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Abstract-The heat capacity from 5 to 350 K of RuO, has been measured by adiabatic calorimetry. For 
the thermochemical properties at room temperature Co (298.15 K) = (56.42 rt: 0.08) J. mol- I K- ’ and So 
(298.15 K) = (46. I5 f 0.05) J * mol- t * K- ’ have been derived. Enthalpy increments relative to 298.15 K 
have been measured by drop calorimetry from 410 to 757 K: 

{W(T) - H”(298.15 K)}/J.mol-I = 53644O(T/K) + 20.19049. 10-3(i”/K)z 

+ 8.23298.10s(T/K)-’ - 205501.1. 

The thermodynamic functions, including the formation properties A,H*(T) and A/P(‘(T), have been 
derived for temperatures up to 1000 K. 

X;eywor&r Ruthe~um dioxide, calorimetry, ~e~ophysi~, the~~~amics, heat capacity, enth~py 
increments, entropy. 

1. INTRODUCTION 

Ruthenium dioxide has remarkable physico-chemical 
properties. It has a high electrical conductivity being, 
like IrOl and 0s02, a metallic conductor [l, 21. 
Furthermore, it has interesting optical, magnetic and 
catalytic properties f3,4]. 

Apart from this, ruthenium dioxide is of great 
interest in nuclear t~hnolo~. The fission product 
~thenium is a major ~nstituent of the “white inclu- 
sions” in operating nuclear reactor fuel. The hexago- 
nal white inclusions have been identified as a metallic 
solid solution of a number of transition metals, 
molybdenum being the other major component [S]. 
The formation of ruthenium dioxide in the UO, 
matrix will probably not normally occur since the 
oxygen potential in operating nuclear fuel is generally 
too low [a]. However, under accident conditions in 
water-cooled reactor fuel, the equilibrium conditions 
change drastically as a result of the interaction with 
the coolant, and formation of solid RuOt as well as 
the gaseous RuO, and RuO, molecules is possible. 
Accurate the~~ynamic data for these compounds 
are needed to model the chemical processes occurring 
in nuclear accidents, especially the release as gaseous 
compounds to the containment building or, worse, 
the environment. 

Up to now, a major problem in the evaluation of 
the Ru-0 system was the lack of an accurate exper- 
imental determination of the standard entropy 
of Ru02(.s). Rard [7l derived S”(298.15 K)= 
(52.2 f 8.7)J * mol-’ * K- ’ from second-law analyses 
of EMF and decomposition measurements. Third- 
law analyses of vapour pressure measu~en~ above 
RuO&), to give the ~thalpi~ of formation of 

RuO, (g) and RuO,(g), as has been done by Rard, are 
consequently highly uncertain. Therefore, we decided 
to measure the low-temperature heat capacity of 
RuOz by adiabatic calorimetry, yielding an accurate 
value for the standard entropy. In addition, we 
performed drop calorimetric experiments covering 
the temperature range between the low-temperature 
data and previously reported ~~-tem~ature en- 
thalpy increment meas~ements [8]. 

Using the results of the present study, we recently 
derived the standard enthalpy of formation of 
RuO&) from EMF measurements [9]. With this 
value smoothed high-temperature thermodynamic 
functions have been calculated including the for- 
mation properties A,ZP( T) and AfGo( 2’). 

2. EXPERIMENTAL 

The preparation of the RuOr sample via chlori- 
nation of ruthenium metal, has already been de 
scribed [9]. The Ru-content was 75.84 f 0.02% (caic. 
75.96%). 

Calorimetric techniques 
The low-temperature heat capacity of RuO, was 

measured in an adiabatic calorimetric cryostat [lo] 
(laboratory designated Mark XIII) over the tempera- 
ture range 5-350 IC (Table 1). A gold-plated, high 
conductivity, oxygen free, copper calorimeter (labora- 
tory designation W-139) was used for both samples. 
The calorimeter has a mass of 13.21 g and an internal 
volume of 23 cm3. The temperature of the calorimeter 
was measured with a Leeds & Northrup platinum 
enca~sulat~ platinum resistance ~~ometer in an 
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Table 1. Molar heat capacities of RuO, 

T c; T c; T c; T c; T c; 
(K) (J.mol-‘.K-‘) (K) (J.mol-‘.K-‘) (K) (J.mol-‘.K-i) (K) (J,mol-i.K-‘) (K) (J.mol-‘,K-i) 

Series I 25.53 0.652 55.08 5.016 135.55 25.453 216.85 43.593 
6.09 0.049 26.95 0.758 58.19 5.688 141.09 26.840 222.99 44.696 
6.93 0.043 28.39 0.876 61.31 6.398 146.65 28.213 229.15 45.782 
7.82 0.059 29.92 1.016 64.74 7.193 152.21 29.590 235.30 46.879 
8.68 0.067 31.55 1.179 68.45 8.060 157.77 30.955 241.46 47.920 
9.54 0.083 33.18 1.362 72.19 8.948 163.36 32.267 248.14 49.024 

10.38 0.099 34.92 1.569 76.24 9.958 255.33 50.118 
11.30 0.119 36.75 1.804 80.59 11.095 Series III 262.52 51.215 
12.31 0.137 38.76 2.080 84.95 12.263 269.70 52.281 
13.35 0.153 40.96 2.407 89.58 13.486 155.91 30.506 276.87 53.823 
14.38 0.170 43.17 2.755 94.47 14.854 161.77 31.887 284.09 54.521 
15.43 0.190 45.57 3.168 96.95 15.370 167.86 33.302 291.28 55.598 
16.56 0.218 99.39 15.856 173.95 34.707 298.46 56.480 
17.76 0.251 Series II 104.34 17.250 180.05 36.120 305.66 57.290 
18.95 0.293 109.29 18.515 186.16 37.505 312.84 58.019 
20.17 0.343 44.63 2.975 114.27 19.848 192.29 38.829 320.02 58.661 
21.39 0.402 46.98 3.420 119.26 21.169 198.43 40.111 327.20 59.402 
22.71 0.473 49.58 3.906 124.51 22.576 204.57 41.315 334.40 60.133 
24.11 0.558 52.20 4.422 130.03 24.048 210.71 42.471 341.11 60.770 

entrant well. The thermometer was calibrated by the 
U.S. National Bureau of Standards against IPTS- 
48 [1 1] and is considered to reproduce the thermo- 
dynamic temperature scale within 0.03 K from 
5-300 K. 

About 17.6 g sample were put in the calor- 
imeter. This represents about 0.132 moles when 
133.07 g.mol-’ is selected as the molecular mass. To 
facilitate rapid thermal equilibration 2.67 kPa at 
300 K of helium gas were introduced into the 
calorimeter after evacuation. To avoid exposure to 
oxygen, the loading and the unloading of the 
calorimeter were performed in an oxygen-free atmos- 
phere of a glove-box. At no time was the sample 
exposed to an atmosphere that contained more than 
3 ppm of oxygen. The calorimeter containing the 
sample was sealed in the inert atmosphere and then 
reopened on the vacuum line for the introduction of 
helium. The calorimeter was then sealed, placed in the 
cryostat, and cooled. The heat capacity of the empty 
calorimeter represented 70-80% of the total heat 
capacity at temperatures below 50 K and became 
about 50-65% at higher temperatures. 

The enthalpy increments above 298.15 K were 
measured in an isothermal diphenyl-ether calorimeter 
which has been described previously [12]. Briefly, 
the sample is enclosed in a spherical vitreous silica 
ampoule with a 0.6mm wall thickness, a 20mm 
diameter and a volume of 4.2cm’. The ampoule is 
heated in a furnace whose temperature is measured 
with calibrated Pt (Pt + 10 mass per cent Rh) thermo- 
couples to +O.l K. After a reasonable equilibration 
time, the ampoule is dropped into the calorimeter. 
The energy of the ampoule plus the sample now melts 
solid diphenyl-ether in equilibrium with its liquid in 
a closed system. The resulting volume increase of the 
ether is determined by weighing the displaced mer- 
cury. The ratio of heat input to mass of mercury 
making up the volume change is a constant for the 

apparatus (79.977 f 0.063)J.g-’ and is obtained by 
calibration with cc-SiO, and compared with the NBS 
standard reference material (No. 720), synthetic 
sapphire, A&O,. Our results with sapphire all agree 
within 0.2% with the data given by the NBS. The 
enthalpy contributions of the vitreous silica were 
determined separately. 

For the present measurements 6.80194 g of RuO, 
were enclosed in an ampoule of 1.39509 g; all masses 
being corrected for weighing in argon. The results 
of the 27 measurements are listed in Table 2. A 

Table 2. Calorimetric enthalpy increment measurements of 
RuO, 

(W(T) - W(298.15 K)} (J.mol-‘) 

T W) Exp. Calc. 6 (%) 

410.3 
429.6 
468.8 
489.0 
507.7 
507.8 
508.1 
528.5 
548.5 
568.3 
573.0 
588.5 
597.5 
607.8 
627.7 
637.5 
648.2 
667.2 
667.5 
687.4 

6862 

10776 
12206 
13449 
13416 
13468 
15033 
16510 
17884 
18240 
19492 
20187 
20818 
22396 
23236 
23894 
25484 
25496 
27049 

6866 -0.06 
8138 -0.59 

10792 -0.15 
12193 0.11 
13511 -0.46 
13518 -0.75 
13539 -0.52 
14998 0.23 
16449 0.37 
17905 -0.12 
18254 -0.06 
19411 0.42 
20088 0.49 
20868 -0.24 
22389 0.03 
23145 0.39 
23975 -0.34 
25463 0.08 
25487 0.04 
27063 -0.05 

688.3 27129 27135 -0.02 
707.5 28644 28673 -0.10 
716.9 29567 29433 0.46 
727.9 30234 30326 -0.30 
742.1 31513 31488 0.08 
767.1 33511 33554 -0.13 
757.3 32730 32741 -0.03 
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Fig. 1. The molar heat capacity of RuO,. (0) This work; (---) Passenheim and McCollum [16]. 

correction was made for the difference in enthalpy 
between the final calorimeter temperature (300.06 K) 
and the standard reference temperature, 298.15 K, 
using C; (298.15 K). 

3. RESULTS 

The low-temperature heat capacity data are listed 
in Table 1 and plotted in Fig. 1. No special contri- 
butions other than that of the lattice and electronic 
contributions are observed in the entire temperature 
range of the experiment. Thermodynamic functions 
at selected temperatures are listed in Table 3. The 
thermodynamic functions were evaluated by extrapo- 
lating the experimental heat capacity curve to 0 K 
and by integrating. The computer program FITABZ 
was used for all integrations and evaluations of 
thermodynamic functions [13], yielding at room 
temperature: 

Ci(298.15 K) = (56.42 + 0.08) J*mol-l.K-’ 

and 

S”(298.15 K)= (46.15 kO.05) J.mol-‘*K-r. 

The high-temperature enthalpy increments can be 
represented by the polynomial equation (410-757 K): 

{H’(T) - H”(298.15 K)}/Jamol-’ 

= 53644O(T/K) + 20.19049. 10-3(T/K)2 

+ 8.23298. 105(T/K)-’ - 20550.1. 

As boundary conditions {H”(T) - H”(298.15 K)} = 0 
at 298.15 K, and Cg (298.15 K) = 56.42 J.mol-‘*K-i 
were applied. The standard deviation is 61 Jamol-’ or 
0.33%. 

The smoothed thermodynamic quantities at 
selected temperatures of RuO,(s) from 298.15 to 
1000 K are listed in Table 4. The formation prop- 
erties were calculated from A$” (298.15 K) = 
-(314.15 f O.O2)kJ*mol- as reported by Cord- 
funke and Konings [9]. Auxiliary data for the refer- 
ence state of ruthenium were taken from Cordfunke 
and Konings [14] and of oxygen from Glushko et al. 

1151. 

4. DISCUSSION 

There is good agreement between the low- and 
high-temperature results presented here. This is 
demonstrated in Fig. 2 in a {W(T) - W(298.15 K)}/ 
(T - 298.15 K) vs T plot, where both data sets join 
smoothly at 298.15 K. 

Two previous heat-capacity measurements on this 
compound overlap in the lower and upper tempera- 
ture range of the present measurements. Passenheim 
and McCollum [16] measured the heat capacities of 
RuOl between 0.54 and 10 K. The agreement with 
their results is good (Fig. 1). Frederickson and 
Chasanov [8) measured the enthalpy increments of 
RuOl from 619 to 1175 K, which agree reasonably 
well with the present results in the overlapping tem- 
perature range (i.e. 1.08-0.50%). Nevertheless, the fit 
with these results is not smooth, since the slopes of 
both lines clearly differ (see Fig. 2). Extrapolation of 
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Table 3. Thermodynamic properties at selected temperatures for RuO, 

{W) - so(O)1 
(;) (J.m~~:,,-l) (J.mol-‘.K-‘) 

{HO(T) -H(O)) -{Go(T) - H”(O)}K 
(J.mol-I) (J.mol-‘.K-‘) 

0 0 0 0 0 
10 0.091 0.050 0.32 0.017 
20 0.333 0.175 2.25 0.067 
30 1.023 0.424 8.62 0.133 
40 2.262 0.873 24.61 0.258 
45 3.068 1.189 37.89 0.349 
50 3.991 1.555 55.48 0.449 
60 6.086 2.469 105.63 0.707 
70 8.439 3.575 178.09 1.031 
80 10.950 4.864 274.95 1.430 
90 13.536 6.311 397.37 1.887 

100 16.147 7.865 545.76 2.411 
110 18.757 9.528 720.28 2.985 
120 21.376 11.274 920.99 3.600 
130 23.979 13.087 1147.80 4.257 
140 26.548 14.958 1400.48 4.955 
150 29.059 16.878 1678.59 5.687 
160 31.487 18.832 1981.41 6.444 
170 33.840 20.811 2308.08 7.234 
180 36.101 22.806 2657.86 8.040 
190 38.288 24.818 3029.85 8.871 
200 40.375 26.839 3423.29 9.720 
210 42.362 28.859 3837.10 10.584 
220 44.224 30.871 4270.27 11.457 
230 45.970 32.875 4720.91 12.347 
240 47.633 34.87 1 5198.02 13.245 
250 49.238 36.841 5673.74 14.151 
260 50.834 38.803 6174.27 15.057 
270 52.414 40.757 6690.59 15.972 
280 53.952 42.686 7221.89 16.895 
290 55.382 44.607 7768.97 17.818 
298.15 56.422 46.153 8224.60 18.574 
300 56.646 46.502 8329.36 18.741 
310 57.735 48.381 8901.40 19.672 
320 58.708 50.227 9483.40 20.595 
330 59.672 52.048 10075.4 21.518 
340 60.662 53.844 10677.4 22.441 
350 61.593 55.623 11288.5 23.363 

Table 4. Thermodynamic functions of RuO, 

(& 
C”(T) S’(T) 

(J.mof-‘.K-l) (J.mol-‘.K-‘) 
-[G”(T) - H0(298.15)]/T (H“(T) - W(298.15 K)) 

(J.mol-‘.K-‘) (J ,mol-‘) 
A+“(T) AG;(T) 
(J.mol-‘) (J.mol-‘) 

298.15 56.422 46.150 46.150 0 -314,200 -258,298 

zl 64.651 56.611 46.500 63.969 46.151 48.478 6196 105 -313,524 -314,194 - - 257,952 239,287 
500 70.541 79.05 1 53.119 12,966 -312,349 -220,855 
600 75.586 92.367 58.572 20,277 -310,820 - 202,695 
700 80.230 104.371 64.270 28,070 - 308,989 - 184,814 
z 84.662 88.970 115.375 125.597 69.890 75.598 44,999 36,316 - - 306,873 304,475 - - 149,901 167,216 

1000 93.202 135.190 81.082 54,108 -301.793 - 132.865 
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