, ﬁ, is related to the molecular weights,

11

M,, of the individual vapor species in such 2 mixture by 3

i
= (Y mu D (1-15)
]

where my is the mass fraction of vapor species 1 in the effusing

vapor,
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Usually the accepted upper pressure limit for an effusion
experiment is tha;t pressure for which the mean free pat; -of the
molecules is at least ten times the oriflce cﬁmtor. There is
considerable evidencelz'ls that equation (I-8) is valid at higher
pressures than the above restriction permits. Searcy and Schnlz16
have found, by torsion-effusion measurements with orifices of very
short chammel lengths, that in the transition region the forces
exerted by effusing molecules are the sams as those predicted by

the molecular-flow equation.
Effect of Orifice Dimensions on Equilibrium Pressures

The pressure obtained from an effusion experiment represents
the pressure inside the cell which, due to contimous effusion

through the orifice, 1s expected to be less than the equilibrium
17

pressurs ' . The equilibrium pressure, Peq’ is related to the
Kmudsen pressure, Pk’ by 1
AoWo
Poq = 1+ as ) P (I-16)

where S 1s the sample surface area, C%_ the condensation coefficient
defined as the fraction of molecules sf.rild..ng_tho sample that
condense. The above equation follows from mess balance considerations
where the rate of evaporation equals the sum of the rate of effusion
and the rate of condensation. Motzfeldt’s, Whitmen'® and
Rosenbhttzo have discussed the theoretical aspects of the treatment

which led to equation (I-16). Speiser and Spretnak’l introdnced
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some approximations to the Whitman-Notzfeldt equation which led to
equation (I.16). Hildenbrand and Ea11%? have demonstrated the
utility of equation (I-16) for determination of the equilibrium
pressure (Poé) by linear extrapolation of the measured pressure
Pk in a series of effusion cells of different orifice areas (4,).
By rearrangement of equation (I-16) it follows that $

B N Wo .
B PSq —(1 + %s Ap) (1-17)

Thus a plot of T}- vs the orifice area A, when extrapolated to
k
zero orifice area will yield r,l- es an intercept and o as

eq G 5 Peq
the slope. From the intercept and the slope one may caloulate
alg y for an crifice of known A, and Wy, and consequently (é may
[+
be assessed, The sample surface area, S, may be assumed to be

equal to the cross sectiomal area of the cell.
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CHAPTER II
EXPERIMENTAL

Dezoription of Apparatus

The experimental system used for simultaneous weight-loss
and torsion.effusion measurements is quite simple; it can best be
described by consideration of its individusl components. The
essential parts of the apparatus used (shown in Figure 1.5) include
a vacuum recording balance, a torsion-effusion assembly, & vacuum
system, a furnace, and a temperature control system. A schematic
of the assembly is shown in Figure 6.

The Balance

The vaocuum recording balance used in this work was an
Ainsworth semimioro vacuum bslance type RV-AU.l, The balance
mechanism enables automatic addition or removal of small switch
weights in increments of 10 mg up to 400 mg‘\\.j Small changes in
weight are detected by a variable inductance transducer and are
recorded on & chart recorder via a bridge cirowit. The ten inch
span of the chart corresponds to & 10 mg weight change. The
reciprocal sensitivity of the balance is 0.03 mg with a re-
producibility of *0.03 mg. The balance and weight change mechanism
are mounted on s base plate and covered by a pyrex bell jar.
Connection to the vacuum system and the weighing chamber is
through 2 hole in the bass plate beneath the left stirrup.

10
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KEY TO FIGURES 1 - 4

TORSION - KNUDSEN EFFUSION APPARATUS

1. Vaouum recording bhalance

2, Balance stand

3. Brass extension tube

k. Torsion scale

5. Torsion scale and light soures

6. Recorder |
7. Glass window

8. Brass evacuation line

9. Liquid-nitrogen trap

10. 0il diffusion pump

1l. Furnace

12, Potentiometer

13. Temperature Controller

14, Tomization- and thermosouple- gauges console
15, Ice bath

16. Thermocouple gauge

17. Liquid nitrogen feed-control unit
18, Iormization gauge

19, Quartz tube

20, D. C. power supply for electromagnet

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TORSION - KNUDSEN EFFUSION APPARATUS -I
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KEY TO FIGURE 5
VACUUM SYSTEM

Mechanical pump

Diffusion pump and liquid-nitrogen trap
Roughing valve

Mainegate valve

Fore-line vacuumlvalve

Rubber tubing connection between the mechanical and diffusion.
pumps

Iiquid~nitrogen Dewar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

VACUUM SYSTEM
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KEY TO FIGURE 6
SCHEMATIC OF TORSION- AND KNUDSEN-EFFUSION APPARATUS

1, Furnace
2, Vacuum récording balance
3. Diffusion Pump
- 4, JIonization gauge
5. Thermocouple gauges
6. Mechanical Pump

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIG.6.SCHEMATIC OF TORSION-¢ KNUDSEN- EFFUSION APPARATUS
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The Torsiorn-Effusion Assembly

The torsion-effusion assembly (shown in Pigure 7) which was
suspended from the left beam of the balance consisted of, in the
order from top to bottom, a stool and connector, torsion fiber,
mirror and damping disc agsembly and effusion cell and its

suspension assembly.

Jhe stool and connector

The torsion assembly was connected to the pan of the balance
via a small chuck fastened to a rotatable drum fitted into an
aluminum stool. The tripod-shaped stool rested on the pan through
three ;oquispaoed brass pins projected on a circular groove in the
pan., The stool and assembly were centered by gulding its pins along
the pan groove whose center coincides with the torsion fiber and the
axis of the surrounding brass oylinder. Rotatlon and lateral
aligmment of the torsion assembly were achieved by rotation of the
chuck carrying drum. This arrangement was necessary to direct and
position the mirror used to measurs the angular deflection of the

offusion cell in a direction convenient for measurement,

Ihe ‘torsion filament

An annealed, high purity tungsten wire with a diameter of
0,002 inch or 0.0015 inch and a length of approximetely 14 inches,
was attached to the above mentioned chuck. At the lower end of
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KEY TO FIGURE 7
TORSION-EFFUSION ASSEMBLY

Stool and connector
Torsion wire

Mirror

Window

Scale

Damper

Effusion cell

Thermocouple

21
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the wire was another chuck which supported a mirror, a damper,
and a connecting tantalum tube, Tantalum was chosen because of

its relative resistence to corrosion.

The mirror, comnector tube snd damper

The mirror was cemented with epoxy to an aluminmm rod fastened
to the lower chuck, A notched position in the alumimum rod allowed
positioming of the mirror such that its front surface was approxi-
mately in the plane of the torsion assembly axis. The mirror was
a front.surface galvanometer type (Leeds and Northrup) 0.5 inches
in diemeter and concave with a radius of curvature of one meter,

A thin-walled tantalum tubs, 0,125 inches in dismeter,

0.005 inches in wall thickness, and 15 inches in length, served as
a connector to the effusion cell. Its upper end was joined to an
aluminum rod supporting the mirror by a tungsten pin., The damper,
an alumimim dise, 1,5 inches.in diameter and 0.125 inches in thick-
ness, was inserted onto the tantalum tube and positioned at about
6 inches below the mirror by a set screw, The effusion cell was
cormected to the lower end of a carefully matched graphite dovetail
which facilitated assembly and disassembly. Lateral lines were
soribed on the dovetail to align the cell with the axis of the

suspension system.,

The effusion cell —_—

The effusion cells used in this work were fabricated from
spectroscopic grade graphite. The oell, 1.5 inches long, 0.500 inches
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in diemeter and 0.063 inch wall thickness, had two compartments
drilled to a depth of 0.500 inch each from each end., The middle
solid section, 0,375 inches long, was machined to match the dovetail
of the connecting tube, The cell end openings were fitfed with two-
degrees tappered graphite plugs. This construsction emabled easy
loading of the sample., Two holes were drilled on opposite sides

of the cell 180° out of phase, antiparallel to each other, and
perpendicular to the central axis of the suspension system. A line
scribed along the cell's vertical axis extending to the center of
the dovetail slot in the cell coincided with the suspension

system axis and facilitated the cell aligmment by coincidence with
the matching lines on the connecting dovetail, The walls in the
immediate vieinity of the orifices were thinned down by milling to
provide reasonably thin.wall orifices. A sketeh is shown in Figure 8,

The Optical Lever System

The optd.c—al _lovor system consisted of a collimated light
sourse, & rmirror of the torsion assembly, and a scale. A besam of
light from the light source to the scale, after reflection at the
mirror, aided in measurement of the cell deflection., The scale was
a flexible three foot steel ruler graduated in two hundredths of an
inch. This scale ﬁs mounted to a plexiglass plate machined to
form an arc of a circle, The mounted scale formed an are of a circle,
36 inches in radius with a center of rotation coincident with the
axis of the torsional assembly., The distance of the support for the
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plexiglass plate was adjusted to align the scale to the radius

cited above, The elevation of the support was adjusted so that the
reflected light beam from the mirror would fall on the upper portion
of the scale with a minimum lamp adjustment, The lamp used was a

conventional galvanometer projector.
The Vacuum System

The balance was connected to the vacuum system through a
2 inch diameter and 18 inches long brass tube which surrounded the
torsion assembly. This extension tube was attached to the balance
base plate by an O-ring flange. A similar O-ring flange at the
other end of the tube joined the quartz heating chamber. The
heating chamber was an 18 inch long, 70 mm inside diameter, closed
end, quartz tube fitted with a 2 inch grooved flange pipe. A port
in the extension tube fitted with a flat glass window, at the same
level of the mirror in the torsion assembly, permitted incidence and
reflection of the light beam used in deflection measurements. A
T-joint soldered to the extension tube at about 4 inches below the
balance base plate allowed conneotion of the blanace to the msin
pumping system through a vacuum coupling.

The main pumping system shown in Figure 5 consisted of a
chevron baffle, & cold trap, a 2 inch.four stage fractionating oil
diffusion pump with pumping speed of 285 liter/sec (N.R.C. Model
HS2-300) and a two stage mechanical fore.pump with a pumping speed
of 150 1iter/min (Precision Scientific Model D-150). A high vaocuum
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gate valve separated the balance and weighing extension tube from the
diffusion pump. Two, 1 inch vacuum valves were used in roughing- and
fore- lines in the ell-metal vacuum pumping system. Two (-3 inch)
bleeding valves allowsd purging the appropriate sections of the
system with air dried over dryrite. The pressure in the vacuum
system was monitored with one ionization gauge, two thermocouple

gauges and a regulated control consols (N.R.C.-720).

The Furnace and Temperature Control and Measurement.

The furnace and temperature control

The furnace was a resistance wound furnace. The core was a
mullite tube 3 inches in diameter and 12 inches long. The heating
element was BAS 15 gauge Kanthal wire wound in such a2 way to
compensate for heat loss at the ends and to secure a long hot zone '
of uniform temperature at the center. A secondary heating element
of BRS 18 gauge chromel wire was wound on & 3,75 inch-diameter
mllite tube, The windings of the inner tube were insulated by
using Norton Alundum refractory cement. The windings of the outer
tube were insulated with an asbestos-fiber coating. The concentric
ceramic tubss of the main and secondary heating elements were
housed in a cold-rolled steel shell, 8 inches in diameter and
11 inches in height. Size 20 abrasive grain Norton Alundum was
used for insulation between the outer ceramic tube and the metal
housing. The furnace was capped at elther end with asbestos discs
which were grooved to permit a tight fit with the metal housing.
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The upper cap contained a circular opening which allowed insertien
of the quartz tube surrounding the effusion cell. The caps were
held in place with six threaded rods which passed through the
asbestos caps, as shown in Figure 9, Power for the furnace was
supplied from a variable transformer. The temperature of the cell
was maintained within ¥2.0 degrees by means of a time-proportioning
controller (Honeywell Versatroniec, Model R7161H).

Temperature measurement

The torsion cell temperature was measured with a chromel-
alumel thermocouple encesed in a protective refractory tube. The
thermocouple was securely fixed approximately 0.5 cm above the top
of the effusion cell. The thermocouple leads extended to the
outside of the system through a Conax vacuum seal on the suspension
housing. The thermocouple cold junction was at the reference
temperature of 0°C in an ice~water bath. The thermocouple ocutput
was measured by a portable potentiometer (Eoneywsll No. 2745). The
relation between this thermocouple and the temperature in the
effusion cell was established by calibration against a prestandard-

ized thermocouple as described in the next seotion,
Calibration of the Thermocouple

The relation between the output of the experimental thermo-
couple used for temperature measurements in an experiment and the
temperature in the effusion cell was established by calibration
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against a prestandardized thermocouple., The prestandardized
thermocouple, referred to as the standard thermocouple, was placed
inside a cell through a hole in one of its caps. The cell was
suspended in an identical position to that of an actual experiment.
The thermocouple wires were passed through a vacuum sealed plug
located in the port of the glass window in the suspension housing.
The cold joints of the two thermocouples, the standard and the
experimental, were at the reference temperature of 0°C in the same
ice-water bath. The emf outputs of both thermocouples were read
by the same portable potentiometer under virtually the same operating
conditions with the system evacuated to a pressure in the normal
operating range of 10=3 to 10~® Torr. Intercomparison of the two
thermocouples was over the range of temperatures used in the
effusion studies. After intercomparison, the standard thermocouple
was removed from the system., The standard thermocouple was
prestandardized against the freezing temperatures of lead, zine,
aluminum, and copper. The resulting standardization of temperature
vs., emf of the standard thermocouple was fitted into & linear

equation by a least-squares fit according to s
T(°K) = 2.75386 x 10% + 2,42216 x 10 Vs (II-1)

Two calibrations were performed; the first was used to calculate the
temperatures for experiments I-IV and the second was used to
calculate the temperatures for experiment V. The relation between
the output voltage of the experimentgl and standard thermocouples,
for each calibration, was fitted into a linear least-squares

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

30



equation where ¢

s 0.159822 + 1.00646 vexp. (II-24)

v

<
i

0.,10917 + 0.99133 vexp. (II-2B)

The final equation for the temperature of the torsional cell
in terms of the emf of the experimental thermocouple was derived by

substitution for V_ in equation (II-1) from equations (II-2) ¢

T(°K) 279.257 + 24,378 Vo (II-34)

T(°K) 278,030 + 24,012 Vo (I1-3B)

Xp.

—_—

Equations (II-2A) and (II-3A) refer to the first calibration
and the respective B equations refer to the second calibration.
Propagation of the errors in these constants and the estimated
precision of measurement of Ve

Xp
10.25°K in the temperature. The maximum average deviation of all

yields an estimated error of

tamperatures measured for Vo in the experiments was $2.5°K;
ho raver, the deviation at most temperatures was in the range of

tZ.C ’Ko
Calibration of the Torsion Fiber

The torsional constant v was determined by using the
assembly as a torsional pendulum in which the cell was replaced by
a cross bar which supported a demountable ring of known moment of
inertia., The perliods of osoilht:lon of the pendulum, with and
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without the ring mounted on the cross bar, T, and T, respectively,
were then measured. The torsional constant was calculated froms

22 M (r,2 + 1,2)
T o= L (II-4)

Tzz - T13

where r, and r, are the inner and outer radil of the ring and M is
the ring mass. The measured torsional constents are listed in

Table I. Also listed in this tabulation 2re the resulis of the
propagated errors. The individusl errors in mass, radius and period
are those estimated from the precision of the respective measurements.
The largest and most decisive of these errors is that associated with
the measurement of the periods with the ring in place on the
pendulum, The estimated precision in seconds for T; and T,
corresponds to an error in T of 1“0.0035, a value which 1s consistent
with the differences obtained from repeated measurements; i.e.
10,0010 in the case of the wire used in experiment V. The accuracy
in the measured torsional constant is found from these estimated
accuracies to be 0.1%. This rumber is consistent with the results

of several measurements of the torsional constants of several
samplings of this particular diameter of wire. Table II lists the
data of & ty'pical calibration measurement. Since it seemed apparent
that the torsional constant of the filament might change with

changes in load, it was essential that two rings of different
moments of inertia be used. Brass and alumimum rings of masses
39.4653g and 11.9604g respectively were used. The mass of the

colls used were within this range. The change in the torsional
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Wire diameter
and

Identification

1 (0.002")

2 (0.002")

3 (0.0015%)

Table I
Measurements of Torsional Constants

Characteristics of Alumirum and Brass Rings

Parameter Alumd num Brass
inner radius r; (om) 2.699 2.696
cuter radius r, (om) 2.858 2.860
mass n (g) 11.9604 39.4653
moment of inertia I (gm cm?) 92,411 304,83

Torsional Constant Calibration Data
Time of Oscillation

Experiment Material of ring

rumber  and cross bar sec/period
for oross for oross
bar bar and
ring
Ts Ty

IIT Aluadirmam 11.379 5 0.010 38.491 S 0.210
Brass 15.327 t 0.02, 68.708 t 0.162
v Alumirum 11.17, t 0.01, 37.91, * 0.05,
Brass 15.00, % 0.01, 67.56, : 0.09,
v Alumi ram 9.4, * 0.03, 66.127:!: 0.12,

Torsional
Constant
dyn. onm. rad.”?

2,700
2,682
2,780
2. 774
0.913,

19



Table II
Calibration of Torsion Filament used in Experiment V

Run Counts Time Period T
No. (sec,) sec, period—!

Aluminum Ring and Bar

1 L6 1519.0 23 66, 0’-4-3
2 48 1586.2 24 66. 092
3 50 1654.4 25 66 .176
L 52 1721.2 26 66. 200
5 54 1784 .4 27 66.089
6 56 1851.0 28 66.107
7 58 1920,0 29 66. 207
8 60 1987.4 30 66,24,

Avg, 66.145

Alumirmm Bar

1 76 737.0 38 19.39,
2 78 756.5 39 19.39,
3 80 778.6 40 19.46 s
L 82 798.3 L1 19 .'-lr71
5 84 817.3 b2 19.46,
6 86 836.9 43 19 .463
7 88 854 4 b 19.414
8 90 873.1 Ls 19 .402

Avg. 19 .434
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constant due to the change in the load, e.g. using calibration rings
of alumimum and brass, is shown in Table I.

The method used to obtain the period of oscillation was as
follows : the calibration ring and crnss bar suspended from the
torsion assembly were set oscillating by passing a magnet near the
damping disc and then removing it. The magnitude of oscillation was
usually 180° each side of the center. The assembly was allowed to
oscillate several times. The period of oscillation was measured
from the center point of oscillation using the projector and scale

of the optical lever system as an indicating device and a photo
cell connected to an electric counter to count the nmumber of
oscillations over a period of time, The oscillations time wms

measured to 0,1 second with an elsctric timer,
Characteristics of the Effusion Cell

The characteristics of the cells were measured with a
travelling microscope which could read to %0.0025 mm, The diameter
of each orifice was measured at 45° intervals, The average of the
measurements was used as the diameter of the orifice. The moment
arm was measured from the inside edge of the orifice to the scribed
central axis. The radius of the orifice was added to this value
to obtain the total moment arm length (d). This represents the
porpeﬂdicnlar distance from the axis of the cell to a 1ine through
the center of the orifice. The thickness of the orifice was
obtained using a micrometer caliper which read to 10,0005 inch, The

characteristics of the cells used are given in Table III.
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Operational Procedure

The operational procedure of a Kmidsen-Torsion experiment
is comprised of two steps s (1) outgassing of the cell and
(2) measurement of the rate of seight loss and torsiona} deflection
of the cell containing the sample being studied,

In the outgassing process, the system was assembled without
a sample, as described below, and heated under vacuum to a higher
temperature than the maximum temperature of the desired experiment.
This step was necessary to insure that no weight loss occured due
to gases adsorbed in the graphite cell.

An effusion measurement, on & sample divided between the
two cell chambers, was started by weighing the suspension system.
Then approximately one gram of sample, MnF,, was introduced into a
graphite cell of known weight. The cell was then attached to the
suspension systsm via the dovetall connection., The weights on the
pan of the balance were then adjusted to bring the recorder pen to
scale. The mirror on the suspension system was adjusted so that a
zero point would be near the end of the optical system scale. The
bell jar was then placed over the balance. The quartz tube around
the cell was bolted in place at the bottom of the brass suspension
tube. Once the mirror adjustment had been made, and the system wes
completely isolated, the system was evacuated to a pressure of
about 20"¢ Torr. The zero point of the torsion apparatus was

measured on the torsion scale. At this point, the furnace was_
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raised into its positlon around the qusrtz tube and the system was
heated to 473°K where temperature stabiliszation was allowed to take
place. Again a gero point was measured on the torsion scale to
obtain the effect of the rezistance furnace on the zero point, The
temperature was raised in 200° increments to a temperature of
1273°K. After a weight loss of 10-20 mg, the temperature was
lowered to a point in the normsl working range between 1130°K and
1263°K, The torsion deflection and the rate of weight loss were
measured at 10° intervals throughout the sbove temperature range.
These measurements were performed at subsequent temperatures
selected at random. This approsch was adopted to note the internal
consistency of the vapor pressure under such random choics of
tempersture., Thermal equilibrium was normally established within
20-30 minutes after attaining & given temperature.

Effusion measurements were in the temperature range 1130°X to
1263°K, In one experiment (experiment IV) the sample was heated to
about 1153°K, after which it was cooled and the system was opened to
observe changes in the characteristics of the sample, such as melting
or color charges. After making these observations, the system was
closed, in the same manner as described above, and heated above
1153°K where measurements at higher temperatures were taken. The
upper tmporat.ﬁre 1imit was imposed by the increase in the rate of
welght loss beyond the limits of the validity of the effusion equation,
After the upper temponhire limit had been reached the system was
cooled and opened. The suspension system was weighed and snmalysis for
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manganese was ¢arried out on the sample residue. Torsion
deflestions were read by employing the galvanometer projector of

the optical lever system, The deflection projected on the secale
was read to 10,02 inch, The projected deflections were twice as
great as the rotation of the torsion assembly itself, because the
light beam was reflected from the mirror surface. The projected
deflection angle at a given temperature, was calculated from the
distance between the mirror and the center of scale and the distance
between the zero point and the projected image., The projected
_deflection angle, divided by two, gave the actual angular deflection.
The weight loss during a measurement period as recorded on & chart
recorder was read to a yrecision of ¥0.03mg. The temperature was
measured from the output of the experimental thermocouple using the
Honeywell portable potentiometer with an ice.watsr bath as a

reference,

39
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CHAPTER III
MEASUREMENT OF THE VAPOR PRESSURE
OF MANGANESE (II) FLUORIDE
Introduction

The apparatus to measure the Krudsen and torsion effusion
gimultaneously was evaluated by measurement of the vapor pressure
of manganese (II) fluworide. This compound proved convenient to
study for the following reasons s

1. manganese (II) fluoride is known to vaporize as a
monomer;

2, the vapor pressure of MnF, in the temperature range of
interest (1130-1200°K) is within the limits of the
validity of the equation of molscular flow (10~2 to 10~¢
Torr);

3. the sublimation pressure of MnFa(s) is believed to be
well established which will allow comparison of the
available thermodynamic data of sublimstion with the
vaporizé.tion data from the present investigation;

4, the heat of fusion of MnF,(s) and the condensation
coefficient may be assessed by the above mentioned

comparison.
ILiterature Review

The only previocus reports on sublimation and vaporization
rates of MnF, are the work of Bautista and Margra.ve23 and Kent,
40
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Ehlert and Margravezu. Bautista and Margravez3 investigated the

sublimation of a single erystal of MnF,; in the temperature range
887 to 983°K by the Langmuir technique using a vacuum ricrobalance.
From the second-law least squares treatment of their sublimation
data they calculated the enthalpy of sublimation to be 73.5 ¥ 0.5
Keal mole~* at T avg. = 939,0°K and 76.0 * 1.0 Keal mole™* at
298°K, Using their data and the computer program written to
evaluate the data from this investigation, the linear least-zquares
equation relating the sublimatlion pressure and temperature 1s given
in equation (III-1)

log P (atm) = -(1.605 t ,10) J.TQ'L + (8,78 £ 0,11)  (II-1)

Kent et 9.1.21+ investigated both sublimtion and vaporization
of MnF, over an extended temperature range (1054-1193°K) by Krudsen-
effusion technique employing a mass spectrometer. The ionic species
detected by the mass spectrometer confirmed the absence of dimers and
high polymerie species of MnF, in the effusate. They calculated the
enthalpy of sublimation from the ion intonsity.data, in the
temperature range 1054 to 1128°K to be 73.0 t 1.5 Keal mole-!
at T avg. = 1103°K and 76.5 ¥ 1.5 Koal mole~! at 298°K, Similarly
they caloulated the enthalpy of vaporization in the temperature
range 1132 to 1193°K to be 71.9 ¥ 1.4 Keal mole~! at T avg. = 1159°K,
Théy derived the Clausius-Clapeyron equation for sublimstion of
Mru’«‘,(s) by correlating the ion intensity measurements with the

Langmir sublimation pressure to obtain the mass spectrometer
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constant which was then combined with the experimental values from
the mags spectrometric measurements to caloulate a value for the
pressure at each temperature. Their least-squares treatment of the
data is presented in equation (III-2).

log P atm = -(1.596 ¥ 0.031) 1 + (8.70 ¥ 0.02) (III-2)

Also they suggested a value of 1-5 Keal mole™* for the enthalpy of
fusion of MnF, as compared with Brewer's et 31.25 estimate of

5.5 Keal mole~%,

Experiments

The vapor pressure studies of MnF, were carried out according
to the procedure described in Chapter II. In a typicel rum 0.7 to
0.8 g of polyerystalline MnF, (Purchased from Semi-Elements Inc.,
Saxonburg, Pa.) used without purification were placed in an outgassed
cell, After assembly and evacuation of the system to a pressure of
10~¢ Torr, the sample was heated initially to 473°K for a few hours
to outgas the assembly before gradually raising the temperature to
1200°K, Heating at this temperature was contimied until a weight
loss of about 20 mg was recorded. Then the sample was cooled to a
lower temperature within the range 1130 - 1205°K of this investiga-
tion.

A few axperiments were carried out without measurements of the
torsion deflection, This was necessary to select the appropriate
cell material and dimensions, the temperature range, and the
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stability of torsion deflection and its disturbance by the damping
magnet, Cells of stainless steel and Union Carbide graphite
(Grade AUC), seemed to affect the steady rate of weight loss due
either to their reaction with the sample or to continuous outgassing,
A permanent damping magnet interfered with both the balance
sensitivity and the torsion defleotion. A satisfactory arrangement
involved the use of an electromagnet which was powered fnly after
thermal equilibrium at each toipera‘bnre setting was established,
and turned off after a constant torsion deflection was attained.

Five experiments were carried out with spectroscopic graphite
colls (Ultra Carbonehigh purity, Grade U-7). The first two were
limited to measurements of the rate of weight loss., 3In the third
and fifth experiments simultaneous weight loss and torsion
deflection measurements were carried out. The fourth experiment
was undertaken to check the constancy of the rate of weight loss
over relatively longer periods at each of a few temperature settings.

Kfter the last experiment was completed the thermocouple was
recalibrated. This calibration was dictated by a suspected change
in the relative position of the thermocouple.

The total weight loss in a given experiment was limited to
350-370 mg. This restrioction was imposed by the maximum weights
of the riders which can be automatiocally removed from the tare
weight without opening the system to atmospheric pressure. This
was also desirable to secure sufficient sample residue in the cell
to maintain equilibrium between the condensed and vaper phases.
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Results

The vapor pressure data of five experiments are tabulated
in Table (IV to X) and presented in the form of log P vs. %plots
in Figures (10 to 13). Experiment IV is not presented graphically
because it represents the data at a few selected temperatures.

The Kmudsen vapor pressure at each temperature was caleulated
according to equation (I-8) on the assumption that only the monomer
(Man(g)), of molecular weight (92.9348), makes up the vapor species.
The torsion pressures were calculated according to equation (I-13).
The parameters of the effusion ¢ells and the torsional constant of
the fibers, used in these calculatlons, are those listed in Tables I
and III respectively. The computations were performed on an IEM
1620 computer. A least-squares treatment of the linear relationship
between log P and J‘,f for each experiment was performed for the
Kmudsen~ and torsion- effusion date independently.

The enthalpies and entropies of vaporization were derived
from the linear least.squares analyses of the data according to

A ASS
L0810 Platn) = - 2,303 RT T 2,303 R (I11-3)

The results of least-squares analyses of the mesasurements are
summarized in Table XI. The cited errors are the standard

deviations obtained in the least-squares analyses,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noypm paugiyosd uononpoidas Jaypng “1sumo yBuAdos syl Jo uoissied yum psonpoldeay

Pt.
No.

OV O~ W W N

gl T =

15

a)

Wedght Loss
w x 103(g}

6.65
1.40
2.58
339
4.83
8.68
8.29
10.89
15.79
6.52
10.39
18.35
15.53
10.20
8.64

Table 1V

Vaporization Data of MnF, by Knudsen Effusion

Experiment i*
Time Tompera ture Pressure 10%
t(min) (°K) (atm) T
12.5 1254.9 9.336 x 10~3 7.9690
20,0 1166.1 1.184% x 10~ 8.5754
107.5 1130.1 3.997 x 10-6 8.8492
75.0 1155.4 7.611 x 10~¢ 8.6550
80.0 1165.4 1,021 x 107% 8.5807
107.5 1176.4 1.372 x 10~% §.5007
82,5 1185.3 1.714 x 1073 8.4366
85.0 1195.0 2,194 x 103 8.3684
97.5 1204.6 2,784 x 10-3 8.3017
32.5 121%,.5 3.463 x 10~ 842337
40,0 12247 4,503 x 10™3 8.1652
57.5 1233.1 5.552 x 10-3 8.1096
37.5 1245.0 7.239 x 10-% 8.0322
17.5 1262.8 1.026 x 10™* 7.9187
12.5 1271..8 1.221 x 10~* 7.8628

Effective orifice area Z‘i"oi = (7.8725)(10"%) om?

=log P

4.030
L.927
5.398
5.119
4.991
4,863
L ,766
4,659
4.555
4 461
b.347
4.256
4,340
3.989
3.913

h



Table V

Vaporisation Data of MnF; by Kmudsen Effusion (
Experimexhlt ®
[ '

Pressure 10% ~log P
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Pt. Weight Loss Time Temperature

No. w x 10%(g) t(min) (°K) (atm) T

1 7.67 60,0 1165.5 9.780 x 10-¢  8.5799 5.010
k 3.43 30.0 1161.7 8.733 x 10-¢  8.6078 5.059
3 7.08 112.5 137.5 4,756 x 10~¢ 8,7914 5323
4 3.87 k7.5 1147.1 6.184 x 10~¢ 8.7176 5.209
5 6.55 92.5 1144.7 5.369 x 10~¢  8.736L 5.270
é 6.40 75.0 1149.2 6.482 x 10~ 8,7018 5.188
? L4.48 35.0 1166.7 9.797 x 10-¢ 8.5713 5.009
8 11.32 775 1172.5 1.121 x 10~3  8,5290 4,950
9 17.70 97.5 1180.4 1.398 x 10~3  8,4714 4,855

10 10.71 97.5 1160.3 8.385 x 10~% 8,6186 5.077

1 35.82 147.5 1190.5 1.878 x 10-5  8.3998 4,726

12 16.55 .90.0 1180.8 1416 x 10°%  8,4686 4,849
a)

Effective orifice area Z a v, = (1.7404)(2072) om?
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Pt.
No.

VO O~ O & WN e

SF&RESB

a)

Weight Loss

w x 10%(g)
15.61
5.18
5.34
4,51
k.77
3.37
16.69
6.78
7.82
16.97
17.06
16.40
14.89
9.34

Vapordization Deta of MnF; by Kmudsen Effusion

Time T
t(min)
195.0
202.5
142.5
150.0

95.0

97.5
187.5
125.0
105.0
172.5
157.5
125.0

97.5

55.0

Experiment III®
ture Pressure
(°K) (atm)
1174.9 . 9.618 x 10~
1131.0 3.016 x 10™¢
1143.6 L4442 x 10-¢
1135.9 3.552 x 10~¢
1153.5 5.978 x 10™¢
1140.5 4,092 x 10~¢
1174.7 1.069 x 10-3
1156.9 6,467 x 107¢
1168.6 8.924 x 10~¢
1179.6 1.184 x 10™8
1183.7 1.306 x 10~%
11914 1.587 x 10~%
1197.7 1.853 x 10~%
1203.1 2.065 x 10~

Effective orifice area sZaiwoi = (1.1126)(1073) cm?

13
T

8.5115
8.8416
8.7445
8.8035
8.6696
8.7679
8.5131
8,6440
8.5575
84774
8.4482
8.3938
8.3497
8.3121

-log P

5.017
5521
5.352
5.450
5+224
5.388
oo
5.189
5.049
4,927
L4.884
k.799
4.732
L.685

i
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Pt.
No.

VON oM EWN

GEESE

a)

Table VII

Vaporisation Data of MnF,; by Torsion Effusion
Experiment ITI*

Linear ' Temperature Pressure 10* -log P
deflection (°K) (atm) T

A S (in)
2.133 1174.9 1.277 x.10°5 8.5115 4.894
0.564 1131.0 3.377 x 10~¢ 8.8416 5.471
0.815 1143.6 4.880 x 107¢ 8.7445 5.312
0.693 1135.9 4,150 x 10-¢ 8.8036 5.382
1.107 1153.5 6,629 x 10~¢ 8.6696 5.179
2.093 1174.7 1.253 x 10~2 8.5131 4.902
1.321 1156.9 7.920 x 10~¢ 8.6440 5.102
1.723 1168.6 1,032 x 10-% 8.5575 4,986
2,270 1179.6 1.359 x 10-8 8.4774 4,867
2.492 1183.7 1.492 x 10~3 8.4482 4,826
3.015 1191.4% 1.805 x 10™° 8.,3938 4,743
3.515 1197.7 2,105 x 10~8 8.3497 4,677
34970 1203.1 2,377 x 10™% 8.3121 4,62

Effeotive orifice area x moment arm $ ZAidifi = (1.23336)(10"2) om?®

Torsional Constants V = 2.6940 dyn cm rad=* l
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Pt. Weight Loss
No. w x 103(g)

23.08

6.69
10.66
.72
19.87
12.11
1445
10.61

6.28

4,36

AV IR IR B AN VA SR — A VU N o

ol
o

[4
4

Table IX

Vaporization Data of MnF,; by Knudsen Effusion

Time
t(min)

145.0
90.0
110.0
95.0
62.5
62.5
60.0
130.0
k5.0
h2,5

Experiment V2

Temperature
(°K)

1166.4
1n3s.3
1n47.5
1156.6
1193.1
1173.6
1182.5
11424
1161.9

1151.3

Pressure
(atm)

1.123 x 10°3
5.179 x 10™¢
6.779 x 107¢
8.66l x 10¢
2.268 x 10°%
1.371 x 10™8
1.710 x 1078
5.697 x 107¢
9.823 x 10™¢

7.188 x 107¢

a) . = F 2
Effective orifice area 'Zai"oi (1.8886) (10-3) om

1o0%

8.5731
8.7847
8.7148
8.6461
8.3816
8.5205
8.4565
8.7533
8.6068
8.6858

-log P

4.950
5,286
5.169
5,062
4.6k
4,863
L 767
5.244
5.008
5.143

0%
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Vaporization Data of MnF, by Torsion Effusion

Pt. Linear
No. deflection
S (in)

10.49
L.78
6.16
7.94

20.71

12.46

15.64
5.30
9.05
6.89

AT NN Y. NV S SV VN

ot
(=

Experiment V*
Temperature Pressure
(°K) (atm)
1166.4 1.296 x 10°5
1138.3 5,904 x 10™¢
1147.5 7.609 x 107¢
1156.6 9.808 x 10™¢
1193.1 2.558 x 10~8%
173.6 1.539 x 1073
1182.5 1.932 x 10-3
k2.4 6.547 x 10-¢
161.9 1,118 x 10-8
1151.3 8.511 x 10~¢

10%
T

8.5731
8.7847
8.7148
8.6461
8.3816
8.5205
8.4565
8.7533
8.6068
8.6858

aL)Efa‘.‘ec'l;ive orifice area x moment arm Zaidifi = (2,0265)(10"2) cm®

Torsional constant: T = 0,913l dyn cm rad™!

-log P

4.887
5.229
5.119
5.008
b, 592
4.813
L, 714
5.184
4.952
5.070
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Discussion

Clausius-Clapeyron plots for the Kmidsen-effusion data of
experiments I-ITI and V and for the mass spectrometric sublimation
data are presented in Figure 1l4. For a meaningful analysis of the
data and a clarification of these plots the four experiments are
treated as three separate groupss I and II, III, and V. Experiment

IV is excluded for the consideration mentioned before.

Experiments I and II

These two experiments were performed in sueccession shortly
after the initial calibration of the thermocouple. The same torsion
assembly was used except for the cells. Inspection of Figure 14 and
Table XI shows the close agreemant of the vapor pressures and the
der?.ved enthalpies and entropies of vaporization from the experimental
data. In addition, a composite least-squares analysis of all the
points, except those obtained at the highest temperatures, ylelds

the following Clausius-Clapeyron equation 3

- _ (.s2h * 0,032)30%
10850 Plgim) = - 2 2 009G 4 (8,067 £ 0.5)  (III-)

Using equation (III-4) the calculated enthalpy and entropy of
vaporization are in close agreement with those derived from the same
treatment of the individual experiments independently. The melting
point of MnF,, caleculated from the analytical solution of the

vaporization equation, (III-4), and the mass spectrometric

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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- >

sublimation equation, (III-2), at the intersection point of equal
pressures, is 1137°K, The literature value cited by Brevwer26
is 1129°K.
Equation (III-4) yields for the enthalpy ;f ;raporization
of MnF,(&2), ABy g5 = 69.7 ¥ 1.5 Keal mole™* and for the
entropy of vaparization, & 59,4, = 36.9 £ 2.3 eu, in the temperature
range 1130 - 1200°K. The enthalpy value is lower than the value,
A Hil59 = 71,9 £ 2,4 Keal mole~!, obtsined mass spectrometrioallyzlt
Assuming the enthalpy of vaporization value of this study and
that of sublimation reported by Kent et 31.24 to apply adequately at
the melting point, their difference yields an enthalpy of fusion
BH o9 = 302 ¥ 2,0 Keal mole™* and an entropy of fusion
Ase

1129
is within the range of 1-5 Kcal mole™® suggested by Kent et al.

= 3,0 1,8 eu, This value for the enthalpy of fusion

24
and is in fair agreement with 5.5 Keal mole™®, the value estimated
by Brewer ot a1.25 . There are no reporied values for the entropy of

vaporization with which to compare the present value.

Experiment III

This experiment was carried out with a new torsion filament
and tantalum-connector tube in the torsion assembly. Due to these
changes in the system and to the use of the apparatus by another
investigator during the 1nbe§ruption period, it was suspected that
the position of the cell relative to the thermocouple and furnace
had changed. Such a change would lead to an error in the calculated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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temperature based on equation (II-3A) of the initial thermocouple

calibration.
Inspection of Figure 14 and Table XI shows that the Krudsen

and torsion vapor pressures calculated from the data of this experi-
ment are relatively low. The value of enthalpy of vaporization,
elthough higher than that calculated from experiments I and II,
agrees well with the value cited by Kent et ‘1.24. By the same
reasoning applied to experiments I and II the melting point of
MnF, calculated from the solution of the proper vaporisation and
sublimation equations is 756°K, from the Knudsen-effusion data,
and 555°K, from the torsion-effusion data. These values fall far
below the literature value of ].].29°K2 6.

A correction for the temperature by using equation (II-3B),
derived from the final thermocouple calibration, yilelds the following

Clausius.Clapeyron equations ¢

10810P (g i) = - 143-5,-1,3-19'- + 8,074 (III-5)

from Krmdsen-sffusion measurements, snd

_ l;’ﬂO_TE.lQ. + 7.8 (11I-6)

logyoP (atm)

from torsional-recoil messurements. The corresponding Clausius-
Clapeyron plots are shown in Figure 15, The enthalpies and
entroples of vaporization, derived from the above equations, are

Aai165 = 69.3 Keal mole™? and D3Yyes = 36.9eu, from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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equation (III.5), and AH{165 = 67,7 Keal mole™® gng
433’_165 = 35,9 eu, from equation (III-6). Although such correction
brings the enthalpy and entropy of ‘nporiution, derived from the
Krudsen-effusion data, into better agreement with experiments
I and II, the corresponding vapor pressures are reiatively higher

" (1,166 x 10”%atm at 1165¢K).

iment V

Experiment V was performed with the same torsion assembly
used in experiment III except for a new torsion filament and the
cell. Having suspected the validity of the initial calibration of
the thermocouple, a recalibration was made after the completion of
the experiment. Equation (II-3B) of this new calibration was
employed to caloculate the temperatures of this experimemt;
Inspection of Figure 14 and Table XI shows that the Knudsen and
torsion vapor pressures are higher than those of experiments I and II.
The value of the enthalpy of vaporization is in agreement (within
experimental errors) with the value from the mass spectrometric
measurements; however, it is higher than the value caleulated from
the data of experiments I and II. The analytical solution of the
proper vaporization and sublimation equations yielde a rather low
value for the melting point of MnF,; (500°K from Kmudsen and 320°K
from torsion data). |

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Comparison of mass-effusion and torgion-recoil rresgures —

There have been published several roportsll’z',’alr in
which the Knudsen-effusion and torsion-recoil methods have been
used in vapor pressure measurements of the same substance, In
each reported case the measured torsion pressure was greater than
the Knmudsen pressure, even when such meassurements were performed
simultaneously in the same apparahtsz?. Inspecting the values of
the Kmudsen and torsion pressures of experiments III and V it is
observed that the torslion pressures are larger than the corresponding
Knudsen pressures. The average value of the ratio P, /PK is 1.15.
This value is within the range of 1.05 to 1.17 of the same ratlo
in the cited references.

The lack of agreement betwesen P.. and Py may be attributed
to the surmise that the torsion pressure is larger than the Kmudsen
pressure because of the effusate which returns preferentislly to
the same side of the cell from which it origimated>!, The effusate
moleocules rebound from the walls of the quartgz enclosure against the
side of the cell from which they originated, Their impacts, on this
side, increase the deflection of the torsion assembly. Also, the
returning effusate molecules decrease the observed rate of weight
loss. The increased deflection leads to a higher apparent torsion
pwossﬁre while the reduced rate of mass effusion leads to a lower
Krmudsen pressure. |

The cbservation that P,  1s greater than P rules out the

63
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presence of the dimer, If only monomers and dimers are present,
then 227

1
P -p = (emEmi 1-M)i g, (111-7)

where the M's are molecular weights and Z, 1s the molar rate of
effusion of the dimer, Since Z;2 O and M,> M,, then P - Py
would be \< 0 if the dimer were present. Support of the:absence
of dimer in the vapor specles was reported by Kent et al.zb' in

their mass spectrometric studies.
Conslusions

Compariscn of the vaporigzation data of MnF,;, sumarized in
Table XI, shows that, within experimental errors, only experiments I
and II yield reproducible vapor pressures and enthalpy and entropy
of vaporization. The close agreement between these two experiments
periitted a composite least-squares analysis of all the points,
except those obtained at the highest temperatures. The Clausius-
Clapeyron egquation and the enthalpy and entropy of vaporisation of
MnF,(@), in the temperature range 1130 - 1200°K, obtained from
the combined data of these two experiments are

L.524 & 0,032)10%
log“P(‘tm) = _( 24 & 2 032)10* + (8.067 £ 0.5) (I1I-4)

DBy gs = 69.7 T 1.5 Koal mole™?

and
Asi165 = 36,9 % 2.3 eu
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Additional criteria, considered in accepting these data as
the most reliable are presented below.

1) The melting point of MnF,, calculated from the
amalyticsl solution of the vaporizaticn equation, (III.4), and the
sublimation equation, (III-2), at the intersection point of equal
pressures, is consistent with the literature value, Similar
calculations, using the vaporization equations based on experiments
IIT and V, gave meliing points which are too low,

2) The enthalpy of fusion derived from vaporization data,
based on equation (III-4), and the sublimation data is oonsistent with
the value estimated by Brower25 o The values of the enthalpy and

entropy of fusion, arrived at in this investigation are:

© = +
AH1129 3.25 < 2,0 Koal mole

and

D5Yy 9 = 2.9t 1.8 eu,

3) The validity of the thermocouple calibration, represented
by equation (II-3A) when applied to the data of experiment III,
is suspected, Neither of the two calibration equations (II-3A and
II.3B) can be considered as reliable since the calibrations and
the vaporization measurements were interrupted by unavoidsble
replacements of the torsion fiber. The same arguments do not
apply to experiment V since the final calibration was performed
immediately after completion of the experiments, However, the
non-conformity of this experiment escapes an explanation on
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a thermodynamic basis.
4) The vaporization data of Kent et al.‘% is based on an

extrapolation of thelr sublimation data. The cited reference failed
to present a Clausius-Clapeyron equation, for the vapor pressure
of MnF, (£), and a value for the entropy of vaporization.

Although experiments III and V failed to contribute
acceptable thermodynamic functions for MnF,, they still served to
prove the utility of the present apparatus for simltansous
measurements of the torsional recoll and mass effusion as a means
of direct and indirect determinations of vapor pressuress However,
improvements in the apparatus are needed so thai more reliable
and reproducible information will become available by its use.

Suggested Apparatus Improvements

The improvements considered as necessary for this apparatus
to be capable of yielding reliable and reproducible data are
outlined below s

1) the experimental thermocouple should be fixed in a
permanent position;

2) the experimental thermocouple should be periodically
checked during an investigation;

3) the scale and light source of the optical 1lever system

should be mounted on a rigidly fixed frame;
L) a fast responding furnace is recommended.
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Suggestions for Future Work

As pointed out earlier the apparatus, after the suggested
improvements, should be fruitful not only in determining vapor
pressures directly and indirectly but also in investigating
dissociation and disproportionation reactions. Before the
discrepancy between the torsion pressure and the Knudsen pressure
can be utilized to indicate simple vaporization, dissociation or
polymerization, it is essentis] to determine if the discrepancy
is inherent in the method by a study involving a substanee known to
vaporige as & monomer and of known vapor pressure. Cadmium, zinc
and sllver are such substances which are available with high purity.

Cnce the instrumental sorrection fastor is established, the
vaporization behavior of several double salts, e.g. RbMnF,, may be
elucidated and thermodynamic functions of such salts may be

derived from their vapor pressure dats.
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