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ure of the latter one may consider the quantity 2,
where b is defined by the expression

w2 = V, @)

i.e., one imagines the polymer chain surrounded by
a cylindrical envelope of radius 4, so that this en-
velope completely fills out the volume Vj occupied
by the polymer coil. The quantities b, 1/« (in
cm. units) and their ratio, bx, are given in the last
three columns of Tables I and II. It is seen that
in all cases, b is considerably larger than 1/x.'
This means that in a large portion of the solution
inside the polymer sphere the potential is equal to or
close to zero, just as it is in the solution outside the
polymer sphere. If b were smaller than 1/«, i.e.,
if bx < 1, the potential fluctuations would be
staller and the theoretical treatment involving the
smeared out charge would be more appropriate.?’

(16) It is noteworthy that this is even true in the 0.1966 M NaBr
solution in which the polymer is very close to the theta point.l®

(17) It can be shown that b« is related to f by the equation (hx)? =

(4e2/ DET) (Pw/L}(1/f) which reduces to b« = 3.34 f~12in cur case.
‘Thus, by < 1 corresponds to f > 1.2
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However, with the large values of bx encountered
here, the smeared out charge model does not give
even an approximately realistic picture of the be-
havior of the potential inside the polymer coil.
In further support of this argument, it is seen in
Table II that the discrepancy between (ey/k7).,
and ef/kT increases rapidly with increasing b«.

It is therefore concluded that a more appropri-
ate and realistic model of a polyelectrolyte iu solu-
tions containing fairly high concentrations of sim-
ple electrolyte would be a rather loosely coiled
chain, each section of which is enveloped by a
double layer of cylindrical symmetry as proposed
by Overbeek and Stigter.!! For many purposes,
the curvature of the chain could be neglected and a
uniformly charged rod substituted to obtain a first
approximation. While the P.B. equation has not
yet been solved for this case, a semi-theoretical
treatment of Donnan equilibria using this wodel
has produced good results.!®

(18) U. P, $transs and P, Ander, THIs JoURNAL, 80, 6494 (1958).
New Brunswick, N. J.
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Observations on the Differential Thermal Analysis of Copper Sulfate Pentahydrate

By ARNOLD REISMAN AND JoaN KARLAK
Recervep FEBRUARY 26, 1958

An analysis of the applicability of differential thermal analysis to processes involving the depletion of one component is

presented using CuS0,-5H,0 as an example,

It is demonstrated that the complex nature of the non-equilibrium dehydration

process can readily lead to a misinterpretation of the nature of the observed differential peaks. In addition, it is shown that
slight variations of experimental conditions affect the results considerably, thereby accounting for the apparent discrepaicies

between different studies.

Introduction

The thermal behavior of copper sulfate penta-
hydrate was described in 1936 by Taylor and Klug.!
On the basis of DTA and weight loss experiments a
new hydrate of CuSOy, codrdinating four molecules
of water, was postulated. Borchardt and Daniels,?
in a re-evaluation of the earlier work, showed that
the differential peak attributed by Taylor and Klug
to the transformation

102°
CuSO;4H,0 ~———> CuS04-8H,0 + H.0(v)
was in reality due to the process
CuS804-3H:0 + H.0(1) —> CuS04-3H.0 -+ H.O(v).

Several years ago, in conjunction with studies of
other hydrates, DTA traces of CuSO4+5H;0 were
recorded in order to obtain characteristic heating
curves of a “known’” hydrate. These experiments
gave results which ere in disagreement with those
of the 1936 work and when compared with the later
effort, were found to agree insofar as the actual
stages of dehydration were concerned, but to dis-
agree markedly with respect to the reported disso-
ciation temperatures.

CuSO0:5H,0 frequently has been used as a classic
example in describing isovolumic and isobaric de-
hydration phenomena. In order to account for the

(1) T. 1. Taylor and H. P. Klug, J. Chem. Phys., 4, 601 (1936).
(2) H. J. Borchardt and F. Daniels, J. Phys. Chem., 61, 917 (1957).

noted discrepancies, and thereby avoid further con-
fusion, it was felt that a critical analysis of the DTA
technique, as applied to the isobaric process, was
necessary. The experiments to be recounted were
not restricted to CuSO45H;0. Studies of the hy-
drates of alkali metal carbonates and alkali niobates
gave results which led to the same conclusions, but
need not be discussed here.

Experimental Procedure

DTA.—The basic methods and apparatus have been de-
scribed previously.?® 1In order to facilitate weighing of
the samples after each dehydration step, 1 cc. platinum
or gold-209%, palladium crucibles were employed which
had the thermocouple protective capsules welded centrally
in them. A 1/4’’ platinum spacer was placed at the bottom
of each thermocouple protective well so that the junction
rested in the center of the sample. Duplicate experiments
were performed with the containers normally employed,
and the resulting DTA graphs were identical within ex-
perimental limits.

Sample size was varied between 0.25 and 0.5 g., and heat-
ing rates of 0.4°/minute or less were used in most “‘equilib-
rium’’ experiments. The data were recorded on a Leeds
and Northrop X-V recorder having a basic X sensitivity of
2.5 mv./10’" and a Y sensitivity of 10 mv./10’’. In order
to resolve closely occurring heat effects, temperatures were
generally measured on the X axis. Differential signals were
amplified to provide final sensitivities of 5, 10 or 15 uv./inch.
Alundum powder served as ballast in all experiments.

(3) F. Holtzberg, A. Reisman, M. Berry and M. Berkenblit, Txis
JourNar, T8, 2039 (1957).

(4) A. Reisman, F. Holtzberg and E. Banks, ibid., 80, 37 (1958).

(3) A. Reisman, ibid., 80, 1877 (1958).
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Reagents.—Four different lots of Mallinckrodt Analytical
Reagent CuS045H.0 were examined. They were found
to contain approximately 4.9 moles H,;0/mole CuSO,.
The materials were sieved to determine the approximate
particle size distribution, and the different fractions were
examined as described in the Discussion section. All ex-
periments were performed on one batch of the pentahydrate
having a particle size distribution, >16 — 28.49%, <16>40
—48.29,, <40> 60 — 11.69%, <60> 80 — 4.49,, <80>
140 — 4.19%, <140 — 3.39%,. It is to be emphasized, how-
ever, that when the precise experimental conditions were
duplicated, the traces obtained using samples from different
batches were identical within the limits of experimental
error.

Discussion of Experimental Results

The dissociation of a hydrate system, in a Differ-
ential Thermal Analysis, is a complex phenomenon
because the dehydration, depending on the experi-
mental conditions, deviates to a lesser or greater ex-
tent from an equilibrium process. In order that
the discrepancies among the several DTA studies
may be explained, it is of value to trace the disso-
ciation path.

The dehydration chamber is assumed to be in
perfect contact with the ambient at temperature T’
and aqueous partial pressure P. If, at the start
of an experiment, the hydrate system I has an equi-
librium aqueous vapor pressure P — AP and its sat-
urated solution has an equilibrium aqueous vapor
pressure P 4 AP’, the system I will neither ef-
floresce nor deliquesce; the conditions for stability
being satisfied. If the temperature of the chamber
is raised continuously to a temperature 77 where the
system I aqueous vapor pressure is P, a further in-
crease of the temperature to 77 + A7 will cause an
increase in the system I vapor pressure to P -+ A
P” and dehydration will commence. It is evident
that if the system were permitted to equilibrate at
T’ 4+ AT, dissociation would continue until a stable
system was generated. The temperature 17 -+
AT’ can therefore be described as the dissociation
temperature of the hydrate and will be variable
within the normal limits of ambient aqueous tension
variation.

In the dynamic DTA experiment, however, sys-
tem I is not permitted to equilibrate at 77 4+ AT”,
and as seen in Fig. 1 the beginning of the first de-
hydration stage is evidenced by a deviation from the
baseline.® Asthe aqueous vapor presstire~tempera-
ture curve of a hydrate ascends steeply, the vapor
pressure increase/}llmit time, at constant heating rate,
will increase logarithmically. Consequently the
latent heat absorption/unit time will also increase
logarithmically, and the observed differential peak
may erroneously be attributed to an isothermal
process. This point is emphasized with reference
to Fig. 2 which is a DTA trace of a sample of 0.375
g. of Alundum powder and 0.175 g. of admixed wa-
ter heated at 0.4°/minute. In this experiment the
complexities of the hydrate dissociation have been
minimized and the trace relates more nearly to the
latent heat of transformation of H;O. The sloping
of the base line begins at room temperature since
the ambient aqueous tension was only 13 mm. The
deviation increases rapidly and before the sample

(6) All experimental dissociation temperatures referred to in the
text pertain to the onset of non-isothermal dehydration processes.
These temperatures were chosen by extrapolating the mazimum peak
inflection back to its intersection with the base line.
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Fig, 1.—DTA trace of CuSO,5H,0: particle size, <16>
40 mesh; heating rate, 0.4°/min.; ambient aqueous tension,
11.5 mm: a, CuSO4+8HaO-CuSO¢3HO-vapor; b, CuSO4
3H:O-CuSO4s-HyO-vapor; CuSO¢Hy0-CuSO,-vapor,
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Fig. 2.—DTA trace of Norton Alundum RR 90 mesh +
admixed water. Heating rate 0.4°/min.; ambient aqueous
tension, 13 mm.

vapor pressure has reached approximately 760 mm.,
all of the water has evaporated, and the rate of sam-
ple temperature return to the base line depends on
the time constant. If insensitive equipment had
been used, the initial sloping would not have been
detectable until the water loss per unit time had
become appreciable, in which case some meaning-
less temperature would have been chosen. As
seen from Fig. 2 the peak temperature is 82° which
merely represents depletion of the water or analo-
gously hydrate system I. Thus it would appear
that in a DTA experiment where there is constant
depletion of some component and/or insensitive
equipment is employed, results are obtained which
can be completely misinterpreted.

Experimentally, the more complex hydrate dis-
sociation will be a function of the particle size, the
heating rate, the nucleation rate, the ambient aque-
ous tension, the vapor pressure~temperature curve
of the hydrate system, the latent heats of hydra-
tion and vaporization, the furnace geometry and
sample packing. Each of these factors will in some
way affect the attainment of equilibrium during the
experiment. For example, even at heating rates of
less than 0.4°/minute, a typical analysis gave val-
ues of —2.12, —1.84 and —1.00 moles H;O lost for
the three dehydration stages of CuSO,-5H;0.
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When the vapor pressure-temperature curves of
successive hydrate systems are close to one au-
other, further complexities arise as denionstratcd
with reference to Fig. 3. Curve “a” corresponds to
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Lig. 3.~-DTA traces of systemns: a, CuSO453H,O-
CuS043H0-vapor; b, CuS0,3H,0-CuSO,-HO-vapor; ¢,
CuS04H0- CuSOs-vapor; heating rate, 0.4°/min.; ambi-
eut aqueons teusion, 11 ., particle size, <16> 40 mesh.

the dehydration of the system CuSO45H.0-CuSO;-
3H,0-vapor. After dehydration was complete the
sample assembly was withdrawn and placed in a
small vial. The furnace was cooled and a heating
curve “b” was then taken of the system CuSOs
3H;0-CuSO4 HyO-vapor. The same procedure was
followed for the monohydrate obtaining curve “c.”
As seen, the curves for the systems I and II over-
lap, which means that depending on the sample
size, heating rate, etc., the temperature selected for
the second dissociation process can be varied almost
at will. This point is reinforced by reference to
Fig. 4. In this case the particle size of the penta-
hydrate was naterial greater than 325 mesh and
less than 200 mesh. The other experimental con-
ditions were held as nearly constant as possible.
The “‘temperature’” of the second dissociation was
apparently lowered 20° as compared to Fig. 1.
Comparison of the third dissociation stage shows a
temperature lowering of approximately 40°. In
this experiinent the greater surface area of the par-
ticles enabled more rapid attaimment of “equilib-
rium’’ with the ambient, and as expected the de-
hydrations proceeded at lower temperatures. An-
other factor that affects the so-called dissociation
temperatures is the heating rate. Large heating
rates prevent equilibrium of the crystallites with
the ambient because the dissociation is both nuclei
and diffusion dependent. The net effect is to cause
an apparent suspension of the dissociation to higher
temperatures. Thus an increase in the rate to 1°/
minute resulted in a shift of the “dissociation tem-
peratures” by as unich as 30°.
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Fig. 4—DTA trace of CuSO,5H,0O; particle size,
<200> 325 niesh; lieating rate, 0.4°/min.; ambient aqueous
teusion, 6 mm. a, b, ¢, see Fig. 1 and 3.

One further extremum is of interest; the furnace
chamber is always approximately saturated with
water. This situation is demonstrated in Fig. 5 in
which a crncible containing 10 g. of water wus sus-
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Fig. 5—DTA trace of CuSO4-5H;0: furnace atmosphere
saturated with water vapor; heating rate 0.4°/min.; par-
ticle size, <16> 40 mesh; ambient aqueous tension, 8 mm.
a, CuS0,-5H,0(s) — CuS0,-3H.0(s) -+ 2H,O(l); b, 2H,O
(1) = 2H,0(g) (from satd. soln.); ¢, CuSO3H,0(s) — Cu-
SO+H.0(s) + H:0(g) a, b, ¢ legends after ref. 2, d, presum-
ably CuSO,H.O(s) — CuS04(s) + H.O(g).
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peuded beneath the barrel assembly,® so that the
furnace, to a first approximation, was saturated
with water vapor during the course of the experi-
ment. The first three peaks have been adequately
described by Borchardt and Daniels. Peak 3 now
overlaps peak 4 as per the previous discussion.
However, a new anomaly is introduced in that peak
4 is partially resolved into a doublet, the cause of
which has not been ascertained.

In none of the experiments were the molecular
rotation heat effects, reported by Taylor and Klug,
observed. These authors were aware of the effect
of particle size on the shape of a DTA curve but
applied a completely different interpretation to its
effects which is inconsistent with the preceding dis-
cussion. Ignoring for the moment the peaks ob-
tained by them which correspond to the quadruple
point and boiling of the saturated solution, the ap-
parent isothermal nature of the peak due to the
process system IT 113° system II1!1s merely a result

—>

of the experimental conditions. The first two
processes are isothermal, but again the combina-
tion of experimental circumstances can lead to erro-
neous interpretation of the results, because of slope
devation prior to the isothermal halts, and diffi-
culty in maintaining equilibrium during the trans-
formations.

HETEROGENEOUS EQUILIBRIA IN THE SYSTEMS Li;O- AND Ag,0-Nb_O;
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Borchardt and Daniels do net discuss the possible
effects of particle size, furthermore the heating rates
employed by thein were extremely high, ca. 25 times
greater than used in the present study. This pri-
marily, in combination with the fact that their ap-
paratus was less sensitive, by a factor of at least 4,
than that used in the present work, explains the
much higher apparent dissociation temperatures
obtained by them. These differences amount to as
much as 100° in a temperature interval of only 250°.
It is of interest that examination of the DTA
curves presented by Borchardt and Daniels show,
in all cases, that the peaks were not at all indicative
of isothermal processes.

While only a few of the determining factors have
been discussed, these serve to illustrate the diffi-
culties inherent in DTA hydrate studies.

It is contended that aside from the dubious ap-
plicability of DTA to the observation of trans-
formation or boiling phenomena which in the ab-
sence of other information readily can be misinter-
preted, the technique, when employed for hydrate
studies, does not result in a definitive experiment.

Acknowledgment.—The authors are indebted to
Dr. F. Holtzberg for his many stimulating discus-
sions.
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Heterogeneous Equilibria in the Systems Li,O—, Ag,0-Nb,O; and Oxide-Models

By ARNOLD REISMAN AND FREDERIC HOLTZBERG
RECEIVED MAy 15, 1958

On the basis of the relative structural stability of interacting oxide end members, a qualitative model systein theory for
complex reactions is discussed. The heterogeneous equilibria in the LiyO—, AgsO-Nb,0j systems have been examined using
DTA, X-ray and density techniques and compared with the system Na;O-NbsO;. All three generate compounds having base
to acid ratios of (I) 1:14, (II) 1:4, (III) 1:1 and (IV) 8:1. The silver and sodium analogs are believed to be isostructural.
In the Li;O-Nb,Os system, 1 and II melt incongruently at 1268 and 1231°, respectively; III and IV melt cougruently at
1253 and 1408°, respectively; III exhibits no first-order heat anomalies in the temperature interval, room temperature
to its melting point; IV undergoes a sluggish phase transformation at 1056°. AgNbO; exhibits thermal anomalies at 292
and 578° and dielectric anomalies at 60 and 292°. Ceramics of the silver salt gave fairly well defined hysteresis loops char-
acteristic of a ferroelectric compound, but X-ray data show the presence of ‘“‘extra lines” which are indicative of a multiple

unit cell and are normally attributed to an antiferroelectric structure,

Introduction

Several earlier papers have discussed the phase
relationships in the anhydrous systems Na,O or
K.O with V05! NbyOs® and Tay04¢4 Whereas
the status of each of the above systems was gen-
erally confused by the large number of reported
compounds, the LiyxO-NbyO; interaction presented
1o such difficulty since only one compound, LiNbQs,3
had been identified. Similarly in the system Ag,O—
NbO; only AgNbO;, as the mono or dihydrate had
been reported.® The choice of the Li;O and Ag;O
systems as subjects of the present investigation was
dictated on several counts; aknowledge of the meta

(1) F. Holtzberg, A. Reisman, M. Berry and M. Berkenblit, THis
JournaL, T8, 1536 (1956).

(2) A. Reisman and F. Holtzberg, bid., TT, 2115 (1955).

(3) A. Reisman, F. Holtzberg and E. Banks, ibid., 80, 37 (1958).

(4) A. Reisman, R. Holtzberg, M. Berkenblit and M. Berry, 7bid.
78, 4511 (1956).

(3) B. T. Matthias and J. P. Remeika, Phys. Rev., 76, 1886 (1949).

(6) C. W. Balke and E. F. Smith, THis JoUrNaL, 30, 1637 (1908).

salt flelds was necessary, preparatory to studies of
mixed meta salt interaction involving either LiNbO;
or AgNbO;; thefact that the “ionic radius” of Ag+
lies between that of Na+ and K+ presented a dis-
tinct possibility that AgNbO; would exhibit dielec-
tric properties not unlike NaNbO; or KNbO;; the
systems represented one further phase of the exten-
sive series of investigations being conducted by the
Chemistry and X-Ray groups at this Laboratory.

Experimental Procedure

Reagents.—Mallinckrodt analytical grade Li,CO; dried
in CO; at 400°, in gold-209%, palladium and Fisher certified
AgsS0, dried at 200° in silver served as basic components in
all reactions. The ‘*High Purity’’ NbsO; purchased from
the Fansteel Co. was dried at 1100° in platinum prior to use.

Sample Preparation.—Cooling curve samples were
weighed so as to yield 6-8 g. of melt after completion of reac-
tion. The dried components for each composition were
rolled in a glass vial and loaded into a 10-cc. platinum cru-
cible. After the crucible was positioned in the DTA fur-
nace, the temperature was raised 100°/lir. mutil the sample



