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I, INTRODUCTION
1. Preliminary Considerations

By taking into consideration the contribution of electronic
displacement anl molecular orientation to the polarization of a
, 1
dielectric, Debye has arrived at the following expression for the

dieleoﬁri’c constantsi=

K-1 . 41 M
/<-f;;_ A/(E 2 ﬂ fL/a +‘§ﬁ7—) (1)

Now at a given temperature T, all terms on the right hend side of
this expression are constant except N, the number of atoms (or mole-
cules) per unit volume., This, however, is proportional to the dens-
1ty. Furthermore, we may multiply both sides through by M, the moleo-

ular weight of the dielectric, and thus obtain:-

K= M_ p -
K+ d o (2)

ih whieh P is the xﬁolecular polarization of the dielectric. Experi-
mentally, 1t has been found that this expression quite closely
describes the behavior of liquids such as benzene; that is, non-polar
liquids, But it has been tshmrm2 that, in the case of polar iiquids
(water, alcohols, etc.), and in the case of solutions of polar liquids
in non~polar aolvents .the expression does not hold at all,

When & solution is used as dielectric M of equa. (2) must be re-

plaoed by the weighted molecular weight of the solution, That is, the

1. Marx, Handbuch der Radiologie, 8, 614 (1925)
2. Ibid., 6, 628 (1925)



the molecular %eight of the solution is cdmputed‘frbh the ielation
R M+ MC,

where M; and M, are the ﬁolecular weights, and G, and C; the mole
fraction concentrations of the aolvenﬁ; and the solute, respectively.

We then have instead of (2), the relstion:~

k= €+ MaCa p | (3)
- K+2 ' '

On the basis of the additive law the polarization P of the solution
is made up of two parts: one due to the solvent, the other due to

the solute; thaﬁ is
p=Pct+hRG

(¢)

where P and’P8 are the molecular polarizations of the solvent
and the solute, Tespectively. Pl may be calculated from data on the
pure solvent, and knowing 0,, we have PlCI. P may be calculated
from the data on the soiution, using (3). Hence, since 02 is also
known |

g P=R&H

2 @ )

2 ‘ (5)

'Debyea, and one of his studenta,4 have shown that the molecular

polarizapioﬁ P8 depends markedly on concentration., This behavior is

usually att?ibuted to association changes, It was suggested by Debye
_that‘the'polarizafian Pz would approach that polarization correspond-
ing to the unassociated state as the concentration C, is made to

approach zero; that 1s, he belleved that association would diéappear

as the concentration of the assoclating molecules approached zero.

3. Marx, Handbuch der Radiologie, 6, 627-833 (1925)
5. Polar Molecules, Debye: p. 49, 1929 ;
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Thus the solute, at sufficiently small concantratidns, should approach

the behavior of its vapor, The limiting value of P, for the solute

might bs obtained by plotting & curve of polarization P, versus concen-

tration 02, and extrapolating from this curve to zero concentration,
This limiting value we may call Po' . Then if Pb represents ths polar-

{ization et infinite dilution at temperature I, we should £ind that
(B_A)T: D ' . (8)

wheie Bis a oonstant reiated to the electric msment of the molecuie

b o , B - -; :

y e 127 X 10%° VB
. (7)

end A is the molecular refraction.

2. Previous Inveétigations

A survey of the avalilable litefature on the subject reveals two
1n£eresting points. First, so far as the writer has been able to
determine, there has been no delibsrate attempt to measure the dielec-
triec comstant of sdlutiona of polar solutes in non-poler solvents at
such concentrations of the solute that %he number of molecules of
solute per unit volume was comparablq $o the numbér of molecules
pér unit volume~of vapor at atmospheric pressure or less, It seems
reasonabie to suppose that, since the~extrapélation of the P, Oz
ourve to zero concentration 1s apparently Juafified by the close

6

agreement ' between the eleotric moment observed for the vapor and

that calculatad frﬁm the valua of ? obtained from the extrapolation

6. Stranathan: Phys. Rev., pp. 653-671, Vol. 31, No. 4, Apr., 1928;
Williams & Ogg: J. Am, Chem. Soc., 50, 94, 1928,

3..
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wevahould.find a,ouqtinu&tioﬁ of the anooth,curve when the polarizations,
Ps, of‘aolutions of dxtremely low concentration Gz,,are ﬁaasured(and :
plotted.

Stranathan® obtained reliable.data at lower concentrations than
‘had been used by any previous imvestigator. ‘That his valueﬁ of P, were
well dafined is shown_by the close agreement betwéen the electric“moménts
of a given solute calculated for different temperatures,‘and'by the close
agreement of the momants thus caloulated, with the moments obtained from
vapor data.k‘HowQQer,vbécahse of exyerimentai difficulﬁies his points at
- lowest ccnbentrations showed @ tendency to deviate from a smooth curve,
and while thay'were not ihconsistent, they were gilven little weight by him.

Extensivé inveatigatibns of such solutions have recently been
made by Williems and Ogg.’ Results obtained by them have led them to
state that "thé values of the eléc@ric moment for the solute molecules,
calculated from the dielectric constant and density data in various
non-polar solvents, 1s’quité independent of the solvent useﬁ.ﬁ Howi-
...evef, their wofﬁ using‘polar liquids es solutes was done ét relative-
'lykhighkeoncentrations, in no cnse less than .l mole fraction ofjaolute,v
In several instances they used substences which were so sparingly sol-
uble in the solvents used‘that the& wera forced to ﬁork at exceedingly
low cpncentr&tiong. In these cases they did not calculate PB' Using
their data, the writexr las caloulated P, for these suﬁsﬁahces. When
these daté were piotted i1 the usual renner very striking‘curVes wére
obtained, asvnay be asen bn’page‘s in which P is plotted égainst the
correaponding Cy for Benzole acid in carﬁon disulfide. It will be seen
later that this curve‘ahoﬁs an effe&t which agrees with some observations

made by the writer.
‘7. Jour. Am. Chem. Soc., 50, 94 (1923)
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We are led by such behavior of the curve to draw one of two con-
clusions:~ (1) thet'there'is.;n5ths maéhod or apparatus one, or more
systematic errors which, because of the magnification of such error
at low concentrations, vitiate the results; or (2) associaiion.’
changes are not eliminated even at these low ccnéentrations; that
is the solute when dissblvadvin a liquid does not behave in the same
manner as where it is in‘Vapor state.

'Other workers hawe inweatigated the behavior of binary aolutiohs,
but none has worked in the region of such extremely low Gy

A second point cfjinterestiis that in general'there.is rather
poor agresement between the values of eleafric moment of soms polar
liquids es obtained from'hbaéurements in which different ndn-polar
solvents were used., This, however, msy be due to the fact that these
values of eléctric moment were obtained hy'difrerent workers using
different epparatus, and not to the use of different solvents. Will-
{ams and‘hié so-workexs have obtainad good agreement in electric mom-

ent of & substance using several different solventa.

5
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3. Purpose of Present Research

In view of the conditions which were reviewed in section 2 of
infrodﬁcﬁion; 1t seemed desiiablé that en effort be mede to determine
Whethef or not‘the electric moment'of éqma polér liqpid wéfevindé—'v
pendént‘dfkthe’sélfeﬁt in which it was dissolved. The writer undexw
fook to use ethyi alédhoi as the polar lidﬁid,'and o0 use as solvents
three 1iquids which are égnérally cénaidered %o be non-polar: benzene,
carbon tetrachloride and carbon disulfide.

In view of the results obtained from the first series of measure-
ments (to be ednsidered in aétéilvin sectioﬁ:ﬂal the original purpose
becamé'éubmérge& in what seemed & more important one. .It secemed
desirable to develop a method by which precise measurements could be
made on solutions, such that the number of molecules per unit volume
of solute in the solution was comparable to the nnmbef of molecules
per unit volume of the vapor st ordinary preséureé"(l atmosphers or
less). This made imperative the design of apparatus and development ‘
of technique from which systematic experimental errors were eliminated.

The first serles of meaauréments indicated that accurate measure-
ment or’the dielectric cénsﬁanﬁ of solutions of Cz ¢ .001 mole fraction
would be absolutemy necessary in order to determine whether the effeéts
which had been observed were due to systematic error or o unexpected
association changes at these low concentrations of solute.

In order to be able to caleulate the molecular polarizations of

the solute at such extramexy low concentrations, it was necessary to

knowkthe densi ty of these solutions to a far greater degree of yreoision

than that of any reference on the subject with which the writer is ac~-
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quainteds Thus 1t was necessary to measure the density of dilute

solutions of athyl alechol in the three solvents nemed above.

II. EXPERIMENTAL PROCEDURE AND APPARATUS

1. Desoripﬁon :o’f( Apparatus

This work may be divided intd‘three practically separate parts
80 far as experiméntal pmceduiﬁe and method are conerned. ‘With
reference ta’ ea’éh of t‘her’:se divisions f;l‘ler,eﬁ‘iil be considered a
separate set of data.k' . |

- It was recognized that e relatively small error in the initial
measﬁremént .or )e’;.’f.thér the diélectric constent or density becomes
| gréutiy'magniﬁeé during the pi‘ocessf‘o:l%" caloulation, end that the
most precise method available should bo used. In view of this the
heterodyne beat methoda was selected for the measurement of the
dielectric constants.

A dia'grénn of the appamtua is give.n in Fig. 1. ‘It consists of
two Ahigh"freqﬁenéy oselllators I.and IIXI, the frequehydy of one of which
is maintained éonétanﬁ ‘at about 106 eycles byr means of a .quartz erystal,
The fiequeney of the other oscillator is adjustable at will by variable
condensers, ”Ih ‘praéti‘ce the freqneney of this oscillator is adjusted
accurately to 1000 eyceles less than that of the other. The electric

impulses from these two oscillators are impressed simultensously upon

the grid of the detector by means of the floating grids Giand Gy, The
8. Zahn: Phys., Review, 24, 400, 1924, .
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beat note frequéncy'ia emplified by one stage of audid emplificution.
Thia amplifiéd beat note togethér’with the note from an electrically
driven tuning fork is passed through another stage of audio smplifica-
tion and the beat note between these two notes is 1mprassed on the
telephone receivaer T, Obviously, the frequency of the variable os-
cillétor can always be brought to aifixed value by bringing the beat
note between the fork and the beat note between the two oscillators

to zero value by varying the capacity of the second oscillatony cir-
cuit, The entire apparatus was housed in three separate metal boxes
ag indicated 1ﬁ the diagram, Thus the oscillators were shielded both
from one anothervand from external influences. The oscillators were
run from separate batteries which were new at the beginning of a series
of measurements,

The $est condenser GT was eompletel& submerged in & thermostatic-
ally controlled water bath. This water bath consiated of two separéte
metal boxes, one within the other. Space between them provided for a
flow of cold water’in’oase the room temperaturs exogeded the tempera=-
ture of the inner bath.

Se#eral forms of heaﬁer were tried. A coil of bare wire was dis-
carded because the electrical influence communicated either thropgh
the water or magnetically to the test condenser caused measurable fre-
quency changes, \hen an attempt was made to insulate this heater elect-
rically a very large temperature lag was observed in the bath., Finally
a 40 Watt incandescént lamp was found %o ﬁa axactly suitable. The

temperature of the bath was very constently meintained at 25°C + .10,



Three differvent schemes were tried, each of which required a
different arrsengement of the condenser assé%nbly which is enclosed
in the dotted rectangle in Fig. 1. In thé first scheme only eon-
densers Cj, and Oy, comnected in parellel, were used. Op will be
desoribed below, CP was a General Radio precision condenser, type
222, No. 1074, having a maximum capacity of 1500 m.m.f. Any change
in the capacity of this parallel arrangement due o the introduction

of a different dielectric into CT could be compensated for by a

'chang‘e in OP. Since it was found that the greatest possible precisim |

with this arrangement was inadequate, a second scheme was tried.
It seemed-desirable that an arrangement be used such that a
very small chenge in the capacity of Cq, would make a very large

change in-C neugasafsi? for campensation. The arrangsment éhown in

P
‘ Fig. 1 seemed to offer the best solution of this problem.

: prand Cyp were the same condensers as used in the first scheme,

Cq wos a var;able air condenser of exceptionslly rigld construction
which was kept at a fixed capacity throughout the period of its use.
Ca
c' A Was inserted in the ayatém merely for the purpose of increasing

'
and ¢ , were also variable air condensers of rigid construction.

the total oapacity of the system which had been greatly reduced by
the use of the series arrangement. C, was sét at a value exactly -
equal to the capacity of OT‘when the pure solvent. v’,as used as the
dilelectric. OA was connected to the circuit by means of a switch
which was so designed as to eliminate thé possibility of changes in
that part of 'ghe total capacity which was due to the switch itself.

When GT was not connected G, was connected, thus providing the

114



necessary capacity foroscillation of the eircuilt, and Op was set

at its meximum usesble value, When CT was filled with a solution

A
was then due to the change in the capacl ty of GT which change was in

and connected, G, was disconnected and any change necessary in Gp

turn due to the amount of solute present in the solution, From the
change made in G, the change in Cp could be calculated; from.this,

‘and from the previously determined value of C_ when the pure solwent

T
was used alone, the d.teléc@mc constent of the solution could te cel-
ohlated.

During 8 series of méasurements made ‘with this second arrangement
of condensers, much trouble was experienced because of uncontroliable
.drift in the frequency of the oseillator, It was found impossible to
obtain consistent readings since it was oonsﬁantly necessary to alter
the ﬁettinghqf;OA.

It was diffioult to locate the exact cause of this change in the
zerb’peint ainée several poseibilities were present., It was necessary
to remove the test oondenéer fiom the bath 1ﬁ order to empty it of one
- .solution, -dry it thoroughly and refill it with the next solution. Al-
.g;ough every precaution was observed to avoid bumping the condenser
‘againat the leads, 1% ﬁaa possible that some change was causedlin this
mannar;‘ ¥When the condenser was removed and replaoe@, the #ery:ﬂightest
:6hange 1n position of the condenser, indeed, even the slightest rotation
of the condensexr about a‘var& rigld vertioal axis produced measurable

changes. It is believed now that temperature chemges in the room

‘were ulso causing trouble but these were not detected until the abdove
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sources of ‘errér were elimineted. .

In #he thirﬁ’éoheme, the SQme condenser arrangement was used
'ag that of thq second acheﬁé except that it was noJlonger necessary
%o we 0y, The test condenser Gy was festened vesy rigldly to the.
bottom and‘sidas‘of the'metal water bath, A small copper tube was.
attached to the drain plug in the bottom of the test condenser,
passed through the bottom of the water bath snd thence through the
1@239 shield box which contained the entire weillator and conden-
sér sysfem,. it was thus poaéibie to £ill, drain and dry the test
oondenaer withogt«diaturbing iﬁs ﬁoéition’or connections in any way.

;}Theztest‘eondenser is shown in Fig, II. It consisted of 3 ﬁieees

of brass tublng earranged ooncentr;cally.] The twg‘outer pieces wers
soldered to a hrass ring at»either,end, while the inner cylinder, the
, inauléted plate, was‘supported at each end‘by pyrex glass insulaﬁbrs
as shown. The‘insulated lead wire to this plate passed through a
1arge hole in the uppér ring and through a piece of brass tubing
which was shrﬁnk on to‘the-g1ass insulator. through which the lead
wire paésed, DiametricallywpppOSita‘to’this lead wire tube wes a.
£111ling tube and*siightxy ta ona aida,of this was a small tube which
Waavopened_when £i1ling or dryiﬁgaihe condenser. This sméll tube
served to allow‘the escapa of bubbles which weré donveyed to it by
a small v-ghaped groove on the‘iﬁner surfgce of the braass ring. This
, vashéped groove also served %o prevent the gathering of bubbles'be-‘,
tweeh,the upper edges of the plates sincé the center of the groove was

well above the top of the insuleted plate.
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N A drain tube was aoldered 1nto the bottom ring on the opposite
side of the condanaer from that of the filling tube. When the con~
densqr_wag placed in thg'bgth, ;t was not placed vertically butkat
a slightkanglé with the vertical. I# this way the drain hole was
made the lowérmost ppint at thg bottom and théyfilling tube hole was
the uppermost point at the top. .

The teat condanser hed a liqpid capacify of approximately 93 cc.
Its electrical capaoity with air as dielectr&c was 294,75 m.m.f.

A section of brass tubing having an outside diamete: equal. to
the inside diameter of thektop an@vbottom rings of the‘teat oonden-.
éer was securely solde?ed to the boftom of the water'bath at the
angie at which the oondégser_wgg to ait’in the béth.’ This tube wes
qamplately perforated with lérge holes to allow forkfrea oirculation
of water through and éround‘it; The‘tast confenser was placed in
the bath by slipping 1t over this section of tubing, and thus was
| always.:gplaced in axagtly‘the,aama position eaohltimeuand_waa held
aacurely in thisg poaition. | .

- 8ubstanoes Studied. It was proposed to use ethyl alcohol as the
polar liquid and %o use as the non~polar liquids, benzol, carbon
tetrachloride end oarban disulride.‘ Pure 95% ethyl aleohol was dried
Just befére‘it was needed‘for a series of measurements. It was boiled
over 0a0 for 24 hours end then distilled, the first and last portions
qf_thg distillate beipg rejecpad.b'nb signs of coloration were ob-
ger#ed vhen same of the dried alcohol was allowed to stand in contaot

with oarefuily dried CusO, for several dsys. The benzol, carbon
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’oetr&chlo;*ide and carboxi disulfide were Mallinckrodi's regﬁlar C.2.
’ quality.\ No fufﬁhér effdrt'wa$ nade to‘dxy ﬁhese s;nce it wes belleved
that the small amur;t of water present would not effeat the results.’

‘;, It was necessary to determine very accurately the relation between
den'ai’cy and gonoentmtion pver‘fhé i'ange of coneentrationé to be used.
Several methods were 'bried, by far the,mos’b precise of which was that
in which & specially designed pyknometer was used. This design is
dua to Pa;'ker and I’arkerg, the general-sehemé of which is shown in
;Fig.-'l;I’I,“ o | |

‘ i’ha balance o‘n_.which all the welghings of solutions, both for
density ‘audw‘dielectrie castant measurements, were made was Very
carefully selected, It was & large Paul Bunge balance having a mexi-
‘mum load capacity of 1l kg. in each pan énd a gensitivity under mexi-
mum load of .1 mg. ,The balance was: .uséd‘bo'n a stone pier.

A new sat of gold platéd‘weights‘waa célibrated especiélly for

end used throughout this work.

2, Gelibmtion of Apparatus.

The precision oondensez; c p used in this apparatus hgd heen
previously calibrated ‘with special care by Knowles and Straneathan.
This was accomplighed by measuring the’oapaoity change for évery hun-
dred diviai’ona in terms of a fixed interval on another similar pre-
c¢ision condenser which waé placed in perellel with 1%, ’_ The worm gear
was checked at 10 points in a simllar man’ner. Capacity changes as

measured on Op should be in error by less than .06 m.m.f. at all

g. Jour, Phys. Chem, 29, p. 132, 1925.
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points between 300 and 2400 scale diviaions.

Since the changes in capacity‘ to be measured were quite small,
.an air condenser was rplaoed in series with the precision condenser,
Neither terminel of this series condenser Gskuould b grounded in

usae, It was found by Knowlesjfo

that the capesity of a condenser
when used in this manner wgs quite different from its capacity when
"used with one set of platas gmunded. He found that an entirely
different methodl was necessary for the evaluation: of the capacity
of a oondenser when used in this manner. This method was followed
in evaluating the capacity of Cg4 usad in this apparatus.

The napacity o:f’ ‘bhe test condenser with air as dielec’sric was
measured by breaking the connection to ¢' A and shorting across Cg..
G‘J‘.’ was then diractly in parallel with Gp, as uaed in the first series
of measumments. »

| In order to measure the distributed ‘oapaeity, that is, that part‘
of OT which is not changed by a ohange in the dielectrie, the i‘ollow-

1ng prooedm:e was followed:

Ky = .A. =z 1.000586  where
. o

OA is the capacity of the condenser with air as dielectrio
Oy is the capacity of the condenser with vacuum as dielectrio
Kais dielectric constant of air.

or O, =__ % - so2.08 - 302.02 (approx.)
1.000556  1.000536

Now aasuming the dielectric constant of benzol to be 2.273, at 259,

10. Dootor's ‘I‘hesis, K. U.. 1951
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we havse
| 2,273 - 677,14 - d

- . 302,02 - 4
in which d is the distributed capacity, hence

d - 9.35 e T34 m.m.i}. .

3. Experihentél P&ecéﬁurg

The dansityuconcéntrafiohkrelatiéhship for edch type of
‘solution was determined from a distinct set of solutions made up
especialxy for the density determinations. The dielectric con=
stants of these solntions were not measured. The set of solﬁtioﬁe
comprised 8 to 14 differenx solutions at regular intervals within '
the range over which it was expeoted to measurs the dielectric con~ |
afénts;‘l ,

’ Ehch of theae solntions was weighed and mixed in a glass stoppered

: bottle which had been previously thbroughly cleaned and dried. Seven~
of these bottles were used, each being numhered so that successive
weights eould be chéokedxéndythué any chéngé in weight of the bottle
readily detected.'uAll these béttles were dleéhed and dried ahd placed
inside~the,baiance case aﬁ,laast five houre before aﬁy weighing was
attampted. Thia was absolutely ngceséary in order that the bottles
be in temperature equilibrium with the balance when they were weighed.'

After the bottle was weighed tha required amount of aleohol was
introduced into the bottla fram‘an aix tight dropping bottle which was

also kept in tha balance daae. The weight of this aslcohol was quickly
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detérmined the ﬁénzol added immediatexy and the mixture welighed,
The mixture was thoroughly mdxed by shaking and then introduced into
the pyknometer, The pykncmeter was completely filled to the level
of the top of the short tube, It was then immersed in the constant
temperature water bath where it was left until complete temperature
equilibrium wes attained, The level of the liquid was adjusted to
the scratch mark on the tuhe on which there is but one mark., Then
the height of the 1iquid in the tube ebove the bulb was noted while
the pyknometer wis held in the bath. Then 1t was removed, dried
thoroughly‘and weighed, Since the volume of the pyknometer was
known end since the graduated capillary had been calibrated, eny
variation in:the height of:the 11qn1d in‘the tube could be corrected
for, and hence the;deﬁsity calcuiaﬁed; '

A qur#e wes plotted using density aqurdinate and mole fraction
concentration as absciséa. From the '‘slope of this curve the rate of
ohaﬁge of density with concentration was determined. The seme
procedurﬁ was followed in tﬁe case of the ethyl alcohol~benzol, ethyl
aloohol-carbon tetraohloride‘and?éthyl,alooholuearbon disulfide curves.

The method of preparing Qolutions,‘the dielegtric conatanta'or
wﬁich were measured, was exactly the same 88 that described above for
density dsterminations,

_ Several hours before a series of ﬁielectric constent measuremenu:
was to be made, the oseillatars were turned on and the stirrer of the
water bath started (the bath was held at approximateay 25°G even when
not in use‘) Thus it was determined thet there wes no drift in the

frequency of the oscillators due to warming up of the apperatus. In



gaheral‘there was alwaye a slight drift in frequency, the cause
of which was unknown at the time of the firat peries of measurements.
It was believed that any slight drift could be corrected for by ad-

Justment of Cy.

First Sériéa of Measurements.

In the first seriea of measuxements, in which no series conden-
ser was uaed the oondenser was thoroughly dried after washing with
pure solvent, by opening all vents and blowing through it a strong
current of heated air until it wes ‘cartein that mo traces of the
1liquid remained. The émpty.éondénser'was then placed in the bath,
allowed fo a§tain temperatura'eqﬁilibrium and,itg dapacity neasured.
It was then removed from thé'bath”, £i1led with solution, replaced in
the baﬁﬁ‘énd allbwed to come to the temperature'of the bath., The
eapacit& of the condenser with theVSblﬁtion as dieleetrie was then
measured. | _

The inéulatad plate of the test condenser was conneoted to thg
apparatus by meéns'of a short piece of flexible wire. This could be
disoonnéated or connected easily at will,' When the condenser was
placed in the bath this insulated lead ‘was left unconnected until
an aocurate .setting of the precision oondenser hed been made, . This
Betting was found to remain practically constant vhether the con=
denser wers ampty or rilled end hence was taken as & zero r;ferenee
point, from which the smount and rate of drift of frequenoy of the
6scillator could be 6bserved.b'The insulated lead was'then'oonnedted

and another acourats setting of the condenser was made. - From the

11, Often absolutely constant to the degree of acouracy to which
measurement wasipossible with thipg condenser arrangement.
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differenoe oi‘ theee two se‘btings the capacity of the test con~
deneer could 'be calculated ana from thie tha dialectric constant

of the eolution was j.found,

, "Seeand Series of Meaeuremexi’c_e.

In this series of meesuremente, a methad_ which might be called
a method of _auccessive ‘dilutione was used in the weighing and mixing
of eultitione ¢‘ Thie consisted of weiﬁing a relatively large amount
' of alcohol mto a bottle and edding to this a correspondingly smaller
amount of benzol. . Thia eolution was 'bhe "first dilution", and was
'ueea. in the gema xmanner as the pure aloohol hed been used in the first
ee:riee. of courae, the exact pereentage of aloohol in this solution
was knom cnd Leuve tb.e actual amount of aleohol in the suceeesi_ve
"second dilutions."

The advantoges of the above method of mﬁxing eolution are, . first,
vthat the amount of alachol whieh evaporated ﬁuring mnipulation was
a smeller fractian of the amount used than was the case when pure
alnohol was used and second that a given error in the weighing
introduced 8 smaller percentage error in the computed anount of alco-
hol. Errors in the amount of benzol used were relatively unimportant
because of the large emounts ueed. 4’ |

In th:ls eeriee of measurements the. attempt was made to use the
euxiliary eox;denser C,, the capacity of which was equal to _the capaeity
of cgplwith f;)uresolvent as the dielectric. It was hoped thus to measure
only the small chenge in capacity of Op, A,c’rr due to the change in

oonoentretidn of the alc‘ohol in the eelution. This change AGT was,



o
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in the more dilute solutions, & very amall one. |

Now it was absolutely neees‘aary that this smlyi change be
very preeisély measdred. In thé aeries arrangemeht of éondensers,
a very small change in the uapacity of CT nnde necessury a8 com-
paratively 1arge change‘ in the capasity of Gp, especially in the
case of the most dilute solutions. \

in the measurements, the apnaratus was seb at zero beat with
Gy eonnected, and GT filled with solution in place but disconnected,

by setting Gp near its maximum, ‘The reading of C, was noted.  OCOp

‘ P
was then connected and oAdiscanneéﬁed., In order to compensate for
the difference betweén the capacity of GT with a solution 'eontaining
alsohol, axl OA, it was necessary to reset Cp. . Erom‘A.Cp, A Cp ;

was ca 1culated. :

‘I‘hird. Seriéé of Meaauréments.

For the third series of meaaurementa a 1arge amount of pure
solvent, of same purlity as used above buf all of the same nanufactm'-' =
erts lot number, was obtaingd. In cr;ier to further assure its
ﬁnz.roz-mty, thi's. was all poured into a single large bottle end
thoroughly mixed. Othemisa the same p'rocedure‘ és de’ser'ibed above .
was used in the mixing of'aolutitm’s. Also the same apparatus was
used and same procedure followed in the measuremenﬁs of dielectri.c
constants except that C A was not used as a rererence poin'b. Further-
more, the test condenser wes fastex;ed permanently 1;1 the watef bath |

as de#cribed above. Instead of C,, the test condenser ﬁ];.ed with
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pu:fe solvent ﬁaé 1tself used as the reference point, in the follow-
ing manner. | | ; | |

'Befo\rés: any meaatireni‘ents on ‘solutiqna were ‘made, G, 5 Vas a1 scon-
nected and Cg4 ﬁas. Ve‘horted' f1om the circuit, This changed the cir-
éuit babh:, to the afrangeméht as usﬂed‘ in the firs’c‘Ase'ries of measure-
men{:s; | Thé test eoy‘ndense,r, '.G'I."' wyarys thoroughly dried and 1ts capacity
when empty waa'maasured. It was then' filiaﬂ with pure solvent ‘and
ita eapacity again measured. This procedure was repeated several
timea and the a'mrage values of GT empty and GT pure solvent were
used in aubaequant calowlations, ‘

The ‘best condenser was fillad with pure solvent and an accurate

aetting of . made, It was ﬁrainad, dried and ,filled wi.th ‘solution

?
imediatelyg A second accurate setting of Op was made, It was

sgain driéd, refilled with pure solvent, and the ;’irét setting checked.
It the settings of o, 1n both ceses in wWhich pure solvent was used

we ra idéntical, ‘it seemed a safe assumption that no drift in ,grequéncy
had ocourred in the 'int'e‘rva‘l between these ‘xﬁéasurements. | From the |
difference batween the séttings of cpmégf; Op was filled with solutim
and when £illed .}vith jg.mre‘-'solvant, JaN GT’ ‘the chénge in the cépacify
of C,

T
caleulated, This calculated & Cp was added to the cepacity of Oy

dus to-the presence of a given amount of alschol could be

when pure splvent was used &s dielectric. This gave the actual

capacity of G'I' when the given solution was between the plates,



| III. DATA AND CALOULATIGHS

Firat Seri es

The polarization of the pure solvent was caléﬁlated from the

expression

Al

In ‘the cese of benzol

Py = 2427297 = 1 78,048 - 26.65763
2.27297 T & .87568

' Semple Oalbulat-.ion' Solution No. 1

Data |
Cp solution No. 1 ‘= 691,40 mum.f. Celeulated KX = 2,321
Density of S0l : 87205 - " Caloulated él = .987'77
Weight of Benzol = 87.6775 ér. ' Oaleulated O, - .012294

2,-

Weight of Alcohol = .6438 gr.

M0y M0, = 77.093 566 = 77.659
B ‘ Knownr Constants
Distributed Capacity = 7.34 mmf, Py z 26,63763

OT - Distributed Capacity ~ 294.688 m.m.f, ‘
vac N - ,

" Caleulation

K, = 691,40 - 7.3¢ = 2.32l4
© T 204,68 . !

G+ MO |
-1 W% o, szaomue -1 7res9 o 27,2257
E¥s — 4 3.G914 7 2 .G7205

Polp = Py - F103 = 27,2257 = 26,311 = 91476

Py = .01476 = ,91476 = 74.407
~ O 012294 |

25,
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Denaity Data (First Series)
11; is of interest to compare. sevoral de‘berminations of the
density’ Qf pure benzol, ﬁhe first sed made using a bottle typs of
) pyknomeiégr, the‘ second set using the pylmqméter ag describved in |
Séction’ . | |

Bottle Type S ‘U Type

.8728 .87288
8725 . .e7289
8735 .87288

EEC A .87290.

Benzol £rom the same bottle was used in both aets, of course..
Because' of ‘the great mgnification of error in either K or d which
" occurs when the qQuentity P,0y is ’Bubtzl'ac’c’ed £rom Py, it is absolutely
essential. that the densities of the sclutions be kngwn_aceurateiy o
0 4, preferably io 5 decimal plécéa. vaiousw ‘the accurécy’ of'
determinations made with the béttle trpa pykﬁometer is ent»’ir_e 1y
:l.nadequaﬁe. ’ | | | | '

- The dateminations made with the U type pyknomter, as shown
above, and as shown by a latexr seriea of deteminati ons in the next
saction, indicate a meximum varigtion of .00008, that is, one part
in 10,000 or .0l%. Every precaution and the greatest care was exer-
cised to maintain-thi.s degraee éf precision in all density determina-
tions and it is believed that the following data showing the variation
of density with concentration of ethy,l aloohol in the solvents used

is the best avasileble at the pmvsankt time. This degree of precision

was considered sufficient for the purpose in hand.



Ethyl Alcohol-Benzol

Concentration 02'

.00000
.00232
.00439
.00921
.02820
- .08340
- .08158
«10000

.Solution Density

.87288
.87269
87234
87216
» 87029
«86929
.86737
86631

Bthyl Alcohol~Carbon Tetrachloride

Concentration Ga

.00000
.01690
.03320
.06030
07912
.00423
.10586
.10727
«11573

Solution Density

1.58519
1,57674
1.56872
1.56523
1.54533
1.53736
1.53130
1.53038
1.52603

Ethyl Alcohol-Carbon Disulfide

Concentration 02

00000
.01723
.03239
.036713
.05568
.08295
.10067

Solution Density

1.25617
1.25059
1.23995
1,23788
1.22926
1.21463
1.20652

&7,
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Second Series Data

Pure Benzol
Density Density*
"« B72053 87187
"«87196 B7214
87196 © o ,87195

87204 ( ' .87189

* This set of determinatiors was made while trying out & new type
of heater, It was found that there was a tremendous tempersture
lag which caused the tempersture of the bath to vary about 3°C.
That the variations in density were dus to ‘this temperature varia-
tion of the bath is shown by the other set of determinations made
when no variation in bath temperature could be detected.

E$hyl Aleohol-Benzol

Concentration Cp; - Solution Density

000000 87199
000444 ' | 87106 **
.000807 | .B7198 **
.002603 .87184
.005993 | .87169
.014882 87096
025766 .87021

.047058 .86880

** T4 will be observed that in the case of these two solutions the
change in density is reversed. Hovever, 1t must be remembered that

the maximum variation to be expected as shown by & series of deter-
minations on pure solvent was ,00008, and that at these very low con-
centrations of sloohol, the change in density is well within this limit.
It would be necessary to know the density accurately to ,00001 in order
to make precise determinations of density at such low concentrations of
aleohol, o '
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The density-coﬁcentraﬁon relationships for thé above solu-

f;iona may be summarized by the following statements~-
At 25° ¢
the denaity of any given solution of:

BenzoléEthyl\‘Alcohoi is given bys- Density = 0.87203 - 0.07040C,

Garbon disulfide-m‘thyl Alcohol is given by:-

Density = 1. 2561’7 -~ 0. 91‘75 0y _

Carbon tetrachloride»E‘tbyl Alcohol is given by:«
 Density = 1.58514 - 0.49765 cz

in which cé has the sams significence es that attached o it through-

6nt thi.sm paper.

33,



Polarization Data (First Series)

Bthyl Alcohol-Benzol

K-1 1

Cy K | a4 FTmmT P | P40y Pgly . Py
00117 . 2.27765 87280 L3422l 26.69500 26.6553 .09056  76.93
.00155 2.27915 ?a§g77’ B 54250 26.7147 26,5955  .11937  76.91
,01059 2,32072 ;8?217 | 35047 27.2368 | 26.3594 a5 : 84.37
Loz 2.32100 - .87205 .35058 '3?.2250  - '26.3110 B “falg?s3 . 74.40
02508 2487500  .87117 .36080  27.8789 25.0699  1.90891 _  76.26
V.oags; . 2.44107 87023 37303  28.6412 | 25.5808  5.16046 79.73
104951 2.49162 .86958 .38193  20.2038 | 25.3177 ;;5;aeeio . 78.8
.05936 2.53736 .86892 28095 29.6925 25.0555 »';4.53703 78.12

.09065 270058 86685 41876 31.4692 -»24.2520 7.24720 79.95

During the taking of the above set of data, quite a large drift in the frequency was noted,
which was finally traced to the referencs Condenser Cg. This was repiaced by @ higher grade con~
denser and the following data taken. Comparison of the two curves over the same range willk show

clearly the effect of the poor condemsers

i1



Cp

* ,000261

* ;OCQB&S
000551

. 000535

. .000845
:;091657

' .o01108
5001112

* 5601512
" 002268
. V.004568
» . .009513
4 015575
¢ 1039304
A rfb4i752

‘} » »085753
77 Sl T

Polarization Data (first series) Ethyl Alcohol-Benzol {continued)
‘ After elimination of faulty condenser

K

2.27104

- 2.27104

2.27524

2.27752

2.27769
2.27830

2.27630

ta

2.28196

z.zsle?f

2.31481

2.33667
2.,44275
2.45340

2.57065

2.27591

87206

87206
erzes
87205
.e7242
.e7281
’.87281
L7281
87198

87273

87257
87224
.87184
87026
.87010

.86847

E-11

K2 d

34125
54125
.34186
:}sgés
34190
.3e218
e
34252
<.34323

. « 34305

34402

- 34861

035353 :

37315

.5%508

39568

Sy
26.63149
26.63144

26.67626

26.64725
26.67561
' 26.60503
éé.agegvv
»26.50567
'35:59755

26 .74926

26.86928
27 .10251

27.41649

28.65467

28.77310

30.04968

P
26.60604

26.60692
26.62546
26.59873

26.60283

26.60944

26.60814

26.60801

v26.578?5

26.57726

£6.51351
26.38419

26.22272

-25.59066

25.52540

24.88610

: chz

«025645

‘ .02552'
| 05280

.04850 -

.07298

08559

' .08827

09768

17199
35597

71831

1.19377

3.06401

3.24770

5.16359

97.43
' §§;02
99,37
90.63
86.35

80.91

80.25

87.98

82,51
75.92
76.29
75.51

76.65

77.95
77.78

78.53

Leg
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€y

+000346

- 000540

, ¢GQQ?é§7

.000900

.001070 -

.001169

.001358

~+002388

;005241

1005166

.008179
.012905
029019

.056686

K

| 262739

- 2462821
"; 2;62675
2.62926

- 263138
_3465261

2.63740

- 2.65206

2.66553

. 2.68542

- 2475981

2.93162

2.64188

_ Bthvl Alcohol ~ Carbon Disulfide

- Polarization Data (first series continued)

. 1.25601
. 125591
- 1.25582

1.25573

- 1e25565

1.25560

. 1.25551
. ;;25499
'1-:275.457
© 1.25%62

1,25213

1.24980
1.24020

1.22650

izeo116
1;{" +280197
5~ezaazv4'
.280427
280534
,,;250656 '
261346
;¢2él§33‘

. .285279

285104

- .287819
" .298115

810348

) 3‘ : P

_21.31218

21.32013

| 2132456
21.33122
' 21.33037
| 2134665
21.35225 |
21.39809°

£1.43568

21.52126

21.63425

21.79936

22,43467

23.76682

P.C

- 1n
21.29350 -

21.28037

 21.28504
. 21.26383

21.27809 -

21.27598

. 21.27105

21.25001

 21.23185

21.198040

| 21.12667
. 21.02600
- 20.88275

20.00343

X3

4019658 -

¢05076?

047391 . .
;fOéiéSQ- R
o .=_.670641 L
’j.§680507 o
i 14080

30860

. «507882

773357

14751920 -

3.675400

56467
53.12

.52.61

57.26

- 60.42
?59}11
_51!99
62.95
. 63,79
62,05 |
- 59.93
led._sé

© 84.80

.8;
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Cy

.000294

' gooéssz

©.000879

- e e e e

.000209

.000460

.000611 :

001213
.001837

003882

Polarization Data {first series continued)

K a
2.22543 1.58495
‘2.22608 11}53485
2.22682 1.58471
~a.ééees | ai;58$o$
2.22726  1.58500
a.zz?a?  1.58493

. 2.e2ees 158468
2.25106 1.58440
z.zs?'s:;.v 1.58350

Ethyl &lcohol-Carbon Tetrachloride -
K-l 1 P

¥z @ S 1) PPz
| 4182079 28.14155 28.11614 02541
‘.133059 ' 28.14683 28.10777 03906
183154 1 28.15695 '28;09965 05729
;.19305% o 35.15543 © 28.13051 .02892
185168 28.16728 ~ 28.12629 02099
4».183241 . 28.17552 £8.12203 :’.05349
63811 28.17444  28.08075 .09371
.183639 28.21242  28.06318 .14924
. 26063

«184404 -28.28934 28.00572

86.47
66.09

- 68.15

9344
' 89.05
- 87.50
- 77.20
. 81.20

73,06

*ov
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‘;q_thé abdveqdébaion alndhol Bénzol soiutiéns, kt will be
observed that 5179 501nti0ns afe'étarred. "Thase five solutions were
mixed from.a different 1ot of benzol than the unatarred aolutions.

- The data on the five starrea solutiona is aelf~consistent, as is that
of the unstarred solutions, that is in both sets of data the polariza-
tions increase ataadily and consistently with decrease in concentration
- of aleohoi; QBQ The explanation ror the disagraemsnt between the two
sets of data is that the density of the seconﬁ lct wae differsnt from
that of the first 1ot;1and it was not realized that the density of two
o different‘bott;ga of benzol would be guffioiént to cause such dis~

: crepancies uptil afterlthe'solutidns hadkbéen‘miXed'and used,
The data given above ég aloohol-carbon tetrschloride solutions
"‘show a similar behavior. Several solutions mixed from the same’botfle
are selt consistent but not with solutions mixed from another bottle;
this, in spite of the faqt that all ‘the bottlea were stemped with the
' saﬁe lot nuﬁbai. As nbted above, this difficulty waa o§ércome by
; puuring all the aclvent to he used 1n a 1arge bottle ‘and mixing the
various solqﬁiona frcm this vottle. Only surfioient ‘data was taken
on éarbon tetrachlaridéisolﬁxions in this series of measurements o |
meke certain #hat the béhavior in’the région of low concentrationms,
Cg, was the same aé;tha£ observed for the 5anzol solutions,

The data on these solutions, amd the ourves plotted therefrom,

- indicated a very peculiar behavior in the region of concentrations
extending from‘ba = .0025 %o Cp =z 0. It vill be observed rrom‘the

curve plotted from the data on benzol solutions that the expected



liﬁear réla{ﬁé‘n be;wéeﬁ‘ éa and Py was found té exist at ép;identra—
tions 'a’boire .'0025, withiri’ tha: liniit of exéerimen’cal error. ~Below
‘ ‘hhis the polarizahion P begins vary abmpﬁly to increase rapidly
with deoreaae in 62, and the curve apparently approaohes the Za10
concentration axis asympta‘bically. This ‘oehavxor is noted for both
benzol and aaffban tetrachloride solutions. o |

This was exactly the bahavior of the extramely 1ow concentratic
‘ éolutiona of w:'xlliams and o.gg refe:cred %o above.
: - Two explanatious of this unexpeuted behavior presented themsel ves.
‘ 'Firs’c that very paculiar assnoiatian phenomana were taking place at

. these extremely lovw concentrations. If this were true, the extra-

B polation of the ourve to Z6To conoantraticn in order to determine the

interaept was completely vitiated, chever, in sunport of this extrapo-
lation we have tb.e close agreement between 'bhe electric moment of
alcohol valuulatad in this wa:y and the slectric moment caloulated from
| | data on the vapor. |
| 'i'he alternative ’éxplanatioh was that this apparent béhavior was
| dﬁe %o a systematic experimental error which because of the great
magniﬁcation of error as P approaches nearer and nearer the value
of Plal rendered data taken oh such dilute solutions wwthless. Cne
eondition which 1ndica‘beﬂ this as a. very probably explana‘b:{on was the
serious limitation mpoeed'upon therpracision of measnrement of the
‘dlelectric constant of the solution by the apparatus as used.

It will be recalled that ﬁhat*really' determined the tehaviar of

the cu:éve was the very small change in the dielectric constant of the

42,



solution due to the eddition of a sma 1l enount of alochol. But W th
this appammé, it w‘aa‘ impossible to méaéurev just this smell change .
'the entii-e’dieléctric :com'sta‘nt of the solution had to be measured.
’fhé'preeisiqﬁ. condenser could be 'fead accu?atély to four ’piéces;
to obtain the Pifth place, it was neééssary to estimate tenths of
the di stence betwean o graduation mazks. If an grroﬁ of only 1
were made. in this as?imaﬁibn a aurpﬁaingl;y large error was intro~
duced into the aaicuia’ted kPg‘ "In the case of a-solution of which
Cg = Ca .00L, an error ofvda %} was introduced in the value of Pé;
and as Ga bécpmes sfma‘ller," the 'pe'rcentz;ge exTOT becomes much larger.
ineidéntally, 1% may be mentioned here that an error of .0001 in fhe
dan&‘ivty of this solution would indroduce sn errer of Ca 4% in Poe
Since’ 159 wos believed that the densities weré known much closer than
this, it was believeakth'ayt“ if the uncerteintics of capacity measure-
meht could be ‘greatl&f' re‘duaed,'“it Qould be noééible to de'témi‘na‘
definitely whe‘thar’the; apparent 'pecﬁliar behavior were due to system-
atic error or to actunl association chgnges,
Althoﬁgh the behavior of the carbon disulfide solutions was nob
simué‘r‘ to that of the benzol and carbon tetrachloride solutioms, it
was extremély erratic and furbhér investigation ssaxned'désirabﬂ;e.

In order to eliminate the larga"error introduced into Py due %o
error in the measurement of K, the second srrangement of apparatus
was decided ﬁpan. : This'pei'mi‘bfed +the measurement of the smell change,

‘;tvo‘ 8 ‘:ﬁ‘ar greater jdegree‘ of precision than did the first ‘arrangément;

The following set of data was taken.
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Ca

- «0000976

.0002¢07

0004589 -

0007859

,0017318

0023334
0042364
.0078062

0108690

X

2.27006

.. 2:27080
- 2.27134

- 2,.27267

2.27664

2.,27851

- 2.28566

2,30195

2.312086

d

187202

87201

87200
.87198
87191
;anaé
87175
87154

.87127

Polarization Data (Second Series)

Ethyl Alcohol-Benzol

K-1 1
K72 d
34108
<34119
-« 34133
34159
34237
« 34273

34412

34725

» 34923

P

26.62001 -

26.62623

26.63562

"~ 26.65213

26.70223

| 26.72364

26.61164

27.01551

27.13544

Plcl

26.61565

26.51050

26.6QGOQ
26.598728
26.57214
26.55612
26.50546

26.41047

26.32891

cha

00436

«01573

02963

.05485

«13008

.16752

«30618

.80653

44.68

.54.11

| 64.53

69.80

75.10

71.80
72.30
77.51

74.20
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‘The ebove seiies)of méasuiémeﬁts 1hﬂioétedialmost without
‘doubt that the apparen$ peculiar behavior was dus to some systemy
atic error since the polarization Pa now decreased with decrease in
Gy == an exact reversal of the,resultsxpf the first;series. Further-
more, greater va:iatigns f:om‘ﬁhe étraight line at higher conscentra=-
tibns are evident from the data and curve, |

In view of these raéults it appeared advisable to abandon for the
time being the original yurpase and.make 8 ﬁetermined effort to elim-
inate the sources of error if possible., To this end several refine-
maents wers made in prqcedure and apnaratus,aa described in Section 11,
A verxy 1mportant reature was the holding of the roon temperature con-
stant to within ea, .5° 0; It was found that very considerable
drift in fraqpenuy was caused in the variable oscillator by inarease
or decreass in room %e@yaraturea Thia mnounted to a change in the
zero point for which no dompensation couldyﬁe~méde‘in this methéa.
The effect of an accidental change in room temperature is shown by
_ the $wo red points which -lie off tﬁe curve plottéd.from the follow=
ing data. : 5 |

In the %able of data below, there is given in Column 1 the vapor
prassure corresponding to the respehtiva’concentrations of alcohol used;
. that is, the pressure which the amount of alsohol used in thet partio-
would exert

ulay solution/if the benzol were not present and the alcohol vapor

alone occupied‘tha full volume ofzthe,condanser-



Equivalent
- Pressure.

1.2 mn.

1.67 "

2,14 °
3.80 "

8.12

3 .

18.20
38.70 ¢

74.80 "

0003559

«0004823

.0006431

\ .0911315>
;0023837

| ,0655146
- .0112165

- .0204250 -

K

. 2.22351

- 2.22425

2.22602

2.22995

2.23966

2.25942

2.28608

2.22381

Polarization Data (Third Series)

Ethyl Alcohol-Carbon Tetrachloride

a.

1.58490
1.56482
Lsaise.
 1.58396

1.58250

1.57956

1.57498

1.58496

K-1 1

X2 a
.1685774
-182185
.182870
~ .183088

.183572

.184769

187190

.190514

P

28.108777

28.112235

28.117855 -

28.140834

28.191386
| 28.316797
28.568750

28.886840

B0

. 28.084330

28.080762

28.076267

~ 28.061686

28.027186

27.945010

27 .779200

P2l

»024446

.031473

_ ;041565

.o79148
7”;ieéaoék
ey

«789550

27.520360  1.366480

Py

- 68.67

65.25

64.66

68.15

68.71

69.95
70.39

66.91

This data seems to indicate that the experimental difficulties met in an attempt to measure the

dielectric constants of extremely dilute solutions havs beaxi overcome,
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v, ‘smamm'vm comms:cfoﬁs'

1. The behavior of solutions of e‘ahyl alcohol in benzol carbon
d:lsulﬁde and carb:m tetmchloride haa been studied at far lower
conaentmtions of alcohol than ever before attempted.

2, The cause of peculiar erfects obaerved by the writer as well
as other investigators in measurement of - the- dieleotric constants of
aﬁctremely' di]_.uté solutions, has been definitely tx;acéd to defects in |
apparatus and method of measurement. | | _(

.3, The manner of variation of density with concentration at 25° ¢,
of aloohol in benzol, C S, anﬁ’ C Cly, has ‘been meaaufcéd »71-;_0 ‘a/ gi'eater
degree of preoision than that of any railaeble data of whieh the writer
is aware. 7 | ‘ ' K

4. A method of successive dilution has be‘env intx;om;ced in the mix-
ing of solutioha in order tq reduce the effects of evapofatiion during
mépipulation. | ' |

5 A method end apparatus has been outlined by means of which it
is believad the behavior of highly dilute solutions of polar liquids

in non-polar solvents can be. i.nvestigated.

In oémlua_ion, the writer wishes to express to Dr, J. D. Stranathen,
under whéée direction this workiﬁas undertaken, his gratitude for his

interest in the work and for his many helpful suggestions.



