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mole and the dissociation energy of hydrogen as 
103.2 kcal./mole, both at 00K. These bond en
ergies, however, are not the proper ones to use for 
normal thermochemical calculations unless elec
tron correlation, strain and zero point energies are 
used throughout. Bond energies as calculated 
without the inclusion of the dispersion forces and 
zero point energies are9 80.5 and'98.2 kcal./mole 
for C-C and C-H, respectively. In the calcula
tions of bond energies, it will be noted that the 
zero point energy almost compensates the dis
persion energy yielding bond energies which do not 
differ greatly from those calculated in the usual 
manner. 

It should be emphasized that there are the same 
number of C-C and C-H bonds in isomeric hydro
carbons. Consequently, the empirical adjustment 
of these bond energies in no way affects the iso-
merization energies. For the iso- to w-butane iso-
merization the observed AH is 1.63 kcal./mole and 
the calculated value, considering zero point energy 
differences, is 1.50. In the case of neo- to w-pen-
tane the observed All is 4.07 and the calculated 
value is 4.85 kcal./mole. These agreements are 
quite satisfactory in view of possible experimental 
errors and theoretical approximations. In judg-

(9) K. S. Pitzer, "Quantum Chemistry," Prentice-Hall, Inc., New 
York, N. Y., 1953, p. 170. 

In connection with the determination of the heat 
of formation of several slightly soluble molybdates 
it became desirable to have a reliable value for the 
heat of formation of sodium molybdate and aque
ous molybdate ion. A search of the literature 
indicated that the reported values for these heats 
of formation might not be entirely reliable and that 
the whole problem could profitably be reinvesti
gated. A series of exploratory calorimetric deter
minations of the heats of solution of molybdic acid, 
molybdic oxide and sodium molybdate gave rough 
values for the various heats of formation that were 
considerably different from those tabulated by the 
Bureau of Standards1 and Bichowsky and Ros
sini.2 In order to resolve these discrepancies a 
series of careful calorimetric determinations was 
undertaken. 

Experimental 
The calorimeter consists of a Pyrex vacuum flask, spe

cially built without spacers, and an evacuated stopper which 

(1) "Selected Values of Chemical Thermodynamic Properties," 
Circular 500, National Bureau of Standards, 1952. 

(2) F. R. Biochowsky and F. D. Rossini, "The Thermochemistry of 
Chemical Substances," Reinhold Publ. Corp., New York, N. Y., 1936. 

ing the accuracy of these comparisons it should be 
remembered that the total dissociation energy of a 
pentane is approximately 1500 kcal./mole. 

It has long been known that the skew or gauche 
conformation of w-butane or a larger paraffin in
volves a significant repulsive strain between two 
hydrogen atoms which are brought close together. 
The net increase in energy over the all trans con
formation has been found to lie in the range of 
0.5-0.8 kcal./mole.10 When the attraction arising 
from electron correlation is taken into account, the 
repulsive strain energy term becomes 2.50 kcal./ 
mole. This value yields practically perfect agree
ment for the energy difference between trans-
trans and trans-gauche for w-pentane and satisfac
tory agreement for gauche w-butane. Unfortu
nately the zero point energy is not known precisely 
for the gauche conformations and must be esti
mated to be equal to that of trans conformations. 
This same strain energy appears in isopentane and 
when it is appropriately considered, the theoretical 
energy is in excellent agreement with the observed 
value. 

(10) K. S. Pitzer, J. Chem. Phys., 8, 711 (1940); N. Sheppard and 
G. J. Szasz, ibid., 17, 86 (1949); S. Mizushima, "Structure of MoIe-
cules," Academic Press, Inc., New York, N. Y., 1954, p. 98 f. 
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fit together by means of a ground glass joint. Electrical 
leads and the calorimeter stirrer pass through a small glass 
tube in the stopper. The stopper is permanently fastened 
to the underside of the lid of the constant temperature bath 
so that while the calorimeter is in operation it is completely 
below the surface of the water in the bath. During a cal
orimetric run the temperature in the bath is controlled to 
within 0.003°. The flask is of such size that it holds 950 
ml. of solution with a very small space above the surface of 
the liquid which minimizes the opportunity for evaporation. 
The sample is contained in a thin-walled glass bulb which 
is taped and waxed to the bottom of the stirrer. The 
stirrer shaft is so arranged that we can slide it down and 
break the sample bulb on the bottom of the flask. There is 
a propeller immediately above the sample bulb to aid in 
effecting rapid solution when the sample bulb is broken. 
The stirrer shaft is driven by a small synchronous motor. 

A resistance thermometer consisting of about 45 ohms of 
no. 40 nylon insulated copper wire and a heater of about 120 
ohms of no. 40 enameled manganin wire are contained in a 
closely wound glass coil made of 6 mm. Pyrex tubing and 
filled with HyVac oil. The coil also serves as a stirring well. 
The heater and thermometer wires were wound bifilarly on 
small metal rods in order to get the wires into a coil suitable 
for introduction into the glass coil. With the aid of an as
pirator the heater wire was introduced into the bottom part 
of the glass coil and the thermometer into the top. Leads 
to the heater are of no. 24 copper wire and the leads to the 
thermometer are no. 24 manganin wire. 

Resistance changes of the thermometer are determined 
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with a Leeds and Northrup G-2 Mueller Temperature 
Bridge and a H.S. 2284D galvanometer. Power for the 
heater is supplied by storage batteries that are discharged 
for about 20 minutes through a dummy heater in order to 
have a constant voltage for the heating period. Power 
input is determined by measuring the potential drop across 
a standard resistance in series with the heater. Potential 
measurements are made with a Rubicon Type B high pre
cision potentiometer and high sensitivity galvanometer. 
The time of heating is determined with a calibrated stop
watch. For each calorimetric run the heat capacity is de
termined both before and after the sample is dissolved. 

The accuracy of our measurements was checked by de
termining the heat of solution of KCl in water and the heat 
of reaction of NaCl (c) with a dilute solution of AgNCH to 
form AgCl (c). Our experimental heats were found to be 
in excellent agreement with those calculated from the heats 
of formation tabulated by the Bureau of Standards.1 

All heats of solution were carried out at 25.0 ± 0.4°. 
Materials.—Molybdic acid (H2MoO4) was prepared by 

adding concentrated nitric acid dropwise with vigorous 
stirring to a solution made by dissolving 40 g. of ammonium 
molybdate in 400 ml. of water. Best results were obtained 
by adding a 50% excess of nitric acid over the stoichiometric 
amount. The resulting precipitate was filtered off, washed 
and dried at room temperature over P2O5. Two separate 
samples were prepared in this fashion and were found on 
analysis to be 88.7 and 89 .1% MoO3. The calculated value 
is 88.88%. I t should be mentioned that when the molybdic 
acid was digested near boiling temperature it was converted 
to the oxide and the acid was not re-obtained on cooling in 
contact with the solution. 

Fisher's certified reagent grade molybdic oxide (M0O3) 
was analyzed for molybdenum and found to contain 67 .5% 
Mo as compared to the calculated value of 66.66%. The 
analysis and the observed blue-gray color indicated the 
presence of lower oxides so the commercial molybdic oxide 
was heated in a muffle furnace at 700° for about an hour. 
The result was a very light yellow crystalline material that 
was found on analysis to be 66.7% Mo and was stable if 
protected from light and dust. 

Fisher's certified reagent grade sodium molybdate (Na2-
MoO4) was dried for 24 hours at 110° and found by analysis 
to be 46.7% Mo as compared with the calculated value of 
46.6%. 

All of the molybdenum analyses were carried out by the 
permanganate method.3 

Results 
Heats of solution of molybdic acid and molybdic 

oxide in 950 ml. of 0.531 M NaOH were measured 
in order to determine the heat of formation of H2-
M0O4. The calorimetric reactions may be written 
as in (1) and (2) below. The heat of formation of 
H2MoO4(C) + 2NaOH(0.531 M) = 

soln. I + 2H2O AHi (1) 
MoO;,(c) + 2NaOH(0.531 M) = 

soln. I + H2O AH2 (2) 
Mo03(c) + H2O(I) = H2MoO4(C) 

AH3 = AH2 - AH1 (3) 
H2MoO4(C) from Mo03(c) and H2O(I) is obtained 
as indicated by (3). 

The average of four determinations of AHi, using 
in each experiment about 0.01 mole of H2MoO4 
and 0.531 MNaOH, was found to be -15.23 kcal./ 
mole with an average deviation of 0.2 kcal./mole. 
The heat of solution of an equal number of moles of 
MoO3 in 0.531 M NaOH was found to be -18.85 
kcal./mole with the same average deviation. We 
therefore calculate AHs = —3.62 kcal./mole. 
From this heat and the heat of formation of MoO3-
(c) and H2O(I) we calculate the heat of formation 
of H2MoO4(C) to be -249.9 kcal./mole. For this 

(3) W. F. Hillebrand, G. E. F. Lundell, H. A. Bright and J. I. 
Hoffman, "Applied Inorganic Analysis," Second Edition, John Wiley 
and Sons, Inc., New York, N. Y., 1953, p. 307. 

calculation we have used the heat of formation of 
Mo03(c) reported by Snyder and his co-workers4 

( — 178.0 kcal./mole) rather than any of the older 
values. The standard heat of formation of H2O(I)' 
was used in this calculation and other calculations 
reported in this paper because L\ for H2O in 0.5 M 
NaOH is smaller than our calorimetric uncer
tainty.5 

Hiittig and Kurre6 have investigated the dis
sociation pressure and have calculated the heat of 
dissociation of H2Mo04(c) into Mo03(c) and H2O-
(g). Their heat for this reaction combined with 
Snyder's heat of formation of MoO3 leads to a heat 
of "formation of —254.6 kcal./mole for H2Mo04(c). 
We believe that our calorimetric value is to be pre
ferred. 

It is interesting to compare our heat of solution of 
H2MoO4 in NaOH with the heats found by Pissar-
jewsky7 and Pechard.8 Both of these workers re
ported heats considerably higher than ours. We 
have recalculated Pissarjewsky's results on the as
sumption that he dissolved MoO3 rather than 
H2MoO4. This calculation leads to -18 .8 kcal./ 
mole for the heat of solution of MoO3 which is in 
agreement with the value we have reported. In 
view of the agreement with our heat of solution of 
MoO3 and our experience with the preparation of 
H2MoO4 it appears very likely that he and Pechard 
worked with MoO3 rather than H2MoO4. Neither 
reported analyses of the compound in question. 

The tabulated heat of formation of MoO4" 
(aq)1 is based on the older values for the heat of 
solution of H2MoO4,

7'8 so we have calculated a new 
heat of formation from our data. The heat of for
mation we obtain is —238.2 kcal./mole. In this 
calculation no attempt was made to correct for 
heats of dilution. Because this heat of formation 
is in considerable disagreement with that given by 
the Bureau of Standards,1 we deemed it advisable 
to determine it in another manner, namely, from 
the heat of formation and the heat of solution of 
sodium molybdate. 

Heats of solution of MoO3 and of Na2MoO4 in 
950 ml. of 0.531 M NaOH were determined. The 
calorimetric reactions can be written as in (2) and 
(4). We obtain the heat of formation of Na2MoO4-
(c) from reaction 5. These heat of solution experi-
Na2MoO4(C) = soln. I AHt (4) 

MoOs(c) + 2NaOH(0.531 M) = Na2MoO4(C) + H2O 
AHE = AK2 - AHi (5) 

ments were carried out in pairs; each pair giving 
an independent value for AiJ5. The results are 
given in Table I. 

From our value for AHit Snyder's heat of for
mation of MoO3

4 and the Bureau of Standards1 

heat of formation of NaOH (0.531 M) and H2O(I), 
we calculate the standard heat of formation of 
Na2MoO4(C) to be -350.4 kcal./mole. Mixter9 

has previously studied the heat of the reaction of 
Mo(c) with Na202(c) to give Na2MoO4, but we be-

(4) B. A. Staskiewicz, J. R. Tucker and P. E. Snyder, THIS JOUR
NAL, 77, 2987 (1955). 

(5) G. Akerlof and G. Kegeles, ibid., 62, 620 (1940). 
(6) G. F. Hiittig and B. Kurre, Z. ancrg. Chem., 126, 107 (1923). 
(7) L. Pissarjewsky, ibid., 24, 108 (1900). 
(8) E. Pechard, Ann. Mm. phys, 28, 537 (1893). 
(9) W. G. Mixter, Am. J. ScL, 29, 488 (1910). 
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TABLE I 

HEATS OF SOLUTION OF M O O 3 AND Na2MoO4 (ALL AiI 

VALUES GIVEN IN K C A L . / M O L E ) 

Pair Mh AiJ4 Affs Moles Mo X 10' 

1 - 1 8 . 5 2 - 1 . 9 1 - 1 6 . 6 1 4.531 

2 - 1 8 . 7 0 - 2 . 2 0 - 1 6 . 5 0 2.459 

3U) - 1 8 . 7 5 - 2 . 1 9 - 1 6 . 5 6 4.074 

4 - 1 8 . 6 9 - 2 . 1 0 - 1 6 . 5 9 3.143 

5 - 1 8 . 6 6 - 2 . 2 6 - 1 6 . 4 0 2.622 

Av. &Hb = — 16.53 kcal./mole. Av. dev. 0.07 kcal./mole. 

lieve our heat of formation is to be preferred to that 
calculated from his results.1'2 

The heat of solution of Na2Mo4 in water and in 
extremely dilute aqueous NaOH was measured at 
several concentrations. Results of these experi
ments are given in Table II. The starred heats 
indicate heats of solution in pure water and the 
others refer to solution in dilute NaOH. We have 
extrapolated these heats to infinite dilution in order 

TABLE II 

H E A T OF SOLUTION OF Na2MoO4 

Moles NaiMoOi/ Moles NaJMoO4/ 
950 ml. soln. Afl"(keal./mole) 950 ml. soln. AH (kcal./mole) 

0.02459 - 2 . 2 6 0.02474 - 2 . 1 9 

.03143 - 2 . 1 0 .03587 - 2 . 2 3 

.04074 - 2 . 1 9 .02174 - 2 . 2 4 * 

.05031 - 2 . 0 3 * .01155 - 2 . 2 4 * 

to obtain AZf0 = —2.4 kcal./mole for the heat of 
solution of Na2Mo04(c). From this heat of solu
tion, the heat of formation of Na+(aq) ' and our 
previously determined heat of formation of Na2-
MoO4(C), we calculate the standard heat of forma
tion of MoOr(aq) to be -238.2 kcal./mole. 

The heat of formation of Mo04
=(aq) and Lati

mer's11 estimate of the partial molal entropy en
able us to calculate the standard free energy of 
formation of Mo04

=(aq) to be —201.8 kcal./mole. 
This free energy leads to 0.92 volt for the stand
ard potential of the Mo-MoO4= couple (6). 
Mo + 8 O H - = MoO4" + 4H2O + 6 e " E° = 0.92 (6) 

(10) The third pair of heat of solution determinations was carried out 
in 1.062 M NaOH rather than in 0.531 M NaOH as was used for all 
of the other determinations. 

(11) W. Al. Latimer, "Oxidation Potentials," Second Edition, 
Prentice-Hall, Inc., New York. N. Y., 1952, p. 251 

Discussion of Results 
Because our heat and free energy of formation 

of Mo04
=(aq) are considerably different from the 

old values, it is desirable to have an independent 
check on one or the other of these quantities. 
Two recent investigations on CaMoO4 make avail
able the necessary data for a calculation of the free 
energy of Mo04

=(aq). 
Gerasimov12 has studied the reduction of Ca-

MoO4 to CaO and Mo by hydrogen. From his 
data we calculate the free energy of the reduction 
reaction to be 38.8 kcal./mole at 25° which leads to 
— 347 kcal./mole for the free energy of formation 
of CaMoO4. The solubility of CaMoO4 in water 
has been determined by Spitsyn and Savich.13 

We have estimated the small activity coefficient 
and hydrolysis of MoO4^ corrections in order to 
calculate from the solubility data that the thermo
dynamic solubility product is about 1 X 10 ^8 and 
the free energy of solution is 11 kcal./mole. The 
free energy of formation and free energy of solu
tion, together with the free energy of Ca+ +(aq),1 

lead to —204 kcal./mole for the free energy of for
mation of Mo04

=(aq). This is in satisfactory 
agreement with our free energy but is 15 kcal. 
more positive than the value calculated by Lati
mer11 from the Bureau of Standards heat of forma
tion. 

I t should be pointed out that Ketchen and Wal
lace14 have recently published a calculation, based 
on the results of their earlier calorimetric work, of 
the standard heat of formation of aqueous NaOH. 
On the basis of their heat of formation and heats 
of dilution from the Bureau of Standards tabula
tion1 the heats of formation we have reported 
could be revised slightly. 
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(12) "S", 1. Gerasimov, "Koklady Mezhdunarod. Kongr. Teoret. 
Priklad, Khim. XIII Kongr.." 77-131 (Stockholm, Sweden, 1953). 

(13) V. I. Spitsyn and I. A. Savich, J. Ge': Ckem. U.S.S.R., 22, 1323 
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