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Abstract

The standard molar enthalpy of formation of Hf;Ge, has been determined by solute—solvent
drop calorimetry and those of IrGe, PtGe and Pt,Ge by the direct combination method.
The data have been obtained using a high temperature calorimeter at 1473+ 2 K. The
following  values are reported: AH (Hf,Gey) = —(373.2 £ 39.5) kJ mol™!,
AHP (IrGe)= — (66.2+11.8) kJ mol™!, AH P (PtGe)= —(90.8 +2.4) kJ mol™’,
AHP(Pt,Ge)= —(111.3+4.7) kJ mol™'. Comparisons are made with our earlier values
for 3d and 4d transition metal germanides, with some available values for silicides, and
with predicted values.

1. Introduction

During recent years we have pursued a systematic study of the ther-
mochemistry of transition metal borides, silicides, and intermetallic compounds
using high temperature calorimetry. In three recent papers [1-3] we extended
our study to the germanides of 3d and 4d transition metals and to Me;Ge,
compounds formed by group III metals.

For 5d transition metal germanides, experimental enthalpies of formation
are very scarce in the literature. In the present investigation, we determined
the standard molar enthalpy of formation of Hf;Ge, by solute—solvent drop
calorimetry and those of IrGe, PtGe and Pt,Ge by the direct combination
method. The results are compared with our values for other germanides
reported in the earlier papers, with some data for the silicides, and with
predicted values.

2. Experimental details

The experiments were carried out in a modified Setaram-type high
temperature calorimeter. Details of this apparatus and of the calorimeter
liner assembly have already been given in our earlier reports {1, 4]. Boron
nitride (BN) and beryllium oxide (BeO) crucibles were used as containers.

Table 1 gives the metallic purity and description of the starting materials
used in the calorimetric experiments. Hafnium in the form of a 17 mm rod
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TABLE 1

Metallic purity and description of the materials used in the calorimetric measurements

Metal Metallic purity
(%)

Hf (2% Zr) 17 mm rod,

— 100 mesh shavings
Ir 99.95 — 160 mesh powder
Pt 99.9 — 325 mesh powder
Ge 99.999 2—4 mm pieces

- 200 mesh powder
Pd 99.99 0.025 mm foil
Cu 99.999 0.025 mm foil

with about 2 wt.% Zr was obtained from Alfa Products, iridium powder from
Johnson—-Matthey AESAR group (lot 19389) and platinum powder from Baker
& Co. Inc. (lot 145). The germanium sample was high purity, semiconductor
grade. Palladium and copper foils 0.025 mm thick were obtained from
Engelhard and Johnson—Matthey AESAR group (lot 101882) respectively.
The palladium foil was annealed in argon at about 1100 K for several hours;
the surface of the copper foil was polished with sandpaper and the foil was
annealed at about 900 K for a few hours in a stream of hydrogen gas. The
foils were used for making small capsules of about 4 mm diameter for the
solute—solvent drop experiments. Small pieces of germanium were put into
the palladium or copper capsule in the desired ratio. In the calorimeter,
these materials form liquid Pd+Ge or Cu+Ge solvents which dissolve
(metal + germanium) or the germanide compound.

The Hf;Ge, compound was synthesized by arc melting on a water-cooled
copper hearth in an atmosphere of argon. The arc melting was repeated
several times, the alloy button being reversed to obtain a homogeneous
phase. The arc-melted button was examined by scanning electron microscopy
(SEM) and by energy-dispersive X-ray (EDX) analysis. The analysis indicated
that the Hf;Ge, button was homogeneous and of a stoichiometric composition.
The Hf;Ge, alloy was crushed into small pieces, ground in a mortar and
sifted through a 100 mesh sieve.

Calibration of the calorimeter was achieved by dropping small pieces
of 2 mm diameter high purity copper wire into the calorimeter. The enthalpy
of pure copper was taken from Hultgren et al. [5]: 46 465 J mol ™' at 1473
K. The calibrations were reproducible within + 1.5% in a single series of
measurements.

3. Results and discussion

With the exception of the Pt—Ge system the phase diagrams [6—11] of
the alloys considered in the present work have not been investigated much.
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The hafnium germanides are very refractory with melting temperatures near
2500 K. For these compounds we applied solute-solvent drop calorimetry.
On the contrary, the Pt—Ge alloys studied are liquid at our experimental
temperature of 1473 K. In analogy to the RhGe compound studied in our
previous communication [3], a strong chemical interaction was expected
between iridium and germanium. Hence, we adopted the direct combination
method for IrGe, PtGe and Pt,Ge.

In our synthesis of hafnium germanide by arc melting, we first tried to
prepare Hf;Ge; on the basis of the available phase information [6-10].
However, we could not obtain a single phase at this composition. On the
contrary, a single phase was obtained at the Hf;Ge, composition. This is
analogous to hafnium silicide covered in a recent report [12] by Topor and
one of the present authors.

Liguid Cu+ Ge and Pd+ Ge alloys were used as solvents in the sol-
ute—solvent drop experiments. The standard enthalpy of formation was
obtained from the enthalpy effects associated with the formation of a liquid
alloy of the same composition from the elements and from the compound.
The reactions generating the liquid alloy Cug ¢0Geg 355Hfp 045 in the calorimeter
were

0.60Cu(s, 298 K)+ 0.355Ge(s, 298 K) + 0.045H1(s, 298 K) —
Cup.60G€0.355H0.045(1, 1473 K) (1)

and

0.60Cu(s, 298 K) +0.325Ge(s, 298 K) + 0.015Hf;Ge, (s, 298 K) —
Cug60Geo.ss5HE0 045(1, 1473 K)  (2)

where s and 1 denote solid and liquid respectively. From reactions (1) and
(2) we have

0.045H((s, 298 K)+0.03Ge(s, 298 K) — 0.015Hf;Ge, (s, 298 K) (3)
Hence, the standard enthalpy of formation can be obtained from
AH (Hf;Gep) = AH (1) — AH(2) (4)

where AH (1) and AH_(2) designate the molar enthalpy change for reactions
(1) and (2) with respect to Hf3Ge,. Similar equations can be written for the
liguid alloy Pdgs25GegesHfp045- After the experiments, the solidified alloys
were examined by SEM and EDX analysis; these examinations confirmed the
complete dissolution of the elements and the compounds in the melts.

The experimental results for Hf;Ge, obtained by this approach are
summarized in Tables 2 and 3. In these tables, the average values of AH,,
for each reaction are given with their standard deviations §; and &,. The
uncertainties in AHy® were calculated from 8= (8% + 8,%)!/2. Since the standard
enthalpies of formation obtained in the two different series of measurements
have different uncertainties, we calculated the weighted average of the two
results using the relation
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TABLE 2

Standard enthalpy of formation of Hf;Ge, obtained by generating the liquid alloy
CUO.MGCOV355Hf0A045 at 1473+2 K

Experiment n(Cu) n(Ge) n(Hf) n(Hf3Gey;) AH,, AHL(1) AH(2)
(mmol) (mmol) (mmol) (mmol) (0)] (kJ mol™ ") (kJ mol~")

1-1 2.2222 1.2037 - 0.0556 168.4 - 3029.4

1-2 2.1717 11763 - 0.0543 170.7 -~ 3143.0

1-3 2.0203 1.0943 - 0.0505 151.6 - 3001.9

1-4 2.3728 1.2852 - 0.0593 183.1 - 3088.4

1-5 2.3278 1.2608 - 0.0582 181.8 - 3124.4

2-1 2.5989 1.5377 0.1949 - 172.6 2654.6 -

2-2 2.3666 1.4003 0.1775 - 161.3 2723.8 -

2-3 2.2061 1.30563 0.1655 - 149.0 2699.0 -

2-4 2.2206 13139 0.1665 - 145.8 2627.0 -

2-5 2.1661 1.2816 0.1625 - 142.0 2619.7 -

Mean 2664.8+45.4 3077.4+60.5

values

AHY (kJ mol™')=2664.8+45.4 —(3077.4 £60.5)= —(412.6+ 75.6)

TABLE 3

Standard enthalpy of formation of Hf;Ge, obtained by generating the liquid alloy Pdp 325G € 63Hf0 045
at 1473+2 K

Experiment n(Pd) n(Ge) n(Hf) n(Hf;Ge;) AH AH (1) AH(2)
(mmol) (mmol) (mmol) (mmol) (@) (kJ mol~%) (kJ mol™?)

1-1 1.4712 2.7161 - 0.0679 1188 - 1749.1

1-2 1.7043 3.1464 - 0.0787 136.1 - 1729.5

1-3 1.4852 2.7418 - 0.0685 1145 -~ 1670.9

1-4 1.4363 2.6517 - 0.0663 116.9 - 1763.8

2-1 1.4001 2.7141 0.1939 - 90.4 1399.1 -

2-2 1.3766 2.6685 0.1906 - 85.5 1346.0 -

2-3 1.3450 2.6071 0.1862 - 84.8 1366.0 -

2-4 1.6388 3.1767 0.2269 - 103.4 1368.3 -

Mean 1369.8+21.9 1728.3440.8

values

AHP (kJ mol™1)=1369.8+21.9-(1728.3+40.8)= —(358.5+46.3)

AHg(mean) = X, (AH?°/82)/2.(1/67) (5)
The standard deviation 8, of the mean was obtained from
S ={1/2(1/82)}\? (6)

In this way, the mean value of the standard molar enthalpy of formation of
Hf;Ge, was found to be given by
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AH P (Hf;Gey) = —(373.2 £ 39.5) kJ mol™!

We tried a similar treatment for Ta;Ge,, and obtained a single phase by arc
melting. However, we have not as yet found a suitable solvent for Ta;Ge,.

In the direct combination experiments iridium or platinum powder and
germanium powder were weighed carefully in the desired ratios and mixed
thoroughly. These mixtures were compressed into 4 mm diameter pellets.
The pellets were dropped from room temperature into the calorimeter at
1473 + 2 K and the enthalpy effects were measured. After the measurements,
the alloy products were removed from the crucible, broken into pieces of
suitable size, and then used for the heat content measurements. These
procedures can be expressed by the following equations, here shown for
PtGe as an example.

Pt(s, 298 K) + Ge(s, 298 K) — PtGe(1, 1473 K) N
and
PtGe(s, 298 K) — PtGe(1, 1473 K) (8)

From reactions (7) and (8), we obtain

Pt(s, 298 K) + Ge(s, 298 K) — PtGe(s, 298 K) )
Thus, the standard enthalpy of formation is obtained from

AHP(PtGe) = AH (7)) — AH(8) (10)

After the experiments the reaction products were examined by SEM and
EDX and by powder X-ray diffraction. The examinations indicated only one
phase in the PtGe sample, and a minor presence of Pt;Ge in the Pt,Ge
sample. This does not influence the heat content of Pt,Ge significantly. For
the IrGe sample, 23% of the Ir,Ge; phase was found in the analysis. For
this reason we made another series of measurements on IrGe using sol-
ute—solvent drop calorimetry.

The experimental results are summarized in Tables 4 and 5 for IrGe,
and in Tables 6 and 7 for PtGe and Pt,Ge respectively. Finally, the standard
molar enthalpies of formation of IrGe, PtGe, and Pt,Ge were found to be
as follows:

AHP(IrGe) = — (66.2 + 11.8) kJ mol~!
AHP(PtGe) = —(90.8 +2.4) kJ mol~!
AHP(Pt,Ge) = —(111.3+ 4.7) kJ mol ™!

The value for IrGe is the average of the two results obtained by the direct
combination method and by solute-solvent drop calorimetry.

Figure 1 shows the standard enthalpies of formation of some 5d transition
metal germanides. Because the compositions of the compounds are different,
AH¢ is given in kilojoules per gram-atom. Tungsten and rhenium do not
form compounds with germanium at the considered compositions. We
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TABLE 4
Standard enthalpy of formation of IrGe by the direct combination method at 1473+2 K

Experiment n(Ir) n(Ge) n(IrGe) AH s AHL(T) AH . (8)
(ramol) (mmol) (mmol) (0))] (kJ mol ™) (kJ mol~")

1-1 1.0169 1.0169 - —-3.5 -3.4 -

1-2 2.0338 2.0338 - —-8.9 —4.4 -

1-3 1.9918 1.9918 - —~4.4 —-2.2 -

1-4 2.0693 2.0693 -~ -6.9 -3.3 -

1-5 2.0757 2.0757 - -7.8 -3.8 -

2-1 - - 1.1313 75.4 - 66.1

2-2 - - 1.9110 123.3 - 64.5

2-3 -~ - 1.8174 113.2 - 62.3

2-4 - - 2.0674 131.6 - 63.7

2-5 - - 2.0315 128.2 -, 63.1

Mean -3.4+0.8 64.0+1.7

values

AHP (kJ mol™')=—-3.4+0.8—(64.0+1.7)=—(67.4+1.8)

TABLE 5

Standard enthalpy of formation of IrGe obtained by generating the liquid alloy Nij 50Geg 451rg.05
at 1473+2 K

Experiment n(Ni) n(Ge) n(Ir) n(IrGe) AH AH (D) AH(2)
(mmol) (mmol) (mmol) (mmol) )] (kJ mol™"  (kJ mol™?)

1-1 3.3185 2.6548 - 0.3318 166.3 - 501.2

1-2 3.1457 2561656 - 0.3146 156.1 - 496.2

1-3 3.0884 24707 -~ 0.3088 151.8 - 491.5

1-4 2.7802 2.2242 -~ 0.2780 136.3 - 490.2

1-5 2.7930 2.2344 - 0.2793 141.0 - 504.9

2-1 3.05644 2.7489 0.3054 - 128.9 422.0 -

2-2 3.0276 2.7248 0.3028 - 129.4 427.3 -

2-3 2.9792 2.6813 0.2979 - 132.8 445.8 -

2-4 2.8403 25563 0.2840 - 124.4 438.1 -

2-5 2.9151 2.6237 0.2915 - 124.1 425.6 -

Mean 431.8+9.9 496.8+6.3

values

AH? (k] mol™?)=431.8+9.9—-(496.84+6.3)= —(65.0+ 11.7)

attempted to study OsGe by the direct combination method, but this did not
work well. The value for Hf;Ge, reported by Golutvin et al. [13](—~ 152 kJ
g-atom™!) is very different from ours, approximately double in magnitude.
Our result for PtGe agrees very well with that of Castanet [14], —46.3 kJ
g-atom ™. No experimental values for IrGe and Pt,Ge could be found in the
literature. However, the figure shows the predicted values of de Boer et al.
[15]. On the whole they agree reasonably well with our experimental values.
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Standard enthalpy of formation of PtGe by the direct combination method at 1473+ 2 K

Experiment n(Pt) n(Ge) n(PtGe) AH AH (1) AH (8)
{mmol) (mmol) (mmol) €)) (kJ mol™! (kJ mol™’

1-1 2.2876 2.2876 - 62.4 27.3 -

1-2 2.9025 2.9025 - 76.2 26.3 -~

1-3 2.8514 2.8514 - 68.1 23.9 -

1-4 2.7643 2.7643 ~ 70.2 25.4 -

1-5 2.8368 2.8368 - 73.6 26.0 -

2-1 - - 1.1228 133.6 ~ 119.0

2-2 - - 1.1171 127.7 - 114.3

2-3 - - 1.1149 127.4 — 114.2

2-4 - - 1.1295 132.5 - 117.3

2-5 - - 1.1731 136.6 - 116.5

2-6 - - 1.1558 1371 - 118.6

Mean 25.8+1.2 116.6+2.1

values

AH? (kI mol ) =258+1.2-(116.6+2.1)= —(90.8+2.4)

TABLE 7

Standard enthalpy of formation of Pt,Ge by the direct combination method at 1473+2 K

Experiment n(Pt) n(Ge) (Pt,Ge) AH AHL(7) AH(8)
(mmol) (mmol) (mumol) [6)] (kJ mol™") (kJ mol™")

1-1 0.9624 0.4812 - 14.1 29.3 -

1-2 2.7880 1.3940 - 45.8 32.8 -

1-3 2.56434 1.2717 - 40.0 31.4 -

1-4 2.4556 1.2278 - 38.7 31.5 -~

2-1 -~ - 0.6137 90.3 - 147.1

2-2 - - 0.4903 66.9 - 136.5

2-3 - - 0.9689 139.5 - 144.0

2-4 - - 1.0599 151.3 ~ 142.8

Mean 31.3+1.5 142.6+4.4

values

AHP (kJ mol™ ) =31.38+1.5-(142.6+4.4)= —(111.3+4.7)

Also, the general trend in AH;° for Me;Ge, or Me;Ge,; for 5d transition metals
in the left-hand part of the figure is quite similar to the trends for 3d and
4d transition metal germanides and silicides as shown in Fig. 2 of our recent
publication [3].
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