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ABSTRACT

The heat of reaction of ﬁilligram amounts of neptunium metal with
1.5 M HC1 containing 0.005 M NasSiFy was found to be =165,7 + 0.2 keal
per mole for the apparent molal heats of formation of neptunium(IV) and
neptunium(III) in 1,0 ¥ HCl. By comparing the heats of solution of
cher isomorphous actinide chlorides, those of NpGlB and Np014 are esti-
nated and heats of formation of 216~iv1 keal per mole for NpCl3 and
238 + 1 kcal per mole for NpCl, are obtained. A convenient precise calori-
metér suitable for the determination of heats of relatively rapid reactions
for milligram quantities of materials is deséribed and its performance

indicated,
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Thevincreasiﬁg interest in, and availability of,‘fhéﬁgyﬁ%he%icaliy
produced:tranéuranium elements occasions a need for precise thermodynamical
and thermochemical data on these elements and their compounds for the under-
standing and correlation of the chemical behaviour of these substances.

The procurement of thermochemical data on the transuranium elements has
involved, and perhaps will continue to involve, quantities of material on
the order of a milligram because of the exceedingly small quantities of
many of these synthetic elements available and the health hazard of working
with large quantities of highly radicactive alpha emitters. Furthermore,
the generation of energy within the sample by radioactive d;sintegration

‘and the low thermal conductivities of the metals and compounds make the

1
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1948). Presented at the 118th National Meeting, American Chemical Society,
Chicago, September 6, 1950,
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.gchievement"of a uniform temperature throughout. a massive sempie,diffieﬁzfe
The minute amounts.of transuranium elements available and the correspond-
ingly small enﬁhelpy change predueed,vtogether'wiﬁh consideration of the
duration of the reection dictated the construction of a microcalorimeter

of small heat capacity and considergble temperature sens:L'biv;Ltyo The

s N e

thermostat, cha551p, and clrcults of a oalorlmeter alre"y ] rlbed

were mod:l_f’ledo Only important changes will be descrlbedrt The calorlmeter
was designed to measure precisely and accurately the heat evolved in
,solution processes taking place in less than ten minutes on milligram
amounts of metals, 4 more elaborate calorimeter needed to meaeurevthepmale
effect oeeuring over an hour, as for example in the solution pf_a_difficu;te.
ly soluble oxide, has been constructed and will be described in another

paper. .

Lo

Thermostat, The water bath used by Westrum and'Robin50n2”was.modified

in that the ?oluene—mercury control unit was replacéd,biieﬂefgéﬁiegimére
accurate temberature eontrol and requiring less mainteﬁaﬁeea This thermo-
regulator consists of an electrical bridge inciuding a resistance thermo-
meter and three other arms of manganin resistors immersed in transformer = °
oil in-the thermostat, The reeisﬁance thermometer incerporeted about 0.65 ki-
10meters-oleo. 40 B, and S. gauge, enamelied, copper wire wound bifiiafly_

on a hollow stainless steel cylinder about 10 cm in diameter and 35 em long
w1th an 1nsulat10n of 0,0025 cm thick polystyrene sheet A protectlve .

stalnlebs steel sheath was welded over the winding and the cyl nder was 80

placed that a good fraction of the turbulent flow of - the be@h:peSsed_




=5 UCRL~1668

through it. The bridge unbalance signal due to a thermoresistance change

of the copper wire is fed into a breaker type amplifier of gain approxi-
niately 10° and enhanced sufficiently to activate a thyratron circuit includ-
ing the thermostat heater, The proportional control yields maximum fluctua-
tions smaller than a thousandth of a degree at the calorimeter position

over periods longer than the duration of the runs.

Calorimeter. The general features of the calorimeter may be seen byi
reference to Figure 1. It is contained wiﬁhin a stainless steel submarine
(E) which is supported on a small cross sectional shaft of the same material.
The two external leads to the unit (4) are of No, 12 B. and S. gauge, copper
wire meking contact through massive copper binding posts (B) within a stain~
less steel hood, The fine manganin leads (C) to the calorimeter are im-
bedded in paraffin (G) down through the support shaft. The calorimeter
itself is supported by a machined, thin walled lucite tube terminating in
a screw thread at the lower end and>broadening out at the top end to pro-
vide a mounting for the minute copper jacks and lugs used to connect the
thermometer and heatef. The submarine provides a dead air gap of a centi-
meter, the optimum width for the present specification from the considera~
tions of White,3 The reaction chamber is machined from tantalum rod ana
contains about & cc of solution during operation. It is 2.5 em in diameter
and has 0.2 mm thick walls., A screw closure near the top provides a vapor
tight seal against a lapped seat; the threaded connection to the lucite
shaft is also vapor tight. The pdrtion of the cylindrical shell in con-

tact with the solution is bifilarly wound with about 16 meters of No. 40 B,
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and S. gaﬁge, annéaied, enamelled copper wire which serves in the double
.capaciiy of a resistance thermometer and a heater coil with a very small
lag. Two 3 cm lengths of this wire extend across the air gap and soldered
in relatiVély massive "micro” lugs and held by a copper set -screw in good
contact over a considerable area of the corresponding'jacks-(D) mounted
in the lucite support base (J) with a copper set screwo':ﬁaﬁgénin leads
were used between (D) and (B). The solution is stirred by means of a
tetradentive platinum propellor driven by a slender quartz shaft (H) :
about a millimeter in diameter. The top end of the quartz shaft is clamp-
ed in a plastic collet in the stirring head mechanism (F) which is driven
by a 75 rpm synchronous motor connected through a flexible shaft,

The samples to be dissolved were contained in fragile glass%sample
bulbs similar to those already described except that the present bulbs
were especlally thin walled with flat bottoms to facilitgte'breaking-and

had a capacity of only about fifty microliters. These bulbs'were sealed

onto the stirring shaft just below the propellor and were shattered by |
means of a two millimeter depression of the stirring shaft without inter-
ference with the rotational motion. A protrusion was machined into the

calorimeter bottom to act as an anvil upon which to break the bulb.

Control and Measurement Circuits. . A double pole switch.was introduced

into the resistance thermometer circuit to make possible an interconnection
with the energy circuit. The measurement branch of the energy circuit was

modified'b& the introduction of a potential divider in parallel with the .
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thermometer-heater and an auxiliary Rubicon Type B potentiometer to permit
a determination of the resistance of the thermometer while in use as a
heater. 4 timer circuit consisted of a standard 1000 cycle oscillator
with dividing and scaling circuits to provide pulses at four second inter-
vals, These impulses were used to activate a latching relay so that pre-
cisely determined time intervals wer§ obtaipedﬁJ

Semi-automatic operation. 4n ingenious, self-balancing galvanometer

circuit engineered by H. P. Robinson made the operation of the calorimeter
semi-automatic by providing a "temperature® versus time trace covering the
entire experimental period of the run, thus eliminatigg the necessity of
balancing the thermometer circuit periodically and interpolating the dial
setfing with a high sensitivity gélvanometer. The device consisted of a
high sensitivity, self-balancing galvanometer which, by the development

of a counter potential (exactly equal to that developed across the bridge
involving the resistance thermometer) maintained itself in_a nﬁll position
defined by a:photocell and by plotting the cbunter potential on a Leeds
and Northrup Speedomax recorder yielded a function nearly linear with res-
pect to temperature as a function of time during the drift, heat input,vand
reaction intervals. The instrument performed very well and a number of
calibration runs were made with its assistance, but the slight factor of
sensitivity lost by its use made it undesireable during thé neptunium runs,

]

Operation and performance., The relative temperature sensitivity of

the calorimeter is about 2 x 1072 degrees and the total heat capacity is
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about nine calories per degree. Gonsequently, to obtain results accurate
to a few tenths of 4 percent, a thermal process liberating about 0,2 calor=
ies is required. This corresponds to a temperature rise of 0,02° G or to
about 240 micrograms of a transuraniuﬁ element with a heat of soluéion of
the order of 200 kilocalories per mole, The: thermal leakgge modulus of
the calorimeter was observed to be 2 x 102 minute“lo_ The observed drift
of thHé Gombined heat of stirring and eﬁergy required fﬁf*%héﬁﬁpg§étion of "
the resistance thermometer was about 2 x 1074 degrees per minute,

4 normal battérn of determination in the calorimeter involves:
(a) loading and assembly of the calorimeter at a temperatufe a few tenths
of é degree below 25° C, (b) electrical calibrations of the calorimeter
at a rate and with an amount of_éhergy comparable to that obtained during
the solution of the sample, (c) observation of the foredrift, breaking the
sample container, and observation of the afterdrift until a drift consis—
tent with the temperature of the calorimeter is dbfained and (d) more
electrical energy inputs. Breaking the bulb was a process which blank
runé igaicated involved no detectible net energy'change;—probéﬁly the re-

sult of the approximate cancellation of several effects.

Calibration. Inasmuch as-the heater was wound on the outside of-the
calorimeter it was necessary to establish that the lag was small and that
superheating of the coil did not occur, Auxiliary experiments established
a lag of less than ten seconds between the production of energy.in the coil
and its 99 percent registration on the galvanometric system of the resis-

tance thermometer. The absence of superheating of the coil sufficient to
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make the correction for heat exchange invalid was demonstrated by determina-
tion of the resistance of the heater during a sequenee of alternate drifts |
and energy inpu%s. |

Calibration of the calorimeter included (a) calculation of the energy
equivalent of the welghed parts,_and (b) the determlnatlon of the heat ca-
pacity by electrlcal energy 1nputs at rates from one fourth*to four times ,-
that employed in the.reactlons studied. These determlnatlons had a.preci-
sion better than +0.2 percent and were in agreement with the calculated
heat capacity within the same limit. The above comparison involves the
calibration of the resistance thermometer on a centrigrade scale, which
was achieved by immersing the calorimeter covered by a thin rubber sac di~ _
rectly (submarine not in place) into the thermostat and comparison of the
decade box settings with the temperature of a calibrated differential
thermometer over a two degree range. A defined thermochemical calorie equal
to 4.1840 absolute Joules is employed

Three chemlcal callbratlons were llkew1se made to establlsh the pre-
cision and accuracy of the instrument for heat of reaction use° ‘Theee“
were the heat of solution of KCl and KNO5 in water and the heat of solutioh
of magnesium metal crystals in 1,0 M HCl. The results of these runs are

indicated in Table 1. They compare very favorably with literature values.”
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Table 1

Observed Molal Heat of Solution of KC1 in Water®
Sample o | AH

Run Number Weight (mg) Heat evolved (calories) (kcal )
17 11,178 T 0.6 4.26%
18 14.250 Ceeg QR793 R L

19 15,602 "0 875 ©4.18%

'ﬁbﬁéerQéé”ﬁolal Heat of Solution of KNOB in Water |

L 12,747 ' 1.052 8.3/

5 8.168 0,6757 8.36
1 8,133 0.6716 8.35%
15 70522 : 0.62045 8.35%

Observed Molal Heat of Reaction of Mg in 1.0 molar HQl

L5 1.109 | 5,056 -111.2

L6 0,2918 1,3318 ' ~111.3
47 0,1301 o 0.5937 . . =111.3

¥Talues marked with an asterisk were obtalned by use of’ the semi-auto-
matic clrcult

Neptunium metal. The neptunium metal was prepared on the milligram

scale by a process already descr1bed7 and the spectrochemlcal analysis re-
ported there is also typical of these samples and the calorlmeuer solutlon
after dissolution of the metal. Five separate determinations were made on
the heat of reaction of neptunium metal with thevl,SOO M HCl in the presence
of 0,00500 M NasSiFg. It was noted that attempts made to dissolve the

metal in the absence of fluosilicate yielded a black residue containing an

appreciable fraction of the neptunium. Although the nature of the residue
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was not ascertained it is believed that this is analogous to the black
residue obtained on the dissolution of pure thorium’aetal_in hyd?OCh;Q??le
acid in the absence of a small concentrationyof fluosilicate. .The neptunium
metal samples were weighed on an Ainsworth microbalance, placed ih”thin
bottomed glass bulbs, and sealed to the end of the stlrrlng shaft The
hydrochloric acid saturated w1th,hydrogen was welghed 1nto the tantalum |
shell and the calorlmeter assembled. Electrlcal callbratlons were. made ;

before and after each run., The data are presented in Table 2.

Table 2

Molal Heat of Reaction of Neptunium Metal in 8.8l gms of 1, 500 M HC1
and 0,00500 M NapSiFg at 25° C.

Sample weight Heat evolved ~Corrected*
(mg, vacuo) . (calories) - MH (Reaction)(kcal,)
00456 } - 00318 LT . ‘. |_165o7
0.782 L 0MB45 L1657
1,458 1.0175 : L =165.9
1.408 00,9808 -165.6

1.906 1.3285 -165.7

-165,7 + 0.2

¥Includes a correctlon of 0.4 kecal per mole for vaporlzatlon of the
solvent o
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‘Discussion
The highly positive value of the neptuiiwn-neptunium(III) couplél in-
sures the ready'diesolutlon of neptunium'in dilute hydrochlorio.acid; but
the negative value of the (III)-(IV) couple (=0,14 volts in 1 M HC1) is
such that dissolved oxygeniwill oxidize it rapidly to the (IV) state,
but not further. The obeerved heat of solution;corresponde therefore to

the sun of two reactions in 1.55 M HE1 at 298° X

(1) Np + 3H+(aq) = NP+?-(aQ) "‘.,3/2H2(g)

e et e
aq) T P (aq) ¥ VL

(2) Np+3(aq) + 1/402(aq),+-rrr.*(

Aux111ary experlments on’ comparable quantltles of neptunlum made both
in the presence and in the absence of dissolved oxygen in the hydrogen satu~
rated solvent 1nd1cated clearly that 3/2 of a mole of hydrogen was evolved
in the ox1dat10n of the metal to the (III) state and that ox1dat10n to the.
(IV) state took place only in the presence of dlssolved oxygen and then - *
without further hydrogen evolution. The determlnatlon of hydrogen evolved'
was fa0111tated by an apparatus de31gned by us, prev1ously descrlbed 8 and
calibrated w1th dissolution of pure zinc metal° The ox1datlon state of the
neptunlum was determined spectrophotometrically. Dissolntion ekperiments
were also made on comparable quantltles of metal and hydrogen saturated
acid in the Beckman Spectrophotometer w1th the 1nstrument present to a
prominent neptunlum(IV) peak. The 1mmed1ate appearance of the peak 1ndlca-

ted that a very rapld reactlon to the (IV) state is involved. The calor%?

metric solution was observed to contaln only neptunlum in the (IV) ox1dat10n
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.
state at the end of the run. We have eliminated the pbssibility that re-
duction of hydrogen ion is responsible for the oxidation of pep@unium(III)
to neptunium(IV) .in the presence of.aissolving neptunium metalf:_
The over-all calorimetric reactlon is, therefore:

Np + 4H (aq) * 1/402( q) Np ( q) + 1/2H20(aq) + 3/2H2(g)

Correction for,heat of dilution of the_a01d apd;the.salﬁ;gtjggnstant‘iénic .
strehgth are negligible and the effect of fluosilicate ion is'neglééﬁed; -
Consequently, taking the molal heat of the reaction

as 33.2 kéal,9 one obtains AH =v-132;5,kcal for the.formation of
neptunium(IV) in 1.55 M4 HCl; From the effect of the HCl concentratiqn on
the heat of solution of Th014 és a function of apid popcentration ohl& N
and from the rough correlatlon of heats of dllutlon and ionic radlus noted
by Westrum and Roblnsonl0 a value of -132 9+1 kcal mole -1 1s obtalned
for the apparent molal heat of formatlon of neptunlum(IV) 1n 1 M HCl US‘,V
ing the best ‘alue, ~5.5 + O, 2 kcal, for the heat of ox1dat10n of |
neptunium(III) —> neptunlum(IV)'determlned from the temperature.coefficiént
of the cell potentialll yields.-l27.4.i l.as the apparent molal heép pf for-
mation of neptunium(III) in 1 M HOL. |

To obtain estimates for_the heats of forﬁation of tﬁe splid neptuniuﬁ '
chlorides we estimate the heats of solutlon of solid compounds in 1.0 M HCl
by extrapolation of the experlmental data on, the heats of solutlon of '
ThClA, UCl/+,12 UCl3, and PuCls, 13, ;4 as a rough functlon of 1on1c radlﬁs’

and hydrogen ion COncentratlon,, On this bas1s values of. 216 g l and
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238 + 1 kcal are obtained as the molal heat of formation of crystalline
Np013 and NpCl,, respectively.

- The differences of about a kilocalorie between our values and those
calculated by Brewerl® arise in part from his intérpretafion of reaction (2)
as one involving dissolved rather than gaseous hydrogen. 'The solution was
initially saturated with hydrogen at a slightly lower temperature and our
comparable dissolution éxperimgnts on this and other transuranium metals
on this scale under similar conditions clearly indicate that all (iz'per—
cent) of the hydrogen does escape and that it is virtually saturated with

water vapor.
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