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The thermodynamics of ammonium
indates
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The molar heat capacity of ammonium pentabromoindate monohydrate (NH,),InBrs-H,O
was measured from 7.8 to 348 K using adiabatic calorimetry. The curve of heat capacity as a
function of temperature is continuous. There is no sign of the phase transition predicted by
Yamada and Weiss (Ber. Bunsenges. Phys Chem. 1983, 87, 932). Values of the standard molar
thermodynamic quantities for (NH,),InBr, - H,O are presented to 345 K.

1. Introduction

The isomorphic complex salts A,Inx, - H,O, where A = K, NH{, Rb, Cs; x = Cl, Br,
permit the study of the influence of the cations on the In-x bond by nuclear
quadrupole resonance (n.q.r.). The ammonium compounds (NH,),InCl; - H,O and
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(NH,),InBr;-H,O allow in addition the investigation of dynamic effects of the
NH; on the In-Br or In-Cl bonds, which can be altered by deuteration.

Recent heat-capacity measurements on ammonium pentachloroindate mono-
hydrate (NH,),InCl;-H,O revealed a small anomaly between 110 and 130 K.V
This is also the region where discontinuities appear in the slope of two of the *3Cl
n.q.r. frequencies against temperature and where the slope of the quadrupole-
coupling parameters against temperature for '*°In becomes unusually large.”® The
n.q.r. frequencies of the ammonium pentabromoindate (NH,),InBr, - H,O are also
anomalous.® Two of the ®!Br n.q.r. lines split at (82+1)K, which has been
interpreted as evidence of a phase transition.®

The structure of (NH,),InBrs - H,0 is orthorhombic at room temperature and is
isostructural with the chlorine compound.®®# Its space group is [Pnma or No. 62
D}$7 with four molecules per unit cell. The cell parameters® are a=1.4525 nm,
b =1.0574 nm, and ¢ = 0.7527 nm.

Heat-capacity measurents on (NH,),InBr-H,O are not reported in the literature
and were therefore undertaken by us as part of our on-going studies of ammonium
salts and phase transitions. The results from 7.8 to 348 K together with their
interpretation are presented here.

2. Experimental

The (NH,),InBrs-H,O sample was prepared by mixing aqueous solutions
containing stoichiometric amounts of InBr; and NH,Br and permitting the mixture
to evaporate at room temperature. A report® that the pentabromide salt is
isostructural with the pentachloride is supported by preliminary crystallographic
results, and confirmed by powder-diffraction studies of our sample. The cell
parameters of our sample®™ are a = (1.4561 +0.0002) nm, b = (1.0600+0.0002) nm,
and ¢ = (0.75440 £ 0.00008) nm.

The heat capacities were measured in the Mark X cryostat, which is a version
upgraded by addition of a guard shield surrounding the adiabatic shield of the Mark
II cryostat described previously.®® The procurement of heat capacities from about 7
to 348K was assisted by a computer,”® programmed for a series of
determinations. Throughout the drift periods, both the calorimeter temperature and
the first and second derivatives of temperature with time were recorded to establish
the equilibrium temperature of the calorimeter before and after the energy input.
While the calorimeter heater was on, the heater current, electric potential difference,
and the duration of the heating interval were obtained. Also recorded were the
apparent heat capacity of the system including the calorimeter, heater, thermometer,
and sample.

A gold-plated copper calorimeter (laboratory designation W-139) with four
internal vertical vanes and a central re-entrant well for the (heater + thermometer)
was loaded with (NH,),InBrs-H,O within a dry box. Following the loading, the
calorimeter was evacuated and pumping was continued for several hours at room
temperature until successive weighings showed that moisture was no longer freed
from the sample. Less than 20 mg of gas was evolved and was removed within the
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first hour of pumping. This suggested removal of adsorbed moisture rather than
water of hydration. Helium gas was then added to the vessel to a pressure of about
3 kPa at 300K to facilitate thermal equilibration. The vessel was then sealed by
means of an annealed gold gasket pressed tightly against the stainless-steel knife
edge of the calorimeter top by a screw closure about 5 mm in diameter.

Buoyancy corrections were calculated on the basis of a crystallographic density
3242g-cm™* derived from the results of Heyding.® The mass of
{NH,),InBrs - H,O amounted to 12.9759 g = 0.0228280 mol, based on its molar
mass of 568.432 g-mol ! calculated from the 1983 ITUPAC recommended molar
masses of the elements.

3. Results and discussion

The experimental molar heat capacities for (NH,),InBrs-H,O are presented in
table 1. There was no evidence that the C, ., values depended upon the thermal
history of the sample, so they are given in order of increasing temperature. The
probable errors in our heat capacity decrease from about 1 per cent at 10K to less
than 0.15 per cent at temperatures above 30 K. The heat capacity of our sample
represented about 50 to 90 per cent of the total measured heat capacity.

A plot of C, /R against T from 7.8 to 348 K is shown in figure 1. No obvious
A-type transition is evident. For the temperature region from 50 to 90 K, the slope
of the curve changes smoothly up to 70 K where the C, ,,/R appears to level off. At
this temperature, a slight change in the curvature causes the slope to increase. To
assess this change, a straight line was forced through the experimental C, /R points
at 50.11 and 91.22K with the resulting equation: C, ,(calc.)/R = 1.9674+
0.26806(T/K). The differences between the experimental points C, /R and those
calculated from the line C,  (calc.)/R were determined and are shown in figure 2
where error bars of 0.2 per cent accompany each point. A check of the run series
showed that the point at 67.64 K occurred at the end of a series of measurements

Table 1. Experimental molar heat capacity of (NH,),InBr; - H,O
(M =568432g mol™*, R=8.31441J-K~!-mol™})

TK C,./R TK C,./R TK C,. /R TK C,./R TK C,o/R TK C,. /R

7.75 0427 1509 2502 50.11 1540 113.89 2931 193.64 32.66 28583 3393
8.18 0475 1670 3.03¢ 5398 16.65 11970 29.83 200.65 32.62 293.08 3425
869 0546 1856 3.665 58.24 1790 125.78 3038 207.68 32.78 300.28 3445
936 0.757 2043 4312 6279 19.14 13190 30.68 21471 3297 307.56 34.64
991 0994 2266 5094 67.64 2042 138.03 3097 221.74 3301 31479 34.88
1022 1102 2522 6.051 69.71 2099 14419 3117 22877 33.03 32203 34.93
11.06 1302 2793 7.107 7513 2252 150.57 31.58 23582 33.15 329.11 3511
11.16 1320 30.83 8266 8044 2399 157.23 3189 24278 33.23 336.17 35.35
11.81  1.515 3377 9430 8580 2528 163.89 32.07 249.81 3331 34321 3560
1243 1.723  36.72 10.54 9122 2642 17059 3219 256.94 3346 34832 36.04
1260 1.769 39.88 11.73 96.85 27.31 177.32 3239 264.17 3347
1343 2010 4325 1296 102.67 28.03 18398 3248 27139 33.60
13.75 2101 46.65 1420 108.34 2871 186.75 32.62 278.60 33.71
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FIGURE 1. Molar heat capacities C, /R of (NH,),InBrs-H,O between 8 and 348 K. The region
below 20 K is enlarged in the lower right-hand corner.

TABLE 2. Standard molar thermodynamic quantities for pure (NH,),InBr-H,0; M =568.432 g mol™?,
def

p°=101.325kPa, R=8.31441 J-K~* -mol !, @3 =AL 8%, —ATHZ/T

T  Com AlSS  AHS @, T Cpom AlSe, AIHE, @2
K R R RK R K R R R-K R
5 (0.1624) (0.0541) (0.208) (0.013) 130  30.57 32.83 2315.6 15.02
10 1.046 0392 291 0.102 140 3109 35.11 2623.9 16.37
15 2478 1075  11.58  0.303 150 3156 37.27 2937.1 17.69
20 4168  2.014 2811  0.609 160 31.96 39.32 3254.9 18.98
25 5996 3134 5352 0.99%4 170 3220 4127 3575.7 20.24
30 7944 4396 8837 1451 180 3244 43.12 3898.9 21.46
35 9941 5768  133.1 1.966 190 32.64 44.88 4224.3 22.64
40 11.77 7214 1874 2.530 200 3261 46.55 4550.6 23.80
45 13.68 8709  251.0 3.132 200 32.87 48.15 4878.0 24.92
50 1537 1024 3236 3.766 20 33.02 49.68 5207.6 26.01
55 1698 1178 4045 4.424 230 33.04 51.15 5537.8 27.07
60 1843 1332 4930 5.101 240 33.21 52.57 5869.0 28.11
65 19.75 1485 5885 5.792 250 3334 53.92 6201.9 29.11
70 2106 1636  690.5 6.493 260 3347 55.23 6635.9 30.09
75 2250 17.86 7994 7.201 270 3357 56.49 6871.1 31.05
80 23.87  19.36 9153 7914 280 3375 57.72 7207.7 31.98
85 2511 2084 10378 8.631 29 3412 58.91 7546.9 32.88
90 2619 2231 11660 9.350 300 34.44 60.07 7889.7 33.77
95 2705 2375 12991  10.07 310 34.70 61.20 8235.5 34.64
100 27.73 2515 14361 1079 320 34.90 62.31 8583.5 35.49
105 2832 2652 15762  11.51 330 35.14 63.39 8933.6 36.31
110 2890 2785 17192 1222 340 3545 64.44 9286.5 37.13
115 2941 2915 18650  12.93 345 3570 64.96 9464.3 37.53
120 2986 3041 20132  13.63 298.15 34.3740.04 59.86+0.08 7826.1+11.7 33.61+0.05

125 30.26 3164 21635 14.33
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FIGURE 2. Difference plot of A= {C, —C, n{calc.)}/R from 50.11 to 91.22K where C, ,(calc.}/R
= 1.9674+0.26806(T/K) (see text). The error bars correspond to 0.2 per cent.

and the point at 69.71 K was the start of another series two days later. This lack of
overlap must temper the interpretation of these results. Yamada and Weiss®
predicted a phase transition at (824 1) K based upon their interpretation of n.q.r.
results. Our heat capacities do not support their prediction of a phase transition,
but our difference plot in figure 2 suggests a small anomaly in the region of about
60 to 85 K. Throughout this region, the times required for our sample to equilibrate
after heating were normal and identical with those at other temperatures. It would
be helpful to know what is happening to the lattice parameters and n.m.r. in this
region. Unfortunately, none of these measurements has been reported in the
literature. There is no sign of a shoulder on our heat-capacity curve for
(NH,),InBr;-H,0, as was found for (NH,),InCls-H,0. For the bromoindate
salt from 280 to 326K, there is an increase in C,, that amounts to
AH,, = 118.5 J-mol~! above the smooth background curve. It is unlikely that this is
due to water trapped within the crystal, since melting is expected to occur at
approximately 270 K. The n.q.r. frequencies and quadrupole coupling parameters
are normal in the region from 280 to 326 K.©¥

Values of the smoothed heat capacities and standard molar thermodynamic
functions obtained by integration of the smoothed resuits for (NH,),InBrs - H,O are
presented at selected temperatures in table 2. The heat capacities below 8 K were
obtained by fitting experimental values below 20K to the limiting form of the
Debye equation using a plot of C, ,,/T as a function of T? and extrapolating T—0.
Because the temperatures in this work were not low enough to reach the linear
region below the maximum in a plot of C, /T against T?, this relation could not
be used for the extrapolation.
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