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ABSTRACT

THE ELECTRIC DIPOLE MOMENTS OF SUBSTANCES IN THS
VAFOR PHASE

by Bruce L. Kennedy

The electric dipole moments of various organic and in-

sured in the gas phase. The

organic compounds have been mea
: pentafluoropropionitrile 1.33D, pentafluoro-

compounds are :
9D, trifluoromethyl propene 2.33D, vinyl

propionyl chloride .9
methyl ether 1.05D, ethyl acetylene ,76D, methallene .44D,

perfluoropropylene 1.1D, and sulfur tetrafluoride .88D.
The methed employed in this investigation was the heter-
This method takes advantage of the depend-

odyne-beat method.
oscillating circuit on the capacitance

ennice of frequency in an
of the circuit. Therefore if a dielectric cell is included in
this oscillating circuit, e in

ubstance in the

the capacitance will chang
dielectric cell, thereby

different substances in the
h the cell evacuated and

relation to the s
giving different frequencies for

cell. If one employs the method wit
then again with a substance in the cell, the frequency diff-
e can be determined, and hence the

tance can be calculated. The
lated to the molar polar-
Then by determining

erence or capacitance chang
dielectric constant of the subs

dielectric constant can then be re

Clausius—Mosotti equation.

ization by the
efractive index data, the

the distortion polarization from r
dipole moment of the substance can be determined.

The results of this jnvestigation seem to indicate that
h a substitute
ttributed to hyperconjugation
CF2 group also exhibit
s as is indicated

ethylenic compounds wit d CF3 group exhibit very

large dipole moments. This is &

of the CF3 groupe. Compounds with a CF3
very strong electron withdrawing propertie
by considering the various effects which are occurring in the



a
molecules, CF3CF2CC1 and CF3CF2CN.

The dipole moments of methallene and ethyl acetylene
also indicate that hyperconjugation is occurring in these
molecules although not to the extent that it is occurring in

the CF3 and CF30F2 groups.
The dipole moment of vinyl methyl ether is consistent

with those of other ethers, but is slightly less, presumably
because of resonance of the type,
* -
CHs-ozcu-cuz_
The moment of sulfur tetrafluoride indicates that the

sp3d hybridization with an unshared pair occuping a hybrid

orbital is very probable.
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I. Theoretical Background

When a dielectric material is subjected to an electric
field, the molecules in the dielectric aré said to be polar-
ized by the field. Polarization occurs by distortion and by
orientation. Distortion polarization is due to the fact that

positive and negative charge centers in the molecules zre
i:duced so as to line up

L

made to separate, and hence a dipole is

with the rieid. Orientation polarization occurs when the
nolecule has a permanent dipole, when acted upon by the field,

the permanent dipole tends to line up in tane direction of the
field. The first effect is independent of temperature since a
dipole disturbed by thermal collisions from its equilibrium
position is 2t once induced again by the field. The orienta-
tion polarization is dependent on temperature, decreasing

with an increase in temperature. This is due to an increzse in
the number of thermal collisions at higher temperatures, and
hence the force of alignment imposed by tne field is being
overcome,

The objective of tnis section is to derive a relation-

snip from which tne total polarization can be obtained (1),
and taen to snow tane relationship between polarization and the

dipole moxent,

Consider =

polar adielectric material under the influence
of an electric field. Let the small vibrations of the charges

about their ecuilibrium configur-tions be specified by a set
equal in number to the number of

Cne assumes the

......

of normal coordinrtesﬁ 7.

degrees of freedcm of trne elastic vibrations.
elzctrical moments Pyre Fyo and P along the principal axes
of inerti= x', y' and z' to be linear functions of the normzsl

cocrdinates; therefore,

pxl = uxo+§ cX'iji (1)

1.



2.

where U is the component of the permsnent moment along the
principal axis of inertia, x', and the terms inside the summ-
ation are those representing polarizations acquired by virtue
of the elastic vibrations.

Let e,¢ and '~II be the angles specifying the position of
y' and z' which are fixed in

the principal axes of inertia x',
the molecule relative to another set of axes x, y, and z wnich

are fixed in space. @ is the angle between z and z', and ¢ and
W are the angles between the intersection of the xy am x'y'
planes and the x and x' axes respectively. The kinetic energy
of rotation of tne molecule regarded as a rigid body is then

> 3
T = _—é— ( Axoﬂxo Ay,ﬂz:y, Az'nz' ) (2)
N,z écos$‘+4}sinesin¢

ﬂ);= écos‘l’sine - é siny

Nz ¥ +dcoseo
where the A's are tne principal moments of inertia and the
il's are the components of angular velocity. Then the

Hamiltonion function is given by (3)
2

1 2 1 2 1 2 1 2 1 a.g.

Ha (7 P°+. =—Q° + =— R") + ——-Z: b.ps + ——-2: iji

2Ax, 2Ay, 2Az, 2 i 2 T
..E[(ux, fZCx.ifi)SiHGSin‘l"'* (uy, +Z_cy,ifi)sin6cost,b

+ (u,, +Zcz,ifi)cose

where
P = ' -
0084J%+ sin¥ coseca (p’ cose p¢)
Q= - sin¥p ¢+ cosWcosecHd&(p - cos6p,)
) ¢ 4
R - p

1 4
first term is the kinetic energy of the molecule

The
regarded as a rigid body, and the second and third terms are
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the kinetic and potential energy respectively of the small
vibrations. The fourth term is the potential energy due to tne

apnlied electric field.
The expression for the polarization involves the averzge

moment of a large number of molecules. Such an average can be

calculated if the probability that a molecule have any con-
figuration is known. This probability is given by tane Boltzmamn

distribution function. Then, by integrating over all possible
configurations, the partition function for the system is,

Z=J(~-fe‘ H/KT g, g dp dp_dp,ds, d 4
P, gﬂ B, dr, dp, 45, 5,00 dodddy (4)

In order to perform the integration it is convenient to change

three of the variables pe,p¢,pw to P, Q and R. This trans-

formation can be represented by

dpedp(pdpw = sin® dP dQ dR (5)

Then the Hamiltoniorn tskes the form,

F(PQR D cevess) +g(e¢¢ﬁ....s) (6)

H =
and the partition function can be factored into,

Z= 22 (7)

~
(4

where
(8)

z, =f/j/ e I/%T 4paqar dy dp oo
7, =f/.../ o~8/kT 5in6 deddd¥dsds. .. .-
4 J ‘ 2

The electric susceptibility can then be obtained from,

(9)

)

Y = HkT 2lnz =NI S (1n2z, +#1n2,)
E OL E 1 2

b [

(

but since Z, # Zl(E), the 2, makes no contribution to the

susceptibility and hence,



o
—

Xz

This means that the Polarization is the Same as though the

%ln 22 (10)
ok .

ty ,

kinetic énergy were omitted entirely from the Hamiltonion
function, provided the weight function sine is retained,

Hence, for 2
2 2
1l Za.c” E , . .
Z, :J...fe- RT3 - (T (Py sindsing - PyisinBeosy

- p_,cos @)
z sinededqxi‘}’d%_ ..(11)

In order to evaluate ZQ, 22 must te expanded in terms of =,
Hence, (12)

-¢zai?igﬁ' o .
Zr =| «o.| € 2kT t 1 - %T(px,51n951n++ P, iSinecosy

82

2Kk °7?

+ ® e 000 .]Sil‘l@ded?dpdf, e e e

In order to integr-te, observe that the coefficients of E ang

+ pz,cose) +

(px,sinesin*’+ py,sinecos4’+ pz,cose)2

32 are direction cosines. Therefore, since the mean square of
any direction cosire is 1/3 2nd the mean of the first
power of a direction cosine is zero, eguation (12) becomes,
| . — a.¢ .
Zp = (:.:}e kT 151 !1 - g (ux, U, bu, 4
J i
- 6k2T2

y

2| .
Zc 2. ¥+ C .C. + cz’i?l )]slngded¢d+df‘. oeeceooe

By Bultiplying out equation(l3) and using the relationships



=
A

Y = @ 21n Z, (10)
ok .
This means that the polarization is the same as though tne
kinetic énergy were omitted entirely from the Hamiltonion
function, provided the weight function $ine is retained,

Hence, for Z

Z}a B . . .
J’ _]‘ - <&T j e kT(px,51n651n¢’- py,51nscos¢

[ R

- p_,cos @)
z sineded¢dwd5L..(11)

In order to evaluate Zﬁ, 22 must te expanded in terms of E

Hence,
N )
-f 2kT 1 - E (p_,sinesinf4 p 1Sinecosy
kT * y
2 2
t P;1C0SO )4 (p,,sinesiny + p ySinecos¢ ¢ p ,C0s8)
2k°T? X y 2

+ Q'lo'o]Sirleded¢d‘Pd§‘, ® @ 0 0 00

In order to integrcte, observe that the coefficients of E and

g2 are direction cosines. Therefore, since the mean square of

any cirection cosire is 1/3 2nd the mean of the first

power of a direction cosine is zero, equation (12) becomes,

L 5.2 (13)
D == a.cf
Zy =.Ii..je 2kT 151 [i - g2 (U, +u, +u, +
J | 55 X y Z
- 6k“T
2| .
C - d R
chx'ifi + Vy'iri + cz'ifﬁ )‘]slneded¢d+ fl

By Bultiplying out equation(l3) and using the relationships
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ﬁ°° -4¢;" A e > w;—."
F‘. e df =0 2 ‘Jy > I _ / ¢ 0/
- L ¢ ﬁ‘ - e_ d N - Q -
Yo Zeo f: ;:’ 2 fc
22 can be expressed as, (14)
12 2 2 2 2 2 2
2y = |14 o (Uxr ¥ up 4w, 4kT E (cry + Crig + cz'i)
6k“T

t 3
2 i
[...'je-‘ifi/zkr sinode dday d;‘,]

By substituting equation (14) inte equation (10),

X = f”kfz (15)
+ B

where f is the coefficient of E2 in equation (14), E2 can be
neglected in comparison to 1 in the denominator since the
range of applicability of equation (15) is in the region of
low fields., That is, tae Susceptibility is independent of
field strength for low fields. Therefore,

Y = 2¥NkT (16)
or
s 2 2 2 2 2 2
Sx'i b Cyrs *Cpi 4w (U Ul + ug, )

X =N 3kT

= Bai

If the oscillations are due to isotropically bound charges,

2 2 2 2
°x'i T Syrj = Coy o= €y (17)

Therefore,

N

X=Ni-ei_ + W2 (%

a4 3kT



where the first term is tne molecular polarizabilitgﬁxo. Hence
the polerization in a field of unit field strength is given by

gy (o 4 u2/3kT )

P = 3

(19)

where the first term is the distortion polarization and the
second terx is the orientation polarization.

It is desirable to know the effective average field or
the force te which a molecule is subjected when a field is
applied (2). This force may be resolved into three parts:

— - -
Fl ocal =?1 +Fy 4y (20)

_?i is the force due to tne applied electric field and is given

by

where ¢ is the surface charge density on the conducting plates

between which a dielectric m=aterial n=:s been placed.'ﬁé takes

into accoumt the attractions and repulsions by other molecules

-y
polarized under the influence of the external field. F2 is

given by,
- —n
= = AP + 4%P (22)
3
- —>
where P 1s the Polarization vector. F3 takes into consideration

—
Fy

the internal field exerted by other charges within tne same
molecule, In general,—ﬁg is very small and is taken as zero.
However, it is a very complicated function and is temperature

—
dependent, heglecting F,, the local field is,

~—p -~ > —>
F g = 4Tow4nh & &;T_P_ (23)
Using the relationships,
- =
D= 47T (a “4)
and E = D - 4“’? (Qf)

— -y
where E is the electric intensity vector and D is the electric



Te

displacement vector, equation(23) becomes,

- - ~»
Flocal = B # 11;2 (26)

where the first term represents the average field throughout
the dielectric, and the second term represents a correction
for the fact that the otner molecules of the dielectric exert
an average force on the given molecule when the dielectric
is subject to ‘}:"...

The average moment of one molecule is

- -
Bz =Fcal (27)

where «® is the sum of the induced and permanent polarizability.

The molar polarization is given by,

P = nm (2g)

where n is the number of nolecules/cm3. By substituting

equations 25 and 26 into 27,

- —
F

— -3 ->
P=n :n«local:n“(fz’.i-.ﬂ;g) (29)

—ty
Using tne relation, D =€ E, and equation 25, equation 29

becomes, E-1 = _4mm (30)
€+ 2 5

where &+ is the dielectric constant of the substance.
Multiplying eguation (30) throuch by the ratio of the
molecular weight of the dielectric to its density gives,

M (€=-1y = 4N = (31)
d €+ 2° 3

where N is Avogadro's number. Since #was the sum of the
induced and permanent polesrizabilities, equation (31) is
identical with equation (19). Hence,

P=(€-1)M (32)
%eaf 2§ d
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Hence, the molar polarization can be obtained experiment-
ally by measurements of dielectric constants and can then be
related to the distortion and orientation polarization.
However, in order to calculate dipole moments, the distortion
polarization must be obtained. This is done by taking inte
consideration the fact that the dielectric constant is equal
to the square of the refractive index at infinite wavelength.
That is.

c=- n° (34)
and therefore,
2
Pg=2 =1 L (35)
n® ¢ 2

vhere Pd is the distortion polarization. It is significant
to elaborcte on this point. In order to measure the refractive
index, visible light is used. The electromagnetic forces
associated with visible light oscillate very rapidly in sign
and hence don't act in any one direction long enough to orient
molecules in any one direction. Hence tne refractive index
measured with visible light is due entirely to distortion
polarization. Therefore, extrapolation of such data to infin-
ite wave-length will yield only the part of the dielectric
constant exclusive of orientation. Furthermere, the distortion
polarization is the sum of two terms: atomic and electronic.
The atomic polarization is due to vibrations of nuclei, but
since nuclei generally have vibrational frequencies in tne
infra-red, tne atomic polarization contributes very little
to the distortion polarization when measured with visible
light. Therefore, the distortion polarization is due almost
entirely to electronic polarization when refractive indices
are measured in this manner.

Hence the dipole moment cam be readily calculated in
terms of,



(30)

P'Pd*Po:Pd + 5_3@_!_

N
»
&
mim
+|
(2 [ad
alx

or, by solving for u ,

\
WXL [(e_1)n -7p, | (37)
* i“m [(6+2)d d_’




Sxperimental

The method employed was the neterodyne-beat method, and
all samples were measured in the gaseous phase. This method
takes advantage of the dependence of the frequency of an (3)
electron tube oscillator upon resistance, inductance and cap-
acitance in its tank circuit, A circuit with C, L and R will be
set into oscillation if the capacitor is suddenly given a
charge and then left to discharge. From this oscillating
circuit, electromagnetic radiation is generated. If two such
oscillators are loosely coupled, one a fixed oscillator gen-
erating a radiofrequency f, | and the other a variable
oscillator generating a radiofrequency f , and if these sig-
nals are fed into a mixer tube whose function it is to produce
in its output voltage a component of frequency f - fo’ this
difference frequency er beat frequency will be in the audio
range when f and fo are nearly equal. This can be detected by
earphones or other suitable means. The frequency of the vari-
able oscillator will be given very nearly by,

(38)

where L and C are the inductance and capacity of the oscillat-
ing tuning circuit.

If for some capacitance setting, f is greater than fo’
the beat frequency will be outside the audible range. An
increase in C ( L is fixed ) will lower the beat frequency
which will pass through the audible range and will reach zero
vhen f - f° o« A further increase in C will again produce a
beat note which will now increase with C until it passes
Peyond audibility . The region of inaudibility is se
narrow as to cerrespond to a point on a precision measuring
condenser in the variable oscillator. This corresponds to

10.
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Location of the beat frequency to wvithin one cps, and hence
the acc nined by the accuracy of
setting and calibrating the stand
stability of the variable and fixed oscillators.

Hence, by connecting a dielectric cell in parallel to
a change in capacitance can be

Then, a

uracy of this method is deter
ard condenser and by the

the

variable oscillator circuit,
effected by altering the medium witnin the cell.
peasurenent of the beat frequency for inaudibility before

and after introduction of & substance into the dielectric cell

will give the capacitance of tne substance.
In general, jt is much harder to measure dielectric

ants of gases since their
thereby causing capa

small, Hence, a third source of oscillations is emp
ency. The beat frequency for

so that it is equal to
This elimin-
and veriable

dielectric constants are so

citance changes to be very
loyed.This

const
close to unity,

source also has a fixed frequ
inaudibility is taen adjusted
this third source rather tnan to zero frequeney-

ates the so-called locking-in effect of the fixed
That is, when f is brougnt

oscillatorsinitially described.
stinguished

low frequency beats cannot be di

close to fo ’
ators exerts a

the more stable of the two oscill
synchronizing action on the less stable and over a consider-

able range the two oscillators are locked in step with one
p zero beat cannot be obtained. The third

s investigation generated a

because

another and a shar

source of oscillations in tni
frequency of 400 cps. Then, when the beat frequency was 400

e-to-one Lissajous figure on an oscilli-

cps, one observed a on

scone.

Variable Oscillator

or mcde use of a 6A8-type

able frequency oscillat
xhibits a negative trans-

erter tube (4) which e

The vari

pentagrid conv
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conductance between the signal grid and the anode grid. Under

these conditions, the screen current remained fairly constant

for wide variations in signal-grid voltage, and the frequency
at which the tube oscillated 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 frecuency of the fixed oscilla-

tor.
Fixed Oscillator

A crystal replaced the tuning circuit found in most
oscillators (4) , and hence the oscillator required no tuning
adjustment and would work without change of components over a
wide range of crystal frequencies. A 63J7 pentode tube w=zs
used as a triode oscillator, with the cathode and suppressor
grid grounded, This provided screening against capacitance

courling of the oscillator to later stzges, so that the
frequency of oscillation was less affected by feedback through

the plate.

EBEach oscillator was shielded by enclosure in a separate
metal box, and the signal output of each was fed to the mixer
tube through coaxisl leads. The entire apparatus was enclosed

in a thermally insulated aluminum box.
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Precision Condenser

A General Radio Type 722-N precision condénser with
a range of 1100 scale divisions was used to measure capacitance.
Since this instrument was in scale divisions, it had to be
calibrated in terms of capacitance. This was accomplished
by determining the change in cavnacitance on the precision
condenser relative to & primary standard canacitor. The
primary standard capacitor (5) was designed so that the cap-
acitance change per inch of travel on it was equal to 1.4800
uuf or .0001057 uuf per scale division. The error in deter-
mining capacitance by this method was about 1%, but since
a&ll measurements of capacitance involved capacitance incre-

ments, the error was minimized . Table I gives the data for

the calibration.

Temperature Measurement

The temperature inside the dielectric cell was determined
with a copper-constantan (60% Cu-40% Ni) thermocouple. The
cold jhnction consisted of a crushed ice-distilled water
mixture. All switches and connections were made of copper so
that the only junctions of different metals were those of

the thermocouples. The resulting electromotive force was
measured with a E-2 type potentiometer (Leeds and Northrup).

A plot of emf vs. temperature was mzde for the copper- con -
stantan thermocouple, the data being taken from the National
Bureau of Standards (6). Hence the temperature for any emf
could be determined. The sensitivity was such thst a change
in temperature of 0.l degree could easily be detected.'

Table II gives emf vs. temperature data.
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Table 1

Calibration of Precision Condenser

Scale Divisions Scale Divisions
(precision condenser) (standard condenser)

0.0 100
43.5 125
87.2 150

131.4 175
173.2 200
217.6 225
262.8 250
307.0 275
354.1 300
“396.1 325
429.2 350
481.8 375
524.0 400
5653 425
604.9 450
643.7 475
683. 4 500
722.1 525
760.0 550
797.6 575
834.7 600
87243 625
909.1 650
944.8 675
981.8 700
1016.7 725
1051.8 750
1086.3 775
1121.8 : 800
1155.6 829
1188.9 850
1221.6 875
1255.3 900
1288.1 925
1321.7 950
1354.5 975
1385. 4 1000

* PR .
data are for position 1 ¢n precision condenser
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Table II

Temperature Measurement - Copper-Constantan Thermocouple

Temperature °cC EMF (millivolts)
0.0 0.0
10.0 0.39
20.0 0.79
30.0 1.19
40.0 1.61
50.0 2,03
6J.0 2.47
70.0 2.91
80.0 3.36
90.0 3.81

4.28

100.0
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Temperature Control

The dielectric cell was immersed in an asbestos bath. The

temperature within the cell was controlled by a thermistor in
& wheatstone bridge circuit., The thermistor was of the glass-
coated rod type with Ft-ii alloy leads? Its resistance varies
from 145000 ohms at 0°C to 305 ohms at 200°C. The other
resistors in the bridge set-up were a 4-decade resistance box
with a range of 1 to 10,000 ohms and a ten-turn helical
potentiometer. The heater current was controlled by a sat-
urable rezctor in series with a heater. Tne circuit was
supposed to control the temperature within =.05 degrees.
However, temperature variations of as much as a degree were
observed. A change in temperature of a degree during a
measurement did not effect the value of the dipole moment

to any appreciable extent provided no marked change in the
replaceable capacitance of the cell accompanied this change.
When the replaceable capacitance did change aj preciably, the
data obtained were no longer consistent,and hence one could
tell if temper=ture changes were effecting the measurements.
Inconsistent data due to temperature changes were discarded.
For a more extensive description of the temperature control

apparatus, see reference (7).

Gas Handling System

Before any gas was let into the system, the system

was thoroughly evacuated with a Duo Seal Vacuum Pump**, Then,

since the cell had to be calibrated before each use, the

* Western Hlectric Company, Type 14-B
** W. M. Welsh Manufacturing Company
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calibrating gas, ammonia, was let inte the system at B and
solidified in tube C with liquid air (see diagram,pcge 18).

The ammonia was then condensed and re-solidified into tube D.
The system was again evzcuated so #s to remove any traces of
air that may have been present in the system or in the ammonia.

This process was continued until any air present had been
removed. Then the ammonia was vaporized the vapors flowing

into the dielectric cell., The pressure of the gas within the
system could then be determined by the mercury manometer.
After having calibrated the cell, the zmmonia wzs
pumped out, the vapor being soligified in a removable liquid
air trap, E. After pumping on the system for a short period

of time , the gas whose dielectric constant was to be measured
was allowed to enter at A. The same process of condensation
and solidification was again carried out until all traces

of air had been removed. The gas wzs then allowed to enter

the dielectric cell so as to make a measurement.
The entire gas handling system was constructed with

high vacuum glass stopcocks. The stopcock grease used was Dow

Corning high vacuum grease.

Dielectric Cell

The dielectric cell consisted of a series of pickel.
plated copper cylinders insulated from each other by small

Teflon spacers. The plates were sealed in glass so as not to
allow any air to enter the cell. Platinum leads connected the
cylinders to tungsten wires which were sealed through the glass

casing., The tungsten wires were connected to the heterodyne-

beat apparatus by a coaxial lead.
Since the capscitance is directly proportional to the

area of the plates and inversely proportional to the distance
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Figure I
Gas Handling System
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between them, the largest ratio of A/d would give the largest
value for Co’ the replaceable capacitance . A large Co is

a necessity when working with g:ses since the capacitance
increments are so small. However, the larger the ratio of A/d
the greater the absorption error. Therefore, the cell described
above (4) was co.structed witn thnese two factors in mind., As

the replaceable capacitance , which is a function

a result,
of temperature, pressure,and humidity changed periodically,

and since it was large relative to capacitance changes, a
change in Co had a marked effect on the measured quantities.

Therefore, Co had to be determined each time a series of
The method of cell calibration

measurements was to be mrde.
will be described more fully in a following section.3ee page

20 for a diagram of tne dielectric cell.

Experimental Method

Since the replaceable capacitance, Co’ changed period-

ically, the cell had to be calibrated ezch time a determination
was to be made. This was done in the following manner:

The total cspacitance of the evacuated cell is given by
C, = C° + Cp (39)
is the capacitance associzted witn leads and parts

where Cf
of the cell which csn not be filled with gas. The total

capacitance with a dielectric material in the cell is given

by
Cg :eCo + Cf‘ (40)
where € is the dielectric constznt of tne material in the cell.
C, can be

By solving these two equatious simultaneously, Ce

eliminated and the result is
C, - C
_ '8 v ADC
C._ =1 = €-1 (#1)
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Pigure II
Dielectric (Cell

e ——
~—

———————————

%

] Inches

A Thermocouple Well
Connection to vacuum line

Q o

Leads to heterodyne-beat

] D apparatus

D Nickel-plated copper cylinders
E Teflon insulators

S
N

\q—_-

—
I N

f A
}.-._
L



21,

whered ¢ represents the difference in capacitance between the
empty cell and the cell filled witn a dielectric material.

AC is given by(dC/dE)760; it is the capacitance change at a
pressure ¢f one ~tmospnere. Hence by knowing the variation of

dielectric constant with temperature for some gas at a given

pressure, -mmonisz in this investigation, the replacesble ceap-
acitznce can be determinea. Then trne dielectric constant ol a
gas uncer investigation is given by,

€=4C 41 :(dC[dz} 760 4 1 (42)
0

(Y]

The method used to determine the slope,dC/dP, was as
follows: The canacitance =t a low pressure,about 200mm,and
the capacitance at a higher pressure, about 300mm., was
determined. This process wss repeated as many times as wes
necessary to get good reproducibility in the gquantity dc/dr.

Then, h-ving determined the dielectric ccnstant, it was

related to the molar polarization by

et

where M/d wss the molar volume of the gas. By assuming that
the g-ses were ideal, V = RT/1. Then by using refractive
inde x data to determine the distortion polarization, Pd,

the dipole moment wcs determined from,

Pl=Pd+PO (44)
and
u= kI ((p, - Py ) (45)

4N
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Table III

Dielectric Constants of Ammonia Vapor at Several Temperatures

Temperature (°C) (€ - l;)xlO6
29.95 5826
38,72 5522
47.59 5240
58. 36 4916
71.44 4581
80.33 4%69
92.21 4062

116.12 3498

* Data from Van ltterbeck and de Clippeleir, Fhysica, 14,349

(1948).
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Materials

Sulfur Tetrafluoride - purity 90-94% - impurities, SOF2
5=9%, 012 «3% 4 - E. I. Du Font de Nemours and Co., Ine.,
Wilmington, Delaware.

Perfluoropropylene - literature B.P, -33 C, observed B.P.
-30% .. Peninsular ChemResearch, Inc., Gainesville, Florida.
PentafluorOproplonyl Chloride - literature B, P, 9. 5 c,
observed B.P. 7-9 C - Peninsular ChemResearch, Inc., Gaines-
ville, Florida.

Pentafluoropropionitrile - literature B.P. ? s Observed B.P.
-30% - Peninsular ChemResearch, Inc.,Galnesv1lle, Florida.
Trifluoronethylpropene - literature B.P. 6.4° C, observed
B.P. 6-71°C - Peninsular ChemResearch, Inc., Gainesville
Florida.

Ammonia, snhydrous - purity 99.99% min. - Matheson Co., Inc.,
Joliet, Illinois.,

Ethyl Acetylene - purity 95.0% min. - Matheson CO., Inc.,
Joliet, Illinois,

Vinyl methyl ether - purity 95.,0% min. - Matheson CO., Inc.,
Joliet, Illinois,

Methallene - purity 98.0% min. - Columbia Organic Chemical

Co.
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Table 1y
Calibration with Ammonia for Exhyl Acetylens (1st determination)

Pressure AP Precision Standard AcC AC/AP
cm. of Hg <m. of Hg Condenser Condenser A f maf/cm

o. 2 .2 2.0
30.53 17.55 99 35 0.2495 0.01422
12.98 438.6 588.0
30,96 7.4 287.7 332.,0 2121 01388
13.51 45 422,2 561.0 o *
30,96 280.1 319.0

18. . 2505 .01374
12.73 8.23 419.3 556.0

> [ ] 2 l.o
50.86 17.84 265.0 ? .2537 .01422
13.02 404.0 531.0
6
" AC/AP (€ - 1)x10 Co
average at 48.3°C

0,01402 5218 204.2
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Table V
Ethyl Acetylene (1st determination)

Pressure AP Precision Standard AC  AC/ap
cm. of Hg cm. of :ig Condenser Condenser amf muf/cm

22. 22 205.2 363.0 0,1723 0.008918
13.20 19.32 400.4 526.0 . .
32,01 18.92 247.1 258.0 1723 909106
13.09 ) 339.1 421.0 1723
52.64 19.89 225.3 220.0 .1807 209080
12.75 320.6 391,0
AC/aP € P4 Py P, u
average at 489C p3 cm? cm3 Debye

0 -009035 1.003363 18.88 29.57 10.69 0.75
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Table VI

Calibration with Ammonia for Ethyl Acetylene
( 2nd determination )

Pressure AP Precision Standard AC AC/AP
cm. of Hg ¢m. of Hg Condenser Condenser VY uuf/cm

29,38 260.7 284.0
0.2716  0,01405
10.06 19.32 410.3 541.0
30.45 246.6 257.0
16,7 2357 01408
13.70 > 373.7 480.0
34,32 05,20 219,7 209.0 3150 .0L419
12,12 389.4 507.0
.0
30.86 16.96 249.4 262 2368 01396
13.90 377.4 486.0
6
AC/AP (€ - 1)x10 c,
average #t 49.8 OC Ut

0.01407 5175 206.63
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Table VII
Ethyl Acetylene ( 2nd determination)

Pressure LP Precision Standard AC AC/AP
cm. of Hg cm. of Hg Condenser Condenser uuf  yuf/cm,

31.86 320,77 390.0

18.30 01723 Qe 009415
13.56 ’ 417,72 553.0 ¢
32.81 320.3 388.0
18.94 * JA744 009208
13.87 416.8 553.,0
| .0
51.90 18.41 523.1 393 L1712 . 009291
13.49 418.5 555.0
52.29 15. 38 3054 303.9 1712 £09315
13.91 400.4 525.0
LC/aP € P g P u
avérage at 49.6 °c ciii? cm3 cn3 Deyoe

0009307 1.003423 30.23 18.88 11.34 0.77
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Table VIII
Calibration with Ammonia for Vinyl Methyl Ether

(1st determination)

Pressure Ap Precision  Standard AC AC/AP
cm. of Hg cm. of Hg Condenser Condenser auf nuf/cm.
— e . o 1 O N
21:39 13,33 336.4 o 0.1924 0.01444
14.06 444.9 . 597.0
30.77 313.2 376.0 2516  WD1452
13.44 17.33 455.8 614.0
5.4 300.2 219 1744 o1440
13.30 ’ 398, 2 522.0
6
AC/aP (€ - 1)x10 COf
average at 46.5 oC U F

0,01445 5275 208.23
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Table IX
Vinyl Methyl Ether (1st determination)

Pressure AP Precision Standard acC aC/ap
cm. of Hg cm.of Hg Condenser Condenser nuf nuf/cu.

[ ° 800
’2.14 19.40 ’12.6 4 0.2389 0 .,01231
12.74 514.3 704.0
32.56 372.3 477.0 ,
19.00 2 01239
13.56 7 511.0 700.0 351 ’
32,62 377.0 486.0
19.31 227 01177
13.31 9+3 512.0 701.0 3
52.87 18.92 369.8 474.0 2251 21190
13.95 ’ 502.9 687.0
32.85 lg.q3 3730 473.0 2484 01278
AC/AP € P P4 Po u
average at 46.0 °¢C cm3 cm?3 cm3 Lebye

-

C.,01223 1.004464 38,97 17.28 21.69 1.06

L —
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Table X
Calibration with Ammonia for Vinyl Methyl Ether
(2nd determination )

s Jonllr L = TR B AV TEE Y W s werwe

- ¢

Pressure AP Precision Standard AC AC/AP
cm. of Hg cm.of iy Condenser Condenser auf  uuf/cm.

o142 534.4 2.0 2473 0.01445
14.31 17.11 476.4 646.0 * '
32.14 ! 330.8 407.0 2473 oLaL
14.63 7.5 472.7 641.0 ¢ *
.6 70.0 _
’2.21 18.58 303 _ 3 .2695  ,01450
13,63 462.6 $25.0
6
AC/AP (€ -1 )x10 co
average at 45.99C S

0.,01436 5292 206.23
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Table XI
Vinyl Methyl Ether (2nd determination)

————— s - e b ee B etet e e S —— —— s = e wm ees @ e e s ——

Pressure AP Precision Standard AC AC/AP
cm. of Hg cm. of iig Condenser Condenser auf ‘qnf/cm,
. 4. 480.0 :
5242 19.79 2142 . 0.2294 0.01159
12.63 508.7 697.0
83%.8 498.0
32.14 18.75 253 02199 01172
13.29 515.0 706.0
7.8 487.0
52.46 18.63 o 2347 01251
13.83 517.4 709.0
52.0¢ 20.11 984.0 499.0 2452 1219
2e¢59 ‘ 530.6 731.0
—_— : —_ —
23.15 19.40 386.4 ov2 2%8 .01221
13.75 528.4 726.0
average at 45.7°° cm? cm? cmJ Deybe

0.01204 1.0043%89 38.32 17.28 21.04 1.05

—— o -




Calibration with Ammonia for Pentafluoropropionitrile
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Table XII

( 1st determination)

Pressure AP Precision Standard AC AC/aP
cm. of H¢ cm., of Hg Condenser Condenser MUE nuf/cm,
34,30 496.9 678.0
2, 82 0.01528
12.17 22.13 711.2 998.0 09382 0.015
58,51 25.29 450.5 613.0 3808  «01506
13.02 ’ 694.2 973.0
64. 628.0
3817 25.69 404.5 , 3932 01531
12.48 71%.0 1000.0
605.0
39.81 26.37 450.3 ° L4069  w01543
13.44 706.1 990.0
6
AC/aP (e - 1)x10 ¢,
average at 44.6°C U f
0.01527 5335 217+5
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Table XIII
Pentafluoropropionitrile ( Ist determination )

Pressure AP Precision Standard ac 4C/AP
cm. of Hg cm., of g Condenser Condenser uuf Ryf/cm.

39.94 487.6 664.0

0.4704 0.01598
10.52 29.42 790.6 1109.0

- . 5 ° 68 .O
37,53 26. 46 504.1 9 W86 1582
11.07 773 4 1085.0
38.18 26.85 4917.6 680.9 4228 01575
11.33 769.8 1080.0
AC/OP £ P Fg ko u
average at 45.0 °C cm? cm) cm) Debye

-

0.,01585 1.005539 48.19 14,69 33.50 1.32
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Table XIV
Calibration with Ammonia for Pentafluoropropionitrile
(2nd determination)

Pressure AP Precision Standard 4C  AC/aP
cm. of Hg cm, of dg. Condenser Condenser auf Aqf/cl.

33,93 4%37.6 586.0 02160 0401478
11.55 21.38 634.3 885.0
it L] 4.0
2.86 23.97 405.7 > 3425 01432
12.94 616.2 858.0
[} 78.0 ,
25.02 20.45 432.1 o7 2271 +01460
12.57 635.5 888.0
3491 21.94 440.3 592.0 .3224 01470
12.97 ) 641.7 897.0
- = - i R wes s e iwam e m - v P s - .O
3531 20,44 4463 °0Y 3004 JOL43Y
12.87 ces 647.3 905.0
AC/AP (€- 1)x10° c,
average at 48.20C wk

D

0 01455 5220 211.8
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Table XV
Pentafluoropropionitrile ( 2nd determination)

-——

Pressure AP Precision Standard AC AC/AP
cm., of Hg cm.of Hg Condenser Condenser uyf auf/cm,

. 426.2 568.0
26.41 24,68 0.3953 0,01601
11.73 672.0 942.0
37.23 434,06 581.0

25.42 | .4006 01576
11.81 08%.9 3960.0
37.88 442.4 593.0 4387 01599
: 21.42 1008.0 ' '

10.46 717.8 .
AC /AP € P P4 Po u

average at 48.2 ©C cm? cm) cm3 Debye

0,01592 1.005712 50.21  14.69 35.%2 1.37
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Table XVI
Calibration with Ammonia for Pentafluoropropionitrile
(3rd determination)

Pressure AP Precision Standard AC AC/aP
cm, in Hg cm. in Hg Condenser Condenser uuf uuf/cm,
2 . 675.0
29.86 16. 3 495.4 15 0. 2505 0.01497
13.13 651.4 912.0
2.4 18.18 491.2 669.0 . 2653 J1459
12.23 : 657.6 920.0
32.41 19.64 487.3 063.0 2949 01502
12.77 672.5 | 942.0
6 c
AC/AP (€ - l)xlg o
average at 47.2 “C wuf

0 .J1486 5250 21 3.2
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Table XVII
Pentafluoropropionitrile (3rd determination)

S

Pressure AY Precision Standard A&C AC/AP
cm., of Hg om. of Hg Condenser Condenser amuf Muf/cm,

29.90 545.3 752.0

.1 2917 0.01522
10.73 19.11 733, 2 1028.0 &
50.04 17.40 526.7 124.0 o653 .o1525
12.64 695.4 975.0
29.74 17.95 230.0 723.0 48 .o1531
11.79 705.0 989.0
AC/AP € P Py Po u
average at 47.2 °C c:3 cm? cm) Debye

0.01526 1.005439 47.66 14.69  32.97 1.32
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Table XVII

I

Calibration with Ammonia for 2-Trifluoromethylpropene

(1st determination)

Pressure AP Precision Standard AC AC/4P
cm. of Hg cm. of Hg Condenser Condenser nuf uuf/cam,
36.53 228.3 224.0
26.35 0.4059 0.01540
10.18 451.9 608.0
39.2°1 207.4 186.5
29.96 .4603 « 21537
9.31 9.3 460.8 622.0
37.91 2904 220.9 2119 408 01518
8.87 464.6 628.0
° O0.0
38.08 08.77 215.2 ; 4344 01509
9.31 454.0 611.0
- ) . 184.0 .
37.94 29.32 206.3 4429 01511
8.62 449.0 603%.0
6 c
AC/AP (€ - 1)x10 )
average at 31.4 °C
0.01523 5778 200.32
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Table XIXx
2-Trifluoromethylpropene

(1st determination)

-
——

Pressure AP Precision Standard AC AC/AP
cm., of Hg cm. of Hg Condenser Condenser aut m\f/cl.
6. T [ ) L]
5. 41 27.46 295.4 183.0 1.0063 0.03665
9.01 810.4 1135.0
38.53 144.7 79.0
. 11172 036906
8.33 50.23 810.9 1136.0
39.16 29,63 109.5 16.0 10898 . 03683
9.36 746.7 1047.0
AC/AY € Fm ra Po u
aveiage at 31.4 °C cm3 cm3 cm3 Debye
0.03681 1.01397 115.4 14.33 101.1 2.26
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Table XX

Calibration with Ammonia for 2-Trifluoromethylpropene

(2nd determination)

Pressure AP Precision Standard AC ac/ap
cm. of Hg cm. of Hg Condenser Condenser auf ,MHf/Cﬂo
35.64 194.0 164.0
25. 911 01540
37.68 189.4 154.0
8.89 28.73 441.7 592.0 4630 01608
38.45 204.3 181.0 ]
11.04 27:4 438.0 587.0 1291 L1565
35.03 239.3 243.0 16 01580
10.87  24-16 449.5 604.0 ” .
35.19 246.5 257.0
33.76 268.4 297.0
1
9.59 24.17 480.6 661.0 3847, 0159
o]
AC/AP (&=-1 )glo Co
average at 30.0%C P
0,01583 5823 206.6
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Table XXI
2-Trifluoromethylpropene (2nd determination)

Pressure AP Precision Standard aC AC/ap
ca. of Hg. cm. of Hg Condenser Condenser uyuf Hﬂf/cm.
36.05 148.0 84.0
26.05

10.00 755.5  1059.0  1+031 ©0.03958
36.06 154.2 95.0 .

8.19 21.87 819.6  1147.0 »112.33989
40.10 153.4 94.0 L. oo 13950
9.06 51.04 898.8  1254.0 . .3
37.50 213.4 197.0

.O 'J 87
10.64 26.86 866.1 1210.0 1071 39
37.22 216.8 203.0
1.100 . 24000

9.74 27.48 891.4 1244.0
il

Ac/Ap € Py P4 Py u
average at 30.7 oC cmn’ cm) emJ Debye
0,03978 1.01464 121.53 14.33 107.20 2.31
- s———
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Table XXII
Calibration with Ammonia for 2-Trifluoromethylpropene

(3rd determination)

Pressure P Precision Standard AC 4C/AP
ce., of Hg ca. of Hg Condenser Condenser auf ‘ggf/cn.
33.92 04.%% 146.1 81.0 0. 3615 0.J1486
9.59 340.6 423.0
L] 2 00
38.62 28.95 L14.2 ° 4323 01493
9.67 345.8 432.0
. l 02 6;).0
36.55 26.70 >4 .3974 ,01488
9.85 3471 436.9
33.07 0346 165.5 116.0 3509 01496
9.61 355.4 448.0
35.12 26.05 153.8 95.0 3911 01501
9.07 364.6 465.0
6 ~
ACAP (€ - l)XlO Yo
average at 32.1 °C 1-(.4.([
0.01493 5753 197.36
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Table XXIII

2-Trifluoromethylpropene (3rd determination)

Pressure AP Precision Standard AC AC/AP
cm, of Hg om. of Hg Condenser Condenser uyuf p&f/cl.
34,89 216.1 202.0 0 04158
. 0.8 125.0
37,06 26.80 L7 ° 1. 117 .J4168
10.26 845.1 1182.0
. . 26700
5433 23.79 241.2 .9894 .04159
10.54 * 860.8 1203.0
AC/AP c Pp Pg Po u
average a.t 32 . 9 OC cm3 cn3 Cl3 De bye
0.04162  1.01603 124,20 14.33 119.9  2.45

TN X E—" g

-
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Table XXIV

Calibration with Ammonia for Pentafluoropropionyl Chlorlde

(1st determination)

Pressure AP Precision Standard  AC aC/AP
cm. of Hg cm. of Hg Condenser Condenser umf ggf/cn.
™oz

¢ 488.4 665.0

21.41 . 01432
12.31 680.6 955.0 0.3065 0,0143
36,28 466.8 632.0
23437 3277 01402

12.91 672.2 942.0 ’

[ ] | ® 6 .O
37.06 25.48 4204 10 3550  .01382
11.58 67%.4 944.0
35.77 . 613.0 -
35.77 0s.00 454.7 3 .3562 01429
10.85 677.0 950.0
34.29 opqy LT o480 3217 01458
11.82 683.4 958.0
30.82 5.9 520.6 715.0 2833 »01492
11.84 ) 700.6 983.0
e T "8 .O
2227 .00 > 3171 L1510
12.58 * 701.0 983.0
33.98 0,99 204e? ©90.9 .3213 01398
10.99 709.0 994.0
- . - - - A - - 6

AC/AP (€- 1)x10 o
average at 47.59C « 4 F
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Table XXV

Pentafluoropropionyl Chloride (lst determination)

Pressure AP Precision Standard AC AC/AP
cm. of Hg c¢cm. of Hg Condenser Condenser Muf xmf/cn.

; . 04.0
3349 24,31 °13.6 704 0.3108 0.01279
11.28 711.2 998.0
34.93 560.6 776.0

° Py ® ].
10.88 24.05 756.9 1062.0 3023 01257
12.41 745.6 1046.0
35,57 2364 557.2 770.0 3002 01269
11.93 ) 751.2 1054.0
AC/bP c Pn Pq Po u
average at 48.0 °C cm? cm? cn> Debye

0,01270 1.004371 38.38 19.68 18.70 0.991

-
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Table XXVI

Calibration with Ammonia for Pentafluoropropionyl Chloride

(2nd determi

nation)

Pressure AP Precision Standard AC AC/AP
cm. of Hg cm. of Hg Condenser Condenser amf auf/cm.
3258 20.00 3956 448.0 0.2928 0,01464
12.68 527.0 725.0
35.59 313.6 377.0 .
. .3583 ,01527
12.12 25.41 521.1 716.0 15
.0 407.0 .
34.86 22,12 331 .3308 01496
12.74 524.5 720.0
6
AC/AaP (€-1)x10 Co
average at 4.6 °C quf
0.01495 5303 214,2
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Table XXVII
Pentafluoropropionyl Chloride (2nd determination)

Pressure AP Precision Standard ac AC/AP
cm, of Hg cm. of Hg Condenser Condenser uuf Mmuf/cnm.
34.33 387.0 503.0
. .2822 0,0127
12.24 22.039 557.0 710.0  ° 3
33.49 1.98 422.0 562.0 2780 01265
11.51 593.8 825.0
.O
35.18 24.56 420.2 558 3034 01235
10.62 607.6 845.0
. 1.0
33.71 22,351 441.0 59 2769 .o1201
11.40 : 612.8 853.0
%24.24 449.4 604.0 12991 01253
10.37 23.87 635.0 887.0
Ac/AP € Pm Pq Pe u
average at 46.3 °C cm? cm? cm> Deoye
0,01253  1.004446 38,81 19.68 19.13 1.000
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Table XXVIII
Calibration with Ammonia for Methallene (lst determination)

Pressure Ap Precision Standard AC AC/AP
cm. of Hg cm. of Hg Condenser Condenser suf ARSL/cm.

34,73 o427 208.6 189.0 a1 .
10. 46 . 415.4 550,0 ~ Or°8le  0.01572
35,89 o5 43 212.1 194.0 A017  .01579
10.46 y 430.1 574.0

. 196.0
38.09 2684 212.1 ? .4091  .01524
11.25 436.0 583.0
37.12 26.90 223.2 214.0 .4122  .01532
10,22 ® 449.2 604.0
35.98 04.83 234.1 234.0 .3795 . 01528
11.15 441.8 593.0
26,06 23.95 233.2 233.0 . 3626 .01556
12.11 ) 431.4 576.0

average at 31.8 °C us

0.01549 5760 204.4
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Table XXIX

Methallene ( lst determination)

Pressure AP Precision Standard  4C 4C/4pP
cmn, of Hg cm. of Hg Condenser Condenser uf uf/cm.
R M
36.56 0361 187.4 152.0 0.1659 0.007318
13.89 27543 309.0
3791 25,02 183.0 146.0 1881 007518
12.89 ) 83,2 324.0
27,17 189.2 156.0
23,68 1786  .007542
13.49 2 284.2 325.0
. 180.0
4.1 51.11 202.8 6.0 1649  .007812
13.00 ‘ 289,72 336.
4c/ap € Pa P4 Py u
average at 33.0 °C cm3 cm’ on’ Debye
0.007548 1.002807 23.49 19.68 3,81 0.43%
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Table XXX
Calibration with Ammonia for Methallene (2nd determination)

Pressure Ap Precision Standard AC Ac/Ap
cm. of Hg cm. of Hg Condenser Condenser uuf m{f/cn.
33,07 225.0 218.0
0.2938 0.01499
13.48 19.59 384.9 496.0
22 . 166.0
35.16 23.04 194.8 L3467 . Q1504
12.12 y 381.8 494.0
s 200.0 174.0
35.60 22.64 3530 .01559
12.96 389.8 508.0
26 204. 162.0
36.50 0354 > 3721 01561
12.66 . 405.9 534,0
PR . 192.0
35.55 s 210.5 3266 01542
14,37 el. 386. 4 501.0
6 C
AC/AP (¢ - 1)x10 o
average at 33.6 °C g f
0.01533 5700 204.4
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Table XXXI
Methallene (2nd determination)

Pressure AP Precision Standard AC AC/AP
cm. of Hg cm. of Hg Condenser Condenser yuf  uuf/ca.

36.95

23%.55 159.1 104.0 0.1807 0,00767
e : —
39.60 25,70 156.0 33 1903 .00735
13.83 . 258. 4 273.0
35,68 540 134.0 29:0 1755 00750
12.28 e 229.1 225.0
ac/ap € Py Pg Fo Iy
average at 33.7 ©OC cm? cm? cn’ bebye

0.30751 1.002792 23.44 19.68 3.76 0.435

e L PSPPI o
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Table XXXII
Calibration with Ammonia for Perfluoropropylene

Pressure AP Precision Standard  4C LC/LP
cm. of Hg Cm. of Hg Condenser Condenser auuf uuf/cm.

21.T2 . 186.6 152.0

13.52
43.17 182.1 144.0

25439
17.78 400.6 s06.0 4078 -01590
6. . 5800
46.77 2798 433.9 2 .3953  .01413
18.79 680.1 954.0

b . OCO

44.59 . 28,50 440.0 > L4249  .01491
16.09 707.2 992.0
44.29 o8. 41 439.5 230.0 .4376 01540
15.88 €O 715.9 1004.0

AC/AP (€ = 1)510 C,

average at 77.6 s

0.01509 4460 257.1
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Table XXXIII
Perfluoropropylene

Pressure Ap Precision Standard AC AC/AP
cm. of Hg om. of Hg Condenser Condenser quf Rut/cm.
o1.44 0.86 °83.8 810.0 0.4006 0.00980
10.58 40. 850.3 1189.0 * *
. o . 69.0
o1.44 41.96 555.8 763 .4302 .01025
9.48 840.8 1176.0
50457 L. 426.6 569.0 4143 01002
9.23 685.6 961.0
'\C/QP ' Pd PO u
average at 77.5°C c;3 cm? cm> Debye
0.01002 1.002962 28.41 7.026 20.82 1.11
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Table XXXIV

Calibration with Ammonia for Sulfur Tetrafluoride

(1st determination)

Pressure AP Precision Standard &C ACAP
cm. of Hg cm. of Hg Condenser  Condenser Ml mquf/em.
. .0 }
29.95 16.60 )12 ° 102 0.2600 0.01565
13.35 * 670.2 948.0
L] ° .O
2.20 14.37 b2h.4 748 .2114 .01471
13.83 676.3 948.0
28.12 15.54 536.8 740.0 2410 .O1551
12.58 * 689.8 968.0
30.60 19.05 521.6 716.0 2843 .01493
11.55 : 702.0 985.0
12.91 ) 696.9 978.0
6 C
AC/AP (e - 1)x10 8
average at 47.0°C uaf
0.01520 5260 219.6
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Table XXXV
Sulfur Tetrafluoride (lst determination)

Pressure AP Precision Standard 4 C ¢C/LP
cm, of Hg cm,., of lg Condenser Condenser ).\t\f Mf/cm-.

e — e =+ = -

37.%4 632.3 882.0

25,74 0.2389 0.009289

11.60 789.6 1108.0

214 26,10 2398 745.0 o357 ,009031
11.32 . 689.9 968.0

3785 26,12 531.4 740.0 504 .008821
11.53 683.2 958.0

{ N .0

o111 25,61 9374 740 .2325  .009078
11.50 683.8 960.0
7.C/AP € P P, P, u

average at 47.0°C c:B cm) cm) Deoye

0.009055 1.003134 27.45  1l.7  15.75  0.91

e ——— - v TN

e e e =
e e ————————— - —
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Table XXXVI
Calibration with Ammonia for Sulfur Tetrafluoride

(2nd determination)

P v p——

Pressure AP Precision Standard AC aC/2P
cm. of Hg. cm. of Hg Condenser Condenser jnuf Mﬁf/°‘°
23.22 458.5 618.0
11.31 0.1702 0.01505
11.91 3 562.9 779.0
.’_MV'M~M_ . 617.0
25.38 14.83 458.2 ! .2251 .O1517%
10.55 ) 597.2 830.0
26.22 13.60 466.3 ©30:0° " 2029 .o01492
12.62 592.4 822.0
, - 6
AC/aP (<-1)x10 Co
average at 46,99 s
0.01505 5263 217.3

-



e h e et ——a—
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Table XXXVII
Sulfur Tetrafluoride (2nd determination)

-—— e [T

Pressure AP Precision Standard A&C AC/BP
cm. of Hg cm. of Hg Condenser Condenser yuf auf/cm.

-——— e e e e e e —— e e m o~ m e ——— e

32.39 508.2 695.0

21.28 0.1966 0.009239
11.11 630.6 881.0
33,28 504.3 689.0
22, .2093  .009265
10.69 29 635.0 887.0
33.65 21.23 513.8 104.0 .1945  .009162
12.42 636.0 888.0
AC/AP € P Py Po u
average at 47.20C c$3 cm? cm? Debye

0.609222 1.003229 28.29 11.7 16.59 0.93

e e ——

I . i f SOF, which has a
* Th contained about 5% impurity o .
gi;o§£4 moment of 1.62D. After app}ying thgs :oz;eg;1on
to the average value of SF4, the dipole momen 4

was .88D. See page 24.
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Table XXXVIII

Moments

- PRSPPI B SRR L

e B - e

COMPOUND

—

Ethyl Acetylene

Vinyl Methyl Ether
Pentafluoropropionitrile
2-Trifluoromethylprooene
Pentafluoropropionyl Chloride
Methallene

Perfluoropropylene

Sulfur Tetrafluoride

Dipole moment,D Error,D
V.76 $0.1
1.06 .1
1.33 .1
2.34 o1
0.99 .1
0.44 .1
1.11 o2
0.88 o2
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Discussion of Error

Tne nost provzble error in the replaceable capacit-

ance can be obtained by differentiating equation (41) thereby

obtaining,
dac B
0 = dAC + d € AH
C0 4LC € =1
A’/y;

Since the beat frequency could be determined within about 1
cps, the value of d:C was about 0,001 uut. € - 1 for ammonia
vas about 5000x10~° ang de for ammonia was about 10~°,
Then by using the value of AC for ammonia, the cuantity dCo
was obtained from the above equation. Since the replaceable
capacitance was about 210 uuf, the error in determining it
was about 7,

To determine the maximum error in the dielectric

constant of the material under investigation, differentiate

eauation (42); thus,

de = d(~C/AP 76) 76 AC/AP dC
v C
° 0

Again,using the value of 0.001 for the error in tne slope

and the error in the replaceable capacitance as obtained

above, the error in the measurement of tae dielectric constant

can be determined.
By differentiating ecuation(43), the error in the

molar polarization is obtained froum,

Twoae . ogy
Pl e-1 Vn

Jince it was sssumed thrt the gases investigated were behav-

ing ideally,
of about 0.1 in Vn was assumea,

=nd since this is not really accurate, an error
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Since this method of investigation does not tzke into account
atomic polarization, the error in Pd was assumed to be about

10%. Theq)by differentiating equation (44), the error in the

orientation polarization was deiermined by,
dP0 = dP.+ de

Finally, the error in the dipole moment was determined by
differentiating equation (45) to give,

Q&:dPo“_ daT
u 2Po 2T

The second term in this equation however was negligible in
comparison to the first since the temperature variation

amounted to only abouto.l of a degree.
when this method was applied to tne compounds

xeasured in this investigation, the maximum probable error

wvas as follows:

Compound u 4u

CF5CF ,CN 1.33D %t .1D
CF,CF=CF, 1.1D % .2D
CF5-GaCH, 2.34D % .2D

CIIJ

CF5CF,CCL 0.99D % .1D
CH,CH,CZCH 0.76D = .2D
CH,0CHaCH, 1.06D % .2D
CH,CH=C=CH, 0.44D £ .4D
SF, 0.880 < .2D

The error involved seems to be quite large; however,

the fact that the replaceable capitance was determined in
electric constant of the compound

the same manner &s was the di
On this

under investigation causes the error to be minimized.



basis, reporting the error as .lD for all of the compounds
except CF3CF=CF2 and SF4 is reasonable. Due to the fact that
SF4 has such a large atomic polarization, the error involved
is about .2D. The perfluoropropylene must also be reported as
about .2B since its dipole moment was determined only once.



IV. DISCUSSION

A dipole moment can yield valuable qualitative inform-
ation about the structure of a molecule. Cf special importance
are the magnitude and direction of the moment since with this
information one can compare a measured moment with the moments
of similar compounds and thereby interpret changes in terms of
differences in electronic environments. The interpretation can
be based on resonance theory or on the classical theory of in-
duced dipoles.

In terms of resonance, each structure can be thought of
as contributing to the state of the molecule. Furthermore,
structures with formal charges on them may be expected to con-
tribute heavily toward the net moment of the molecule even
though these structures may make only a small contribution to
the state of the molecule. The particular type of resonance
referred to in this investigation is hyperconjugation. This
¢c2n be described by structures such as,
CHyCH=CH, <> CH,=CH~CH

H-I-
Resonance energies due to hyperconjugation are usually of the

2

order of 3 or 4 kcal/mole as measured from heats of hydrogen-
ation. Hence, the hyperconjugated structure probably makes
only a small contribution to the state of the molecule. How-
ever, as stated above, this smsll contribution may give rise
0 a large dipole moment. This seems to be especially true of
molecules containing the CF3 group. Further evidence of hyper-
conjugation has to do with the shortening and lengthening ot
bonds. For example, if propylene can be represented by hyper-
conjugated structures, one would expect a shortening of the
C(sp3)-c(sp2) bond and a lengthening of the carbon-carbon
double bond. Microwave and electron diffraction measurements
on bond distances seem to indicate that thnis is what occurs.
63.
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Classically, one mignt be wble to account for variations
in dipole moments by inductive effects. This effect may tend to
increase or decrease the net dipole moment depending on the type
3Cl; the
chlorine is more electronegative than the carbon atom , and

of molecule., For example, consider tne molecule CH

hence the bonding electrons in the C-Cl bond are shifted toward
the chlorine atom. This leaves the carbon atom positive relative
to the chlorine atom. Hence the carbon atom tends to attract
electrons from the hydrogen atoms, and thus a dipole is induced
in the direction H=C. In a molecule such as CF3C1, the fluorines
are more electronegative than eitner tne carbon or chlorine atoms.

Therefore the bonding electrons in the C-~F bond are shifted

toward the fluorine atoms thereby leaving carbon positive
relative to fluorine. Hence the carbon atom pulls electrons in

the C-Cl bond toward itself, thereoy inducing a moment in the
C-Cl bond, so as to oppose the principal moment in the C-Cl bond.
It is rather difficult to calculate an induced moment since the
exact location of the electrons in the bond is unknown, However,
the magnitudes are usually apout U.,l to O,2D. From a standpoint
of interpretation, the direction of the inducea dipole is the
important thing.

Nuclei, as well as electrons, can be displaced from their
equilibrium positions so as to create an atomic dipole., This is
especially true of molecules containing atoms with unshared
electron pairs. When an unshared pair occupies an s or P, Or any
orbital in wnich the associated center of negative charge is
coincident with the positively charged nucleus, an atomic dipole
will not occur., Hence, an atomic dipole can exist only if the
atomic orbital is a hybrid. The magnitude of such moments could
be very large depending on the distance of the unsnared pair
from the nucleus.

Moments may also arise due to the ditferences in tne

electronegativity of carbon atoms in different states of
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hybridization. Hence the moments of the C(sp3)-C(sp2) bond,
the C(sp3)-C(sp) bond, and the C(sp2)-C(sp) bendsare not zero.
The actual value of these moments are difficult to determine,
but the direction would be toward the more electronegative
or more unsaturated carbon, (8).

In order to calculate approximzte values for tne
dipole moment so as to make comparison with experimental
quantities, one usually assumes that the molecule can be
represented by a vector model, the resultant vector being the
vector sum of the individual bond vectors or bond moments.
The bond moments used to calculate the dipole moments of

molecules in tnis investigation are:

€C=0 in ¢1,C=0 2.1D

CF in CFBH 1.2D
CCl in CH3Cl l.Hb
CN between 2 and 2.5 D
C-0 in (CH3)O 1.5D
C-H 0.4D

The direction of the C-H bond moment was according to

(9), -
C+( sp3 )-H

- +
C(sp2)-H

- -+
C(sp) -H
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2=Trifluoromethylpropene

The dipole moment was measured as 2.33D. The value
calculated from bond moments is much less than this figure,
about 1.5D. However, a comparison of this compound with other
compounds containing the trifluoromethyl group is in good
asgreement, It is to be noted that compounds with the CF3 group
exhibit very large dipole moments. This is attributed to the
extremely high electron withdrawing power of the group. For
example, CF3CCl=CCl2 has a dipole moment of 1.28D and CFBCF=CF
has a dipole moment of 1.1D. Both of these compounds would be

2

expected to have very small dipole moments. The large moments
seem to imply that some sort of hyperconjugation of the CF3
group is occurring.

Since the CF3 group is extremely electron withdrawing,
it would be expected that the sp2 carbon would be polarized
S0 as to induce a moment in tne direction of the trifluoro-
methyl group. Such an effect could probably be represented

by structures such as.

TORCs, 3
wo” T Ny

3 . .
The effect of the methyl group, which might also

undergo hyperconjugation, should be to decrease the moment.

A comparison with CF CH:CH2,2.45D, shows that this is exactly

3
what happens.

Perfluoropropylene

The dipole moment was found to be 1.1D. One would expect
& very small moment for this coxpound by comparison with
CH3CH=CH2, 0.35D, and CCl3CCl;CCl2 y 0.4D. Evidently, the
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type of hyperconjugation previously described for 2-trifluoro-

methylpropene is also significant in this compound. Hence,
structures such as the following may account for the large

large moment observed: F.C F
AN+
Y ~

F F

Pentafluoropropionitrile

The dipole moment was found to be 1.33D. It is difficult
to calculate the dipole moment of this compound since no suit-
able bond moment for the C=N bond is availible., That is, the
value varies with the environment of the cyahide group. For

example, in HCN the bond moment would be zbout 2.5D; in CH,CN

3
the value would be about 3.5D. This is due to the fact that
the overall moment of these compounds is due to resonance
structures of the typg: .
- + -
HCN «9 H-C=N «» H CN H*
<+ - + - -
CHBCN HCH30=N «— CH3 CN & CH2- C=N

Clearly, the hyperconjugated structure in CH,CN would have
no analog in CF3CF2CN due to the large electronegativity of

Fy, and therefore there would be no justification for using
the value 3,5D for the bond moment of CN. Similarly, the
ionic structure in HCN has no analog in CFBCF2CN. On this
basis, it is not expected that the CN bond moment will make
such a large contribution to the moment of CFBCF2CN. The

CN moment will then be due to a resonance structure such as,

CF.CF 3 N
3V <

However, due to the large electron withdrawing power of the
CF3CF2 group, structures such as, N
CF3CF =C=N
-
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will also contribute heavily toward the overall moment. The
direction of the resultant moment would probably still be to-

ward the cyanide group.

Pentafluoropropionyl Chloride

The dipole moment was measured as 0.99D. The calculated
value, based on the bond moment of C = C in phosgene and the
bond moment of C-Cl in CH3Cl, was about 1.35D. The lowering is
accounted for by the large electron withdrawing power of the
CF,CF, group. The sp° carbon will be polarized by the CF,CF,
group so as to induce a moment in the direction of this group.
In terms of hyperconjugrtion, this effect can be represented by

structures such as,

0
CFyCF = ¢
1
-
Methallene

The observed moment for methallene in this investigation
was 0.44D. This value agrees extremely well with the value
0.401D determined by microwave spectroscopy (10). The value
Ccalculated on the basis of bond moments is about 0.8D with the
resultant vector toward the methyl group. However, this value
does not take into consideration a dipole contribution from
hyperconjugation.

By examining the direction of the moment in the follow-
ing two compounds, it can be shown that the direction of the
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moment in methallene is toward the Sp2 carbon rather than
toward the methyl group;

" 1 11
C H H_ H
e’ = ¢
H ~c1 H.C “Cl
3
uexp.- 1.97D uexp.= 1.71D

If the direction of the CH,-C moment was tovard the sp’ carbon,
compound II would be expected to have the larger dipole moment;

experimentally, compound I has the larger moment. This indicates
that the CHB-C moment is in the direction of the sp2 carbon,

This also implies that hyperconjugation of the type,
CH2 = CH-C= CH2
H+

is occurring,

Evidence for hyperconjugation in methallene is supported
to some extent by the shortening of the C(sp3)-C(sp2) bond
length by about .06A (10). Furthermore, compounds of this
type exhibit resonance energies of several kilocalories per
mole as obtained from heats of hydrogenation data.

Ethyl Acetylene

The dipole moment of ethyl acetylene was determined as
Q « 76D, This =zagrees well witn the value previously determined,
0.80p (11) by a heterodyne-beat method. The value calculated
on the basis of bond moments is about .8D in the direction of
the ethyl group. Not included in the calculation is a polar

contribution due to hyperconjugation. Sucn a contribution can
be represented by structures such as,

CH,CH = C = CH
H+
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The hyperconjugation would be of sufficient magnitude to give
a resultant moment in the direction of the acetylenic carbon.

Vinyl Methyl Ether

The dipole moment of vinyl metnyl ether was determined
to be 1.0€D. The value calculated on the basis of bond moments
is about 1.8D. A comparison of methyl ether, 1.29D, and vinyl
ether, 1.06D suggests that the moment of vinyl ether is low-
ered relative to methyl ether by structures such as (12),

+ .
CH,= CH-0=CH-CH,

Similarly, one would expect the moment of vinyl methyl ether
to be decreased by structures such as,

] + -
CHz=0=CH-CH,
Hence, a consideration of resonance would tend to lower the
calculated value to some extent therby making the experimental
value of 1.06 quite reason-ble.
The resonance effect can be supported to some extent by
heats of hydrogenation data (13) of similar compounds. The

resonance energies obtained by this method for vinyl ether and
ethyl vinyl ether are 3.4 and 3.6 kca%/mole respectively.

Sul fur Tetrafluoride

The dipole moment obtained in this investigation was
0.88D. This compares fairly well with the value of 1D obtained
by another heterodyne-beat method (14). However, the value
has been determined quite accurately by a microwzve technique
as 0.64D (15). The rather large difference between 0.85D
and 0.64D is indicative of a large atomic polaerization which
was not taken into account in the present work.
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The fact that SF4 has a dipole moment immediately rules
out structures utilizing hybrid orbitals which give planar and
tetrahedral arrangements since they would have dipole moments
of zero. The NMR spectrum of SF4 shows two peaks with a
chemical shift of 1920 cps, ezch pe~k being split into a

triplet of equal intensity.(16). Hence, two pairs of chemically

different fluorines are indicated. This would be consistent

with a trigonal bipyramid with the unshared pair in an equa-
torial position. The fact that the molecule has & dipole moment
supports this structure.

The hybridization would probably be sp3d with the unshared
pair occupying a hybrid orbital. Hence the unshared pair would
&ive rise to an atomic dipole whica would contribute to the
net moment of the molecule. This,too, is to be expected since
the net moment is comparsatively small, and since the large

electronegativity difference of S-F, 1.5, indicates a rather
large moment for the S-F bond.
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