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1. INTRODUCTION

Electris dipole moment data provide important information in
structural chemistry. Combined with other structural data, dipele
moments provide information concerning the shape of molecules and the
bond angles, as well as details of the elsctronic structures of mole-
cules such as ionic-covalent bend resonance and resonance among
valence-bond structures.

Because of the high reactivity and general nature of the halegen
fluorides, very little werk had been done with them bef9r§>19h6. The
dipoele moments of only two of these compounds, chlerine monegluoride
and chlerine triflueride, had been measured directly at microwave
frequencies, and none had been measured at radio frequencies.

As a result of the present interest in fluerine chemistry, both
in industry and in the geverrmment, many halogen fluorides, fluerocarbons,
and fluerocarbon derivatives are now available for study. The dipole
memants of several of these compounds were measured in the vaper phass,
Equipment was built with which to carry out these measurements, both
on compounds that possess sufficient vapor pressure at room temperaturs,
and on compounds that boil considerably abeve room temperature. Special
methods for handling and purifying the halogen fluorides have been de-
veloped and additional squipment constructed with which thelr dipols

moments could be determined,



The data thus obtained shed further light on the molecular struc-
tures of the halogen fluerides and fluerocarbon derivatives studied

in this investigation,



II, HISTORICAL REVIEW
Interhalogens

An excellent summary of the chemical and physical propertiss ef
the halogen fluerides has been presented by Thompson (1). Booth and
Pinkston have written & chapter on the halogen fluorides in the book

Fluorine Chemistry (2), and several review articles on the chemistry

and physical properties of these compounds have appeared (3,h,5).

Relatively few direct measurements of the electric moments-of the
interhalogen compounds, especially the halogen fluorides, have been
reported, This is due to their high reactivity, difficulties in hand-
ling and purificatien, and lack of availability.

The first dipole moment of an interhalogen compound was obtained
by Townes (6) who reported a moment of 0.65 D for iodine monochleride
from microwave studies. Gilbert and Roberts (7) obtained a moment of
0.881 D fer chlerine menofluoride, the first haiogen fluoride to be
measured. This result was obtained from microwave data, as was the
moment of 1,29 D for bromine monoflueride reported by Smith, Tidwell
and Willisms (8). Sheka (9) reported the dipole moment ef iodine moene-
bromide to be 1,21 D from dielectric constant and density data ef
solutions of iodine monobromide in bremine. A value of 0,6 D for the
monent of bremine monochloride was estimated by Frohlich and Jost ({10)

from dielsectric constant measurements in the ligquid state at diffsrent



temperatures. Chlerine trifluoride, according to Magnuson (11), has a
noment ef 0,554 D at microwave frequencies.

The structures eof the interhalogen cempounds have been studied by
electron diffractien, infrared and Raman spectroscopy, sand crystal
structure methods., The results of some of these studies are surmarised

in Table I.
Fluorocarbons

Between 1900 and 1925 the foundations of modern orgenic fluorine
chemistry were laid by the Belgian chemist Swartz. He devised general
methods for the preparation of fluorine compounds, and it was his work
which rendered possible, sbout 1930, the cesmercial spplication of
aliphatic pelyfluorochalocompounds as refrigerants, During the past
twenty years Bigelow (2,1L), Cady and Simons (2) devéloped methods for
the contrelled interaction.of fluorine with orginic cempounds, resulting
in the synthesis of a large number ef members of & new class of compeounds,

the fluerecarbons,

Physical properties. Fluorocarbens having molecular weights less than

perfluorobutane have higher beiling points than hydrocarbons with the
same carben structure; for those with higher molecular weights the
reverse is true {(2). Fluorocarbons are much more volatile than hydro-
carbons of the samé molecular weight; thus perfluoremethane with mole-
cular weight 88 boils at -128°C, while hexane, molecular weight 86, beils

at 69°C. Fluorocarbons boil enly slightly higher than the noble gases



TABLE I

STRUCTURAL DATA FOR SOME OF THE INTERHALOGEN COMPOUNDS

Dipols Bond
Compound Moment Distance Configursation Reference
C1F 0.88D 1.6281 -—- 7
a a
a=1.,698 F \Cl F
C1lF, 0.554 e 12
b=1,598 b
0=87° 29' F
planar
BrF 1.29 1.759 —— 8
F B F 13
F
planar?
Ic1 0.65 2.303 .- 15
IBr 1.21 — - 9

BrCl 0.6 —— -— 10




of similar molecular weight. This fact emphasises the lew intermolecu-
lar attractive forces of the fluorecarbons,

As is shown in Table Ill, a comparison of melting points of satu-
rated fluorocarbons with those of saturated hydrocarbons with the same
carbon skeleton shows that the fluorocarbons have higher melting
points.

Table II shows that & fluorocarbon has a density about twice that
of the parent hydrocarbon. The rate of change of density with tempera-
ture is about three times that for hydrecarbons. Like the density,
the viscosity and temperature coefficient of viscosity are appreciably
higher than those for hydrocarbons,

Their surface tensions are extremely low, far lower than those
of the corresponding hydrocarbons, and include the lowest values recorded.
This is another result of the low intermolecular forces present,

As indicated in Table II, fluorocarbons have very low refractive
indices, lower than those of'any other known type of compound. The
atomic refractivity of the fluorine atom varies with the type of com-
pound; for aliphatic monofluorides it is 0.95, and for perfluorocarbons
is is 1.23 to 1,25. Likewise, their dielectric constants are somewhat
lower than those of the corresponding saturated hydrocarbons,

Their diamagnetic susceptibilities are sbnormelly low and the lowest
ultrasonic velocity yet measured in liquids at normal temperatures has
been recorded in perfluoroheptane.

The fluorocarbons are practically insoluble in water, anhydrous

hydrogen fluoride, and hydroxylic organic solvents. This last fact has



COMPARISON OF SOME PHYSICAL PROPERTIES OF
FLUOROCCARBONS AND HYDROCARBONS

TABLE 1I

Boiling Melting Density, Refractive Dielectric

Compound  Point Point g/ml Index Constant(20°C)
CF, -128°c  -184°% 1.62 (-130°C) ——— —

CH, 161 -18L 0.415 (-16L) -— —

Cafe -78.3 =100 1.291 (-100) - —

Cafe -88.3  -172 0.561 (~100) -—- —
n-CgFi2  +29.3 -125.6  1.695 (+20) 1.245 1.68
n-Cgi,a  36.2  -131.5  0.626 (20) 1.3570 1.828

n-C,F ¢ 82.h - 1.733 (20) 1.,2618 1.765

n-CoH, ¢ 98.5 —— 1.97

0.68L (20) 1.3867




been utiliszed in their purification, since alcohol extraction removes
much of the partly-fluorinated material. Fluorocarbons are slightly
soluble in h&drocarbons and somewhat more soluble in ethes and chloro-
carbons,

Since the fluorocarbons are chemically inert, their physical
properties have been utilised for purity determinations, Analysis by
infrared methods is very useful since the presence of isomers can be
detected, This is important since mamny of the isomers have essentially
the same boiling points, Determinations of dielectric constants are
also valuable as a means of checking purity (16).

A comparison of some of the physical propefties of the fluorocar-
bons and the hydrocarbons is given in Table II. A more complete list
of the principal physical properties of the known fluorocarbons and a
more thorough discussion of them has been presented by Brice (2), and
by Hasseldine and Sharpe (17). |

Molecular properties, Determinations of bond distances in fluorocarbons

have resulted in a variety of values for the C-F and C-C bonds., It
sppears certain that the C-F bond distance is not necessarily the same
in different molecules, Values of 1.33 R %o 1.38 E have been reported
for the bond distance in three simple fluoroethanss., In many cases,‘
serious discrepancies exist in the wvalues reported for the C~C bond
distance. Values from 1.u46 2 (18) to 1.52 A (2) have been reported,
while the usual value in aliphatic hydrocarbons is 1.55 A. A 1list of

bond distances, bond angles, and bond ensrgies of some simple fluorocarbons



is presented in Table III. A more extensive table of bond distances
and bond angles has been compiled by Glockler (2).

The thermochemistry of the fluorocarbons hss not yet been studied
to any extent. The average C-F bond strength in perfluoromethane has
been found to be 109.9 keal./mole. However, it has been indicated that
the C~F bond in a molecule such as methyl fluoride may be much weaker.
An estimate of 89.7 kcal./mole based on dipole moment data has been re-
ported for the C-F bond in this compound (2), Likewise, the C-F bond
energy in difluoromethane is approximately 105.3 kcal./nole, Heats of
formation have been estimated from the above approximations,

As more information becomes avalilable concerning bond energies,
intermiclear distances, and force constants, it will be possible to
discuss quantitatively resonance, hyperconjugation, and steric effects
in the fluorocarbons.

Dipole moments of several fluorocarbons have been determined. Some
of these are listed in Table IV, Since the dipoles in fluorocarbons
are very close together, they will affect one another by induction, The
greater moment of ethyl fluoride cempared to methyl fluoride is due to
the moment induced on the second carbon by the principal dipole in the
C~F bond. Secondary alkyl fluorides have larger moments than primary
fluorides and tertiary fluorides have larger moments than secondary
compounds (19). Smyth (20) has studied the question of induction and
resonance rrom dipole momeﬁt data, Leonard and Sutton (21) have measured
dipole moments of aromatic fluorine compounds and used the results to

estimate bond angles,



TABLE III

10

MOLECULAR CONSTANTS OF SOME FLUOROCCARBONS

= ——
C-F cC FCF Estimated

Compound Bond Distance Bond Distance Bond Angle Bondcﬁergy

CHF 1.38 & —- —- 89.7 keal /ol

CHF, 1.36 -— 110° 105.6

CHF 1.33 - 109° 28' 103.3

CF, 1.36 -— 109° 28* 109.9

CF 3=Ch g 1.37 1.52 A 107° 300 ---

CHF 2=CHF 5 1.33 1.46 108° _—

CFa-CFg 1.51 108° —




TABLE IV

DIPOLE MOMENTS OF SOME FLUCKOCARBONS

11

——

Compound Dipole Moment Reference
Methyl fluoride 1.808 D 19
Difluorcmethane 1,93 22
Trifluoromethane 1.6L5 18
Ethyl fluoride 1,92 19
1,1-Difluorcethane 2.2 23
1,1,1-Trifluorcethane 2.321 2k
Hexafluoroethane 0,0 25
Trifluorcacetic acid 2,28 23
3,3,3-Trifluoropropyne 2.36 18
Cyclopentyl fluoride 1.86 26
n-Amyl fluoride 1.85 27
n-Perfluoropentane 0.0 23
iso=Perfluoropentane 0.0 23
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I1I. THEORETICAL BACKGROUND

In 1912, Peter Debye (28,29) postulated the existence of permanent
electric dipole moments in certain molecules and developed the theory
which has been the basis for all subsequent dipole moment work. Debye's
theoretical treatment is briefly outlined below,

When a dielectric material is placed between the plates of a con-
denser, the capacitance is increased by a factor € , the dielectric
constant of the medium, The capacitance C of a condenser with a di-

electric between the pletes is given by
C = €C°

where C, is the capacitance of the condenser with a vacuum between the
plates, Since the charges on the plates are unchanged, the original
electric field Egy between the plates is reduced by the factor € , so

that

gives the new electric field E. The field is reduced because the in-
duced dipoles are aligned so as to produce &n over-all dipole moment
that cuts down the field strength, The vector quantity P celled the
polarization vector is the dipole moment per unit volume, and reduces

the net charge o on the plates so that the field in the dielectric is

E = 4m(o -P). (1)
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The displacement vector D is defined as

D = Lo = €

]!
—
n
Soare”

and the equation

D =E + b

i*v

(3)

results from substitution in Equation 1,

The magnitude of the dipole moment m induced in 2 molecule by an
electric field is proportional to the intensity of the field F, so
that |

m = s F (L)

where the proportionality constant o is called the distortion polariz-
ability. The field that polarizes a molecule is the local field im-
medistely surrounding it, and this is different from the average field

E throughout the dielectric. For an isotropic substance this local

field has been shown to be
P
Fo-op . 2B

3 (%)

where P; is the induced, or distortion, polarization,.

The induced polarization, or the induced dipole moment per unit
volume, 1s the number of molecules per cubic centimeter, n, multiplied
by the average moment induced in a molecule m. Thus

3

By =nm=n XoF= neko(E+

) (6)




14

results from substitution in Equations L4 and §.

From Equations 2 and 3

E(€-~-1) =Lwpy

which combined with Equation 6 gives

which is known as the Clausius-Mosotti Equation, Multiplying both sides

of this equation by the ratio of molecular weight to density M/d, gives

( E = 1) M h‘l"l' nﬁ O{o ‘& hﬂNxa(o

(e+2)a 34 3 A

(7

where the quantity P, is called the molar induced polarization, and
includes contributions from induced dipoles only. In erder to obtain
the total molar polarization & term due to the permanent dipoles must
be added.
The induced moment is independent of temperature since, if the
molecular position is disturbed by thermal collisions, the dipole is
at once induced again in the field direction. The contribution to the
polarizsation caused by the permanent dipoles, however, is smaller: at
higher temperatures since the random thermal collisions of the molecules
oppose the tendency of the dipoles to line up in the eleciric field.
For a permeanent dipole in the absence of a field, all orientations

sre equally probable, and the number of dipoles directed within a solid
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angle d W is A d W, where & is a constant depending on the number of
molecules under observation, If & dipole moment u is oriented at an

angle © to a field strength F, its potential energy is
U = « uF cos ©,

According to the Boltzmann distribution law, the number of molecules

oriented within the solid angle d W is

U
.o k‘l‘dm= Ae»Fco:so/kfl‘du)

and the average value of the dipole moment in the direction of the field
can be shown to be

MmF ces €/k T

Ae Jdcos © dw
E = . (8)
uF cos 6/ T
i

dw

To evaluate this expression, let

F
}*__. = x and cos € =y (S)
kT
then
dw = 273 sin©d®©® = 2+ dy. (10)

Substituting Equations 9 and 10 in Equation 8 gives

+1
eXY ydy

-1 =

= = coth x - l = L(x)
X
+1
e dy
-1

ttan
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where L(X) is known as the Langevin function. In most cases,

UF
KT

b.4 =

is a very small number so that on expanding L(x) in a power series,
only the first term need be retained, leaving

2
and m = 2 F

3kT

L(x) =

Wi

The total polarizability o of a dielectric is found by adding the
orientstion polarizability, due to the permanent dipoles, to the dis-

tortion polarizability, and may be written
K= Lg + M3/ 3,
The total polarization is therefore

Lr N 2

) (11)

where BM is the totazl molar polarization, This equation is known as
the Debye equation, Combining this with the Clausius-Mosotti Equation

(Bguation 7) gives

(e-1)M Ler N . 2
Py = = (Ko +_ M ) 12)
(e +2)4d 3 3kT

which can be written in the form of an equation for a straight line azs

P = P & %

M A (13)
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where

LN, B hTrNJu.z
3 ’ 9k

. (1L)

P, is the intercept and B the slope of the straight line defined by
Equation 13. When values of the dielectric constant at several tempera-
tures are available the total molar polarization is calculated using
Equation 12 and plotted against the reciprocal of the absclute tempera-
ture, The slope B 1is evaluated from the graph and the dipole moment
calculated from Equation 14. When the values of the constants are

inserted this equation becomes

-18
M =0.01218 x 10 * vV B esu (15)

Dipole moments are usually given in Debye units where
lDebye = 1D = 1x10 electrostatic units (esu).

An glternate method of calculating dipole moments is possible using

the Maxwell relation
2

€= n
where n,. is the refractive index. This relation is strictly true only
if the refractive index is measured with radiation of infinite wave-
length and for a polar substance is true only at infinite temperatures,
Combining the Maxwell equation with the Clsusius-Mosotii equation gives
the Lorenz-Leorentz equation:

( n: -1)M

= R = P, (16)
(n:+2)d
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where R is the molar refraction. If the dielectric constant i3 measured
at only one temperature and the refractive index is known, B/T can be
determined from Equation 13, and the dipole moment from Equation 1l

When the values of the constants are inserted, Equation 1l becomes

M= 0,01281 /(Fy - PA') T x 1072% esu. (17)
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1V, AFPARATUS AND MXTHOD

Review of Methods

The first measurements of dielectric constents from which dipole
moments can be calculated were made by Silow (30) in 1875. His method
involved measuring the sngle through which an electrometer needle was
turned by a given potential, first in air and then in the material
under investigation. The ratic of the angles in the two cases was used
to calculate the ratio of the forces involved and from this the di-~
electric constant of the medium. This early method was improved upon
by other investigators and the same principles used as late as 192L by
Carman (31) and also Fuerth (32).

Many other methods have beén developed since, but, like the one
mentioned above, most are spplicable to measuring dielectric constants
of liquids and solutions only, and will not be discussed in detail
here. These methods include the measurement of the velecity of propaga-
tion of electromagnetic waves through the medium, and measurements of
capacitance by either bridge circuits or the resonance method. Smyth (33)
has described and compared all of these methods and a few other methods
not widely used.

‘ Where extreme &ccuracy is desired, as in the case of gases, the
most commonly used and most adaptable method is the heterodyme-beat

method of measuring capacitance., This is the method employed in this
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investigation and is &lso generally used for measurement of dielectric
constants of liquids and solutions. Among the investigators to use
and develop this method are Herweg (3h), Williams (35,36), Zahn (37),
snd Watson (38). A detailed descriptién of this method is given later,
Other methods are also employed for determining dipole moments
in the vepor phase. The most accurate of these depends on the Stark
effect as observed at microwave frequencies. The present method of
calculating moments from this effect was developed by Golden and Wilson
(39). Hyde and Hornig (LO) have determined bond moments from infrared
inténsities using a pressufe-broadening technique developed by Wilson
and Wells (41). The dipole moment for chlerine trifiucride was calcu-~
lated by'Magnﬁson (11) from dielectric constant determinations at
microwave frequencies which were made by measuring the change in reson-
ance fregquencies of a cavity when it was filled with the gas. The
molecul ar-beam method (42) has been used for compounds of low volatility

and low selubility which are stable at high temperatures.

Hetsrodyne-Beat Apparatus

Genereal Principles

The genersl principle of the heterodyne-beat method is schematically
represented in Figure 1. Two radio-frequency signals of frequencies fg
and f, generated by a fixed oscillator and by a variable oscillator,
respectively, are fed into & "mixer" tube, in the output of which is

produced a beat note of frequéncy f;fo. If £ and fy are nearly equal,
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the beat note will lie in the audio range, The frequency of the signal

generated by the variable escillator is approximately equal to

1
f = (18)

21w\ /L C

vhere L and C are, respectively, the inductance and capacitance in the
tuning circuit,

If f is greater than fy for a certain total capacitance C in the
tuning circuit of the varisble frequency escillator (Figure 1), thsn an
increase in the total capacitance will decrease the frequency of the
beat nete, changing it from insudible te audible, frem high pitch teo
lew pitch, until £ and fo are exactly equal and the beat frequency is
zero, On further increase of capacitance, a beat nete will agein arise,
this time increasing in frequency with increasing capacitance until it
lies beyond the audible range. A capacitance setting cerrespending to
zere beat, or to a definite freQuency difference eof, say, LOO cycles,
can be used &3 the reference peint for capacitance increment measure-
ments by this methed. A reference frequency other than the zere beat
is usually desirable since a common defect feund in heteredyne-beat
appsratus is the phenemenon called "lecking-in" of the oscillators.

That is, when £ is brought clese fo fo, law;fréquency'beats cannet be
observed because the more stable ef the twe oscillaters exerts a synchron-
izing action on the less stable, and ever a censiderable range the two
oscillators are locked in step with cne another and a sharp zereo beat

cannet be ebtained. In this iInvestigation a constant frequency seurce
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of LOO cycles was used as reference and compared with the beat-
frequency on a cathode-rgy oscilloscope, When the beat freguency was
also 40O cycles, a one-to-one Lissajous figure (& circle) was observed
on the oscilloscope,

With the above method of beat-frequency detection, the heterodyne-
beat method offers the most prescise method of capacitance measurement.
The precision can be shown by differentiation of the frequency squation.

Since the inductance L is fixed, differentiation of Equation 18 gives

Af AC
£ 2C

where Af and A C are the errors in the frequency and capacitance,
respectively. A frequency of 500 kilocycles was generated by the fixed
oscillator, and a change of one cycle in a hundred seconds, or 0.01
eycle per second, was sasily detected on the oscilliscope. Thus the
detectable change of cgpacitance of the circuit was two parts in fifty
million. The total capacitance needed in a tuning circuit was of the
order of 500 micromicrofarads, and the capacitance incremsnts measured
were about one micromicrofarad. Therefore the precision of measurement
attsingble was two-thousandths of one percent. Actually a change in
beat frequency of much less than 0.1 cycle per second was detectable,
so that the precision of capacitance measurements by the heterodyne-
beat method was limited in practice by the stability of the variable
and fixed oscillators, and the precision of the setting and calibration

of the standard condenser, A heterodyne~beat circuit designed from the
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point of viesw of oscillator stability has been presented by Chien (43).
The circuits he designed for & variable frequency oscillator, frequency
mixer, and a power supply were used in building the heterodyme-beat

apparatus used in this investigation.

Varizble Oscillator

The circuits of the heterodyne-beat apparatus and the voltage-
regulated power supply are presented in Figures 2 and 3, respectively.
The variable frequency oscillator made use of a 648~type pentagrid-
converter tube which exhibits a negative transconductance between the
signal grid and the snode grid. Under these conditions, the screen
current remained fairly constant for wide variations in signsl-grid
voltege, and the frequency at which the tubs oscillates was relatively
independent of stray signal feedback through the plate, This design
resulted in an oscillator of high frequency stability, and one which
should not be affected by the freguency of the fixed oscillator, or

exhibit the "locking-in® phenomenon at low frequencies,

Crystal Oscillator

The crystal oscillator emplayed was of an unusual type. It was
a modification of the Pierce oscillator (LL) desigmed by Thompson (L5).
The crystal replaced the tuning circuit found in most oscillators and
thus the oscillator required no tuning adjustment and would work with-

out change of componsnts over a wide range of crystal frequencies.
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Legend

Condensers
0.005 uf mica
0.1 mf 600-volt paper
335 Mpf var, air cond,
25 uuf mica
0-50 (M Lf air trimmer
175 WKf var, air cond,
0.010 umf mica decade
0.005 s uf 500-volt paper
0,01 . f 600-volt paper
10 M f L50-volt electrolytic
0,0025 M f mica
0.25 M f 600-volt paper
10 MU £ 25-volt electrolytic
300 uf mica

b £ L50-volt electrolytic

Socket for coaxial wire connectien to dielectric cell

Socket for coaxial wire connection to standard condenser

Registors

Rl 33,000 ohms C1
R2 22,000 ohms c2,05,01%
R3,RL4 ,R18 Cc3,Cc8
R20,R12 0.1 megolm .

ChL
RS ,R9,R20
R17 ,R21, L7 ,000 ohms 06
R6 680 ohms C7
R7 6800 ohms co
R8 ,R14 15,000 ohms C10,C1k
R11 27,000 ohms €11,c18,019
R13 150 ohms c12
R15 82,000 ohms C13
R16 25,000 ohms C16
R19 2000 ohms C17
R22 0.5 megolm C20

potentiometer
R23 1 megolm c2l1
R2hL L.7 megohm
Miscellaneous

S1,32 S.P.S.T. switches
Psl
PS2
J

Phone jack for lead to cathode-ray oscilloscope
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Since excitation otherwise was not adjustable, the condenser C3
Figure 2) was required to obtain satisfactory operation. The 6SJ7
pentode tube was used as a triode oscillater, with the cathode and
suppressor grid grounded. This provided screening against capacitance
coupling ef the oscillator to later stages, so that the frequency of
oscillation was less affected by feedback through the plate.

Each oscillator was shielded by enclosure in a separate metal box
and the signal output of each was fed to the mixesr tube through co~
axial lsads, The entire apparatus was encleosed in a thermally insulated
aluminum bex. Temperature contrel of the apparatus was provided for,
but was not found to increase the stability of the beat-frequency out-

put.
Precision Condenser

A General Radio Type 722-N precision cendenser, with a capacitance
range of 1100 micromicrofarads was used as the standard condenser., Since
the capacitance increments measured were less than four micremicrofarads,
it was necessary to place the precision condenser in series with another
cendenser , thereby decreasing the effective capacitance of the standard
from 1100 to 4 micromicrofarads. That was the role of the condenser C,
in Figure 2, a variable condenser with a leck setting and with a maximum
capacitance of 175 micromicrofarads.

The total capacitance C of the standard condenser Cs plus the air

condenser C, is given by the eguation
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Cg Co

=

CS*Cv

which shows that the reading en the standard cendenser would be very
non-linear with the total capacitance change, since Cs was as large or
larger than C,. This was highly undesirable and to avoid this, a
condenser (Co in Figure 2) of relatively large capacitance was placed
in parallel with the standard condenser. This had the advantage that
one side of both the mica and standard.condenser were grounded, Cg was
a2 General Radio Type 380-N mica decade condenser with a capacitance
range of 0,01 to 0,001 microfarads, With this arrangement the total
capacitance of the tlmree condensers is

cs -

C =
(Cg +Co +Cy )

and differentiation with respect to Cg gives

2
ac . Cn
dCS (Cg +Cy + Cop )2 )

Thus if Cy 1s large compared to Cg the change of the total capacitance
with respect to the standard condenser scale will be much more linear
than in the previous case, The calibratien curve for the standard
condenser (Figure 5) indicates the approach to linearity achieved by
this combination ofAcondensers.

By variation of the capacitance of C,; and Cy the standard condenser
could be made to cover any capacitance range from areund one up to

eleven-hundred micromicrofarads, For this investigation Cg was set at
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0.004 microfarads and C, adjusted such that 10,000 dial units on the
standard condenser represented a capacitance change of 3.700 micre-

microfarads, or spproximately 0,0003 micromicrofarads per dial unit,.

Calibration of Precision Cendenser

A primary standard capacitor built by J. L, Speirs (46) from a
design by Conner (L7) was used for the calibration of the Géneral Radio
precision condenser. This primary standard is shown in Figure U and
in Plate I. It consisted of a coaxial cylinder arrangement such that
a2 center rod, the opposite ends of which were inserted in cylinders
of different diameters, could be moved aleng its axis to produce minute
capacitance changes. The capacitance change per inch of travel was
calculated from the geemetry of the capacitor with a maximum error of
less than one percent. The inner rod turned on a threaded center block
and the drum at the center was ruled with 1LOO units per inch, The
capacitance change per inch of travel was 1.4800 micromicrefarads, er
0,0001057 micremicrofarads per drum unit. The one percent maximum
error would not affect the dielectric constant measurements as long as
the relative values of the calibration units were constant, since the
dielectric constant depends on the ratio of two capacitance measure-
ments, With this in wmind, the calibration of the General Radie precision
condenser was accomplished using the center portien of the scale on the
primary standard capaciter, since it was shown that this was the most

linear part of the scale,
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Figure l,. Primary standard capacitor used for calibrating Genersl
Radio precision condenser.

A Coaxial cylinders D Graduated drum
B Threaded blocks E Mycalex insulators
C Center rod F Grounded base and case
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The precision condenser was, calibreted at the frequency used for
the dielectric constant measurements. The calibrating capacitor was
substituted for the dielectric cell using the same cecaxial leads so
that all indeterminate capacitance in the circuit was identical with
that present under actual eperating conditions, By this means, the
calibration was made in terms of enly one condenser, the General Radies
precision condenser, and its calibrated capacitance change was exactly
equal to changes of capacitance in the dielectric cell,

A replica of the calibration curve, drawn one-sixteenth eof the

actual size used in the investigation, is shown in Figure 5,

Reference Frequency

A reference frequency standard® eof LOO cycles was used for com-
parison with the beat frequency on a cathode-ray oscillescope. This
frequency standard consisted ef a thermally-compensated bimetallic fork
such that large freguency deviations did not occur with changes in
ambient temperatures. The fregquency was a&lso independent of external
factors such as supply vol@age, tube aging, and change in component
values. Its frequency stability at LOO cycles was rated at 20.002 %
between 15°C and 3500. The signal from the frequency standard was fed
to the horizontal input of & cathode-ray oscillescopes and the beat-
frequency signal was supplied te the vertical input; the resulting

Lissajous figure was used to determine a beat-frequency of LOO cycles.

1 5 Type R2003 frequency standard manufactured by the American
Time Products, Inc., was used,



110C

1000

8
o

800

700

500

Tee)

Units on standard precision condenser

300

200

100

33

|
—
r’
| l I 1 1 I | i |
0 & 160 2L0 320 Nele
Capacity, auf x 102
Figure 5. Calibration curve for standard precision condenser.



Dielectric Constant Cells

Call I

The dielectric constant c¢ell used for the fluorocarbon derivatives
is shown in Figure 6. It consists of a series of nickel-plated copper
cylinders insulated from one another by meens of small Teflon spacers,
The outer, middle, and innermost cylinders were connected and served
as the grounded plates of the condenser. These cylinders were longer
than the two electrically positive inner cylinders, which helped to
diminish end effects, Platinum leads connected the cylinders te tung-
sten wires which were sealed through the glass casing. The tungsten
wires were connected to the heterodyne-beat apparatus by a ceaxial
lead. The replaceable capacitance of the cell was approximately 350
micromierofarads., Due to the censtruction of the cell and the character
of the Teflon spacers the replaceable capacitance of the cell changed
slightly with time, and it was necessary to calibrate the cell for
each dielectric constant determination, Any change of the replaceable
caepacitance with temperature was not detectable within the precision
of the calibrations, This cell could be used for compounds which were
not corrosive to glass or nickel. Since the gas-handling system used
in conjunction with the cell was not constructed to handle gases at
temperatures other than room temperature, this cell could only be used
for compounds that had sufficient vapor pressure at room temperature

for dielectric constant measurements to be made,
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Figure 6. Cell I, dielectric constant
cell for non-corrosive gases.

D
_ ;;7¢ 2 Thermocouple well
K B Connection to vacuum line
e C Leads to heterodyne-beat apparatus
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Cell II

The diclectric constant cell used for the halegen fluoride werk
is illustrated in Figure 7, and its cemponent parts pictured in Plate II,
In order to give the cell a large replaceable capacitance, a spacing
of only 0.013 inches between the inner and outer cylinders was first
used, It was found that adsorption eof gases on the surface of the
cylinders was great enough te introduce large errors in the dielectric
constant measurements. Te reduce the adsorption error, smaller inner
cylinders were used, thereby increasing the spacing between the cylinders.
For the lower boiling compounds, chlerine trifluoride and bromine penta-
flueride, a spacing of 0,040 inches was used; for the higher beiling
compounds, iodine pentaflueride and bromine trifluoride, it was necessary
to increase the spacing to 0.087 inches. The replaceable capacitance
decreased with increased spacing, but for a given spacing was found to
be independent of temperature, and because of the rigidity of the con-
struction of this cell, compared to cell I, the replaceable capacitance
was constant with time.

Although the cell was equipped with & coolant circulating system,
this was not used; instead the cell wsas plsced in a temperature-regulated
bath which is described belew, This cell could be used for 21l compounds
except those which would react with Monel metal. It could be heated
to a temperature of 200°C, and the gas handling system connected with
it could be heated to a temperature of 130°C., For most compounds, a

mirndmum pressure of sround 200 mm, of mercury was reguired for
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Fiosure 7. Section throush the cylivdrical cellXIIc A 35,
jocret (three parts); D, Z, F, outer cylinder (t.ree parts);
G, ivner cyliscer; .., 1, Teflon insulating spacers; J, coaxlal
connccter (to bridge); K, inlcet tubes for sanples (valves not
showm); L, portionc ol coolant-cliculating systen.
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dielectric constant measurements. Thus this cell coulc be used for

any compound which had a vapor pressure of 200 mm, of mercury, or more,

at 130°C,

Gas-Handling Systems

Vacuum Line I

The glass vacuum system used for handling both the fluorocarbon
derivatives and the gases used for calibrating the cells is shown
schematically in Figure 8, Long tubes filled with Drierite were used
to dry the air and gases used for standardization. Traps were cooled
with Dry Ice-isopropanol mixtures or liquid air. The manometer? used
could be read te ¥ 0,05 mm, of mercury, It was designed (Lé) such
that the ratio of the diameter of the manometer tube and the-reservoir
exactly counteracted the increase in the mercury height due to the
lower density of mercury at room tempserature than at 0°C. The scale
was made of Saran, which had a temperature coefficient of expansion
that compensated for changes in mercury density due to room temperature

variations,
Vacuum Line II

The vacuum system used for the halogen fluoride work is schematic-
ally illustrated in Figure 9, The traps L and B could be removed from

the Helicoid gage® and filled with halogen fluoride samples by use of

1 Manufactured by the Emil Greiner Company, New York, N, Y,

2 Manufactured by the Helicoid Gege Division, American Chain and
Cable Company, Bridgeport, Conn,
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Figure 8. Gas handling system for non-corrosive gases (Vecuum Line I)

QoHmu O wWr

&nil Greiner Model GlO719 absolute and differential mancmeter
McLeod gage, range: O ,001-1.0 mm. of mercury (Kontes Glass
Company Type A)

Series of traps used for distilling and storing liquid ammonia
used for calibration

Series of traps for distilling and storing gases being measured
McLeod gage, renge: 0.2-1 x 1076 mm., of mercury

Glass cold traps for pump protection

Mercury diffusion pump

Glass vacuum stopcocks
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Figure 9. Vacuum system for handling halogen fluorides
(Vacuum Line II).
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Monel traps for distilling and storing halogen fluorides
Helicoid pressure gage: 0-760 mm. of mercury
Monel dielectric cell (Cell II).

Absorbing bottle, filled with soda-lime.
Glass cold-trap for pump protection

Mercury diffusion pump

Connection to Vacuum Line I

Electrically heated nickel tubing

Glass tubing

Metsl stopcocks, phosphor-bronze bellows
Gless vacuum stopcocks



a separate handling system. When placed in the position shown, chlor-
ine trifluoride coulc be passed through the system to remove small
avounts of water or other contaminants which might be present, and
with which the halogen fluorides would reasct. The Bourdon tube in the
Helicoid gage was electrically heated to the same temperature as the
other parts of the metal system. Before each dielectric constant
measuremsent the pressure gage was calibrated against the manometer
shown in Figure 8, using dry air as a source of pressure. The two
vacuum systems were connected through the stopcock H shown in Figure 9.
During calibration of both the pressure gage and dielectric ell, the
stopcocks I and J were turned to by-pass the halogen fluoride absorbing
bottle. The pressure calibration was dependent on the atmospheric
pressure; therefore the gage had to be calibrated before each series
of runs. Calibration curves were reproducesble over a pericd of an
hour or more to within ¥ 1 mm, of mercury, The gage was slways cali-
brated at the temperature at which the measurements were to be made,
The halogen fluoride upen which measurements were being made was
stored in trap B, and trap A, which was kept cold with Dry Ice-isopro-
panol mixtures, was used to withdrsw the vapor during a measurement.
It was impossible to remove the last trace of the corrosive vapors by
this means, and they were pumped out through the absorbing bottle E.
This part éf the system was glass, and corrosion in stopcock I necessi-

tated it being replaced occasionelly.
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Temperature Measurement and Control

Temperature-Controlled Bath I

A schematic representation of the relative positions of Cell I
and the various elements of the heating system in the bath is shown in
Figure 10, The bath was contained in a copper can which provided an
electrostatic shield for the dielectric cell, The liquid used in the
bath was Arochlor 1248, a chlorinated biphenyl which is liguid from
below room temperature to above 300°C, Since it is a good dielectric,
the heating wires could be wound directly in the bath., This bath was

used from room temperature teo around 100°C.
Temperature-Controlled Bath II

The temperature-regulated bath used for the high temperature work
is illustrated in Figure 11, This bath was considerably larger than
the one described above, The same liquid was used for the heating
medium, with knife heaters serving as the heating elements. An auxiliary
heater of 500-watt capacity was used in conjunction with the 250-watt
heater, to relieve the load controlled by the thermoregulator at high
temperatures, The voltage to the 500-watt heater was adjusted at
each temperature such that only & small amount of regulated current
through the 250-watt heater was needed to maintain the temperature at

the desired value., Cell II required a small amount of fluorothene wax

1 Monsante Chemical Co., St, Louis, Mo,
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Figure 10. Temperature-regulated bath (Bath I) for
glass-enclosed dielectric cell (Cell I),
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Wooden outer box

Foam-glass insulation

Copper container for bath liquid

Mycalex strips for holding heater wires

Nichrome heating wires that are connected to G

Glass stirrer

Heater connection to temperature regulator

Dielectric constant cell

Thermocouple wires

Glass connection to vacuum system

Coaxisl connector from cell leads to heterodyne-
beat apparatus

Thermistor
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Figure 11. Temperature-regulated Bath II for Cell II,
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Wooden outer bath

Glass cotton insulation

Glass jar

500-watt auxiliary heating knife, not controlled
by regulator

Metal stirrer

Thermistor

Thermocouples

Cell II

Coaxial lead to heterodyne-beat apparatus

250-watt heating knife, controlled by regulator

Water-cooled brass cover

Metal container enclosing dielectric cell
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tc make it vacuum-tight., Arochler 1248 is an excellent solvent for
anything organic in nature, and was found to dissolve the fluorcthene
wax and leak intc the cell. To prevent this, the cell was enclesed in
a metal container and the whole assembly was placed in the bath., With
this arrangement, temperature control of the cell was excellent, even
with an air space between it and the bath liquid. The only dissdvantage
was the length of time required for the cell to zttain the equilibrium
temperature , which was usually slightly below that of the bath.

The vapors of Arochlor 1248 are toxic and gquite corrosive to
paints, varnishes, etc. To reduce the amount of vaporization of the
Arochlor 1248 into the room, a water-cooled cover was placed on the
bath, and an air blower pulled the remaining vapors into the hood,
Under these conditions, the bath could be safely heated to 200°C or

slightly above.
The Thermoregulator

The circuit shown in Figure 12 was an adsptation of a thermo-
regulator designed by Burwell, Petarson, and Katlmann (L4%9). The
temperature-sensitive element was a themistor® in a Wheststone bridge
circuit, while the heater current was controlled by means of a satur-
able reactor in series with the heater, With this regulator, and the
beths described szbove, the temperature of either cell could be con-

trolled to less than = 0.05°C,

1 A type 1LB thermistor, mamifactured by the Western Electric
Company, New York, N, Y, was used.
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Fisure 12. Thermistor thermoresgulator cilrcuit:
T, thermistor; S5.R., saturable reactor. The saturable
reactor circuit shown within the box was placed in a sepa-
rate metal cabinet. Sizes of capacltors are Jiven in
microfarads; resistors are glven in megonms (10° ohms)
unless otherwise indicated; K indicates thousands of oluis.
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Temperature Measurement

£11 temperature measurements were made with thermocouples; a
precision potentiometer? was used tc measure their output. The thermo-
couples were prepared by fusing together the ends of number 22 copper
wire and number 22 constentan wire.? Two thermocouples were used in
each bath, one immersed in the bath and one placed in the cell., The
wiring was so arranged that either thermocouple could be cemnected to
the precision potentiometer or to an electronic recording potentiometer,®
The use of the recording potentiometer was convenient for following the
bath and cell temperatures while the bath temperature was being changed.
All switches and connections to both measuring devices were made of
copper se that the only junctions of different metals were those of
the thermocouples, The ice~-point reference used for the cold-junction
thermocouple consisted of finely crushed and washed ice mixed with
distilled water and placed in a Dewar flask. The potentials measured
were converted to degrees Centigrade by interpolation on a large plot

of copper-constantan potential versus tempera,t.ure.4

1 A type K-2 potentiometer, made by the Leeds and Northrup Company,
Philadelphia, Pa, was used,

2 The thermocouple wires were purchased from the Wheelco Instruments
Company, Chicago, Ill,

% A Leeds and Northrup Speedomax Type G electronic recorder was
used.

* From the Reference Table For Thermocouples, National Burean of
Standards Circular 508,



L8

Materials
Halogen Fluorides

Iodine pentafiuoride was purified by distillastion in a Monel still
as described by Thempson (1). The impurity content was determined from
freezing point curves, and the molal concentration of impurities was
found to be 0.0025.

Bromine pentafluoride was purified by distillation as described
by Speirs and Rogers (50), and the concentration of impurities found
by freezing point measuréments to be 0,02 molal,

Bromine trifluoride has not been obtained as purs as the other
campounds., For this investigation, bromine trifluoride was distilled
from the iron shipping tank into a trap on an all-nickel vacuum line;
three successive trap-to-trap distillations were made, the appropriate
fraction being taken for the measurements. This process should largely
eliminate the two chief impurities, hydrogen fluoride and bromine penta-
fluoride, because of the large differences in boiling points. The
impurity of the bromine trifluoride sample on which the diclectric con-
stant messurements were made was probably less than two mole percent.

Chlorine trifluoride was likewise purified by trap-to-trap dis-
tillations. The sample used was frozen in a trap cooled by a Dry Ice-
propanol mixture and evacuated to remove chlorine. The impurity of

the samples obtained in this manner was probably less than one mole

percent,
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Fluorocarbon Derivatives

Purified samples of perfluorotetramethylene oxide, perfluorocethyl
ether, and 1,1,1,2,2 3 ,3-heptafluorcpropane were furnished through the
courtesy of W, H, Pearlson of the Minnesota Mining and Manufacturing
Company. These compounds contained only traces of impurities and these
impurities were of a very similar nature to the compounds, The com-
pounds were further distilled from trap-to-trap in the glass vacuum
system shown in Figure 6, and the center fraction from each of three
successive distillations was used for the dielectric constant measure-
ments.,

A sample of purified chlorotrifluoroethylene was obtained from the
Union Carbide and Carbon Corporation., The center fraction of three

successive distillations was used for the measurements.
Gases Used For Cell Standardization

The materials used for the determination of the replaceable capaci-~
tances of the cells were ammonia and carbon dioxide. The ammonia used
was from a cylinder supplied by the Ohio Chemical and Surgicel Company.
It was passed through a drying tube into the glass vacuum gystem, where
it was successively distilled three times, each distillation using the
center fraction of the previous distillation, The last center fraction
was used for the calibrations,

The carbon dioxide was a commercial grade specified to be 99.5%

pure., It was passed from the cylinder through a long tube of Drierite
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directly into the vacuum system and into the cell, where it was used

for the calibration of Cell IT.
Procedure
Cell Calibration

The replacesble capacitances of the cells were obtained by measure-
ments on a gas whose dielectric constant was accurately known., Ammonia
and carbon dioxide were selected because several measurements of high
precision had been reported in the literature for their dielectric

constants .,

Cell I, Ammonia was used as the calibrating gas for Cell I, The cell
was allowed to attain temperature equilibrium, evacuated for éomg time,
washed with ammonia vapors, and then filled with ammonia to a pressure
of 700~800 rm., of mercury. Sufficient time was allowed for the gas to
reach the temperature of the cell. The pressure of the gas was then
read, and the reading on the standard condenser, corresponding to a
beat frequency of LOO cycles, was recorded, Next, amonia was withdrawn
until the pressure dropped approximately 100 mm., of mercury, the standard
condenser was adjusted to bring the beat frequency back to LOO cycles,
and the new condenser reading asnd the pressure were recorded, This was
continued until the ammonia was completely removed, the last set of data
for a run being taken with the cell evacuated, The temperature was
observed at the beginning and end of each run. This procedure was re-

peated at each temperature that the dielectric constants of the
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fluorocarbons were measured, and on the same day, since the replaceable

capacitance was found te change slightly over a long period of time.

Cell II. The calibration of the cell used for the halogen fluoride
measurements was accomplished using exactly the same procedure outlined
gbove, except that carbon dioxide was used as the calibrating gas.
Ammonia was found to give somewhat inconsistent results, probsbly as a
result of adsorption on the Monel cylinders. Since the replaceable
capacitance of Cell II was found to be independent of temperature, and
constant with time, fewer calibrations were made than with Cell 1,

Carbon dioxide has a low dielectric constant and more accuracy was attain-
able at low temperatures, Therefore the replaceable cgpacitance was
usually determined at temperatures lower than those used for the di-

electric constant messurements of the halogen fluorides.

Dielectric Constant Measurements

Exactly the same procedure used for the cell calibreztions was used
for obtaining dielectric constant data. Three or more runs were usually
made at each temperature, until good agreement between runs was obtained,
The dielectric cells were always evacuated for some time before intro-
ducing the gas to be meassursd, then washed a few times with the gas, and
again evacuated for a while before the actual measurements were made,

After each run the bath temperature was changed to the next
temperature at which measurements were to be made. Considerable time

was necessary for the cell to attain the new equilibrium temperature,
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When the cells reached equilibrium temperature the beat frequency
ceased to drift. The drift of the beat frequency was the result of
the outer cylinder changing temperature more rapidly than the inner
cylinder, thus changing the cell capacitance. When the inner cylin-
der reached the temperature of the outer cylinder, the capacitance of
the cell was the same as before and the beat frequency ceased to drift,
With the high boiling halogen fluorides pressures of only 200-300
mn, of mercury of the vapor were used to start a run, compared to a
starting pressure of 700-800 mm, of mercury for the lower boiling

halegen fluorides and the fluorocarbon derivatives,

Treatment of Data

Calibration of Cells

The calibration of the dielectric constant cells consists in the
determination of their cgpacitance when they are evacuated, If the
evacusted cell consisted of a pure geometrical capacitance C,, the de-
termination would be greatly simplified, for the capacitance of the
empty cell could be measured directly, the capacitance Cg of the cen-

dsnser when filled with & gas would be

C, = €0Co

and the dielectric constant € of the gas could be determined,
Unfortunately, the cell always has a certain fixed capacitance Cg

associated with its leads and with parts which cannot be filled with
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a gas, The total capacitance Cy of the empty cell is therefore

Ct = Co + Cf (19)

and that of the cell when it is filled with a gas is

Cg = SCo +Cp - (20)

The capacitance of the cell Cq4 which is affected by the intro-
duction ef a gas in the cell is called the replaceable capacitance and
in order to determine it Cp must be eliminated from the calculations,
By subtracting Equation 19 from Equation 20 and solving for Cq, Cs is

eliminated and the equation

-C AC
Co = g t =

€ -1 €-1

(21)

results, where A C is the capacitance change in the cell when a gas
with dielectric constant € is placed in the evacuated cell, This is

the equation which was used to evaluate the replaceable capacitance of

the cells,

Cell I, Dielectric constants of asmmonie at one atmosphere pressure over
a temperature range had been accurately measured by van Itterbeck and
de Clippeleir (51) and were used to obtain the dielectric constants of
ammonia at the temperatures at which the cell was calibrated, A large
plot of dielectric censtant versus temperature between 20°C and 120°%

was made for this purpose, using their data (Table V),



TABLE V

DIELECTRIC CONSTANTS OF AMMONIA VAPOR

AT SEVER:L TEMPERATURES (51)

5L

Tempgxc;ature (& -1) x 10
29.95 5826
38.72 5522
L7.59 52L0
58.63 1916
yamenh L581
80.33 L3569
92.21 Loé2

116.12 3498
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The values of AC in Equation 21 were obtained by measuring the
change in capacitance with pressure of the gas, Values read on the
precision condenser for each pressure were changed to micromicrofarads
by interpolation on the calibration curve for the precision condenser.
A plot of micromicrofarads against pressure was then made and the
capacitance change from zero pressure to one atmosphere was read on
the graph., This gave A C for one atmosphere of ammonia, The di-
electric constant of ammonia at the temperature at which AC was
measured was then used to calculate the replaceable capacitance Cqy by

substitution of AC and € in Egquation 21.

Cell I1I, Carbon dioxide was the gas used for the calibration of this
cell. A value for the dielectric constant of carbon dioxide at 20°C

and one atmosphere pressure has been given as
€ = 1.000922 = 0,000001

by the National Bureau of Standards (52). This is the mean value of
several results obtained at radio- and zﬁicrowave frequencies.

The molar volume of carbon dioxide at 20°C and one atmosphere
pressure was calculated, At each temperature the pressure which cor-
responded to this molar volume was calculated using the ideal gas law.
Deviations frem ideality at the temperatures and pressures used were
insignificant. From the plot of capacitance versus pressure, the
capacitance change from zero pressure to the calculsted pressure was

read and the replaceable capacitance calculated,
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Dipole Moments

Plots of capacitance versus pressure for each compound were used
to obtain the capacitance change betwesen zero pressure and one atmos-
phere of the gas. Using Equation 30 and the values of the replaceable
capacitance of the cell, the dielectric constants of the gas at the
various temperatures were calculated.

In order to calculate the molar polarization the molar volume had
to be obtained, Values of the critical constants of chlorine tri-
fluoride were available (53), so the Berthelot equation was used to
calculate the molar volumes at the various temperatures, No equation-
of-state data were available for the other compounds investigated;
therefore, the ideal gas law was used to calculate the molar volumes.

Using the dielectric constants and the molar volumes, the molar
pelarizations were calculated by means of Equation 12, A plot of the
molar polarization against the reciprocal of the absolute temperature
was then made, and the slope determined both graphically and by a
least-squares method, The dipole moment was then calculated from the
slope using Equation 15, and the induced molar polarization P, which
was the intercept of the plot at 1/4 = O, was found by a least-squares

method,
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V. RESULTS

Halogen Fluorides

Bromine Pentafluoride

The complete data for the determination of the dipole moment of
bromine pentafluoride are given and the details of the calculations
are presented. The data and calculations for the other compounds

studied will be presented in a more condensed form.

Data. The original data obtained for bromine pentafluoride are given
in the first and third columns of Table VI, The second and fourth
columns of tﬁis table are the values of pressure and capacitance ob-
tained from the calibration curves for the Helicoid gage and the pre-
cision condenser, respectively. The data for the calibration of the
precision condenser are presented in Table VII, and the calibration
data for the Helicold gage are given in Table VIII. A plot of the
calibration data for the precision condenser has already been presented
in Figure 5, An example of a typical calibration curve for the Helicoid
gage 1is shown in Figure 13,

Data for the calibration of the cell are given in Table 1X, An
example of the capacitance versus pressure plots made using these data
is shown in Figure 1i. The values of & C obtained from the graphs at

each temperature are tabulated in Table X. The average value of A C
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thus obtained is

AC = (0,123 ppf

ave

which, combined with the dielectric constant of carbon dioxide, gives

Co = 133 mpf

for the replaceabls capacitance of the cell.

A typical plot of capacitance versus pressure for bromine penta-
fluoride is shown in Figure 15, At each temperature, the value of
the capacitance change when the atmosphere of the vapor was introduced
into the cell was read from the graphs (Table XI). These values were
combined with that of the replaceable capcitance of the cell obtained
above, and the dielectric constanis at the various vemperatures calcu-
lated using Equation 30. These are presented in the fourth column of

Table XII along with the calculations of the molar polarization.

Dipole moment. The plot of the molar polarization versus the recipro-

cal of the absolute temperature is shown in Figure 16. The slope of
this line was calculated by a least-squares method (5L) using the

equation

g . N2 - ExZy
nZx®- (£0°

where B is the slope, n is the number of terms, and x and y are the

(22)

terms plotted on the abcissa and the ordinate, respectively. Substitut-
ing the appropriate values in the equstion gives a slope B = 12,022 for
the straight line in Figure 16. Using Equation 15, this value of the

slope results in a dipole moment of

M= 1.4 D,
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DIELECTRIC CONSTANT DATA FOR BROMINE PENTAFLUORIDE

59

Pressure Precision
Helicoid mm . Condenser Capacitance,
Gage of Mg Reading Mt
o)
Measurements at 72.5 C

30 689 192.6 0.437
111 613 21hL.L 0.534
198 528 237.0 0.634
318 L20 268.0 0.767
LO3 325 291.1 0.865
509 220 319.6 0,980
6ol 126 3LhL .6 1.082
696 36 368.7 1.178
730 <1 379 .0 1.220

32 691 192.7 0.437
107 618 212.7 0.527
20L 522 239.2 0.6LL
312 416 267 .8 0.765
LO7 322 292.5 0.871
502 228 318.3 0.975
601 129 3hk .1 1.080
695 36 368.5 1.177
730 <1 379.3 1.220




TABLE VI (CONTINUED)

Pressure Precision
Helicoid mm, Condenser Capacitance,
Gage of Hg Reading Mmpt

Measurements at 89.508

28 703 203.2 0.48L
75 656 214 .6 0.53L
126 €05 227.2 0.591
175 557 238.4 0.6l41
252 L8O 257.3 0.721
329 Lok 275.2 0.798
Lol 332 292 .8 0.872
Ls1 253 312.4 0.951
559 176 330.8 1.026
L9 87 352.8 1.11k
700 37 365.8 1.16}
735 <1 372.8 1.195
32 699 202.9 0.482
103 628 220.9 0.563
199 533 2h3.3 0.661
308 L2s 269.6 0.773
402 331 292.8 0.872
505 229 318.0 0.971
681 55 360.1 1.145
735 <1 371.9 1.195
38 692 203.9 0.486
101 630 220.1 0.561
185 skt 2L0.0 0.6L7
300 L33 277 .6 0.807
Lo2 331 292 .6 0.871
503 231 317.6 0.973
595 140 339.7 1.062
683 52 361.7 1.150

735 <1 37L4.3 1,200




TABLE VI ( CONTINUED)
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Pressure Precision
Helicoid . Condenser Capacitance
Gage of Hg Reading mmt
Measurements at 101.8°C

28 701 151.2 0.251

91 638 165.4 0.315
197 533 188.8 0.l119
272 L59 205 .7 0.L95
337 394 219.4 0.557
LO5 326 23L.2 0.623
L70 261 248.8 0.68L
568 165 270.5 O0.777
664 69 292.6 0.871
734 Q 308.1 0.93L

3L 695 148.7 0.238

99 630 163,0 0.305
200 530 185.7 0.405
277 L53 202,1 0.L479
359 372 220.1 0.560
L31 300 235.9 0.629
519 213 255.6 0.713
595 138 272.6 0.782
674 59 291.0 0.86L
734 <1 304.7 0.920

37 692 1L8.L 0.238
118 611 166.2 0.319
210 520 186.6 0.Lo9
318 412 209.9 0.513
Lol 330 228.6 0.598
510 221 252.9 0.701
595 138 271.6 0,782
675 58 290 .4 0,862
734 <1 303.1 0.914




TABLE VI (CONTINUED)

Pressure Precision
Heliceid mm ., Condensar Capacitance
Gage of Hg Reading Jpaf

Measurements at 115.8°C

32 69 147.8 0.234
109 618 163.6 0,307
201 528 183.h 0.395
322 408 207.7 0.50h
Lo8 323 225 .6 0.585
508 223 2L6.6 0.675
600 133 266.1 0.757
686 L7 283.9 0.834
732 <1 293.5 0.875

37 690 148.L 0.238
100 627 161.7 0.229
207 522 183.7 0.397
314 K17 205.9 C.L96
LO3 328 224.7 0.580
512 220 247 .4 0.679
605 127 266.5 0.760
691 42 28L.8 0.838
732 <1 293.3 0.875

23 703 145.2 0.224
116 611 164.0 0,309
206 623 1383.0 0.395
318 2 205 .9 0.495
L1o 321 225.0 0,582
512 220 2L6.7 0.676
603 129 266.0 0.758
680 53 282.0 0.826
732 <1 292.8 0.872




TABLE VI (CONTINUED)

Pressure Precision
Helicoid mn , Condenser Capacitance
Gage of Hg Reading Mt

Measurements at 129 .2°C

35 683 140.4L 0.201
108 611 154.2 0.264
202 518 172.6 0.346
297 425 190.1 0.426
Lol 321 210.3 0.516
506 218 230.,6 0.607
609 112 250.6 0,692
698 30 267.2 0.763
727 {1 274.3 0.794

31 687 133.9 0.170
108 611 148.4 0,238
202 '518 166 .4 0.320
310 2 186.4 0.405
Lot 316 205.9 0,495
510 21, 226.0 0.586
610 116 24 .8 0.667
690 37 260.8 0.736
727 <1 268 .4 0.769

Measurements at 1Ll ,1°c

32 685 191.4 0.431
108 610 206.1 0.497
215 505 225.7 0.585
310 L11 243.7 0.663
L1y 311 262.2 0.7L2
500 223 279.2 0.815
589 135 295.L 0.883
680 Ls 312.L 0.951
725 <1 320.8 0.985

39 679 189.L 0,422
113 605 203.4L 0.L85
203 517 220 .4 0.561
311 Lio 240.2 0.6L8
Lo2 320 257.1 0.720
506 217 276.7 0.802
601 122 294 .6 0.879
681 L3 309.4L 0.939

725 <1 317.6 0.972




TABLE VI (CONTINUED)
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Pressure Precision
Helicoid mm . Condenser Capacitance
Gage of Hg Reading st
Measurements at 157.700

31 686 148.4L 0.283
111 607 162.5 0.303
200 520 177 .3 0.369
311 L11 196.2 0,453
Lo9 31k 212.8 0.527
505 218 229.6 0.601
692 33 261 .6 0.739
725 <1 267.4 0.76L
30 687 138.0 0.1%0
100 618 150.5 0.248
206 513 168.0 0.327
310 L1l 1186.1 0.408
128 30) 204 .1 0.488
506 217 219.8 0.588
593 131 23L4.8 0.627
682 L3 250.4 0.691
725 <1 257.6 0.722
32 685 132.3 0.164L
112 606 1L6.6 0.229
199 521 161.6 0.298
311 il 180.3 0.382
Lo6 316 196.5 0.Lsh
502 221 213.9 0.532
600 123 230.5 0.606
685 Lo 235.0 0 .669
725 <1 251.8 0.697




DATA FOR THE CALIERATION OF THE GENERAL RADIO PRECISION CONDENSER

TABLE VII
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Units on Units on -

Precision Primary Standard A Capacitance
Condenser Capacitor Jamaf x 102
97.L 1100 0 0.0
108 .1 1150 50 5.28
119.8 1200 100 10.57
131.1 1250 150 15.85
142 .6 1300 200 21.1h
15k.2 1350 250 26.42
165.0 1400 300 31.71
178.0 1450 350 36.99
189.9 1500 LOO L2.28
201.5 1550 L50 L7.56
213.3 1600 500 52.85
213.3 1000 500 52 .85
22L.9 1050 550 58,13
237.1 1100 €00 63.42
249 .1 1150 650 68.70
262 .0 1200 700 73.99
274.2 1250 750 79.27
286.8 1300 800 84 .56
299.3 1350 850 89 .84
312.7 1400 900 95.13
325 .4 1450 950 100,41
339.0 1500 1000 105,70
352.1 1550 1050 110.98
365.0 1600 1100 116.27
377.7 1650 1150 121.55
391.4 1700 1200 126.84
Lo3.9 1750 1250 132.12
L17 .5 1800 1300 137.41
430.2 1850 1350 142 .69
Lh3.7 1900 1400 147 .98
L55.8 1950 1450 153.26
L69 .5 2000 1500 158 .55
L69 .5 1000 1500 158 .58
483.3 1050 1550 163.83
h96.4L 1100 1600 169 .12
510.3 1150 1650 174 .40
524.6 1200 1700 179.69
538.9 1250 1750 18L .97
553.2 1300 1800 190.25
567 .4 1350 1850 195.54




TABLE VII (CONTINUED
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Units on

Units on

Precision Primary Standard A* Capacitance
Condenser Cepacitor s x 102
582.0 1400 1900 200 .82
596.2 1450 1950 206.11
611.2 1500 2000 211.39
625.7 1550 2050 216.68
6L0.8 1600 2100 221.96
655.9 1650 2150 227.25
670.8 1700 2200 232.53
685 .1 1750 2250 237.82
700.9 1800 2300 243.10
715.3 1850 2350 218.39
731.1 1900 2,00 253.67
U5 .4 1950 2450 258.96
760 .9 2000 2500 264 .24
760.9 1000 2500 26L .24
776.7 1050 2550 269.53
791.6 1100 2600 27L4.81
807 .8 1150 2650 280.10
824 .2 1200 2700 285.38
8L0.6 1250 2750 290,67
857.7 1300 2800 295.95
873.7 1350 2850 301.24
890.8 1400 2900 6.52
907 .8 1450 2950 311.81
925.1 1500 3000 317 .09
941.8 1550 3050 322.36
960 .2 1600 3100 327 .65
976.3 1650 3150 332.95
995 .0 1700 3200 338.23
1011.4 1750 3250 343.52
1029.8 1800 3300 348 .80
10L6.8 1850 3350 354.09
1064.5 1900 3400 359.37
1080.9 1950 3L50 36k .66
1100.0 2000 3500 369 .54

*Column A gives the tetal number of units on the primary standard
capacitor that correspond to the number ef units cevered on the

precisisn condenser.
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TABLE VIII

CALIBRATION DATA FOR THE HELICOID GAGE

Helicoid Gage Pressure Helicoid Gage ' Pressure
Reading mm. of Hg Reading mm, of Hg
Calibration at 72.5°C Calibration at 115.8°C

36 689.5 30 698 .8
95 630.0 98 630.5
. 190 525.9 183 543.5
293 L33.5 265 L63.8
376 353.1 357 372.3
L58 270.0 L32 299.9
549 183.0 510 220 .4
623 107.1 600 13L4.3
678 52.8 673 59.0
730 1.0 132 <1.0
Calibration at 89.5°C -Calibretion. at 129.2°C
27 70L .9 21 699.6
95 635 .4 165 S5h.1
215 516.5 239 L82.2
286 Lh6.1 340 3681.8
381 353.2 431 295.0
L70 265.2 513 211.0
569 166.8 585 140.7
6L9 87 .0 658 70.1
735 <1.0 727 <1.0
Calibration at 101.8°C Calibration at 1kl .1°C
19 11.1 19 701.6
82 646.6 102 616.0
168 562.7 170 SL9 .k
271 Ls9.1 278 LL2.8
370 362.0 352 367.7
Lso 281.3 L3 280.0
533 200 .0 533 188.8
60l 129..7 621 102.6
670 63.7 679 L6.8

734 <1.0 725 <1.0
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Figure 13 Typical calibration curve for the
Helicoid pressure gage. Calibration at 115.8°C,

68
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TABLE IX

CALIBRATION DATA FOR DIELECTRIC CELL II

Pressure Condenser Capacitance Fressure Condenser Capacitance
mm, of Hg Reading gt mm, of Hg HReading MM E
Calivratien at 72.5°C Calibration at 115.7°C
785.0 159.0 0,287 792.2 186.3 0,409
535.3 166.5 0.320 695 .8 189.6 0.4h23
L6l .5 169.0 0.331 596.L 192.3 0.435
391.2 171.3 0.311 435.0 196.7 0.455
7.1 173.7 0.352 347.8 198.9 0.464
208 .0 176.8 0.366 247.7 201.7 0.L77
99.0 180.2 0.361 136.0 204 .9 0.4%91
<1.0 183.1 0.394 1.0 208.5 0.508
Calibratien at 89.5°C Calibratien at 128.8°C
787.0 162 .6 0.303 783.9 149 .0 0.240
683 .6 165 .5 0.315 702 .8 151.2 0.251
586.4 168.6 ©.329 603.5 153.7 0,261
178.8 171.5 0.342 Lh72.6 157.1 0.279
398.8 174.0 0.353 385.1 159.4 0,288
297.3 177.4 0.369 289.8 162.1 0,301
196.7 180.0 0.380 185.7 184.3 0.311
91.8 183.3 0.395 86.0 167.0 0.322
<1.0 185.9 0.406 <1.0 168.9 0.330
781.8 161.5 0.298 Calibration at 1L} .1%
673.5 16L.8 0.312
550.3 168 1 0.327 789.8 182.7 0.392
Lél.0 170.8 0.339 700.7 184 .8 0.401
361.2 174.0 0.353 569.5 187.5 0.hL1L
270.1 176.9 0.356 L81.0 190.0 0.425
185 .0 179.2 0.377 386.6 192.5 0.436
99.5 181.8 0.388 299.3 194.6 0.L4L5
<1.0 184.2 0.399 205 .8 197.0 0.L56
98.L 199.9 0.469
Calibratien at 101.9°C (1.0 202.6 0.481
779.8 287.2 0.849
702 .4 289.8 0.859
699 .4 292.8 0.872
497.2 296.0 0.885
396.1 299.1 0.898
302.7 302.1 0,910
199.6 305.2 0.923
105 .4 308.2 0.935

1.0 311k 0.9L8
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Figure 1. Typical plot of cell calibration data.
Calibration of Cell II at 115.7°C.
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TABLE X

VAIUES OF A C FOR CARBON DIOXIDE
FROM DATA IN TABLE IX

Temperature Cm:'rected-nE

oc Pressure C
mm. ef Hg YNV
72.5 895.1 0.122
89.5 940.1 0.123
89.5 940.1 0.123
101.9 971.2 0.123
115.7 1007.0 0.123
128.8 1040.9 0.122
1LL.1 1072.8 0.12L

AC Average = 0,123

*pressure exerted st t°C by the molar velume ef carben diexide
st 20°C,
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Figure 15. Typical plot of capacitance versus pressure
for bromine pentafluoride at 115.8°C.



TABLE XI

VALUES OF AC FOR BROMINE PENTAFLUORIDE

FROM THE DATA IN TABLE VI

73

Tempersature AC pupuf hverage OC
°c ( 0-1 atm of BrFg ) yapuf
72.5 0.84L  0.8L2 0.843
89.5 0.775 0.777 0.777 0.777

1012.9 0.735 0,738 0.739 0.737
115.8 0.691 0,692 0,690 0.691
129.2 0.65h  0.656 0.655
k.1 0.613 0.615 0.61L4
157.7 0.580 0.586 0.586 0.584
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Figure 16. Molar polarization versus the reciprocal of the
_absolute temperature for bromine pentafluoride.
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Chlerine Trifluoride

Data., The data fer plotting the capacitance-versus-pressure curves for
chlorine trifluoride are presented in Table XIII., The data for the
calibration of the cell and Helicoid gage are not shown. The average
value of A C at each temperature is given in Table XIV, along with the
dielectric constant at each temperature and the molar polarization,

The molar volume of the chlorine trifluoride was obtained using the

Berthelot equation-of-state,

RT 9P T 6Tg
1 - )
“ 128 PgT PcT T2

and the critical constants estimated by Grisard, Bernhardt, and Oliver (53).

Dipole moment. The plot of molar polarization against the reciprocal of

the sbsolute temperature is shown in Figure 17. The slope of the
straight line as determined by the least-squares method (3,36Li) corres-
ponds to value for the dipole moment of

M = 0D

The calculation of the dipole moment using the molar refraction gave
a slightly different value. Malik (55) has determined the molar refrac-
tion of chlorine trifluoride from refréctive index measurements on the
gas, and gives a value of R = 10,3 2 0.5. Substituting this value and
the molar polarization at each temperature into Equation 17 gives the

results shown in Table XV, The average value of the moment obtained



TABLE XIIT

DIELECTRIC CONSI'ANT DATA FOR CHLORINE TRIFLUORIDE

7

Pressure
mm, of Hg

Capacitance

s

Pressure
mm, of Hg

Capacitance
Mt

Measurements at 46.2°C

733
651
596
533
L55
394
315
202

87

<1l

736
662
602
g2l
458
393
295
194

85

<1

0.330
0.370
0.399
0.L31
Q. L69
0.L499
0.537
0,592
0.648
0.696

0.315
0.353
0,382
0.422
o.Lsh
0.486
0.532
0 0583
0.63L
0.679

Measurementa at 78.7°C

732
621
504
LL8
LO1
31
205
ol
<1

731
6Ll
s5LO
L89
428
343
247
1L9

81
<1

0.831
0.879
0.927
0.951
0.976
1.006
1.054
1.099
1.143

0.827
0.865
0.911
0.935
0.956
0.995
1.036
1.078
1.109
1.147

Measurements at 102.2°C

755
683
€08
515
Lo6
299
201

92

<1

721
661
609
518
L2k
310
199

83

<1

729
656
553
L50
3Lg
250
148

<1

0,5h0
0.565
0.592
0.629
0.671
0.709
0.746
0.798
0.849

0.527
0.553
Q.576
0.616
0.654
0.700
0.,7L6
0.801
0.8L47

0.522
0.554
0.601
0.6LL
0.696
00726
0.752
0.850

Measurements at lhO.BOC

724
678
621
563
L6
423
329
231
104

{1

0.401
0.418
0.437
0.L455
0.478
0.498
0.53L
0.566
0.610
0.650
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TABLE XIV

MOLAR POLARIZATION CALCULATIONS FOR CHLORINE TRIFLUORIDE

Temper ature, AC ,ﬁ' (e -1)x 10°® Molar P
°K Muf Volune , M 1 »10°
cc fmole cc /mole T°K

319.3 0.372 2825 25,756 2L.2 3.132
351.8 0.328 2L9o 28,488 23.6 2.8L2
375.8 0.302 2293 30,512 23.3 2.661
L13.3 0.254 1929 33,707 21.7 2.416
% Replaceable capacitance, C, = 132 uuf.

206 |
=
(o]
£ 2L
Q
[&]
aE 22 S

20

18 L ] i _—

2.Lo 2.4 2.80 3.00 3.20
%OKx 103

Figure 17. Molar polarization versus the reciprocal
of the absolute temperature for chlorine trifluoride,
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in this manner is

M= 0.85 D,

This sgrees with the value obtained from the plot of the molar polari-
zation versus the reciprocal of the absolute temperature within the

accuracy of the measurements. (See Discussion of Errors)

TABLE XV

DIPOLE MOMENT OF CHLORINE TRIFLUORIDE CALCULATED
USING THE MOLAR REFRACTION

Temper ature Dipole Moment
°x D
319.3 0.83
351.8 0.86
375.8 0.87
413.3 0.85

Iocdine Pentafluoride

Data. The dielectric constant data are presented in Table XVI, and
the results of the various plots and calculations are sumarized in
Table XVII. Because of the high boiling point of this compound, the
dielectric constant could not be measured over a large temperature
range, Therefore it was not possible to obtain sufficient data for a

plot of molar polarization versus the reciprocal of the absolute

temperature.



TABLE XVI

DIELECTRIC CONSTANT DATA FOR IODINE PENTAFLUORIDE

Pressure Capacitance Pressure Capacitance
rm, of Hg J7y3%4 mm, of Hg JAAL
Measurements at 119.6°C Measurements at 135°C (cont'a)
239 0.8L0 221 0.756
146 0.968 196 0.7%90C
59 1.074 174 0.817
<1 1.152 151 0.8L9
123 0.88lL
2L6 0.850 104 0.908
216 0.891 65 0.956
188 0.927 35 0,992
168 0.955 <1 1.0L1
142 0,992
13 1.031 231 0.753
81 1.073 210 0.784
63 1,095 1861 0.827
<1 1.173 151 0.866
122 0.910
293 0.763 92 0.9L48
252 0.825 57 0.992
220 0.871 o
195 0.907 Measurements at 150.4 C
170 0.947
1hL7 0.97h 205 0.875
116 1,020 177 0.913
96 1.051 1hk 0.9L9
&0 1.098 112 0.991
(1 1.177 82 1.026
o 52 1.063
Measurements at 135.0 C 16 1.103
<1 1.107
253 0.732
221 0.773 218 0.837
197 0.806 194 0.863
171 0.841 171 0.851
1h7 0.868 147 0.917
118 0.906 118 0.953
90 0,9hk2 90 0,987
53 0.983 61 1.021
19 1.026 39 1.0L46

<1 1.052 1 1.107




TABLE XVI (CONTIKUED)

Pressure Capacitance Pressure Capacitance
mm. of Hg “Pf mm. of Hg ~ MHpL
Measurements at 150.4°C Measuraements at 172.9°C
(continued)
210 C.7%99
151 0.825 205 1.0L3
171 0.845 168 1,080
141 0.880 139 1.11)
113 0.916 116 1.137
92 0.94L43 88 1.167
58 0.975 60 1.198
34 1.011 38 1.221
<1 1.066 17 1.243
<1 1.261
Me asurements at 172.9°C
198 1.033
L2k 0.8L46 173 1.059
364 0.917 149 1.084
283 1,001 111 1.124
213 1.068 82 1.155
157 1.125 53 1.1685
1L 1.169 31 1.208
73 1.213 1L 1.226
55 1.23L {1 1.2L0
<1l 1.292
209 1.064
180 1.093
155 1,116
131 1.129
98 1.175
6L 1.208
37 1.238
15 1.257

<1 1.273
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Dipole Moment. Malik (55) has obtained a value of 19.2 cc./mole for

the molar refraction R of iodine pentafluoride. This value was used

t0 obtain the value of B in Equation 17 at each témperature, from

which the dipole moment was calculated, The details of the calculations
are given in the last three colums of Table XVII, The excellent agree-
ment between these values indicates the precision which is possible in
measuring compounds which possess a high dipole moment. The average

velue for the dipole moment of iodine pentafluoride is

I* = 2.211 D-

Bromine Trifluoride

Data. The dielectric constant data for bromine trifluoride are presented
in Table XVIII, This was the highest boiling compound measured, and
therefore a very small temperature range was available over which the
dielectric constant data could be obtained, The calculations are

sumariged in Table XIX,

Dipole moment, The dipole moment was calculated using the value of

12.9 cc./mole for the molar refraction obtained by Malik (55). The

average value of the dipole moment at three different temperatures is

M = 1.33D.



TABLE XVIII

8L

DIELECTRIC CONSTANT DATA FOR BROMINE TRIFLUORIDE

Pressure
mm, of Hg

Capacitance

JApE

Presaure
mm, of Hg

Capacitance

o,

Measurements at 1h2.h°C

197
182
151
125
89
59
21
<1

198
171
143
115
87
57
29
<1

215
191
162
131
105
80
56
23
<1

0.247
0.252
0,270
0.280
0.300
0.315
0.332
0.3LL

0.236
0,249
0.256
0.283
0,299
0.315
0.332
0.348

0.259
0.273
0.285
0.30L
0.319
0.330
0.343
0.363
0.373

. o
Measurements at 151.6 C

290
2217
183
137
90
L2
1

278
220
163

0.630
0.661
0.679
0.700
0.722
0.7LL
0.763

0.609
0.636
0.663

Measurements at 151.600

121
73
36
<1

296
247
196
148
108
61
20
<1

0,683
0.705
0.723
0.7LO

0.568
0.591
0.615
0.639
0.656
0.679
0.698
0.707

Measurements at 175.1°C

290
250
216
158
121

78

0.592
0.610
0.625
0.6L9
0.661
0,680
0.706
0.718

0.571
0.588
0,607
0.622
0.651
0,667
0,690
0.702

0.536
0.553
0.579
0.597
0.618
0.637
0,660
0.672
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Fluorocarbon Derivatives

1,1,1,2,2,3,3-Heptafluoropropane

Data. The dielectric constant data are presented in Table XX, The cell
used for the fluorocarbon derivative work (Cell I) had a much larger
replaceable capacitance than Cell IT, therefore larger capacitance
changes were observed upon placing a gas between the plates, This in-
¢reased the precision of the measurements. The calculations of the

molar polarization are summarized in Table XXI.

Dipole moment. The plot of molar polarization versus the reciprocal

of the absolute temperature is shown in Figure 19. The slope of the
line B obtained by the least-squares method is equal to 15,960 and the

dipole moment calculated from this is

M = 1,62 D,

Perfluorotetramethylene Oxide

Data, The dielectric constant data are presented in Table XXII, and

the calculations are summarized in Table XXIIX,

Dipole moment, The plot of molar polarization versus the reciprocal

of the absolute temperature is shown in Figure 19, The slope of the
line B determined by a least-squares method is 1931, and the dipole
moment calculated from this is

M= 0.56 D,
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TABLE XX

DIELECTRIC CONSTANT DATA FOR
1,1,1,2,2,3,3-HEPTAFLUOROPROPANE (n-CgFoH)

Pressure Capacitance Pressure Capacitance

mm, of Hg ppul mm, of Hg papf
Measurements at 26.7°C Measurements at L48.4°C
788.0 0.261 787.2 0.257
4.0 0.586 70L.7 0.5L8
607 .3 0.954 599.0 0,904
507.3 1.332 u91.1 1.260
39L.7 1.763 393.6 1.581
298.0 2.332 297.9 1.898
195.8 2.502 201.2 2.209
100.0 2 .865 104 .5 2.527
0.5 3.215 0.1 2.86L
Measurements at 3h.2°C Measurements at 61.19C
780.3 0.510 792.1 0.495
690.8 0.844L 696.9 0.797
600 .4 1.165 603.4 1.085
498.6 1.541 L97.2 1.415
397.5 1.908 390.0 1.751
293.2 2.279 293.0 2,049
198.4 2.624 199.2 2.343
106.3 2.951 1004 2.653
0.2 3.309 0.2 2.949
Measurements at 41.0°C Measurements at 69.4°C
785.0 0.453 790.9 0.497
702.7 0,745 699.9 0.776
605 .8 1.084 599.8 1.071
502.3 1.418 503.2 1.357
394.0 1.826 398.2 1.677
303.5 2.116 295.3 1.979
194.0 2.512 199.5 2.256
98.3 2 8LL 97.2 2.561

0.1 3.143 0.1 2.838




TABLE XX (CONTINUED)
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Pressure
mm. of Hg

Capacitance

pARL

Pressure
mm, of Hg

Capacitance
Mt

Measurements abt 79.3°C

791.9
704 .0
601 .6
L87 .8
bOB -O
299.0
189.0
100.5

0.2

0.508
0.762
1.052
1.368
1.616
1,904
2.2056
2.h59
2.738

Measurements at 89,800

780 .3
699.2
576.7
491.6
390.5
276.7
203.2
109.0

0.2

1.056
1.210
1.L48
1.618
1.811
2.027
2.163
2.3LL
2.567

Measurements at 109.0°C

789.7
70L.5
600.5
14,86.8
384L.5
292 .1
201.8
102 .4

0.2

Q.558
0.780
1.028
1.309
1.569
1.795
2,015
2.254
2.L99

Measurements at 99.800

784.1
698.1
598 .8
483.1
398.7
301.3
185.2
102 .2

0.2

0.522
0.7L46
1.000
1.293
1,516
1.767
2,059
- 2.267
2.520
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TABLE XXI

MOLAR POLARIZATION CALCULATIONS FOR 1,1,1,2,2,3,3-HEPTAFLUOROPROPANE

Temperature ac* M Py 1 . 109
OK Aipuf (e - )x 10? cc/mole  cec/mole TOK
299.8 2.860 8104 2L ,61L 66.3 3.336
307.3 2.7L5 7778 25,229 65.2 3.25L
31L.1 2.6L0 7L81 25,788 6.1 3.18L
321.5 2,500 708l 26,395 62.2 3.110
334.2 .36l 6699 27,438 61.1 2.992
3L2.5 .25k 6387 28,119 59.7 2.920
352.5 2.136 €053 28,932 58.3 2.838
362.3 2.032 5758 29,7L5 57.0 2.760
372.9 1.940 SL97 30,615 56.0 2.682
382.1 1.860 5271 31,370 55.0 2.617

3 Replaceable capacitance, Co = 353 wmuf.

66 |-

6L |-

62 |-

o8 |-

By cc./mole
)
|

56 |

5h I | |
- 2.6 2.8 3.0 3.2 3L

l x 103
TOK

Figure 18. Molar polarization versus the reciprocal of the
absolute temperature for 1,1,1,2,2,3,3-heptafluoropropane.



TABLE XXII

DIELECTRIC GONSTANT DATA
FOR PERFLUOROTETRAMETHYLENE OXIDE (cyclic-(CFj,)0)

Pressure Capacitance Pressure Capacitance
mm. of Hg A J& £ mm, of Hg MW
Measurements at 26.100 Measurements szt 56,000
781.4 1.010 783 .4 1.382
720.8 1.125 697 .0 1.540
6h2 0 1.270 591.3 1.721
551.0 1.h39 521.1 1.834
L456.1 1.634 236.5 1.976
372.2 1.787 368.5 2.089
280.8 1,954 287.2 2.221
193.3 2.110 207 .2 2.350
121.2 2.2L40 128.7 2.480
L5.6 2,378 58.1 2,600
6.7 2.h455 0.6 2.693
Measurements at 36.9°C Measurements at 66.7°C
790 .8 0.707 792 .8 1.423
712.1 0.895 725.0 1.541
6L46.5 1.017 657 .0 1.657
581.1 1.134L 573.5 1.788
511.4 1.260 L92.7 1.919
LL7 .8 1.376 407 .0 2.0L8
369.6 1.522 331.) 2.176
290 .0 1,671 223.1 2.31L
206.4 1.818 163.0 2..hhdy
129.3 1.953 8L.8 2.569
6L .2 2.068 0.7 2.706

0.5 2.179

Measurements at Ll .7°C Measurements at 7h.6°C
783.0 1.137 787.1 0.629
717.3 1.254 717.5 0.738
662 .3 1.354L 649 .0 0.8L6
595.5 1.473 576,0 0.959
515.8 1.620 501.3 1.073
L26.7 1.773 L12 .8 1.207
352.3 1,904 325.0 1.347
265.3 2.053 235.2 1.489
1744 2.206 149 .4 1.627
81.0 2.344 70.3 1,74k

0.7 2.497 0.3 1.853




TABLE XXII (CONTINUED)

Pressure Capacitance Pressure Capacitance
mm, of Hg sapf mm, of Hg KL
Measurements at 82 .9°C Measurements at 101 .800
789.8 0.693 787.8 0,769
716.7 0.809 710.7 0.880
652 .0 0,905 645.0 0.972
586.3 1.005 566.7 1.086
508.8 1.118 L92.0 1.190
430.9 1.234 Lho .k 1.261
358.1 1.342 372.1 1,360
268.9 1.kh72 311.0 1.450
192.0 1.598 3ub.b 1.562
118.9 1,708 160.7 1,667
56.2 1.800 72.5 1,784
0.3 1.884 0.4 1.809
Measurements at 93.2°C Measurements at 111.1°C
784 .9 0,705 788.7 0.793
711.1 0.814 701 .8 0.916
6L5.2 0.910 642.8 1,004
572.3 1.014 569.6 1.097
508.5 1.107 L83.5 1.216
L2y .1 1.228 397.0 1.337
343.5 1.3L6 310.56 * 1,459
266.6 1.459 224.5 1.578
194.8 1.566 149.8 1.681
119.5 1.677 76.8 1.780
9.7 1.773 0.2 1.88k

0.5 1.8h47
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TABLE XXIII

MOLAR POLARIZATION CALCULATIONS FOR PERFLUOROMETHYLENE OXIDE

i

Temperature ack M T 1 3
oK rmuf (€ - 1)x 10° cc/mole cc/mole TOk X 10
299.2 1.413 1,039 24,564 33.0 3.3L2
310,11 1.362 389L 25,451 32.9 3.226
317.2 1.313 3753 26,042 32.5 3.153
329.1 1.255 3588 27,019 32.3 3.039
339.8 1.219 3485 27,898 32.L 2.9L3
3L7.7 1.184 3385 28,546 32.2 2.876
356.1 1.1L5 3272 29,236 31.9 2.808
366.3 1.108 3167 30,073 31.8 2.73C
375.L 1.088 3110 30,820 31,9 2.66L
38L.2 1.055 3016 31.5L3 31.6 2.603
# Replacesble capacitance C, = 350 e £,
3L
@
,....‘
g "
o 32 -
0_
n?: 30 |-
L | 1 |
2.L 2.6 2.8 3.0 3.2 3.4
fox x 10°

Figure 19. Moler polarization versus the reciprocal of the
absolute temperature for perfluorotetramethylene oxide.



93

Perfluoroetnyl Ether

Data, The dielectric constant data are presented in Table XXIV, and

the calculation of the molar polarization at each temperature is

summarized in Table XXV,

Dipole moment. The plot of the molar polarization versus the recipro-
cal of the absolute temperature is shown in Figure 20, The slope of

the line B is 1643 and the dipole moment calculated from this is

M= 0.51 D,

Chlorotrifluorosthylene

Data. The dielectric constant data are given in Table XXVI, and the

calculations are sumarized in Table XXVII,

Dipole moment. The plot of molar polarisation versus the reciprocal

of the absolute temperature is shown in Figure 21, The slope of the

line B is 90L, 2nd the dipecle moment calculated from this is

}.L = 0,38 D.
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TABLE XXIV
DIELECTRIC CONSTANT DATA FOR PERFLUOROETHYL ETHER
((CoFg) -0)

Pressure Capacitance Pressure Capacitance
mm. of Hg pmf mm, of Hg Jry=sy
Measurements at 26.0°C Measurements at L7.0°C
787.5 1.021 787.9 1.222
721.2 1.149 698 .2 1.380
639.9 1.303 598.2 1.56L
540.0 1.497 505 .2 1.727
1j26.5 1.714 399.3 1,909
308.3 1.932 303.3 2.071
199 .4 2.126 197.0 2.248
96.0 2.311 103.7 2.L09
0.5 2.486 0.2 2.581
Measurements at 34.8°C Measurements at 55.0°C
791.1 1.113 787.3 1.360
700 .4 1,282 688.1 1.535
596.0 1.479 598.2 1.691
L490.5 1.677 L97.7 1.859
399.0 1.8l 397.L 2.028
294 .6 2.027 295.2 2.194
192 .8 2.203 193.7 2.359
97.8 2.373 99.5 2.517
0.2 2.541 0.3 2 .683
Measurements st hO.9°C Measurements at 62.3°C
794.6 0.878 796.1 1,425
703.9 1.037 702.9 1.585
597.5 1.226 598.9 1.760
190 .6 1.420 500.4 1.923
L00 .0 1.58L 399.1 2.086
296.8 1.763 298.1 2.252
200.0 1.930 197.3 2.5
98.8 2.102 99.4 2.576

0.1l 2.263 0.2 2,738




TABLE XXIV (CONTINUED)

Pressure Capacitance Pressure Capacitance
mm, of Hg L me. of Hg eyt
Measurements at 72 .7°C Measurements at 91 .8°C
794 .k 1.427 787 .4 0.920
699 .0 1.585 696.0 1.058
596.9 1.747 599.8 1,199
502.7 1.892 Loo .l 1.3L9
398.1 2.057 397.9 1.502
297.8 2.212 295.8 1.655
197.0 2.368 199.8 1.793
104.3 2.51h 99.0 1,940
0.1 2.686 0.3 2 .080
Measurements at 82 .200 Measurements st 100 .600
782.9 0.451 783.0 0.989
695 .4 0.600 693.9 1.122
599.9 0.7Lk6 597.1 1.267
505 .4 0.895 501.7 1.40L
399.1 1.052 396.2 1,562
296.4h 1.206 288.5 1.715
199.0 1.355 194 .0 1.852
112.0 1.50L 99.8 1,983

0.2 1.662 0.3 2.123
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TABLE XXV

MOLAR POLARIZATION CALCULATIONS FOR PERFLUOROTHYL ETHER

-

-

-———

Temperature ACcT Yy Py 1 x 102
Ok s £ (e - 1)x 10° cc/mole cc/mole TOK
299.3 1.413 LOOkL 2h,556 T 32.7 3.3L3
307.9 1.374 3893 25,279 32.8 3.2L8
314.0 1.345 3811 25,779 32.7 3.18L
320.1 1.291 3658 26,280 32.0 3.12L
328.1 1.266 3587 26,972 32.2 3.0L8
335.4 1.242 3519 27,536 32.2 2.981
3L5.8 1.191 3375 28,390 31.9 2.892
355.3 1.159 3284 29,170 31.9 2.81k
36L .9 1.123 3182 29,958 31.7 2.740
373.7 1.097 3108 30,681 31.7 2,676

# Replaceable capacitance Co = 353 muf.

3L -
3 R
Qo 112 - PUT— A
£ F -
o
30
o=
I I 1 I
2.6 2.8 3.0 3.2 3.k
%OK x 10

Figure 20, Molar polarization versus the reciprocal
of the absolute temperature for perflucroethyl ether.
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TABLE XXVI
DIELECTRIC CONSTANT DATA FOR CHLOROTRIFLUCROETHYLENE
(CCIF=CF )

Pressure Capacitance Pressure Capacitance
mm, of Hg st mm, of Hg pprf
Measurements at 28.2°C Measurements at SL.L°C
781.3 1.522 788.2 1.093
701.2 1.632 705.8 1,192
601 .0 1.759 599.1 1.319
L98.5 1.893 495 .0 1.Lh)k
L06.8 2.025 L07.7 1.551
303.9 2.150 297 .0 1.687
200.4 2.28L 187.9 1.809
95.0 2.421 107 .3 1.906
0.5 2.545 0.8 2.030
Measurements at 3h.7°C Measurements &at 63.6°C
783.5 1.864 776.8 1.237
700.0 1.973 70L.3 1.318
584.3 2.120 S8L.7 1.h62
LokL .9 2.234 L86.0 1.577
L01.,2 2.359 393.7 1.685
296.8 2.498 302.L 1.7€8
205 .9 2.619 191.1 1.913
107.3 2.7L7 99.0 2.020
0.8 2.881 0.1 2.127
Measuram;nts at hh.SOC Measurements at 76.5°C
78L.3 1.307 779.8 1.555%
688 .0 1.432 @95.7 1.651
605.6 1.537 597.4 1.759
L93.7 1.677 LoL .1 1.873
393.3 1.803 399.2 1.980
294.6 1.923 297.5 2.088
194.0 2.0L8 195.5 2.200
100 .C 2 .166 101.4 2.305

0.5 2,287 0.2 2.l18




TABLE XXVI (CONTINUED)
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Pressure Capacitance
mm. of Hg Mt £
Messurements at 8L .2°C
783.2 1.569
703.8 1.659
608 .8 1.758
500.0 1.877
383.1 2.003
287.0 2.105
208 .5 2.190
117.3 2.293
0.8 2.4h22
Measurements at 92 .6°C
781.6 2.003
692.,2 2.096
589.6 2.200
503.1 2.296
392.1 2.416
2h2.5 2.576
135.9 2.689
0.5 2.837
Measurements st 10L,2°C
177.3 0.655%
699.5 0.733
596.5 0.8L1
500.7 0.936
390.5 1.0L7
294 .8 1.1h)
190.8 1.248
101.6 1.340
0.5 1.L448
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TABLE XXVII

MOLAR POLARIZATION CALCULATIONS FOR CHLORCTRIFLUCROETHYLENE

. e t—

Temperature A c® i Py 1 103
°K M £ (e -1)x10° cc/mole cc/mole Tog ™
1.3 0.992 2729 2L, 737 22.5 3.319
307.8 0.986 2712 25,270 22.8 3.2L9
317.6 0.951 2616 26,075 22.7 3.1h9
327.5 0.912 2508 26,888 22.5 3.053
336.7 0.907 2495 27,6L3 22.9 2.970
3L9.6 0.841 231, 28,702 22.1 2.860
357.5 0.823 226l 29,351 22.1 2.797
365.7 0.813 2367 30,024 22.3 2,73k
377.3 0.778 2140 30,976 22.0 2,650

% Replaceable Capacitance Co = 363 upmf.

a
o 2ufI
E
'3 * -
[ & ° .
22 *
Q‘E:
20 p—
1 1 i 1
2.6 2.8 3.0 3.2 3.4
1
x 103
T Ok

Figure 21, Molar polarization versus the reciprocal of
the absolute temperature for chlorotriflucorcethylene.
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Discussion of Errors

The largest factor governing the accuracy of the dielectric con-
stant measurements was the "drift" of the beat frequency., This was due
in part to the instability 5f the\oscillators, but was mostly due to
small vibrations in the dielectric cells caused by the bath stirrers.
When the stirrers were not in operation the drift was observed to be
negligible, The drift was more pronounced in Cell I, because of its
delicate construction, than in Cell II which was more rigidly built.

It was therefore necessary to carry out separate error anslyses, one
for the fluorocarbon derivatives for which Cell I was used, and one

for Cell 11 and the halogen fluorides.
Halogen Fluorides

The sensitivity of the capacitance measurements had as an upper
1limit the smallest capacitance increment which could be read on the
precision condenser. This increment was equal to 0,0003 gupf. The
beat-frequency drift during the period of several runs was of the order
of 0.0005 jpf, so that the total uncertainty in each reading was
slightly less than 2 0,001 ML, Thus the total probsble error in
the capacitance measurements was 100% for increments of AC = 0,001 mpmf,
decreasing asymptotically to about one percent for values equal to
0.100 pepf, A plot of the probable error versus & C for Cell II is

shown in Figure 22.
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Figure 22, Probable error as s function of capacitance
increment, AC for a single observation using Cell II.

100

80

Lo

20

1 - .\ I\

0O 0.100 0.200 0.300

A C, Caspacitance increment, pp f

Figure 23. Probable error as a function of capacitance
increment, & C for s single observation using Cell I,

101
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Cell calibration. The maximum probable error in the calibration of the

dielectric cell was determined by differentiation of Equation 21 which

gives
ac Al D C)

(€ -1)? Ale -1 (€ -1) (23)

ACO =

where AC,, A(€ -1), and A(ADC) represent the errors in these
terms., As indicated in Table IX, the average capacitance increment
during a run was equal to 0,014 mpmf, This corresponds to a probable
error of seven percent as shown in Figure 22, The value for A C was
taken as the total capacitance change during a run, 0,123 papt £ (Table X),
and seven percent of this or 0.009 japaf was the value of A(AC).

The mean value for the dielectric constant of carbon dioxide reported

by Maryott and Buckley (52) is ( € - 1) x 10° = 922 z 1, hence
-6
A{e -1) = 1x10

The errcrs in the pressure measurements were negligible since the error
in each preasure reading was 2 0.05 mm. of mercury which corresponded
to =1 x107° gt

Substituting the above value in Equation 23 gives an uncertainty

of six percent in the replaceable capacitance C, of Cell II, or

+

Co = 133 9 "‘"}"f.

Dielectric constant measurements., Solving Equation 21 for (€ - 1)

and again differentiating gives
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AC aA(ac)
A(e ~-1) =——2-——Aco + : (24)
Co Co

where the terms are the same as in Equation 23. The data for chlorine
trifluoride show the average capacitance increment during a run to be
0.030 p4pef, corresponding to an error of three percent, or A(AC) =
0.009 pepaf since the average value of the cspacitance chsnge for an
atmosphere of the gas was 0,300 j4paf, The errors in the pressure
measurements were slightly lsrger here, I mm. of mercury, since the
Helicoid gage was used. However this corresponded to only 00,0003 jamf
and is again negligible. These values, substituted in Equation (2L)
give an average error in the dielectric constant measurements of
chlorine trifluoride of

a(e -1) = Y200 x10°°
or eight perceent.

Molar polarisation. Differentiation of Equation 12 glves

(e ~1) =.1) =
ARy - ToraE Water ) (ST wale - )« S Ay

vhere AVy is the error in the molar volume calculation, and the other
terms are the same as in the above equations. The error in the molar
volume was assumed to be no more than 0.1% for chlorine trifluoride,
since the Berthelot equation-of-state was used. For all other molar
volume cslculations the ideal gas law was used and the error assumed to

be no more than one percent. This was justifiable since in most cases
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pressures were less than 200 mm., of mercury. Substituting in the abevs
equation an average value of Vi (33,000 cc./mole), A vy (30 cc./mole),
and O(€ - 1) (200 x 10™°%), the sverage error in the molar polarisation

of chlorine trifluoride was found to be X 0.4 cc./mole.

Dipole mement. The errors in those dipole moments which were determinsd

from the slopes of the plots of Py versus 1/T were found by diffentiation

A =-o0.0128 / M
1/t - 1/T

where the term under the square-root sign is the slope in Equation 15.

of the equation

Differentiation of this equation gives

1
(P;i-PM)?- AT' AT R AP, + AP,

(/r- 1/m3\ 11 T2 ((1/17 - 1/T)(Py - PH))%

A)-l’ 0.0064

where the values of PI:I at T' and PM at T were found from the plots of
Py versus 1/T. These values were taken at the lower and upper ends
of the temperature range, respectively. Since errors in the temperature
measurements AT' and &T, are equal to z O,OSOC, the first term in the
equation is negligible and the last term in the equation is the contribut-
ing factor in the error. The last term indicates that the percentage
error will be much greater when the dipole moment is swall, or (Pr‘,‘l - PM)
is small, and when the tempersture range is small.

Substitution of the appropriate terms in this egquation shows that

the error in the dipole moment of chlerine trifluoride is r0.11 D,
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The errer in those dipole moments calculated using molar refrac-
tion data was found by differentiation of Equation 17, which gives

(PM - R) AT +(APM + AR) T

A p+ = 0.006)

vV oy -R) T

where O R is the erreor in the molar refraction, The value substituted
for &R included an estimate of the discrepancy between molar refraction,
which depends enly on the electronic polarisation, and molar induced
polarization, which is the sum of the electronic polarisation plus the
atomie polarisation. In many cases, especially with the fluorides,
experimental velues of R and P, differ by as much as twenty percent.

~ This nevertheless causes very little error in the dipole moment of a
‘compound with a relatively large moment, as indicated by calculations
made on iodine pentaflucoride. Assuming the error in the molar refraction
to be that reported by Malik (55) (R = 19.2 to.3 cc,/mole), the error
calculated using the above equation wes found te be } 0,07 D, Assuming
the discrepancy between the molar refraction and the molar induced

polarisation te be as much as 25% gave an error of only 1 0.09D.
Fluorecarbon Derivatives

The errors in the dipele moment determinations of the fluorocarbon
derivatives were calculated by the same method as was used for the
nalogen fluorides. The maxdmum probable error for a single capacitance
measurement using Cell I is plotted versus AC in Figure 23. The error

in the replacesble capacitance of Cell I was found to be I L psmf.
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Although the errors for small capacitance measurements were larger
for Cell I than Cell II, the larger replaceable capacitance of Cell I
more thsasn ecompensated for this,

The errors calculated were in every case the maximum probable
errors. The precision of the measurements was much greater than this
and indicated that the actual errors were probably less than those
calculated, However, since there was a possibility that adsorption
of gases on the plates of the dielectric cells introduced erreors which
were indeterminate, and because the errors due to the deviations from
ideality of the gases were unknown, all the dipeles moments are reported
with the errors calculated for the upper limit of uncertainty.

The dipole moments of the compounds studied in this investigation,
and their maximum probable errors, are presented in Table XXVIII,

The values of the induced melar polarization, calculated by'méans of
a least-squares treatment of the Py versus 1/T data, are also given
for those compounds fer which these data were obtained, and compared

with the molar refractiens found by Malik (55).
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TABLE XXVIII

DIPOLE MOMENTS AND MOLAR INDUCED POLARIZATIONS
DETERMINED IN THIS INVESTIGATION

Dipole Maxdmum Molar %
Compound Moment , Probable Induced Molar
D Error, D Polarisation Refraction

BrFg 1.L0 Yo.ay 21,8 cc./mole  15.L8 cc./mole
ClFg 0.7 0.11 13.6 10.3L

IF, 2.2L 0.09 - -

BrF, 1.33 0.1L4 -— -

n-C gF,H 1.62 0.10 13.0 16.67
cycelic-(CF;),0 0.56 0.12 26,5 -
(CFe) 0 0.51 0.12 27.2 23.L9
CClF=CF, 0.38 0.10 20,2 15.77

% Reference (55)
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VI. DISCUSSION OF RESULTS
Halogen Fluorides

Chlorine trifluoride. The structure of chlorine trifluoride has been
accuragely determined from microwave-spectral data (12). This is the
only halogen fluoride, except the diatomic compounds, for which bond
distances and bond angles have been assigned. This structurse has
already been presented in Table I. With this information and the
dipole moment of chlorine monofluoride, the theoretical value for the
dipole moment of chlorine trifluoride can be calculated. The dipole
moment of chlerine trifluoride should be that of chlorine monofluoride
plus the small contributions from the two Cl-F bonds which are at an
angle of 87° 29' with the center Cl-F bond, These contributions were
calculated to be +0.0L for each bond; resulting in & value for the
total dipole moment of 0,96 D, which is somewhat higher than the ob-
served value. However, the bond contributing the most to the total
moment is shorter by 0,03 2 than that in chlorine monofluoride whieh
could account for the difference since the shorter bond should be associ-

ated with greater covalent character and lower moment,

Bromine trifluoride., The structure of bromine trifluoride is probably

planar with a structure similar to that of chlorine trifluoride,
although the bond distances and angles have not been accurately determined,

It was assumed that the bond angles in bromine trifluoride were the same
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as those in chlorine trifluoride, and that the bond moment of the Br-F
bonds was equal to the dipole moment of bromine monofluoride., These
assumptions gave a calculated value for the dipole moment of 1.LO D
which sgrees with the experimental value of 1.33 ¥ 0.1L within the

experimental error,

Bromine pentafluoride. Several structures for bromine pentafluoride

are possible, including a trigonal bipyramid, a tetragonal pyramid

with the bromine atom above the plane of the base, and a planar pentagon.
The relatively large dipole moment observed (1.4O D) eliminates any of
the above structures, as they would exhibit either no dipole moment or

a very smell moment at the most. A regular octahedron, with the bromine
atam in the plane of the four fluorine atoms and an unshared electron
pair océupying the sixth corner should have a dipole moment essentially
equal to that of bromine monofluoride (1.29 D), since the four Br-F
bonds in a plane would not contribute to the total dipole moment. If

the bromine atom is slightly above the plane of the four fluorine atoms

so that the four F-Br-F angles have the same value as the F-Cl-F angles

Regular Distorted
o= octahedron - octahedron
Fe—t-—-—-=F F——|-—=---= F

// \\\Br ;/f”j7 ‘://,/%f>\;\§h ,/
/ -
Fa __.__1_XF' P o ONF
F

in chlorine trifluoride, then a larger dipole moment for bromine penta-

fluoride would be expected, A structure of this type would indicate that
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two fluorine atoms add symmetrically about the bromine atom of bromine
trifluoride to form bromine pentafluoride. The calculated value for
the dipole moment for this structure is 1,52 D which agrees with the
experimental value of 1.40 I 0,14 D about as well as does the value
calculated for the regular octahedral structure (1.29 D), Some support
for the distorted structure is found in the dipole moment data for

iodine pentafluorids,

lodine pentafluoride, The large value for the dipole moment of iodine

pentafluoride can bast be explained by a structure similar to the dis-
torted octahedral arrangement suggested for bromine pentafluoride.
Assuming the dipole moment of the I-F bond to be equal to the electro-
negativity difference (1.5), since the electric moment of iodine mono-
fluoride is unknown, and aésuming a structure similar to the distorted
octahedron shown above for bromine pentafluoride, the dipole moment is
calculated to be 1.9 D, This is considerably lower than the experi-
mental value of 2.24 X 0,09 D, However, an octahedral structure in
which the iodine lies in the plane of the four fluorines would give an
even lower celculated moment of 1.5 D, Since the bond moments obtained
from electronegativity differences occasionally differ from the observed
bond moments by as much as 0.3 to O.4 D, the discrepancy may be only
apparent, The high value of the observed moment could also be due in
part to the iodine and fluorine exhibiting umusual electronegativities
in a compound of this type, where a large number of highly electro-
negative groups surround a highly electropositive central atom; however,

in this case one would expect a smaller rather than a larger moment.
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Frequently proposed symmetrical structures, such as the trigonal
bipyramid and the tetragonal pyramid, are definitely excluded by the
high dipole moments observed for both iodine pentafluoride and bromine

pentafluoride.
Fluorocarbon Derivatives

1,1,1,2,2,3,3-Heptafluoropropane. The dipole moment of this compound

e
i

b = (2= 3]
'

R (e 3
|

e (e 1)
1
jn o8

would be expected to be the same as that of trifluordmethane, as was
found to be the case. The moment of trifluoromethane is 1.6L45 D
(Table IV) and the observed moment of 1,1,1,2,2,3,3-heptafluoropropane
'is 1,60 2 0,10 D, However, both of these compounds would be expected
to have dipole moments higher than those observed,

The completely fluorinated compounds havs zero moments, so the
substitution of a hydrogen for a fluorine atom should produce a moment
equal to the sum of a C-F dipole and a C-H dipole since they are
oppositely directed. The C-F bond moment is 1.4 D and the C-H bond
moment is O.L D (56) hence the moment of a fluorocarbon with a single
C~H bond should be approximately 1.8 D, However, just as the moments
of methyl- and ethyl fluoride are higher than predicted because cf
inductive effects, the moments of 1,1,1,2,2,3,3~-heptafluoropropane and

trifluoromethane are lower due to the induced positive character of the



carben atom in the C-H bond, which reduces the magnitude of the C-H
dipole, This effect tends to lower the over-z11 moment of these

campounds,

Perfluorotetramethylene oxide and perfluoroethyl ether. These two

F F

F C-F F-C-F F-C-F

F-G G-F F-g C-F
F\O F \o /F

compounds should have essentially the same dipole moment since the
contributing dipoles lie mainly along the two C-0 axes at the same
angle, about 1080, in each compound, The value of the dipole momen£
for 1,1,1,2,2,3,3-heptafluoropropane indicates that the group moment
of the perfluoropropyl group is the sasme as the moment of a perfluoro-
nethyl group. " Therefore it is assumed that the perfluorcethyl group
has the same moment, and is equal to the moment of the C-H bond sub-
tracted from the moment of 1,1,1,2,2,3,3~heptafluoropropane, or 1.3 D,
The C-0 bond moment (0.8 D) is oppositely directed to that of the per-
fluoroethyl group, so that the difference between the two gives the
moment directed along the C-0 axis in perfluorotetramethylene oxide
and in perfluoroethyl ether, and is egual to 0.5 D in each case.
There are two of these moments at an angle of about 108° which results

in a total calculsted moment of 0,55 D for each of the two compounds,
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This value is in good agreement with the observed values of 0,56 }

0.12 D for perfluorotetramethylene oxide and 0.51 2 0,12 for perfluoro-

ethyl ether.

Chlorotrifluorcethylene. The dipole moment of this compound would be

N T
[
Qe (v 1)

1

expected to be the difference between a C-F bond moment (1.4 D) and a
C-C1 bond moment (1,5 D), or 0.1 D, The observed value of 0,38 2 0,1 D
is higher than this. This may be expizined by the increase in the
positive character of the carbon atom in the C~Cl bond induced by the
electronegative fluorine atoms attached to it and the adjacent carbon
atom., The observed electric moments of trichlorofluoromethane and
chlorotrifluoromethane, which should each be equal to the difference
between the C-F and the C-Cl bond moments, are O.,L45 and 0,39 D

respectively.
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VII, SUMMARY

£gquirment for measuring the dielectric constants of compounds in
the vapor phase over a range of temperatures was constructed, and used
to determine the dipole moments of eight compounds containing fluorine.
Dielectric cells and auxiliary equipment were constructed both for
reasurements on high-boiling corrosive liquids and for measurements on
ordinary low-boiling liquids,

The compounds studied and the values of their dipole moments, were:
bromine pentafluoride, 1,40 I 0.1k D; chlorine trifluoride, 0,74 2 0,11 D;
iodine pentafluoride, 2.24 * 0.09 D; bromine trifluoride, 1.33 1 0.1} D;
1,1,1,2,2,3,3-heptafluoropropane, 1,62 I 0,10 D; perfluorotetramethylene
oxide, 0.56 I 0,12 D; perfluorcethyl ether, 0,51 ¥ 0,12 D; and chlorotri-
fluoroethylene, 0.38 X 0,10 D,

The dipole moment of chlorine trifluoride agreed reasonably well
with that predicted from its known structure. The observed electric
moment supports & similar structure for bromine trifluoride. The high
dipole moments observed for bromine pentafluoride and iodine penta-
fluoride show that they camnot have symmetrical structures. The large
moments can be accounted for on the basis of either a regular octahedral

structure or a distorted octahedral structure, although the latter gives

better agreement with the data for iodine pentafluoride.



115

Dipole moments were calculated for the fluorocarbon derivetives
from bond moments, and compared with the experimental values. The
calculated values agreed with the observed moments if the inductive

effects of the strong C-F dipoles were considered,
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