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INTRODUCTION

\

The steady-state temperature—difference,method for meas-
uring partial pressures was investilgated ds one phase of a
Us Ss Air-Forcessﬁpnscred project at Oklahoma State Unilversity
entitled, "Investigations of the Thermodynamic Properties of
Inorganie Salts in Nonagueous Salt‘Mixtureso" The aim of the
research described‘herein was to investigate the applicability
of this less conventional method for measuring vapor pressures,
and hence the solvent activity, in nonaqueous bilnary solutions
invelving one non=volatile caompgnent. Frﬁm data so obtained
it is then peséible to calculate the solute activitys

The steady-state temperature~difference method is in
essence one of wet-bulb thermemetry. This method involves
measuring the cooling effect produced by the evaporation of
solvent in an atmosphere of a solution whose Vép@r'preséure
i1s to be determined. This temperature lowering continues
until a non-equilibrium steady=state value is reached, and at
this temperature phe vapor pressure of the solvent may be
approximately equal to that of the solutien, which is main-
tainéd at a fixed temperature. A matched thermistor pair is
emplmyed as the temperature sgensing element, and thesé‘therm;

istors form two arms of a'Wheatsthe bridge. One thermistor



contains a drop of the solvent, and will give a measure of the
temperature change, while the other thermistor acts as a ref-
- erence resistor. The steady-state temperature is the lowest
temperature obtained in any measurement, and in this state the
heat 1@ssldue to evap@rati@n,is-equally balanced by the heat
gains due to conduction, convection, and radiation~£rom the
surroundingss There results a constant resiétance difference
corresponding 1o the steady-state ftemperature.

Thermistors, or thermal resistors, are éemicdnductors,
and as such possess high negative temperature coefficients .of
resistance. They are manufactured in various shapes, and those
used in this research were all of the glass-coated bead type.

The results and repreduclbility of the method are depend-
ent on the thermistor cell design, hence calibration of the

apparatis 1s necessary using solutions of known vapor pres=

. SU.I‘e S o



HISTORICAL

vwSemi:CQndugbgg BackgrOundJ

The peculiar negative temperature coefficlent of re-
sistance property of seml-conductors was first noticed by
Faraday in 183%. Because this property is so sensitive to
the composition, use, and treatment of the seml-conductors,
seml-conductors were used very little untll comparatively
recently. Much research has been done in an effort to learn
how to c@nﬁr@l the peculiar properties of semi-conductors and
how to prepare them with reproducible properties (5)9 In the
1930's Bell Telephone Laboratories found an important use
for seml=conductors and In 1940 went into large scale pros
duction of them (9). The uses and characteristics of therms
istérs (temperatupe sensitive semiéconductors) have been
‘discussed in a number of general anticles,_thosé by Bell
Telephone secientists being among the earlier works (6,10,

31, 37-39).

Applications of Thermistors as Temperature Sensing Devices

The literature dealing wilith the applicaticns of therm=
istors as temperature sensing devices is by nbw.rather.exﬂ
tensive. The followlng references were chosen to provide the
reader with an idea of the comparative advantages of therm-
isters over mercury thermometers and thermocouples as well as

to familiardize him wlth pertinent applications.

3



Hutehins@n'(lB) in a comparatively early themigal ap=-
plication used a thermistér te measure heats of wetting and
adsorptions A change in temperature of 0.001°C was readily

d with considerably greater accuracy than ¢ould be

e a Sure
obtained with a Beckmamn thermometer. The thermister alse

was found to have the advantage of a fast response and a

much smaller thermal capacity by contrast With the Beclmann
thermometer.

Greenhill and Whipehead (11) have developed an autos
maticaliy_balancing-thermistar*Wheatst@ne“bridge whieh was
capable of measuring temperatures of the order of 0,01°C with
an accuracy of 0.0002°C. One thermistor served as an arm of
the bridge which was awtematically balaneed by feeding back an
alternating current propgrtional to the off-balance current
to heat a second thermlistér in the opposite arm of the bridge.
The apparatus was used to measure heats of wetting and ad«
sorptlon when fine=gralned powders were immersed in various
liquids énd solutions.

Jehn (22) measured wetebulb temperatures by dipping an
electrically insulated béadatyp6>thermist@r'intb distilled
water and exposing it t¢ an alpstream. A wick-covered rods
type thermistor had been used previously but was feund tbl
have cert&in-ﬁisadvantagESg Factors such as alr=flow rate,
optimum time of exposure, and lag.ebefficient were investie

gatedy aleng with the degree of accuracy by comparison with



a standard psyehrometer. The

ag coefficient of a bead therm-
istor was found to be 1@@15.timas—amaller'thanfthatﬂﬁf a
mercurial psychrometer:

A comparison of thermistors and thermocouples for tempers
ature measurement was made by Benedict (7). He stated that
although both are suitable for measuring temperatures to +
0.2°F, much greater care ls necessary with the thermocouple
systems Beth the thermistor and thermocouple are subject to
aging, but the thérmistwr“stahilizes with age while the thermo-
couple becomes less stable. At temperatures below 580°F therms
istors are superilor to thermocouples for precise measurements,
but above this temperature thermistors deterigrate rapidly.
The thermistér, he found, is inherently more sensitive, has a
more rapid response to temperature changes, and 1s more de-
pendable than many other témperature measuring systems. The
‘thermecouples wsed in this @@mparison:WQre'ir@n%ﬁﬁnstantan3
and the thermistors used were Type 51A1 (10° ohms at 25°C)
obtained from the Vietory Engineering Corporation.

Beck (4), i an artiele on the stablility of thermistors,
stated that 1t is possible for thermistors to underge sudden
changes which take place in a rather arbitrary manser. Ac—
cording to Beck, thermistors should not be subjected to
temperatures outside the range of temperature té be measured;
and he believed that 1t would be unwige to use two or more
thermistors to measure differences in temperature unless care-

ful ealibrations of the thermistors were performed before and



after the experiment, He set the temperature accurady at
0.02°C over a range of about 10°C under contrelled conditions.

Miller (29) in discussing Beck’s work om thermistor

stabllity, stated that Beck did not say whether or not the
fhexﬁigtﬁrs he used were ¢ontinucusly excited, a peint which
Mﬁller thinks is of great importance. Mﬁllervstatﬁd that
work done by himself and $tolten (30) showed considerably
greater reliability for thermistors than that ¢f the workers
cited by Becks Muller and Stolten clalmed short-term stablli-
ty (30 minutes) of 0:0001°C and a reproducibility to within
0,02°C over a six month perdods The sudden changes in charac-

teristics observed by Beek were not observed by Miller and

In the thﬁrmﬁelectfié'Méth@d for measuring vapor press
sures a drop of solution is exposed to an atmosphere of
.)SGIVEﬁi"Yap@f’iﬂ which the partial pressure 1s either greater
or smaller than the vapor pressure of the solvent inm the drop
of selution. In all of the applications of the methed dess
eribed im the 1iteratufe~th@ partigl pressure of solvent vapor
in the atmesphere was kept greater than the vapér pressure
of the solution studieds In such cases condensation on the
drop ¢ccurs with the result that the heat ¢f eondensation
ralses the temperature of the drop until its vapor pressure
at the higher temperature approaches the partial pressure

of the selvemt vapor in the surrgundings. Because of heat



flpw from the drop to the suerUndings‘whichﬂare kept &t &
1ower‘temperature, the vapor pressure of the drop never
redaches that of the solvent vapor in the atmosphere sur~
rounding the drop, but & state of approximately constant
temperdture of the drop 1s reached. This steady~-state tem-
perature can be made & function only of the relative dif-
ference 1in the vapor pressure of the solution drop and the
partial pressure of the solvent Q@POr in the Surroundings;
Usually the atmosphere is saturdted with solvent vapor at a
carefully controlled temperature, and temperature difference
between & drop of solution and another drop of solvent used
as a reference is measured. Various experimental procedures
have been used in an effort te achieve the best results with
the method. These are reviewed in this séction.

‘Hi111 (12) probably devised the first extremely sensitive
thermal methed for measuring vapor pressures of very dilute
aqueous solutions . His method was a differential one in
which a 71 jJunction thermopile was used. Two strips of
filter paper, one molstened with solvent, and the -other with
a solution of unknown vapor pressure, Were laid on each side
of the thermoplle, which was placed in a chamber whose wdlls
were kept moist with a reference solution. The e.m.f. de~
veloped in the thermoplle due to the temperature difference;
which in turn was related to the vapor pressure difference,
was measured. The apparatus was calibrated with solutions
of known'vapar pressure. The method is thus based on the

principles of wet-bulb thermometry.
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Baldes (1) pointed out that Hill's thermopile was inef-
ficlent (only about 6% efficiency was obtained) mainly because
of heat losses due to the high thermal conductivity of the
wire which H1ill used in making the thermopile. Baldes des=
eribed a differential thermocouple unit with insulated thermo-
Junctlions. He used mipganin\and constantan wires of 0.1 nmm.,
diameter instead of the silver-plated constantan wire employed
by Hill. By means of a micropipet his solution could be &ap-
plied in the form of droplets directly to loops made in the
wire at the thermojunctions,

Later Baldes (2) analyzed the thermoelectric method and
derived a mathematical expression for the theoretical steady-
state temperature difference. To simplify the mathematics he
dssumed two concentric spheriezl shells, the inner wall of the
outer shell being moistened with solvent, and the outer wall
of the inner shell being moistened with a solution. From
Stefan's general theory of diffusion, taking into consideration
heat transfer by Qondu&tion through the gas phase only, and
by assuming the simple c¢ase of the pressure difference between
an aqueous solution and water, Baldes derived the following

expression for the temperature difference in the steady-state:

(1)

‘ B +‘RTOk/LDpo
where: (T - To) = difference in temperature between the

inner shell (T) and the outer shell (Ty)-



o = goefficlent of depression of the vapor pressure
of the solution.
B = the temperature coeffleient of vapor preséure
of water.
D-= the coefficlent of diffusion of water vapor in air.
k = the thermdal conductivity of air.
Po = the vapor pressure of.solvent (water) at

temperature Tg,.

On the basis of Baldes' theory if there are two spherical shells
(corresponding to the,twomthermojunctions),each.moisténed with
a solution of a different concentration, with the outer shell
temperature being held constant, the temperature difference be-
tween the inner shells will be determined by the above eguation.
A simpler case arises when one of the inner shells (one thermo-
- junction) contains the same selution as the outer shell (cell
wall). Baldes showed that when a solution containing one gram
of sodium chloride in 100 gramg of water was placed on one ther-
mojunction with water on the other in a cell whose walls Wére
also wet with water, a temperature difference of 0.065°C was
measured. Using the above equation the temperature difference
was caleculated to be 0.067°C for an efficiency of gredter than
95% .

Baldes and Johnson (3) perfected a vapor pressure thermo-
couple which they called a thermoelectric osmometer. Like the
thermocouple discussed earlier by Baldes (1) this osmometer had

thermojunétions in the form of loops on which droplets of solution
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were placedy and they completely eliminated the use of the
filter paper strips that were used by Hill (12)+ In the
construction ef the thermoelectric osmometer it was found
to be of great Impoertance te hé able to reduce heat losses
by conductien te a minimunt.

Roepke and Baldes (33) in a e¢ritical study of the thermo-
electric method state that sinée Hill's method 1s a dynamic
one, an error is introduced by having a solutiom on the wall
of the cell with a vapor pressure €ither higher or lower than
that of the reference solution which is on the thérmacqupleb
Other sources of ‘error arising from the dynamic nature of
‘the methed are: surface films, differences In diffusien rates
of water in the sample and in the reference seolution, greater
non-selvent volume in sample (€.g.y blosd) compared with
reference selution, and differences inm the shapes of drops.
Another impertant pelnt in censideratlon of the method 1s the
difference in the heat of condensation of solvent in the
sample and refereénce selution: This 1s especially important in
concentrated svlutions where the heat of solution of splvent is
appreciable. Wlthout specifying conditions or specific s§stems’
the authors then state that eother conditions beling equal, the
greater the heat of condensation, the greater the deflection
obtained on thé galvanometer (see Page 72): The authors ins
vestigated the errors inherent in the dynamic methed by com=

paring the preéssure of a bleed sample agalnst that of a
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reférenee solution, first‘under nearly statie conditions
(using an isosmotic reference solution on one junction and
also on the cell walls), and then under dynamic conditionsg
By such a procedure 1t 1s pessible to determine the erroné
and correct for them.

Roepke and Mason (34), using the Baldes modified
thermoelectric method, measured the vapor pressures of.
blle salt solutionsg and compared them with sodium chloride
reference solutions. Osmotic coeffiéients'of the bile salts
were caleculated.

Later Roepke (32) in 4 discussion of the thermoelectric
method pointed out that the vapor pressure lowering vs.
golute concentration curve for the reference solute should
be linear in the reglon used. It 1s more important that
the relation between the galvanometer deflection and the
vapor pressure be linear, sinee the vapor pressure of &
solution 1s determined by the author from a single cali=
bration measurement made by comparing a solution of known
vapor pressure with water, with water on the walle and
floor of the chamber. Because of the sensitivity of the
method, pressure differences of the order of 0.001 mm.
¢ould be detected. Roepke stated that although an inerease
in drop size does incredse the rate of evaporation, as
shown by Stefan's general theory of diffusion used by
Baldes (2), it also inereases the heat transfer rate due

to gonduection, conveetion, and radlatlon. These factors
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are alsy dependent on drep size. The resulting effect on the
temperature 1s not sigmificant, and this was demonstrated by
comparing small drops of water with large ones onm the thermo-
¢ouple using a sovdium chloride selution on the wallsg of the
coritainer, 'The work of Baldes and Johnsom (3) also Indicated
that an increase In drop size had n@‘appreciable;efféét on
their measured results: |

The measured temperature difference was found t6 increase
with a deerease iﬂ:atmﬁﬁphﬁriﬁ,pressure because detreasing pres-
sure causes & decrease in the thermal conductivity of the gas
phase and an increase in the coefficient of diffusion of water
vapar through airs The effeet of these changes orn the tempers-
ature difference 1s readily seen on examining equatien (1).

Kinsey (23), also employing

. thermogouples, madified and
improved the method described by Baldes for determining osmotilc
pressures. The sensitive galvanometer normally used in this |
type of measurement was eliminated by using & breakerwtiype
dsee=aegs amplifier: Kinsey alse found that bath temperature

control to 0,001°C was unnecessar

vigorously stlrred. He also eliminated the doublespole re=

versing switch normally used which erdinarily pfﬁﬁﬁ@es\high

contaet potentials and substituted one which consisted of
copper blocks. This was believed to minimize contact poten
tilalsy

Tayler and Hall (40) empleoying a single thermocouple

in a glass c¢éell measured molecular welghts in erganic solvents.
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Drops of 'solutlon were placed in tiny platimum cups welded on
the thermojunctions« They stated that the ‘experimentally-
measured constarits were lower than those c¢aleulated from
thenpy'because they are baged on the assumption that in the
steady-~state the vapor pressures of the drops on the junétiﬂns
are equal to the partial pressure of the solvent in the sur-
rounding«atmgﬁpherég |

Brady, Huff, and McBain (8) employed the thermoelectric
method and & matched thermister pair with an a.c. bridge to
obtain a correlation between thermistor reslstance change,
arising from the steady-state difference in;temperatuTE‘@f
drops of solution and solvent in an atmosphere saturated with
solvent vapér, and the splute concentration. From the ex-
perimental data the splute activitles of colloidal eleetralyte
solutions in water were obtained. Drops of solvent and solu-
tion were applied in a specialtmanipulatiﬁn.Chamber~aﬁdfthe
thermistoer palr was then lowered into the measuring chamber.
Humidity in both chambers was malntained constant by wet
blotting paper: When the steady-state reéistance'AR‘Was
plotted against osmotic curicentration che product of the
molality and the osmotic coeffivient) a single straight line
was ebtained for the two types of electrolyte solutions used.
Observed thermal efficiencles were compared to themretical‘
values caleuldted from both humidity and evaporation theories.

Muller and Stolten (30) also used & thermistor palr to

measure differences in pemperature between solvent and solution
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in am atmosphere saturated with solvent vapor. Instead of
placing drops on the thermistor fips, they mounted the therms
B 1stor pair in small stainless steel cups containing mercury.
The thermistor palr was placed in a glass chamber gnd the cups
were kept in contact with a mercury peol to Insure initial
temperature equalitys Smallimgaﬁured‘60@15 mls) samples of
solvent and solution were plaged in the cups, and the conbact
with the mereury was broken. The steady-state femperature was
then measured. Thirty minutes were required teo reaﬁh.ﬁhe
steady~stdate temperature at the highest concentraticn. A
correlation between resistance change and mole fragtlon of

the solute, and hence the molecular welght, was derived. From

the steady-~state resistance difference the molecular welghts

of several ¢rganic compewunds were determined in four solvents
Although the sensitivity of the méthod was greatly reduced
because ¢f the high thermal capacity of the mercury and the
metal eups, the réproducibility of the method was good: Miller
and Stelten found from the resistance<time studies that the
theﬁmist@rswﬁXhibiﬁed,1@v;nrange stabllilty. They also stressed
continued eleetrical exeltation of the thermlstors.

MeGiee and TIyengar (27) censtructed a simple thermostat
and thermilstor bridge to measure small vapor pressure differ-
ences by the steady=state niethed. Thelr thermestat consisted
of three contentric beakers, the Innermost one houwsing the
thermister pair mounted in a cerk top and centaining 10«15 ml:

of solvents Solutiens were placed vn the thermister tips by
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means of & hypodermic syringe and needle through a hole in
the cork top. The outer two beakers. contained a thermometer,
thermoregulator, and_heatér. The change in resistance of the
thermistors was measured by means of an a.¢. bridge using &
frequency of 1000 c¢.p.s. Measurements were made with a drop
of golution on one thermistor and a drop of solvent on the
other. The initial resistance differential was obtalned with
solvent drops on both thermistors, a procedure which Brady,
et 81,, (8) had also used.

In terms of the osmotic goefficient g and assuming the
laws of dilute solutions, Iyengar showed that AR, the'resistance
change, was given by

AR = KVgm (2)
where K is a constant determined by calibration using selu-
tions whose osmotie coefficients are known, V is the total
number of moles of ions in_one‘mole of the electrolyte, and m
is the molality of the sélution, Because of approximations
made in its derivation, the above equation could be expected
to hold only for dilute solutions aﬁd small ranges in tem-
perature.

Using the apparatus desaribed above‘(QT), Iyengar and
Kulkarni (21) determined osmotic coefficients of dilute
aqueous solutlons of soaps, certaln dibasic acids, and aerosol
M:A., calculating the values from the above equation after
measuring the steady-state resilstance differentials.

Iyengar (19) has also considered the problem of calcu~-

lating the theoretical steady-state temperature differencey B,
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betweenr & drop of a unit melal ideal solution and a drep of
selvent in an atmosphere saturated with solvent vaper: He
called attention to certalw errors in a simillar treatment
glven by Brady, et al (8): Based on Langmuir’s theory of
evaperation of ‘dreplets (25) he derived the following express=

sion from which & can be @alﬁuia%ed from physical data¥:
6 = At/m = (L/Rﬁ?’+ ktRTxlca

where: k* = the thermal c@nductlvity of the air.

fib*DLXB 189) (3)

D = diffusivn cgefficient of vapor in air:
L = latent heat of vaporization of the solyent,

vapor pressure of the solvent at the steady=~

state temperature of the solution dreop:
From thermodynamic d¢ensiderationsy Oty the maximum temper-

ature différan@e,attainabie'iS“given[by:

op = av/m = 8. ()

Caleulations of the §/6y ratlo were made for a number of

organic solvents by Iyerigar, using the experimerntal data of
Tayler and Hall (40)y and for water at several temperatures.
Similar ratiss were calculated from an equation derived from

humidity theory and from the experimental results of Brady,

#This equatlon in a form applicable to the experimental meas~

urements of this investigation can be found in a later section.
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et al (8). 1Iyengar found errors in the rdtios tabulated by
.Brady and coworkers and stated that their'conglusion that. heat
exchange was almost entirely throughlthe vapor phase was Hot
Justified.

After indlusion of a conduction correction to take inte

account the heat losses albng the thermistor leads, the result

ing equation based upon the theory of evaporation of droplets
predicts that the steady-state temperature differenaé should
be dependent on drop size. Thils theory, however, fails to
agree with experiment, whieh shows that the temperature difs=
ference 18 independent of drop size as indicated by Baldes and
Johnson (3). Iyengar further pointed out that &s the solvent
vapor pressure lncreases gnd approgches-atmo$pherie pressurey
the §/6t ratio approaches unity, as calculated from the humid-
1ty theory. |

In & later work Iyengar (20) stated that the agreement of
the humidity theery and the theory of evaporation of droplets,
which had been shown eardliler (19) to:give similar values of B
for water, was a numerical G@in@idenéevand proved that these
two theories do not agree unless there 1s negligible convection.

Using a new thermiSt0r~eell and & precision thermistor
bridge, Iyengar (18) measured the molal steady-state tempera-
ture difference, 5, for & numﬁer of solvents, and also deter-
mined molecular weights of solutes iﬁ,theSe solvents. His
new cell was designed so that the entiré stem of the matched
thermistor pair, mounted vertieally in a wooden 114, remained

below the liquid level of the thefmostat at all times. - One
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lead'wire f‘ﬁffeach thermistor was soldered together to form a
common lead at the cell top. A 30 ml. sample of s¢lvent was
plated in the cell. Molsténed absorbent paper helped to satu=
rate the ¢ell with solvent vapor: Drops of solvent and solu-
tion were applied to the thermistor tips, which could be viewed

through a window cut in the absérbent paper. The steady state

was reported to be reached within a minute or twd after the

dreops were applied.

yengédr has compared the experimental § values with those
(;,alculated f
ature

- the varisus equations for the maximum temper-

’diffePEH@e@_fr@m humidity theorys and.frﬁm~evap@ratién
theory. He draws from his own work as well as from that of
two other groups of workers (30, 40). The & values are tabu-
lated fer 13 organic solvents and for water aleng with the
caleulated values using esch of the abeve methéds wherever
sufficient data were available. A comparison of the thermal
efficiencies of the methods used by varipus lavestigaters is

alse givens



EXPERIMENTAL

After a brief explanation of the purificati¢n ¢f materi-
alsy disecussion af the tW@vmajér parts of the experimental
work follows: One part of this discussion pertains o vapor
pressure~mﬁasmremeﬁts on solubtiens used in the thermlstor cell
calibratién.and the @thﬁf’p&ftgpﬁrtainﬁ to an investigation
of the steady~state method in general and the development of
‘a technique and thermistér-cell design sultable for measuring
partial pressures. |
Materials

The di=nsbutyl phthalate used was obtained from the
Mathespn Company and ne further purification was made prior
to the vaper pressure mgaéurements@ For some experiments,
however, the phthalate %as~distillEd‘und6r reduged pressure.

The diethyl ether used in the beginning of the work was
anhydrous reagent grade ether, obtained from Mallinckrodt.

It was st@réd.QVer"sodium.andpdistilled‘Whenfﬁecessafya Later
in the investigation & léss highly refined grade of ether was
useds 'This was distilled usivng a Steadman st&inless steel-
plate column snd stered eover sodiums

All other chemlcals were of €. P. grade and were used

without further purification.

19 .
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Vapor Pressure Measurements

The steady-state temperature=difference method of meas-
uring partial pressures is not an absolute method. It does
not dlrectly measure the vapor pressure of selutions, but
does measure a property which is direetly proportignal 4o the
vapor pressure; that is, the c@@liﬁgneffect‘pr@duceﬁ.hy the
evapgration of solvent into the atmasphere sbove a selution
containing that solvent.

It was learned after searching the literature that vapor
pressure data on binary systems Ilnvelving organic selvents
at a single temperature were extremely sedrce; Ong system, KI
in methanol (41), was glven some early consideration, but the

work had been carriéed vut at 15°C and it was desired te work

at 25°C 1f pessible. Later 1t was deglded to investigate the
MgBrg&diethyi ether systém (35) on which there was found some
limited vapor pressure ddta at 25°C in the literature. This
system proved very diffleult te work with, as MgBre is very
hygruscople and had to be prepared direetly im ether. After
failure o prepare the salt im ether from mebtallic Mg and
liguid Brg, it was learnéd g36) that a displacement reactien -
using HgBre and Mg in ether may be useds This reéaction was
found to work very well, but c¢ther serious difficulties were
encountered with the system such as the f@nmatiﬁn*éﬂ‘geng
Jugate layer solutions upén dilutién. At higher cengens

trations the solutions were even metastable, resuliting In
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large and unpredictable changes in the vaper pressure: For -

~ these reasons it was decided to abarndon further work with this

system for the purpose of ‘obtaining vapor pressure callibration

datas )

Owing te the laék_ﬁf sultable vapor pressure data in the
literature 1t became nec@ssary-tﬁﬂmaasure'the-vapﬁr“pressures
of a seled¢ted binary systemgaver'a,wide.raﬁée of concentrations.
Since one of ‘the alms of the project was to investigate systems
of inorganic salts in organic solvents, 1t was decided to use
diethyl ether as the organic liquid because of its.ability to
dissolve certain inorganic salts of interest. The binary
system chosen was disn=butyl phthalate in diethyl éther: Dis-
n=putyl phthalate is Infinitely soluble in ether, and was
found very sultable as a solufe because of 1ts nonvelatility.

The vapor pressure measurements were made employing the
static method. A differentisl manometer was cbnstrmeted‘ﬁf'
large (16 mm.) dismeter pyrex-glass tubing. This tended to
flatten the mercury meniscus and hence make readings easier

\

and more aceurate. The marometber is shown in Fig. 1. .Ehé
columns of ‘the manometer were jolred together by means of a
“stopcock so that eﬁacm&ti@n_@f‘the'entire systam“cﬁuld be

carried out by méans of a second stepecock placed on one side
of the manometer: Ground-glass female Jolnts (§ 19/38) were
sealed to the ends of the manometer at a slight angle to the

parallel manometer tubés: The selvent and selution contalners
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Figure 1. Differential Vapor. Pressure Manometer
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were made of 125 ml. Florence flasks fitted with male ¥-19/38
joints. Contamination of ‘the solution and solvent was reduced
by putting the male part of the Joint on the flasks. A specilal
ether-ingoluble grease was made from glycerin, mannitel and
dextrin (28) and was used on all Jeints and stopeocks which
were in c@nt&@t'With'ether‘vapmr§ The apparatus was fastened
to a large ring=stand which eould be conveniently moved in and
out of a 24 ingh-high eylindrical water bath. This bath con-
tained GQpper ¢poling colls and 1ts temperature wds controlled
by a mercury thermorsgulator which rested on the bottom of the
water bath and 'zext;e“rxde/d above the surface of the water. This

thermoregulator was connected to

an electronic relay., Ef=
ficlent stirring of the bath was accomplished by means of a

Little Glant New 2 immersion pump. Temperature variations in

the bath were read on a Beckmann thermometer. The contrel was

+ 05005°C. |
 Stirring of the solution and solyent in the flasks was
accomplished magnetically. The driver magnet was attached
to a flexible shaft enclosed in a Usshaped plece of eopper
tubing to hold it rigid. The magnet was seaieﬂ_iﬁ;a large
brass tube, the ends of which were made‘wafEf@i%ht by sol-
dered copper discs. Another portion of flexible cable was
attached sbove the copper-tube housing so that the assembly
could be rotated when connected to a conventional stirring

motor. Glass-sealed bar magnets were placed in each of the



24

flasks and driven from beneath by immersing the driver-magnet
assembly in the bath under the flasks. This‘permitted very
efficient stirring of the liquids during the measurements

and helped to bring them to bath temperature rapldly.

A vapor pressure measurement was carried out by placing
60~70 ml. of anhydrous ether in.the flask (A) on the left side
of the manometer (Fig, 1), care being taken to cover the out-
- side of the ground-glass Joint with vaseline or silicone stop-
cock grease to prevent water from dissolving the glycerin-base
grease with which thehjointlitself.Was'greased. A similar
volume of an ether-di-n-butyl phthalate solution was placed
in the flask (B) on the right side of the manometer. With
both stopcocks closed the flasks were immersed in liquid
nitrogen, and the contents were allowed to freeze. The stop-
cock (C) connecting‘the;meroury columns was opened, and the
system was then evacuated from the stopcock (D) on the solu-
tion side of the appératus to & pressure of less than 0.05 nm,
‘Hg. The stopeock connecting the mercury columns was then
cloged ahd the system was,warmed to allow the frozen liquids
to melt. This procedure Was repeated until no further change
in.theAmercury levels could be observed when read‘with.a
cathetometer. The measurements were made at 25.00 ¥ 0.005°C,
and pressures could be read to 0.1 mm. Hg with the cathetometer,
Any ether condensed in the mercury columns was either returned
to the flasks by gently heating the columns or if it wasafrom

the solution flask, 1t was sometimes allowed to distill baek
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whery the apparatus was in the water bath. Five freezings and
evacuations were uswally neécessary to produce a constant dif-

ferential pressure. After each measurement was completed the

contents of the solutlon flask were poured into a ground-glass
stoppered Erlenmeyer flask and tightly stoppered wuntil anélysis
could be made:

The solutlens were analyzed by weighing out samples using
elther a Smith weighing buvet ép-a Lunge plpets The sample of
solution taken for analysis was placed in 10 ml. tared beakers.

The largest part of the ether wis cautlously evaporated from

the solutien by placing the samples on a hot plate. They were
then placed in an oven at 60~70°C for final heating until a
constant weight was obtained. From the weight of di-n-butyl
phthalate remalning the meolality ¢f the solution was detere
mined. To minimize evaporatien of ether from the solution in
the process of sampling, each solution flask was cooled in an
iee bath prior to withdrawing the sample for analysiss

The vapor pressures of 23 solutions were measured covering
a concentration range of 0:08s2,85 molal in di-n=butyl phthalate
and -a. differertial pressure range of 2:8+76.8 mm. Hg. It
was believed that these ranges @f’e@hzentratign.and.preﬁsure
were extensive enough to provide ealibration data for systems
of ‘other nonvolatile solutes in ether which might be studied

subsequently.
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‘Steady State Method

Preliminary measureménts were made using a single therm-

istor mounted In a rﬂbberasﬁ@pper’fittéd,iﬁtﬁ’a 25 x 100 mmy

test tube. All conmections were made to the bridge with
"panana® plugs. The flrst thermistér useéd was one of high
resistance, 100KSl, with a rated temperature gcoefficlernt of

=4.6%/°C at 25°C and was ghbtained from the Victory Engineering

Corperation. Temperature coefficients of resistance determined
for a high ﬁesistaneerthermistar'pair‘infthe range 24-26°C
compared faverably t@‘the‘ﬁétedvvalue aboves

Reslstance measurements were carried out using a medified
Luder a.¢s bridge (26) with about a 1.0 volt input and a fre-
quency of 1200 ¢yeles/sec. supplied by a Hewlett-Packard audio
gs¢illators The resistance components of the bridge were all
obtained from the General Radle Company: They were G. R.
Type 510 elements: The variable arm of the bridge coversd a
range of 0.1-211,110 ¢hms and had a tolerance of "0.05% with a
temperature“eﬁefficieﬁt of ©.002%/°C. The standard arms in
the a.¢. bpidgp’were‘1@K5Lr£sist@fs‘with'the same specifica~

tiens, Two variable capacitors were placed 1n parallel with

the variable and unknown resistors to balance out capagitance
in the ¢ell. Earphones were uwsed as a wull detector:

A small wellsinsulated 1X1X2* water hath contalning an

inner bath of kerosene provided a means of constant=tenms

perature control, The entire thermostat was covered and the
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inner bath had a remdvable cover. The innef bath held a
circular metal dilsc containing;holes for several.sample
tubes of solutions and a tube conﬁaining solvent. A
_Fahrenheit thermometer graduated in 0.05°F was compared

with a Bureau of Standards thermometer (No. 73035) of 0.2°C
divisions. This Fahrenheit thermometer was used as a ref-
erence fof setting Beckmann thermometers and other ther-
mometers used throughout the investigation. A mercury
thermoregulator\and an electronic relay controlled the tem-
perature. iStirring.was.aacemplished'by means of a cone~drive
motor and a large multi-bladed stirrer.

Sulfuric acid solutions of known vapor pressures (14)
‘were used in the,preliminary measurements. The change in
resistance, AR, was taken as the difference between the
resistance of the dry thermistor and the resistance value
obtained by balancing the bridge several minutes after one
drop of water was applied to the thermistor;tip, In;most of
these measurements the resistance decreased steadily after
‘having first risen to a mgximum_value immediately after the
drop was applied, but no steady state or plateau was reached.
An approximate relation was observed, however, between the
resistance difference, which 1s proportional to thevgpoling
effect, and the vapor pressure of the sulfuric acid solutions.

One of the difficulties encountered in working with
these water solutions was the incomplete wetting of the

thermistor tip by the water drop due to the high surface
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tension of water, This problem was partiallyﬂs@lved by
etehing the thermistor tip with a hydrofluerie acid S@lu¢
tion. Another improvement in technique came from the use
of a micropipet for delivering drops of more nearly con-
stant size. ‘

Troublesome variations in inner bath temperature ap=
peared, pr@bablyfdue-at least in part o the fact that the
surrounding room temperature was not equaifto the bath tem=
perature: Opening the bath to load the thermistor tip with
a water drop also resulted in temperature fluctuations.
Efforts to overcome such temperature variations were made
by using longer test tubes and by putting a thermoregulator
in the inner bath, but they were in general unsuccessful.

In an effort to Ilmprove the methcd,‘différéntial therm=
istor measurements were tried. However, 1t was found that
when two thermistors were employed, each serving,as one arm
of the bridge, no balance could be obtained. Changlng the
size of the capacitors and improving the shielding were tried
in an effort to obtain albalanﬁeyzbut without sucecess. It 1s
pelieved that capacitance effects were responsible for the
diffisulties but they eould not be 6vercame. It was then
deelded to convert the bridge to direct-current work. A
diagram of the d.c¢. bridge designed for use with matched
thermistors is shown in Filg. 2. One of the main objeections
to the use of a d.c¢: bridge lles in the requirement of a

very delicate galvanometer for a null detectors A sensitive
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Low Resistance Thermistor

High Resistance Thermistor _
Standard Resistors, 2KQ or 100KQ
Variable Resistors, 0-211KQ

1KQ Resistor

0~BK(L Resistor

0-0.5K L Resistor

Null Indicator

I O O B B B

Figure 2
Thermistor Wheatstone Brldge
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électronle null-indicator was purchased from the Minneapolis=-
Honeywell Regulator Company, however, which was net affected

by vibratien and did not have to be leyeled. But some
difficulty'was engountered with this ingtrument when 1t was
first tried and a Rubicgn galvanometer was temporarily subs=
stituted. This latter instrument was much slower in operation
and also less sensitive (5 x 10-® amps/div.) than the electronic
null-indicator (1 x 10-% amps/div.), and when the null-indicator
began worklng satisfactordily, 1t was used throughout the rest

of the experimental work.

B. Double Thermistor Measurements

The preliminary experiments employing an a.c. bridge with
a single thermistor having indicated that in order to obtain
any kind of speady=state, a double thermistor d.c. bridge would
be negessary, attention was next directed t@Waﬁd-designing,a
workable cell. Consideration was given to the following points:
(1) simplicity (2) ease of manipulation (3) rate of attainment
of temperature balance (4),sensitivity and reproducibility of
measurements, A number of c¢ells were bullt and modified in
ways suggested by the experimental results.

A discussien of the varilous thermistor cells used through-
out the investigation is given in the fellowing sectioms, aleng
with the different experimental techniques tried.

1. The Dipping Thermistor Tube Cell
A thermistor cell 1ncorporating resistance~matched therms

istors mounted in & forked tube was constructed (Fig. 3).
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S
Figure 3. Dipping Thermistor Tube Cell
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This cell consisted of a tube with a ground-glass top (¥ 45/50)
- the forked tiibe

having two openings. Through one Opening

which the thermistors were mounted wds ground to pass smoothly
through the ¢ell top 1n order that the thermistors could be
raised and lowered without excessive evaporation edcurring.
Through the other opening passed a glass fube bent inte a
U-~ghape and having sealed on its tip the female part of a
ball Jeint. Pure solvent féther) was plaged in thils U-tube.
Both tubes had rubber tubing sleeves connected to the cell top
to complete the seal; at the same time this alsc helped to hold
‘the ‘tubes rigidly in place. 'The solvent-containirg U-tube could
thus be clesed off with the ball Joint, the male part of which
was sealed 18 the inmer wall of the ¢ell as shown in the figure.
A sample of solution was placed in the bottom of the cell. To
make & measurement the thermistors were wet simultanevusly with
solution and solvent by pushing the thermistor tube dewn and
dipping the solvent ‘thermistor (the @ﬁg of higher resistarice)
irite the U-tube and the solution thermistor (one of lower
reslstance) inte the solutlen. The U~tube with the ball joint
was then c¢leosed to prevent ether yapor from diluting the
“solutiorn,

With this apparatus AR values measured using a 1 molal
solutlion of sulfurice acid in water could be reproduced to

within about 5%» However, kheve was & Lavgs AR Oa s hms)

for a small pressure lowering (ggj 1 mm. Hg), S0 that even

wlth a 5% yariation in the AR values the vapor pressures
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could be reproduced to wilithin several hundredths of a milli-

meter for that solutien, ih@ﬁe'm@asnrem3n$s-didlm@t represent

a steady-stabe condition, howevery, as the resistance was
observed to peak rapidly, and the first recorded measureément
(about twe minutes after the initial webbing) was the ome
used in the ecaleulation of the AR. The lowsresistance therms
istor pair (about 2 x 10° ohms) wds used in these mezsuremernts.

It was decided that the dipping technique used at this
time was at fault because apparently not enough liquid was
adhering to the thermistor tips. To gerrect this, small abs
sorbent wicks about 3/16 in. long were fastened to the therm-
istor tips. While this seemed to help in obtaining a steady
staté}-which;in;m&st pcases was reached in ten minutes, an
effort was made to achleve still better temperaturée control
by mﬁVing the apparatus I1nte a wuch larger water bath whose
temperature was ccontrolled to within about 0.002°C. Numerous
measurenents on the same solution were made, many of which
exhibited well defined steady states. However, the repro-
dugibility achieved at this time was still poor. Beth the
high and low=resistdnce thermistor palrs were used in these
studies.

A study of the effect of the woltage on the reslstance

of the thermisters was also made. The power for the bridge

was furnished by a sixevolt storage battery and the veltage
input was manually regulated by a potential divider (Fig. 2)
and measured on a Rubicon potentiometer (Serial Neo. 54864).

Five measuremernts were made of the resistance of each



3k

thermistor and of the AR at five different inpul voltages
ranging from 1,500=3,000 velts fer both the high and low-
resistance thermistors at 25@39.‘The'resistan¢e P
as the yoltage inmcreased in all ecases owing to the internal
heating of the thermistors caused by inereasing the current.
Even the lowest voltagey, 1.500, exceeded the maximum power
input for ne sensible heating for the lowsresistance therms
istor pair.

From time to time during the course of the work, elec=
trical short circults developed in the forked tube which
eontained thée thermistor leads: When this occurred, another
thermistor palr was often substltuted while repairs were made.
The thermistors were sealed imbte the end of the forked bube
with a cement made from methyl methacrylate pelymer dissolved
in the monomer. Duco arid Tester's cements were also used.
Both of thesé cements had certain disadvantages, chlefly
begause of their solubility in ether, and their use was later
discontinued. |

In the early measuremerts the apparatus was partially
rempved from the temperaturE“bathfiﬁrgrder”tc“ﬁarfY”@ut'the
dipping techriigue. Some meagurements were made without
1ifting the thermistor cell, but th ere was always danger of

impairing the thermistors. Spme Improvement was achieved by

employing an uwnsilvered two-liter Dewar flask which was kept
totally immersed except when the thermisteors were being wetted.
The apparatus was plated in the Dewar and the wholé assembly

could be raised out of the outer bath enabling one Lo see



without appreciably changing the tempera

The procedure generally, as disgussed previously, con=

sisted of placing a drop of solvent in the atmosphere Just

above a solution in that selvéent. With this type of system

the initial AR reading between the two thermistors was msually
measured with no ligquid on either thermistors All other investi-~
gators (8, 18, 30) apparently measured heating effects produced
by the condensation of solvent on a drop of seluticon kept in an
atmosphere of the pure solvent, and, furthermore, the imitial AR
values measured by these workers were wsually measured with
solvent on both thermistors, Several measurements were At

tempted using this procedure with the Initial AR values obtained

either with selution on both thermistors above a solutien of the
same concentratien or with dry thermistors above an atmosphere
of the soélution to be studied, The latter seemed o gilve the
nost reliable results.

2. The Modified Iyengar Thermistor Cell

Attention was turned next 4o the design of a new apd
simpler thermistor cell., This cell wﬁS'mgdﬁleﬁ.aftef“that
used by Iyengar (18) and consisted simply of an eleetrolytic
'*beakér'c@veﬁéd'With'aMbbrkﬁmﬁg@nitﬁ“stapper'(Fig@ %) The
thermisters were encased in a short forked tube which ex-
tended through the tep. In the ¢ell top was a small hele,

which drops c¢ould be

normally covered with a cerk, through

applied to the the cropipets

rmistor tips by means of a mi
The inner wall of the cell was liméd with abserbent (filter)

paper as an ald in keeping a uniform atmesphere of vaper
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‘The ‘Modifiled Iyengar Thermistor Cell
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in the well, The new cell had the adyan

measurements to be carried oub on the same sample of solution.

After the steady state had been reaghed the excess ether was
removed by means of some abserbent material; then after equi-
librium had been agaln reached, new drops of sglvent and solu-
tion were applied. The initial AR used with this cell was
first placed on one thermistor tip, then a drep of solvent was
placed on the other thermister (the one of higher resistance).
The selution drop was cbtained frém the solution In the hottom
‘of ‘the eell amd the solvent drep was taken from a test tube of
solvent kept In the water bath at all times. After experis
menting with drops of 'different sizes, a drop size of aboub TA
(0:007 ml.) was decided upon.

In prder that the steady state might be studlied in greater
detall, a 0~10 millivolt-range Bre

place of the null-indicator. This, 1t was hoped, would provide

a graphlcal record of the attaimment of the steady state by re-
cording the unbalance in voltage brought about by the change in
tﬁm@@rﬂtﬁﬁ@f\and‘henne change iﬁ'thﬁlresist&ﬂﬁe‘@f”tha‘ﬂélvemt
thermistor:

Tn order to translate the récorder deflection in terms
of resistance changes in the bridge arms, a polnt-by-point
calibration was c¢arried out at six applied veltages im the
range 0,250-1:500 volts using only the lewsresistance therm-
istors because of an impedance matching requirement. -The

10KSY fixed=resistance arms of the bridge were replated by
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two decdde boxes and the gredbest sensitivity was dbbained with

standarderesistance arms of about 1000 ohms each. The eall-

bration data were obtaiiied by wnbalaneing the bridge iw five

th:stepsrahd.@bserving.thﬁ recorder deflections.: Stralght

line (Ohm‘s law) plots of ohms of unbalance vs. recorder de-

flections were obtained. It was found that the semsitivity of

the recw

rder was nugh less than that of the null-indigater and

even more serlous was the fagt that the recorder seemed to be

unable fo follow the change in resistance or unbalance @f the
bridge. As 4 result the recorder graph would appear .Eijs, a
series of stepslike lines instead of a plateauw. In view of

these disadvantages 1t was deeided not to use the regorder

further zs a permanent instriment for mezsuring bridge wns

wetion of time.

balance as a fiar
At this time consideration was glven to the efféct of re~

latively small voltage variations wpon the thermistor res

~of “about 0.01 volt (at 1.500 veolts) caused only a small ¢hange
‘in resistaiee when the high resistance thermistors (100 KSL )
were used. The ‘Var*i,a:?tiréri' in input veltage was less than 0,001
volt during a measurement

Ali:mﬁasurémﬁniS*ﬁff@hé rise in temperature resulting when
a drop ¢f #ther s@luti@n Was ‘placed on a thermistor tip in an

atmosphere of solvent (ether) having proved unsuccessful, sub-

sequent measurements with this cell were of the usual type;
that is, the ecoeling effect produced by solvent evaporation in

an atmosphere of selution was megsured. The results were
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diSG@uragingly;erratig and»SQmet;mes no steady-state at all

was reached: Even when a steadysstate was obtained the measured
time of 1fs appeararce varied considerably.

’The'smalllabs@rbéﬁt wicks deseribed earlier were again
tried, but thef%fmas no perceptible Improvement in the re-
producibility. During the course of the measurements eﬁplbying
wicks on the thermistor tips, however, several significant
@bservatiﬂnS'werE'madet fFirSty'it,appeared that a steady~state
could be reached a larger peércentage of the time with wicks
than wilitheut wiecks: Alsﬁ‘it WaS found that if the excess ether
was removed from the wick after the steady-state was reached,
the next measurement of the AR at the steady-state for the same
solutlion sample was a little larger. If, however, the excess
ether was allewed to remain and completely evaperate, the
megsurement immediately following resulted in a AR much closer
t¢ that first obtained: This effect wa's belleved to be due to
eontinugus evapgration of ether from the cell while 1t was kept
in the water bath. Thus when the ‘excess ether on the therm-
lstor tip wasg allowed to remain and evaporate, the resulting
dilutien partially compensated for the evaporation of ether
from the solutiern. The result was that thée vapor pressure and
‘the measured AR rémained appr@ximatﬁly:nanstant; The gontinuous
evap@ratiﬁn»éf'sglvent from the cell was a serious problem and
restrieted the use of the cell to only ore measurement with

each sample of solution.
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It was evident that some of the reasons for the erratie
results obtained thus far could be tracedvto}high volatility
of the ether itself. To investigate a less volatile organic
solvent a methanél solutionvof di;nabutyl phthalate was pre-

" pared and a seriés of'measurementS-were made. Several inter-
estering things were learned. First, it was discovered that
each measurement took from 50-~80 minutes compared to the 10=
15 minutes required for the ether solutions. -Second, in
practically all df the measureménts with the methanol solu-
tions there occurred a very rapid initial increase in the
values of AR after the’drop was applled; then after abeout a
minute AR decreased for about 10-15 minutes after which it
slowly increased and finally leveled off at about 50 minutesg.
Third, a steady-state was obtained a greater percentage of
the timé than with the ether solutions. Fourth, the repro-
dueibility was much greater, in many cases better than one
percent. |

Further detailed study was made of the peculiar behavier
of the resistance change during the course of a measurement
with the methanol solution. It was suspected that the resist-
ance of the thermistor used for ‘holding the drop of selution
changed when a drop of solutlon was applied. This point had
not -been considéred before as it was assumed that a drop of
solution in &n atmosphere of that same solution in the cell
was in.a state of equilibrium. However, it was discoyered
that the resistance of the solution thermlstor increased con-

siderably after a drop of soiution was applied, while at the
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same time the other (solvent) thermistor was kept dry. This
Was‘maﬁifﬁstﬁd”hyfa‘ﬁﬁﬂ?&ESE‘iﬁ”thﬁ AR value since the solus=
tilon thermistor was the one of lgwer resistance and an increase
in its ﬁesistaﬁ@é'wgﬂid‘make the resistance differEnﬁe&iaRi

smaller. This decrease in AR‘meant that the selutlon therms

istor was being eovoled and henee that methanol was evaporating
from the solutlon drop, which, therefore, was not in equilibrium

with the surrounding selubion vapor. It seemed likely that a

yapor concentration gradient exished above the soelutien. Drop

size seem

ed to make no apprecilable differerce. Initial AR
values obtailned With solution on both thermistors were not
reliable, and a final atteémpt to ebiain reproducible initial
AR yalwes by using & long absorbent wlck extending down from

the solution thermistor intg the selution alse falled, again
apparently because of evaperation of solvent from the solution,

ther thls vapor coneentration probs

In grder t& explaore fur
lem,a series of measurements were carried out with zn ether
solution im which the distance betwéen the thermister tip and

the surface of the solution was varied. It was eornclusively

shewn that the greater the distance betwesn the thermisto:
tip and ‘the ether solutioh surface; th? greater was the in-
gregse 1n the resistance of the selufion thermister. This
meant that the rate of evaporation was greatest when the therm-

istor was farthest remeved frem the solution surface. It was

later believed, however, that some ¢f the resistance change

ohserved may have been due te the epoling of the selutisn therms

ister by the dreop since it was found that the thermistor was
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interﬁally heated;by'the 1.500v input.veoltage. . A way to keep the
solution thermistor resistance constant was obviously necessary
if satisfactory measurements were t¢ bé made with the Iyengar-
type cells

% The Thermistor Cell with an Inner Chamber

hought advisable to cornstruct a eell haviﬁg,an

It was %
immer ecup in which the thermistors could be lowered (F g, 5)

Ether selutleon was placed in both the irner cup and between

the inner gup and the cell wall: The purpose was to have
solution at twe lévels ty provide an eéssentially saturated
blanket of vapor at the-s@1Mti§n thermistor at all times. A
strip of absorbent paper cornected the twe separate bwdies of
solution and the wall of the e¢ell was also lined with_absmfbeﬂt'
paper: The outside of the gell was covered with aluminmm foll

rout the

to ald in establishing temperaturé uniformity throu

eells A 1litile improvement in

the results was noticed, but the
decrease in AR due to the ceoling of the solution thermistor
was still 15~18 chms (for a AR of about 300). A long curved
caplllary tube was used to apply the drops so that the therms
istors could be leaded without meving them from the inner cup.
This resulted in ho significant improvement in results, hows

ever: Measurements were alseo atbempted with the solution therm-

—~Istor immersed im the melution. This resulted in a permanent
cooling effect because of the loss of heat from the thermiétcr
te the solution. Thils also introduced new problems, since

the ether-phthalate sglution disselved the cement by which

the thermistors were sealed in their tubes. The coelirg
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‘Thermistor Cell with.Inner Chamber

Figure 5.
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effect experienced when the s@lutidﬁ.%hermist@r“Was Immersed
was especially noticeable with the low resistance thermistor
pair since this pair was known to be internally heated by the
1.500v input wvoltage. |

‘A study was made of the effect of small variations in the
bath temperature upon the differential resistance of the low
resistance thermistor pair. Températures studied were within
a few hundredths of a degree of 25°C. The measurements were
made at an input voltage of 1.500v . in the.atmosphere above .

a sample of pure ether with the thermistors either suspended
dry, with ether drops on them, or totally immersed in the
ether; The results were as expected, with the AR values in-
cneasing‘with\décreasing temperature when the thermistors

were immersed or when suspended dry; however, the AR value
showed less varlation when the thermistors were suspended with
drops on them:

In order to eliminate some of the difficulties introduced
by internal heating of the thermistors, lower input voltages
were employed: Measurements were'made at 0:5, 04, 0:3, and
firally at 0.25 volts: At the lmWer“Yﬁitaaes the change in
AR when a drop ef solution was apblied was reduced considerably
until it was only a'fewmahmsg This confirmed the belief,
stated previquslj@%;hat some of the solution thermistor
resistan@eunhange'was»due to cooling of the tip by the drop
because it had been internally heated at the higher input
voltage. Some measurements were made by applying the solution
drop first and allewling the resistance to level off, using

the resulting constant though lower; value as-an initial AR
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vefore the solvent drop was applied. Although not much Improves

sod steady~state values could

ment in pregisien was nopticed; g
be obtainedy this, perhaps, was due in part te the Improved
“design of the e¢ell which had a tight<fitting rubber stopper in
which the thermlsteor tubes were held. Further improvemerits 1n
the measuring technigue resulted from connecting a new ground
lead and shortening the leads between the thermistors and the
bridge. At 0.25v the sensitivity of the nnllyindieat@r*Was

found sufficient to enable accurate resistance measurements to

bEimade,“aéd it was deecided to centinuwe work at this veltage.
4., The TImmersible Side=Arm Thermistor Cell

All of ‘the thermister cells deseribed thus far were not
completely immersed in the constantstemperature bath. It was
thought that i1f all of the vapor space above a solutleon sample
¢ould be kept alsg at a censtant temperature, better résistance
control and .perhaps better reproducibility would result. A
cell te aceampliShvthiﬁ was designed and constructed (Fig. 6).
Both ends of a ground=glass joilnt (& 34/45), to be used as
a cell top, were sealed, and two tubes were ring-sealed
through the tep. 0Only those short portions of the tubes con-
taining the thermistor leads remainmed above the bath surface.
The thermistors were loaded with their drops of solvent and
splution through a slde-arm opening, at the end of which was
a groundsglass male-joint (8§ 14/35): Through this side arm
a micrepipet, delivering 7=10A of liquid, could be inserted

to apply a drop of solution or selvent to the thermlster tilps.
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The eell top could be rotated s¢ as te maneuver the therm=

Istors intﬁfp@sitian“fQTHdrwpfapplicatign@ The side arm was
enclosed in the female part of the ground-glass Joint having
sealed to 1ts end a capillary%tubE'VBni with & stopcock for

release of gas pressure.

With this new eell i1t was found possible te reproduce
the initiél AR very well. The'neéessity‘fer“a side=arm vent
containing a st@pcack 11llustrates an Impertant characteristic
nf‘thermist@r“ﬁperatiQﬁa. It"was found that large changes in

- resistance resulted if the side arm was removed without firvst
opening to the atmosphere. Sinece the ether solution had been
covled prier toe its having been placed in the cell and sealed
seon thereaftery a pressure greater than atmospheric resulted.

when the solutlon came to bath température. This change i

resistance was due to ether vaper streaming past the therm-
1stors whernt the c¢ell was opened and is called the "flow-meter"
characteristic of the thermistors. Since the c¢ell was normally
open to the abtmesphere only through a small caplllary, evapo=
ration was greatly reduced and several measurements could be
made with the same samples

Altheugh the results obtalned with a 0.6 melal selution

of di-n-pbutyl phthalate in ether showed conslderable improves
ment over the previous mea5ﬂremehts,sthe reslstance of the
selution thermistor was still found teo inerease when a drop
of solution was applieds ”Méasurémﬁnts were made by first
applying the seluticon drop,and after the resistance leveled

of f, applying the solvent drop: However, thls procedure had
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g disadvantage in that more time was required for the solution
drop te come to equilibrium with the solution vapor in the eell
than for the steady state te be reached with the seolvent
gbhergdr@pw An increage of seyeral percéent in the resistance
change was noticed, however, when an absorbent filter paper
lining was useds 'The cambined'mean,deviation;of these measure=
ments (with and without filter paper linilng) was slightly more
fhan.qne percent.

An experiment designed to compare the sensitivity of the
method with water and with ether as solvents wag next per-
formed. A sulfurde acid solutlen of known vap@f pressure was
prepared, and the AR measured when a drop of water was placed
on the thermister tip, the initial AR having been determined
with dry thermist@rse Next, AR was measured on an ether solu-
tlon of dl-n-butyl phthalate possessing the same AP (pressure
difference between solvent and sglutien, 5.6 mm.Hg) as the
sulfurdic acid solution. Sinece the value of AR was measured
in the same way, the results could be compared with the results
ebtained with the aquepus acid solution. However, the values
obtained for the agld selution were not very precise, probably
because of pogr wetting of the thermister tip by water and the
acid selution. Twe of the thres measurements on the acld solu-
tion were made using a long curyed capillary tube to. apply the
solutlon drops This drop was obtained from solution in the
bottom of the c¢ell, while the initial AR was taken with sglu-

tion on oene thermistor. Only.a rough comparison could be
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made of the results obtained with the water and ‘ether solutlens.
The comparison simply showed that the water selution, in quali-
tative agreement with theofyy produced a AR_@f‘G@T‘times larger
than that obtained with the‘ethﬁr's@lutiﬁnvfbr'thevsamg;abs¢lute
lowering ¢f the vapor préssurcs:

As with earlier eell designs a few experiments were carried
‘out in which measurements were made of the heating effect pro-
duced by condensation of solvent at the vapor préssure of the
pure selvent on a solutlon drop. Feor the first time a steady
state‘AR‘value ¢ould be reached. Using the l@WﬁPeSiﬁtaﬂCé therm-
istor palr the resistance leveled off in about 1.5+2:0 nilnutes
after the drep was applled. Although good precisilen was noet
achieved, the measufementsvdid»sh@W‘that the AR was smaller
(ca. 25%) than that which was obtained by measuring the reverse
effecty l.e.y the cooling of the sglvent thermistor by evap=
@ratianﬁat.thefvapdr'pressure ¢f the solution.

At this time it waes disecovered that a vapor pressure
gradlent apparently exlsted in this cell alsp. When a larger
sample of soluticn (25*mlﬁ instead of 20 ml.) was used,the
measured AR was eobserved to be smaller: This agréed with earlier
measurements whereby the existence ¢of a vapor c@ncentratiwn gradis
ent was established. Thus as more solution was used the therms

istors were brought closer te the 1liquid surface’and'henee were

in a regilon richer in ether vapor; e@fréspﬁndingiy, a smaller

cooling effect was produced by solvent evaporation. Stirring
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the selution in the ¢ell was one of several things done to solve
the vapor gradlent problem, but this like the others was un=
sueccessfuls

During the course of these experiments it was found that
removing the aluminum foil covering from the outside of the cell
seemed to aff'ect the time required for the appearance of the
steady=state. The e¢ell was therefore silyer-plated on the out-

side, leaving a small clear window for viewing the thermistors.

Ameng the variations in technique tried in effort to improve

the precision and usefulness of the methed was the provision of

a St;ip of ‘aluminum (and later silver) foil in the cell, 'The
foil was designed to act as a thermal shortwecircuit when the
thermlistor position was changed by rotating the cell top untll
econtact was made with the foll: This aided in speeding the re~
turn of the thermistor to room fLemperature: The usefulness of
sunh a short-circult had been shéwn by some experiments with
methanol selutions of petassium lodide where excessive periods
of time were requlred for the resistance values to return to
the initial values. Although fairly geed results were ebtained
(5:@@6%) Withia‘@;45 molal solutien, the peculiar resistance
effects which had been observed earlier with methanol were still
present, and the measurements were still found to reguire a much
longer time to complete than these using ether.
5« 'The Mercury Cup Thermistor Cell
The earlier thermistor cells all had the thermistors

mounted vertically, and their use had invelved the placing of
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dreps of solvent and s@lﬂti@n:ﬁn‘the'thermistér’tipsg A new
E@llﬁ-sﬁggestéd‘by gne described In a paper'by'Mﬁller'aﬁdﬁﬁt@lten
(}O), was new constructed. It inx@ivéd the use of thermally in-
sulated glass '.c’up:.s’. Into whiech the thermismrs were gsealed s¢
that they could be covered,or partlally covered,with mercurys.
This ¢ell 1s shown in Fig. 7« In this ¢ell the cups are posi-
tieoried mouth upward frﬁm“the‘batt@@maﬁd are vacuum Jacketed,
The lower part is a silverw-plated vacuum Jaﬁket‘thrgmgh'which
a "Y' tube 1s ring~sealed at 1ts lower end. This divided
tube in the evacuated jacket<en¢l@sed.the’thermistbr leads
and the lower part of the glass stems of the thermistorss A
palr of new low-resistance thermistors having a =3.9%/°C tempers
-ature coefficient campietﬁd the new cell.

It was reallzed that the use of a relatively large mags
of mercury would cause the ¢éll to be inherently less sensiw
tive than the other cells because of its large heat capacity,
but i1t was hoped that the cell would possess the advantages
of stability and reproducibility reported by MﬁlLErgand.$tolten
for their cells

A 0.15 ml. sample of selvent and an equal amount of solu=
tion were placed in the cups from long caplllary tubes that
had been previously calibrated. The large groundsglass top
(% 60/50). was fastened with rubber bands: The mercury
was carefully weighed and an equal amount was placed in
each cup prior to a measuremerit. The thermistors were

sealed in the cups. Duce cement was flrst used, then Fisher



" Figure 7. The Mercury Cup ‘Thermistor Cell
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HSealit™ was tried, and finally a stlll more satlsfactory
cement, sodium silicate selution, was used.

In order to follow the measurements graphically, a
Sargent Medel XII Polarograph was medified and used in con-
Junetion with the null-indicater. Phﬁtégraphic records of
the resistance change as a function of time were made 1n this
way» A fast perlod galvanometer was used in'thé Sargerit in-
strument, and other modifications were made 8o that one eould
detect a 0.1 ohm bridge unbalance. |

The photégraphs obtalned shewed the same peculiar effect
noticed with ether solutions in the ¢ther thermistor cells.
Fﬁr~examplé;_a peak in fesistance’@ncurred within a few seconds.
after the solvent was applied (the initial AR being taken with
solution already in the cup), and this was then followed by a
decrease In resistance. After the resistance reached a mini-
mum, 1t again lnereased to the steady%state values Since all
of this uswally ¢ccurred within the first minute, it coéuld
not be observed in detall with manual recérding of the data.
A drawing of this rapid peaking is shown in Fig. 8, occurring
in this case in about tén»sen@nﬂs after solvent had been placed
in the cup. An ether solutién of phthalate at a concentration of
about O;6rmﬂlal was used in this experiment. The straight lines
at the top of the drawing show the plateau or steady state.

Most of the investigatiens with the mercury cup cell were

concerned with (1) a study of the effect of different welghts
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of mercury 1n the cups oh the semsitivity, (2) the effect of
‘changing the temperature of the solvent applied, and (3) the
reproducibility of the resistance c¢hange. In general it was
found that there was no frend in the AR sensitivity with the
weight of mercury over the range of 1.5 to 2,0 grams, Also
no appreciable differences resulted in the AR values with a
glven solutien when the temperature &f the solvent applied
was varied frgmiéhﬁ to 26°.

In general the precision of the measurements made with
the mercury-cup cell were in the range 1-2%. Although very
stable steady states then'resylted‘using this cell, 1t was
found that the cell was miuch leéss sensitive and a much longer
time was required_far~eachqmeasurem£ntgthanﬂwith'the'aells
studled earlier;

Because the above disadvantages seemed to cutweigh the
advantages, 1t was declded te diseontinue work with the mer-
cury-cup cell in favor of the side-arm cell previously used.
Since this ¢ell appeared to be the best of the cells studied,
being simple iﬁ'¢@n3trubtiennand"manipulati@n@,a'careful exX
amination of the suitability @f“the‘methdd,fer”the.detegmina
ation of the zsetivity ef g volatile ﬂ@lvéni sunh;as.etﬁgr~was”
now undertaken using the side~arm cell. - The side#arm‘was
first modified slightly 1n that a small tight-fitting cork was
placed in the end of the side arm tube, and through this ¢ork
a long hypeodermic needle was inserted: Each measurement was
made by removing the side arm dover and placing,the tip of a
mieropipet inte the eﬁd'Qf'the hypodermic needle, The ether
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was thereby transferred first to the hypodermic and finally te
the thermistor tip. The amowit of <ether needed to produce a
drop of constant size was approximated visually each time.

The medifiled side&arm‘ﬁell was tested for reproduclbility
with the same 0.2 molal solution that had been used with the
mereury-cup ¢ells Twelve measurements using the new low=
resistance thermistors showed a mean deviation of less than one
percent. These measurements were made taking the initial AR
with both thermistors dry, and making the measurement with the
reference (solution) thermister alse dry. The cell was always
kept at atmespheric pressure by means of the capillary tube
vent on the side arm; Use of the needle for applyling the drops
also eliminated the possibility ef any displacement of vapor
from the dell,such as may have occurred previously when the
‘miecropipet itself was inserted. These measurements were made
uslng a sllversplated cell with two small unsilvered windows
(front and back) for viewlng the thermistors. A 20 ml. sample
of solution was placed in the gell. The ¢ell walls were lined
with thick absorbent paper.

Tt was decided to begin the actual calibratlon measure=
mentsy “that is, & study of AR. vss s@lute conceritration,
beginning with a seolution of abowt 0.08 molal with respect to
phthalate as th£ mpst'dilute solution. The pregision obtained
with this selutlon was not very good, however, for the AR values

were in the range 11-15 ohms ard were measured to only 0.1 ohm.
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It was suspected at this time that one thermistﬁr“might

thermally Interact with the other because ¢f their temperature
difference. Thils was shown to be the case by measurement of
the reésistance of the reference (dry) thermistor during the
course of the evaporation of a drop of solvent. It was found,
for example, that the cooling increased the résistance in some
cases by as nmuch as twe vhms. Efferts to eliminate this cooling
Ineluded the construction of variocus forms of baffles. TFor exs
ample, a seml=circular silvered«glass sleeve was Inserted around
the'referenCe thermistor in one such attempt, while in another
an aluminum foll was placed between the thermistors. None of
these modifications were entirely SatiSfECtﬁryf-ﬁﬁweYer@ the
best solution seemed té*be't& isolate the reference thermistor
@@mpletelyg;@Hgih:effeéty to eliminate 1t+ This was aceemplished
by mounting It in a long glass tube and positioning 1t in another
part of the bath where it served merely to cémpensate for tem-
perature fluctuations.

The next more congentrated solutlon was Oqz\mﬁlalﬁ‘gnd

i1t was with this selution that a néew technique was devised.
which was ultimately adopted for the remainder of the inves-
tigation. TFirst a drop of selvent was placed on the splvent
thermistor and the steady=state plateau recorded. Then a
secorid drop was placed on the thermistor and again the plateau
observed. After three to f@ﬁf~sueh repeated applications the
plateaus seemed to be reproducible: In this manner the con=
aentratiﬁn'rangé from 0.08 melal te 2.48 molal phthalate in

ether was covered.
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‘Each .solution was analyzed by the evaporation method and
its concentration determined. The vapor pressures were obtgined
from the vapor pressure-composition curve obtained earlier in
the investigation. -The differential vapor pressure range
covered was from 3.2 to 68.7‘mm°»Hg‘and corresponded. to AR

values from 15.1 to 304,8 ohms.



RESULTS AND DISCUSSION

Vapor Presgsure Measurements

As deseribed under the Experimental section the vapor
pressure of ether in the dl-n=butyl phthalate-diethyl ether
system was measured over a concentration range from O to 2.85
molal with respect to the phthalate ester at 25°C, using the
conventlional statlc vapor=pressure technique. These data are
presented in Table 1, and a plet of vapor pressure lowering
vs. melality is shown in Fig: 9. A gently sloping curye show-
ing negative devliations from Racult’s law ls obtaineds: By
the methed of least squares, empirdieal equatlons expressing
the vapor pressure and pressure lowering in terms of the sol=

ute melality were found; these are:

P

i

536.6 = 33.64m + 2.478m? (5)

and,

¥

AP = 0.43 + 33.64m ~ 2:.478m® (6)

From the abgve equatlon, vapor pressures and solvent.activities
were galeulated at convenient concentrations over the experi-
mental range@‘“TheﬂGibbs+Duhem'equati@n~Was also graphically
integrated, as outlined by Kletz (24), to glve the solute
activity and.activityvcaefficient; The activity data for the

system are glven in Table 2.
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TABLE 1

Vapor Pressures of Ether in the Di- n—Butyl Phthalate~
o Diethyl Ether System at 25°C

[Vapor Pressure of ether at 25°C = 537.0 mm. Hg (1.c.T.)]

AP _in mm. Hg m. _ Nz
2.8 0.0798 0.00588
6.2 0.190 0.01389
7.8 0.236 0.01719

11.4 0,319 0.02310
14,9 0.429 0.03082
18,7 0.558 0.03972
21.7 0.665 0.04697
25.7 0,761 0.05339
27.1 0.831 0.05802
30.1 0.952 0,06591
33.3 1.06 0.0728%
' 35.0 1.13 0.07728
39.2 i 1.26 - 0.08541
%0.8 1.33 0.08973
43,5 : 144 0.,09644
47 4 1.59 0.1054
51.5 1.74 0.1142
5%.9 v 1.90 0,1234
59.1 2.07 0.1330
62.6 2.22 0.1413
65.2 | 2.32 ' 0.1467
70.0 2,55 0.1590

76.8 2.85 0.1744



Figure 9
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Vapor Pressure Lowering vs. Molality for the Di-n~Butyl Phthalate-
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 TABLE 2

Activity Data for the Di-n-Butyl Phthalate-Diethyl Ether
System at 25°C

N = 8y ) iz ag.
0.9854  0.9868  1.001%  0.01461  0.01393
0.9712 0.9749 1.003%8 0.02879 0.02625
0.957%  0.9633  1.0062  0.04258  0.03636
0.9396 0.9484 1.009% @.0604 0.04874
0.9274 0.9382 1.0016 0,0?26_ 0,05682
0.9158 0.9287 1.0141 0.0842 | 0.06402
0.9049 0.9197 1.0164 0.0951 0.07064
0.8947 0.9114 1.0187 0.1053 0.07661
0.8850 = 0.9035  1.0209  0.1150 0.08212
0.8755 0.8959 1.0233 0.1245 0.08741
0.8670 0.8894 1.0258 0.1330 0.09194
0.8589 0.8831  1.0282  0.1411 0.09613
0.8513 0.8771 1.0303 0,1487 0.09994
0.8442  0.8719  1.0328  0.1558 0.1034
0.8373 0.8667 1°0351 0.1627 0.0067
0.8296 0.8611 1 9,1704 0.1102

0380

..

0.9535
0,9118
0.8539
0.8070
0.7826
0.7603
0.7428
0.7275
0.7141
0.7021
0.6913
0.6813%

- 0,6721

0.6637

0.6558

0.6467
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Steady«State Measurements

The method for comparing vaper pressures investigated

.im”thisfrﬁsearﬁh“dépéndS‘umﬁthe'att&ﬁﬁfeﬁﬁ'@f a steady state,
that is, a nom~equilibrium statmnary state. In thils Inves~
tigation; howevery a drop of sblvent was allowed to eyaperate
In an atmosphére controlled by the vapor pressure of the solu-

tleon, and the consequent co@iingﬁefﬂéct was detected by #n ins

erease In thermister resispance. As peinted put in an earller
section, ¢ther irvestigaters have employed a solvent. atmospheve.
for their measurements. In sugch caseés solvent condenses on

ng its concentration unless the solu=

the solution drep affect:

tion 1s very dilute, and for measurements over a wide range

of concentrations the heat of condensation of solvent canmot

be considéred as remaining constant. Aside from these theore=

tiecal drawbatks this procedur® does have the advantage of

maintaining a comstant partial pressure in the surroundings

and requires very little»@f“the solution. TFor the purpose

of studying activities, however, it seemed better to measure

the temperature decrease arising from the evaporation of a

drop of solvent in an atmosphere of splvent vapor whose

paffial pressure was determined by the solution vapor pressures.
The data on the steady-state resilstance change for the

di=n=butyl phthalate=diethyl ether system over the range of

coneentrations from O to 2,485 molal with respect to disn-

butyl phthalate are presented in Table 3. Values af AR for

solutions at eight concertratiems are shown: The corresponding
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TABLE. 3 .

Resistance Changes and Vapor Pressure Lowerings at
Various Experimental Concentrations of Di n»Butyl

Lm

0.0827 3,2 151 k.0

0.2057 T3 32.4 : 0.93
0.5052 16.8 5.2 0.53
0.8034 25.9 1144 0,44
1.019 32,1 141.1 0.21
1,481 4y .8 196.8 - 0.05
2,051 58.5 259 .4 ' 0.11
2,483 68.7 308,14 0.78

AP* ~ vapor pressure lowerings caleulated from;least sqQuares
equation.
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vapor pressure lowerings talculated by equation (6) are also
given im Table 3, aleng with the average percent deviatiom of
each value. It will be noticed that the most dilubte solution
has the greatest deviation. Great difficulty was encountered
in getting a repreducible valume of AR at thils concentration.
A plot of AR against vapor pressure lowering (Fig. 10) shows
a stralght line with a slope ¢f 4.38 ohms per mm, Hg« The
curve tends te deviate slightly from linearity at the highest
concentrations. |

It was found that whereas the curve glving the resistance
change with time reached a plateau at the steady state for the
more dilube seolutlons,; wilith the mere concentrated solutiens only
a maximum resulted. Thls probably can be largely attributed to
the extremely rapid evaperation of the drop owing to the large
difference in the vapor pressures of the solution and selvent
at the higher ceongentrations.

Tdeally, at the steady=state temperature of the selvent
drop, the vaper pressure of a thermally~lsolated solvent drop
equals that of the solutlen in the thermostat. Although the
temperature in the steady state 1s constant, as shown by the
plateau in the resistancestime measurements, it falls short
of ‘the ideal value due to heat losses arising frem the thermal
conductivity of the medium (2). From the properties of the
solvent and the solutién the théoretical maximum temperature

lowering can be calculated, and hence the thermal efficlency.



66

Figure 10

Steady~State Resilstance Difference vs. Vapor Pressure Lowering
for the-Di-n-Butyl Phthalate~Diethyl Ether System
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TABLE 4
Experimental and Theoretical Efficiency Data for the Thermo-

electric Measurement of the Vapor Pressure of Diethyl Ether
in the DifnfButyl Phthalate=Ether System at 25°C.

m_ aves AR APe  APexp 100m _At  Abtheo 100p
0.0827 15.1 3403 2:8 - 0.16 0+14 -

02057 32.4 6.64 T+1 93.5 0.35 0435 100
0.5052  T75.2  15.4 16,9 91.1 0.81 0.85  95.3
0.8034%  114.4 23:5 26:1 90,0 1.24 1.32 9%.9
1,019 1411 28.8 32.3. 89.2 1.52 1.64 92ﬁ7
1.481 196:8  39.8 4.6 89,2 2.10 2.29 91.7
2.031 259. 4 520 58.4 89.0 2.74 3. 04 90.1
2.483 308.4 60.3  68.7 87.8 3,18 3.62 87.8

i = molality of ‘disn-butyl phthalate in ether:
APe = pressure lowering calculated from At value and vapor
pressure of ether.

APexp = €Xperimental vapeor pressure lowerlng as read from

o large=scale plet of experimental data friom manometric
measurenents.

=« ratlo of APc to APexp.

Atihee = théoretlcal temperature lowering calculated from

 mpdifled Iyengar equation.

actual temperature lowering as calculated from therm-

: istor specificationss

P = ratic of At to Atines.

t

l

A
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| Reference has dlready been madé to an attempt by Iyengar
(19)vto calculate the theoretical thermal efficiency of the
thermoelectric method. A modifiied form of this same equation
(3) was used tojestiméte the theoretical efficiency for the
ether system studied. Before discussing the results of this
ealculation, however, a derivation of Iyengar's equatlon seems
appropriate. The following symbols are used throughout the
derivation:
Pii1 = solvent vapor pressure at tempergature Ti, the
steady-state temperature of the drop
Prz = salveﬁt vapor pressure at temperature To, the
steady-state temperature of the solution drop =
temperature of thermostat in this case or 25°C

solution vapor pressure at Ts

Al

DPz2z

Mi = molecular weight of solvent (ether)

mz = molallty of solute (d1-n-butyl phthalate)

as = activity of solute

Ly = heat of vaporization of sdlvent‘per gram

k = thermal conductivity

From the Clausius-Clapeyron equation for the solvent (in
its restricted form)

SR - Lami/mre (8)

and the Glbbs-Duhem equation

‘1300,d 1n py +mz d 1n a2 = O (9)
1
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anEwhas upon integration and combination

"R

Mo -
M1 [mz d In ay (10)
Tos -

0

(1n pez ~ 1n piz) = (In pyy = In pyz) = LaMa (I/Ty = 1/T2) _

New let pry = psp + Ap and the left member becomes = 1ln (1 +
Ap/pgg)'ar‘upﬁﬁtexpanding the logarithm and dropping terms
of order higher than the first, =Ap/Pazz- On the basls of

Langmmirﬁs‘theﬁry of the evaporation of drops (25) one has

'Ap =k H%”(Té = 1) /(MaLaD1*35:189 x 10-5) (11)
where T is the mean of T; and Tz, and D; is the coefficient
of diffusion of the solvent vapor. Substitution of equation
(11) inte equation (10) gives £inally

Mz - ‘
med In ap x 10-%
s [Ll/RTaa—kRT/(MlplLlpgz x 3 1:9 X 1o~5)1

(Tz = Tl) (12)

The numerical factor comes into equation (11) as a cenversion
factor for the gas constant R frem cc.-mm,/°K te cals/°K.
From the Gibhss

uhem equation

the numerator in (12) 1s equal
to 1/My (1n pis/pee)y and setting k equal to K’(thermal cons

duetivity of alrcether mixture) we have:

iy (1n pra/pez)
2 . [Ll/RTa + KRT/(3 1»&

x 1075 WD Lipez)] 2P
To simplify the calculations the mean temperature was

arbitrarily taken to be 25°C: The value of K (equation (13)),
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the thermal cmnductivity1ﬁf“ether'vaper“inﬁair;(17); was cal~
culated on a weilghted basis from the ratie of the partial
pressures of the solutions (pasz) and air assuming a constant
total pressure of 745 mm. Hg. Values of Dy, the coefficient
of'diffusi@n_af'ether“Vapﬁr‘in,air*(16), were also computed
for each solution pressure. The second term in the denominator
Varies'iery 1little over the experimental range and an average
value ecan be used and combined with the first term. With
these simplificatians,‘equatiqn;(13) becomes: |

At = 60.8 16g(piz/Pzz) . (1%)

Using the experimental pressures (read from a large-
scale plet) at the molalities of the solutions used in the
measurements, the theoretical maximum temperature lowerings
were calculated. A'cqmparisanp@f the At values calculated
from the thermistor measurements with those obtained from the
modified Iyengar equation showed that the ratio (p) varied
from 0.953 to 0.878 (see Table 4). The first two values are.
not consistent with the reét and are not included in the

\rangé‘meﬁtiaﬂed”ab@veg Tt is seen that these ratios vary a
1ittle more than the -experimental efficlency raties calculated
on a pressure basis, and also show a decrease with inc¢rease in
concentration.

If thé thermal conductivity of the vapor space above
the solutidn were zero, the temperature lowering of the
solvent required to equalize the selvent and solution vapor
pressures.calculated from equation (;3)\with]§gequal zZero
15 0.37°C for the 0.206 molal solution compared ta the

value 6f 0:35°C listed in_the'tabie and ¢alculated from the
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gsame equatilon, but taking the thermal conductivity of the wvapor
into account. From the experimental vapor pressure of this solu-
tion arid the vapor pressure lowering per degrée 118;96 mm. Hg) of
the s@lVentyfﬁhe'ealculated”temﬁerature lgwéringﬁqf the solvent |
requlred to equalize theé vapor pressures is also found to be
0.37°Cy comparing fav@rabl& with the value calculated assuming
the thermal conductivity is zero. For the mﬁﬁt concentrated
salutian@ the'lbwéringqcalgulated.frbm the'equatibnmasSuming X
1s zero 1s 3.78°C compared to 3.62°C calculated from the vapor
pressure data on ether and alsé from equation (13). This larger
discrepancy at the higherjcqnaentratiphfmay be partially due
to an error in the assunption of a linear vapor pressure-temper-
ature ﬁelatianShip'QYer'this temperature range, bubt probably also
due teo the neglect of the térms taking into acecount the varioﬁs
ways that heat can be transferred 1n the system.

 Both the modified Iyengar equation (12) for small values of
k and the equation for maximum temperatMTE’diffEPEnﬁe in the
steady state (4) predict that the-steady~statevtemp6rature.lee}~
ing decreases as the heat ¢of vaporization of the solvent incﬁeases.
.ngevér; from the Clausius~Clapeyron equatlion one has approxi-

mately

(15)

and for equal values of Ap and T, one sees that fhe'temperature
loweririg of a particular se¢lvent will be,invérBEIy propertional
to the product of its heat of vapdrizatlion and its vapor pres-
sure- 'Thﬁs, although water has a mplar heat of vaporization

which is roughly 1.7 times that of ether, the much larger
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vapor pressure of ether will result in a At value which 1s
about 14 times greater for water than for ether. This is in
qualitative agreement with experiments involving both Aqueous
and ether solutions having tné‘same vapor pressure lowerings.
The use of the thermoelectric method with solvents of high
vapor pressures thus apparently compares unfavordably in semnsi-
tivity with its use with solvents of leower vapor pressures, if
c¢omparisons are made on solutions of the same_vapor'préssure
lowering; however; a 1 mm. lowering of gn_ether‘SQiution eOr-
responds to & much more dilute Solution than does a 1 mm,

lowering of an aqueous solution.
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SUMMARY AND CONCLUSIONS

The steady~state temperature~differential or;"wetﬁbulb
thermametry",method for-eomparing vapor pressures has been
investigated with respeet to its suitability for the neas=
urement of solvent activities in soiutions of nonvolatile
solutes 1n volatile organic solvents; e.g., dlethyl ether.
Factors receliving censidergation and study have been (1) ap=
paratus and t&éhn'ique, (2) measurement time, (3) preeision and
aacuracy,(%),sensitivity and thermal efficienﬁy.’

Five ﬁypesfef cells were studied., The best design was
found te be a simple all=glass single-thermistor cell. Solu=
tion was placed in thé b@tt6m4ﬁ@ provide a definite partial
pressure of solvent, and solvent was allowedvto evaporate
frqm a drop of solvent>applied to the thermistor tip through
a4 hypodermic syringe. The drop could be introduced without
the necessity of opening the cell which was held at constant
temperature throughout the measurement .

It was found that the steady state was reached within
approximately 7 minutes after introducing the solvent drep
for many of the solutions investigated, but varied consider-
ably from that time for other solutions. The duration‘of
the steady state was a furiction of thé difference in the

vapor pressures of the solution and selvent, varying from
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dag 30 minutes for a vapor pressure difference of about 3 mm.
Hg to less than 0.5 minutes for a vapor pressure difference of
gbout 69 mm., Hg. With a drop size of ca. 0.007 ml. of ether
the duration of the steady state appeared to determine the
highest concentration of solute which could be studied.

A study of double theﬁmister differential resistance~time
gurves showed that the dpproach to the stemady state apparently
depended upon éeveral factors including the proximity of the
other thermistor, and the pesitioning of the thermiStors in
the cell. The single~thermistor design proved most satis=
factory in giving reproducible resistance values for succes-
glvely repeated measurements with the same solution sample in
the cell.

-In order to provide e¢alibration refefence datas the vaper
pressure of ether in the system di-n-butyl phthalate~diethyl
ether was measured at 2% concentrations over the range of
phthalate»melerfractians from 0,006 to 0,17 at 25°C. Measure-
ments were made by the conventional-manometric VA pOTr~pressure
method, employing alternate freezing and thawing with vacuum
degassing. »Solvent‘and.sﬁlutefactivities were éalculated for
the measured concentration range. Di-n-butyl phthalate wis
found to show negative deviatlons from Raoult's law in ether.
The vaper pressure is empirically given in terms of the phthsal-
ate molallty bys

P = 536.,6 = 33.64m + 2.478m=
The methed was evaluated &t eight concentrations of di-r~

butyl phthalate in the range of conecentrations from 0.08 to
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2.48 molal cofresponding”ta vapor pressure lowerings of from
3 to 69 mm. Hg at 25°C. With the éxception of the most dilute
solution the average of the average deviations in the differ-
entlal resistance between the solvent and reference thermistors '
at~each concentration was 0.4% br about 0.1 mm. The data were
found to be represented by a line of slope 4.38 ohms pér mm.,
except at the highest cOndehtratiGns where the points lay
slightly above the line.

The experimental thermal efficiency of the cell was cal-
- culated and found to decrease slightly with inerease in concen-
tration over a 30-fold congentratien range. ‘The values found
were between 93.5 and 87.8%, which are somewhat higher than the
79% value reported in the literature for ether. .On the
assumption that heat transfer occurs only by conductien through
the vapor phase, the theéretical efficiency was also calculated
and compared With the experdmental values. The ratio was also
found to decrease with increasing concentration, the values
lying between 0.953 and 0.878 (omitting the first two). Since
heat transfer by radiation,; convection, and conduction through
the leads arid the cell wall was neglected, the agreement with
theory appears reasonably good:. These results show, further-
more', that the single thermistor ¢ell can be operated with a
drop of solvent evaporating into a solutidﬁgcentralledlatmOs§
phere whose solvent partiai pressure may vary govyer a compara-
tively wide range without significant loss of thermal»efficiencﬁq

It is eoncluded that while many of the difficultles en~
countered with the method have their origin in the extreme

volatility of the solvent selected for study (ether), the
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method ig still subjeet te & great many unbredictable'ﬁnd U=
controllable experimental variations which affect Ehe‘ prec¢ision.
The method, therefore, does not seem to have any very great
advantage over other methods for the measurement of activities,

except possibly in highly dilute solutiomns.
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