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1. Introduction:

The determination of the elsetric dipole-moment
of molecules has assumed considerable importance in
recent years as a means of recognizing and distinguishing
various chemical structures. Reocent eiperimental work

152,3,4,5, Smyths, Errerav.

in this field by Williams
Hojendéhla, and others on the basis of the Debye theory

of binary liquid mixtures has shown that the dipole
moment of polar molecules may be considered as a vector
quantity. The magnitude of this moment may then be used
in interpreting the molecular struoture; The purpose

of this paper will be to consider certain special

chemical types containing CH3 and Br groups in various
molecular combinations.

The development of constant radio frequency
oscillators constituted the first part of the experimental
work undertaken and data is presented on two types which
have been tested.,

The construction and testing of the circuits used

for the dieleciric constant determinations is described

in detail.



2. Theory of Electrioc Dipole-Momsnts;

The complete theory of the dipole moments of gases
and dilute solutions was first presented by Debyeg’lo'll
and his trestment of the subject forms the basis for
most of the recent experimental work in this field. The
Debye theory has since been chegked theoretically be
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R. de L. Eronig™ and Mensing & Paull™ on the basis

14 has also

of the new quantum mechanles. C. Manneback
derived the Debye squation using Schrbdinger'e wave
mechanies s Thus 1t may be assumed that it is well
verilfied by the more recent advances in physical theory.
According to this theory, if a dieslectric is placed
in an external field of force F, we may write for the
molar polarization of a molecule which is free to assume

a perfeetly random orilentation in either a gas or in &

dilute solution:

_8 =1 4T N
T e+ 1 3
where e = dieleoctric constant, M = molecular weight,

o 2
M s B
L e~ e @0\ —-{-A 1
4 (f=+d) = 2 (1)
d = density, N = no., of grams in a gram moleculs = 6.062x1023,
A = molecular polarizability, k = molecular gas constant =

1.372 x 10™%

6, [ = electric dipole moment of a single
molecule, and T = absolute temperature;

"A" is the polarization produced by the deformation,
or shift of charges, in thg structure of the molecule
induced by the external field of force., The molecule is
assumed to have an elastic structure and since the displaced

electrons have a very small mass, this component of the
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polarization will be maintained even for very high
frequencies .

"p* is the polarization resulting from the inducsd
moment per molecule produced by the scting fleld. It thus
represents the effect of the orilentation of the molecules
in the field anmd is the only term of the polarization that
is affected by temparature changses.

If now we have two components in solution, by the
volume.mixture law the molar polarization for the solution

may be written:

@ =1 . ( £aMy + £op ) -
Prg = oz 10" M3 ) = £yp) 4+ £ppy (2)

é

where fl and f2, Ml and MQ, P1 and P, refer to the mole

2
fractions, moleculsar weights, and molar polarizations of
components 1 and 2 in the solution.

The validity of the volume-mixture law for the
Clausius-Mosotti law which is involved in the derivation of

this formula has besn chocked by Hubbardl®, Hojendam1®,

Phi111p®

» and others,and may be assumed to be correct,
It P refers 1o & non~polar solvent such as benzens,
then Py which represents the molar polarization for the
polar solute molecules may be obtained graphically be
extrapolating the P12 curve to infinite dilution as shown
by the dotted line in Figure‘ivwhieh is included in the
expe rimental section of thig paper. This extrapolation
wlll give the molar polarization due to a single poler
molecule completely surrounded by the non-polar solvent;
The justification of this extrapolation and the interpretation

of this form of curve is explained by Debyell.
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As shown by Eq. 1, the polarization for the pure
solute 1ls composed of two parts which may be written:

P, = (P + Pg!) + Pp (3)

Pé corresponds to BAT in eq. 1 and represents the
orientation polarization produced by the external field
and it is this quantity that we wish to determine.

P% corresponds to A in eq. 1 and represents the polar-
ization due to deformation and is called the molecular
refraction or the molecular electron-polarization since only
the displacement of electrons In the molecular structure have
& part in determining it. It may be approximated by the
Lorenz~Lorentz relation, the proof for which has been

17 18, and Debye 11 ®

2-
P = EQ___l - M (4)
N§+2 éa

where N, represenis the index of refraetion extrapolated

demonstrated by Lorentz s Lange

to zero frequency end ls valid providing no infra-red
absorption occurs, Since little 1s known concerning this
abgsorption, the value of P%kused may be in error by & smll
amount But serves as a fairdx approximation in the calculation
of the dipole moment.

P%' represents the polarization produced by the displace=~
ment of polarized or ionized atoms and groups of atoms or
radicsls comprising the molecule . This quantity at low freqe
uencies is generally negligible and has been reglected in
this treatment. Pg' becomss zero in the solid state because
the molecules are rigidly bound and will not be oriented by
the external field. The justification for the omission of



this component of the polarization is treated by Langels.
P2 for the various concentrations used may be calculated
from eq, 2, when it is assumed that Pl, the molar polarization

for the solvent is constant.

p, =12 = 1Py - Pag « Py 4 b, (5)
fg Ly
Finally, sinece P% is known from refractive data, md
Py is known from the extrapolated ?12 curve obtained from

dielestric data, Pé mey be ecalculated directly from eq. 3.
From this value of PJ, (“may be evaluated using eq. 1.

4 N
9kT

s =19
fm‘/—_ﬁwé = 2.196 x 107° 5] - (7)

vhere T = 298° K as this is the tempsrature used in most

Pé = Py = PR o= (6)

of the experimantdl work to follow.

The veetor theory for the &nterpretatién,ef the dipole
momente as above determined was first suggested for the case
of di-gubstituted benzene compounds by Je. J. Thamsonlg and
approximate agreement has been obieined by several Investigators
includ ing Errerav, Smyth & Morgans, snd Williems & SGhWingel4s
The experimental evidence available up.to the present time
indicates that in the p-disubstituted benzene molecule, the
resultant moment is equal to the algebralic sum of the moments
of the separate polar groups and this has been verified for
p=bromotoluene within the limits of experimental error by
the author. The steric effect present In the ortho and meta

compounds which mekes the calculation of the angles between



the vector dipole-moments in the molecule somewhat uncertain,
is also present in the other molecules considere in this
investigation and each will be discussed in the expsrimental

section to follow,

3. Apparatus Development:

The dieleoctric constants of the solutions used were
meagurad by means of & high frequency resonance system similer

! and smyth®. The principle

10 thoge described by Williams
upen wﬁich this Torm of messurement is based is & very useful
one in the field of physical messurements and & number of
applications have been suggested by Wegstaffgo, Belzgl,
Whiddingtonag. Dawlingzs. Sucksmithgé, Scott-Tagg&rth, and
othera;

The general principle of the resonsnce method utilizes
the fact that the beat freguency belween two oscillators
which are operating at spproxibmtely the same frequency may
be sceurately mpasured by comparing this beat frequeney with
e tuning fork, vibrating reed, or other constant low frequency
generator.,

In the spparaius as used, one oscllilator utilized a
gquartz crystal to meintain a constant frequency of 9 .88x10°
cycles per second. The oscillator used for the dielectriec
measurements was not crystel contrelled becauge it is used
to measure the changes in frequeney produced by the introe
duction of a dielectric in the measuring condenser. Under
normal operating conditions however its frequency should be
very stable so that corrections would not have to be applied

to the resulis obtainea on the dieleciric measurements.



Therefore the first part of the development program was to
construct a sultable oscillator for this purpose.,

First will be presented an anslysis of the stabilized
Bartley type of oscillator which offers considerable
opportunities for future development, and second, an
snalysis of the Melssner type of oscillator which was finally
adopted for disliectiric messsuremenis.

3¢ As Stabilized Hartley Oscillaior:

Followling the sccidental discovery by Mr. Rese of the
Bell Telephone Laboratoriesg that & ¢ertain impedance placed
between the grid and the tuned circult of an osclllator would
rendsr the frequency independent of the battery voltages,
Mr. Fe Be Llawellyn of the game orgenization suggested the
fellowling anslysis {or the Hartley oscillator.

The frequency of any oscillator will depend on all of
the psrameters in the cireuit, namely, the self inductence L
of the network, the muatual inductance M, the capacity C, the

resistance R of the network, the plate resistance rp of the

tubs used, the grid resistsnce r_ of the tubs, snd (f, the

23
amplification factor for the tube., With careful construection,

all of these parameters may be considered as essentislly

invariant with the exception of r_ and r_ which of course

p g
depend directly on the battery voliages used. Assuming that

r,. is arbitrarily mede very large which is an easily realized

[

condition experimentally, then any small change in r_, will have

g
& negligibly small eoffect on the frequency compsred with the

changes which will occur simultaneously in T
p]

condition we wish to realize is t.hata-fsz 0, where w= 27 f,
p

Thersefore the
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In Fig. 1 we have the =
schematic form of the j%i L 8
circuit to be conslidered, zj;_ég
with no special arrangee- | O SMBILIZED MARTLEY CIRCUIT

ments indicated for connect-

ing in the batteries. Frg. /.

Us ing the c@rrent directions

as shown by the arrows, we can write the circult equations

ag follows:

[« g = Ilirp T Dy v Zq) b Ig(2y ¢ 20) (8)
0 = Iy(2, + Z,) + IgZ, (¢)
8y = 1,2, + 12(22 + Zm) (10)
whore!
Zo = Zl + 22 + %5 * 82, =A + iB
leﬂl* ile Zxrm‘i/wcx
Zzﬂﬁg*ing A lei-RgirRS
Zg = Rg = 1/0003 B mwly +wly + 2WH = 1/wC,4

CAE fwit
Solving squations 8, 9, and 10, eliminating eg, Il and 12,
and substituting the egulivelent gusntities for the other
variables as indicated above, we obtaln:
(rpuiéucx)(ﬁ*iﬂ) + (Rl+iwbl){{}(4¢l)ﬁg+83 + 1 ((-+1)wL2~1/w Cs}}
w§ m{p%dg(@ﬂ)wﬂz + ("/wcs} = 0 (11)
The resl part of #q, 11 gives the conditions under which
oscillations will occur in the circuit whils the imaginary part
gives the conditions which determine the frequency of oscilla-
tions and it is this second part that we are interested 1n;
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Equating the imaginary part to zero we obtain:
’A/“ch + Brp +.R1{((~+1)wL2 - 1/“,0%} +u,Ll{(ca+1)Rz 4 RS}
-[~“’MR3 = 0 (12)

If changes in r_,which are caused by battery voltage

p
fluctuations, are not to affect the frequency of oscillation,
then B = 0 is a necessary conclusion. Therefore:

B=0= why +wky + 2wl = 1/ wCjz which leads to

Wm 1f0g(Ly + Ty v 20) 3 . (13)

Eq. 13 proves the very important fact that if the
frequency of oscillation is to be independent of the plate
resistance, then the frequency of the oscillation will be
the natural frequency of the tuned circuit.

Solving the remainder of eq. 12, substituting for w its

value as obtained in eq. 13, we obtain:

0. = 03 (Rl * R2 + Rs)‘Ll + LZ + 2M)

LI{((‘+1)R2 + R5 - Rl} 4 Lz(‘Rz - M(znl *[”RS)

(14)

]

stabilizing impedance which will make the frequency
independent of changes in battery voltages.,
In practice this equation can be materially simplified.

For example, let:

® L1 = L2 = LO Rl = R2 = Ro R3 = 0
Therefore:
Gy = 65 0 * 1) (15)
L, « ¥
and a still o further simplification results if
M = 00

C, = 205/(” (18)
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The result of eq. 16 may be checked very readily.
A Hertley circuit similar to Fig. 1 was constructed having
‘& natural fwequéney of 10° cyecles per second, C:5 = 300 mmf,
and (*“» 8 for the UX 201-A tube used. These gquantities
when substituted in eq, 16 yield the result that cx = 75 mmf
is the capacity, which if inserted in the plate circuit,
would render the frequency independent of battery volisges.
This value was found to hold experimentally within the limits
of error caused by neglecting the other variables in the
circuit, especially the internal tube capacity, and so may
be considered as a complete check on the theory,
In order to adjust C, accurately to the proper value,
a gwitch was provided which would increase the plate voltage
by an amount ASEP = 4,5 volts. Having set Gy at approximately
the right value, the change ‘dEp would cause some correspond ing
change in frequency Af., Values of the condenser readings
C, were then plotted against A f for this constant A:Ep and
the point found where Af = 0., o f could be made to change sign
by continually verying Cy on either side of the point of
stabilization. The adjustment of cx to the proper value wes
very critical and the slightest error in setting would result
in enormous frequency changes for the stp used in the setting;
This circult was not as useful as had been expected
because after stebilization had once been effected, uncontrollable
variations in other parts of the circuits would, in an hour
or two, vary the constants so that Cy &8s adjusted no longer had
the proper value for stabilization. ¥When such a condition
occurs, the resulting H f is much larger than if the impedance
Cx had not been used in the circuit. It is the small changes
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produced in the ecircult incident to the handling of the
apparatus while making the dielsctric measurements which
change the various circult parameters and so‘causa the
unstebilization of the apparatus. For this reason such
a circuit was not used in the final msasurements, although
the principle on which it is based is perfectly sound.,
Development work which has been done on this type of
circuit at the Bell Telephone Laboratories in conjunction
with oscillators to be used in carrier frequency telephone
apparatus have proven the value of the theory especially
at low frequencies. The carrier channels have & minimum
separation and it is absolutely necessary that the frequency
of each channel remain constant in order that cross-talk
and other gttendant difficulties may be avoided; Such an
oscillator constructed to operate at e frequency of 35000
cycles per second remained absolutely stable, with changes
in fregquency of the order of only 0;1 cycles resulting
from & change in the plate voltage of 504. At such a low
frequency, the inductances and capacities are much larger
than those used at radio frequencies and thus are ccrrespondingf;i
influenced by small changes in capacity to ground, tube
capacities, etec., which so markedly affect oscillators
operating at radio frequencies. It is possible however
that with quite different circuit constants, a better approach
to permanent stability can be made at the higher frequencies;
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3¢ Be Meissner Dielectric Oscillator:

UX201A uxzorA

s B e %i’”’];_»- Fig. 24
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The Meissner osc‘illator26 as shown in Pig. 2a was
finally chosen for dielectric measurements because of its
inherent frequency stability. Chenges in plate voliage ami
filament current have an almost negligible effect on the
frequency. Tesis were conducted and it was found that with
varying values of the grid leak resistence from 10° to 106
ohms, the meximum of observed was 20 cycles in 106 cycles
for changes of plate voltage from 30 to 90 volts. Changes
in filament current had a correspondingly small effect on
the frequeney.

The colls Ll’ Lz’ and L3 were of a special construection
suggested by Dr. Frayne who had used a similar circuit at the
General Radio Company. Fifteen turns of #22 DCC wire were
wound on a 3-inch bakelite tube for Ly, the grid coill, then

fifteen turns for Lzs the oscill ting coil, then 15 turns
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for Lo end so on until Ll = 15 turns, La = 30 turns,

Ly = 45 turme s This stsggered arrangement provides for a
low distributed coll capacity with high inductive coupling
betwesn the plate and oscillating coils. Gl is o series
tuning condenser of 250 mmf capacity; C4 1s a General Radlo
Precision condenser, Type 222, 0«1500 mmf. It wes provided
with a 25 point callbration chart so that differences of

capa ity ecould be read direetly to within 0,06 nmf . is

Ca
a coneéntrie cylinder condenser used for the liquid dieleetrioc,
It was constructed of heavy walled brass tubing with bakelite
end blocks to keep the inner cylinder accurately conceniric
with the outer cylinder. The effective length of the

¢ylinders was 8.9 cms with a spacing between them of 1.3 mms.
Its capacity in air was 91.58 maf. The space between the

plates contained all of the dielsctric to be mesasured so

that measurerents could be made on as smll as 25 e of
solution. This is a distinet advantage in that it reduces

the gquantities of materials that must be purified to a

minimum, The 1iguid to be measured could be poured in at

the top of the condenser thru & glass tube provided with a
gtopeock. This stopcock was closed while the liguild was

b2 ing measured, thus prevenling evaporation which would have
continuously changed the mole fraction of substance in solution;
After the msasurement of the dislsctric constant had bsen
completed, the liquid was siphoned off thru a tube leading

out of the bottom of the condenser.
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The measuring condenser, Cd’ wa.g submerged in a water
bath maintained st a constant temperature by mesns of &
sansitive mercury thermostet., This water was circulated
continuously thru the condenser bath as well as thru the
bath used in connection with the density msasurements, and
finally thru the refractometer. The circulation was rapid,
being maintained by & water pump, so that all thres partis
of ths apparatus were kept at the same temperature. The
difference in temperature between the various parts of the
system was never greater than 0.1°C and the absoluts tempe
grature was kept ob=leewd ot 25 & .06°C except for the
measurements on p-bromotoluene in which case the temperaturs
was maintained at 27.6°. All thermometers used were carefully
standardized.

The switech 8 in Fig, 2a was used to disconnect Cy from
the circuit. In all cases, measurements were made on Ge with
8 open and closed aliernately. In this way any change in
the frequency of the ogcillator caused by accidental Jarring
of the cases could be detected lmmedlately and the dielectiric
measurements repeated if necessary;

The oscillator was allowed to operate continuocusly for
several wesks while the neceéssary cbservations were being
taken., During this interval there were noted only small
frequency changes which were probably due to a slight warping
of the table and the c¢ircuit supports, as well as smll
changes In the relative position of the shielding with respsct
to the ecircult.
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During the course of any individual dielectric
determination, the frequency did not change by more than
ten eyeles in a million, which was well within the‘limits
of experimental errvor in the determination of the dielsetric
constant .

The heterodyning beat note oscillator shown diagrame
atically in Flg. 28b was crystal controlled becauss this
type of circuit maintaing a constent frequency, dependent
almost entirely on the properiies of the crystal itself,
Extensive studies have been conducted in the field of
plezo=electricity by G, W. Piercezv, We Co Caﬁyas, and
others, and they have shown that the frequency of such
oscillators is constant to one part in a million if the
temperature, pressure on the erystal, and load are kept
constant . The temperature coefficient is about 1 cycle
in 50000 per degree, Since the fundamental frequency of
the orystal used was 9.88 x 10° ¢ycles per second, & change
in temperature of 1% C. would cause a feequency change of
about 20 cycles. To minimize this effect, the entire room
in which the apparatus was housed was thermostatically
gontrolled to within 0.2°C. This precaution likewise
prevented slow frequency changes in the dielectiric oscilllator
due (o expansion or contraction of the coil forms, condensers,
and supporis.

The circult LyC, was tuned to the frequency of the
erystal and this adjustment could be checked by noting the
decrease in plate cuwrrent when the circuit was adjusted to

PEsonance .
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The dielectric and crystal controlled ogcillators were
completely shielded. A brass rod A extended between the two
osclllators to provide coﬁpling between them to the beat note
amplifier. This rod extended inte the oscillator cases for
about three inches and the coupling‘thus provided was so weak
that the frequency of the two oscillators could be adjusted
to within one c¢ycle of each other witﬁ no synkhronization
taking place,

The coupling rod A was in turn connected to a tunsed
circuit CzLg in the first stage of the beat note amplifier
as shown in Pig. 2¢. Thisgs tuned ecircuit increased the voltage
drop eacross the grid of the first tube which acted as & detector
to separate the audible.beat note from the radio frequency
input, This audible frequency was then amplified in the
circult shown about 20000 times and the output obtained from
the secondary of the transformer, T. Ry is a wvariable high
resistance potentiometer used to control the amplitude of the
output voltage which was applied to one pair of plates on a
Braun ogcillogrsphic cathode ray tubs. The other circuit
congtants were: Cy = 0.1 mmf fixed condenser, Cg = 0.0005 mmf,
Rl = 0.25 megohms, Ry = 2 megohms, R5 = 1 megohm, R5 = 6 ohm
filament resistances.

In order to provide a comparison source of frequency for
the beat note, a vacuum tube driven tuning fork drive was
constructed as shown in Fig., 3. TF is & 435 cycle fork mounted
in a heavy steel frame. The coupling and driving units to the
fork were provided by two Western Electric phone units, Pz’

adjusted so that the poles of their permanent magnets werse



within 0.75 mms of the

tuning fork. The d.c. ==
@ﬁ g 33 TUBE
QOZH})OI}@nt Of platﬁ — :‘ . o :_’:’; : i TO BRAUN

currvant in the last | #

tube is about 10 méa.

|||||||

which would be L

TUNING FORK DRIVE

excessive for the phone
unit, Py. Therefore Feg 3
8 General Redlo Spesaksr Fllter, S.F. was insserted so thai
only the &.c. canponent of the plate cwrent flowed ithru
the plate driving coil, The output from this generator
was obtained across an impedance Pl’ sultably controlled
by & variable resistance RBQ This output was connected
to the second pair of plates in the Braun tube., It ia
interesting 40 note that with this srrangement, an & .c.
output voliage of 75 to 100 volis on no load could easily
be obhteined, as was the cazge also with the beat note
amplifier.

The other circult constants in the tuning fork drive
were: Ry = 0.25 megohms, Ry = 1 megohm, R5 = & ohm filament
resistors, R@ = 5 megohm variable grid leak to control the

13«

input veltage to the grid of the second tube, By = 0.5 megohms,

end Cg = 1 mfd coupnling condensers,
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4, Experimental Procedure:

A. Purification of Chemicels:

All chemicals used were obtained from the Eastman Kodsk
Co. in a very pure form. Esch was further purified as indicated;
Benzgene: Thiophene free benzens was stirrsed with several |
portions of conc. Hp804 until no further discoloration took
place. It was then washed with distilled water and dilute
NeOH solution and stirred with clean mercury for 24 hours.
The benzene was then dried over Pgos, distilled, and kept aver
metallic sodium. B.P;745 79 4=79 ,6°C. Benzene which was twice
frozen out over #ce before distilling showed no variation in
dielectric constant.
Toluene: Toluene prepared from sulfonic acid was stirred with
conc . HoSO0y, washed with distilled water and NaOH, and allowed
to stand over mercury for twe days. It was then dried over PgOg s
distilled and kept over metallic sodium. B;P.745 107.9-108.1°C;

Bromobenzenes The E. K. Co, produet was dried over P205 and

distilled. B.P 274 152"15506 ®

p=Bromotoluene: The E. K. Co., product was crystallized three

times end dried over conc. HgS0, in a dessicatlor. M.P. 26-27°C,
n=Propyl Bromide: The E. K. Co. product was dried over Py0; and

diStill@d ° B .P ° 68 .6""69 9400 ?
iso=Propyl Bromide: Same treatment as n-propyl bromide.
B QP o 57 01"58 nl )

Ethyl Bromide: Drisd over 9205.
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4, B, Determination of the Dislectric Constant.

In making dielectric constant determinations with the
previously described apparatus, a palr of phones connected to
the amplifier served to detect the beat note, With the switch.

S open, the beat note was ad justed by varying the condenser Cg
to & frequency approximately equal to that of the tuning fork;
Ry was adjusted so that the deflesetlion on the Braun tubs was
about 3 emgs, The deflection st right angles to the first, and
produced by the tuning fork drive, was adjusted to about ths

same value by thse controls Rs ani 38' If Cy is then varied
carefully until the beat note exactly sgquals that of the tuning
fork, the resulting Lissajou figure observed is either a straight
line or a circele depending on the phase relations between the

two frequenciles. Changes in frequency of the beat note as small
as 0;05 cyeles can be readily detecied, corregponding in the
preasent case to & change in frequency of the dielectric oscillator
of one part in leoV, which approaches the order of accuracy
obtainable with an interferometer. While such precidsion is nat
required in the measurement « the dilelectric congtants of
ligquids, it would be required in the sccurate determination

of the dieleciric constants of gases,

Closing switch 8 increases the capaclity of the resonant
gircuit and in order to bring the beat note back to its originsl
valus, Cg 18 readjusted, The change in Cy is then a measure of
the eapacity of Cq plus lead capacity. If a dielectric other
than air is now inserted in Cgo Cg is again sdjusted to resonance
and this second change in Cgz will be proportional to the dielectric
constant of the liguid used;
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In the present work, the dielectric constent of bsnzene
was used to calibrate the apparatus because 1t was to be used
as the solvent for 2all of the liquids whose moments were to be
determined . Absolute determinations of e Tfor benzene have
been mades by Williamsl, Hartshornag, and otherg, arnd a value
of & = 2,282 for benzene at 25° C. has Dbesen used in this work;

Since the beat frequency was always made squal to that of
tte tuning fork, the fundamentsl frequsncy, and therefor ¢ the
total capacity of the dielectric cscillator was necessarily
kept constant for all measurements since no other changes
ogcured in the circult. The squatlonsg for detlermining the
dielectrle constant of any liguid in terms of the dielectric

constant of benzene might then be writiten as follows:

031 = capacity of standard alr condenser, 8 = 1 for disl. in Cq »
Cgz = " " " ® ", @y= 2.288 for CgHg in C4
Cgz = 2 * = " " » 8o= ? for unknown,
therefore: Cgp ¥ Cq =K

Cgg * @104 = K

Cyz * ezcd = K Solving we obtein:
Cqy = C
e, = 1 + (e nl)-M (17)
2 i Cou = C
sl a8

Bge. 17 was usged in the calculation of dleleciric constants
of the solutions in terms of & = 2,282, the disl. constant
of benzene .

After sach measurement, the condenser was washed with
benzens, pumpsd out for ten minutes, and dry compressed air
pagsed thru it to remove all impurities which might contaminate
future scolutions uzed. All compounds were readily soluble in

henzene snd ne difficuliy was experlence in checking readirgs,
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4, C, Measurement of Mole Fractions, Density, Index of Refrsaction

The compounds used were to be digsolved in benzene, end
since most of these solutions differ from ideal solutions,
particularly at the lower concentrations, only these values
wore studied because 1t 1s the valuve of the polarization at
infinlite dilution that is of interest. The liquid to be
measuraed was carefully welghed in a volumetriec flask fitted
with a ground glass stopper; then weizhed again after pure
benzens bhad been added to mwake the total volume of solution
approximately 50 ec. The mole fraction of the poler liquid
in benzena could then he caleulated very accurately.

Density measurements on the solutions were made by the
usual pynknometer method imnodiately after the dsisrmination
of the dielectric constant. The pynkuometer used was provided
with grounde-in thermometer, and & glass oap with ground joint
to fit over the caplllary stem to prevent evaporstion during
the time requirdd for weighing. The temperature of the bath
in which the pynknometer was hung was regulated very carefully
as has been described in & prsviousg seclion.

The values of dens ity obtained agreed very well with values
takon by other observers and with values caleculated from data

in the International Critical Tables, Vol. III, p 27,

25 Table 1,
d4 Benzene Bromobenzens Toluene GBHEBr
Heasured 0.8735 1.48858 0 ,8623 1.4490
0&10 e LoC s 08734‘ 1 14'887 .8610
Willgenms (1) 8731 83593

Smyth (30) 1.4479
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Measurements of the index of refraction of the liguids
used were made with an Abbd refractometer using a sodium flame
for $llumination, In calculating the optical polarization, the
index of refrsction should he extrapolated to zero frequency.
In order to do thilg accurately, determinations of the index
of fPefraction would have to be made at various wavelengths
before the extrapolations could be made with certalnty. This
would reculre & Pulfrich refrectomster which was not availabla;
With this ingstrument, the dispersl on of ligqulds can be measmsed
with congiderable a2ccuracy.

®hle 2 compares the data taken from an average of ten
readings of N4 with those cobtained by Williamsl using a
Pulfrich refractometer.

Table 2.

Renzene Rromobenzene Toluene
Measured 1 .49784 1.58702 1.49398
Williams 1.49780 1.56711 149392

5., ZHxperimental Resulis snd Discussion:

Determinations of the dipols-moment of bromobenzens and
toluene ¥ers flrst undertaken to obtain the probable valus
of the moment of Br and CHjz groups singly before combinations
of the two wére studied,

The following pages give the resulis of the determinations

or. the various compounds studied with sn analysis of sach,
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Table 3 presents the resulis obtained for the

bromobenzeneé-benzene mixture.

Figure 4 shows the variation

of P12 with the mole fraction of CaﬂsBr in solution.

Table 3.
Mole
S
1,0000  0.8735  1.49784
9528 9068  1.50093
9002 9442 1.50444
8027 1.0113  1.51094
5711 1.1622  1.52542
0000  1,4885  1.55702
Py = 33.96
(= 1.69 x 10728 osu

Hojendahl8 obtainas a value

18

of (*= 1.56%10 73 caloue

lations from dielectiric

congtant measwrements of

31

Rerr™™ give (= 1.71x10'18,

while Williams®

obtains
a velue of (= 1.51x1071%
These values are in agree-

ment within the limits of

experimental error with that obtained by the author.

obtained for CgHgBr represents

Bromobenzene .

& P,,00. P,

2.282 26 .75 93 +25

2 .458 29 49 84,75

2 4640 32«16 80 .96

2,972 36,71 T7 24

3 . T27 45 .85 71 .28
I ; /t
. ///,////////

e
L~

35
O BROMBENZENC
C) P-BROMTOLUENE
: |

.8 0.7
MOLE FRACTION BENZENE

0.6 0.5

LY

Fip ¥

The moment

the moment of Br alone since the

reme inder of the benzene ring does not contribute to the moment.

The moment of benzene has been found to be zero by several

2
observer55 283

14 as solvents.
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The fact that benzene has & zero moment agrees also with
experiments on p-dinitrobenzens, sym-~trinitrobenzene, and
sym-tribromobenzense 8, all of which yleld dipole moments
which are not larger than the expe rimental error.

In thig connection it should be mentioned that since it is
PJ that is measured, and since Pé is proportional to (*1 s & small
value of (“ carresponds to a value of Pg which is so smll that
it may not be distinguishable from zero. Pa' enters into the
equation as s difference beiween P,, snd P3s both of which are
experimentally determined quantities, and an error in either,
particularly in P‘,a which is obtained by extrapolation, will lead

to & large error in (* for small values of this difference.

Table 4, Toluene.,

25 z5

éq'g ® &4 nd @ P12 Pa
66

1.0000 8735 1.498784 2,282 26 .75 35 90
9072 83720 1 .49725 2 294 27 482 33 .97
8019 8703 1 .495697 2.314 28 .29 34 52
6025 8679 1.49572 2 331 29 .61 . 33 496
0000 8623 1.49398 2,387 33,715 33 .75

“ bored
P2 = 31,08

(“ %2048 x 1078 esu  *
For toluene, the extrapo- . w
lated value of P, is some- e, //// /
what uncertain and the s - Bl =
final value of (” may be c/ TOLYENE
in error by 107. The above e ¥ 58 o oz 2

r9POLE FRACTION BENZENE
value for (« however agrees

with values obtained by 3.5

other observers.
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Williams? obtains (* = 0.52%10"8 wnile smyth & Morgan®

obtained & valus of m= 0.40x107:%,

The dipole-moment obtained for toluene represents the
moment o the CHy group attached to the benzens ring. From
the data obtained on toluene and bromobenzen®, we can now discuss
the results obtained for combinations of CHg and Br in the
cage of the following compounds.

Table 5. p-Bromotoluens.

gégé | div.s n§7,5 . P _
1.0000 8708 1.49784 2 .280 26 .80 118 .4
9550 9002  1,50010 2.514 30 .64 112.1
9039 9363  1.50330 2,765 34 41 106 .0
8352 9816  1.50780 3,097 39,13 101.6
5018 1.1721  1.52619 4 466 56 .86 87 .14
0000 1.3993  1.54768 s - —
Py = 24.51
18

(= 2.3 x 107 esu
If the steric effect is negligible in the para form of
the di=substituted benzene ring, then we would expect a strictly
additive result for the moments of CH3 and Br.

18 = 2,18 % 10“18 by vector addition

o=18

(= (1.69 + 48) x 10°
= 2.3 % 1 measured .

The agreement obtained is remarkebly close,

The sign attributed to the group polsrity results from the
charges on the atoms forming the group and the sign of the moment
is taken as positive when the vector passes thru the negative
to the positive pole of the group and points outward from the

center of symmetry for ths molecule,



28,

In bromobenzene, the bromine atom is negeatively charged
with respect to the adjacent carbon atom in the benzene ring,
In toluene the hydrogen atoms are positively charged with
respect to the carbon atom in the CHy group. If this éf the

case, then the moment of p=CHCgl,Br should be y
the algebraic sum of the moments of CH3 and Br., (:)
A check on the correctness of this conclusion )

may be obtained by analyzing the results of other 4
investigetors on similer compounds ., williams® obteined a value

of (*=3.90 x 10”18

for p-nitrobsnzene

and (~ = 4,50 x 10-18 for p-nitrotoluene

The difference between these two values, 1e(w = .60><J.0"'18 should
represent the moment of toluene and agrees within the limits of
error with the value obtained by Williams andvthe author for
toluene. While agreement is not ag close in all cases, the
general theory of vector additivity is seen to hold. Other
cases which have been treated with success are p=chloronitro-

benzens, p-bromonitrobenzene, and p-nitrotoluene.

Table 6. n-Propyl Bromide.,

géﬁé a® no” s Pio 2,

1.,0000 8735  1.4978¢  2.282 26,76 107.,1
9554 8939  1.49438  2.512  30.01 99 .86
9193 9118  1.49199  2.698  32.38 96 .51
8995 9209  1.49062 2,796  33.57 94 .62
8245 9567  1.48535  3.193  37.93 90 .45
673¢  1.0285  1.47497  4.013  45.18 82.18
0000  1.5456  1.43197 e - e

P2 = 25.71

M= 2,00 x 10”18 egu



294

~
-

H /
CH3 H y

Orsom =

7
/C\ - & N 6 P, ‘// n=PROPYL BROMIDE
H H 7 / -

70 0.9 0.8 0.7 [ X3 0.5
PMOLE FRACTION BENZENE

~rg. &

Tﬁe structure of nepropyl bromide might be represented
as shown, In this case we would not necessarily expect the
Cﬁg and Br groups to lie in a plans. However the moments
of these two groups should be approximately additive and

=18

the value of M = 2,00 x 10 is falrly in accord with the

sum that would be obtained by vector addition, namely 2.,17x10°18 ,
This difference may be partially explained by assuming that

there i3 an angie betwsen the vector moment for CHz and Br

but the interpretation of this angle, which is small, would

be rather uncertain,

The only check on the resulis obtained for n-propyl
bromide is found in a calculation made by Hojendahla on the
basis of dielectric measurements on vapors at 100° made by
Pohr154 in 1913. Calculation gives & value of /4= 2 ,15%10°18
on the basis of these earlier and possibly somewhat inaccurate
bridge measurements. The check that is obtained however is

close conslidering that one set of meesurements was made on

dilute solutions and the other on the vapor of the compound.
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Table 7. iso-Propyl Bromide,

hc&.g. dﬁs n§5 & Pyp P2
66
1,0000 8738 1.49784 2 .282 26,75 124 .3
9358 «8013 149231 2 687 32 .07 109 .6
«8988 «9186 1 .48950 2 .884 34 .68 105 .1
o 79328 '.9660 1.48128 3 538 4] 43 97 74
G097 1.0470 146720 4,758 50,76 88 .27
;0000 1.3040 1.42267 e o -
P; = 24 .C0
(= 2620 x 10728 egu |
The structure of iso-propyl bromide might be represented
as shown. According to this ,7\2"7
view, if the angle between the Cﬂs\ /Cf/3 . :_1' )
three vectors were each 120° and C\ N
all lay in one plans, then the B,n, i /.69

resultent momeni for the molecule
would be that due effectively to one CH3 and one Br group in

018 on the

g line, This sum has been shown to be 2,17 x 1
basis of the measurements on toluene and bromobenzene, and

is in close sgreement with the value obtained above for this

molecule .
The data on ethyl bromide is presented on page 31.
15T
ite structure may be written as’
3.5
H Fa _
|
Br —<¢ = C /9/3 30 e
| ETHYL BROMIDE
A q
27 L
1.0 Ogs o.9¢ 0.85

IMOLE FRACTION BENZENE
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Table 8, Ethyl Bromids,

Mol

CeHg az° n20 e Py P,
1.0000  .8735  1.49784  2.282 26 475 101.7
9514 L8966  1.49423  2.548 30.20 o7 73
0212 L9125  1.49210  2.687 31.75 90 .23
B745 9344  1.48904  2.915 34.16 87 .62
0000  1.4490  1.42122 - - o
Py = 19.09

¢ (“" = 1,98 % 10-18 SHU e
If the configuration as shown on page 30 is assumed to lie
in a plane, the moment of this compound would be the same

18

as that obteined for p-bromotoluene, (*= 2.13 x 10 ~, and

agreement is obtained within 7¢. Hojendahl calculates the
value of the dipole mement for this compound to be 2.09x10“18
ug ing the vapor data of Pohrt as msntioned in the case of
n=propyl bromide. Smyth & Morganso obtain a value of
(= 1.86 x 10-18 for ethyl bromide in a hexane solution.
They used a bridge method for measuring the dlslectric constant
end also investigated this compound at several different
temperatures .

The author is indebted to Dr, R, A, Milliken and Dr.
L. C, Pauling for their assistance in the carrying out of
this work; to Mr. F. J« Ewing for the care that he took in
making the chemicaly purifications; and to Mr, We C. Bruce

for experimental assistence.
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6. Summary:

A brief review of the Debye theory of dipols-moments
is presented with a view towerd interpreting the structure
of certain organic compounds. A discussion of a new theory
for constant frequency osclllators is presented which will be
of interest in the adaptation of the apparatus to the msasure-
ment of the dielectric constants of gases. A constant, frequency
dielectric oscillator has been developed together with the
associsted heterodyning oscillator, amplifier, tuning fork
drive, and Braun tube oscillographic circuit,

The second part of the investigation considers the relation
between the dipole moment and the structure of the molecule., It
iz found that the group moments of the aliphatic compounds
investigated, namely n-CHzCH,CHpBr, iso-(CHS)ZCHBr, and CoHgBr
can all be aschibed to the vector addition of the moments obtaired
for CH, and Br in the mono-substituted hydrocarbon, benzene .
n-propyl bromide is & pliable molecule, ie free rotation can
occur about the single bond joining the carbon atoms and so
accounts for the moment obtained whic 1s'slightly lower thah
the algebraic sum of the separatie moments. The moment obtained
for p-bromotoluene is in excellent agreement with the vector
addition which would be expected for the case of the plane
hexagonal benzenes ring. A list of the dipole-momentis obtained

includes: Molecule (*xloleas.u
Bromobenzene 1.69
Toluene 48
p=bromotoluene 2.13
n=Propyl Bromide 2,00
iso=-Propyl Bromide 2 .20

Ethyl Bromide 1.99
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