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A consideration of the deficiencies in standard methods used Ffor the eryometrie deter-
mination of purity has led to 2 new approsch in which the messurement of an intensive

rather than an extensive property i3 the controlling factor,

Thizs methed, measureioent

of the dieleetric constant as 8 function of the fraction telted snd correlation with the aes-
companying change i temperature, allows caloulation of puriey with higk preeision,  The

apparatus used end expe

ritmental work performed to sseottafn the scope of the method

ata deacrbad,  Determingtion of purity for organic compounds with differng polarizabilitiea

end dipole moments fudleate a rather wide applicability of the method,

he large change

in the dielectric constent of & high purlty compound as It passes from solld te liguid stute,
with an aecompanying emall change in temperature, may allow automatic control of tempera-

ture within extremely narrow Hinits,

1. Cryomeiric Method

_The well-known method of {reezing point depres-

v gion, (Tg~ Tyl—where T, is the frearing point of

the pure material and T} that of the actua sample—

provides a sensitive nondestructive mensure of

unpurities. In this method s ?hji’siﬂnl property,

¢, 18 determined as o function of temperature, 1{,

in the region of the liquid-solid transition. The

liquid fraetion, i, is presumed to be a linear funetion
of ¢, that is:

tho—dh

b

the— e, n

For nearly pure substances the peneralized van't

Hoff equation applies:

SN fops- Ty T P 2

ZIN, designates the sum of the mole fractions of
impurities soluble in the liquid and inspluble jn
the solid. Conventionally it is written N:*. AH,
iz the molar heat of fusion of the pure material.
R is the gas constant. The factor AH/RT.* is
generally refarred to as the cryoscopic constant,
4, and (Tp—I.) is equated to AT =0 that eq (2)
can be written:
1 —NP=NE=FAAT (3)
Where N,* is the mole {raction of the major com-
neant.
shril rawriting (3) we bave the straight line relation-
p:

i Tu=T). @

When F=1, T,=T,, the melting point of the sample
hy definition, When the line is extrapolated to

1F={], Ty="Tq, =0 that by thermodynarmi¢ theory
applicable to dilute solutions the melting point of

the pura substance ean he derived experimentally
from a plot of %varsus T.. In practica experiment-
ers oftan derive 7', by extrapolation of the hyper-
bolic relation (3) to L=0.

Presently thers exist three widely used cryometcic
techniques. In dilatometry (1, 2|' the ssmple
volume is the physical property ¢. The two other
techniques effectively depend on heat content.
Thay are adiabatic calormmetry [3, 4] and time-
ternperature (thermomatrie) freezming surves [5, 6]
A carefully conducted comparison (7] heas shown
that the three fechnigties, each at its best, can give
reliable results. The chief ndventuge in the calori-
metric approach is that one directly obtains accurate
values for hests of fusion as well as baat capacity
data for both the solid and liquid phases. The sama
properties can he obtained, if less accurately, from
the other two techniques by auxiliary experiments.

In ali eryometric techniques the maintenanca of
good thermal sod thermodynamic equilibriom, as
well ss of good femperature control amd measure-
ment, are basic probleme. The change in physical

roperty, ¢, ssspciated with the liguid/eolid trans-
Formatinn should be large in terms of messurability,

2. Dielectric Technique

In the dielectric t.echniqlue the measurad variable,
#, ia the change in electrical capacitance of a capacitor
with the =ample ns dielectric. The fechnique iz
applicable to a wide range of compounds but is
subject to the following restrictions: (1} The samples
must be in the purity range of 5.5 mole percent or
greater; (2) tha impurities Toust be closely related in
pr?erties to the major component; (3} the sampla
and impurities must have no interfacial polarization
affects; (4} the sample must have high electrical
resistivity, The magnitude of the change in capaci-
tance on solid-liquid transformation depends on the

1 Fhgures o bracketa indim s Lhe Titerslors mferonnes ot the end of thiz papar .
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polarizability, polarity, and velume changes of the
sample. In general the change in capacitance of &
sample during fusion is large and can be ily and
ascurately messured. Since the temperature varin-
tion of the dielactric constant of normal liquids and
solids is quite and eince the entire melting
process of nearly pure materials oceurs within &
smupll temperature range, the chaoge in dielectiie
constant during the phase change (E:s—h.} can be
considerad to ba temperatura independent. The im-
purities which remain in a caref [v purified sample
¢an usually be pssumed to be closely relatad in
prutiirtiea to the major component. Hence, at laast
n range of the atatic dieleciric constant determi-
natiem (100 to 100,000 ¢fa), the dielgetric effecta oi
the imsmrit% molecules may be assumed to be
negligible. Under these conditions the changa in
diglectric conztant reflects only the change in phase
whereaz the temporatures depend only on the im-
purity.

In principle, data could be obtained from freezing
or melting experiments. To approach the trye
equilibrium curve in & freezing experiment after the
inevitable undercooling, the cell would necesserily
have to be of low heat capacity. No such atrinpent
limitation exists for apparatus desi for melting
experiments. The melting procass has herafore been

adopted throughout.

Gprnvita,tiu:fl eeparation of solid during the final

iﬁw of melting may cauvse gross departures from

ormity in phase distribution. The method is not.
eengitively dependent on such uniformity but signifi-
eant depariures from the idesl ¢urves ocour during
the last stagea of melting. (Hass baada are inserted to
piﬂvent the gravitationsl separation of the two
phuses,

Since the end effects in the cell are eﬂﬂentinllg Con-
atant, the measured capacitance is primarily due to
that portion of the saraple which iz between the
olectrodes, and the change in capacitance is propor-
tional to the mole fraction melted. The amount of
sampla above the electrode is not criticsl provided it
represonts the same composition of eample ae axists
between the twe electrodes. Howawer, if the eell
were only partially filied, the expanding ijquid would
displace the air which was formerly batwesn tha
slecirodes, remulting in a nonlinear relationship
hatwoan the capacitance change snd the fraction
melted .

The sample is frozen by a quenching technique so
that the impurities are dispersed throughcut ran-
domly oriented amall iala, If thermodynamic
equilibrium is maintained, the erystals should melt
at the surlaces which are in contact with the impuri-
ties, ‘The shape, volume and the position of the two
phases change confinwously during melting. Neither
the Clausins-Mossotti equation nor & peneralized
version such ae the Wiener equation ean be applied.
Ap present, it B impossible to enslyze the system
mathematicelly. Howewer, if it is assumed that the
capacitor is filled with a homogeneous dielectric
whoge dislectric constant is continuously changing,
the experimental results here presented can he
rationalized.

Eguaation {3) deseribes the hyperbolie relstion-
ship between £ and T, and, in uuﬂ.llgﬂi.ng the data,
Seylor's method [11] of Atting hyfwr olae was used,
Either the ahove method or the lsasi-aquare fisting
of the data using (4) permits calewlation of Tg.
The sample purity i= caleulated vaing eg (2) wherein
F=1 a,mr I.=T.

3. Apparatus

Figure 1 shows the construction of the capacitance
¢ell and the auxiliary Lesting, cooling, and insulatin
containeta. The capreitpnce eell is construeted o
brasa throughout. The 3.0 mm spacing between
the inner and outer electrodes ia uniformaly msin-
tained by fused ailiea epacers. The capacitanca,
£, of the cell in vacuum has s nominal valee of 30
pf. The average temperature of the inner electrode
1z measured with four glass encloged thermoeouple
junctions, which are sealed into holes drilled 90°
spart and to different depths. A steel electrode
lead i serewed into the central, high-potential
electrods and » brass lead is attached to the ground-

potential electrode in A simitar manner. Two brass -

ghields are used to control the cell temperature.
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The ioner one is wrapped with asbestos-insulated
Nichrome wire and the outer one has copper evils
soldered to it.  Each shield is fitted with o separate,
four-junction series thermoeouple for monitoring its
temperature. The cell snd the shields are insulated
with carefully machined expanded polyurethane
foam and are supported with Mycalex rods, The
entire assembly fits in a pallon dewar and all leads
protrude through the insulation, contsiners, and the
to[gcnf‘ the bakelite cover of the vacuum container.
Electrically and thermally insulated leads, held in
fixed positions throughout their lengths, are attached
ahove the balkelite eover,

In this work both a Genersl Radio, Type 716-C
capacitance bridge and a General Radic impedance
comparator have been used to measure capacitance.
With the capacitance bridge, the capacitance and
the diesipation factor are measured manually and
directly. The field strength used i= approximately
35 vfem. The detection limits of this instrurment
gre +0.2 ﬂah

With the impedance comparator the capacitance
of the sample can be messure using fixed frequencies
of 100, 1009, 10,000, and 100,000 ¢/s. The imped-
ance comparator haa little or no detectable zern
drift during a 24-hr period. The field strength is
uﬁgroximat-ely 0.75 viem. A measured capacitance
difference of 0.01 pf hetween the cell and & varinble
procision capacitor can be detected. The impedance
comparator displays the phase angle and impedence
differences independently on two meters. It also
provides o direct eurrent output which can be re-
corded. When the phase nnﬁle iz large, it is balanced
with & reeistance network which hﬁtﬂn TEACTADCE.
A schematic drawing of the system used to measure
and record the cepacitance and the temperators of
the cell is shown in fipure 2. Leeds and Northrup,
Spegdumax, Type G, X-time and X-Y recorders ara
used.

Ar ico-water bath is used as a reference for the
shield thermocouple systems, mnd a watar-triple

int cell i= used as & reference for the cell system.
IFEIB differonce in emf hetween the cell thermo-
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couples and & halancing Leeds and Northrup, Type
K-3, Univeraal potentiometer iz amplified with &
Leeds and Northrup d-¢ microvolt indicating ampli-
fier. The output of the amplifier ia then racorded.
With this system a temperatura difference of 0.0001
® C 1 detectable.

Other experiments were run to determine the
minimum time necessary to insure thermodynamie
equilibrium  during the melting sequence. FEight
hours wae found fo be sufficient. In still other ax-
perimente the melting procezs was halted and the
aample was slowly reg'uzen, Figure 3 shows a plot
of tamparature versus capacitance change for onae of
thess experiments, The fact that the two curvea
are euperimposzed lustrates one of the important
sdvantares of the dielectric method over the therme-
metric method, namely that constancy in tha melting
ale it not necessuty and that the melting aequence
¢an gven bo interrupted by & pariod of refreezing
without appreciably influencing the determination.

JFreezi and melting  experiments were con-
ducted using all tho fixed frequencies of the im-
podance comparator. Ne poticeabls change was
obsarved in the melting curves as a result of this
thunge. The freering was alse dons while using
kigher electrical field strengths, direci-cureent fielde,
and without an electrical field. In all cases the
melting curves and the capacitance of the cell,
when the sample wns completely frozen, remained
unaltered.

4, Experimenia) Detail
4.1 Preliminary Experiments

Series-connected, multiple-junction thermocouple
svetems wera uaed in order to obiain high seaneitivity
and to messure temperatures which truly repre-
sented the averngs over the system. The umi-
formity of the temperature in tha cell and in the
first, heated shield was determined by differential
temperature measurements during the melting se-
guence, The temperature difference batween the
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Filaure 3. Parlizl melt and refreese of S-methypinaphthoalene.
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top and bottom of hoth the inper electrode and the
shield were racordad during preliminary melting ex-

riments. The maximmum temperninre diflerence

tween the top and bottom of the shiold was found
to be lesz than 0.1 °C, and the maximum observed
difference in the cell wae 0003 °C. 2-Methyl-
naphthalene was the material used in these experi-
ments.

Approximate calibration of the thermocouples
was achieved by immersing the sensing juoclions
ahd & clﬂibmt.eg platinum resistance thermometer
in & well stirrad oil bath whose temperature was
alowly changed from 100 to 0 °C. A better calibra-
tion was achieved by performing freezing cxperi-
ments with the various samples while simultaneonsly
using both the junctione and the platinum resistance
thermometer as temperature-sensing elements. A=
& result of this comparisen, the absclute tempera-
ture of the cell, as measured hy the calibrated
thermmocouples, is known to about 0.05 °C aver the
entire calibration range, and the temperaiure differ-
ence in the melting ranges of the samples used is
accurate to the limit of the eonsing equipment
{0.0001 =C1.

4.2 Experimental Determination of Pazity

The liguefied sampla is poured inte the space be-
twoen the alectrodes with the top fused silica spacer
removed. The ameunt of sample used is =uch that,
when the sampls is frozen, the solid extends just over
the contral elactrode. After filling, the top fused
silica apacer is replaced, and the eell and shields arn
assembled ae shown in figure 1, The appropriate
electrical connections are made and either & tein-
perature-controlied liquid or gas is cireulated through
the coils surrounding the outer container. After the
eell and its contents are cooled below the freezing
point of the bulk =ample, seading is spontaneous or
mitiated by “sparking’ the two electrode leads with
a Tesls coil or by vihrating the cell. Usuvally frooz-
ing is very rapid, causing profuse, dendritic growth
with the impurity dispe throughout the crystal-
line masa. After erystallization the cell i= ed to
at least 20 degrees below the melting point of the
eample.

The sampla is than slowly warmed by eontrolling
the temperatures of the two shislds. Thiz slow
warming allows the ¢rystals to anneal prior to the
onget of melting. The impadance of the system snd
the cell temperature are continuously recorded during
the entire experiment. Before the onset of melting
the temperature of the inner shield is maintained at
no more than 0.2 °C ahove the cell temperature.
During the melting process the temperaiure differ-
ence between the outer contsiner and the cell 1
maintained at 0.1 °C! or less. The averace time
regluire.d for the melting proeess (excluding the pre-
melting time) i3 from 6 to 12 hours. The experiment
i5 comsidered to be complete after the sample has
heen warmed 5 °C above ita malting point.

Sinca the impedance compsrator gives a linear
cutput only when the difference between the refer-
ence and sample capmcitors i ao greater than 5

percent, & technique modification is needed for
samples which on melting have a dielectric constant
change of more than 10 percent. Nitrobenzene, for
exawnple, ha= o tendold increase in dieleetric constant
on melting. For this substance, therefore, the tem-
peratura was recorded on an X-time racorder and the
nulled walue of ithe impedsnce comparator was
manuslly recorded on the X-time strip-chars record,
This requrad replotting to obtain the curve of 1fF
veraus 7. With this compound the phase angle was
balanced with the resistance network prior to the
null-balance of the precision capacitor.

There ia some experimental difficulty in the deter-
mination of the Eﬂint at which the first melting takea
place. Although the impedance (or capacitance)
difference is the recorded variable, the impedance
compuarator aleo Las & meter which shows the phass
angle differonce. When the sampls has an appre-
ciable polarizability or & significant dipole moment,
there 13 & chanpe in the phease angle prior to any
noticeable change in the impedance slope. The
capacitance value which corresponds to this notice-
able change in phasse angle is selected as the F=0
value. en this ia done, thera is less than two
percent difference betwoen the valus of {ez—e:) a8
determined by this methed and that determined by
the analysis using the hyperbolic relationship, eq {23,
Such s differenco causcs less than one percent change
in &3

8. Results of Purity Analyses

The mathod described has been tried for 2-methyl-
naphthalene, benzene, and naphthalene as examples
of compounds with little Ea.rizabi]it.y and small
dipcle moment. In addition measurements have
been obtained for pdichlorobenzens, which is easily

larized but has no dipole moment. Finally nitro-

enzene hus been investigated as a typical substonce
with a large dipole moment. All compounds wers
distilled, dried with silice gel, and finally purified
under vacuum conditions by the fractional meltin
technique [12]. The two samples analyzed for eac.
compound (except 2-methylnaphthalene} represent
the pure fraction and the reject fraction obtaned by
this technique.

Typical experimental curves and 1/F versus T
plots are ahown in Figures 4 through 8. The ap-

ropriate heats of fusion were ohtained from the
iternture references cited in the tables, Tablea 1
through & show the results of the anelyscs. For
compurison, one sample of each material {execpt
2-methylosphihalene} was snalyzed by the thermo-
metric [time-temperature) techoique. )

The Linear relationship batwesn capacitance and
Liquid fraction {of. sec. 1) is axperimentally supported
by thc data here presented, because the {C',—C.)/
{L’,—{I’é)-lﬂﬂ vorsus AT graphs mre hyperbolic cor-
responding to the generalized van't Hoff cq (3).
This incarity is further corroborated by the excellent
agreemient obtained between the dielectric and the
time-temperature analysis. ) )

A remaining uncertainty is due to dissolved
atmospheric gases which may show differential
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solubilities iz the liquid and the solid under test.
An evacuated sealed cell would constibut: an im-
rovement over the apparatus here described.
ntemination of the sample from water vapor in
the atmosphere would simultaneously be eliminated.
In the analyses here given for nitrobenzens and
benzene the observed progressive lowaring of purity
may have arisen from condensed water vapor (sec
tablea 3, 4, and 5).
_ The experience to date with diclectric eryoscopy
ia too hrmited for a numerical estimate of precision to
ba made with safety. However, it can be elaimed
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without hesitation that this precision exceeds that
presently obtaingble by thermometric analyais.
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6. Appendix. A Trangter Temperature
Standard

The total chenge in dieleciric constant of any
given material as it undergoes the solid to liguid
phase transition s not divectly related to the im-
purity, providing that the impurity is similar to the
major component and that the messurements are
conducted 1n the static frequency ronge. However,
the total change in temperature accompanying such
a f]1]1:14!:@« change ia directly proportional to the amount
of impurity. If one has a thermaily stable material
whose totel impurity content is lese than ten paris
par million, 90 percent of the total melting or freezing
process occurs within a temperature range of ap-
proximately ona or two thousandths of & degres,
REBUIing &N average cryoscopic constant. The total
capacitance change the more pure sampls of
p-dichlorobenzene ga plotted on sn X-tims recorder
12 shown in figure 9. A plot of the zero stability of
the impedanee comparator for a similar time interval
i= included. The seriea of straight disronal hnes in
the figure are a result of changing the valua of the
balaneing precision capacitor to bring the recording
on scale. From point A to point i ropresents a
temperature changa of 0.01 °C, approximately threa
fifths of the total meliing experiment. Now, when
tha melting-freezing behavior of the sample i=
monitored by using the dieleciric constant as a
means of controlling the heating and cooling of the
sarnple, a stable temperature can be obteined within
the call. When this was done manually, it was
easy to maintain the dielectric constant to within
0.2 of one tpan of the recorded change in dislectric
conatant with the particuler sample. When the
temperature was monitored and recorded for several
Lours, its deviation wag no preater than our shility
to messure it, namely 00001 °C. Because of
the heary metal construction of the present cell,
overshooting of the haating-cm]jnghcycle Was un-
avoidable. If the monitoring of the heating and
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cooling cycle were antomated and controlled within
the same temperature limita as was done with the
agpmple of p-dichlorcbenzene, then direct extrapols-
tion euggests that a cell can be designed whose
temperature is stable to within 1 microdegree. In

ractical aﬁpﬁmtium thiz is prnha:blfr impoasible,
Eut. the production of 5 stable, relatively sturdy cell,
wherein the temperature variation could be controlled
to lesz than 0.0001 °C, geems to be quite poasible.
Future plans include an attempt to redesign the
cell and the shields so that a material of suitable
purity can be put in an enclozed call undear its own
vapor pressure bto obfain  transfer  femperature
astandard: which have a stability of the previously
mentionad order of meagnitude.
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