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Thermodynamics of divalent-metal fluorides
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The molar heat capacity C, , of calcium hexafluorostannate CaSn,Fy was measured at
temperatures T (rom 6 K to 310 K by adiabatic calorimetry. Reproducible heat capacities were
obtained only afier cooling the sample twice to T < 150 K. The curve of heat capacity against
temperature is continuous and rises smoothly to T = 140 K, where a small anomaly appears.
Above T = 150 K, the curve resumes its smooth path. The anomaly, whose source is unknown,
ts centred at T = 143 K. The greatest difference of the curve from that defined by the curve of
the lattice vibrations is 0.01 - C, ., which lies outside the error in the measurements. The excess
molar enthalpy associated with the anomaly amounts to AlSRHZ =(13403)-R-K
(R =8.31451J-K ' -mol~ '}, while the excess entropy is zero within the experimental error of
the measurements. Smoothed values of the standard thermodynamic quantities for pure
CaSn,F, are tabulated up to T=310K and 5;(298.15K) = (33.16 +0.03)- R.

1. Introduction

Fast-ion conductors are solid electrolytes with ionic conductivities k comparable, at
the operating temperature, with proton conductivities in a strong acid,'" ie.
k=010 cm~'. More loosely, these conductors are aiso categorized as solids
with ionic conductivities comparable with those of molten salts. The ideal solid
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electrolyte shows both a high degree of ionic conductivity at T= 300K and a low
electronic conductivity typical of an insulator; the latter property is important when
the solid electrolyte is used in electrochemical cells.-3 The ability of the ions to
migrate within ionic conductors is dependent either on the existence of non-
equivalent lattice sites for the mobile species”® ® or on a structural phase
transition.” These materials are important technologically for use in electrochemical
cells'® and other electrochemical devices.!*°-12

Considerable experimental work has been directed at fast-jon conductors
containing F~. Such materials are insulators and are predicted to be among the best
anionic conductors because the anion is low in mass, smail in size, and univalent.
The studies on the metallic M** tetrafluorostannates include measurements on
electrical conductivity,"*!'” nmr,"® and heat capacity.'®*® Electrical
conductivity yields information about activation energy and bulk mobility, but fails
to differentiate between different ions moving on non-equivalent sites. The n.m.r.
results often allow identification of both the rigid and the mobile icns. However, the
effects of several interactions are sometimes superimposed, precluding an
unambiguous interpretation of 1onic movement within the crystal at the microscopic
level. On the other hand, heat capacity is a macroscopic property that reflects all the
changes occurring within the lattice and, when interpreted together with the results
from other experiments, is a powerful tool for understanding these solids and for
identifying other experiments that should be done.

As part of a continuing study of the ionic conductivities of the flnorostannates,?™
pure CaSn,Fg has been synthesized by a precipitation reaction between «-SnF,
(monoclinic) in solution and Ca(NQ;),(aq)?® The absence of thermodynamic
quantities in general, and heat capacities in particular, for this solid electrolyte
prompted us to measure its heat capacity by adiabatic calorimetry at temperatures T
from 6 K to 310 K.

2. Experimental

The sample of CaSn,F,; was provided by Dr G. Denes of Concordia University,
Montreal, Canada. The Guinier—de-Wolff diffraction pattern of the CaSn,F, sample
as received by us matched the pattern for the compound described in reference 24.
This compound is not yet included in the listing of the Joint Committee for Powder
Diffraction Standards. Tts structure has not been assigned?® since the available
software was inadequate to index the powder diffraction pattern, but the symmetry is
thought to be lower than tetragonal.

The molar heat capacity C, ,, was measured by us jrom T=6 K to T=310K by
adiabatic calorimetry in the Mark XIII adiabatic cryostat, which is an upgraded
version of the Mark II cryostat described previously.** A guard shield was
incorporated to surround the adiabatic shield. A Leeds and Northrup capsule-type
platinum resistance thermometer (Laboratory designtion A-5) was used for the
temperature measurements. The thermometer was calibrated at the U.S. National
Bureau of Standards (N.B.S., now WNIST)} against the TPTS-1948 (as revised in
1960)26} for temperatures above 90 K, against the N.B.S. (NIST) provisional scale
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from 10 K to 90 K, and by the technique of McCrackin and Chang®”* below 10 K.
These calibrations are estimated to reproduce thermodynamic temperatures to
within 0.03 K between 10 K and 90 K and within 0.04 K above 90 K.** The efiects
of changing the temperature scale to ITS-90 vary over the range 90 < T/K < 350
from 0.020 ={Tyo- Tye)/K = —0.27, and for the range 14<T/K <350 from
—0.008 <(Tyo— Tos)/K < 00182939 Here T,, T.s, and T,s refer to the
temaperatures defined, respectively, by the 1TS-90, the National Bureau of Standards
(N.B.S.) Temperature Scale of 1955, and the IPTS-48. The changes in heat capacity,
enthalpy, and entropy resulting from the conversion from IPTS-68 to ITS-90 have
been shown?® for a number of materials to lie within the experimental error of the
measurements over the range from T = 16 K to T = 2800 K. Measurements of mass,
current, potential difference, and time were based upon calibrations done at N.B.S.
(NIST). The measurement procedures that lead to the determination of the heat
capacity are described in detail in references 31 and 32.

A gold-plated copper calorimeter (laboratory designation W-99) with four internal
vertical vanes and a central entrant well for (heater + thermometer) was filled with
CaSn,F,. After loading, the calorimeter was evacuated and pumping was continued
for several hours to ensure that moisture was no longer present in the sample. After
addition of helium gas to the vessel (p=4.7 kPa at T =300 K) to facilitate thermal
equilibration, the calorimeter was sealed by means of an annealed gold gasket
pressed tightly on to the stainless-steel knife edge of the calorimeter top with a screw
closure about 5 mm in diameter.

Buoyancy corrections were calculated on the basis of the experimentally
determined®*) density of 4.28 g-cm™>. The mass of the CaSn,F, was 17.0841 ¢
{=0.0436387 mol, based on a molar mass of 391.4884 g-mol~! calculated from the
1985 TUPAC recommended values).*

The thermal history of the CaSn,F; is represented by the following linear array.
The arrows denote either cooling or heating, and correspond to the acquisition of the
heat-capacity results.

00K 55K =5 104 K =5 103K — 194 K
121K =5 [S7TK —589K — 105K —540K —5
Series HI Series 1V Series ¥
10 h
228K — K LN J13K.
Series VI
3. Results

The ¢xperimental molar heat capacities for CaSn,F, are presented in table 1 where
the temperature T represents the midpoint of the temperature intervals. The
measurements were made in seven serics spanning the interval T=5K to T=313 K.
The standard errors in our heat-capacity values vary from =001-C,  at T=10K
to £0.005-C, ,, at T=25K, The heat capacity of the sample amounted to about
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TABLE 1. Experimental molar heat capacity of CaSn,F,
(M =391.48841 g-mol~*; R=831451J-K~'-mol~1)

T/K  C,./R T/K  C,u/R T/K  C,./R T/K  C,./R T/K  C,a/R

Series 1 51.53 7.740 171.35 2046 55.28 7446 175.21 20.78
6.22 0.0263 54.81 8.371 17638 2085 59.70 8.142 18186  21.11
8.35 0.100 58.37 9.058 18143 2115 64.39 8.89%6 18848 2154
9.00 0.141 62.14 9.794 18647 2144 69.05 9.663 19433 2190
9.74 0.205 6597 10.48 19156 2172 73.81 10.41 19945 2217

10.68 0.306 69.75 1117 Series H! 78.64 1013 204.63 2245
11.80 0.407 7384 1185 12360 1655 83.52 1183 209.80  22.68
13.08 0.545 78.18 12.55 128779 17.08 8840 1231 21498 2288
14.39 0.701 82.56  13.17 13384 1756 9332 1313 220.15 2306
15.76 0.901 87.1% 13717 136.95 17.85 98.27 1376 22531 23.22
17.18 1.113 9205 1436 138.38 1799 103.27 1432 Series VI

18.65 1.342 96,96 1493 140.38 18.26 108.29 14388 23074 2360
20.11 1.590 101.88 1550 14284  18.51 113.31 15.44 236.14 2385
21.59 1.866 Series il 14549  18.68 11832 1599 24182 2412
23.22 2.142 10556  16.07 148.20  18.85 12335 1654 24751 2432
24.98 2.469 110.50  16.64 150.7t 19.05 128.41 17.04 25323 2452
26.74 2.827 11552 17.18 153.12 1924 13348 1754 25896 2471
28.53 3.160 12048  17.69 155.59 19.43 13704 1788 264.67 2490

30.35 3.533 12547 1816 Series 1V 139.09 1813 27036 2507
3218 3889 130.48 18.59 91.99 13.00 14115 1847 27607 2526
3386 4.256 13550 19.02 97.07 13.74 14322 18.63 28177 2544
3545 4.573 140.53 19.60 102,07 14.27 14529 1872 287.44 2564
37.54 5.02t 145.71 19.63 Series V 14735  18.84 29312 2582

40.18 5.549 15081 19.06 43.12 5.458 150.71 19.05 29885 2598
42,90 6,088 15608 1946 4542 5.810 155.82 1946 30455 2612
45.67 6.616 161.19  19.85 47.81 6.169 16194 1990 jto2s 2624
48.48 7.151 16630  20.18 5111 6.739 168.57 2032

0.52 to 0.76 of the measured total heat capacity away from the regions of the
anomalies.

The sample was supplied as a fine white powder and was judged not to require
further grinding. Because CaSn,F; is sensitive to moisture,?*' the sample was
handled within a dry box. Particle size and thermal history are factors that influence
hysteresis effects in some salts. Morphee and Staveley discovered that the apparent
heat capacities of NH,PF; and RbPF,,** as well as those of (NH,),SnClg, K,SnCly,
and Rb,SnCl,,2* were diminished by repeated cooling to temperatures of liquid
nitrogen or liquid air. Reproducible results were obtained only after repeated
cooling. In the case of NH,PF,, the curve through their first values of heat capacity
diverged gradually upwards from the points taken as the final values, and amounted
to a 0.03-C, , increase at T=300K. In the nm.r. study of KPF,; and RbPF4 by
Miller and Gutowsky,*® the temperature dependence of the fluorine resonance
depended upon the particle size, and reproducible results were cbtained only after
the sample was in the form of a fine powder.

For our CaSn,Fs; sample, hysteresis was experienced for the first set of
measurements in Series I and IT from T2 30 K to T = 150 K. When the sample was
cooled for the second and subsequent times at 7' < 150 K, the C,, , results were lower
and reproducibie. No differences are apparent in the regions of overlap. The values



Heat capacity of CaSn,F; 213

K
0 50 100 150 200 250 300
T T T T T T
oo
25 507 25
ooOO
(s)
oO
F
GO
&
&
20} i 420
4
[a]
o
O
° o
]
c o
oo
L 2 15
] 00@0 L
Uﬂ- 00@0 4
(s N's)
o0
(o}
o
10 ooo 3
Co
e
o
) 2
&
S
o)
g 1
&
]
0 j 1 L L L L N 0
0 50 100 0 5 10 15 20 25 30

T/IK

FIGURE 1. Experimental molar heat capacities C,  at constant pressure plotted against temperature
T for CaSn,F,. The values lying above the smooth curve at T < 150 K are due 1o hysteresis (see text). The

region T < 30 K is enlarged in the lower right-hand corner.

of our C,  from Series 1 and 11 between T =30 K and T = 150 K diverged gradually
from the points defined by the C, , from Series III through VI (0.05-C, , to
0.07-C, ). They were greater by 0.8-R at T=50K (0.12-C, ) and 1.4-R at
T=100K through T=140K {0.1-C, ,, to 0.08-C, ). Since the sample removed
from the calorimeter had the same appearance, a fine powder, as it did when placed
in the calorimeter, it seems that sampie subdivision was not a factor in the hysteresis
abserved, The fact that differences of 0.05-C, , to Q.08-C, ,, were observed before
the repeated cooling, and that after the cooling the differences were 0.001-C, . to
0.0015-C,, ,, do point to thermal history as an explanation.

A plot of experimental values of C, /R against T from 6 K to 310 K is shown in
figure 1, where the hysteresis noted above is evident. The curve of final values is
continuous and rises smoothly to T = 140 K, at which temperature an anomaly
appears. Above T = 150 K, the curve resumes its smooth path. The anomaly centred
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FIGURE 2. Experimental heat capacities C, ,, at constant pressure plotted against temperature T
through the region of the anomaly from T 138 K to T~ 148 K for CaSn,F,. —-— —, The lattice heat
capacity.

at T = 143 K is shown in detail in figure 2. The greatest difference of the curve from
that defined by the broken line of the lattice is 0.01- C,, ,, which lies outside the error
in the measurements. The excess molar enthalpy associated with the anomaly
amounts to A}3%KkH, = (1.3+0.3)-R-K. The excess entropy is zero within the
experimental error of the measurements.

The experimental values of energy and the equilibrium temperztures before and
after heating were used to calculate the experimental heat capacities. The smoothed
heat capacities were obtained by a spline-fit to the experimental resuits. Integration
of the smoothed heat capacities yielded the thermodynamic functions. Values of
Cp.m/R and the derived functions are presented at selected temperatures in table 2.
The corresponding lattice heat capacities beneath the anomaly, drawn by smooth
interpolation of the curve, are shown in parentheses and plotted in figure 2 as a



Heat capacity of CaSn,F, 215

TABLE 2. Standard molar thermodynamic functions for CaSn,Fj
{M =39148841 g mol~!; p° = 101325 kPa; R =831451 J- K~ ' mol™}; @;dEAS'S?"—A};Hf"/T}

T C,. AISS ATHE &2 T Com  AJS:  ALH [
K R R R'K R K R R R-K R
0 0 0 0 0 160 1976 1884 16804  8.342
5 {0.0101) (0.0027)  (0.0109) (0.0005) (19.76)  (18.84) (1679.1) (8.341)
10 0232 00514 0423 0.0091 170 2042 2006 18814 8996
15 0.780 0242 0870  0.0509 (2042} (2005 (1880.1)  (8.994)
20 L3570 0.568 8745 0131 180 2107 2125 20889 9644
25 2440 1.009 1877  (.258 (2107 (21.24) (2087.6) (9.642)
30 1280  1.526 3307 0424 190 2163 2240 23025 10.29
35 4100 2092 51,52 0620 (21.63)  (2239) (2301.2) (1028)
40 4930 2693 7410 0841 200 2220 2353 25216 1092
45 57310 3320 1007 1.081 (22200 {2352) (2520.3) (10.92)
50 6550 3966 1314 1.337 210 2268 2462 27461 1155
55 7370 4628 166.2 1.605 (22.68) (24.61) (2744.8) (11.54)
60 8190 5304 2051 1.885 220 2309 2569 29750 1216
65 9000 5997 2481 2.174 (23.09)  (2568) (2973.7) (12.16)
70 9810 6688  295.1 2472 230 23.55 2672 32081 127
75 10.59 7392 346.1 2776 (23.55) (2671} (32068} (12.77)
80 11.33 8099 4009 3.087 240 2402 2774 34460 1338
85 12,03 8806 4593 3402 (2402) (2773} (3444.7) (1337
90 12.72 9514 5212 3722 250 2441 2872 36882  13.97
95 1336 1022 586.4 4046 (2441) (2872) (36869) (13.97)
100 13.96 1092 654.7 4372 260 2475 2969 39340  14.56
105 1450 1161 7259 4700 (24.75)  (29.68) (39327} {14.55)
110 1506 1230 799.8 5.030 270 2506 3063 41810 1514
115 1562 1298 876.5 5.361 (2506) (3062) (4181.7) {15.13)
120 16.16  13.66 955.9 5693 280 2539 3155 44353 1571
125 1670 1433 1038.1 6.025 (2539 (31.54) (44340) (15.70)
130 1720 1499 11228 6.357 290 2572 3244 46908 1627
135 1768 1565 12100 6.689 (25.72)  (3243) (4689.5) {16.26)
140 1823 1630 12997 7.021 300 2601 3332 49495  16.82

(18.14)  (16.30) (1299.5)  (7.021) (2601}  (33.31) (4948.2) (16.82)
145 1872 1696 13924 7.352 310 2625 3418 52108 1737

(1858)  (1695) (13913)  (7.352) (2625 (34.17) (5209.5) (17.36)
150 1900 17.5¢  1486.6 7.683

(1900) (17.58) (1485.3)  (7.683) 29815 2596 3316 49014 1672

+002  +0.03 +44  £+002

4 Quantities in parentheses represent the values estimated for the lattice curve,

broken line. The heat capacities of CaSn,F, at T < 6 K were obtained by fitting our
experimental values at T < 20 K to the limiting form of the Debye equation, with a
plot of C, ./T? against T and extrapolation to T—0.

4. Discussion

The quantity measured calorimetrically is C,,, . the heat capacity of the solid or
liquid in equilibrium with its saturated vapour. For solid CaSn,F,, C,,, ,, is virtually
identical with C, , as the right-hand side of the equation:

Csat. m Cp.rn = (ap/a T)sat{(aHm/ap)T - m}' (])
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FIGURE 3. Experimental values of C, /RT? plotted against T for CaSn,F, , This work;
— — —, argon (references 38 and 39). The vertical bars indicate about 0.1-C, , and are not precision

indices.

is negligible. The pressure effect of the helium exchange gas (p = 0.2 kPa of helium at
T =20 K} on the heat capacity of solid CaSn,Fg, i.e. (8C, .,/0p)r, is also negligible.
However, analysis of heat-capacity results requires Cy ,,, which is related to C,

Com—Crv.m = Vo Ty, (2)
where o = V(@ V./0T), is the isobaric expansivity, V,, is the molar volume, and
ky=—V, '(0V,/0p); is the isothermal compressibility. Values of « and «, are

unavailable for CaSn,Fs but, fortunately, at T <20K, (C, ,—C; )= 0.
The heat capacity of an insulator at very low temperatures can be described by a

power series of the form:
Cyrm=aT>+bT +cT7+ -, (3

in which the parameters a, b, and ¢ are directly retated to the corresponding power
series for the frequency spectrum at low frequencies.®” As T—0, the lattice heat
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capacity of the crystal should become equal to that of an elastic continuum and, as
such, can be described by the “Debye T3 law:

Cy.,m=aT? (4)
O = (12n*Lk/5a)'3, )

where @ is the Debye temperature derived from heat capacity and [. and k are the
Avogadro constant and the Boltzmann constant.

A plot of C, ,./RT? against T shown in figure 3 is also useful for identifying any
non-vibrational contributions to the heat capacity at low temperatures. In the region
36 <(T?*/K?* <400, the graph of our experimental heat capacities for CaSn,Fj
resembles that for argon “*®3% and suggests that only lattice vibrations make
significant contributions to the heat capacity in this temperaturec range. By
extrapolating the points below TZ = 37 K? to intersect the C, ,/RT? axis at T? =0,
we found 10*-a/R = (0.33+0.08) K3 or 10*-a = (2.74+0.42) J-K~*-mol~". This
yields, from equation (5), @§ = (192.1 + 10.8) K, which is more than double the value
for argon at T =933 K.®® Therefore, the corresponding lattice frequency of
vibration at T-+0 must aiso be more than double that of argon. Values of &y for the
M2+ (etrafluorostannates are not available for comparison!'® 22) No other
information is available for CaSn,Fg at temperatures below 310 K. Zhu®* has
measured its electrical and ionic conductivity from T~ 310K to T 450K and,
over this range, there is no indication of a structural phase transition.

We thank Dr (5. Denes for making the sample available and providing the thesis of
Ms Zhu. We also thank Dr R. D. Heyding for determining the crystai structure just
prior to loading and Mrs J. Hale for help with the calculations. Two of us (JEC,
RDW) acknowledge the Department of National Defence (Canada) for financial
support.
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