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CHAPTER I 

INTRODUCTION 

Although numerous solid-solid phase transitions have been reported 

for the lead halides (2, 6, 14, 25, 26, 28, 30, 33, 34, 35), no enthalpy 

value has ever been determined for any of these cases. The most fre-

quently investigated transition has been the orthorhombic-to-cubic 

transition exhibited by PbF2 (2, 6, 14, 30, 33, 34). However, even the 

values reported for the transition temperature are not in agreement. While 

the orthorhombic form of PbF2 can be readily converted to the cubic by 

heating to approximately 350° C (2, 6, 14, 30, 33, 34), the reverse 

transition is extremely sluggish and the cubic form persists as a 

metastable state at room temperature. This probably accounts for the 

fact that no one has previously reported an enthalpy value for the transi-

tion. High temperature enthalpy data and enthalpy of solution data would 

be needed for both PbF2 forms in order to determine the enthalpy of the 

orthorhombic to cubic transition. For the other reported transitions, the 

exact nature of the transitions has not been determined. If these transi-

tions are real and thermodynamically important, then calorimetric measure-

ments would detect their presence even if the reverse transformations were 

sluggish. 

Since discontinuous thermal expansions in crystals of the lead 

halides had been reported by Hsu (14), it was only natural to question 

whether or not these expansions were of thermodynamic importance. High 
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precision calorimetric data would be required before this question could 

be answered. Since the lead halides can be prepared in high purity and 

are thus amenable to high-precision thermal measurements, the objectives 

of this investigation were 

1. To establish calorimetrically the transition temperature for the 

orthorhombic to cubic transition exhibited by PbF2 and to determine the 

enthalpy of this transition. 

2. To determine if the solid-solid phase transitions claimed in the 

literature for PbC]^ (25), PbF2 (2), PbBr2 (26), and Pbl2 (26, 28) were 

of thermodynamic importance,and if so, to determine the enthalpies of 

transition. 

3. To determine if the discontinuous thermal expansions reported 

by Hsu (14) for the lead halides were of thermodynamic importance. 

4. To obtain reliable heat content data for the lead halides in 

both the solid and liquid states. 

Lead Fluoride 

Three diverse values for the enthalpy of fusion of PbF2, 1.8 kcal/mole 

(31, 32), 3.0 kcal/mole (2), and 4.2 kcal/mole (4), are reported; in the 

literature. Most values for the heat capacity of PbF2 reported in the 

literature (31, 41) are based upon Kelley's estimate (17, 18, 19, 20). 

However, Banashek, Patsukova, and Rassonskaya (2) reported 26.97 calories/ 

degree-mole for the liquid heat capacity (1099°-1160°K) and C = 25.26 + 
P 

8.14 x 10_i+T - 7.356 x 105T~2 for solid PbF2 (725°-1099°K). In additiqn, 

many investigators have focused their attention on the orthorhombic-to-

cubic transition observed for PbF2 (2, 6, 14, 33, 34, 30). Using x-ray 



analysis and microscopy, Sauka (33) found that the orthorhombic-to-cubic 

transition for PbF2 occurred at 315°C. Banashek, Patsukova, and Rassonskaya 

(2) determined the transition temperature to be 340°C and reported another 

first-order transition at 450°C. Remy (30) cited 220°C without giving the 

source of this value,and Hsu's (14) high-temperature x-ray data gave 337°C 

for this transition. 

Since Hsu (14) reported discontinuous thermal expansions for both 

the orthorhombic and cubic forms of PbF2, one aim of this investigation 

was to determine if these reported expansions were of thermodynamic impor-

tance. 

Another aim of this study was to obtain a value for the enthalpy 

of the orthorhombic-to-cubic transition as well as determining a precise 

value for the enthalpy of fusion of PbF2 from calorimetric data. Since 

the cubic-to-orthorhombic transition is reported to be extremely sluggish 

(16, 30), the enthalpy of transition cannot be determined directly by 

"drop" calorimetry. However, by additionally making enthalpy of solu-

tion measurements in an appropriate solvent on both the orthorhombic and 

cubic forms of PbF2, the enthalpy of transition can be obtained from the 

difference between these enthalpies and the high temperature enthalpy data. 

Lead Chloride 

Values for the enthalpy of fusion of PbCl2 have been reported from 

5.15 kcal/mole to 5.8 kcal/mole (1, 4, 5, 10, 11, 20, 36, 37). Calori-

metric results of Bloom and Tricklebank (5) yielded 5.3 kcal/mole, whereas 

similar calorimetric data of Alim, Kurtz, and Van Vorst (1) gave 5.2 

kcal/mole. However, cryometric data of Blanc and Petit (4) gave 5.7 



kcal/mole for the enthalpy of fusion. Blanc and Petit (4) did not indi-

cate purity of their sample,and impurities could account for their high 

value. Bloom and Tricklebank (5)» and Alim, Kurtz,and Van Vorst (1) 

used analyzed reagent grade PbCl^ . Hagemark and Hengstenberg (11) calcu-

lated the enthalpy of fusion to be 5.50 kcal/mole from electromotive force 

measurements of the free energy of formation of molten lead chloride. 

Temperature-independent values ranging from 22.53 to 33.6 calories/ 

degree-mole have been reported for the heat capacity of liquid PbClg (3, 

9, 10, 22) for temperatures from 774°to 1073°K. Kelley (20) selected 

Ehrhardt's (9) value of 27.20 calories/degree-mole (771°-1000°K) as the 

most reliable value reported prior to 1960. However, Ehrhardt's (9) 

value was suspect, since as Goodwin and Kalmus (10) pointed out, Ehrhardt's 

samples did not melt sharply, and this would indicate the presence of 

impurities. Bizouard and Pauty's (3) value of 24.9 calories/degree-mole 

for 0!̂  was selected by the JANAF tables (34) for the range (600°-3000°K). 

Using their data and heat capacity equations given by Kelley (20), Warner 

and Siefert (38) developed the following equation: 

C° = 16.6 + 18.4 x 10~3T - 0.68 x 10ST~2 - 7.5 x 10~6T2. 
P 

The values of C° at 80fr, 900, 1000, and 1100°K were calculated to be, 

respectively, 25.7, 26.2, 26.5, and 26.7 calories/degree-mole. 

Lead Bromide 

The references to the melting point of PbBr2 seem to be 

divided into two camps9 with some reporting a melting point of approxi-

mately 495°C (8, 9, 10, 12) and others 370°C (4, 7, 13, 15, 21). Knowles 

(21) and Hyde (15) have arrived at the conclusion that the probable cause 

of this discrepancy was the failure of many investigators to obtain pure 



PbBr2. Although references to PbBr2 are wholly inadequate in 

reporting methods of preparation or analysis, it is likely that the 

material melting around 495°C was a mixture of lead bromide and lead 

oxide (15, 21). 

Values for the enthalpy of fusion are reported (4, 9, 10, 42) from 

3.65 kcal/mole to 5.1 kcal/mole. Goodwin and Kalmus's (10) calorimetric 

data for PbBr2 gave 3.65 kcal/mole for the enthalpy of fusion, 28.6 

calories/degree-mole for Cp for liquid PbBr2 (761°-1000°K), and 488°C for 

the melting point. Bizouard and Paurty (3) determined t o b e 26.3 

calories/degree-mole,but failed to give a temperature range. Cryometric 

data of Blanc and Petit (4) gave 4.96 kcal/mole and 640°K for the enthalpy 

of fusion and melting point, respectively, 

Since the accepted correlation of the heat capacities and heat of 

fusion of PbBr2 before 1962 was the work of Kelley (20, 31), it is 

unfortunate that Kelley's calculations were based on the physical pro-

perties of a PbBr2 sample reported to melt at 488°C. Curiously, however, 

while the JANAF tables (35) selected Blanc and Petit's (4) values for the 

melting point and the enthalpy of fusion of PbBr2, Kelley's heat capacity 

equations (20), which are based upon Goodwin and Kalmus's data (10), 

were used for heat capacity values above 298°K. 

Modestova and Sumarokova (26) report a solid-solid transition for 

PbBr2 at 344°C. If this transition has thermodynamic importance, the 

enthalpy of transition will be determined. 

Lead Iodide 

Emf measurements by Murgulescu, Sternberg, and Terzi (27) gave for 

the.enthalpy of fusion of Pbl2 6.0 + 0.6 kcal/mole and 32.40 
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calories/degree-mole for the heat capacity of molten Pbl2 (685°-800°K). 

Kelley (20) selected 6.01 kcal/mole for the enthalpy of fusion, whereas 

the JANAF tables (35) selected Blanc and Petit's (4) value of 3.87 kcal/mole. 

However, both the JANAF tables (35) and Kelley (20) selected 32.40 calories/ 

degree-mole for the Cp of liquid Pbl2 (685°-1000°K). 

Considerable discrepancy can be found among the values reported in 

the literature for the melting point of Pbl2. Ramsay and Eumorforpoulos (29) 

reported 373°C, Ehrhardt (9) 375°C, Sandonnini (32) 400°C, Tubandt and 

Eggert (38) 403°C, Modestova and Sumarokova (26) 412°C. 

Modestova and Sumarokova (26) report a solid-solid transition for 

Pbl2 at 372°C. Since a value for the enthalpy of transition has not been 

reported, this transition may not be thermodynamically important. This 

investigation should clarify this question. 
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CHAPTER II 

EXPERIMENTAL 

Reagents 

Since sample purity is a very important factor when making high-

precision calorimetric measurements, it is desirable to prepare or obtain 

samples of each of the lead halides in a highly purified form. The PbBr2 

and Pbl2 samples, obtained from the Research Organic/Inorganic Chemical 

Company, Sun Valley, California, and the PbCl2 sample, Baker's Analyzed 

Reagent Grade, were purified by the fusion-filtration method described 

later in the chapter. This method has been used previously to produce 

extremely high-purity samples of various halides, including lead chloride 

(10). Although Remy (11) reports that PbCl£ can be distilled without 

decomposition in a current of carbon dioxide, attempts in this laboratory 

to prepare high-purity PbCl^ by sublimation in vacuum or distillation in 

an argon atmosphere were unsuccessful. The product always contained 

considerable black material which nonetheless was completely water soluble. 

The orthorhombic PbF2 sample, which was obtained as a fine powder from the 

General Chemical Division, Allied Chemical and Dye Company, New York, 

New York, and the cubic PbF2, which the Harshaw Chemical Company, Cleveland, 

Ohio, supplied as a single crystal grown from molten PbF2, were not sub-

jected to any further purification. 

From the enthalpy data just below the melting points, the liquid 

soluble-solid insoluble impurity was determined for the Pbl2 , cubic PbF2, 

11 
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and PbBr2 samples to be 0.04 + 0.02, 0.05 + 0.02, 0.006 mole per cent» 

respectively (see Chapter III). Such an analysis could not be made for 

PbCl2 since the sample melted so sharply that data in the premelting range 

were difficult to obtain. Therefore, gravimetric chloride analyses were 

carried out and yielded 25.509 per cent and 25.513 per cent chloride* as 

compared to the theoretical value of 25.496 per cent. 

A determination of the lead content of the orthorhombic PbF2 sample 

by converting the salt to lead sulfate was carried out. Ten milliliters of 

concentrated sulfuric acid were added to a platinum crucible containing 

4.7330 grams of the PbF2 sample. Then, the crucible was partially covered 

with a platinum lid and placed on a hot plate. The temperature of the hot 

plate was slowly increased until S03 fumes were no longer observed evolving 

from the crucible. The platinum crucible, lid, and contents were then 

placed in a muffle furnace (preheated to 480°C) and left for ten hours 

before being weighed. The resulting data showed that the orthorhombic 

PbF2 sample was 99.5+ per cent pure. 

For the heat of solution measurements, the preparation of the samples 

was as follows. A portion of the cubic PbF2 crystal was finely ground 

with an agate mortar and pestle, and then both the orthorhombic and cubic 

PbF2 samples were past through a sieve with 149-micron openings. 

This was done to insure that the particle size of both PbF2 samples was 

essentially identical. X-ray analysis of the sieved samples showed that 

the orthorhombic was 100 per cent orthorhombic, whereas the cubic sample 

contained about four per cent orthorhombic PbF2. Therefore, some ortho-

rhombic PbF2 was converted to the cubic form by heating it to 440°C under 

vacuum for 22 hours. This treatment was successful, since x-ray analysis 
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revealed that the resulting material was 100 per cent cubic PbF2. This 

converted salt was sieved and used in the heat of solution measurements. 

Fusion-Filtration Method 

The fusion-filtration method, as described here, has been developed 

by Quincy and Lavalle (10) at the Oak Ridge National Laboratory. This 

method has been used by them (10) to prepare extremely pure halides, 

including lead chloride. 

The fusion-filtration apparatus, shown in Figure 1, consists of a 

quartz tube,with a frit separating compartments J and K. Compartment J 

is loaded with approximately 50 to 100 grams of the salt to be purified, 

and the entire system flushed with dry argon, in order to insure the 

absence of air in those parts of the apparatus, such as the sulfuric acid 

bubblers,which would not be evacuated. The reaction system is then 

evacuated and the furnace energized. The vacuum is maintained until a 

temperature of 300°C is reached, at which time a flow of argon is started 

through the salt. By closing of stopcock E, the argon is forced to flow into 

compartment K, through the frit, through stopcock G, and out the sulfuric acid 

bubbler. At approximately 350°C, the appropriate gases are introduced 

into the system (Br2 and HBr(g) for PbBr2 purification, HI(g) for Pbl2, 

and CI2 and HCl(g) for PbCl2). The furnace temperature is then increased 

to approximately 50° above the melting point and maintained there until 

the molten salt has been filtered. The gas flow is continued until the 

salt has been molten for ten minutes. Then the system is flushed with 

argon for fifteen minutes, after which stopcock B is opened to the E^SO^ 

bubbler, stopcock E opened, stopcock F closed, and stopcock G opened to the 
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vacuum system. The vacuum established in compartment K draws the molten 

salt through the frit into the collecting bulb L. Argon is then intro-

duced to bring the system to atmospheric pressure»and the apparatus is 

allowed to cool. When the system is cool, a partial vacuum is established 

and the collecting bulb L sealed off. 

Although there are claims in the literature that PbCl2 (7, 8, 14), 

PbBr2 (8), and Pbl2 (8, 9, 14) exhibit solid-solid phase transformations, 

none were found in this study. However, there exists the possibility 

that since the samples used were initially prepared as melts, they were 

high-temperature modifications which were metastable at room temperature 

similar to the situation for PbF2. Here the high-temperature modification, 

cubic PbF2, is metastable relative to the orthorhombic form at room tempera-

ture, although the transformation is extremely sluggish. X-ray analyses 

of the PbCl2, PbBr2, and Pbl2 samples proved that they had the same 

crystal structure as those reported for samples prepared at room temperature. 

Encapsulation of Samples 

Initially the samples were sealed in Nichrome V capsules designed 

as shown in Figure 2. These capsules had been prepared from a single 

Nichrome V rod (diameter-1.905 centimeters) and adjusted to the same weight. 

The capsules, which were 5.715 centimeters long, were filled and taken in an 

evacuated chamber to an inert atmosphere box equipped with welding electrodes 

and were welded shut under one atmosphere of helium purified by passing 

it through a charcoal trap cooled by liquid N2. The loss of weight during 

the sealing process was negligible. The capsules were then tested for 

leaks by checking the capsule weight at intervals. 
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Fig. 2—Nichrome V capsule design 
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Since helium now filled any space originally occupied by air, the 

weight of the: capsule plus contents was usually approximately four mill-

grams less than before sealing. If the weight did not increase more than 

one milligram (an increase attributable to surface effects) and a constant 

weight was obtained after a three-hour period,, the capsule was assumed to 

be sealed. 

After experimentation at elevated temperatures revealed that the 

salts readily attack Nichrome V, each sample was encapsulated in gold 

before being sealed in its capsule. The gold capsules,, which were spun 

from 0.508 millimeter foil, were 3.49 centimeters long. The tops of the 

gold capsules were made from 0,254 millimeter foil. A tube ,3.81 centi-

meters long and 5.56 millimeters in diameter extended from the center of 

each top and was used for filling the capsule. Each top was welded in 

place before the filling process. To encapsulate a sample, the desired 

amount of salt was placed in the gold capsule,with care, in order not 

to leave any trace of the salt on the inside of the filling tube. This 

was necessary to insure that no salt would be on the region to be sealed, 

since the presence of salt in this area will generally cause a leak to 

develop during the sealing process. The capsules containing Pbl2 and 

PbBr2 were filled in an inert-atmosphere box since these salts are 

hydroscopic. The other capsules were filled under room conditions. 

Once filled with the desired amount of salt, each capsule was,eva-

cuated and approximately one-fourth atmosphere of helium added. This was 

accomplished by soldering the gold filling tube to a Kovar graded seal 

and then connecting this to the assembly shown in Figure 3. The system 

was carefully evacuated in such a manner as to prevent the finely divided 
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particles from being carried out with the air. After introduction of the 

helium the filling tube was pinched together with a small vise-like tool 

as close as possible to the top of the capsule. The resulting flat section 

was cut by pinching it between two drills in a vise in such a way that a 

self-welded seal was formed. The two drills provided a dull cutting edge 

which during the cutting process mashed the gold together and created a 

temporary gas-tight seal. Then the capsule was quickly taken to the welder, 

who made the permanent Heliarc seal. The sealed gold capsule was tested 

for leaks by checking the capsule weight at intervals. If the filled gold 

capsule proved to be leak-tight, the gold-encapsulated sample and enough 

extra gold to give a total weight of 20.7110 grams of gold were sealed in 

a Nichrome V capsule under an atmosphere of helium. A reference capsule 

was prepared by sealing 20.7110 grams of gold in Nichrome V. The Nichrome V 

capsules were then checked as previously described to insure that they were 

leak-tight. In all cases, except for the PbF2 sample, the gold capsules 

did not fail until approximately 200°C above the melting point of the 

encapsulated salt. 

A cubic PbF2 sample was encapsulated in molybdenum when it became 

apparent that gold was not a satisfactory material to contain PbF2 for 

heat content measurements in the liquid region. The capsule was machined 

from a molybdenum rod by a procedure similar to that used to prepare the 

Nichrome V capsules, The outside diameter and length of the molybdenum 

capsule were,such that it could be sealed in a Nichrome V capsule. The 

"empty molybdenum" reference capsule was prepared by sealing in Nichrome V 

a section of the same molybdenum rod from which the capsule had been made. 

The Nichrome V capsules used had been adjusted to equal weights before 
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this procedure,and both the "empty" reference and "full" capsules con-

tained the same weight of molybdenum. 

Equipment and Procedure 

Bunsen Ice Calorimeter 

Although the Bunsen ice calorimeter used has been previously described 

by Gilbert (4), a brief discussion follows. The calorimeter is similar 

to that employed by Ginnings, Douglas, and Ball (5), of the National Bureau 

of Standards. Figure 4 shows a schematic diagram of the National Bureau 

of Standards' furnace and ice calorimeter. A central well, A, made of 

an alloy having low thermal conductivity, is provided to receive the con-

tainer with sample. The lower part of this well is surrounded by two 

coaxial Pyrex vessels, P. The inner vessel contains the ice-water system 

in which ice melts when heat is added. The outer vessel insulates the 

inner vessel from the surrounding ice bath, E. The vessels are sealed to 

the metal caps by Apiezon "W" wax, and the space between them is filled 

with dry carbon dioxide at the pressure of the atmosphere. A specially 

designed gate, G, prevents a transfer of heat by radiation from above 

the calorimeter down the central well. An ice mantle, I, is frozen around 

the central well in the inner vessel by introducing a tube filled with 

dry ice into the well. The shape of the ice mantle and the rate of 

freezing are controlled by adjusting the amount of dry ice in the tube and 

the area of thermal contact between this tube and the well. The ice mantle 

is frozen around the central well and the copper vanes, F, the vanes 

serving to speed thermal equilibrium in the inner vessel. The vanes, 

central well, and metal cap are silver-plated to avoid contamination of the 
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pure air-free water in the inner vessel. The mercury, M, in the inner 

vessel is connected to the outside through the mercury transit tube which 

leads to the beaker of mercury, B, and glass capillary, C. When heat is 

added to the inner vessel containing the ice mantle and surrounding water, 

ice melts, causing mercury to be drawn into the calorimeter. This amount 

of mercury is proportional to the heat added, one gram of mercury being 

equivalent to 64.638 calories. 

The mercury-water interface is located in the bottom part of the 

inner vessel for two reasons. First, the area of the interface is large, 

so that for a given influx of heat, the level of mercury in the calorimeter 

changes very little. The calorimeter and its contents are slightly com-

pressible, so that a change in pressure in the calorimeter results in 

a change in volume that must be distinguished from the change in volume 

due to heat input. However, the effect of this change in pressure is 

normally only 0.004 per cent of the calibration factor (5). A second 

reason for locating the mercury-water interface in the bottom of the 

calorimeter is to avoid danger of breaking the inner glass vessel when 

freezing an ice mantle. During this freezing, the metal cap is colder 

than 0°C,so that if there were water in the small tube leading from this 

vessel, ice might form to block the tube. During an experiment, any 

mercury entering the ice calorimeter must be at the temperature of the 

latter. Coil T serves this purpose, acting as a reservoir holding more 

mercury than is used in any experiment. One ice mantle can be used over 

a period of several days if precaution is taken to protect the ice mantle 

from excessive melting. 

The furnace is shown in position over the ice calorimeter in Figure 

4o It is manually operated and designed to minimize the temperature 
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gradients in the region where the capsule (with sample) is suspended. 

The furnace is platinum'-wound in three separate sections,roughly correspond-

ing in elevation to the three silver cylinders, which are located as 

indicated by J, K, and L. Small platinum-wound auxiliary heaters are 

used to maintain the cylinders J and L at the same temperature as the 

cylinder K. Another similar auxiliary heater is located in the center 

cylinder and can be used to aid the heating of this cylinder when tempera-

ture changes are required. The temperature gradients are measured with a 

differential thermocouple arrangement and adjustments are made so that the 

temperatures of the end cylinders are maintained within a few tenths of 

a degree of the temperature of the central silver cylinder. The silver 

cylinders are supported by Lavite spacers, Y, having low thermal con-

ductivity. Coaxial with the silver and Lavite cylinders are Inconel tubes 

which serve to enclose the sample capsule and its suspension wire so that 

a helium flow can be maintained in the furnace tube as well as in the calori-

meter well. Dry helium at 34 cubic centimeters per minute is passed 

up the central calorimeter well to improve the heat transfer and prevent 

condensation of moisture. In addition, a flow of helium at 50 cc 

per minute is maintained through the central tube in the furnace core in 

order to attain thermal equilibrium more rapidly and reduce oxidation of 

the capsule. 

Figure 4 also shows some of the vertical holes, N, drilled through 

the silver and Lavite. One hole contains the platinum-rhodium thermocouple 

used to measure the capsule temperature. Three others contain Nichrome V 

tubes in which are placed the differential thermocouple arrangements and 

the auxiliary heaters, the latter and the beads of the differential thermo-

couple being centered at the elevations of the three silver cylinders. 
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Two thin platinum shields, S, are attached to the suspension system 

just above the container in order to make heat transfer upward (after 

the drop) essentially the same whether or not there is a sample in the 

capsule. 

The accuracy of this system has been previously reported by Gilbert 

(3). Gilbert measured the enthalpy of a-aluminum oxide and found that 

his values deviated from those obtained by Furukawa, Douglas, McCoskey, 

and Ginnings (2) by the following per cent deviations: 0.46, 0,07, 0.01, 

0.14, 0.18, 0.12, 0.03, 0.00, 0.15, respectively, at 100°, 200°, 300°, 

400°, 500°, 600°, 700°, 800°, and 900°C. 

The enthalpy measurements were made by the "drop" method. Briefly, 

this method is as follows. The sample, sealed in its container, is 

suspended in a furnace until it comes to a constant known temperature. 

It is then dropped into a Bunsen ice calorimeter, which measures the 

heat evolved by the sample plus container in cooling to 0°C. To make 

the measurement, the procedure is as follows. By raising or lowering 

the beaker, B, the level of mercury in the capillary, C, is set such 

that it can be conveniently duplicated even though there will be a lower 

level in the beaker after the measurement. The valve is then closed and 

the beaker plus mercury is removed. Capillary readings are taken every 

fifteen minutes to determine the drift rate. Good operating practice 

also requires clean mercury. While the drift rate is being checked, the 

mercury is cleaned by passing it through a small capillary. Some of this 

cleaned mercury is then poured into the beaker and a "before drop" weight 

is determined. 

At the time the measurement is to be made, the beaker is raised until 

the mercury surface touches the tip of the exit capillary, C. The valve 
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is then opened and the mercury thread established. When the mercury 

thread is continuous, the beaker is raised to its normal position. The 

drop is then made. The capsule should have been in the well a minimum 

of twenty minutes after the drop before the valve is reclosed. This 

insures that all the heat has been evolved and that the capsule is at 

0°C before drifts are resumed. With fifteen-minute drift periods, the 

valve is generally reclosed thirty minutes after the previous reading. 

By raising or lowering the beaker, the mercury level can be set at the 

point that it would have reached if no drop had been made. This cancels 

the drift effect from the final weight. The valve is then closed, and 

the beaker is reweighed, the weight difference being only that due to the 

heat evolved from the capsule in changing from t to 0°C. The drift 

reading is again checked after fifteen minutes have passed. In order to 

account for the heat content of the container and the heat lost during 

the drop, a similar experiment is made with the empty container at the 

same temperature. The difference between the two values of heat is a 

measure of the change in enthalpy of the sample between 0°C and the 

temperature in the furnace. Since the sample is dropped into the calori-

meter whenever an enthalpy measurement is made, each measurement is 

commonly called a drop. 

Each sample was held at equilibrium temperature for at least one hour 

before a drop was made. After each drop, a visual check of the capsule 

was made for any signs that the capsule was developing leaks. The furnace 

was mounted in such a way that it could be swung aside from its position 

above the calorimeter. Thus, it was possible to make any repairs that were 

required on the suspension system and to freeze fresh mantles on the 
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calorimeter,as well as allowing the capsules to be checked between drops. 

Generally,two drops were made at each power setting except in the pre-melting 

region. The difference between the drop value and a value estimated from 

an equation based on the previous data points was compared for the two 

drops. If the difference between these two differences was less than 0.1 

percent of the total enthalpy, the power settings were increased. When 

making drops in the premelting zone, the capsule was allowed to remain at 

equilibrium temperature for two or more hours in order to allow any impuri-

ties to dissolve in the molten salt. 

Temperatures were measured with a platinum versus platinum-ten per cent 

rhodium thermocouple. The thermocouple was calibrated in April, 1966, 

at the melting points of Al, Zn, and Ag,and compared with a similar one 

calibrated by the National Bureau of Standards. The temperature scale used 

was the International Temperature Scale of 1948. After the present investi-

gation the thermocouple was also checked against a platinum resistance 

thermometer by inserting tfye latter into the furnace so that its position 

approximated that normally occupied by the capsule. The thermocouple 

readings deviated from the temperatures calculated from the platinum 

resistance thermometer by the following percentages: -0.05, -0.07, -0.08, 

-0.13, respectively, at 305°C, 388°C, 471°C, and 495°C. The thermocouple 

bead, which was also platinum encased, was situated in the central silver 

cylinder of the furnace in such a way that the capsule would be opposite 

it when suspended in the furnace„ All electromotive force measurements 

were made with a Leeds and Northrup K-3 Universal Potentiometer, the cali-

bration of which was checked during the measurements. The smallest dial 

division on the Type K-3 Potentiometer was 5 x 10 ^ volts (0.005 millivolts); 
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the nearest 0.0001 millivolt had to be estimated. One thus was able to 

estimate the temperature to 0.01°C. 

Computer Programs 

The CDC1604-A computer was extensively used for processing the data. 

The "BIMD31GR" program (6), used to obtain equations for the "empty" 

reference capsules and some of the enthalpy equations, is a general linear 

hypothesis program. In addition, numerous programs were written in order 

to process the raw enthalpy data obtained for the encapsulated samples. A 

typical program, used to convert the raw enthalpy data from grams of mercury 

for the capsule plus sample and °C to calories per mole of sample and °K, 

is shown in Figure 5. This program calculates the heat content for the 

empty capsule at the temperature of the drop of the encapsulated sample, 

subtracts the calculated heat content for the container from the experi-

mental data (heat content of capsule plus sample), converts this difference 

from grams of mercury per sample to calories per sample, and then calcu-

lates the enthalpy in calories per mole. 

The 1604-A computer was also used to determine the absolute and 

percentage deviation between the calculated and experimental enthalpies. The 

program shown in Figure 6 was used to see how well the enthalpy equations 

developed by the Shomate method (13) represented the experimental data. 

Shomate Method 

The Shomate method (13), used to determine enthalpy equations for the 

solid Pbl2, solid PbBr2, and solid PbCl2 samples, is a graphical method 

which utilizes the general heat content equation and the heat capacity 

and heat content relationships at 273°K: 
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PROGRAM LINSEY 
90 READ (50, 100) A,B,C,D,E 

100 FORMAT (4E20.0/1E20.0) 
105 READ (50, 110) ISENT, T, YO 
110 FORMAT (I1,F9.4,F10.4) 

IF (ISENT) 115,115,300 
115 YCAN = T*(A+B*T**2)/(1.0+T*(C+T*(D+E*T))) 
118 YP = YO - YCAN 
119 YC = YP*64.638 
120 YM = YC/0.0971967 
121 TK = T + 273.15 

WRITE (51,123) T,TK,YO,YC,YM 
123 FORMAT (1H0.10X,5F15.4) 

PUNCH 125, TK, YM 
125 FORMAT (2F10.4) 

GO TO 105 
300 CALL EXIT 

END 

Fig. 5 — A program to convert the raw enthalpy data (data for 
capsule plus sample) to molar enthalpies. The output gives the tempera-
ture in degrees centigrade, and degrees Kelvin; the raw enthalpy data; 
enthalpy per sample (calories per sample); and the molar enthalpy 
(calories per mole). 
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PROGRAM LINSEY 
100 READ (50,101) IEQN 
101 FORMAT (110) 
105 READ (50,110) ISENT,T,YM 
110 FORMAT (I1,F9.4,F10.4) 

IF (ISENT) 115,115,100 
115 IF (IEQN-2) 116,117,300 

116 YMI - 13.67*T+0.004995*T**2 -17255.0/T -3474.0 
YMZ = YM -YMI 
YPER - YMZ*100.0/YM 
WRITE (51,120) T,YM,YMI,YMZ,YPER 

120 FORMAT (1HQ,10X,5F15.4) 
GO TO 105 

117 YMB - ll.,82*T + 0.007523*T**2 -23800.0/T -2918.0 
YMX = YM-YMB 
YPER = YMX*100.0/YM 

WRITE (51,121) T,YM,YMB,YMX,YPER 
121 FORMAT (1HO,10X,5F15.4) 

GO TO 105 
300 CALL EXIT 

END 

Fig. 6. A program to calculate enthalpies, deviation between 
calculated and experimental values, and per cent deviation for PbBr? 
and Pbl2. 
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HT~H273.15 55 a T + b x 2 + c T _ 1 + d» (1> 

Cp,273.15 = a + 5 4 6 * 3 0 b " (273.15)2' 

0 = 273.15a + (273.15)2b + 273 15 + d > (3> 

In equation 1, ^ is the enthalpy in calories per mole above 

273.15°K; a, b, c, and d are constants to be determined from the experi-

mental data; and T is the temperature in degrees Kelvin. Multiplication 

of equation 2 by 273.15, followed by subtraction of equation 4, leads to 

2 7 3 , 1 5 Cp,273.15 = ( 2 7 3 > 1 5 ) 2 b " 273.15 ~ d' ^ 

Substitution in equation 1 of the values of d from equation 4 and the 

value a from equation 2 gives 

ht •
H273.15 = ( I" 2 7 3- 1 5 ) 2 b + ((272"i5)'b < + Cp,273 .is""273-15>' <5> 

Transposing the last term of equation 6 and multiplying throughout by 

(T-273.15)2 r 6 S u l t S i n 

(HT~H273.15 " C p , 2 7 3 . 1 5 ( T - 2 7 3 , 1 5 ) ) T _ c 

(T-273.15)z (273.15)2 ' W 

The function on the left side of equation 6 is evaluated for each 

measured heat content value in the solid region and the results are plotted 

against T. If the measured data are fitted exactly by equation 2 and 

the correct 273 ^5 v al u e used (preferably a 273 ^5 which has been 

obtained from low temperature data), the resulting plot will be a straight 

line0 Usually, some scattering of points, curvature, or other deviation 

from a straight line is evident, being the result of experimental errors 

in the measured data and lack of perfect fit of the data by the equation. 
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However, the best straight line is drawn using the judgement that comes 

from experience in handling data of this type. Once this line is selected, 

the following relations hold for the constants in equation 1: 

b = slope of line; (7) 

c 
(273 15) = ^o = o rd* n a t e intercept of line 

(value of function at T = 0); (8) 

a = Cp , 2 7 3 . i 5 ~ 5 4 6 « 3 0 b + y 0 5 (9) 

and 

d = (273.15)2b - 273.15 Cp 2 ? 3 1 5 - 546.30 yQ. (10) 

Treatment of Data Near the Melting Point 

If one were primarily interested in the heat of fusion and melting 

point, data would only need to be collected near the melting point, 

Several drops would be made over short temperature ranges before and after 

melting and the best straight lines determined for the data. There would 

be no need to make enthalpy measurements on an empty capsule, if one were 

not interested in the heat contents or heat capacities of the solid and 

liquid. By obtaining data in the premelting zone, the mole per cent impurity 

can be calculated and the melting point determined by the method discussed 

by Rossini (12). In this method the fraction of sample melted is deter-

mined. This is done by determining for each drop the difference between 

the experimental enthalpy and the value obtained from the extrapolated 

solid enthalpy curve at the temperature of the measurement. This difference 

is then divided by the heat of fusion in order to obtain the fraction of 

sample melted. The drop temperature is then plotted as a function of the 

reciprocal of the fraction melted„ To illustrate this discussion, Figure 7 
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shows a typical 1/r plot where r is the fraction of sample melted. A 

straight line is drawn through the data points. The melting temperature 

of the pure material, Tj , is that temperature obtained by extrapolation 

of the line to 1/r equals zero. The melting temperature of the sample, 

T , is the temperature corresponding to 1/r equal to unity. 
s 

Using the equations developed for the data before and after fusion 

and the melting temperature obtained above, the enthalpies for the liquid 

and solid at the melting temperature are calculated; the difference is the 

enthalpy of fusion. 

The mole per cent impurity is determined by applying the following 

relationship to the data obtained from the 1/r plot: 

N - A (Tj - T g) (11) 

where: 

A = AHj/Rd^Z 

Tj • melting point of pure material 

T = melting point of sample 
s 

AH^ * enthalpy of fusion 

N = mole fraction of impurity in 

original sample. 

This relationship may be derived from the thermodynamic laws of the dilute 

real solution (12). It is based upon the assumption that the impurity 

is soluble in the liquid phase and insoluble in the solid phase. 

The data plotted in Figure 7 for a PbG-2 sample also show the effect 

of an increase in impurity. Once molten, this PbCl2 sample which was 

encapsulated in Nichrome V started reacting with the encapsulating material. 

Data obtained from the premelting zone, before and after several measurements 
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had been made on the molten salt, are plotted in Figure 7. The solid points 

represent data taken after a few measurements had been made on the liquid. 

A definite increase in impurity content is indicated. Figure 7 also shows 

that for any specific salt T]̂  remains unchanged with an increase in impurity 

but that Tg changes are readily observed. 

In this investigation, the molar enthalpies and heat capacities from 

273°K to 1173°K were of interest. Therefore, measurements were made on 

"empty" reference capsules as well as on the encapsulated samples. Generally, 

equations were developed for the enthalpies of the solids from 273°K to 

the melting point. For each liquid, the enthalpy equation was developed 

for the region from the melting point to the highest temperature of valid 

data. In order that the data reported be self-consistent, the enthalpies 

of fusion determined are the differences between the molar enthalpies calcu-

lated for the solid and liquid at the melting point, using the equations 

developed. Usually both procedures described earlier for the determination 

of the enthalpy of fusion give values that only differ by a small amount. 

Solution Calorimeter 

The solution calorimeter previously employed in this laboratory (1) 

was modified by introducing a 2600-ohm thermistor in place of the 100-ohm 

thermistor used earlier. The calorimeter employed a specially constructed 

450-milliliter Dewar with a very thin inner wall (0.2 millimeter). The 

top three centimeters of the straight-wall, round-bottom Dewar are not silvered, 

in order to reduce heat conduction from the bath to the contents of the 

flask. The calorimeter reached equilibrium following an electrical energy 

input in less than two minutes. The performance of the calorimeter had 
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been tested previously by measurements of THAM (tris(hydroxymethyl) 

aminomethane) (1) <, 

For each determination, the calorimetric samples, three grams of 

PbF2, were contained in a Teflon sample holder with a gold foil lid paraffined 

onto each end. Threads were attached to the lids and led out the top of 

the calorimeter. These were used to remove the lids to initiate the 

reaction and to prevent them from falling to the bottom of the calorimeter. 

If they fell to the bottom of the calorimeter, some of the sample would 

possibly be covered and thus the dissolution rate would be altered enough 

to invalidate the results. After 320 grams of acidified 1 M Fe(N03)3 

solution had been weighed into the Dewar, the calorimeter was assembled and 

placed in the water bath. During each series of measurements, the tempera-

ture of the water bath was held constant within + 0.002°C by a Bayley 

Instrument Company precision temperature controller. A pair of Beckman 

thermometers was used to monitor the bath temperature. 

Every sixty seconds, readings were taken of the thermistor resistance. 

At least ten readings were made before initiating the reaction, and after-

wards, forty readings were taken. Immediately after a determination of the 

endothermic change in temperature caused by the dissolution of the sample, 

the calorimeter was cooled by pumping on 0.5 milliliters of water intro-

duced into a cooling bulb within the calorimeter. This was necessary in 

order that heat capacity measurements could be made oyer the same tempera-

ture range as the original measurements. Two to four heat capacity deter-

minations were made for each sample, the calorimeter being cooled before 

each one. 

Consecutive enthalpy of solution measurements were made for both the 

PbF2 samples,since it had been observed that the Fe(N03)3 solution appeared 
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stable from day to day but that over a period of several days, the composi-

tion of the solution slowly changed. Since only the differences between 

the enthalpies of solution of the orthorhombic and cubic PbF2 samples were 

of interest, the solution problem would not affect this difference as long 

as the solution was essentially stable during each pair of measurements, 

Heat of Solution Calculations 

The data obtained in a typical heat of solution measurement were 

plotted as shown in Figure 8 and the values and R2 were determined. 

The dissolution rate was quite rapid, the reaction being complete in two 

to three minutes. was the calculated value of R 30 seconds after 

initiation of the reaction, and was determined by extrapolation of the 

line drawn through the data points obtained in the fore-drift period. R 2 

was similarly determined by extrapolation of the after-drift data to the 

same time. The difference, R2-Ri, is the temperature change caused by the 

dissolution of the sample. In order to determine the energy represented 

by this temperature change, R2-Rj, a series of heat capacities was made. 

Sufficient electrical energy was added to approximate R2-R^ over the 

same temperature range as the original solution measurement. The time 

required for the electrical energy input also approximated the time required 

for the temperature change observed in the heat of solution measurement. 

The amount of energy added was calculated using the relationship 

Energy (in calories) = I E t(0.239006) (12a) 
il n 

where I ® average current through the heater, 
H 

E » Emf across the heater, 
Jrl 

t = time in seconds. 
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represents the temperature change during the dissolution of the sample. 
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Usually two to four heat capacity determinations were made. The heat 

capacities, which were equal to the energy calculated above divided by 

their respective values of R2-R1, and were essentially constant over the 

narrow temperature ranges considered, were used to calculate a like number 

of molar enthalpies of reaction as follows: 

C (R2-Ri) 
AH = —r-t — (12b) 

moles of sample v ' 

where R2-R1 • AR for the reaction. 

These enthalpies of reaction were then averaged to yield the value for this 

sample. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Lead Fluoride 

At room temperature lead fluoride may exist with either an orthorhombic 

or cubic structure. The orthorhombic form is the thermodynamically stable 

form and may be prepared by adding a soluble fluoride to a solution of 

Pb(N03)2. The cubic modification, which has the fluorite structure (48), 

is a metastable state (22). The orthorhombic to cubic transition readily 

occurs when PbF2 is heated above 583°K; however, the reverse transition is 

extremely sluggish. 

Forty-four measurements of the enthalpy of cubic PbF2 from 321°-1105°K 

are tabulated in Table I. Measurements were not continued on this sample 

since the salt reacted with the encapsulating material. The enthalpy 

data revealed an anomaly in the heat content and heat capacity for cubic PbF2 

(Figures 9 and 10). The derived heat capacity is plotted as a function 

of temperature in Figure 10. The heat capacities plotted in Figure 10 

were obtained by first plotting the molar enthalpy data as a function 

of temperature and drawing a smooth curve through the points (Figure 9). 

From this plot enthalpy values were taken every ten degrees from 0° to 830.°C. 

The differences between the enthalpy readings at t and t plus 10° were 

divided by 10° to obtain the average heat capacity between t and t plus 10°. 

Then the average heat capacity at t plus 5° was plotted as a function 

of temperature and a smooth curve drawn. The heat capacity curve was 

anchored every 50°; i.e., the heat capacity curve was adjusted so that 

41 



TABLE I 

HIGH-TEMPERATURE ENTHALPY DATA FOR CUBIC 

PbF2 ENCAPSULATED IN GOLD* 

42 

Tempe-rature Enthalpy 

o r\ Calories 
c K Grams of Hg Calories Mole-1 

48.75 321.90 1.2997 84.01 864.32 
49.38 322.53 1.3297 85.95 884.28 
49.30 322.45 1.3164 85.09 875.44 
49.37 322.52 1.3199 85.32 877.78 
99.32 372.47 2.6538 171.54 1764.8 
99.21 372.36 2.6648 172.25 1772.1 
99.25 372.40 2.6641 172.20 1771.7 
200.75 473.90 5.5231 357.00 3673.0 
201.70 474.85 5.5400 358.10 3684.2 
300.45 573.60 8.4508 546.25 5620.0 
299.99 573.14 8.4487 546,11 5618.6 
296.68 569.83 8.3462 539.59 5551.6 
401.31 674.46 12.0314 777.79 8002.2 
400.68 673.83 12.0047 775,96 7983.4 
496.91 770.06 16.8377 1088.4 11197.0 
496.41 769.56 16.7627 1083.5 11148.0 
498.29 771.44 16.8377 1088.4 11197.0 
499.09 772.24 16.9107 1093.1 11246.0 
602.67 875.82 20.7041 1338.3 13769.0 
602.70 875.85 20.7314 1340.1 13788.0 
603.24 876.39 20.7088 1338.6 13772.0 
701.84 974.99 24.1369 1560.2 16052.0 
704.68 977.83 24.1852 1563.3 16084.0 
703.30 976.45 24.1726 1562.65 16075.0 
798.47 1071.62 27.2960 1764.4 18152.0 
798.42 1071.57 27.3587 1768.4 18194.0 
798.55 1071.70 27.3905 1770.5 18215.0 
799.45 1072.60 27.3709 1769.2 18202.0 
799.33 1072.48 27.3323 1766.7 18177.0 
801.32 1074.47 27.4221 1772.5 18236.0 
399.13 672.28 11.9476 772.27 7945.4 
813.25 1086.40 27.8808 1802.3 18541.0 
818.63 1091.78 27.9245 1805.0 18570.0 
822.91 1096.06 28.1037 1816.6 18690.0 
806.80 1079.95 27.5954 1783.7 18352.0 
421.39 694.54 12.9891 839.59 8638.0 
446.90 720.05 14.3448 927.23 9539.6 
475.26 748.41 15.8747 1026.1 10557.0 

*Capsule contained 0o09720 moles,PbF2< 



TABLE I —Continued 
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Temperature Enthalpy 

Calories 
°C °K Grams of Hg Calories Mole-1 

487.68 760.83 16.4291 1061.9 10926.0 

458.87 732.02 15.0219 970.98 9989.9 

522.81 795.96 17.8606 1154.5 11878.0 

352.51 625.66 10.1654 657.07 6760.2 

829.33 1102.48 30.3817 1963.8 20204.0 

832.22 1105.37 33.6344 2174.2 22369.0 

827.65 1100.80 28.3219 1830.7 18835.0 

the enthalpy calculated from it agreed with the observed enthalpy curve 

every 50°. The anomalous heat capacity (Figure 10) is typical of 

cooperative phenomena. The interpretation of the anomaly will be dis-

cussed later. 

Seventeen additional measurements were made on a cubic PbF2 sample 

encapsulated in molybdenum. No evidence of reaction between the sample 

and capsule was observed in this case. These enthalpy data from 1028° to 

1164°K are tabulated in Table II. 

A plot of the raw enthalpy data versus temperature showed that the 

cubic PbF2 was quite pure,since the sample melted sharply (Figure 11). 

The enthalpy values plotted represent the total enthalpy of the encapsu-

lating material and sample. The mole per cent impurity, calculated from 

data obtained from a plot of the solid-liquid equilibrium temperature as 

a function of the reciprocal of the fraction of the sample melted (Figure 

12^ was determined to be 0.05 + 0.02 mole per cent. The PbF^ melted at 

1103°K (Figure 12). 
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TABLE II 

HIGH-TEMPERATURE ENTHALPY DATA FOR CUBIC PbF2 

ENCAPSULATED IN MOLYBDENUM* 

Temperature Enthalpy 

Calories 
°C °K Grams of Hg Calories Mole-1 

751.76 1024.91 21.5388 1392.2 17204.0 
778.48 1051.63 22.2616 1438.9 17782.0 
799.53 1072.68 22.8537 1477.2 18255.0 
823.77 1096.92 23.5183 1520.2 18785.0 
829.45 1102.60 26.4394 1719.0 21242.0 
831.72 1104.87 28.1471 1819.4 22483.0 
833.73 1106.88 28.3073 1829.7 22611.0 
829.00 1102.15 24.8393 1615.6 19964.0 
826.18 1099.33 23.7352 1534.2 18959.0 
828.47 1101.62 23.7190 1533.1 18946.0 
814.66 1087.81 23.3367 1508.4 18640.0 
839.83 1112.98 28.4783 1840.8 22747.0 
848.69 1121.84 28.7774 1860.1 22986.0 
858.22 1131.37 29.0951 1880.6 23240.0 
866.47 1139.62 29.3835 1899.3 23470.0 
878.01 1151.16 29.5448 1919.7 23723.0 
891.01 1164.16 30.1308 1947.6 24067.0 

*Capsule contained 0.08092 moles PbF2. 

Because of the heat capacity anomaly observed for cubic PbF2, an 

enthalpy equation was not developed for the region below 816°K. The 

best straight line was determined for the solid cubic PbF2 data from 

816-1103 K,and gave 

HT ~ H273 15° = 2 2 - 5 7 T " 5 9 4 2« (13) 

The experimental and calculated enthalpies for the PbF2 sample 

encapsulated in molybdenum are given in Table III. 



TABLE III 

HIGH-TEMPERATURE ENTHALPIES FOR CUBIC PbF2 

(CALORIES PER MOLE) 
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°K 

V H 2 73.15° 

Deviation % Deviation °K Experimental Calculated Deviation % Deviation 

1024.91 
1051.63 
1072.68 
1096.92 
1101.62 
1087.81 

17204.0 
17782.0 
18255.0 
18785.0 
18946.0 
18640.0 

17192.0 
17795.0 
18271.0 
18818.0 
18924.0 
18612.0 

12.0 
-13.0 
-16.0 
-33.0 
22.0 
28.0 

0.07 
-0.07 
-0.09 
-0.18 
0.12 
0.15 

For molten PbF2, it was determined that the equation, 

HT " H273.15° = 2 6 , 1 T " 6 3 1 1 , 

favorably reproduced the experimental data (Table IV). 

(14) 

TABLE IV 

HIGH—TEMPERATURE ENTHALPIES FOR LIQUID PbF2 (CALORIES PER MOLE) 

°K 

HT~H273.15° 

Deviation % Deviation 
°K Experimental Calculated Deviation % Deviation 

1104.87 22483.0 22533.0 -50.0 -0.22 
1106.88 22611.0 22586.0 25.0 0.11 
1112.98 22747.0 22745.0 2.0 0.01 
1121.84 22986.0 22976.0 10.0 0.04 
1131.37 23240.0 23225.0 15.0 0.06 
1139.62 23470.0 23440.0 30.0 0.13 
1151.16 23723.0 23742.0 -19.0 -0.08 
1164.16 24067.0 24081.0 -14.0 -0.06 
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The heat capacity of the liquid, 26.1 calories degree-1 mole"1 

(1103°-1164°K) and the heat capacity obtained for the solid (816°-1103°K), 

22.57 calories degree"1 mole-1, are less than those reported by Banashek, 

Patsukova, and Rassonskaya (2). They reported 26.97 for the heat capacity 

of liquid PbF2 (1099°-1160°K) and 25.26 + 8.14 x 10-1+T - 7.356 x 10 5T - 2 

for the C of solid PbFo (725°-1099°K). The heat capacities obtained in 
P 

these two investigations are the only experimental values known to exist. 

Previously, only Kelley's estimate (24), 

Cp - 16.50 + 4.10 x 10
-3T (298° - 1097°K), (15) 

had been reported. 

Smoothed values of the thermodynamic properties obtained for cubic 

PbF2 from 273.15°-1164°K are given in Table V. The smoothed enthalpy 

values below 850°K are based on the curve shown in Figure 9. The heat 

capacities below 850°K are based on Figure 10. Equations 13 and 14 were 

used to determine the smoothed values above 800°K. 

The enthalpy of fusion of PbF2 calculated from the enthalpy equations 

13 and 14, using 1103°K as the melting point, was 3.52 kcal mole"1. 

Blanc and Petit (4) determined it to be 4.2 kcal mole-1, whereas values 

of 3.70 and 3.62 kcal mole""1 were calculated from Schmitz-Durmont and 

Bergerhoff's phase diagrams (40). The value obtained in this work supports 

the phase diagram calculations; enthalpies of fusion values obtained from 

phase diagrams are usually within + 5 per cent of the true value, 

Enthalpy measurements on solid cubic PbF2 revealed a heat capacity 

with a maximum at 716°K. The lambda-type transition (Figure 10) as well 

as the low enthalpy of fusion (3.52 kcal mole-1) is analogous to that in 
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TABLE V 

SMOOTHED THERMODYNAMIC PROPERTIES OF CUBIC PbF2 

H -W 
T 273.15 

C 
P 

ST-S273.15°K 
H -W 
T 273.15 Calories Calories 

T, °K Calories Mole-1 Degree-1Mole-1 Degree""1 Mole"1 

273.15 0.0 17.65 0.0 
298.15 445.0 17.75 1.49 
300.00 482.0 17.78 1.61 
350.00 1377.0 18.05 3.93 
400.00 2257.0 18.35 5.64 
450.00 3202.0 18.72 7.11 
500.00 4157.0 19.26 8.31 
550.00 5152.0 20.20 9.37 
600.00 6192.0 21.78 10.32 
650.00 7342.0 24.95 11.30 
700.00 8842.0 35.25 12.63 
750.00 10612.0 31.00 14.15 
800.00 11942.0 25.32 14.93 
850.00 13242.0 22.57 15.58 
900.00 14371.0 22.57 15.97 
950.00 15499.0 22.57 16.32 

1000.00 16628.0 22.57 16.63 
1050.00 17756,0 22.57 16.91 
1100.00 18885.0 22.57 17.17 
1103.00 (s) 18953.0 22.57 17.18 
1103.00 (1) 22477.0 26.10 20.38 
1150.00 23704.0 26.10 20.61 
1164.00 24069.0 26.10 20.68 

SrC^ (12) and CaF2 (33),to which PbF2 is structurally isotypic. Such 

lambda-type or diffuse transitions are characteristic of fluorite and 

anti-fluorite crystals (11) . The tranition observed for cubic PbF2 

probably reflects the gradual disordering of the fluoride sublattice 

analogous to the disordering of the chloride sublattice observed by x-ray 

diffraction for SrCl2 (8). That is, in the present case the transition 

represents a positional disordering of the fluoride ions in the lattice. 
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Before proceeding with the discussion of this PbF2 transition, a 

brief review of what an order-disorder transformation involves is perhaps 

necessary. Most of the reported order-disorder transformation studies 

are on alloys;so this discussion will concentrate on how an alloy under-

goes disordering. The results of x-ray investigations on the effect of 

an increase of temperature on an originally well-ordered alloy crystal 

at low temperatures reveal that although the x^ray superlattice lines are 

quite intense at low temperatures, as the temperature increases the super-

lattice lines become relatively weaker with respect to the main lattice 

lines and finally disappear completely and rapidly as the critical tempera-

ture is approached (14), As the temperature is decreased, the super-

structure lines first appear at the critical temperature and become more 

intense, rapidly at first and then more slowly as the temperature is 

decreased. 

Consider a perfectly ordered structure at a low temperature. What is 

likely to happen as the temperature is increased? For simplicity, a 

hypothetical two-dimensional structure containing equal number of atoms A 

and B (shown in Figure 13) illustrates the perfectly ordered structure. 

It should be clear that two kinds of lattice sites exist, a and b, (A 

atoms on a sites and B atoms on b sites). At first the only temperature 

effect would be an increase in the thermal vibrations of the atoms. However, 

as the temperature continues to increase and the thermal vibrations become 

larger, some atoms will acquire sufficient energy to interchange places 

with one another. That is, some A atoms will be on b sites and B atoms on 

a sites. This change in structure results in a decrease in the intensities 

of the superlattice lines. Figure 14 illustrates the state of disorder in 
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the hypothetical two-dimensional structure when two pairs of nearest 

neighbor atoms (boxed) have exchanged places. Each of the interchanged 

atoms now have three nearest neighbors which are the same kind (A now has 

3 A nearest neighbors). Note what happens when an interchange such as 

shown arrowed in Figure 14 occurs. As a result of this interchange, the 

interchanged atoms now have only two nearest neighbors of the same kind. 

Obviously this last interchange would have required less energy than the 

first ones. It is apparent that as the temperature increases there is not 

only increasing disorder but also increasing ease of disordering. Even-

tually, as more and more rapid disordering occurs, the intensities of the 

superlattice lines will disappear abruptly and completely at the critical 

temperature. 

Such phenomena are called cooperative phenomena. Elcock (14) gives 

the following explanation of a cooperative phenomenon: "...the ease of 

disordering depends on the degree of disorder already present. Quite 

generally, in systems exhibiting cooperative phenomena, subsystems 

cooperate to form larger subsystems of the same kind in spite of influences 

tending to destroy them, the ability of the subsystems to cooperate 

depending markedly on the degree of cooperation already present." 

It is apparent from the preceding discussion that energy is required 

to produce disorder. This energy associated with the increasing disorder 

as the temperature increases contributes to the specific heat of the 

crystal. Therefore the crystal which exhibits disordering has specific 

heat values larger than expected. Figure 15 illustrates how the specific 

heat increases to a maximum at the critical temperature. Below the critical 

temperature the excess specific heat becomes quite large; however, above the 
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critical temperature the excess specific heat decreases rapidly. The 

dotted curve in Figure 15 represents the specific heat expected when 

disordering effects are absent. 

At this point, an attempt was made to use Kirkwood's theory (25) 

for order-disorder in binary solid solutions as a basis for the calculation 

of entropy of disordering in PbF2- This theory takes into consideration 

the interaction energies between nearest pairs of atoms. It will be 

assumed that the Pb"*"2 ions are not disordering and the only possible 

disordering allowed is between the fluoride ions and the vacancies in the 

fluorite structure. This would be analogous to an AB2 alloy where A is 

the vacancy and B is the fluoride ion. In the state of perfect order, A 

(the vacancy) would occupy a sites and B (the fluoride ions) would occupy 

8 sites. Now, assume that the average distribution of A and B on a and 

3 sites can be completely described by a long-range order <j>. <|> would be 

one for perfect order and zero for complete disorder. Therefore 

A "atoms" on a sites = (F. + FT>d))F.N, 
A B A 

A "atoms" on 3 sites = (1-<())FAFTIN, 
A B 

B atoms on a sites = (l-<j>)FT1FAN, and 
B A 

B atoms on 8 sites = (F„ + F.<j>)F„N 
B A B 

where F^ is mole fraction of A "atoms" and Fg is the mole fraction 

of B atoms (32). 

Thus the configuration free energy can be expressed as (32) 

F(<(,) - F(0) = NkT [FA(FA + Fb$) + F ^ ) } 

+ V F B + V l n { FB ( FB + FA* ) } + 2 F A F B ( 1 " ^ l n { W 1 " ^ 

- 2F ln F -2F ln F ] - NzvF^ 2 (16) 
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where z » number of nearest neighbors, 

v = ordering energy, 

k = Boltzmann's constant, 

N « Avogadro's number, and 

T = temperature degrees Kelvin. 

In this case, can be taken as 1/3 and as 2/3, Thus equation 16 

reduces to 

NkT 
F(4>) - F(0) = [ (l+2<()) ln(l+2<|)) + (4+2$) ln(l+ |) 

(4-4*) ln(l-<fr) - g <f>2]. (17) 

The transition temperature, T c, at which the disordered state (<j>=0) 

changes into a metastable state from the stable state, can be determined 

by the condition 

3F/3(j> - 0, F(<j>) = F(0). (18) 

The equilibrium state of order is found from the condition 9F/9<(> » 0. 

Thus, 

•gf - - In [1 + • ( 1 9) 

The critical temperature, T^, can be evaluated by the condition 

(9F/3<j) • 0, F(^) = F(0)), and using equations 17 and 19, Thus, 

zv 1 , 
"• « —- in 
kT d> 

c Y 

(l+2cj>) (1+ 4) 

(20) 
(l-<}>)2 

and 

(l+<j>) ln(l+2cf)) + (4+<j>) ln(l+<j>/2) + (2—4<f>) ln(l-<|>) = 0. (21) 

The numerical solution to this pair of equations leads to 

<j>(T ) = 0,001 and kT = 0.0425zv. (22) 
c c 

Following Kirkwood's method (25), the average energy, ¥ = 9(F/T)/9(1/T), 

can be written 
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(23) 

E(<f>) - E(0) - (24) 

E(<|>) « E(l) + ^ ( 1 H > 2 ) . (25) 

Now since the entropy can be written 

S - (E-F)/T, (26) 

and since v » kTc/0,0425z, the entropy change when going from complete 

order to complete disorder is 

S(<j>=Q) - S(^>=X) = AS • 4.6 calories degree-1 mole-1. 

Based on the estimated "normal" heat capacity (dotted curve in Figure 

10), the estimated entropy of transition of PbF2 is 3.6 + 0.3 calories 

degree"1 mole"*1. When one considers the assumptions that have been made 

in this calculation based on Kirkwood's theory, the calculated value 

agrees surprisingly well with the estimated value. Vibrational contribu-

tions to the entropy of disordering have been neglected. However, this 

procedure should not greatly affect the AS value calculated, since Perrott 

and Fletcher (34, 35) have found the vibrational contributions to the heat 

capacity to be less than the classical values for Ag2S and Ag2I. Thus, 

the assumption made here that vibrational contributions to the entropy are 

essentially the same for both the ordered and disordered states appears 

justified. 

Although the entropy calculated using Kirkwood's theory agreed favor-

ably with the estimated entropy of disorder, the thermodynamic probability 

was now used as a basis for the calculation of the entropy of disorder. Since 

cubic PbF2 has the fluorite structure (47), there are two sets of positions 
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which the fluoride ions may occupy. In the first set of positions, number-

ing eight per unit cell, the fluoride ions (eight per unit cell) are 

tetrahedrally surrounded by four lead ions. This is the set of positions 

occupied by fluoride ions at low temperatures. In the other set of posi-

tions there are also eight per unit cell but four of these positions are 

occupied permanently by lead ions. Any fluoride ions in the remaining 

four positions are octahedrally surrounded by six lead ions. Therefore, 

there are twelve possible positions for the fluoride ions in the dis-

ordered state; i.e., for each pair of fluoride ions there are three sites 

available. Thus, the first pair of fluoride ions has three possible con-

figurations. Two pairs would have 3 2 configurations and for N pairs of 

fluoride ions there are 3 N configurations (15). 

N 

Thus, W = 3 for the disordered state where 

N = Avogadro's number, 

W = thermodynamic probability. 

The thermodynamic probability for the perfectly ordered state would be 

equal to one. 

The entropy and the thermodynamic probability are related by the 

equation (15) 

S - klnW. (27) 

The constant k is the Boltzmann's constant. Therefore 

W 
„ ,. disordered 

AS. = kin - (28) 
trans W , , 

ordered 

= kin 3 N = Nkln3 (29) 

- R In 3 (30) 

» 2.18 calories degree""1 mole""1. 
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This 2.18 calories degree""1 mole-1 is the entropy due to disordering of 

the crystal based on the assumptions that 

1. The difference in vibrational entropy of the ordered and dis-

ordered states can be neglected. 

2. The lead ions are not disordering. 

3. There is only loss of "long-range order," i.e., a vacancy is 

always associated with a pair of F ions in the disordered state. 

If loss of both long and short range order are permitted, i.e., if 

the above assumption 3 is removed, then the thermodynamic probability 

becomes the number of ways 2N F ions and N vacancies can be distributed 

over 3N lattice sites, namely 

(3N) ! 
(2N) I (N)'. 

Therefore 

W. (31) 

AS - kin • (32) 
trans (2N):(N)! v ' 

Using Stirling's approximation (In N! = N In N - N) 

AStrans = k ( 3 N l n 3 N " 2 N l n 2 N " N l n N)• (33) 

AS - k(3Nln3N - NlnN - 2Nln2 - 2NlnN). (34) 
kL ClTlS 

AStrans = k ( 3 N l n 3 - 2Nln2). (35) 

AStrans = k < N l n 3 3 ~ N l n 2 2 ) = R l n 

AS = 3.79 calories degree-1 mole-1. 
Li Ens 

(36) 

This 3.79 calories degree-1 mole-1 represents the entropy change expected 

if both long and short range order were lost, i.e., assuming several 

vacancies could be closely associated and similarly several F~ ions could 

be closely associated. It may be anticipated that the entropy of dis-

ordering would fall between these two extremes, i.e., between 2.18 and 

3.79 calories degree-1 mole-1. 
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Lesoille and Gielen (29) point out that favorable atomic size ratios are 

important for maximum disordering. Using data for CaF2, K2S, SrF2, 

UO2, and BaF2, and the PbF2 data from this investigation, Bredig (6) 

concluded that the excess entropy increased with increasing ionic radius 

ratio, Z =r(A):r(B), for AB2 compounds with fluorite structure. Thus, 

for those compounds which have an ionic radius ratio greater than one, 

the excess entropy would be expected to be considerably higher than R In 3. 

However, the excess entropy should approximate R In 3 if the ionic radius 

ratio was less than or equal to one. This theory may be substantiated 

when heat content data are available for more compounds with the fluorite 

structure which exhibits disordering. Ubbelohde reports that not all com-

pounds with the fluorite structure undergo disordering (43). 

Solid disorder cubic lead fluoride would be expected to exhibit a 

high ionic conductivity if it behaves similarly to the other disordered 

fluorite materials studied. Kummer and Milberg (26), and Hund and Mezger 

(20) report that the electrical conductivity increases with increased 

disorder in fluorite crystals. It would be interesting to make some 

conductance measurements on cubic PbF2 to check this hypothesis. 

Since the orthorhombic-to-cubic transition in PbF2 is highly 

irreversible, the enthalpy of the transition cannot be observed by drop 

calorimetry. The enthalpy of the transition at room temperature, 240 + 9 

calories mole-1, was determined by solution calorimetry; i.e., the enthalpy 

of transition was determined by the differences in the enthalpy of solution 

of the orthorhombic and cubic modifications in 1 M Fe(N03)3, a solvent 

which rapidly dissolves PbF2. The enthalpy of solution data are tabu-

lated in Table VI. The variation among the enthalpies of solution reported 

is due to changes in the Fe(N03)3 concentration (Chapter II). 
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TABLE VI 

ENTHALPY OF SOLUTION DATA AT 298.15 K 

^(solution) ^(transition) a t 2 9 8 - 1 5 ° K 

Date Sample Calories mole-1 Calories mole-1 

March 15, 1969 Orthorhombic 688 
March 16, 1969 Cubic 456 

232 
March 18, 1969 Orthorhombic 670 
March 19, 1969 Cubic 449 

227 
March 20, 1969 Orthorhombic 679 
March 21, 1969 Cubic 427 

252 
April 4, 1969 Cubic 646 
April 5, 1969 Orthorhombic 896 

250 
April 5, 1969 Orthorhombic 896 
April 6, 1969 Cubic 658 

238 

In order to determine the enthalpy of the transition at the transi-

tion temperature from that observed at 25°C, high-temperature enthalpy 

data for the orthorhombic and cubic PbF2 up to the transition tempera-

ture were needed,as well as a determination of the transition temperature. 

Preliminary data obtained for an orthorhombic PbF2 sample encapsulated 

in gold revealed that the orthorhombic-to-cubic transition occurred 

between 576° and 598°K. The enthalpy data obtained for the gold-encap-

sulated sample have been tabulated in Table VII. 

In order to better establish the transition temperature, additional 

measurements were made on another orthorhombic PbF2 sample. This sample 

was encapsulated in Nichrome V since measurements were only to be made 

to 322°C. The transition temperature was established by increasing the 
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TABLE VII 

HIGH-TEMPERATURE ENTHALPY DATA FOR ORTHORHOMBIC 

PbF2 ENCAPSULATED IN GOLD* 

Temperature Enthalpy 

°C °K Grams of Hg Calories Mole-1 

46.69 319.84 0.9149 845.88 
47.06 320.21 0.9277 857.72 
47.30 320.35 0.9268 856.88 
98.02 371.17 1.9110 1766.8 
96.20 369.35 1.8855 1743.3 

159.17 432.32 3.1791 2939.3 
158.01 431.16 3.1364 2899.8 
157.46 430.61 3.1326 2896.3 
204.38 477.53 4.1219 3810.9 
205.75 478.90 4.1634 3849.3 
250.61 523.76 5,0858 4702.1 
250.83 523.98 5.0711 4689.5 
303.30 576.45 6.1758 5709.9 
325.46 598.61 6.8360 6320.3 
336.24 609.39 7.1140 6577.3 
359.43 632.58 7.6977 7107.8 
382.10 655.25 8.3091 7682.3 
206.96 480.11 4.1966 3880.0 
455.07 728.22 10.9399 10115.0 
303.42 576.57 6.3339 5856.1 

*Capsule contained 0.06991 moles PbF2« 

drop temperature only a few degrees between measurements. The data were 

plotted versus temperature (Figure 16). Once the transition had occurred, 

the data obtained would not follow the established pattern of the previous 

data. The enthalpy data for this sample are listed in Table VIII in the 

order in which they were obtained. The orthorhombic-to-cubic transition was 

observed calorimetrically to occur between 582°K and 584°K (Figure 21). 
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TABLE VIII 

HIGH-TEMPERATURE ENTHALPY DATA FOR ORTHORHOMBIC PbF2 

ENCAPSULATED IN NICHROME V* 

Temperature Enthalpy 

°c °K Grams of Hg Calories Mole-1 

96,58 369.73 2.2883 1729.8 
199.93 473.08 4.9944 3775.5 
256.87 530.02 6.4427 4870.4 
298.27 571.42 7.5163 5682.0 
306.42 579.57 7.7190 5818.1 
307.01 580.16 7.7780 5879.8 
307.65 580.80 7.7752 5877.7 
308.41 581.56 7.8062 5901.1 
311.01 584.16 8.0630 6095.3 
312.05 585.20 8.0923 6117.4 
303.84 576.99 7.7729 5876.0 
316.60 589.75 8.1977 6197.1 
321.70 594.85 10.8419 8196.0 
319.23 592.23 10.7463 8123.7 
314.09 587.24 10.5306 7960.7 

*Capsule contained 0.08551 moles. 

Sauka (39) reported 588 K for this transition temperature, Hsu (18) 

610°K, and Banashek, Patsukova, and Rassonskaya (2) 613°K. 

For the transition, 

^^2(orthorhombic) ~ ^^2(cubic)' 

where 

AHT - HT H; 

T = temperature of transition, 

H^ = enthalpy of cubic PbF2 at T, 

H° = enthalpy of orthorhombic PbF2 at T, 

(37) 
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Since it was determined from the enthalpy of solution data that 

AHono -co = 240 + 9 calories mole-1, (38) 
//o•1J K 

then 

AHt - (240 + 9) (Ht -
 H298.15°K^ " ^HT ~ H298.15°K^ " 

By adding (H29g>15oK -
 H
273.i5°K) ~(

H298.15°K " H273.15°K* t 0 b° t h S l d e S 

of equation 38, 

AHt - (240 + 9) + (H298>15Ok -
 H273.i5°K) "

 (H298.15°K " H273.15°K^ 

( h
t -

 H273.15°K) ~ (HT " H273.15°K)* 

The value of (h298.15°k "
 H273.15°K^ " ^H298.15°K ~ H273.15°K^ W a S d e t e r~ 

mined from the enthalpy measurements to be 12 calories mole-1. The 

c c o o 
(Ht - 15°]^ ~ "" H273 15°K^ v a l u e was determined from the enthalpy 

data for the orthorhombic PbF2 sample encapsulated in Nichrome V (Figure 

16). This value was determined to be 145 calories mole-1 and is 

independent of the encapsulating material. Therefore 

AH^ - 373 + 9 calories mole-1 . (41) 

An attempt has been made to explain why the cubic-to-orthorhombic 

transition in PbF2 is sluggish. The perchlorates of cesium, thallium, 

and rubidium each exhibit an orthorhombic-to-cubic transition, as does 

PbF2 (47). However, the reverse transition for the perchlorates is not 

sluggish. Comparison of the volumes of the unit cell (Table IX) for some 

salts which exhibit orthorhombic-to-cubic transitions reveals that 

those salts in which a significant volume change is observed readily 

undergo the cubic-to-orthorhombic transition upon cooling. For PbF2, the 

volume change is quite smalltand this small volume difference may 

partially account for the sluggish reverse transition. Since the enthalpy 
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COMPARISON OF UNIT CELL VOLUMES 
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Compound 

Unit Cell Volume 

Reference Compound Orthorhombic Cubic Reference 

PbF2 190.8 208.5 46 
TlClOij 408.4 440.7 23, 47 
CsClOij 459.0 504.4 23, 47 
RbClOit 403.6 447.7 47 

for the orthorhombic-to-cubic transition in PbF2 is small (373 + 9 

calories mole~l)> it would be interesting to obtain enthalpy data for 

CsClO^, TICIO^, and RbClO^ transitions. Unfortunately, enthalpy data 

are not presently available for these transitions; therefore, a 

meaningful comparison cannot be made. 

It was observed that the enthalpy data for the original orthorhombic 

sample above 583°K were 2.5 per cent higher than the values observed for 

the cubic sample previously studied. Since data for both samples above 

583°K should have agreed, the values for the smoothed thermodynamic pro-

perties have been adjusted so that the two sets of data (orthorhombic 

and cubic) are consistent. The adjusted smoothed thermodynamic properties 

for orthorhombic PbF2 are tabulated in Table X.. Table X could be extended 

by adding the value, (H273.15°K ~ H273 15°K^' t o t h e s m o o t h e d enthalpies 

above 583°K listed in Table XV. This value, ( H ^ 1 5° K" H° 7 3 ), the 

enthalpy of the orthorhombic-to-cubic transition at 273.15°K, can be deter-

mined from enthalpy data. 
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TABLE X 

SMOOTHED THERMODYNAMIC PROPERTIES FOR ORTHORHOMBIC PbF2 

°K 
^ " H273.15°K 

Calories mole-1 

C 
P 

Calories deeree-1 

mole-1 

ST " S273.15°K 
Calories degree-1 

mole-1 

273.15 000.0 17.20 0.00 
298.15 433.0 17.27 1.45 
300.0 465.0 17.30 1.55 
350.0 1329.0 17.59 3.80 
400.0 2224.0 18.18 5.56 
450.0 3148.0 18.66 6.99 
500.0 4090.0 19.05 8.16 
550.0 5052.0 19.33 9.19 
583.0 5700.0 (ortho) 19.59 9.78 
583.0 6073.0 (cubic) 21.24 10.42 

Variation in Heat Contents of the Nichrome V Capsules 

Near the conclusion of this investigation, a discrepancy was obser-

ved between the enthalpy data obtained for the cubic PbF2 sample, which 

had been obtained from the Harshaw Chemical Company, and the enthalpy 

data obtained above the orthorhombic-to-cubic transition temperature for 

the original orthorhombic PbF2 sample. Since both samples above the 

orthorhombic-cubic transition temperature would have been in the cubic 

form, molar heat content data should have agreed within experimental limits. 

A careful examination of some of the experimental parameters and data 

pointed to the possibility that the heat content of the Nichrome V cap-

sules varied from capsule to capsule,even if all had been prepared from 

the same rod. At first, however, this possibility was discounted since 
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Gilbert (16) had used eleven capsules prepared from a single Nichrome V 

rod when studying the heat of mixing in the LiF-KF system and had not 

observed any significant scattering of the data. A check was therefore 

made for a possible weighing error. First, the capsule containing the 

orthorhombic sample was very carefully weighed. It was then cut open 

and the contents, the gold-encapsulated PbF2 and extra gold, were removed 

and weighed. The gold capsule was then weighed separately and opened. 

The PbF2 was removed and the empty capsule washed, dried, and weighed. 

No significant weighing error was found which could explain the dis-

crepancy noted. 

Since numerous repairs had been made on the calorimeter during this 

investigation, its precision might be subject to question. (The mercury 

"tempering" coil and the helium entry tube had been replaced. Several 

leaks had been repaired in the caps and the inner pyrex vessel replaced. 

The calorimeter had also been silverplated and refilled with air-free 

water.) A careful examination of the data taken after the repair work 

showed that the precision had not been affected by these changes since 

reproducible values were obtained which checked with data obtained in 

previous drops. 

The thermocouple was also checked against a platinum resistance 

thermometer by inserting the thermometer into the furnace core so that 

its position approximated that normally occupied by the capsule. Tempera-

tures calculated from the platinum resistance thermometer readings were 

only 0.16°C higher at 305.01°C than the thermocouple temperatures which 

showed that the temperature scale had not drastically changed during the 

measurements. After other possibilities for error had been examined and 
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proven not to be the cause of this problem, it was discovered that 

Douglas and Dever (10) had shown that Nichrome V capsules made from 

adjacent sections of the same rod could have heat contents differing 

by about 1.5 per cent. Therefore, all enthalpy equations developed and 

the H t - H2^ 15°^
 va;Lues reported here are possibly in error by at least 

+1.5 per cent. These data can readily be corrected for this uncertainty 

when a few enthalpy measurements are made on samples encapsulated in a 

homogeneous material and the percentage variation determined between the 

two sets of results. It should be pointed out, however, that the observed 

enthalpies of fusion, melting points, transition temperatures, and 

enthalpies of transition are not subject to this uncertainty and are as 

accurate as the experimental limits of the calorimeter and the thermo-

couple employed. The enthalpy of fusion will be valid whether it is 

determined from the difference between the solid and liquid heat content 

curves of the encapsulated sample in the fusion region or from similar 

curves for the molar heat contents calculated normally by subtracting the 

empty capsule enthalpy from that of the filled capsule. The situation is 

similar for enthalpy of transition determinations. Of course, melting 

and transition temperatures would not be affected by this problem. 

Lead Chloride 

Forty measurements were made on the PbCl2 sample from 317° - 1061°K. 

The data,in the order in which the drops were made,are tabulated in 

Table XI. The capsule failed when measurements were attempted at 1146°K. 

Apparently the gold capsule had not started to fail at 1061°K since repro-

ducible values were obtained which were compatible with the previous data. 
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TABLE XI 

HIGH TEMPERATURE ENTHALPY DATA FOR PbCl2* 

Temperature Enthalpy 
° c °K Grams of Hg Calor ies Ca lor ies Mole 1 

44.28 317.43 1.0541 68.135 817.71 
44.94 318.09 1.0673 68.988 827.95 
45.31 318.46 1.0800 69.809 837.80 
45.13 318.28 1.0699 69.156 829.97 

101.79 374.94 2.4392 157.66 1892.2 
101.81 374.96 2.4341 157.33 1888.2 
102.22 375.37 2.4532 158.57 1903.0 
151.71 424.86 3.6551 236.26 2835.4 
152.65 425.80 3.6747 237.52 2850.6 
207.57 480.72 5.0534 326.64 3920.1 
207.45 480.60 5.0424 325.93 3911.6 
257.91 531.06 6.3260 408.90 4907.3 
258.70 531.85 6.3438 410.05 4921.2 
321.50 594.65 7.9784 515.71 6189.2 
321.74 594.89 7.9740 515.42 6185.8 
374.79 647.94 9.3905 606.98 7284.6 
374.10 647.25 9.3571 604.82 7258.7 
452.37 725.52 11.5145 744.27 8932.3 
451.13 724.28 11.4974 743.17 8919.0 
474.72 747.87 12.1288 783.98 9408.8 
474.25 747.40 12.1029 782.31 9388.7 
484.98 758.13 12.4141 802.42 9630.1 
485.59 758.74 12.4204 802.83 9635.0 
493.58 766.73 12.6583 818.21 9819.6 
496.82 769.97 12.7580 824.65 9896.9 
499.51 772.66 19.5699 1265.0 15181.0 
502.35 775.50 19.6679 1271.3 15257.0 
498.54 771.69 19.5079 1260.9 15133.0 
505.60 778.75 19.8150 1280.8 15371.0 
497.65 770.80 17.0433 1101.6 13221.0 
556.33 829.48 21.4827 1388.6 16665.0 
556.59 829.74 21.5765 1394.7 16738.0 
617.60 890.75 23.7517 1535.3 18425.0 
616.38 889.53 23.7019 1532.0 18387.0 
667.81 940.96 25.6264 1656.4 19879.0 
669.64 942.79 25.7854 1666.7 20003.0 
727.24 1000.39 28.0238 1811.4 21739.0 
726.03 999.18 27.9651 1807.6 21694.0 
787.93 1061.08 30.7751 1989.2 23874.0 
787.40 1060.55 3Q.7832 1989.8 23880.0 

*Capsule contained 0.08332 i^oles PbCl2. 
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The PbCl2 sample was extremely pure, as indicated by the very sharp 

melting region in Figure 17. Since the sample melted so sharply, suffi-

cient data were not obtained for the preparation of a 1/r-versus-tempera-

ture plot to determine the impurity content. Gravimetric chloride 

analyses made on the PbCl2 sample confirmed that the sample was extremely 

pure (see Chapter II). 

The Shomate function (equation 6) was plotted against T and the best 

straight line drawn. Because literature data were lacking for between 

205°K and 300°K, the C 1 C value was again estimated from the data 
p,273,15 

obtained in this study, assuming between 273°K and 323°K to be constant 

and equal to 18.44 calories degree-1 mole-1. The coefficients were calcu-

lated as previously described. The equation 

HT~H273 15 = 1 4 - 9 9 T + 4 - 3 3 x 10-3T2 - 8.058 x 104T-1 - 4126.0 (42) 

represents the enthalpy for solid PbCl2 (273°-771°K). 

In Table XII, the experimental enthalpies are compared with the 

values calculated with the above equation. The experimental and calculated 

enthalpies are in good agreement. 

The heat capacity equation, 

Cp = 14.99 + 8.66 x 10
-3T + 8.058 x 10 4T - 2 (273°-771°K), (43) 

was obtained by differentiating the enthalpy equation, Bloom and 

Tricklebank (5) gave 19.8 calories degree-1 mole-1 for the C from 673°-
P 

773 K. Uping the heat capacity equation developed above, Cp values at 

673°K and 773°K were calculated to be 20.20 and 21.01 calories degree-1 

mole-1, respectively. 

The enthalpy equation for the liquid region was obtained using the 

1604-A computer program "BIMD31GR" (19), which gave for the region, 

771°-1000°K, 
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TABLE XII 

HIGH-TEMPERATURE ENTHALPIES FOR SOLID PbCl2 (CALORIES PER MOLE) 

T, °K 

HT_H273.15 

Deviation % Deviation T, °K Experimental Calculated Deviation % Deviation 

319.09 827.92 826.96 0.96 0.116 
318.46 837.81 833.82 4.01 0.476 
318,28 829.95 830.40 -0.53 -0.065 
374.94 1892.2 1888.1 4.1 0.215 
374.96 1888.3 1888.5 -0.2 -0.013 
375.37 1903.1 1896.2 6.9 0.358 
424.86 2835.4 2834.6 0.8 0.28 
425.80 2850.6 2852.5 -1.9 -0.067 
480.72 3920.2 3913.0 7.2 0.183 
480.60 3911.6 3910.7 0.9 0.23 
531.06 4907.4 4904t0 3.4 0.068 
531.85 4921.1 4919.7 1.4 0.029 
594.65 6189.2 6183.4 5.8 0.093 
594.89 6185.8 6188.3 -2.5 -0.041 
647.94 7284.6 7280.1 4.5 0.062 
647.25 7258.7 7265.8 -7.1 -0.097 
725.52 8932.3 8917.7 14.6 0.163 
724.28 8919.0 8891.1 27.9 0.313 
747.87 9408.8 9398.6 10.2 0.108 
747.40 9388.7 9388.5 0.2 0.003 
758.13 9630.1 9620.8 9.3 0.097 
758.74 9635.0 9634.0 1.0 0.010 
766.73 9819.6 9807.7 11.9 0.121 
769.97 9896.9 9878.2 18.7 0,189 

HT-H273.15 = 2 1 1 4 * 1 + 7.818T + 1.1791 x 10_2T2. (44) 

Comparisonsof the experimental and calculated values are found in Table 

XIII. The maximum per cent deviation is 0.187 per cent. 

Differentiating the enthalpy equation for liquid PbCl2 gives 

Cp - 7.818 + 2.3582 x 10~*T. (45) 

The calculated C values at 800°, 900°, and 1000°K are, respectively, 
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TABLE XIII 

HIGH TEMPERATURE ENTHALPIES FOR LIQUID PbCl2 (CALORIES - PER MOLE) 

H —H 
T 273.15 

T, °K Experimental Calculated Deviation % Deviation 

772.66 15181.2 15194.1 -12.9 -0.085 
775.50 15257.2 15268.1 -10.9 -0.071 
778.75 15371.3 15353.1 18.2 0.119 
829.74 16737.8 16718.8 19.0 0.114 
890.75 18425.2 18433.4 - 8.2 -0.045 
889.53 18386.6 18398.3 -11.7 -0.064 
940.96 19879.5 19910.4 -30.9 -0.155 
942.79 20002.8 19965.4 37.4 0.187 
1000.39 21739.3 21735.4 3.9 0.018 
999.18 21693.7 21697.4 - 3.7 -0.017 

26.78, 29.14, and 31.50 calories degree""1 mole-1. Warner and Siefert's 

(45) calculated values (25.7, 26.2, and 26.5) are considerably lower. 

However, Warner and Siefert's calculations are based on data obtained 

below 886°K,and on the heat capacity equations given by Kelley (24) for Pb 

and chlorine. Therefore, their values would not necessarily agree with 

experimental data at higher temperatures. At 800°K, Warner and Siefert's 

value is 4 per cent lower than the value obtained in this work, and at 

1000°K, 15 per cent lower. 

The value obtained for the enthalpy of fusion, 5.25 kcal mole"1, 

compares favorably with Bloom and Tricklebank's (5) 5.3 kcal mole-1 and 

Alim, Kurtz, and Van Vorst's (1) 5.2 kcal mole-1. Blanc and Petit's (4) 

value, 5.7 kcal mole-1, apparently is due either to an impure sample or 

the accuracy of their method. Unfortunately, Blanc and Petit failed to 

indicate purity of sample and details of their procedure. 
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Smoothed values of the thermodynamic properties obtained for 

PbCl2 are given in Table XIV. These values are based upon equations 42 

and 44. 

No solid-solid transition was observed in this investigation. Hsu's 

(18) high temperature x-ray data suggested a second order transformation 

around 364°C. Modestova and Sumarokova (30) had observed a transition 

at 422°C. However, neither transition nor the reported discontinuous 

thermal expansions (18) were found to be of thermodynamic significance. 

Lead Bromide 

This investigation failed to substantiate Hsu's (18) prediction 

that PbBr2 exhibits a second-order transformation between 300° and 350°C. 

The high-precision drop calorimeter used would have detected such a 

transformation even if the enthalpy due to the transformation was only 

0.1 per cent of the total enthalpy. For the temperature range, 300°-

350°C, 0.1 per cent of the molar enthalpy would be approximately seven 

calories mole-1 (see Table XV). This investigation also failed to detect 

any thermodynamic importance for the discontinuous thermal expansions 

reported for PbBr2 (18). The solid-solid transformation reported by 

Modestova and Sumarokova (30) was not observed. Therefore, if such a 

transition exists, it is not thermodynamically important., 

Thirty-nine enthalpy measurements were made on the PbBr2 sample 

from 319°-924°K. Poor precision was observed for measurements above 

924°K. Since the capsule failed above 1073°K, the low precision above 

924 K was probably due to change in sample composition resulting from the 

PbBr2 attacking the capsule. Therefore, the measurements at 973°, 1023°, 
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TABLE XIV 

SMOOTHED THERMODYNAMIC PROPERTIES FOR PbCl2 

HT-H273.15°K 
C 
P 

ST"S273.15°K 
T, °K Calories Mole-1 Calories Degree-1 

Mole-1 
Calories Degree-1 

Mole-1 

273.15 0.0 18.44 0.00 
298.15 457.5 18.48 1.53 
300.00 492.1 18.48 1.64 
350.00 1420.7 18.68 4.06 
400.00 2361.4 18.96 5.90 
450.00 3299.2 19.28 7.33 
500.00 4290.4 19.64 8.58 
550.00 5281.8 20.02 9.60 
600.00 6292.5 20.41 10.49 
650.00 7323.0 20.81 11.27 
700.00 8373.6 21.22 11.96 
750.00 9444.7 21.63 12.59 
771.00(s) 9900.7 21.80 12.84 
771.00(2,) 15151. 26.00 19.65 
800.00 15915. 26.68 19.89 
850.00 17278. 27.86 20.33 
900.00 18701. 29.04 20.78 
950.00 20182. 30.22 21.24 

1000.00 21723. 31.40 21.72 

and 1073 K were discarded when the heat content equations were calculated. 

Table XV lists the heat content data in the order in which they were 

taken and gives the heat content in grams of mercury for the sample used, 

the equivalent number of calories, and finally the molar heat content. 

The Shomate method (41) was used to determine the heat content 

equation for the solid. This method requires a value for C „7„ , 
p $ ^ / j • J L j 

preferably one which has been obtained from low temperature data. Since 

Latimer and Hoenshel's heat capacity data (28) above 200°K showed con-

siderable scatter, the C 2 7 3 15 v a l u e u s e d (19.03 calories degree-1 mole-1) 
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TABLE XV 

HIGH TEMPERATURE ENTHALPY DATA FOR PbBr2* 

Temperature Enthalpy 

°C °K Grams of Hg Calories Calories Mole-1 

47.17 320.32 0.7241 46.804 900.00 
46.37 319.52 0.7080 45.764 879.99 
99.43 372.58 1.5063 97.364 1872.2 

100.10 373.25 1.5269 98.686 1897.8 
100.12 373.27 1.5353 99.239 1908.2 
100.27 373.42 1.5317 99.060 1903.8 
152.54 425.69 2.3529 152.09 2924.5 
152.30 425.45 2.3520 152.03 2923.3 
205.62 478.77 3.2067 207.27 3985.7 
256.59 529.74 4.0367 260.92 5017.3 
207.34 480.49 3.2361 209.17 4022.2 
256.72 529.87 4.0276 260.34 5006.0 
302.37 575.52 4.8064 310.68 5974.0 
302.08 575.23 4.7830 309.16 5944.9 
349.97 623.12 5.6030 362.17 6964.1 
350.48 623.63 5.6231 363.47 6989.1 
403.25 676.40 9.8362 635.79 12226.0 
370.98 644.13 9.1256 598.86 11342.0 
369.52 642.67 5.9569 385.04 7403.9 
366.16 639.31 5.8845 380.36 7314.0 
380.60 653.75 9.3514 604.46 11623.0 
369.68 642.83 5.9846 386.83 7438.4 
370.08 643.23 6.0315 389.86 7496.7 
373.10 646.25 9.1713 592.81 11399.0 
370.56 643.71 6.3376 409.65 7877.1 
371.36 644.51 9.1108 588.90 11324.0 
370.68 643.83 6.6449 429.51 8259.1 
370.85 644.00 8.3128 537.32 10332.Q 
453.16 726.31 10.9466 707.57 13605.0 
454.59 727.74 10.9742 707.60 13606.0 
454.91 728.06 10.9785 709.63 13645.0 
498.78 771.93 11.9427 771.95 14844.0 
499.10 772.25 11.9439 772,03 14845.0 
551.07 824.22 13.0664 844.59 16240.0 
552.50 825.65 13.0623 844.32 16235.0 
598.75 871.90 14.0418 907.63 17453.0 
598.85 872.00 14.0590 908.75 17474.0 
651.09 924.24 15.1530 979.46 18834.0 
651.14 924.29 15.1482 979.15 18828.0 

*Capsule contained 0.05201 moles PbBr2. 
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was estimated from the present experimental data, assuming a straight line 

for the heat content (i.e., constant C^) between 273.15°K and 323.15°K. 

The coefficients for the equation 

HT"H273.15 = a T + b T 2 + c T _ 1 + d' <46> 

were then determined as described previously. 

For the region between 273°-644°K, the heat content can be expressed 

as 

HT"H273 15 * 1 3 - 8 2 T + 5 * 8 1 x 10"3X2 - 1.525 x 105T_1 - 3647.1. (47) 

The experimental and calculated enthalpy values for solid PbBr2 are 

compared in Table XVI. In the lower temperature region the percentage 

deviation is larger, since this is the region where thermal equilibration 

is poor and, in addition, the absolute error inherent in the calorimeter 

is a greater percentage of the heat content values. 

Differentiating the enthalpy equation 14 gives for between 

273°-644°K 

C - 13.82 + 1.162 x 1CT2T + 1.525 x 10 5T - 2. (48) 
P 

In the liquid region (644°-925°K), the best straight line was 

determined for the enthalpy data to be 

HT ~ H273 15 = 2 6 - 8 0 T " 5 9 0 4« <49> 

0^ for liquid PbBr2 is thus constant and equal to 26.80 calories 

degree-* mole-1. This is higher than Bizouard and Pauty's (3) 26.3 

value, which was obtained using their rapid heating method,but lower than 

Goodwin and Kalmus's (17) 27.6 valueswhich was obtained calorimetrically. 

Goodwin and Kalmus's heat capacity is based on data for a sample that 

melted at 488°C9and Bizouard and Pauty only claim an accuracy of 5 per cent. 
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TABLE XVI 

HIGH-TEMPERATURE ENTHALPIES FOR SOLID PbBr2 (CALORIES PER MOLE) 

T, °K 

HT_H273.15 

Deviation % Deviation T, °K Experimental Calculated Deviation % Deviation 

320.32 900.00 899.77 0.23 0.025 

319.52 879.99 884.55 -4.56 -0.518 

372.58 1872.2 1899.2 -27.0 -1.44 

373.25 1897.8 1912.1 -14.3 -0.751 

373.27 1908.2 1912.4 -4.2 -0.220 

373.42 1903.8 1915.3 -11.5 -0.607 

425.69 2924.5 2930.5 -6.0 -0.208 

425.45 2923,3 2925.8 -2.5 -0.085 

478.77 3985.7 3982.7 3.0 0.073 

529.74 5017.3 5016.5 0.8 0.017 

480.49 4022.2 4017.2 5.0 0.123 

529.87 5006.0 5019.1 -13.1 -0.263 

575.52 5974.0 5966.0 8.0 0.133 
575.23 5944.9 5959.9 -15.0 -0.253 
623.12 6964.1 6975.6 -11.5 -0.165 
623.63 6989.1 6986.5 2.6 0.036 
642.67 7403.9 7397.0 6.9 0.094 

A plot of the raw enthalpy data near the melting point as a 

function of temperature (Figure 18) indicated that the PbBr2 was still 

quite pure in this region, since the sample melted sharply. Information 

obtained from Figure 18 was used to calculate the fraction of sample 

melted. The reciprocal of this value was plotted as a function of 

temperature (Figure 19) to obtain a value for the liquid-soluble solid-

insoluble impurity and the melting temperature of pure PbBr£. The melting 

temperatures of the pure material and the PbBr£ sample are 370.91°C and 

370.88 C, respectively. 
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Fig. 18—PbBr2 enthalpy data versus temperature in the fusion region 
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The melting point obtained in this investigation, 644°K, compares 

favorably with the more recent literature values (3, 4, 17, 21). The 

enthalpy of fusion, which was calculated using the enthalpy equations 

47 and 49 and the melting temperature, 644°K, was 3.93 kcal mole-1. This 

value is higher than the 3.65 kcal mole-1 value given by Goodwin and 

Kalmus (17) but considerably lower than Blanc and Petit's (4) value of 

5.1 kcal mole-1. Since Blanc and Petit failed to give details of their 

measurements and purity of their sample, the enthalpy of fusion obtained 

in this work should be the best data available. Using the enthalpy of 

fusion calculated, the information available from Figure 19, and equation 1, 

the mole per cent impurity of this PbBr2 sample was calculated to be 

0.006 mole per cent. 

Using the enthalpy of fusion and the melting point obtained in this 

investigation, the entropy of fusion was calculated to be 6.10 calories 

degree-1 mole-1. 

Smoothed enthalpies, heat capacities, and entropies are tabulated in 

Table XVII. These values are based on the enthalpy equations (47 and 

49) developed for PbBr2« 

Lead Iodide 

No solid-solid transition was observed for Pbl2» Since the reported 

modifications of Pbl£ are polytypes (36), hexagonal crystals with the 

length of the "c" axis varying by integer multiples of the smallest "c" 

axis, calorimetric detection of such transformations (polytypism) may 

not be possible. Vand and Hanoka (44) state that the differences in 

the energies of polytypes are often very small and the formation of 
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TABLE XVII 

SMOOTHED THERMODYNAMIC PROPERTIES FOR PbBr2 

Temp. 

°K 

HT_H273.15°K 
Calories Mole-1 

C 
P . 

Calories Degree 
Mole-1 

ST_S273.15°K 
Calories Degree-1 

Mole-1 

273.15 00.00 19.03 0.00 

298.15 478.32 19.00 1.60 

300.00 513.47 19.00 1.71 

350.00 1465.9 19.13 4.19 

400.00 2429.2 19.42 6.07 

450.00 3409.5 19.80 7.58 

500.00 4410.4 20.24 8.82 

550.00 5434.1 20.72 9.88 

600.00 6482.3 21.22 10.80 

644.00 (s) 7425.7 21.67 11.53 

644.00 (I) 11355. 26.80 17.63 

650.00 11516. 26.80 17.72 
700.00 12856. 26,80 18.37 

750.00 14196. 26.80 18.93 
800.00 15536. 26.80 19.42 
850.00 16876. 26.80 19.85 
900.00 18216. 26.80 20.24 
925.00 18886. 26.80 20.42 

polytypes cannot be explained on thermodynamic grounds. In support of 

this latter hypothesis, Vand and Hanoka (44) point out that for maximum 

entropy and stability, SiC should exhibit complete disorder along the 

"c" axis. However, SiC is known to have forty different polytypes, with 

the "c" axis ranging from 5 X to 1500 &. Since no thermal effect was 

observed for the discontinuous thermal expansions observed by Hsu (18) 

or for the transition reported by Modestova and Sumarokova (30), it was 

concluded that they were not thermodynamically important. 
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Forty-two enthalpy measurements were made on the Pbl2 sample from 

323-877°K. The data, in the order in which they were taken, are tabulated 

in Table XVIII. Low precision was obtained for data above 877°K. A 

check of the capsule revealed that it was losing weight. Measurements 

were stopped and the data above 877°K discarded. 

The enthalpy data from 375°-430°C, as plotted against temperature 

in degrees centigrade (Figure 20), indicate that this sample was very pure, 

since it melted sharply. From the data in the premelting region, the 

fraction of the sample melted was determined for each of the points. 

By plotting the temperature of the liquid-solid equilibrium for the Pbl2 

sample as a function of the reciprocal of the fraction melted (Figure 21), 

information was obtained from which the impurity content was calculated 

to be 0.04 + 0.02 mole per cent. The melting point of this Pbl2 sample 

was found to be 683°K. 

The Shomate procedure was used to obtain an equation for the enthalpy 

of solid Pbl2» The 273 ^5 value used (18.54 calories degree-1 mole"1) 

was estimated from the data obtained in this investigation, since, when-

ever the heat capacity value reported by the JANAF tables (42) was used, 

abnormal behavior was observed for the derived heat capacities, The only 

low-temperature heat capacity data for Pbl2 were some unpublished results 

of Westrum which were tabulated in the JANAF tables (42). When the 

Cp 273 2.5 v a^ u e (18.54 calories degree-1 mole"1) was used, the derived 

heat capacities behaved normally. 

From 273°-683°K, the enthalpies can be represented by 

HT~H273.15 = 1 6' 0 6 T + 3» 0 8 x 10-3T2 - 5.969 x lO^T"1 - 4397.4. (50) 

The values calculated using the above equation are compared with the 

experimental values in Table XIX. 
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TABLE XVIII 

HIGH-TEMPERATURE ENTHALPY DATA FOR Pbl2* 

Temper? i tu re Enthalpy 

°C °K Grams of Hg Calories Calories Mole-1 

50.39 323.54 0.6186 39.985 923.27 
50.42 323.57 0.6310 40.787 941.78 
49.99 323.14 0.6244 40.360 931.93 

107.30 380.45 1.3448 86.925 2007.1 
107.28 380.43 1.3368 86.408 1995.2 
166.12 439.27 2.0858 134.82 3113.1 
166.44 439.59 2.1029" 135.93 3138.6 
168.29 441.44 2.1148 136.70 3156.4 
220.02 493.17 2.8013 181.07 4181.0 
219.90 493.05 2.7773 179.52 4145.2 
219.90 493.05 2.7831 179.89 4153.8 
275.06 548.21 3.4755 224.65 5187.2 
275.00 548.15 3.4643 223.92 5170.5 
330.30 603.45 4.2271 273.23 6309.0 
330.08 603.23 4.2200 272.77 6298.4 
377.42 650.57 4.8600 314.14 7253.6 
376.41 649.56 4.8653 314.48 7261.5 
375.16 648.31 4.8034 310.48 7169.2 
375.42 648.57 4.8079 310.77 7175.9 
389.80 662.95 5.0442 326.05 7528.6 
390.30 663.45 5.0565 326.84 7546.9 
399.24 672.39 5.1678 334.04 7713.0 
404,62 677.77 5.3249 344.19 7947.5 
409.94 683.09 8.2358 532.35 12292.0 
413.55 686.70 9.1494 591.40 13656.0 
409.05 682.20 6.2475 403.83 9324.5 
411.08 684.23 9.1093 588.81 13596.0 
406.23 679.38 5.3704 347.13 8015.4 
427.51 700.66 9.3351 603.40 13933.0 
406.99 680.14 5.4055 349.40 8067.8 
408.18 681.33 5.4829 354.40 8183.3 
450.12 723.27 9.7561 630.61 14561.0 
449.47 722.62 9.7579 630.73 14564.0 
448.64 721.79 9.7599 630.86 14567.0 
448.38 721.53 9.6824 625.85 14451.0 
449.52 722.67 9.7387 629.49 14535.0 
449.73 722.88 9.7412 629.65 14539.0 
503.07 776.22 10.7213 693.00 16002.0 
506.03 779.18 10.7688 696.07 16073.0 
603.90 877.05 12.4339 803.70 18558.0 
604.29 877.44 12.4292 803.40 18551.0 
603.40 876.55 12.4469 804.54 - 18577.0 

^Capsule contained 0.04331 moles Pbl2. 
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Fig. 21—Temperature of liquid-solid equilibrium for Pbl2 sample 
as a function of the reciprocal of the fraction of sample melted. 
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TABLE XIX 

HIGH-TEMPERATURE ENTHALPIES FOR SOLID Pbl2 (CALORIES PER MOLE) 

T, °K 

W 73.15 

Deviation % Deviation T, °K Experimental Calculated Deviation % Deviation 

323.54 923.27 936.57 -13.3 -1.44 
323.57 941.78 937.13 4.65 0.49 
323.14 931.93 929.12 2.81 0.30 
380.45 2007.1 2001.5 5.6 0.28 
380.43 1995.2 2001.2 - 6.0 -0.30 
439.27 3113.1 3115.7 - 2.6 -0.08 
439.59 3138.6 3121.8 16.8 0.54 
441.44 3156.4 3157.1 - 0.7 -0.02 
493.05 4145.2 4148.7 - 3.5 -0.08 
493.05 4153.8 4148.7 5.1 0.12 
548.21 5187.2 5223.6 -36.4 -0.70 
548.15 5170.5 5222.4 -51.9 -1.00 
603.45 6309.0 6316.7 - 7.7 -0.12 
603.23 6298.4 6312.3 -13.9 -0.22 
650.57 7253.6 7262.6 - 9.0 -0.12 
649.56 7261.5 7242.2 19.3 0.27 
648.31 7169.2 7616.9 -47.7 -0.67 
648*57 7175.9 7222.2 -46.3 -0.64 
662.95 7528.6 7513.2 15.4 0.20 
663.45 7546.9 7523.3 23.6 0.31 
672.39 7713.0 7704.9 8.1 0.11 

Differentiating equation 50 gives 

Cp = 16.06 + 6.16 x 10~
3T + 5.969 x lO^T"2 . (51) 

From 683°-878°K, the enthalpy of liquid Pbl2 can be represented by 

a straight line: 

HT~H273 15 = 25-95T " 4203« (52) 

This gives 25.95 calories degree-1 mole"1 for the heat capacity of liquid 

Pbl2. Both the JANAF tables (42) and Kelley (24) list Ehrhardt's value (13) 
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of 32.40 calories degree"^ole"1. Since Ehrhardt's sample purity is 

suspect (13), and the Pbl2 sample used in this investigation was quite 

pure, the value of 25.95 calories degree-1 mole-1 should be the more 

accurate value. 

Using equations 21 and 23 and 683°K for the melting temperature, 

the er.thalpy of fusion was calculated to be 5.60 kcal mole-1. Murgulescu, 

Steinberg, and Terzi (31) gave 6.0 + 0.6 kcal mole-1, and Blanc and Petit 

(4) gave 3.87 kcal mole-1 for the enthalpy of fusion. Blanc and Petit's 

value is suspect, since for all of the lead halides their enthalpies of 

fusion differed considerably from those reported by most investigators 

(Table XXI). 

Smoothed values of the thermodynamic properties obtained are given 

in Table XX. These values are based on enthalpy equations 50 and 52. 

TABLE XX 

SMOOTHED THERMODYNAMIC PROPERTIES FOR Pbl2 

T, °K 

HT~"H273.15 

Calories Mole""1 

C 
P ! 

Calories Degree" 

Mole"1 

ST - S273.15 : 

Calories Degre,e~ 

Mole" 

273.15 0.0 18.54 0.0 
298.15 464.48 18.57 1.56 
300.00 498.83 18.57 1.66 
350.00 1430.4 18.70 4.09 
400.00 2370.2 18.90 5.93 
450.00 3320.7 19.13 7.38 
500.00 4283.2 19.38 8.57 
550.00 5258.8 19.65 9.56 
600.00 6247.9 19.92 10.41 
650.00 7251.1 20.21 11.16 
683.00(s) 7921.0 20.40 11.60 
683.00(2,) 13521. 25.95 19.80 
700.00 13962. 25.95 19.95 
750.00 15259. 25.95 20.35 
800.00 16557. 25.95 20.70 
850.00 17854. 25.95 21.01 

880.00 18633. 25.95 21.17 
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SUMMARY 

A high-precision Bunsen ice calorimeter has been used to make enthalpy 

measurements on the lead halides. A cooperative transition has been 

observed for cubic PbF2» with a derived heat capacity maximum at approxi-

mately 716°K. This phenomenon has been interpreted as an order-disorder 

transformation. The nature of this X-transition has been explained by 

the thermodynamic probability approach. The orthorhombic-to-cubic PbF2 

transition was found calorimetrically to occur at 583 + 1°K. The enthalpy 

of this transition was determined to be 373 + 9 calories mole-*, from the 

enthalpy data and the heat of solution measurements at room temperature. 

The enthalpies of fusion, melting points, and entropies of fusion obtained 

are compared with some literature values in Table XXI. Since all samples 

used in this investigation were of high purity, the values obtained in 

this investigation should be the best data available. In addition, tables 

of thermodynamic properties for each of the lead halides have been obtained. 

These tables list relative enthalpy values, heat capacities, and relative 

entropies. 
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TABLE XXI 

ENTHALPIES OF FUSION, MELTING POINTS, AND ENTROPIES 

OF FUSION FOR THE LEAD HALIDES 

AS. . 
fusion 

kcal mole*"1 

AS. . 
fusion 

Calories degree"1 

mole-1 

Melting Point 

°K 

This Work Literature This Work Literature This Work Literature 

PbF2 3.52 1.8 (38) 
4.2 (4) 
3.70 (40) 
3.62 (40) 
3.0 (2) 

3.20 1.6 (38) 
3.85 (4) 
2.7 (2) 

1103 1098 (40, 22) 
1091 (4) 
1099 (2) 

PbCl2 5.25 5.2 (1) 
5.7 (4) 
5.3 (5) 

6.81 6.72 (1) 
7.42 (4) 
6.8 (5) 

771 774 (1, 5) 
768 (4) 

PbBr2 3.93 5.1 (4) 
3.65 (17) 

6.10 7.96 (4) 
5.68 (17) 

644 768 (9, 13, 17) 
640 (4) 
643 (7, 21, 26) 

Pbl2 5.60 3.87 (4) 
6.1 (31) 

8.20 5.69 (4) 
8.9 (31) 

683 680 (40) 
685 (30, 31) 
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