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The heats of formation of Pr+3 (aq.) and La+3 (aq.) have been measured in 

1.5~ HCl at 25°C. to be -165.9! 0.9 kcal/mol and -167.0 ± 0.7 kcal/mol, respectively. 

The heat of formation of Am+? (aq.) under the same condition~ was found to be 

-161.3 !. 1.4 kcal/mol. The latter value made it possibL ..... o calculate the heat of 

formation of Am+4 (aq.) as -112.2 kcal/mol. It was impossiblP- at this time to 

determine the heats of formation of Am02+ (aq.) and Am02TT (aq.). 
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A knowledge of the free energies of formation of the aqueous ions of an element 

may be regarded as basic for the understanding of its chemistr,y in aqueous solution. 

In particular, such knowledge concerning those ions which represent the stable 

oxidation states of the element in aqueous solution is of fundamental practical 

importance. 

Americium is known to exist in at least four oxidation states-- the +3 state 

investigated by Seaborg, James, and Morgan1 who discovered the element' the +4 state 

discovered by Cunningham; 2 the +5 state discovered by Werner and Perlman)3 and the 

+6 state discovered by Asprey, Stephanou, and Penneman. 4 Of these states, at least 

three, the +3, +5, and +6, possess sufficient stability in aqueous solution to be 

of practical interest. 

The most accurate and satisfactory method of investigating the equilibria 

between different oxidation states is by means of a series of potential measurements 

in which the various couples behave in a reproducible and reversible manner in a 

·chemical cell. 

In the case of americium, however, such an approach was not expected to yield 

satisfactory results, except possibly in the case of the +3 - +4 couple and the 

+5 - +6 couple. By analogy with other elements of the actinide series the +5 and 

+6 aqueous ions were expected to be of the type Am02+ and Am02++~ with covalently 

bonded oxygens. It is generally accepted that reactions involving the breaking 

or formation.of bonds of this type do not yield readily reproducible potentials. 

Attempts to measure the +3 - +4 potential have not thus far been successful, 

and this potential was estimated by Eyring5 from measurements of the reaction of 

Am02 with 6M nitric acid and an estimate of ~S for the reaction" These data indi­

cate that the potential is approximately -2.6 volts. 

The +5 - +6 couple is readily reversible, and potential measurements at Los 

Alamos by Asprey, Stephanou,and Penneman6 give a value of -1.63 v. in 0.~ HCl04 • 
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Similar measurements at Berkeley by Jones and Cunningham? give -1.60 v, in O.lM 
-

HClo4 ~ ca. 0.05~ so4=. 

The present investigation was undertaken for the purpose of securing thermal 

• data, which, together with estimates of entropies of formation based on analogy 

with similar ions of other actinide elements~ could be used to calculate values · 

for the free energies of formation of the americium ions of major interest~=notably 

the uncomplexed ions of the +3, +49 +5, and +6 oxidation states which are the stable 

ones in acid solution, 

This method of arriving at values for the free energies of formation of these 

ions is admittedly subject to some uncertainty. In no case can it be proved 

rigorously that the ion concerned is strictly analogous to the reference ion on 

which the entropy estimate is based. 

In all cases~ however~ there is strong supporting evidence that this is the 

case~ and the general chemical resemblance of the ions of the same oxidation state 

for the known elements of atomic number 92 and higher is such as to lend confidence 

to this type of extrapolation, 

The quantities of americium available for these measurements were severely 

limited. It was necessary, therefore~ to accept considerable loss in the precision 

of the calorimetric measurements, since the available apparatus was designed for 

the measurement of considerably larger heat effects than could be obtained with 

the small samples that had to be used. 

IL HEAT OF FORMATION OF Am+3 (Aq.) 

In order to determine the heat of formation of Am+3 (aq.), it was necessar,y 

to measure the heat of solution of americium metal in acid solution~ 

+ +J I Am+ 3H = Am + 3 2 H2 , 

Because of the limited amount of americium available for this study, it was decided 

first to measure the heat of solution of praseodymium metal under the same conditions. 
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Praseodymium was chosen for the initial experiments because its preparation would 

be similar to that of americium. Also, there was some question as to the correct 

value for its heat of solution in acid solution. 

Preparation of Praseodymium Metal 

The source of the praseodymium used in all the metal preparations was the 

Johnson, Matthey and Co., Ltd. of London. This material? in the form of Pr02, was 

further purified in the Radiation Laboratory, University of California9 by D" C. 

Stewart and R. C. Lilly, using a cation-exchange column separation procedure. 

Spectrographic analysis of the material thus prepared showed it to be free from 

impurities within the.limits of detection. The praseodymium separated in this man-

ner was precipitated as the oxalate, and the latter was ignited in air to form black 

Pr
6
o
11

" This Pr6o11 was the material used as a source of praseodymium for all 

metal preparations. 

A method similar to that used in this study for the preparation of praseodymium 

metal has been previously described by Westrum and Robinson8 and also by Eyring~5 

However, the metal produced earlier in this laboratory failed to give an unambiguous 

value for the heat of solution? probably because of barium and beryllium impurities 

introduced during the metal production. Several modifications were made in this 

investigation, therefore, to insure that the final product was pure metal. 

The Pr6o11 stock material was converted to Pr2o3 by reduction at 500°C. in a 

hydrogen reduction apparatus (Fig. 1). A tube of uranium hydride was used as a 

source of hydrogen and the partial pressure of hydrogen was maintained at 1/3 

~ atmosphere during the reduction. The use of uranium hydride as a hydrogen source 

has been described by Newton, 9 It is a very convenient method of obtaining a 

desired pressure of hydrogen, because it obeys the following equation over most 

of the composition range between uranium hydride and uranium~ 

Log Pmm = = 4500/T ~ 9.28, 
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The praseodymium oxide sample was heated by the use of a molybdenum radiation 

shield. Molybdenum was found to be resistant to action by hydrogen at the temper-

.~ atures used for reduction. Temperature was measured by the use of a chromel-alumel 

thermocouple welded to the bottom of the platinum sample holder. Prior to reduction~ 

the entire system was evacuated to remove all traces of adsorbed moisture. 

As reported by Eyring,5 reduction at 1/3 atmosphere of hydrogen at a temperature 

of 500°C. for 1-1/2 hours gives the yellow-green oxide, Pr2o
3

. 

Pr6~1 + 2H2 = 3Pr2o3 + 2H20. 

The Pr2o
3 

prepared in this manner was then transferred to a platinum fluorina­

tion line (Fig. 2) for conversion to PrF3• A mixture of approximately equal parts 

of HF and H2 was passed over the sample for one hour at 600°C. 

Pr2o3 
+ 6HF = 2PrF

3 
+ 3H20. 

The PrF3 thus prepared was then pelleted in a pellet press (Fig. 3) to form 

compact samples for metal production. The crucible assembly used is illustrated 

in Fig. 4. A PrF3 pellet was placed in the TaG inner. crucible and the latter was 

capped with the TaC disk. This crucible and cap were then placed in the Ta outer 

crucible. A piece of freshly cut Li metal was added and the entire assembly was 

enclosed by inserting the Ta screw cap. During the reduction period, the assembly 

rested in an Al2o3 insulating shell which fit in a tungsten coil furnace in a 

vacuum system (Fig. 5). 

The entire system was evacuated to a pressure of 10-? mm.of Hg before the 

reduction was begun. The tungsten coil furnace had been c~ibrated previously by 

applying an alternating potential to the circuit and determining the temperature 

of an equivalent crucible system with an optical pyrometer. All reductions were 

carried out at a temperature of 925°C. 9 the temperature being maintained at this 

value for from two to two and one-half minut.es after the appearance of a Li mi.rror 

on the inner surface of the outer glass bulb. 
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This method of reduction was found to produce spectrographically pure pellets 

·~ of praseodymium metal, the element being quite malleable .and having a gray metallic 

,; 

.... , 

-~-

luster. 

These pellets were carefully cleaned under xylene in a dry box to remove any 

oxide coating that may have been present. Weighings were made by difference into 

clean glass calorimeter bulbs with a mass of less than twenty milligrams, The 

Kirk-Craig-Gullberg quartz fiber torsion microbalance10 was used for these weighings, 

It has a sensitivity of 10=8 gm, and a reproducibility of several hundredths of 

one percent on a mass of several hundred micrograms. Each weighed sample was en-

closed by placing a glass bead in the neck of the microcalorimeter bulb and sealing 

the bead in place with Apiezon 11W11 wax. 

Description of Microcalorimeter Used For 
Heat of Solution Measurements 

A microcalorimeter was available in this laboratory for obtaining heat of 

solution data on the small quantities of americium that were available for this 

investigation, Although the ir1strument has been described previously in a paper 

by Westrum~11 a circuit diagram and several figures are included in this thesis 

for general information (Figs. 6-9). 

As previously noted, the calorimeter was originally designed for measurement 

of considerably larger heat effects than were possible in the experiments with 

americium and its compounds. It was found that fluctuations in the thermostat 

temperature of the order of 10=3 degree sometimes occurred during the critical 

portion of the run when solution was taking place. DetermiPAtion of the thermal 

leakage modulusi~ of the calorimeter gave a value of about 2. 5 x 10=2 degree per 

degree minute, These two factors introduced appreciable errors i.n the calculation 

of the actual heat liberated in any particular measurement,, · 

* The leakage modulus is defined by the equation d "' k~~ where d is the drift 
rateJ k is the leakage modulusJ and ¢ is the thermal head, 
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The calorimeter itself is wound with AWG No. 40 copper wire so that the unit 

~ serves both as a mean,s for input of electrical energy and as a resistance thermo-

.. 

~-

meter. It forms one branch of a simple resistance bridge circuit (Fig. 8) and 

resistance changes in it can be balanced in another branch of the bridge by manual 

manipulation of a Leeds and Northrup decade resistance box on the control panel 

of the instrument • 

A Leeds and Northrup high sensitivity galvanometer of the moving coil reflect-

ing type, equipped with a telescope and centimeter scale, is connected across the 

bridge. Thus, a small resistance change in the resistance thermometer is detected 

by a corresponding deflection on the centimeter scale. The bridge sensitivity 

(ems. deflecti9n on scale per 100 ohm change on decade box) is determined several 

times during the run to facilitate _the necessary conversion of scale readings in 

centimeters to actual resistance corrections in ohms. 

The energy equivalent of the calorimeter can be determined during the run by 

electrical energy inputs of known tllne duration. During these energy inputs, one 

measures the potentials acros5 the resistance thermometer and ac;oss the bridge 

with a Rubicon precision potentiemeter. Four or five energy inputs are usually 

made in each experiment. It is then possible to calculate the power factor in .. 
calories per minute for the instrument. This power factor is constant over the 

period of several runs, although it is calculated separately for each run. 

When a run is to be made, the glass bulb containing the sample is sealed to 

the end of the stirring shaft with Apiezon 11W11 wax and the unit is assembled as 

shown in Fig. 9. Initially, for exoergic reactions, the calorimeter temperature 

is slightly below the thermostat temperature so there will be a heat transfer 

from the thermostat to the calorimeter. The scale is read at minute or half-

minute intervals and, during this first portion of the run, bridge sensitivities 

are determined and two or three energy inputs are made. 
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In order to minimize drift corrections~ it is desirable that the thermal head 

~ just before breaking the sample be as nearly as possible the same~ with opposite 

'~ 

-~ 

sign~ as the thermal head after solution has occurred. 

Scale readings are recorded for several minutes before and after the sample 

bulb is broken. After solution is complete~ it is customary to make two or more 

energy inputs and additional bridge sensitivity determinations. 

By use of the various measured bridge sensitivities, it is possible to convert 

galvanometer deflections on the centimeter scale to decade resistance box readings 

in ohms, corresponding to balance of the resistance bridge for each scale reading 

taken during the solution period. These decade resistance box readings are then 

plotted against time to give a curve for the heat of solution of the sample. A 

representative curve is shown in Fig. 10. 

Sample Calculations for Magnesium Metal Run Number One 

It was also desirable to calibrate the instrument chemically before proceeding 

with the experiments on praseodymium or americium. To do this, it was decided to 

measure the heat of solution of magnesium metal~ both because pure magnesium metal 

was available in this laboratory and because the value for its heat of solution is 

known accurately. Shomate and Huffman,12 operating under similar conditions, 

obtained a value of -111.322 + 0.041 kcal/mol for the heat of solution of magnesium 

in 1.0~ HCl at 25°C. 

Before discussing the chemical calibration and the work which followed~ it 

may be well to illustrate as briefly as possible the method involved in the cal-

culation of a heat of solution value with this instrument. 

Table I contains a portion of the data taken in Run No. 1, a determination 

of the heat of solution of magnesium metal in 1.0~ HCl at 25°C. These data, with 

the accompanying tables and figures, will serve to demonstrate the method of 

calculation employed in the experiments which follow. 
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Table I 

,. Data Taken in Run No. 1, Mg Metal 
1.0~ HCl at 25oc • 

.. 
1 2 3 4 5 6 7 

29.8 1490 14.43 4.730 
30.0 14.52 
31.0 (13.15) 14.92 
32.0 15.34 
33.0 15.75 
34.0 1590 11.65 
35.0 (13.13) 12.04 
36.0 12.41 
37.0 12.79 
37.8 13.08 
38.0 Broke Sample 
38.2 1790 13.13 
38.73 2060 13.13 
38.9 13.60 
39.15 13.73 
39.47 13.63 
40.0 13.50 
40.5 13.42 4.725 .. 
41.0 13.33 
42.0 13.11 
43.0 12.91 
44.0 12.67 
45.0 12.44 
46.0 12.27 
47.1 1~ .• 09 
48.0 (13.12) 11.90 
49.0 2010 13.82 
50.0 13.60 
51.0 13.40 
51.3 (13.13) 13.35 
51.5 Electrical energy on 0.90957 1.42012 4.727 

fo;r 1.0 minute 
53.2 2470 12.18 
54.0 .. - 11.63 

"' 55.0 (13.13) 10.98 
56.0 10.37 4.727 

f 
57.0 2350 14.93 

·., 58.0 14.36 
.. , 

Column , Time in minutes from beginning of run .L 

2 Setting in ohms on decade resistance box 
3 "Check Point" (Scale reading in ems.) 
4 Galvanometer reading (Scale reading in ems.) 
5 Divider potential across resistance thermometer in volts 
6 Divider potential across resistance bridge in volts 
7 Temperature of thermostat in degrees on Beckmann thermometer I 
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After the experimental data have been taken, it is first customary to calcu-

.. ~ late the bridge sensitivities (ems. deflection on scale per 100 ohm change on 

• 

'• 

'• 

,, 

decade resistance box). Referring to Table I, it is noted that the scale reading 

is 15.75 ems. (1490 ohms on decade resistance box) at a time 33.0 minutes after 

the beginning of the run. After an interval of one minute, during which period 

the decade box was reset at 1590 ohms, the scale reading is 11.65 ems. Observing 

the drift. on the centimeter scale prior to this latter reading, it is seen that 

during the one-minute interval, there would have been a drift upwards of 0.40 em. 

had the decade box not been reset. Using this information, one calculates for the 

bridge sensitivity: 

Sensitivity = 15.75 + 0.40- 11.65 = 
100 

0.0450 ems/ohm or 
4. 50 cms/100 ohms . 

This sensitivity is then plotted as the ordinate against the average value of the 

two decade box settings, 1540 ohms. Fig. 11 gives the complete curve for this 

particular run, 

As has been noted previously, several electrical energy inputs of known time 

duration are made during the course of the run to determine the energy equivalent 

of the calorimeter. Referring again to Table I, it is seen that an electrical 

energy input of one-minute duration was made at a time 51.5 minutes after the 

beginning of the run. The resistance decade box settings, before and after the 

input 9 were 2010 ohms and 2470 ohms, respectively. 

Table I includes several values enclosed in parentheses; these values represent 

the so-called "check point, 11 or the centimeter scale reading corresponding to no 

current flow, i.e., the balance point of the resistance bridge. This value is 

important in that it serves as a reference point for all corrections of the actual 

decade resistance box settings to settings which would correspond to balance of 

the bridge, In this connection, it is important to make an electrical energy input 

during the run at such a time that the scale reading on the centimeter scale, 
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extrapolated to the time corresponding to the middle of the energy input, will be 

as near the "check point" as possible. In the same fashion, after completion of 

the energy input, the new decade box setting should be such that extrapolation of 

the afterdrift back to the midpoint of the input will giv~ a scale reading close 

to the "check point. 11 This practice minimizes the corrections which have to be 

made in the final calculations. 

In Fig. 12, centimeter scale readings prior to and following the energy input 

at 5L5 minutes are plotted against the time at which the readings were observed. 

It will be noted that both sets of points are extrapolated to the time correspond-

ing to the midpoint of the input. The extrapolated foredrift and afterdrift are 

13.22 ems. and 12.99 ems. respectively, whe·reas the "check point11 was observed to 

be 13.13 ems. 

With this information, it is a simple procedure to calculate the two decade 

resistance box readings which would correspond to balance of the resistance bridge 

before and after the energy input, these resistance settings being calculated at 

the midpoint of the input. It can be shown that the resistance difference, calcu-

lated at the midpoint of the energy input, is the total resistance change equiva-

lent to the electrical energy introduced at a constant rate during the interval. 

Table II lists the values calculated for the electrical energy input at 51.5 minutes 

after the beginning of Run No. 1. An explanation of the values is included in the 

table. 

Each energy input made during the course of the run is calculated in this 

manner. The values of ~e/t (column 13) are then plotted against the corresponding 

values of e (column 12), giving a straight line relationship (Fig. 13). The 

fact that 89/t is almost a linear function of e is demonstrated in Appendix A. 

During the interval in which energy is being introduced into the calorimeter, 

measurements are made of the potentials across the resistance bridge and across 
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Calculation of Data for Electrical Energy Input at 51.5 Minutes After 
Beginning of Mg Metal Run No, 1 in loOM HCl at 25oc. 

1 2 3 4 5 6 7 8 

1.0 IV 4.37 13.13 13.22 2010 +2.1 2012.1 
4.25 13.13 12,99 2470 -3.3 2466.7 

9 10 11 12 13 
35312.1 283189. 3599. 281390 3599. 
35766.7 279590, 

Column 
l Time interval in minutes of electrical energy input 
2 Chronological order of energy input 
3 Bridge sensitivity (ems. deflection on scale per 100 ohm change 

on decade resistance box--interpolated from Fig. 11) 
4 11Check point" (scale reading in ems.) 
5 Scale reading in ems, extrapolated to midpoint of energy input 

(Fig. 12) 
6 R11 = Decade resistance box settings in ohms 
7 Correction in ohms to co~vert decade box settings to settings 

corresponding to balance of resistance bridge = (column 5 -
column 4)(100)/(column 3) 

8 R1 = Corrected decade box settings in ohms corresponding to 
balance of resistance bridge 

9 R = (R1 + 33i300) ohms 
10 e = 1/R ohm- x 1olO 
ll ~e = (e1 - e2) ohm-1 x 1olO (61 = value before energy input; 

e2 = value after energy input) 

12 9 = 1/2 (el + e2) ohm-1 X lolO 
13 ~e/t = (column 12)/(column l) ohm~l/minute x 1olO 

the resistance thermometer (calorimeter). These measurements enable one to calcu-

late the power factor, or energy equivalent~ of the calorimeter, A sample calcu-

lation of this factor is given in Appendix B. 

With the values obtained above~ it is now possible to consider the data taken 

during the actual solution period. These data are tabulated in Table III. The 

values listed in column 7 are plotted against the corresponding times in column 1 

to give the solution curve in Fig. 10. The resistance change between the time of 
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breaking the sample and the time at which solution is complete is taken to represent 

the heat evolved during reaction, The determination of' this resistance change is 

complicated, of course, by the fact that the drift rate is changing as the thermal 

head varies. The procedure adopted in these determinations~ where solution time 

was relatively short, was to make extrapolations of the foredrift and afterdrift 

to the time of breaking of the sample bulb, The difference in resistance at this 

point, with the slopes of the lines for the foredrift and a.fterdrift~ was used to 

Table III 

Calculation of Data Taken During Solution Period For Mg Metal 
Run No, 1 in 1.0~ HC1 at 25°Co 

1 

35.0 
36.0 
37.0 
37.8 
38.0 
38.2 
38.73 
38.9 
39.15 
'39 .47 
40.0 
40.5 
41.0 
42.0 
43.0 
44.0 
45.0 
46.0 
47.0 
48.0 

2 3 
4.40 13.13 

Broke Sample 
4.43 13,13 
4.36 

4 
12.04 
12.41 
12.79 
13.08 

13.13 
13,13 
13.60 
13.73 
13.63 
13.50 
13.42 
13.33 
13.11 
12.91 
12.67 
12.44 
12.27 
12.09 
11.90 

5 
1590 

1790 
2060 

6 7 
=24.8 1565.2 
-16.4 1573.6 
= 7.7 1582.3 
- Ll 1588.9 

0.0 1790.0 
0.0 2060.0 

+ 7.8 2067.8 
+13.,8 2073.8 
+1L5 2071.5 
+ 8,,7 2068.7 
+ 6.9 2066,9 
+ 4.8 2064.8 
- 0.2 2059.8 
- 4.8 2055.2 
-10.3 2049.7 
-15.6 2044.4 
~19.5 2040.5 
~23.9 2036.1 
-28.2 2031.8 

Column 
1 Time in minutes from beginning of run 
2 

3 
4 
5 
6 

7 

Bridge sensitivity (ems. deflection on scale per 100 ohm change 
on decade resistance box-=interpolated from Fig. 11) 
11Check point 11 (Scale reading in ems.) 
Scale reading in ems. at time given in column 1 
R11 = Decade resistance box setting in ohms 
Correction in ohms to convert decade box settings to settings 
corresponding to balance of resistance bridge = (column 4= 
column 3)(100)/(column 2) 
R1 "' Corrected decade box settings in ohms corresponding 
to balance of resistance bridge. 
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calculate a value for the thermal leakage modulus. For example~ in Fig, 10~ the 

~ extrapolated resistances at 38o0 minutes~ the time of breaking of the samplej are 

1590.6 ohms and 2078.4 ohms. The difference is 487.8 ohms. The slopes of the 

lines for foredrift and afterdrift are respectively +8.5 ohms/minute and -4.7 

ohms/minute. Therefore~ if d = k~ (d = drift rate, k ~·leakage modulus, ~ = thermal 

head) and if the subscripts l and 2 refer respectively to the time before breaking 

the sample bulb and the time at which solution is complete 

d1 = k~1 and d2 = k~2 where ~l- ~2 = 487.8 ohms 

+8.5 = k~1 and -4.7 = k (~1-487.8) 

13.2 = 487.8 k 

k = 0.027 ohms/ohm minute 

~l = 314.8 ohms. 

This gives a value of 314.8 + 1590.6 = 1905.4 ohms as the decade resistance box 

setting corresponding to zero drift. 

The period between the time at which the bulb was broken and the time at which 

solution wa~ complete (latter ~ime chosen as the first point to fall on the straight 

line representing the afterdrift) was divided into tenth-minute intervals. The 

difference between the resistance at zero drift (1905.4 ohms in this case) and the 

resistance at the midpoint of each tenth-minute interval was taken to represent the 

thermal head during this interval (each midpoint resistance interpolated on the 

straight lines connecting the experimental points), Since k was also known, it 

was possible to calculate the drift contributions to the heat rise during each 

interval for the entire period during which· solution was taking place. The algebraic 

sum of all these drift contributions was then subtracted algebraicly from the 

resistance value at the time where solution was complete. In the example under 

consideration, the sum of the drift contributions was =2.4 ohms~ which gives a 

corrected value of the resistance reading at the time of complete solution of 
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2071.5 - (=2.4) = 2073.9 ohms" Table IV shows how these resistance values are 

employed to complete the calculatiqn of the heat of solution of magnesium metal 

Table IV 

Calculation of Data for Determination of Heat of Solution of Mg Metal 
For Mg Metal Run No. 1 in l.O!i HCl at 25°C. 

l 2 .3 4 5 6 

1590.6 
2073.9 

34890.6 
35373o9 

286610. 
282694. 

3916. 3595. 

Column 
1 Rn = Decade resistance box values from Fig" lO (Resistance 

difference corresponds to heat rise accompanying solution 
of magnesium metal) 

2 R = (R 9 + 331 300) ohms 
3 8 = 1/R ohm-1 x 1olO 
4 ~e = (e1 - e2) ohm-1 x 1olO (~ = value before breaking sample; 

e2 = value after solution complete) 
5 9 = 1/2 (e1 + e2) ohm=l x 1olO 

6 ll8/t ohm-1 x lolO/min. (interpolated r'rom Fig" 13) 

Calculation of Heat of Solution of Mg Metal 

(ll8/t)/ll9 = t = calculated solution time 

q = energy equivalent of calorimeter ~ 0.8557 cal./mino (Appendix B) 

qt = heat evolved in calories 

m = weight of sample = 203"22 x 10-6 gm. 

M = gram atomic weight of Mg = 24.32 gms. 

llH = heat absorbed in kcal/mol 

llH = -lo=.J qt !'! = - 0.8557 x 3916 x 24.32 ,., =11L6 kcal/mol 
m 103 3595 203.22 x 10=6 

= 111.6 = 0.3 = -111.9 kcal/mol (0.3 kcal/mol is correction for 
vaporization of water by H2 e-volution) 
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The result which is calculated in this manner must be corrected for the water 

vaporized by evolved hydrogen. Before beginning a run, the l.OM HCl used as the 

calorimeter solutf~n was always saturated with hydrogen. Using 22.9 mm. of Hgl3 

as the vapor pressure of water over the solution at 25°C., 10.5 kcal/mol as14 the 

heat of vaporization of water, and assuming that the evolved hydrogen is saturated 

with water vapor, one calculates a correction of -0.3 kcal/mol of evolved hydrogen. 

This correction must be added to the value calculated from the experimental data. 

When pertinent, all values listed in this paper have been corrected for vaporization 

of water by hydrogen evolution. Similar corrections have been made where necessary 

for the vaporization of water by the air contained in the glass calorimeter bulbs, 

assuming a volume of 0.02 milliliter for each bulb. 

Several measurements were made of the heat of solution of magnesium metal in 

l.OM HCl at 25°C. The corrected values obtained are listed in Table V. 

Table V 

Chemical Calibration with Magnesium Metal 
l.OM HCl at 25°C. 

Run·No. Weight-Mg. Heat Evolved-Calories -8H (kcal/mol) 

1 
2 
3 
4 
5 
6 

0.2032 
0.1583 
0. 5280 
0.2706 
0.5866 
0.2861 

0.932 
0.734 
2.410 
1.210 
2.673 
1.309 

Heat of Solution of Praseodymium Metal 

111.9 
113.0 
111.3 
109.0 
111.1 
111.6 
111.3 ± 0.8 

Table VI gives the corrected values which were obtained for the heat of solu-

tion of praseodymium metal 
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Heat of Solution of Praseodymium Metal in 1 ,, 50~ 
HCl at 25°C. 

Run No. 

1 
2 
3 
4 

Weight-Mg. 

0.2252 
0.1933 
0.1809 
0.6174 

Heat Evolved-Calories 

0.2634 
0.2285 
Oo2044 
0.7210 

Omitting Pr-3 

-,~H (kcal/mol) 

165o4 
167.3 
159.9 
165.1 
164.4 ± 2.3 
165,,9 :! 0.9 

The literature value which is generally accepted as most likely for the heat 

of solution of praseodymium metal is that measured by Bommer and Hohmann.15 By 

an indirect method they obtaihed a value of -172.9 kcal/mol. In their investigation 

of the heats of solution of a number of the rare earth metals~ they prepared the 

metals by reduction of the corresponding rare earth chlorides with potassium. It 

is possible that small amounts of potassium still remained Which would have given a 

high value. They also note that their metal was prepared in powder form which also 

may have led to a higher value by the order of a kilocalorie. 

Heat of Solution of Lanthanum Metal 

In order to check the method used in this laboratory~ it was decided to measure 

the heat of solution of lanthanum metal--both in the microcalorimeter and in a 

Dewar flask with a Beckmann thermometer. Lanthanum was chosen because samples 

were available from several different sources. This would indicate whether the 

metal prepared in this laboratory was different in some respect from metal prepared 

elsewhere. Metal samples investigated were from the Atomic Research Institute 9 

Iowa State College~ Ames~ Iowa; Johnson 9 Matthey and Co. 9 Ltd. 9 London; and from 

this laboratory. The metal produced in this laboratory was made in the same 

manner as was the praseodymium already described. 
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Two determinations were made dissolving milligram amounts of lanthanum metal 

in 1.50~ HCl in a Dewar flask, observing the temperature rise with a Beckmann thermo~ 

meter. The heat capacity of the system had been determined previously by measuring 

the heat evolved from samples of magnesium. 

S;ele No.. 

1 
2 

Table VII 

Approximate Heat of Solution of Lanthanum Metal 
1.50~ HCl in Dewar Flask 

Weight-Mg. Source of Metal 

Johnson, Matthey 
Iowa State 

Purity of Metal 

Four more measurements were made in the microcalorimeter at 25°C, 

Table VIII 

-fiH (kcal/mol) 

165.5 
164.2 

Heat of Solution of Lanthanum Metal in Microcalorimeter 
1.50~ HCl at 25°C. 

Sple No. 
1 
2 
3 
4 

Weight-Mg. 
0.2428 
0.8658 
o. 5486 
0.6396 

Source of Metal 
Iowa State 
Iowa State 
Berkeley 
Berkeley 

Purity of Metal 

>99.C$ 
>99.0% 
>99.5% 
>99.5% 

Omitting La-1 

=fiR (kcal/mol) 

l63o5 
165.9 
167.8 
167.3 
166.1 ± 1.4 
167.0 ± 0.7 

Bommer and Hohmann1 5 report a value of -176.5 kcal/mol for the heat of solution of 

lanthanum metal, which is also considerably higher than the value measured in this 

laboratory. 

An additional experiment was performed by Broido16 to check the hydrogen 

evolution from a sample of the metal obtained from Iowa State College. The observed 

volume of gas was the same as the theoretical volume well within the limits of ex-

perimental error. From these dataj it was assumed that the heat of solution values 
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obtained in these measurements were more nearly correct than the higher ones ob-· 

tained by Bommer and Hohmann. 15_ 

Preparation of Americium Metal 

Americium trifluoride was precipitated from acid solution with aqueous HF. 

This product was transferred to the platinum fluorination line (Fig. 2) and treated 

with a 50-50 mixture of HF and H2 for approximately one-half hour at 550°C. After 

pelleting the resulting AmF
3 

(Fig. 3)~ the reduction to the metal was carried out 

in the same way~ with a few exceptions~ as already described for praseodymium metal 

production. 

It was found that the use of TaC crucibles failed to give single pellets of 

metal; therefore~ the beryllia system shown in Fig. 14 was used. Barium metal was 

employed as a reducing agent instead of lithium. The initial temperature at which 

reduction occurred was l300°C. When a Ba mirror began to form on the inner surface 

of the glass bulb (Fig. 5), the temperature was reduced to ll25°C. and maintained 

at that level for one and one-half minutes. 

This method produced single pellets of americium metal which were quite malle­

able and which possessed a gray luster. X-ray investigation of the. samples produced 

failed to give good patterns~ because the metal was not annealed sufficiently. 

Spectrographic analyses were not made on the original metal samples prepared be-

cause the pellets were generally very small and it was desirable to use them in 

their entireties for the calorimeter runs. Therefore, the procedure adopted was 

to evaporate down a portion of each calorimeter solution after the completion of 

each run~ and this solution was submitted for spectrographic analysis. An equal 

portion of the 1.50M HCl used as calorimeter solution~ also evaporated down~ was 

submitted as a blank. Naturally~ this method resulted in a concentration of 

impurities present. At best~ spectrographic analysis is not accurate to more than 

a factor of two or three, so there was some question as to the exact percentages 
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of impurities present.. The initial samples contained at least 99.0 percent or 

more americium, with barium and beryllium present as impurities. Other elements 

were not detected. 

Heat of Solution of Americium Metal 

The values obtained for the heat of solution of americium metal are given in 

Table IX. 

Table IX 

Heat of Solutiqn of Americium Metal in 1.50~ HCl at 25°C .. 

Sple No. 

1 
2 
3 
4 
5 
6 
7 
8 

Weight-Mg. 

0.0557 
0.3531 
0.2952 
0.1449 
0.3425 
0.7806 
0 .. 4028 
0.3604 

Heat Evolved-Calories ~~H 

0.0345 
0.2347 
0.1691 
0.0961 
0.2245 
0.5248 
0 .. 2721 
0.2492 

Omitting Am~8 

(kcal/mol) 

146. 7* 
160.9 
138 .o~H:-
160.7 
158 .. 7 
162.6 
163 .. 4 
167.4 
162.3 ± 2.2 
161.3 ± 1.4 

*sample too small; insufficient heat liberated for reliable calculation 

**sample did not dissolve inunediately; apparently trapped in air bubble 

Treatment of Data 

The value for the heat of solution of americium metal has not been corrected 

to zero hydrochloric acid concentration. It is to be pointed out~ however~ that 

the corrections for Am+3 and for H+ ions are of opposite sign and of nearly equal 

magnitude; therefore~ the correction would be less than the uncertainty in the 

experimental value. 

+ +3 . + Am+ 3H ~ Am + 3/2 H2 ~H = -161.3 - 1.4 

This value for the heat of reaction~ with an estimate of the entropy change 

for the reaction~ makes it possible to calculate the free energy change. It is 
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assumed that the entropy change for the given reaction is the same as that for the 

analogous reaction with plutonium 

+ . +3 17 Pu + 3H = Pu + 3/2 H2 ~S = 3.8 e.u. 

Using these data, one calculates 

= -16+.3 ! 1.4 - 298.16(3.8) 

= -161.3 ! 1.4- 1.1 = -162.4 ! 1.4 kcal/mol 

and E 162.4 :!: 1.4 = = 
3 X 23.07 

2.35 ± 0.02 v. 

III. HEAT OF FORMATION OF Am+4 (Aq.) 

Eyring5 has measured the heat of solution of Am02 in 6.0~ HN03 and 0.1~ HBF4 

at 25°C. Using the experimental value for this heat, with the value of the heat 

of formation of Am+3, one can calculate the heat of formation of Am+4. Consider 

the following reactions: 

(1) 

(2) 

(3) 

+ +4 
Am02 + 4H = Am + 2H20 

Am+4 + 1/2 H
2
0 = Am+3 + 1/4 02 + H+ 

Reaction (1) represents the solution of Am02 in acid to give Am+4, whereas reaction 

(2) shows the reduction of Am+4 to Am+3. The sum of the reactions, reaction (3), 

indicates the overall reaction which is physically observed when Am02 dissolves in 

acid solution; therefore, ~H3 is the heat calculated from the experimental data 

reported by Eyring.5 

Because Am+4 does not exist in aqueous solutions, making it impossible to 

actually measure ~H1 ~ it was decided to obtain this value by considering reactions 

analogous to those listed above for U, Np, and Pu. The heats of formation for 

. . 18,19,20,21 the pertinent compounds and ions of these elements are ava~lab1e. 

Using these data, one can calculate the heats of reaction for reactions of the type 
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where M represents U, Np, or Pu. If one plots these heats of reaction against 

the corresponding ionic radii for the plus four ions,. a. short extrapolation gives 

a value for 8H1 above. These heats are also small, being of the order of twelve 

to fourteen kilocalories, so a small error in extrapolation would not be too 

significant. 

An extrapolation of these values to americium gave a value of 8H1 = -15.5 kcal 

per mol of Am02• 8H
3 

had been measured as -30.4 kcal/mol by Eyring.5 Therefore, 

8H2 = 8H3 - 8H1 

= -30.4 + 15.5 = -14.9 kcal/moL 

The heat of formation of Am+3 has been found to be -16L3 kcal/mol in the present 

investigation. The heat of formation of 1/2 H20 is -34.16 kcal/mol. 22 From 

reaction (2) above 

8H2 = -161.3 - 8Hf(Am+4) + 34.16 = -14.9 

8Hf(Am+4) = -161.3 + 34.16 + 14.9 = -112.2 kcal/mol. 

It is now possible to calculate the heat of reaction for 

(4) Am+3 + ~+ = Am+4 + 1/2 H2 8H
4 

8H4 = -112.2 + 161.3 = 49.1 kcal/mol. 

It was assumed that 8S298 for reaction (4) was the same as for the reaction with 

plutonium 

+3 + . +4 
Pu + H = Pu + 1/2 H2 

8F4 = 8H
4

- T8S4 

= 49.1 + 298.16(32.4) = 58.8 kcal/mol. 

E4 = -~ = - 58.8 = -2.55 v. --zw- 23.07 

This value is in close agreement with the value of -2.6 v. estimated by Eyring5 

for the Am+3-Am+4 potential. 
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It had been observed23 that addition of 0.1~ Na2so
3 

to Pu(VI) in 35% K2co
3 

solution resulted in the precipitation of a gray compound which was identified 

spectrophotometrically and by x~ray analysis as K2Pu206·xH2o. The compound 

Na2Pu
2
o6.xH20 had also been prepared by adding NaOH to a Pu(VI) nitrate solution 

and allowing the latter to stand for a prolonged period of time. 

Werner and Perlman3 investigated the preparation of the analogous compound of 

americium as a method for a rapid separation of americium and curium. They found 

that addition of 1% NaOCl to a 3o% solution of K2co
3 

containing Am+3 at about 80°C. 

resulted in the precipitation of a gray compound. Werner24 carried out a reduction 

experiment 9y titrating the supposed Am(V) with Fe+2 ion. In an initial reduction 

he calculated that one equivalent of Fe+2 ion had reduced 1.5 equivalents of 

americium. Later experiments increased this to 1.9 equivalents of americium per 

' 1 t f F +2 . equ1va en o e 1on. This evidence indicated that the americium initially had 

been in the five state. The compound was assumed to be K2Am2o6 .xH20, analogous 

to K2Pu2o6.xH20. 

Preparation of Na2Am206.xH20 

The oxidation of Am+3 was carried out as described above by addition of 1% 

NaOCl to a 30% solution of Na2co3 containing the Am+3. After about a half an hour 

at 80°C., a gray precipitate began for.ming. When the precipitate had settled, it 

was washed several times with O.OlM NaOH and dried at reduced pressure. 

The resulting compound was loaded directly into glass calorimeter bulbs for 

heat of solution measurements. The samples were not weighed, but the amount of 

americium was determined after completion of the runs by assaying aliquots of the 

calorimeter solutions in a low-geometry alpha counter. The value 3.61 x 106 

counts per minute per microgram at 52% geometry was used aF the specific activity28 

of Am241. 
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The purpose of the present investigation was to determine the heats of the 

following reactions~ 

(1) Na2~06·xH20 + 4H+ = 2Na+ + 2Am02+ + (x+2)H20 

( 2) Am02 + + 4H+ + 2Fe +2 = Am+3 + 2Fe +3 + 2H20 

It was decided to determine the heat of solution of the americium compound 

in_l.50M HC104 which would give a value for 8H1. A subsequent measurement of the 
·,' . ' 

heat of reaction of Na2Am206·xH20 in 1.50li HC104 containing 0.01~ Fe(Cl04)2·6H20 

would give a value of 8H1 + 28H2• With these data, it "WOuld be possible to calcu­

late the heat of formation of Am02+. 

Table 10 lists the values obtained for the heat of reaction of the americium 

compound with Fe+2 ion: 

Table X 

Heat of Reaction of Na2~06•xH20 With 0.01~ Fe(Cl04)2 

in 1.50~ HCl04 at 25°C. 

Sple No. Weight Am--Mg. Heat Evolved-Calories 

1 
2 

0.5688 
0.5355 

0.0444 
0.0359 

Treatmen~ of Data 

If one considers reactions of the type 

) + + +3 (3 Mo2 + 2H + H2 = M + 2H20 

-8H (kcal/mol) 

18.9 
16.3 
17.6±1.3 

for U, Np, and Pu,18 $ 19~ 20 it can be seen that the corresponding reaction for Am 

would have an estimated 8H
3 

of about =78 kcal/mol. Using this information with 

the heats of formation of Fe+2 and Fe+J ions~ 22 the reaction 

(2) Am02+ + 4H+ + 2Fe+2 = Am+3 + 2Fe+J + 2H20 8H2 

would have a calculated heat of reaction of about =58 kcal/mol. Therefore, it is 
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likely from the experimental value of -17.6 kcal/mol that either the proposed 

mechanism given for the reaction of Na2Am2o6·xH20 in acid solution is in error 

or the compound measured was not all in the five state initially. 

An experiment was therefore carried out to determine the ratio of the weight 

of americium in the prepared.compound to the weight of the compound. This informa-

tion possibly would give an indication of the formula of the prepared material. 

Two separate oxidations of Am+3 were carried out and one sample of each preparation 

was weighe'd on the Kirk-Craig-Gullberg microbalance10 in a small glass cone. This 

material was then dissolved in acid and an aliquot was counted in the low geometry 

alpha counter to determine the amount of americium present in the sample. The 

data obtained are given in Table XI. 

Sple No. 

1 
2 

Table XI 

Results of Weight-Assay Experiment 

Sple Weight-Mg. 

0.0206 
0.0481 

Weight Am-Mg. 

0.0157 
0.0348 

(Wt,Am)/(Wt.Sple) 

0.77 
0.77 

This information is not of much value~ however~ although it does indicate 

that if the compound were indeed Na2Am206·xH20~ xis probably not greater than 

two, It is more reasonable to expect that 9 at the most 5 only part of the material 

was in the five state and that the remaining americium had been reduced to the 

three state before the calorim~ter run was made. For example~ if a basic carbonate 

such as Am(OH)co3 were present 5 the heat evolved would be much less than the 

theoretical value expected from reactions (1) and (2) above, Also~ it is of 

interest to note that the ratio Am/Am(OH)co3 is Ou76. 

Since there is a great deal of doubt as to just what the reason is for the 

apparent discrepancy in the heat of reaction of the five state 5 it is impossible 
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+ to give an experimental value for the heat of forrnation of Am02 at this time. 

Vo HEAT OF FORMATION OF Am02++ (Aqo) 

The existence of the plus six state of americium has recently been discovered 

at Los Alamos by Asprey9 Stephanou~ and Penneman.4 They found that addition of 

(NH4)
2
s2o8 to an acid solution (OoJ.t! H"*') of Am+J at about 80°C" results in the slow 

appearance of' a dark rum-colored solution of Am02 ++ ~ identified by spectrophotometric 

analysis o 

The compoundy NaAm02(c2H3o2) 3 ~ has also been prepared and has been shown to 

be isomorphous with NaPu02{c2H3o2)
3 

by crystallographic analysis, 4 

Preparation of NaAm02 ( Cif302~ 

Sodium americyl acetate was chosen as the starting compound for investigation 

of the heat of formation of Arn.O,/+" Am+3 was oxidized to the six state at 80°C. 

as described above and the resulting solution was made 0,6~ in HC2H3o2 ~ 0 • .2M in 

NaC
2

H3o2 and 5,0~ in NaNo
3 , This method of preparation is the same as that used 

in the preparation of NaPu02(c2H3o2) 3"23 
After waiting for 1=1/2 hours.9 the white 

precipitate was centrifuged and washed several times with water~ after which time 

it was dried at reduced pressure and loaded into a glass calorimeter bulb. The 

weight of americium \\'aS determined later by assay of the calorimeter solution~ 

using a low geometry alpha counter¢ 

The precipitate obtained appea.red to be only very slightly soluble in the 

water used for washingo The analogous plutonium compound is reported to be soluble 

0 23 to the extent of 10 gralllS per liter of water at 25 C" 

The following reactions are of interest in the determination of the heat of 

formation of Am0
2

++g 
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It was decided to measure the heat of solution of NaPu02(c2H
3
o2)

3 
in 0 .. 15!1 

HCl04 and use this observed heat as the value for 6H1 above. A measurement of 

the heat of reaction of NaAm02(c2H3o2)3 in Ool5~ HCl04 and 0.0~ Fe(Clo4)2 ·6H20 

would give an experimental value for 8H1 + 8H2" These data would permit the 

subsequent calculation of the heat. of formation·of Am02++. 

Unfortunately~ however~ it was found that only an insignificant amount of 

heat was liberated when the supposed NaAm02(C2H
3

o2)3 dissolved in the calorimeter. 

X~ray analysis of a sample of the material prepared showed that it was not 

isomorphous with NaPu02(c2H3o2)3 as the Am(VI) compound is reported to be"4 This 

information~ together with the fact that no heat was evolved upon solution of the 

sample~ is evidence that the prepared compound was not NaAm02(C2H
3

o2)3 . 

Further investigations are being carried out in the laboratory in order to 

. ++ 
determine successfully the heat of formation of Am02 ~ 

VI" DISCUSSION 

Sunnnary of the Thermodynamic Propert.ies of the Aqueous Americium Ions 

[l}-f298 * l'IS298 l'IF298 E 

Am+ 3H+ = Am+3 + 3/2 H2 -l6lo3 3.8 -162.4 2.35 

Am+ 4H+ = Am+4 + 2H 2 -112.2 -28.2 -103.8 1.12 

Am+3 + H+ = Am+4 + l/2 H2 49.1 -32.4 58.8 -2.55 

* 6S298 taken as same as for analogous reactions for Pul?' 5. 

8F and 6H values are in kcal/mol, 8S values are in calories per 
degree and E values are in volts. 

The values given above for the thermodynamic properties of the aqueous 

americium ions depend upon the value for the heat of formation of Am+3. It is 

of interest to note that the heat of formation of Pu+3 is given as -141.9 kcal/mol. 20 
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Measurements of the heats of vaporization of plutonium and americium metals25~26, 27 

indicate that the value for americium is from twenty to thirty kcal/mol more 

neg~tive than that for plutoniumo The results found in the present investigation 

appear consi~tent with these measurementso 

VII. APPENDICES 

ApPendix A _ 
Proof Tha.t 68/t is Almost a Linear Function of e 

(1) R4/R5 ~ R/X = R1 /X1 = constant = k 

(2) R = kX 

(3) Ru = kX 1 

R1 ~ 1000 ohm resistance 
R2 = 33,300 ohm resistance 
R3 = decade resistance box (0-9999 ohms) 
X = resistance thermometer (calorimeter) 

unprimed resistances are initial 
resistances; primed resistances are 
new resistances corresponding to 
change IJ.X in X 

8 = l/(R2 off RJ) 
q = average rate of energy input 
t = time 

9=1/2(8+81) 
~J.e = e ~ e' 

(4) 1/R = l/R1 + l/(R2 + R3) = l/R1 off 8 

(.5) 1/R 1 
== l/R1 + l/(R2 + R3 

1
) = l/R1 + 6 1 

Subtracting Equation (5) from Equation (4) 

(6) 1/R- l/R1 = e- 6 1 
= IJ.8 = 1/(kX) - l/(kX1

) ~ (R 1 ~ R)/(RRu) 
I 

Assume the change in resistance of resistance thermometer is proportional to 

the input of energy o Then 

(7) ·xu - X = IJ.X = bqt where b is constant of proportionality 

From Equations (2) and (3) 

(8) (R 1 
= R)/(RR 1

) =(Xu = X)/(kXX 1
) 



Combining this result with Equations ( 6) and (7) 

~e = (R 1 
- R)/(RR 1

) = (X1 
- X)/(kXX

1
) = (bqt)/(kXX 1

) 

(9) ~e/t = (bq)/(kXX') 

Adding Equations (4) and (5) and utilizing Equations (2) and (3) 
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(10) 1/R + l/R 1 = 2/Rl + 8 + El 9 = 2/Rl + 2B = (R + Ru)/(RR 1
) = (R + R1 )/(k2XX:') 

(11) ~e/t = (2bqk)(l/Rl + e) /(R + R 9 ) (by combining Equations ( 9) and (10)) 

It can be seen from Equation (11) that a plot of ~e/t vs. e should give a straight 

line~ because all the other values in the equation are constants except R and R1
• 

However~ over the entire range of the resistance decade box (0-9999 ohms)~ the 

maximum change the quantity 1/(R + R1
) can experience is between the limits 

5.1502 x lo-4 ohm-1 and 5.1328 x 10=4 ohm-1~ or a percentage change of only 0.34%. 

In practice~ the range of the resistance. decade box employed in a run is not over 

2500 ohms; therefore, the actual deviation from linearity is smaller by a factor 

of at least four. 

Appendix B 
Sam le Calculation of Ener E uivalent of Microcalorimeter 

Energy Input No. IVj Mg Metal Run No. 1 in l.OM HCl at 25oc.) 

b 
E 

i2_J, R 

i 
Eb = 1.42012 v. (Measured value of potential across resistance bridge) 

E
9 = 0.90957 v. (Measured value of potential across resistance thermometer) 

Eb = 2.00188*Eb
1 = 2.84291 v. (True potential across resistance bridge) 

E = L99882*E' = 1.81807 v. (True potential across resistance thermometer) 

*conversion factors to convert measured potentials to true potentials. 
Potentials are measured across potential dividers. 



~E = Eb - E = L 02484 v. 

E2 
= 3.30538 v. 

R
0 

= 2010 ohms (Setting of decade resistance box during energy input) 

R = (339300 + R
0

)(103)/(349300 + R
0

) = 972.46 ohms 

i 2 = ~E/R = 0.001054 amp. 
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i 1 = B2/R9 (See circuit diagramj Fig. 8) = 0.034135 amp. (constant for all runs) 

i ~ i 1 ~ i 2 = 0.035189 amp. 

Total p = Ei = 0.063976 watt 

p4 = E2/2000 = 0.001653 watt 

Pt+y : P - P4 = 0.062323 watt 

p/E2 = 1/Rc = 0.0193551 ohm-l 

1/(Ry. + Rt) = l/R
0 

-· 1/2000 = 0.0188551 ohm-·1 

Rt ~ Ry = 53.036 ohms 

Ry = Resistance of rnanganin leads (See Cj Fig. 9) plus one-half resistance of 
loose ends of calorimeter windings (assumed that one-half of power generated 
in loose ends does no useful heating) = 1.944 ohms 

Rt = Resistance of calorimeter = 51.092 ohms 

Pt = (pt+y)(Rt)/(Rt + Ry) = 0.060039 watt 

Pt - 0.00038~} = 0.059659 watt = 0.8557 calorie/minute (Energy equivalent of 
calorimeter) 

f'& 
Correction for thermometric current. 



VIII • ACKNOWLEDGMENTS 

UCRL-686 
Page 34 

-Appreciation is offered to those who assisted the author in the performance 

of this research. Mrs. Winifred Heppler was instrumental in preparing the 

lanthanum and praseodymium metal samples used in the heat of solution measurements; 

she also assisted in· other operations involved in carrying out this work. Dr. 

David H, Templeton, Carol Dauben, and Lee Jackson performed the x-ray diffraction 

work; spectrographic analyses were carried out by John Conway and Milton Moore. 

The group operating under Professor Leo Brewer was responsible for preparing the 

TaC crucibles used in metal production. Herman P. Robinson offered helpful advice 

and assistance in the solution of various electronic problems connected with the 

microcalorimeter. The Health Chemistry group aided in the handling of radioactive 

materials. 

Special appreciation is expressed to Professor Burris B. Cunningham, under 

whose thoughtful guidance this work was carried out. 

This work was performed under the auspices of the U. S. Atomic Energy Commission. 



IX. BIBLIOGRAPHY 

UCRL-686 
Page 35 

1 G. T. Seaborg, R. A. James, and L. 0. Morgan, National Nuclear Energy Series, 

Plutonium Project Record, Vol. 14B, "The Transuranium Elements: Research Papers," 

Paper No. 22.1 (McGraw-Hill Book Co., Inc., New York, 1949). 

2B. B, Cunningham, U. S. Atomic Energy Commission Declassified Document 

AECD-1879, (Feb. 9, 1948). 

31. B. Werner and I. Perlman, reported in University of California Radiation 

Laboratory (Chemistry Group) Progress Report RL 4.5.46 (June, 1946); National 

Nuclear Energy Series, Plutonium Project Record, Vol. 14B, "The Transuranium 

Elementsg Research Papers," Paper No. 22.5 (McGraw-Hill Book Co., Inc., New York, 

1949). 

41. B. Asprey, S. E. Stephanou, and R. A. Penneman, J. Am. Chern. Soc. 72, 

1425 (1950) • 
. 5 L. Eyring, University of California Ph.D. thesis, UCRL-327 (1949). 

6Asprey, Stephanou, and Penneman, unpublished work. 

7M. Jones and B. B. Cunningham, unpublished work. 
CC-3872 

~.F. Westrum, Jr. and H. P. Robinson, Plutonium Project ReportA(May 14, 1948). 

9A. S. Newton, U. S. Atomic. Energy Commission Declassified Document MDDC-724, 

(March, 1948). 

lOp, L. Kirk, R. Craig, J. E. Gullberg, and R. Q. Boyer, Industrial and 

Engineering Chemistry, Analytical Edition 19, 427 (June~ 1947). 

llE. F. Westrum, Jr., U. S. Atomic Energy Commission Declassified Document 

AECD-1903 (1948). 

12c. H •. Shomate and E. H. Huffman, J. Am. Chern. Soc. 65,1625 (1943). 
' -

13International Critical Tables (McGraw-Hill Book Co., Inc., New York, 1926) •. 

14r. R. Bichowsky and F. D. Rossini, "Thermochemistry of Chemical Substances, 11 

(Reinhold Publishing Corp., New York, 1936). 



.. 

UCRL-686 
Page 36 

l5H. Bommer and E. Hohmann, Zeitschrift fllr Anorganische und Allgemeine 

Chemie 248, 357 (1941). 

16A. Broido, University of California Ph.D. thesis, UCRL-666 (1950). 

17L. Brewer, L. Bromley, P. W. Gilles, and N. L. Lofgren, National Nuclear 

Energy Series, Plutonium Project Record, Vol. 14B, "The Transuranium Elements~ 

Research Papers," Paper No. 6.40 (McGraw-Hill Book Co., Inc., New York, 1949). 

18Brewer, Bromley, Gilles, and Lofgren, U. S. Atomic Energy Commission 

Declassified Document MDDC-1543, (Sept. 20, 1945). 

19Brewer, Bromley, Gilles, and Lofgren, University of California Radiation 

Laboratory Report BC-85 (Sept.l9, 1947). 

20rbid ., 00-88 ~ct. 10, 1947). 

21Brewer, U. S •. Atomic Energy Commission Declassified Document AECD-1911 

(Feb. 1948). 

22"Tables of Selected Values of Chemical Thermodynami·c Properties, 11 National 

Bureau of Standards (1947). 

23B. B. Cunningham, National Nuclear Energy Series, Plutonium·Project 

Record, Vol. 14A, 11 The Compounds of Plutonium," (McGraw-Hill Book Co., Inc., 

New York, 1949). 

24werner and Perlman, unpublished work. 

25T. E. Phipps, R. L. Seifert, and 0. C. Simpson, Plutonium Project Report 

CN-3223 (Sept. 26, 1945). 

2~. D. Erway and 0. C. Simpson, Plutonium Project Report CC-3721 (April 17, 1947) • 

27E. F. Westrum, Jr. and J. C. Wallmann, unpublished work. 

28s. G. Thompson, H. R. Lohr, and B. B. Cunningham, unpublished work. 



OPTICAL PORT 

INDUCTION COIL 

M o S H I E LD ----:--QJI 
PLATFORM--­

SAMPLE CON TAl NER ~--~ 
THERMOCOUPLE -

34/ 
45 STD TAPER · 

THE RMOGOUPLE 

W SUPPORTS 

·' 

TOP VIEW 

Mo SHIELD 

W SUPPORTS 

Pt PLATFORM 
"'-. . . 

"'-SAMPLE CONTAINER 

50/
50 

STD TAPER 

TOP EDGE GROUND 

FIG. I 

HYDROGEN REDUCTION APPARATUS 

HANGER 

\TO HrDROGEN OR ARGON 

\ SOFT Fe·JN GLASS 

. 
' ' '_, 

GROUND GLASS DISK 

TO VACUUM 

,o 

().1 

""" 

13636-1 



----~==============~ 
INLET ( H2 , HF) 

STEEL ---eo-~ 
SUPPORT 

LIP OF Pt 

II 
II 
II ""'-
~~ 0 "--Pt 
It 0 o II 0 

0 It 0 
II 

CHROMEL 0 It O~COIL 
ALUMEL 0 It cr 
THERMOCOUPLE 0 II 0 

0 0 
o o· 
0 \__/ 0 
o~j~o 

OUTLET .. TO 
FILTER AND 
BUBBLER 

STEEL RING 

CONTAINER 

~ " .. 

Pt DISH CONTAINING SAMPLE 

) ., ./. 

FIG. 2 
·; : 

FLUORINATION APPARATUS 

14891-1 



. 

-39-

n 
( It 

I I 
I I 
L! 

A. 

;; 

, 
I 

; 

\ ' ( ,. 
I' ,, 

I 

l: 

""". 

I 

' . ·. 

BASIN 

) 

BASE 
~ , ...... 

( 

: 

MOLD 

( ______ c_=_= ___ -~~====::::J• PLUNGER 

FIG.3 

PELLET PRESS 

148 92-1 



. . 

LITHIUM 
METAL 

PrF3 CHA RGE 

-40-

~ 
"" 
~ 

" " r--· 

" " c:=:::::J 

v~ 
I' 

""" 

ASSEMBLED CRUCIBLE SYSTEM 

FIG. 4 

TaG CRUCIBLE SYSTEM 

To SCREW CAP 
.,.· · .. 

To C INNER LID. . ~ · .. : 

~ ' .; :· ~ 
.·' ... ,r 

~- '·,>' $' 
· .. 
'· 

' 
. '· '} .. ; 

/ ·:' 
....... 

o(-. ·.··i ·. . ~; . 

. ' . 

14893-



J 

-41-

•, 

----------/~==~-~ 
TO VACUUM • 

50J50 STD. TAPER 

~4---+-+----.025" W WIRE COIL 
~------+-t---CRUCIBLE ASSEMBLY 

'---+---+--Pt SOLDERED TERMINALS 

.._.......___,~----,:::.,.... .. o 8 0" W ELECT RODES 

...---WATER COOLED JACKET 

.,.._ __ 2~42 STD. TAPER 

FIG. 5 

TUNGSTEN COIL FURNACE ASSEMBLY 

14894-1 



·-.~··"l>f' 

~' ~ 

""" 

' .. ,, '."'· 

,. 

,... ~ ·_ 

:.;-,. 
~~ ... .· , ...... 

\-. 
•, 

f •. ··: 

-r ... ~ -:1: 

:;_... 
~ .. f. 

, •• ,...1' ..... '.t •' 

..~ . :- . 
·,. 

:/ ~; 

·~ .. 
.; J . ~ -:- .. .. 

.. ~ 
.i 

.... . ~. · .. , . , 
·' .- r 

!· HEW-LETT:'·PACkA.R 0 -~ 
- . ' SECONDARY ' . ' 

.,.......·. 
,. . 

F R E!luENcv S:r,a_NDAR ~ I·''· .. ·-~f~~~~eP:.c,; i~~VI,PE R ' ' 
c·Lock a· .. :cAM 

rCONTACT: PER- I' ·· I 

· . 6 :s,E:coNos ·_:" 100. CPS OUT RUT . , · · .. 50 CPS O'UTPUT . . . . ~~ -· •.. · . _,.:;~--. ·~ .. _ .·: .~ ,., 
. :~ ~ 

... , ~ 
/ "'!-

..... ~ ,il!''"' 
.:, 

-~'-• 

J 
.... J'; 

·-· - -."t· 

·: .~ ·. 

)'.• 

'·t; 

·.....,;.;.. 

..:.~ 

.. -~ 

~ ~..: 

.,; 

· ·FIG.·6 
.c·•·. 

.. MICROCALORIMETE.R .. 
. : TI'M,E STA·NOARD: 
BLOCK SCHEMATIC 

-1_,..(1; ~ 

• .-·rt .. ~ ... 

-.,·. 
:, 

. ~ ~-

~ .. -. ·.( ~. 

'< 

·.__·, 

··CALORiMETER·· 
.~ ' .. · ·_ . ' - _. 

. ·2v9a62. · 
!'. 

\ 

.. 

,· 

. : -~--

·' ,;. 

~- ·, ........ 

. ·. ~ 

' ' : .. :,.. 
.· ... ,. 

:·~ ... ' . 
"·'". . :I . -~- !~,.~~. 

-.·_"-.: . ...... ... 

.:.: . .;..,. 

~ ... ~ 

f . 
-~ · .... 

.t'. 

· .... _ ... ~ ·. 

' I. ;_, 

:;·.··' 
..~ 

.. - ~ i . 
:-• .. 

'. -~ 

.. ~ 
r· .. 

., 

., ~-

·-

1363' 



~-. 

..... ; 

!:, 

~ . . 
.... 

~-;'. 

RES 1ST ANCE ,. 

T HE_RMONO.METER 

8 B.RI.D(;,~ 
D:C OUiPU:T: 

.... -

... 

{•_.--.. 
";.,. ._;. 

''r-,~ : 

.. 

~-

; 

. , 

. . 
cHOPPER a 

? f-' ., . 

:TUNNE 0. AMPLIFIER .. ( 

.~b CYCLE . OUT. PUT 
;/ 

;.: .. " 
··~· 

~;· 

¥.·.-

.;:.: -

'. 

·«----:'.f-~~~·~.~~\ ':"t-fi· 
..,.., 

·-

0 IS CRIMINA 1" 0 _R 

~. o:c,ou T POT.:~·:. 
. ~ .. -·.. . . . .- . . . - .... _ _.. 

'1 'i-:-

... ·...,. ,.;,-

\~ t ..... 
"--~·: 

·. ' 
>;.~' 

F'IG .::-,··,,· /'""": . 
.• -t,· • 

. . ::: ) :::- .. ~ .. ·.-,. 

... : 

~ ... ~ 

·._,)..._ 

.. -.-; _ ... 

., 

~-

·~· . . _,:-

., .. 'M'tcROGALOFHMET E'H 
T E~~fP'ERAT u .RE· cONTROL 
sLcitK~ .-S~CHEM·Aflc· - . -

.· .... ·· ·.... '. . .--~-
t, 

·> J>:· 

·:.~ 

·.- .. __ 

·' ' .. 
' 

.' 

. " 
/ .... 

· .. '-'•: ,. 
.< 

: ,., l- ' -~ 
,._ .. 

. ·r· 

·~: _;. .. :':' 

:;·. 

·)-_' 

• 
. -::- _; 

-~~~ ... --:.;. -~ 

. r 

THYRATRON 

~~. 

• .;"" ... :: ;'i;;_ 

•;. .... .,_ 

·."I! • ~·· .. 
.: 

~-

r' . . .··~--... __ ...,., 
:~ . -~·.-· . .,.,. -' ,. 

. ·._\:, ~-··· .... 

.. 
·.--, .. 
< '-4_. ;..-. 

,; . 

.. , 

.,r 

.. ·. 

, . 
.. ,·:· 

::<~ .. ;_ ·~· 

'KNIFE HEATER· 
IN ,, 

CALORIMET-ER' BATH 

' 

-.... '+ •• 

\ 

I 

~ 
(J.I 

'13640-



. . 

"' 

.. 

UCRL-686 
Page 44 

Microcalorimeter Parts List for Figure 8 

Designation 

.. R-1 
R2,R3,R4,R5 

R6 
R7 
RB 
R9 

R-10 
R-11 
R-12, R27 
R-13 
R-14 
R-15 
R-16 
R-17 ,R23 ,R26 ,R29 

R33 
R-18 
R-19 
R20 
R21 
R22 

R25 
R28 
R30,R:3l 
R32 
R34 
R35 

' 

Quantity 

1 
4 

1 
1 
1 
1 

1 
1 
2 
1 
1 
1 
1 
5 

1 
1 
1 
1 
1 

1 
1 
2 
1 
l 
1 

Specifications 

300 ohms, 25 watts, W.,W., potentiometer 
285 ohms~ consisting of 400 ohms, 10 

watts, Vii. W.. in parallel with 1000 
ohms, 10 watts, W.,W. 

8300 ohms, W.,W., 
o 5 megohms manganin 
50,000 ohms manganin 
29.84 ohms (IRC precision menganin, 

non-inductively wound on cerronic 
core, immersed in oil bath) 
"standard resistor" 

10., 000 ohms manganin 
10 ohms manganin 
0-9999 ohms, L & N decade resistance box 
350 ohms manganin 
42 ohms manganin 
12.5 ohm potentiometer, w.w. 
125 ohm potentiometer, W.,W., 
1000 ohms manganin (R26 immersed in 

oil bath) 
55.0 ohms manganin (immersed in oil bath) 
15 ohms, manganin 
100 ohms manganin 
300 ohms manganin 
5 ohms manganin (immersed in oil bath) 

~53 ohms at 25°C, copper resistance 
thermometer, non-inductively wound 
with manganin leads 

91.5 ohms, manganin (immersed in oil bath) 
33,300 ohms manganin (innnersed in oil bath) 
500 ohms manganin 

· 50 ohms copper damping resistor 
150 ohms manganin 
3750 ohms manganin 

Note: All manganin resistors are IRC type WW-4 or 
equivalent. Some values are made by paralleling 
two or mpre resistors. 



B-1 

B2 
B3 
B4 

Designation 

PB-l.PB2 

Lt-1 

Lt2 

Lt3 

Re-1 

RE2 

Me-l 

Me2 

s;..l. S9 
S2,.s3.S8 
S4.S6 
S5 
S7 

SlO 
T-1 
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Microcalorimeter Parts List for Figure 8 

Q;ua.ntity 

1 

1 
1 
1 

2 

1 

1 

1 

1 

1 

1 

1 

2 
3 
2 
1 
1 

1 
1 

Specifications 

14 volts: 7 heavy duty lead storage 
cells 

1.0189 volts: Weston standard cell 
2 volts8 lead storage cell 
4 volts~, 2 lead storage cells 

Push-button contacts, normally open 

6 volt pilot light, green 

6 volts pilot light, red 

110 volt pilot light, green 

SPST relay, 115 val ts a., c., • normally 
closed 

DPDT impulse relay 
Advance type 904A, 115 volts a.,c.,. 

silver contacts 

, Rubicon galvanometer, .,006 ~a/mm 
368 omn coil, cal., 3402 HH 
Leeds & Northrup high sensitivity 

galvanometer., Sensitivity .,077 
~v/mm, C.,D.,R.,X., 28 ohms, coil 
resistance 21 ohms# period 8.,8 
seconds 

6-position8 single circuit tap~switch 
SPDT copper knife~sw.i. tch 
SPDT toggle-switch 
DPST toggle-switch 
SPDT copper knife-switch with pole 

added so that R-32 is connected 
before remainder of 0ircuit 

SPST SWITCH 
Pri. 115 V a.,c.,, Sec., 6.,3 v, 

1 amp., C., T., 
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