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Abstract

The total vapor pressures and molecular weights of bis
muth, antimony, sodium, lead, selenium, and indium vapors 
were determined by simultaneous measurements using the torsion- 
effusion and Knudsen mass loss methods. The vapors of bis
muth, antimony, sodium, and selenium were found to contain 
more than one species in the vapor phase over the range of 
the measurements taken. The vapors of lead and indium were 
found to be monatoroic. In the vapors where more than one 
species is present, the molecular weight was determined as 
a function of temperature thus allowing calculation of the 
vapor pressures of each species and the equilibrium constant 
K for the equilibrium between species.

The experimental measurements yielded: (1) total heats
of vaporization, (2) the heats of vaporization of each species 
(where more than one was present), and (3) the heats of dis
sociation of the higher species; in addition to the total 
vapor pressures, molecular weights, vapor pressures of each 
species, and the equilibrium constants already mentioned.

A comparison of the equilibrium constants calculated from 
the experimental data with the values predicted by statistical 
mechanics using spectroscopic data is presented where the 
spectroscopic data is sufficient for the comparison,
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A STUDY OF THE VAPOR ATOMICITY OF SOME METALS

CHAPTER I 

INTRODUCTION

Measurement of Vapor Pressure
The experimental techniques which have been used to de

termine the vapor pressure of metals can be divided into two 
classes according to the pressure range being investigated:

(a) High vapor pressures in the range of 10"^ to 10^ 
mm Hg have been determined by direct manometric methods, by 
observance of condensation points of vapors mixed with inert 
gases at various pressures, and by vapor-transport techniques,

(b) Low pressure methods that are valid in the pressure 
range of 10”® to 10""̂ mm Hg include rate of sublimation, rate 
of evaporation, rate of effusion, and torsion-effusion.

The high pressure methods are only applicable at compar
atively high temperatures in the case of metals; thus the low 
pressure methods are the most frequently used to investigate 
the vapor pressures of metals.

Most low pressure methods require a knowledge of the 
atomicity of the vapor in order to calculate the vapor pres
sure since a mass loss is measured and not a force.
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Thus, the requirement of knowing the molecular weight of 

the vapor as a function of temperature is inevitable* A dif
ferent approach to measuring the rate of effusion of vapors 
has been utilized successfully by several investigators^^®'

* This approach consists of measuring the force exerted by 
effusing vapors and is known as the torsion effusion method.
In order to determine this force the sample is enclosed in an 
effusion cell which is suspended on a torsion fiber and the 
vapor is allowed to effuse in a horizontal direction from two 
eccentrically located holes in the cell, thus exerting a torque* 
The angle through which the cell is deflected is observed and 
the vapor pressure is calculated from the equation:

p - 2Tg (1)
where P is the total vapor pressure (dynes/cm ), T is the tor
sion constant of the fiber (dyne-cm/rad), $ is the angle of 
deflection (rad.), â  ̂and a. 2 are the cross-sectional areas of 
the holes (cm ), and q^ and q, 2 are the horizontal distances of 
the holes from the suspension point (cm)*

Vapor Atomicity 
There are a number of metals which are known to have more 

than one species in the vapor state* It is observed that the 
atomicity or molecular weight of these vapors is a function of 
temperature* One is thus led to the conclusion that there is 
an equilibrium between the various species present in the vapor. 
In the case where monatomic and diatomic species are present
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in the vapor the equilibrium can be expressed by the equation: 

%  A 2 o The equilibrium constant for this reaction could 
be written as K = :^/(f^)where £ 2  is the fugacity of A 2  and 
f^ is the fugacity of However at very low pressures the
fugacity is very nearly equal to pressure and the equilibrium 
constant can be expressed in terms of partial pressures.

The atomicity of the vapor is the average number of atoms 
per molecule and is equal to a ratio of molecular weight to 
atomic weight of the vapor, i.e. r = vapor atomicity = M/Mi 

= atomic weight).
In order to determine the partial pressures of each spe

cies present in a vapor, one roust determine both the total 
vapor pressure (P) and the molecular weight of the vapor as 
a function of temperature. In this study the total vapor pres
sure is measured using the torsion effusion method and the 
molecular weight is determined by measuring the mass rate of 
effusion, using the following relation:

P  = ( Z H R T ^  (G)
(M)^ (t) (a) (2)

where M is the molecular weight, G is the mass of vapor effus
ing from the sample in time t, a is the area through which 
the effusion takes place, T is the absolute temperature, and 
R is the gas constant®

Perhaps a better measure of the relative amount of each 
species present is the ratio of the vapor pressures. This 
ratio can be derived by combining equation (2) with the rela
tionship between total vapor pressure and the vapor pressures
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of each species (P = p^ + The result is stated as equa
tion (3):

(3)
Pz (r^ - 1)

where p̂  ̂is the vapor pressure of the monatomic species and 
Pg is the vapor pressure of the diatomic species»

Review of the Literature on Vapor Pressure 
Measurements

Since most metals have an extremely small vapor pressure 
at temperatures below 1000°C the majority of vapor pressure 
measurements has been done on low boiling point metals such 
as bismuth, antimony, and selenium» Of these metals by far 
the greatest amount of work has been done on bismuth»

Bismuth Vapor Pressure 
An investigation of the heat of dissociation of Bi2  was 

carried out by using the method of molecular beams to
determine the combined velocity spectrum of Bi atoms and Bi2  

molecules» The degree of dissociation of Bi2  molecules was 
computed from the velocity spectrum and combined with vapor 
pressure measurements made using the rate of effusion method 
in order to obtain the heat of dissociation» The heat of 
dissociation determined by Ko was 77d  ± 1»2 kcal/gram mole 
over a temperature range of 827-947°Co

Examination of Kb's method of calculating the heat of 
dissociation shows that the equilibrium temperature used in 
this calculation was that of the slit chamber of the effusion



cell, which was 24°C above the temperature of the melt from 
which the vapor was effusing. The vapor pressures which were 
used in these calculations were determined at the lower tem
perature of the melt in the crucible. Thus a large error is 
introduced in the calculations due to the necessity of keep
ing the slit temperature above the crucible temperature in 
order to avoid condensation,

Yoshiyama^^^) made a determination of the vapor pressure 
of bismuth and the molecular weight of the vapor using a tor
sion-effusion technique combined with a mass rate of effusion 
measurement. From this work Yoshiyama derived an equation 
for the variation of the molecular weight of the vapor with 
change in absolute temperature, Yoshiyama reported the total 
heat of vaporization as 47,3 kcal/gram mole at 943,1°K and 
the heat of dissociation as 69.9 kcal/gram mole.

There are some possible sources of error in Yoshiyama's 
work. The thermocouple in the cell was not shielded from 
outside radiation which could cause an error in the tempera
ture measurement. Yoshiyama°s calculation of the orifice 
coefficient is probably in error since the value reported 
implies that the wall thickness at the orifice is approxi
mately 0.04 ram. Also, precautions were not taken for pre
venting the formation of bismuth oxide on the sample. The 
presence of bismuth oxide will decrease the evaporation rate 
from the surface of the sample,

Weber and K i r s c h used a small open end tube as an 
"effusion" cell to measure the vapor pressure of bismuth.
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Whitman^^, in a theoretical paper written in 1952, showed 
that equilibrium could not be established in a cell of this 
type. The results obtained could be as low as 22 per cent 
of actual values but were probably higher than this, by an 
undeterminable amount, due to the volume occupied by the 
sample in the cell.

Granovskaya and L u b i m o v measured the vapor pressure 
of bismuth using the langmuir evaporation technique. In 
this method the vapor pressure is determined by the quantity 
of material which evaporates (under vacuum) per unit time 
from a constant surface area. The quantity that is measured 
is the mass of material striking a given area in a specified 
time interval. Granovskaya and Lubimov correlated the quan
tity of material vaporized per unit time from the entire 
surface area of the sample with the vapor pressure of bismuth 
and reported the heat of vaporization of bismuth as 38.61 
kcal/gram atom. No mention of the molecular weight of the 
vapor was made.

0 ' D o n n e l l m a d e  an investigation of the vapor pressure 
of bismuth using the Knudsen effusion method. Radioactive 
bismuth 210 was used to increase the sensitivity of the method. 
The small weight of vapor which condensed on the cold target 
of the effusion cell was determined by measuring the radio
activity of the condensed material compared to that of the 
isotopic mixture in the cell. Using this ratio of activities 
the weight of the condensed material and the vapor pressure 
were calculated at the temperature of measurement.
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Since O'Donnell’s measurements were made by the Knudsen 

effusion technique it was necessary to know the molecular 
weight of the vapor in order to calculate the vapor pressure» 
After reviewing the work of previous investigators, O'Donnell 
concluded that there was no reliable information on the molec
ular weight of bismuth vapor » Hence, a molecular weight of 
418 corresponding to undissociated Bi2  was assumed for calcu
lations. Since the vapor pressure of Bi is small in the tem
perature range of the investigation (400-500°C), this is a 
reasonable assumption but may not be an accurate one» O'Don
nell reported that the heat of vaporization of bismuth is 
48ol t 0.6 kcal/gram mole.

Brackett and B r e w e r , in a recent study of the heat of 
dissociation of Bi2 , have noted that the usual method of de
termining the heat of dissociation from the slope of a plot 
of log Kp versus 1/T can lead to considerable error due to 
small temperature-dependent errors in the data (particularly 
if the data is over a small temperature range)• In an attempt 
to avoid these errors, Brackett and Brewer correlated pre
vious experimental data using the Third Law method. A table 
of values of (Pj - H2 gg)/t for monatomic, diatomic, liquid, 
and solid bismuth are required for their correlation. Brack
ett and Brewer evaluated the work of Yoshiyama, Ko and Leu 
using some supplementary data obtained from the compilation 
of Stull and Sinke^^?), and calculated the heat of dissocia
tion of Bi2  to be 46.5 t 1.0 kcal/gram mole. Brackett and
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Brewer tabulated the vapor pressure of both Bi and Big and 
concluded that both species are equally important in the tem
perature range of 700-1200®Co It may also be noted from their 
tabulation that Big is a substantial part of the total vapor 
pressure of bismuth at the boiling point,

Cosgarea(G), in his study of thermodynamic properties of 
uranium-bismuth alloys, determined the heat of vaporization 
of Bi and Bl2 , and the heat of dissociation of Big, An opti
cal absorption technique was used to determine the abundance 
of each species present. The method consists of measuring 
concentrations in a vapor by the quantity of light absorbed 
at characteristic frequencies by each species. The quantity 
of light absorbed by each species is proportional to the vapor 
pressure and when plotted versus 1/T yields the heat of vap
orization, Cosgarea calculated the heat of vaporization of 
Bi to be 37,3 kcal/gram mole, the heat of vaporization of Big 
as 39,5 kcal/gram mole, and the heat of dissociation of Big 
as 35,0 kcal/gram mole,

A tabulation of the previously reported results, compar
ing them with the results of this study is presented later 
in the text.

Antimony Vapor Pressure 
Yoshiyama and Niwa^^^^ made a determination of the vapor 

pressure and atomicity of antimony utilizing the same appara
tus that was used in determining the vapor pressure of bismuth. 
This determination thus has the same possible sources of error
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as those discussed in the section on bismuth vapor pressures.
A heat of vaporization of 46.2 kcal/gram mole for Sb^ and the 
heat of dissociation of Sb^ to Sb^ of 62.0 kcal/gram mole were 
reported.

In a recent study of lead-antimony alloys, Richards 
measured the vapor pressure of antimony over the alloys and 
the vapor pressure of pure antimony by a transpiration method. 
The method consists of passing a stream of gas mixture)
over a pool of the liquid metal at a low flow rate and measur
ing the amount of metal vapor transported by the gas to a 
condenser. The vapor pressure can be calculated knowing the 
amount of metal condensed from the measured amount of gas and 
the working pressure of the cell. Precautions were taken to 
assure equilibrium by carrying out experiments at different 
gas flow rates until a range of rates was found where no change 
in measured vapor pressures occurred. The dynamic nature of 
the method however may cause a non-equilibrium situation which 
is not detectable by the method of varying the flow rate of 
the gas. Richards calculated the heat of vaporization of Sb2  

to be 45.5 kcal/gram mole and the heat of vaporization of Sb^ 
to be 28.4 kcal/gram mole.

Vapor Pressures of Other Metals
Neumann and L i c h t e n b e r g ^ ^ ^ )  made an early study of the 

vapor pressure and molecular weight of selenium. A torsion- 
effusion measurement of the total vapor pressure was combined 
with mass rate of effusion data taken with a microbalance to
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determine the molecular weight of selenium» Neumann and 
Lichtenberg calculated the heat of vaporization of selenium 
to be 24.58 kcal/gram mole. No calculations were made for 
the heat of dissociation.

A study of the vapor pressure and molecular weight of 
selenium was made by Niwa and Sibata^^l) using the same 
method and nearly the same apparatus as that described in 
Yoshiyama*s article on bismuth vapor pressure and atomicity. 
The heat of vaporization of selenium was reported to be 26.8 
kcal/gram mole, and the heat of dissociation of Seg (Seg Z: 
3362) 58.4 kcal/gram mole.

Neumann and Volker^^^^ made the first vapor pressure 
determinations on metals employing the torsion-effusion cell 
technique developed by Volmer^^®^ to measure vapor pressures 
of organic solids. A modification of this technique combined 
with mass rate of effusion data was used by Neumann and 
Lichtenberg on selenium. Neumann and Volker measured the 
total vapor pressure of mercury and potassium and calculated 
the heats of vaporization to be 14.71 kcal/gram mole (at 
300°K) for mercury and 20,82 kcal/gram mole (at 336.6®K) for 
potassium.

A thorough analysis of thermophysical and thermochemical 
data on sodium was compiled by Thomson and Garelis^^S), Vapor 
pressure data and thermodynamic functions were used to calcu
late the heat of vaporization and dissociation of sodium. The 

most consistent values were reported to be: heat of vaporiza-
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tion, 26.366 kcal/gram mole? heat of dissociation of Nag, 
18.200 kcal/gram mole.

Spectroscopic Data «
Another source of data of the heat of dissociation of 

metals is spectroscopic data from absorption or emission 
spectra.

The absorption spectrum of diatomic bismuth was ana
lyzed by Almy and S p a r k s T h e  data was obtained by heat
ing pure bismuth in an atmosphere of nitrogen within a carbon- 
tube resistance furnace at temperatures of 850 to 1500°C.
Band systems in the visible, the ultraviolet, the far ultra
violet, and the violet range were analyzed. Almy and Sparks 
analyzed and correlated the several hundred bands in the bis
muth system into a set of potential energy curves for the 
molecular states. From these potential energy curves it was 
estimated that the heat of dissociation of the ground state 
of Big was 1.71 electron volts (39.6 kcal/gram mole).

Naude(lS) made a study of the absorption spectrum of 
antimony. The apparatus consisted of a quartz tube enclosed 
in a resistance furnace into which a sample of pure antimony 
is distilled through a side arm tube. The side arm tube was 
sealed off after placing the sample in the main tube and was 
kept heated by an auxiliary furnace. Maximum temperature 
reached in the main tube was 1100°C. Naude found absorption 
in two different wave length ranges but analyzed only one of 
these regions; the one of longest wave length (2840-3350A)



12
which corresponds to the transition of Sbg from the ground 
state to an excited state. The upper energy level had no 
regular energy differences between vibrational levels, thus 
preventing the determination of the heat of dissociation by 
extrapolation, h partial explanation of the irregularities 
in the upper state was given by attributing the irregularity 
to different isotope combinations of Sb2  (Sb^^^ and Sb^^S 
isotopes).

An extensive treatise on the spectra of diatomic mole
cules together with a large compilation of spectroscopic data 
on diatomic molecules was published by Herzbergt^^), This 
book contains such data as heats of dissociation, energy level 
diagrsuns and molecular constants determined by vibrational 
and rotational analysis of diatomic spectra. This book con
tains without a doubt the largest collection of spectroscopic 
data on diatomic molecules.



cmPTER II 

THEORETICAL

In any system where more than one molecular species is 
present and the relative amounts of the species change as the 
environmental conditions of the system are changed, there 
must be an equilibrium between the species. The equilibrium 
which is established between the species can be determined 
bgy calculation of the equilibrium constant K, using the con
cepts of statistical mechanics.

Equilibrium in the Vapor State 
For the equilibrium A + A %  A 2 , the equilibrium constant 

K is given by the expression:
Q,

K = V (4)
Q

where V is the volume of the system, and the Q's are the par
tition functions. The explicit forms of the partition functions 
are:

Q
V[ 2n(2m^)kgT]^/2 Bn^kgT g-hv/ZkgT "A^ ,D,/kBir

2 (1 -
1b )

Q a -
V(2nm^kgT) 3/2

(6)

13
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where v Is the vibrational frequency of the molecular ground 
state, Dg Is the electronic energy at the equilibrium dis
tance, m;̂  Is the mass of the atom A, w Is the multiplicity 
or number of slightly different energy states In the particu
lar electronic level of the atom or molecule, and CT Is the 
effective Internuclear distance In the molecule.

The dissociation energy of the molecule at O^K, Dq , Is 
given by the following expression:

Do = Dg - ÿ  . (7)

The equilibrium constant K for the equilibrium A + A %
Ag can now be obtained by substituting equations (5), (6), and 
(7) Into equation (4); after rearranging equation (4) becomes:

- Q~̂ (4n]̂ h ^2 gPp/RT
“i

(The assumption that only the first term In the electronic 
partition functions for A and Ag (w) need be considered Is 
Justified since where equation (8) Is used the higher elec
tronic levels are far enough above the ground state so that 
the succeeding terms are negligible compared to the first 
term.) The dissociation energy, the vibrational frequency 
of the molecular ground state (v), (T the Internuclear distance 
In the molecule, and the multiplicities of the electronic 
states (u) of the atom and molecule must be determined from
analysis of the spectra of the atom and the molecule.

I T
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Atomicity in the Vapor State 

For a number of elements it has been shown experimen
tally that there exists two or more molecular species in the 
vapor state. It is observed that the atomicity or relative 
amounts of each species present is a function of temperature.
It has also been observed experimentally that in some elements 
the relative amount of the highest molecular species increases 
as temperature is increased (in the vapor v/hich is in equilib
rium with the condensed phase) while in other elements the 
relative amount decreases as temperature is increased. Ration
alization of this experimental observation can be accomplished 
as follows; (AHy)^ = heat of vaporization of the monomer 

(4EÎ ) 2 = heat of vaporization of the dimer 
(1) if (AHy) 2  > (AH^)g, the partial pressure of the monomer 
will increase faster than the partial pressure of the dimer 
in the equilibrium vapor above the condensed phase as the 
temperature is Increased? (2) if (ah^^^ > the partial
pressure of the dimer will increase faster than that of the 
monomer as the temperature is increased.

Further, if we consider the following processes (without 
regard as to how they take place or whether polyatomic species 
exist in the liquid and solid states) and the energies re
quired to produce them:

A(liq or solid) ^  A (gas) ; (AH^) ̂
2A(liq or solid) A 2 (gas) ? (AHy) g 
2A(gas) —  A 2 (gas) ? (-AH^)
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(AHg = heat of dissociation of the dimer) the energies may be 
related to each other by addition and subtraction of the equa
tions to obtain the following expression:

a. 2(AĤ )̂  - (aĤ )2 = + (AĤ  ̂- AH ) .

Thus in case (1) above, corresponds
to AHg > ( A g y ) a n d  case (2), (aH^ ) 2  > (aĥ )ĵ  corresponds to 
AHd <

The difference between case (1) and case (2) can be stated 
in the following manner: when the dimer is stable to dissoci
ation AHg is greater than the heat of vaporization of the 
monomer (AHy)^, case (1) will occur with a high percentage of 
dimer at low temperatures and the percentage of dimer decreas
ing as temperature increases. If the dimer is not very stable 
to dissociation AH^ is less than (a h )̂̂ ,̂ case (2) and the con
centration of the dimer will be small at low temperatures but 
will increase as the temperature increases .

The heat of vaporization of a substance to form a gaseous 
molecule is the cohesive energy of the molecules in the con
densed phase. Although the cohesive energy is not absolutely 
predictable, a general qualitative statement can be made about 
the relation between the cohesive energy and the boiling point: 
the higher the boiling point of the substance the larger the 
heat of vaporization or cohesive energy. Thus we see that the 
probability of case (1) above becomes smaller for high boiling 
substêuices since (AHy.)̂  is becoming larger for high boiling 
materials and the dimer would have to be very stable for ah^
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to be larger than for a high boiling substance.

Looking at the periodic chait of the elements the follow
ing qualitative statements may be made:
Group I - these elements form a diatomic molecule with 1 pair 
of electrons so that aH^ is not too large. For group la the 
boiling points are fairly low so that (AH^) ̂  case (2).
For group Ib (Cu, Ag, Au) AHg is larger than for the la 
elements but the boiling points are much higher also, so that 
(AĤ )ĵ  > AHg still holds.
Group II - this group of elements can form only a very un
stable diatomic molecule by means of weak polarization or 
van der Waals forces and consequently AH^ is extremely small. 
The boiling points of group Ila are in a moderate range while 
those of group Ilb are fairly low, but for both sub-groups 
(AHy) 2  ̂»  AHg. The excited states of the molecules in this 
group are much more stable than the ground states since the 
exeat2d states of the atoms have two unpaired electrons; thus 
the molecule in the excited state forms a bond with 2 pairs 
of electrons. While this group should logically be classified 
as case (2), it seems more likely that at a temperature high 
enough to observe diatomic molecules in an equilibrium con
centration the molecules will be dissociated due to their 
instability (the molecules cannot exist as excited molecules 
in an equilibrium concentration).
Group III - these elements form a diatomic molecule with 1 
pair of electrons as the bond; thus their AH^ is not large.
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For this group however the boiling points are fairly high and 
consequently (a H^)i > AH^, so that case (2) is indicated. 
However (a H^) is quite a bit larger than a h^ so that appre
ciable amounts of diatomic molecules should not appear until 
the temperature is quite high.
Group IV - this group of elements forms a diatomic molecule 
with 2 pairs of electrons for the bond, so that their AH^ is 
fairly large. However the boiling points in this group are 
very high (in any period, the group IV element has the highest 
boiling point); thus (aH^)ĵ > a h ĵ still holds for this group. 
Due to the high boiling points in this group a rather high 
temperature must be reached before the vapor pressure is 
measurable and consequently only at rather high temperatures 
do the diatomic molecules (and higher species) become detecta
ble.
Group V - these elements form the most stable diatomic mole
cules of any group, having 3 pairs of electrons for the bond. 
The values of aH^ are thus quite large in this group. The 
boiling points in this group are rather low so that case (1) 
occurs, i.e. ah^ > (aH^)^. The diatomic molecules are in 
abundance for this group at fairly low temperatures and only 
in Bi and Sb does the monatomic species appear at all. In 
fact, for P, As, and Sb the tetratomic species are quite 
stable at low temperatures.
Group VI - this group of elements forms a diatomic molecule 
with a bonding of 2 pairs of electrons giving a fairly large
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value of The boiling points of these elements are fairly
low, however, and case (1) occurs, i.e. AH^ > (a h ^)ĵ . Here 
again, as in group V, the diatomic molecules appear at fairly
low temperatures. S and Se, in fact, show a preponderance of
sexatomic molecules at the lower temperatures.
Group VII - these elements foirm the diatomic molecule with a
bond of 1 electron pair. Their AH^ thus are not large but
are much larger than (AH^)^ since the boiling points are very 
low in this group. Due to the low boiling points in this group 
the critical pressure of the vapor is reached quickly and the 
observance of monatomic molecules is obscured even though the 
relative values of aH^ and (a h ^)^ indicate case (1). Since 
AHg is so much larger than (a H^)^ it is indicated that the 
diatomic molecules would predominate at low vapor pressure.



CHAPTER 111 

EXPERIMENTAL

Theory of Measurements 
The atomicity of a vapor whose molecular weight changes 

with temperature requires knowledge of the molecular weight 
of the vapor at the desired temperature. In this study the 
total vapor pressure is determined by the torsion-effusion 
method and the molecular weight is then calculated from the 
proper relation using mass rate of effusion data taken concur
rently but independently. A discussion of these methods fol
lows .

Torsion-Effusion Method 
The torsion-effusion method was originated by Volmer^^^^ 

for measuring the vapor pressure of various organic solids.
In this method the pressure exerted by the vapor is deter
mined by measuring the force exerted by the vapors effusing 
from an orifice in the effusion cell. A sample of the metal 
is placed in an effusion cell suspended from a torsion fiber 
and the vapor allowed to effuse in a horizontal direction 
from two holes placed eccentrically in the cell. In the case

20
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of an Ideal orifice the total vapor pressure (P) is calculated 
from the equation:

n

where T is the torsion constant of the fiber, a is the angle 
of deflection, a^ and a2  are the cross sectional areas of the 
holes, and and q2  are the horizontal distances of the holes 
from the suspension point.

Since in actual practice the orifice is not ideal and 
must have finite length, the vapor pressure is calculated 
using the following relation:

where fĵ  and ± 2  are correction factors for the effect of the 
finite length of the orifices and are functions of the angular 
distribution of the effusing molecules.

A study of the effect of finite orifice length on the 
angular distribution of effusing molecules was performed by 
Clausing(S). Freeman and S e a r c y i n  a more recent article, 
have derived a simplified relation for determining the f fac
tor when orifice dimensions are in the range 0 < L/r < 2, 
where L and r are orifice length and radius respectively.
This relation will be used in this study to calculate the f 
factors. The relation is:

2
^ = 0. 0 1 4 7 0 .  349- ^ +  0. 9982 . (4)
 ̂ (r)Z (r)
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The pressure calculated by this method is the pressure 

of the vapor at the orifice exits. As long as the holes are 
small in comparison to the mean free path of the molecules 
and the dimater of flow inside the cell, the pressure 
gradient in the cell between the metal surface and the ori
fice exits can be neglected^^. The primary factor in de
termining whether the pressure at the orifice exits corres
ponds to the equilibrium vapor pressure is the ratio of 
evaporation rate to effusion rate. In pure liquid surfaces 
every molecule striking the liquid surface is absorbed immed
iately and therefore the maximum velocity of evaporation is 
equal to the velocity of effusion. Since the area of the 
evaporating surface is much larger than the area of the ori
fices (about 1000 times larger in the apparatus used) the 
rate of evaporation is completely sufficient to maintain the 
equilibrium vapor pressure in the cell.

Mass Rate of Effusion Method
This technique is usually referred to as the Knudsen 

effusion method. The vapor pressure is determined in this 
method by measuring the mass rate of effusion of a vapor 
through an orifice of known cross-sectional area. The cal
culation of the vapor pressure from the effusion rate data 
requires a knowledge of the molecular weight of the effusing 
vapor. The vapor pressure is calculated by using the equa
tion:
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p , (zn&ÿ (G)--- (2)

(Mp (t) (a)

where M Is the molecular weight, G is the mass of vapor effus
ing from the cell in time t, a is the cross-sectional area of 
the effusion orifice, T is the absolute temperature, and R is 
the gas constant. This relation applies only to an orifice of 
zero length and for actual use with finite length orifices 
must be modified by an efficiency factor (f) which is a func
tion of the angular distribution of the effusing molecules*
In this study the effusion cell has two orifices and thus the 
relation for P is modified to:

p,(2nR^JG)-----------------  ,2a)
(M r (t) + agfg)

Since the total vapor pressure (P) is determined by the 
torsion-effusion measurements, equation (2a) is then utilized 
to determine M, the molecular weight. The value of M is then 
used to calculate r the atomicity in the following relation: 
r = where is the atomic weight.

The value of r is then substituted into the following 
relation to determine the ratio of the vapor pressures of the 
monatomic and diatomic species (p):

(3)p's - 1 Pz

(similar relations apply for equilibrium between other pairs 
of species and the ratio of their vapor pressures). The
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equilibrium constant for the dissociation reaction of the 
diatomic species can now be calculated since both total vapor 
pressure P and p have been determined, since:

K  • (9 )

Kp as defined here Is not numerically equal to the 
equilibrium constant K defined In Chapter II although It Is 
equivalent to It. The relationship between Kp and K Is:

Also the value of Kp depends on the units of pressure used 
In calculating It.

The heat of dissociation may be determined by a plot of 
In Kp versus 1/T since the slope of this plot Is AH^/R. (The 
temperature range In this study Is large enough so that the 
temperature dependent errors are small.) The heats of vapor
ization of the monatomic and diatomic species may be deter-

\mined by plotting In p^ versus 1/T and In P2  versus 1/T 
respectively, since the slopes of these plots are (aH^)j^/R 
and (aH^)2 /R respectively. The values of p^ and P2  are also
calculated from P emd p :

_ PJ3 P
Pi ■ P + 1 ’ ^2 p + 1 ■

Description of Apparatus 
The apparatus used In this study consists of an effusion 

cell with two eccentrically placed holes suspended from a
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quartz microbalance by a fine quartz torsion fiber. A diagram 
of the apparatus is shown in Figure I.

The effusion cell is illustrated in Figure 2. Three 
different effusion cells each having different orifice diam
eters were used. The cells are machined from graphite stock 
("Graph-I-Tite", Grade G, Graphite Specialties Corp.). The 
sample well in the cells is a hole drilled lengthwise through 
the cell. The sample well is closed at both ends by two small 
plugs machined from the graphite stock. The effusion orifices 
are holes drilled perpendicular to the sample well, one at each 
end of the well on opposite sides from each other. The wall 
thickness at each orifice is reduced to the order of 0.4 to 
0.8 mm by careful polishing with metallographic paper. The 
length of each orifice was determined by measurement with a 
metallographic microscope. The distance of each orifice from 
the axis of rotation of the cell is measured with a travelling 
stage microscope. The orifice lengths and distances from axis 
of rotation are corrected for the effect of thermal expansion 
at each temperature using a value of the coefficient of linear 
expansion of 7.86 x 10"^/°C.

The orifice areas are measured from magnified images 
(400x) traced onto uniform thickness weighing paper. The 
images were made on the screen of a micro-projector. The area 
of the weighing paper could be determined to within 1% and the 
weight of the paper to within 0.1%. To obtain the area of 
each orifice, the total weight of the whole paper, the weight
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of the Image cut from the whole paper, and the area of the 
whole paper must be determined. The accuracy of the areas 
determined are t lO'^cm^ since the area of the weighing paper 
can be determined to Ï 4. x 10~‘̂ cm^. The effusion cell is 
attached to the torsion fiber by means of a machined graphite 
keyway block which fits into a keyway that is machined into 
the cell. The keyway block is attached to the torsion fiber 
with "Sauereisen" refractory cement No. 74,

The torsion fiber is a drawn quartz fiber approximately 
0.2 mm in diameter and 26 inches long. A small galvanometer 
mirror (focal length 0.5 meter) is attached to the fiber with 
epoxy resin ("Hysol" BRL 2795, Houghton Laboratories, Inc.) 9 
inches below its upper end. The purpose of the mirror is to 
measure the angle of deflection of the cell using a telescope 
and scale (Leeds and Northrup Co.) made for use with the gal
vanometer mirror. The divisions on the scale are in milli
meters and each scale division is 0.001 radian. The torsion 
fiber is attached, at its upper end, to the quartz microbalance 
by means of the epoxy resin.

Before attaching the keyway block to the torsion fiber, 
it's torsion constant is determined by attaching cylindrical 
brass balance weights to the fiber with the epoxy resin and 
measuring the period of oscillation (t). The moment of iner
tia of each weight is calculated from I = mr2/2, where I is 
the moment of inertia, m is the mass in grams, and r is the 
radius of the cylindrical weight. The torsion constant T is
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calculated from the relation T = If T is determined
by using two weights having different masses, the moment of 
inertia of the suspension is canceled if T is calculated by 
solving for it simultaneously from two relations as the above. 
Thus T is calculated as

<‘l - ‘2>
There is no discernible difference in T , when using the sim
ultaneous calculation, as compared to the single determination. 
The value calculated by the foregoing method is checked by 
calibration against a known effusion rate (see section on Cali
bration) .

The quartz microbalance, shown in Figure 3, is constructed 
of 3 mm diameter fused quartz rod. The balance arm is attached 
to the base of the balance at the vertical supports on either 
side of the base by fusing the quartz. The supporting fibers 
are carefully thinned with a small flame until the balance has 
the requisite sensitivity. On one end of the balance arm a 
small aluminum vane is attached to the arm with the epoxy resin. 
On the opposite end of the balance arm a small "Alnico" mag
net is secured to the arm with the epoxy resin. The vane and 
the magnet are the detecting and restoring elements in the 
automatic control circuit of the balance system.

A flow diagram of the components of the automatic con
trolling and recording microbalance system is shown in Figure 
4. The system forms a null-type balance which functions as
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follows: a change in the weight of the effusion cell produces
a very slight movement of the balance arm which changes the 
field between the primary and secondary coils by means of the 
aluminum vane. The output signal from the secondary is recti
fied in the detector unit and fed to the recorder (Brown "Elec- 
tronik", Model No. Y153X17, Minneapolis Honeywell Co.). The 
recorder records the signal and controls the setting of a lOOK 
"Helipot" variable resistor by direct drive from the servo 
motor of the recorder. The "Helipot" resistor is in the cir
cuit with the magnet coil, thus the setting of the resistor 
determines the current flowing to the magnet coil and the 
restoring force exerted on the balance arm by the magnet.

The input signal to the primary detector coil is gener
ated in the detector with an oscillator circuit containing 
high-mu twin triode (12AX7) tubes. The frequency of this sig
nal is 300 kc. The primary and secondary coils are spaced 
apart and are located outside the vacuum chamber. The magnet 
coil is wound on a cardboard form which fits over the outside 
of the vacuum chamber side arm. The magnet coil has approxi
mately 4000 turns of #32 AW6 copper wire and has a resistance 
of 520 ohms. The circuit diagrams of the detector unit and 
the controller unit are shown in Figures 5 and 6, respectively.

The apparatus is enclosed within a vertical vacuum cham
ber. The upper section of the chamber is a pyrex tube 60 mm 
in diameter and 40 cm long. The side arm which contains the 
balance is also made of pyrex; this tube is 60 mm in diameter
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and 15 cm long. A smaller side arm, through which the system 
is evacuated, is fused to the main tube near the bottom. The 
evacuation side arm is a 25 mm diameter pyrex tube. Brass 
flanges are waxed by means of Apiezon W wax on to the vertical 
pyrex tube. The upper end of the chamber is closed by a brass 
plate resting freely on an 0-ring.

The lower section of the chamber consists of a fused 
quartz tube 58 mm in bore and 48 cm long which is closed at 
the lower end. The upper end is waxed into a brass flange 
which is a mating flange to the one on the lower end of the 
upper section of the chamber. The upper and lower halves of 
the cell are bolted together and the seal is provided by an 
0-ring. The Joint between the sections of the chamber is 
water cooled so as to keep the upper section of the chamber 
from becoming too hot.

The vacuum chamber is heated by a split-wound resistance 
furnasice (Type MK-3010-S, Hevi-Duty Electric Co.) which is 
open at both ends and fits around the lower section of the 
chamber. The furnace has three split windings; the two end 
windings are each 3 inches long, and the center winding is 4 
inches long giving a total heated length of 10 inches. The 
space between the lower chamber section and the furnace wind
ings at each end of the furnace is filled with ceramic refrac
tory fiber ("Fiberfrax”, The Carborundum Co.) so as to reduce 
heat losses through the ends.

The power input to the furnace is controlled by a West 
Model JSB-2 Proportional Controller which controls the furnace
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temperature (at the point of measurement) to t 1°C. The tem
perature distribution through the heated length of the furnace 
is further regulated by the rheostats (Type 0656-10 ohm, Allied 
Radio Corp.) in series with each of the three furnace windings. 
The furnace is fitted with three chromel-alumel thermocouples; 
one near the top, one in the center, and one near the bottom.
By adjusting the rheostats the maximum variance between the 
temperatures of the three thermocouples can be reduced to less 
than 3°C, giving a large zone in the center of the heated 
length where the maximum temperature variation is 1 1°C.

In addition to the themwcouples in the furnace, there 
are two chromel-alumel thermocouples which are placed inside 
the lower vacuum chamber section with their hot junctions about 
1 cm from the effusion cell. The thermocouple wells are mach
ined from the same grade of graphite stock from which the 
effusion cell is made in order to eliminate errors in temper
ature measurement due to emissivity difference of materials 
surrounding the sample and the thermocouples. The thermo
couples are made from matched chromel and alumel thermocouple 
wire (3G-170, Hoskins Manufacturing Co.) and their calibration 
was checked against copper and aluminum melting point stand
ards from the National Bureau of Standards.

The vacuum system consists of a fractionating oil dif
fusion pump (Type MCF-60, Consolidated Vacuum Company) backed 
by a Welch "Duo-Seal" No. 1402 B mechanical vacuum pump. The 
system is capable of evaucation to below 10"* mraHg pressure.
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The vacuum gauge used with the system is a Phillips type Cold 
Cathode ion gauge (Type PHG-OlOA, Consolidated Vacuum Company).

Calibration
Before using the apparatus the recorder in the micro

balance system was calibrated to determine what mass change 
corresponded to full scale deflection of the recorder. Since 
it was necessary to calibrate the recorder for mass effusion 
rates of the same order to be encountered in this study, it 
was desirable to use data on a substance with a similar atomic 
weight at a temperature where its vapor pressure coincided 
with the vapor pressure range of interest (10”^ to 1 0 ” 2  mmHg). 
Mercury was chosen as the calibrating substance because it met 
the above stated requirements and because vapor pressure data 
in the range of 10“  ̂to 10“^ mmHg agreed closely from three 
different d e t e r m i n a t i o n s u s i n g  three different meth
ods. Also mercury has such a small amount of Hg2  present in 
the vapor, even at temperatures up to the boiling pointt^?), 
that its molecular weight may be taken as the atomic weight 
(within 0.05%).

For the calibration the sample of mercury is brought to 
the desired temperature and the time required for full scale 
deflection of the recorder is observed. This time, together 
with the mass effusion rate calculated from vapor pressure- 
temperature data, is then used to calculate the total mass 
loss for full scale deflection. Table I shows calculated
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mass effusion rates, observed time for full scale deflection 
of the recorder, and total mass loss for four different tem^ 
peratures•

The vapor pressure data of Neumann and Volker^^®) is 
used to calculate the mass effusion rates. The choice was 
made on the basis of the low scatter of data in comparison 
to other investigations.

TABLE I
Calibration of Mass Effusion Rate

Vapor 
Pressure 
(mm Hg)

2.24x10-3
3.43x10-3
4.52x10";
9.84x10--*

Temperature
®C

27.25
32.5
36.0
46.4

Calculated
Effusion

Rate
(gm/min)

8.92x10-5
1.35x10-4
1.75x10"*
3.80x10-4

Observed Calculated 
Full De- Mass Loss 
flection (gm)

of Recorder 
(min)

39.3
25 .9
19.7

9 .2

3.51x10-3
3.50x10“;
3.45x10-;
3 .50 x 10“3

As a check on the torsion constant (T) of the torsion 
fiber, the vapor pressure data of Neumann and Volker was used 
to calculate T by measuring the angle of deflection a at dif
ferent temperatures. Instead of trying to obtain a "zero 
point" for the suspension, T was calculated using the vapor 
pressures at two different temperatures and the corresponding 
angles of deflection:

2T (â  - Qj) (12)
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Table II shows the values of T calculated from the vapor pres
sure data of Neumann and Volker and the measured values of

( “ 2  • a ’*

TABLE II
Calculation of the Torsion Constant from Data 

Pj - Pi *2 - *1
(mm Hg) (radians) (dyne-cm/rad)

1.19x10-3 0.004 0.533
1.09x10*3 0.004 0,489
5.32x10-3 0.019 0.502

The value of T determined by the brass balance weights on this 
same fiber was 0.505 dyne-cm/rad.

Preparation of Metal Samples 
The metals used in this study were 99.9999 percent pure 

bismuth emd 99.9996 percent pure antimony supplied by The 
Consolidated Mining and Smelting Company of Canada Limited; 
99.99 percent pure sodium obtained from Mallinckrodt Chemical 
Company; 99.999 percent pure lead, 99.999 percent pure selen
ium, and 99.999 percent pure indium supplied by American Smelt
ing and Refining Company.

The bismuth samples were removed from the bar ingot by 
use of a hacksaw. The small pieces were then immersed in con
centrated hydrochloric acid to remove any trace of oxide, then
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washed successively with distilled water and acetone. The 
samples were then dried with warm air from a heat gun and 
placed in a sample holder which could be evacuated.

The antimony samples were prepared in a manner similar
to that of bismuth except that the antimony was obtained mostly 
as a fine powder (due to the brittleness of the metal) with 
some small pieces. Only the finely divided powdèr was used 
in the samples to give maximum surface area to the sample.
The powder was then placed in concentrated hydrochloric acid 
to remove any oxide then filtered out of the solution and 
washed with distilled water and acetone. The powdered samples 
were dried partially with a heat gun then placed on a heated 
brass plate to complete the drying.

The lead samples were removed from the bar ingot and then
immersed in a 1:1 solution of concentrated acetic acid and 
hydrogen peroxide to remove the surface oxide coating. Upon 
removing the samples from acetic-peroxide solution they were 
placed in acetone until ready to be put in the effusion cell.

The sodium samples were prepared by cutting small pieces 
from the ingot. The samples were stored in a jar filled with 
kerosene until ready to be used in the cell.

The samples of selenium were prepared as a finely ground 
powder, from the pellet form supplied by grinding with a mor
tar and pestle. The finely ground sample was placed immediately
in the effusion cell.

The sangles of indium were removed from the rod ingot and 
washed thoroughly with acetone and placed in the sample holder.
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Experimental Procedure 

After careful preparation, samples of the pure metals 
are placed in the effusion cell which is then fixed to the 
torsion suspension. The apparatus is aligned and the vacuum 
chamber is closed and evacuation is begun. The ends of the 
furnace between the windings and the vacuum chamber are filled 
with ceramic insulating fiber and the furnace is turned on.
The temperature of the apparatus is raised to 200°C while being 
evacuated, to help outgassing of the system (except in the runs 
on sodium and selenium). When a vacuum on the order of 5 x 10 
mm Hg is achieved the torsion suspension "zero point" is read. 
The furnace controller is reset to the desired temperature and 
the power input adjusted for maximum heating rate. After the 
desired temperature is reached, 20 minutes is allowed for tem
perature and vapor-liquid equilibration (a period of 45 minutes 
showed no change in the measured values from those at 20 min
utes) . The deflection of the torsion fiber is read while the 
mass loss from the cell is recorded by the recorder in the 
microbalance system.

Measurements were taken on bismuth, antimony, lead, sod
ium, selenium, and indium. The readings on the apparatus were 
taken in both ascending and descending order of temperatures.
No difference was observed in the readings on the ascending 
cycle as compared to those on the descending cycle.

Errors in Experimental Measurements
A. Maximum propagated error for the vapor pressure measurement: 
from equation (la) the error (in percent), ap/P is
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p - T  -a - ajqjfj +
(1) maximwn error due to the torsion constant is

^  = ± 3. 22% ;
(il) roaxiisuiB error âne to the angle of deflection is

^  = ±5.0% ;
(iii) maximum propagated error due to the area of the holes, 
distance between the suspension point and the holes, and the 
orifice coefficient is

The maximum propagated error in the vapor pressure meas
urement is:

^  = 3. 22 + 5. 0 + 1. 36 = 9.60 % .

B. Maximum error for the molecular weight measurement: from
equation (2a) the percent error, AM/M is

+4.T+ A(GA) + ^ ,

W  -  ^   ̂ G/t -   ̂ (â f  ̂ + '

(i) maximum error due to the temperature is

^  = ±0.2 % ;

(ii) maximum propagated error due to the mass effusion rate is

= ± 3. 64 % :
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(111) maximum propagated error due to total vapor pressure Is

2 ~  = ±lt. 20 % ;

(Iv) maximum propagated error due to the area of the holes 
and the orifice coefficients Is

3-1^1 2̂ 2̂) X

The maximum propagated error In the molecular weight 
measurement Is:

^ =  0 .  2 + 3 . 6 4  + 19. 20 + 2 .6 0  = 25, 44 % .

The values calculated above are overestimates even If 
the errors are not compensating. The precision of the data 
taken In this study Is demonstrated by three measurements taken 
at Identical conditions on selenium vapor; the values agree 
within 1% (see Appendix E)• A discussion of the method of 
determining the errors and some sample calculations are given 
In Appendix H.



CHAPTER IV

RESULTS

From the experimental data the total vapor pressure and 
the molecular weight of the vapor are calculatedo Using these 
values, the vapor pressures of each species present and the 
equilibrium ratio of a pair of species may be determined. The 
total heat of vaporization, heats of vaporization of each de
tectable species, and the heat of dissociation of the higher 
molecular species to the lower species may be determined by 
plotting the appropriate vapor pressure versus reciprocal 
absolute temperature and determining the slope (see Appendix 
G).

Where enough spectroscopic data is available, the equi
librium constant (K) can be calculated from equation (8) and 
converted to a Kp value for comparison with the experimental 
value.

Results for Bismuth 
The results obtained for the total vapor pressure of 

bismuth are given in Figure 7. Upon application of the method

43
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Figure 7. Total Vapor Pressure of Bismuth
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of least squares to the data the total vapor pressure is rep
resented by the following relation:

log P(m m Hg) = 7 . 0 3 -

The total heat of vaporization of bismuth is then 38.5 1 0.1 
kcal/gram mole of the liquid as determined from the relation 
above, over the temperature range of 792-975°K.

The calculated results for the vapor pressures of Bi and 
Bi2  are shown in Figures 8 and 9. The application of the 
least squares method to these plots yields the relations:

log p^(mmHg) = 7 .12 -  ̂

log p2(mmHg) = 6 . 3 8  - —

The heat of vaporization of Bi is 40.2 i 0.1 kcal/gram atom 
and the heat of vaporization of Bi2  is 36.9 t 0.1 kcal/gram 
mole, over the temperature range of 792-975°K.

The values calculated for the equilibrium constant Kp 
(2Bi %  Big) are shown in Figure 10» The least squares method 
yields the relation:

log Kp = - 4 .  82 +

where Kp is in atm"^. The value for the heat of dissociation 
of Big is determined as 42.9 t 0.1 kcal/gram mole of Bi2 , in 
the temperature range of 792-975°K.

The experimental results show that for bismuth AHg > 
(nHy)2 * thus the prediction of the theoretical section is sub
stantiated by the results.
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The calculated values of Kp are correlated by the rela

tion:

R  In K  - Aa In T =    + CP ^
Where Aa is a constant which enters the relation from the 
integration of Cp values used in deriving the relation. The 
relation is derived in Appendix I. Figure 11 shows a plot of 
(R In Kp - In T) versus 1/T for bismuth ( Aa = 1 ). The slope 
of this plot is (AHd) 2 9 8  “ 298 and the value of (aH^)298 ob
tained for bismuth by the least squares method is 43.51 Ï 0.1 
kcal/gram mole.

The molecular weight of bismuth vapor as a function of 
temperature (T) obtained by application of the least squares 
method is:

log M  = 2. 3553 + ^23. .0 ^

The es^erimental and calculated data which is used to 
evaluate bismuth vapor pressures by the least squares method 
is tabulated in Appendix A.

The relation for K developed in the “Theoretical" section 
(equation 8) was used to calculate values for K over the same 
temperature range as the experimental data. The K value is 
then converted to a Kp value by equation (10) and the units 
are changed to atm"^. A sample calculation of a theoretical 
Kp value is presented in Appendix J. The theoretical values 
are compared with the experimental values in Table III. It 
can be seen from the table that the agreement is quite good.
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The values of the parameters for the calculation of K from 
equation (8) are given in Appendix A.

TABLE 111 
Comparison of Kp Values for Bismuth

T(®KÎ Kp(atm-l) Kp(atm-l)
_________ Theoretical Experimental
850 1.60x10® 1.51x10®
875 7.73x10® 7.26x10^
900 3.80x10® 3.62x10^
925 2.02x10® 1.89x10®
950 1.09x10® 1.03x10®
975 6.02x10* 5.76x10*

Results for Antimony 
The results obtained for the total vapor pressure of 

antimony are given in Figure 12. The least squares method 
yields an expression for total vapor pressure given by:

log P(m m Hg) = 9 .7 7  - ^ 4 ^  .

The total heat of vaporization of antimony is calculated as 
44,44 Î 0.1 kcal/gram mole of solid from the relation above, 
over the temperature range of 727-850°K.

The values calculated for the vapor pressures of Sbg 
and Sb^ are shown in Figures 13 and 14. The least squares 
method is applied to these values to obtain an expression for 
the vapor pressures of Sb2  and Sb^:
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log Pg(mmHg) = 11. 23 - 

log p^(mmHg) = 9 . 7 5  - — .

The heat of vaporization of Sb^ is 44,4 i 0.1 kcal/gram mole 
and the heat of vaporization of Sb2 is 57,0 - 2,0 kcal/gram 
mole, over the temperature range of 727-850°K,

The calculated values of the equilibrium constant Kp 
(2Sb2 %  Shy) are given in Figure 15, The least squares method 
yields an expression for Kp:

log Kp = - 9.  82 +

where Kp is in atm” .̂ The calculated value of the heat of dis
sociation of Sb^ is 69,7 - 0,1 kcal/gram mole of Sb^, over the 
temperature range of 727-850°K,

The experimental results show that AH^ > (AH^)g for anti
mony, and the theoretical prediction agrees with the results,

A plot of (R In Kp + 2 In T) versus l/T for antimony 
(Aa = -2) is shown in Figure 16, The slope of this plot is 
(ah^ ) 2 9 8  - 596 and the value of (AH^)2 gg determined from a 
least squares analysis of the points is 64,68 ± 0,1 kcal/gram 
mole.

The molecular weight of antimony vapor as a function of 
temperature obtained by the least squares method is:

log M  = 2.  4025 + .

The data given in the figures and the representations 
of antimony vapor pressure were determined from the experimental
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and calculated data which is tabulated in Appendix B.

Spectroscopic data on antimony is insufficient to allow 
calculation of K from equation (8), thus no comparison of 
experimental Kp with theoretical values are given.

Results for Lead 
The results obtained for the total vapor pressure of 

lead are shown in Figure 17. Application of the least squares 
method to the data yields the expression:

log P(m m Hg) = 7 . 7 4  -

The total heat of vaporization as calculated from the rela
tion above is 43.77 t 0.1 kcal/gram mole of liquid, over the 
temperature range of 845-1025°K.

Over the range of measurements taken on lead the molec
ular weight showed no discernible change and was the same 
value as the atomic weight indicating monatomic vapor mole
cules were present exclusively.

The experimental data for lead, from which the results 
above are calculated, is shown in Appendix C.

Results for Sodium 
For the total vapor pressure of sodium, the results 

obtained are given in Figure 18. The least squares analysis 
of the data yields:

log P(m m Hg) = 7 . 8 3 -  - -’ j - - -  .

The total heat of vaporization calculated from the above rela-
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tlonshlp Is 25.43 1 0.1 kcal/gram mole of liquid, over the tem
perature range of 486.5-578®K.

The calculated results for the vapor pressures of Na and 
Na2  are shown in Figures 19 and 20 respectively. The least 
squares analysis of the data yields the expressions:

log pj^(minHg) = 7 . 6 6 -

log Pg(mmHg) = 8, 63 - •

Thus, the heat of vaporization of Na is calculated as 25.02 
± 0.1 kcal/gram atom and the heat of vaporization of Nag as 
31.83 - 0.1 kcal/gram mole, in the temperature range of 486.5- 
578°K.

The calculated values of the equilibrium constant Kp 
(2Na %  Na2 ) are given in Figure 21. The least squares anal
ysis of the Kp values yields:

log Kp = -3 .  74 +

where Kp is in atm” .̂ From the Kp relation above the heat of 
dissociation of Na2  is calculated to be 18.06 t 0.1 kcal/gram 
mole of Na2 « in the temperature range of 486.5-578®K.

The experimental results show that < (aH^) for 
sodium, so that the theoretical prediction is substantiated 
by the results.

Figure 22 shows a plot of (R In Kp - In T) versus 1/T 
for sodium (Aa =1). The slope of this plot is (AHg)2 gg - 298 
and the value of (^H^)298 determined by the least squares 
method to be 18.30 Ï 0.1 kcal/gram mole.
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The molecular weight of sodium vapor as a function of 

temperature obtained by the least squares method is:

log M  = U  5099 - - - y — .

The experimental and calculated data for sodium is tab
ulated in Appendix D.

Values of K calculated from equation (8) were determined 
in the same temperature range as the experimental data. These 
theoretical values of Kp are compared in Table IV with the 
values of Kp calculated from the experimental data. The com
parison shows good agreement between the theoretical and 
experimental values. The values of the parameters necessary 
for calculating the theoretical K values from equation (8) 
are given in Appendix O.

TABLE IV
Comparison of K Values for Sodium

T(°K) Kp(atm-l) Kp(atm-l)
________  Theoretical Experimental
513 8.20x10^ 7.58x10^
528 4.93x10^ 4.76x10^
543 3.04x10^ 2.90x10^
558 1.94x10^ 1.85x10^
573 1.25x10^ 1.21x10^

Results for Selenium 
The results that were obtained for the total vapor pres

sure of selenium are shown in Figure 23, Application of the
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least squares method to the data yields the expressions:

log Pg(mmHg) = 12.68 -

log Pj^(mmHg) = 8 . 49 -

where P and P are the total vapor pressures above the solid S L
and liquid selenium respectively (the melting point occurs at 
217°C, which is within the measuring range). From the Pg rela
tion the total heat of sublimation is calculated as 33.50 Ï 0.1 
kcal/gram mole of solid, and from the P̂  ̂relation the total 
heat of vaporization is 24.12 t 0.1 kcal/gram mole of liquid. 
Experimental data was taken over a temperature range of 450- 
520°K.

The results calculated for the vapor pressures of Se2  

and Seg are given in Figures 24 and 25 respectively. The 
least squares analysis of the vapor pressure data yields for 
the solid range:

log (pg)g(mmHg) = 13 .12 -  

log (p^)g(mmHg) = 12.68 -

The expressions for the vapor pressures over liquid selenium 
are:

log (p^)^(m m Hg) = 8.  48 - - -’A ---

log (p^)j^(mmHg) = 8 . 32 -

The heats of sublimation are calculated to be: Seg - 36.48
i 0.1 kcal/gram mole; Seg - 33.11 t 0,1 kcal/gram mole. The
heats of vaporization are: Se2  - 26.71 - 0.1 kcal/gram mole;
Seg - 23.87 - 0.1 kcal/gram mole.
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The values calculated for the equilibrium constant Kp 

(3Se2 %  Seg) are shown in Figure 26. The least squares method 
yields the expressions:

log Kg = -17 . 74 + ■

log = -11. 32 +

where the K's are in atm“ .̂ From the above relations the val
ues of the heat of dissociation are: above the solid selenium
- 68.90 - 0.1 kcal/gram mole Seg; above the liquid selenium - 
56.27 t 0.1 kcal/gram mole Seg (in the temperature range of 
450-520°K).

The experimental results show that a h^ > (AHy)^ for sel
enium, thus the theoretical prediction agrees with the results.

The molecular weight of selenium vapor as a function of 
temperature obtained by the least squares method is:

log Mg = 2.  5709 +

log = 2,6061 + ■ .

The experimental and calculated data for selenium are
tabulated in Appendix E.

The Kp value for the equilibrium 3Se2 %  Seg is not cal
culated from the theretical considerations for two reasons:
(1) the spectroscopic data for Seg is questionable, and (2) 
it is not known whether the mechanism applied in the other 
equilibrium cases can be applied to the above equilibrium since 
Seg is formed from three molecules instead of two as in the 
other cases.
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Results for Indium 

The values obtained for the total vapor pressure of ind
ium are shown in Figure 27, A least squares analysis of the 
data gives:

log P(m m Hg) = 8 . 41 - —

From the above relation the total heat of vaporization is 
determined as 57.82 ± 0.1 kcal/gram mole, over the temperature 
range of 1050-1250°K.

The measurements taken on indium showed there was no 
change in the molecular weight with temperature (except for 
deviation due to experimental error) and the molecular weight 
was the same as the atomic weight indicating the predominance 
of the monatomic species.

The experimental data on indium is tabulated in Appendix
F.

Additional Results 
As a means of checking the reliability of the experimental 

results obtained with the apparatus it was felt desirable to 
answer the following questions: (1) is there any net torque
exerted on the torsion suspension due to diffusion through the 
cell walls, (2) does the diameter of the cell orifices affect 
the measurements, and (3) does the length of the cell orifices 
affect the measurements.

In order to answer question (1) a "blank cell" (a cell 
with no orifices but otherwise unchanged) was made, a sample
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inserted in the cell, and a run was made under experimental 
conditions. There was no detectable torque exerted on the 
torsion suspension.

Question (2) was answered by determining the vapor pres
sure at identical experimental conditions with three cells, 
each having a different orifice diameter but otherwise identi
cal. The vapor pressure was determined at two different sets 
of conditions with each of the three cells. The results ob
tained are shown in Figure 28. The correspondence between the 
values obtained from the three cells is within the experimental 
error of the apparatus.

Question (3) was answered by determining the vapor pres
sure under three sets of experimental conditions which should 
produce the same vapor pressure with one cell having three 
different orifice lengths but the same orifice diameter. Cell 
No. 2 was used in these determinations. The cell is desig
nated as No. 2, No. 2a, or No. 2b to correspond to the differ
ent orifice lengths of the cell. The results obtained are 
shown in Figure 29. The correspondence between the values 
measured with the three orifice lengths is within the experi
mental error of the apparatus.



76

6.0

5.0

o
Xo>
X
EE
LÜ(T3ininÜJX
Q.

QuiX3
in
<u

4.0

3.0

2.0

1.0

r\L / --(J- -

n r\U U  '

0.4 0 6  0.8 
O R IF IC E  D IA M ETER  (m m )

1.0

Figure 28. Measured Pressure vs. Orifice Diameter



77

3,0

O
X
O'X
E
E

LU
§2.0c/5œLUcc
CL

QLU
cr3
c/5<lU 1.0

0

r\ 0w w

8.60 0.70 0.80
O R IF IC E  L E N G T H  (m m )

0.90

Figure 29. Measured Pressure vs. Orifice Length



CHAPTER V

DISCUSSION

A comparison of previously reported values of the total 
vapor pressure of bismuth with those determined in this study 
is shown in Figure 30. As it may be seen in the figure, there 
is no general agreement between values of the various investi
gators. However it was pointed out earlier that there are some 
fairly evident reasons that the values reported by Yoshiyama 
are lower than they should be. The values reported by O'Don
nell would also be expected to be low due to his assumption 
of a molecular weight of 418 (all Bi2 ). The reported values 
of Granovskaya and Lubimov have been discussed earlier and it 
is expected that these values should be high. The values given 
in "Selected Values for the Thermodynamic Properties of Metals 
and A l l o y s " a r e  calculated from a compilation of the ther
modynamic properties of bismuth and may not agree well with 
measured values.

From the experimental work on bismuth values were cal
culated for the total heat of vaporization (a h ^), the heats 
of vaporization of Bi and Big (a h £ and AHg), and the heat of

78
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dissociation of Big (AH^). A comparison of the values repor
ted in this study with those previously reported is given in 
Table V. The values reported by previous investigators are 
corrected to 298°K by the Third Law method of Brackett and 
Brewer. All values are in kcal/gram mole.

TABLE V
Heats of Vaporization and Dissociation of Bismuth

Investigator (a HJ) 298 (AHJ^)298 (AH2)298 (AH^>298

This study 42.53*0.1 44.10±0.1 45.26±0.1 43.51*0.1
Cosgarea — — — 41.7 47.9 35.8
Yoshiyama 51.5 (60.0) (50.0) 70.6
O'Donnell 51.7±0.6 — “ — — —— ——
Granovskaya 
and Lubimov 42.61 — —— — — ——

Ko 81.1+1.2 — ”  — —— —
Leu 65.1+26.7

A comparison of the values of the total vapor pressure 
of antimony taken in this study with the recent work of Rosen
blatt and Birchenall^^S) and the earlier work of Niwa and 
Y o s h i y a m a i s  shown in Figure 31, The agreement of the 
values is excellent.

The data of Niwa and Yoshiyama on antimony agrees well 
with the values from this study whereas the data of Yoshiyama 
on bismuth does not, even though the same apparatus was used. 
The difference could be due to some changes made in the
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apparatus» It is known that a platinum torsion fiber was used 
for bismuth. There may have been other differences not men
tioned.

The experimental data on antimony yield values of the 
total heat of vaporization, the heats of vaporization of Sb2  

and Sb4 , and the heat of dissociation of Sb^. Table VI gives 
a comparison of the values obtained in this study for the heat 
of vaporization of Sb^ and the heat of dissociation of Sb^ 
with those previously reported,

TABLE VI
Heats of Vaporization and Dissociation of Antimony 

Investigator ^^^d^298

This Study 47.7sio.l 64.68±0.1
Niwa and Yoshiyama 49.04 57.40
Rosenblatt and Birchenall 49.45i0,09 --

The total vapor pressure of lead determined in this study
is compared with the previously reported data by Egerton^^) 
and Aldred suid Pratt in Figure 32. Only the least squares 
representation of the vapor pressure data was obtainable.
The values of the other investigators lie slightly below those 
of this study. The difference in the values might be due to 
the presence of lead oxide on the samples since lead will 
oxidize considerably in a short period of exposure unless 
careful precuations are taken. Neither of the previous inves
tigators mentioned precuations for cleaning the surface of the



83

THIS STUDY 
EGERTON 

-------------- ALDRED a  PRATT

1 .02 1.10 
/y X 10* (W)

Figure 32. Comparison of Lead Vapor Pressures



84
samples to remove oxide* The experimental data on lead yield
only a value of total heat of vaporization. Table VII gives 
a comparison of the values obtained in this study for the heat 
of vaporization of Pb with those reported by the other investi
gators •

TABLE VII 
Heat of Vaporization of Lead 

Investigator ggg
This Study 46.94Î0.10
Sgerton 47.17-0,2 0
Aldred and Pratt 46.81-0.52

The values of the total vapor pressure of sodium measured 
in this study are compared with some values of previous inves
tigators in Figure 33. The agreement is excellent.

From the experimental data on sodium values of the total 
heat of vaporization, the heats of vaporization of Na and Nag, 
and the heat of dissociation of Nag were calculated. A compar
ison of the values of the heat of vaporization of Na and the 
heat of dissociation of Nag obtained in this study with the 
previously reported values is given in Table VIII.

A comparison of the values of the total vapor pressure 
of selenium determined in this study with some previously re
ported values is shown in Figure 34. The agreement of values 
is only fair. There seems to be no explanation for the dif
ference since the methods used are basically the same.
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TABLE VIII

Heats of Vaporization and Dissociation of Sodium 

Investigator ^^^d^298

This Study 26.22+0.1 18.30*0.1
Rodebush and Henry 26.32 --
Edmondson and Egerton 26.30 --
Thomson and Garelis* 26.31 17.96

The experimental data on selenium yield values of the 
total heat of vaporization, the heats of vaporization of 
Se2 and Seg, and the heat of dissociation of Se^. Table IX 
gives a comparison of the total heat of vaporization and the 
heat of dissociation of Seg determined in this study with the 
previously reported values.

TABLE IX
Heats of Vaporization and Dissociation of Selenium 

Investigator **(Aap) **(AH^)

This Study (Liquid) 24.12*0.1 56.27±0.1
(Solid) 33.50±0.1 68.90±0.1

Neumann and (Liquid) 24.58 --
Lichtenberg (Solid) 33.92 --
Niwa and Sibata (Liquid) 26.80+0.4 58.39*0.4

(Solid) 33.22+0.4 67.87±0.4

*This work is a compilation of several investigator's
data.

**These are values in the experimental range which is 
nearly identical in the three determinations.
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The total vapor pressure of Indium determined in this 

study is compared with some experimental values listed in "Sel
ected Values for the Thermodynamic Properties of Metals and 
Alloys" in Figure 35. The agreement between the values is quite 
good. The data on indium yield a value of the total heat of 
vaporization at 298°K of 59.77i0.1 kcal/gram mole compared to 
the value 58.01 kcal/gram mole listed in "Selected Values for 
the Thermodynamic Properties of Metals and Alloys."
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CHAPTER VI

CONCLUSIONS

As a result of the experimental work done in this study 
the following is concluded:
(1) The combined torsion-effusion and mass loss apparatus 
used in this work permits accurate and precise experimental 
determination of vapor pressures.
(2) The thermodynamic quantities calculated from the experi
mental data are believed to be the best values available.
The values obtained for the heats of vaporization and heats 
of dissociation of the elements studied are:
Bismuth: (values at 298.1°K)

Total heat of vaporization 42.53i0.1 kcal/gram mole
Heat of vaporization of Bi 44,10±0.1 kcal/gram mole
Heat of vaporization of Big 45.26Î0.1 kcal/gram mole
Heat of dissociation of Big 43.51*0.1 kcal/gram mole

Antimony: (values at 298.1°K)
Total heat of vaporization 47.79±0.1 kcal/gram mole
Heat of vaporization of Sbg 59.05^2.0 kcal/gram mole
Heat of vaporization of Sb^ 47.75±0.1 kcal/gram mole
Heat of dissociation of Sb^ 64.68*0.1 kcal/gram mole

90
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Lead: (value at 298.1 k )

Total heat of vaporization 
Sodium: (Values at 298.1°K)

Total heat of vaporization 
Heat of vaporization of Na 
Heat of vaporization of Nag 
Heat of dissociation of Na2

46.94±0.1 kcal/gram mole

26.8010.1 kcal/gram 
26.22+0.1 kcal/gram
34.1910.1 kcal/gram 
18.30Î0.1 kcal/gram

mole
mole
mole
mole

Selenium: (values at average temperature of 485°K)
Total heat of vaporization 24.12+0.1 kcal/gram mole
Total heat of sublimation 33.50+0.1 kcal/gram mole
Heat of vaporization of Seg 26.71+0.1 kcal/gram mole
Heat of sublimation of Seg 36.48±0.1 kcal/gram mole
Heat of vaporization of Se^ 23.87+0.1 kcal/gram mole
Heat of sublimation of Se^ 33.11+0.1 kcal/gram mole
Heat of dissociation of Seg 68.90+0.1

56.27+0.1
kcal/gram
kcal/gram

mole*
mole**

Indium: (value at 298.1°K)
Total heat of vaporization 59.77i0.1 kcal/gram mole

*(< 490°K) 
**(> 49QOK)
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APPENDIX A

T(°K) a (rad)

Bismuth Dat̂ a 
T = 0.505 dyne-cm/rad 

a^ = 4.40x10“^cm^
= 0.472 cm 

f 2  = 0.676

P(mmHg)

= 4.18x10"^cm^ 
^ 2  - 0.490 cm
f2  = 0.617

G gm 
t sec “ ülîi P(atm)

850 0.0050 1 .41x10"^ 6.40x10-7 315.9 1.85x10"*
875 0.0095 2 .68x10-3 1 .2 0 x1 0 “* 312.9 3.52x10-*
900 0.0175 4.93x10-3 2 .2 0 x1 0 “® 310.0 6.48x10"*
925 0.0315 8 .87x10-3 3.90x10-6 308.0 1.16x10"*
950 0.0540 1 .52x 10”3 6.40x10-* 306.0 2 .0 0 x 1 0 "*
975 0.0890 2 .50x10-2 1.04x10-* 303.6 3.29x10-5

T(°K) P
P + 1
pz Kp(atm-l) Pj^(mmHg) ? 2  (xnmHg)

850 0.803 2.795 1.51x10* 6.32x10-4 7.68x10-4
875 0.851 2.556 7.26x10* 1.25x10-3 1.43x10-3
900 0.900 2.346 3.62x10* 2.34x10-3 2.59x10-3
925 0.939 2.214 1.89x10* 4.27x10“3 4.60x10-3
950 0.980 2.094 1.03x10* 7.46x10-3 7.74x10-3
975 1.035 1.900 5.76x10^ 1.26x10-2 1.24x10-2
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9l = 

=

9.33x10 
0.998 cm 
0.640

95
Bismuth Data

T = 0.415 dyne-cm/rad 
-3

& 2  = 9 . 1 6 x 1 0 cm^
q2 = 1.017 cm 
f2  = 0.627

T(°K) a (rad) ® - 2 2  M -32L P(mmHo) t sec mole P(atro)
792 0.0050 2 . 6 4 x 1 0 * 4  5.54x10-7 3 2 4 . 1 3.47x10
808 0.0080 4.22x10-4  8.80x10*7 321.6 5.57x10
821 0 . 0 1 2 0 6.33x10*4 1 .31x10-6 319.9 8.35x10
835 0.0180 9.49x10*4 1.96x10*6 3 1 g . 3 1.25x10

T(°K) P
P + 1
p^ Ko(atm-l) PI(mmHg) P2 (mmHg)

792 0 . 6 8 8 3 . 5 7 0  1 . 0 3 x 1 0 7 1.08x10-4 1.56x10-4

808 0 .721 3 . 3 1 4  5 . 9 7 x 1 0 6 1.77x10-4 2.45x10-4

821 0.745 3 . 1 4 6  3 .7 8x 106 2.70x10*4 3.63x10*4

835 0.770 2 . 9 8 5  2 . 3 9 x 1 0 6 4.13x10*4 5.36x10*4

Do = 14,800 cm*l = 42.3  kcal/gm mole (1 5 )*

V = 172,7 cm*^ = 5.18x10^2 sec*^ (2 )
O' = 2.85x10*® cm (1 )

"B i2 = 1 (15)

“B i = 4 (15)

-7
-7
~ 6

* These numbers refer to references listed in the Bibliography,



APPENDIX B

Antimony Data
T = 0.505 dyne-cm/rad

ai =
91 =
fl =

4,40x10“  ̂cm^
0,472 cm 
0.67 6

-3 2ag = 4.18x10 cm
q̂ 2 - 0.490 cm
±2 = 0.617

T(°K) a (rad) P(mmHq) G Æ  M -SBL. t sec mole P(atm)
775 0.0065 1.83x10"^ 1.20x10'® 484.7 2.41x10"®
800 0.00165 4.64x10“ 2.90x10"® 484.0 6 .1 1 x 1 0 “®
825 0.G365 1.03x10"^ 6.40x10“® 483.4 1.35x10-®
850 0.0780 2 .2 0 x1 0 "̂  1.33x10"^ 482.2 2.90x10“®

T(°K) P Kp(atm” )̂ P 2 (mmHg) P4 (mmHg)

775 O.Uu8 1.61x10* 6.68x10* 1.45x10-5 1.82x10-3
800 0.009 1 .1 2 x1 0 * 1.83x10* 4.20x10-5 4.60x10“®
825 0.013 6 .0 2 x 1 0 ^ 4.46x10® 1.32x10“* 1 .0 2 xl0 “ 2

850 0.017 3.36x10^ 1.39x10® 3.68x10“* 2.16x10“®
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Antimony Data

T = 0.415 dyne-cm/rad
=

=
fi =

9.33x10*3 cm^
0.998 cm
0.661

= 9.16x10*3 cm^ 
9 2  = 1.017 cm 
fg = 0.655

T(°K) a (rad) P(mmHq) G -32 t sec M -22L mole P(atm)
727 0.0050 2.54x10*4 6.88x10*7 486.3 3.33x10-7
738.5 0.0080 4.06x10*4 1.09x10*6 486.0 5.34x10*7
748.5 0.0120 6.09x10*4 1.63x10*6 485.8 8.01x10*7
759 0 . 0 1 8 0  9.1 4 x 1 0 "4 2.42x10-6 485.4 1 .2 0 x 1 0 ’®
770 0.0270 1.37x10*3 3,61x10*6 485.0 1.80x10*6

P + 1
T(°K) P 6 % Kp(atm*l) P 2 (mmHg) P4 (mmHg)

7 27 4.5x10*3 5.07x 104 1.52xl0ll 1.14x10*6 2.53x10"4
738.5 5.2x10“  ̂ 3 . 7 9 x 1 0 4 7.10x10^° 2 .1 0 x1 0 * 6 4.04x10*4
748.5 5.9x10*3 2 . 9 1 x 1 0 4 3.63x10^° 3.58x10*6 6.06x10*4
759 6 .8 x 1 0 "^ 2 .1 6 x1 0 4 1.80x10^0 6.17x10*6 9.08x10’4
770 7.7x 10*3 1.67xl04 9.29x10® 1.05x10*5 1.36xl0’3



APPENDIX C

Lead Data
T = 0,453 dyne-cm/rad

a, =‘1

f.

4.40x10-3 cm^ 
0.472 cm 
0.676

“
92 -
f o —

4.18x10-3 cm^
0.490 cm 
0.617

T(°K) a (rad) P(mmHa) i s P ^ moTe P(atra)
900 0.0050 1.27x10"^ 9.56x10-7 207.0 1.67x10-6
925 0 . 0 1 0 0 2.53x10“^ 1.89x10-6 207.2 3.33x10-6
950 0.0190 4.82x10-3 3.53x10-6 207.2 6.33x10-6
975 0.0350 8.87x10-3 6.43x10-6 207 .3 1.17x10-5

1 0 0 0 0.0620 1.57x10-2 1.12x10-5 207.2 2.07x10-5
1025 0.1075 2.72x10-2 1.93x10-5 207.3 3.51x10-5
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Lead Data

T = 0.415 dyne cm/rad

a^ = 9.33x10-3 cm^ ® 2 = 9.16x10-3 cm^
= 0.998 cm 92 = 1.017 cm

fl = 0.683 f2 = 0.685

T(°K) a (rad) P(nunHa) e -2 ÎSt sec P(atm)
845 0.0050 2.44x10-4 4.01x10-7 207.4 3.21x10-7
867 0.0100 4.88x10-4 7.91x10-7 207.2 6.42x10-7
891 0.0200 9.77x10-4 1.56x10-6 207.2 1.28x10-6
900 0.0260 1.27x10-3 2 .0 2 x 1 0 - 6 207.0 1.67x10-6



APPENDIX D

Sodium Data
T = 0.453 dyne-cm/rad

a^ = 4.40x10*3 cm^ ^ 2
= 4.18x10-3 cm2

qi = 0.472 cm 92 = 0,490 cm
= 0.676 f2 = 0.617

'(°K) a(rad) P(mmHq)
G _3m 
t sec “ J fü i P(atm)

518 0.0050 1.27x10-3 4.24x10-7 23.23 1.67x10-6
533 0 . 0 1 0 0  2.53x10-3 8.37x10-7 23.29 3 .33 x 10"6

548 0.0195 4.94x10-3 1.61x10-6 23.35 6.50x10-6
563 0.0360 9.12x10-3 2.94x10-6 23.40 1.20x10-5
578 0.0650 1.65x10-2 5.24x10-6 23.47 2.17x10-5

(°K) P I^(atm“ )̂ Pi(mmHg) P2 (mmHg)

518 80 1.27x10"^ 7 .58 x 103 1 .25x 10”^ 1.60x10-5
533 64 1.59x10“^ 4 ,76x 1q3 2.49 x 10-3 3.90x10"^
548 54 1.89x10-2 2.90 x 1o3 4.85x10-3 9.00x10-5
563 46 2 .2 2 x1 0 - 2 1.85x 103 8.93x10-3 1.94x10-4
578 39 2.63x10-2 1.21x 103 1.61 x 10-2 4 .1 2 x 10-4
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Sodium Data 

T = 0.415 dyne-cm/rad
= 9 .3 3 x 1 0 ” ^ cm^ ^2 = 9 .1 6 x 1 0 “ 3 cm?

= 0 .9 9 8  cm 92 = 1 .0 1 7  cm
f 1 = 0 .6 6 1 f2 = 0 .6 5 5

T(°K) a(rad) P(mmHq)
G _2 m 
t sec " & P(atm)

4 8 6 .5 0 .0 0 5 0  2 .5 4 x 1 0 -4 1 .8 3 x 1 0 -7 2 3 .0 7 3 .3 3 x 1 0 -7

4 9 9 .5 0 .1 0 0  5 .0 8 x 1 0 -4 3 .6 2 x 1 0 “7 2 3 .0 9 6 .6 7 x 1 0 -7

513 0 .0 2 0 0  1 .0 2 x 1 0 " ^ 7 . 16x 1 0 ”7 2 3 .1 2 1 .3 3 x 1 0 "®

518 0 .0 2 5 0  1 .2 7 x 1 0 -3 8 .9 1 x 1 0 -7 2 3 .1 4 1 .6 7 x 1 0 "®

T(°K) P p2 Kp(atm“ )̂ Pi(mmHg) Pg(mmHg)

486.5 127 7.93x10-3 2 .3 8 x 104 2.52x10-4 1.98x10-6
499.5 104 9.74x10-3 1 .4 6 x 104 5.03x10-4 4.84x10-®
513 84 1.20x10-3 8 .9 8 x 103 1.01x10-3 1.19x10-5
518 79 1.28x10-3 7 .6 5 x 103 1.25x10-3 1.59x10-5

»o = 6,148 cm"! = 17,568 kcal/gm mole (1 1 )
V = 159.23 cm-1 = 4.78x10^2 sec"^ (15) 

0* = 3.078x10"® cm (15)
"N& 2  = 1 (15)

= 2 (15)



APPENDIX E

Selenium Data
T = 0.453 dyne-cm/rad

^ 1

fl

= 4.40x10-3 cm2
0.472 cm 
0,676

& 2  = 4.18x10*3 cm2 
^2 - 0.490 cm 
±2 = 0.617

T(°K) a (rad) P(mmHg)
G gm 
t sec “ 5 ^ P(atm)

470 0.0050 1.27x10-3 1.90x10*6 428.4 1.67x10-6
480 0.0105 2.66x10-3 3.95x 10"6 427.2 3.50x10-6
490 0.0215 5.45x10*3 7.99x 10"6 425.7 7.17x10*6
500 0.0355 9.00x10*3 1.30x10*5 423.1 1.18x10-5
510 0.0575 1.46x10*2 2.07x 10~5 420.9 1.92x10"^
520 0.0915 2.32x10*2 3.26x10-5 418.1 3.05x10*5

T(°K) P (P + 1 ) 2 Kp(atm-l) Pg(mmHg) Pg(mmHg)

470 0.131 5.69x 102 2.05xl0l4 1.47x10-4 1.12x10-2

480 0.135 5.24x 102 4.27x10^2 3.16x10*4 2.34x10-2
490 0.139 4.83x 102 9.41x10^2 6.65x10*4 4.78x10*2
500 0.147 4.14x 102 2.96xl0l2 1.15x10*2 7.84x10*2
510 0.155 3.58x10^ 9.75x10^^ 1.96x10-2 1.26x10*2
520 0.163 3.12x 102 3.36xl0ll 3.25x 10"2 1.99x10-2
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Selenium Data

T = 0.453 dyne-cm/rad
a2  ̂= 2 .0 2 x 1 0 “  ̂cm^ 

= 1.014 cm
fl = 0.621

& 2 = 2,04x10“  ̂cm^

92 = 1.004 cm
fg = 0.612

T(°K) a (rad) P(mraHa) i Æ M niSfi P(atro)
480 0 . 0 1 0 0 2.68x10-3 1.78x10“® 427.1 3.52x10-6
490 0.0205 5.49x10-3 3.61x10“® 426.1 7.22x10“®
495 0.0260 6.98x10“3 4.59x10"® 424.8 9.18x10"®
500 0.0335 8.99x10-3 5.88x10"® 423.8 1.18x10“®
505 0.0425 1.14x10-2 7.40x10“® 422.4 1.50x10“®

T(°K) P (P + 1)2 
P^

Kp(atm“l) P 2 (mmHg) Pg(mmHg)

480 0.136 5.16x10^ 4.17x10^3 3.21x10-4 2.36x10-3
490 0.139 4.82x 102 9.26x10^2 6.70x10"4 4.82x10"^
495 0.144 4.42x10% 5.24x10^^ 8.79x10“4 6 .1 0 x 1 0 "^
500 0.148 4.05x10^ 2.91x10^2 1.16x10-3 7.83x10"^
505 0.152 3.78x10^ 1 .6 8 x 1 0 ^ 2 1.50x10-3 9.90xl0"3
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Selenium Data
= 0.415 dyne-cm/rad

= 9.33x10“  ̂cm^ 
= 0.998 cm 

fl = 0.640

ag = 9.16x10“  ̂cm^ 
qg = 1.017 cm 
fg = 0.627

T(°K) a (rad) P(mmHq) M P(atm)
450 0.0050 2.64x10-4 8.52x10-7 431.2 3.47x10-7
460 0 . 0 1 1 0 5.80x10-4 1 .8 6 x 1 0 ”^ 430.0 7.63x10-7
470 0.0240 1.27x10-3 4.01x10-6 428.7 1.67x10-6
480 0.0505 2.66x10-3 8.33x10-6 427.4 3.50x10-6
490 0.1035 5.46x10-3 1.69x10-5 426.3 7.18x10-6

■(°K) P
(P + 1 ) 2
p3 Kp(atm”3-) p^CmroHg) Pg(mmHg)

450 0 . 1 2 2 7.01x10% 5.82x10^5 2.87x10-3 2.35x10-4
460 0.126 6 .1 1 x 1 0 % 1.05x10^3 6.49x10-3 5.15x10-4
470 0.131 5.69x10% 2.05x10^4 1.47x10-4 1 .1 2 x1 0 -%
480 0.135 5.24x10% 4.27x10^% 3.17x10-4 2.35x10-3
490 0.139 4.83x 103 9.40x10^3 6.66x10-4 4.79x10-3



APPENDIX F

Indium Data
T = 0.453 dyne-cm/rad

-  4,40x10“  ̂cm^ ^2 = 4.18x10-3 cm2

= 0 .4 7 2  cm 92 = 0 .4 9 0  cm
= 0 .6 7 6 ^2 = 0 .6 1 7

T(°K) a(rad) P(mmHcr) G _gmt; sec — moie P(atm)
1125 0.0060 1.52x10-3 7.64x10-7 1 1 4 .6 2 .0 0 x 1 0 - 6

1150 0 .0 1 0 5  2 .6 6 x 1 0 -3 1.32x10-6 1 1 4 .8 3 .5 0 x 1 0 -6

1175 0 .0 1 8 0  4 .5 6 x 1 0 -3 2.24x10-6 1 1 4 .7 6 .0 0 x 1 0 -6

1200 0 .0 3 0 0  7 .6 0 x 1 0 -3 3 .7 0 x 1 0 -6 1 1 4 .8 1 .0 0 x 1 0 -5

1225 0 .0 4 9 0  1 .2 4 x 1 0 -2 5 .9 7 x 1 0 -6 1 1 4 .6 1 .6 3 x 10"5

1250 0 .0 7 9 0  2 .0 0 x 1 0 -2 9 .5 4 x 1 0 -6 1 1 4 .8 2 .6 3 x 1 0"5
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Indium Data 

T = 0,415 dyne-cm/rad
= 9.33x10*3 cm^ = 9.16x10*3 cm^
= 0 .9 9 8  cm qg = 1.017 cm
= 0 .6 83 ±2 = 0 .6 85

T (°K ) a(rad) P(mmHa)
G
t sec « 5 Ü 5 P(atm)

1050 0 .005 0  2 .4 4 x 10 *4 2.68x10-7 114.8 3.21x10-7
1077 0 ,0100  4 .8 8 x 1 0 ”4 5.30x10-7 114.7 6.42x10-7
1106 0 .020 0  9 .7 7 x 1 0 -4 1.04x10*6 114 .8 1.28x10-6
1136 0 .0400  1 .95x10 -3 mm mmmm iB  mm 2.57x10-6



APPENDIX G

The validity of the plots of log P vs 1/T and log vs 
1 /T in determining the heat of vaporization and heat of dis
sociation, respectively, depends on a set of conditions which 
must be satisfied in the system being studied. The conditions 
are:
(1) The system is in equilibrium; that is the vapor phase and 
the condensed phase are in equilibrium with each other so that 
aF = O.
(2) The vapor phase behaves as an ideal gas so that f = P (or 
f 1  — P]_» etc • ) 9
(3) The molal volume of the condensed phase is negligible 
compared to the molal volume of the vapor phase so that V - Vy 
(the molal volume of the vapor)•
(4) The heat of vaporization and heat of dissociation are 
constant with respect to temperature.

The validity of condition (4) above for the systems in 
this study is due to the fact that the calculated change of 
the heats of vaporization and dissociation is less than 1.5% 
over the experimental measuring range.

In the case of the heat of vaporization the relation may 
be derived by considering the condition of equilibrium between

107



108
two phases:

(1)

(v and L refer to vapor and liquid), moreover if any change 
occurs and equilibrium is maintained it is required that

dF = d F , (2 )
V  j-f

The two phases are completely determined by the system 
variables P and T, Thus the following relations are valid,

fsF
dF =

V I3P
dP +

T
V

9T dT ; dF^ = 
P ^ ~ w dP +

T 9T d T . (3)
P

Then since.
on
3P = V ;JT

or
9T = -S (4)

the relations in equation (4) can be substituted into the equa
tions (3) and combined with equation (2) to give,
[ (V  dP) -  (S dT) ] = [ (V  dP)^ -  (S dT) ]

^ V F  = F ,  ^  ^  F  = F ,
V  L  V  L

Since the system is at equilibrium.

dP = dPy and dT = dT^ V  L  V  L

then equation (5) is rearranged to give,
S -S,dP

d T ~  V
AS AH

V
AV T A V

(since AS = ÿS for a phase change at equilibrium) 
If equation (7) is rearranged then:

d(ln P) _ -(A H 'T  
d ( l / t )  " P  AV

(5)

(6)

(7)

(8)
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if condition (3) is applied then:

d (ln P ) _ -(A H)T
d ( l /T  “ P V ’ (9 )

and since the vapor behaves as an ideal gas then equation (6 ) 
becomes:

d(ln P) _ -AH
d (l/T )  " R ’ (10)

thus the slope of a plot of In P (or log P) vs 1/T is a con
stant, if condition (4) is applied, and from this constant the 
heat of vaporization (AH) may be calculated.

In the case of the heat of dissociation the relation may 
be derived by starting with the fundamental relation for a 
system at equilibrium:

AF" = -R T  In , ( u )

By defining the standard state of the vapor as the state 
where the fugacity f*= 1  at each temperature, the activity 
a = f and since f = P in these systems, a = P and = Kp.

For a process which occurs isothermally and at constant 
pressure (an equilibrium process) the following relation is 
valid:

where a h^ is the heat of dissociation for the standard states 
of the reactants and products. If equation (11) is now rear
ranged and differentiated it becomes:



110
equations (12) and (13) can now be combined to give:

Thus the slope of a plot of In Kp (or log Kp) vs 1/T is a con
stant, if condition (4) is applied, and from this constant the 
heat of dissociation can be calculated.



APPENDIX H

Errors in Experimental Measurements 
The general procedure used in estimating the maximum exper

imental errors in the measurements is illustrated by the follow
ing examples:
(1) The maximum error due to the angle of deflection a will 
occur when reading the smallest angle of deflection which is 
5  scale divisions; the scale can be read to one-half of a 
d'W^#iony therefore the error in reading is one-fourth of a 
division, thus the maximum error is

—  = = 0. 05 = 5% .a D
(2) The maximum error due to the torsion constant T can be
estimated from the relation for T which is

T- _ Zn^mr^
^ = ̂ 2—  :

the maximum error for T is thus,

(the error in m the mass is insignificant compared to the other 
quantities); again the maximum occurs at the smallest value of 
each quantity involved and in this case, the smallest r is 0.508
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cm and the maximum error in this value is 0.001 cm thus,

the smallest t is 7.1 sec and the maximum error in this value 
is 0.1 sec so that,

f  = 0.0141 .

Thus,

= 0 . 004 + 0. 0282 = 0 . 0322 = 3. 22 % .

(3) The maximum error due to the area of the holes, distance 
between the suspension point and the holes, and the orifice 
coefficient is

*  “ 2"2"2'

^ i V l  ^  ^2^2^2

The value of this quantity is estimated by calculating the 
value of ACâ qĵ f]̂  + using the estimated maximum errors
of measurement for each factor in the expression:

AB]̂  = 1.0x10“  ̂cm^ , ASg = 1.0x10*5 cm^
Aq^ = 1.0x10"^ cm , Aq2 = l.OxlO”  ̂ cm
Af^ = 0.005 , Afg = 0.005

Since â^̂ a2 » 9% 92' ̂ 1 ~ ^ 2 ’

A(â q̂ f̂  + â q̂ fg) = (q̂ f̂  + 93 2̂^̂  ̂+ (̂ 1̂ 1 + ̂ 2̂ 2^^^ ^2^2^^

A(a^q f̂  ̂ + a^q^fg) = [(1 . 014)(0. 621) + (1. 004)(0 . 612)](lO"^) +

t (2 .0 2 x l0 “ 5)(0.621) + (2.04x10"5)(o,612)](10"5) + 

[ (2 .0 2 x 1 0 “ 5)(i.014) + (2 .04x10”5 )( i .  004 )](0 . 005)

A(â q̂ f̂  + &2̂ 2̂ 2̂  ~ 4 4 x 1 0 ,
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then since the smallest value of is 2,53x10"^
cm^,

= 1.36x10-2 = 1. 36 % .
* *2 V z  2 . 53x10-3

(4) The maximum error due to the area of the holes, and the 
orifice coefficient is calculated in same manner as (3), and

A(a^f  ̂+ agfg) —

À(a^f^ + a^fg) = (0 . 621 + 0 . 612)(10'®) + (2 . 02x10"^ + 2 . 04xl0"^)(0. 005) 

A(â f̂  ̂ + ®̂ 2̂ 2̂  ~  ̂' 26x10"^

then since the smallest value of (â ^̂ i + is 2.50x10“  ̂cm^

= 3.,26x10-^ , 3 0 ^,0-2 % .
*2^2 2 . 50x10“ ^

(5) The maximum error due to the mass effusion rate is

A{Q/t) _ + aG 4. At
-CTTT- •

The value of ag/g is obtained from the calibration of the mic
robalance system,

^= ^ 1 . 3 2 %  .
The values of t (time for full scale deflection of the recorder 
in the microbalance system) ranged from 100 to 17,700 sec. The 
maximum error in t is 0.5 sec, thus

1^ = - ^ =  0 .  005 = 0 .  5%
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and,

[(0 .0132)^  + (0 . 005)^] = 0 .  0182 = 1. 82 % .

(6) The maximum error due to the temperature Is estimated as 
the sum of instrument error and the errors due to correction 
of the instrument reading from the calibration curves. The 
maximum instrument error is 0.1% and the calibration correc
tion error is < 0.1% of the instrument reading, therefore;

AT^ ^ 0 .2 % .



APPENDIX I 

CORRELATION OF Kp VALUES

In the case of bismuth the equilibrium constant Kp is for 
the equilibrium 2 Bi ZZ Bi2 > and:

but since AHg is a function of temperature,

^ d  = <^a>298 + "

The specific heats (Cp) of the gases are usually expressed by 
an equation of the forms

C = a + bT -  cT “^
P

but for gases in this study under the conditions of the sys
tem, the temperature dependence of the Cp's is negligible and 
Cp = a. Thus:

aC ~  Aa — 2a_. — a^ - — 2 (4« 97) — 8 » 94 — 1» 0 «p x5i 2

(The Cp data used here is taken from reference 26.) a Ĥ j can 
now be evaluated:
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= ("^d)298 + + T - 298 .
An expression relating Kp to can now be derived using
the following relations:

d In K
dT

"^d (^d)298 + ^"298
P RT R T'

R /  d In Kp = y (^ 6^ 298  ^ 1 298 dT

R In K = 
P

_-t(AHÿ,^3 - 298]
+ In T + C

RlnK = .
P T

Similar relations apply to the other elements: 
for antimony,

AC = A.a = " a„- , - = 2(8= 94) -  19. 88 = - 2 .  0p 8bg(g) bb^(g) - '

for sodium,
AC = Aa = 2a.



APPENDIX J 

SAMPLE CALCULATION OF Kp FOR BISMUTH 

The expression for K is:

when the values of the quantities are substituted into equation 
(8 ), using a temperature of 850°K:

^   ̂ (2 . 85xl0‘*^)^(12. 56)^(6.62x10"^^ _1_ __

[ {3 . 47xl0“ ^ ^){l. 38xl0‘‘ ^^)(850)]^ 16

K  = 1.85x10"^^ cm^ .

The value of K is converted to a Kp value by the relationship:

)"13 __ 2

(1. 38xl0"n(850)
2

K = --------------------------= 1 . 5 8P /I ?avin"l°\fasn\ dyne

K = (1 ,58 ~ 2 —) (1.013x10^ ------------ ) = 1.60x10^ atm"^
^ cm -  atm
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