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:Vl easurements of the heat capacity of ammonium pcntaborate tetrahydrate 
(N H,B,Os· 4H,O), potass ium pcntaborate tetrahydrate (KB50 S·4H,O), a nd sodium penta
borate pentahydrate (NaB50 S· 5H,O) were made in the range of about 15 to 370 oK and t h e 
data were used to obtain a table of smoothed values of thermodynamic fun ctions from 0 to 
370 ole The measurem ents on sodium pentaborate pentahydrate were terminated at 
345 .o K because. t h e temperature drif~·,s t hat were observed above this temperature were 
consIdered to anse from gradual volatIlization of th e waier of hydrat ion. 

1. Introduction 

As a part of the program at the National Bureau 
of Standards to provide thermodynamic data on 
boron compounds, measurements of the heat capacity 
have been made on ammonium pentaborate tetra
hydrate (NH ,BsOs·4H,O), potassium pentaborate 
tetrahydrate . (JCBsOs·4H20 ), and sodium penta
borate pentahydrate (NaBsOs· 5H,O). (H enceforth 
the abbreviations APT, PPT, and SPP will be used 
synonymously with the three respec tive alkali 
pentaborate hydrates.) These substan ces have tbe 
higbest percen tage of boric oxide (B,0 3) conten t of 
the commonly availabl e hydrated borates, The 
data were used to obtain smoothed values of heat 
capacity, enth alpy, enthalpy fun ction, entropy, 
~Ibbs (ree energy, and Gibbs free energy function 
from 0 to 370 oK. 

The hydrates of the alkali pentaborates investi
gated would be more properl~T formulated as 
(NH4)H4BsOIO·2H 20 , KH,BsOIQ·2H ,O, and NaH4BS
OI0·3H 20 . . Th e " hydrated" pentaborate ion, H 4B5-

0.10 -, consIsts of. t~o six-atom rings lying in perpen
dlcular planes Jom ed by a comm on tetrahedrally 
coordinated boron atom (1).1 Each of the four 
trigonal boron atoms is attached to two oxygen 
atoms in the ring and to a hydroxyl group 

The water of hydration (two each in ammonium and 
potassium and three in sodium pentaborate) seems 
to be associated in some way with the oxygen atoms 
of the tetrahedral boron [2, 3]. The dihydrate of 

'Former ly Jeanettc M. Hen ni ng . 
1 Figures in brackets indicate the literature references at tllc end of this pa per. 

the sodium compo und has not been isolated [3 ]. The 
tribydrate of litbium pentaborate and t he dihydrates 
of rubidium and cesium pentaborates have been 
observed [3]. The a nhydrous compound KBsOs is 
known [4] but the :whydrate of APT and SPP has 
not been isolated [3 ]. The th el'mod~'namics of 
these ' and other 11~Tdl'ated polyborates should be 
of interest for compariso n with hydr~1.ted polysili
cates, polyphosphates, and other structurally related 
substances. 

2. Apparatus a nd Method 

Th e heat-capacity m easurem ents were made in an 
adiabntic calorimeter similar in design to t lU1.t 
described previously [5]. The sample container 
was suspended wiLhin tile adiabatic silield system by 
means of a nylon string instead of tbe filling tube 
shown in the above reference. D etails of the calo
rimeter used and its operation will be described in 
a subsequent publication. 

Briefly, the sample was sealed in a copper contai ner 
of about 125 cm3 capacity. The method for fillin g 
and the subsequent sealing of the container is shown 
schematically in figure l. The sample was poured 
througb the % in. openi ng in the threaded member 
G, which was later sealed by means of a 0.01 in. 
thick gold disk F and the accessory supporting com
ponents D and E. During the scaling process, 
the mushroom-shaped member E was h eld securely 
fr:om t urnino' by means of A and B so that the gold 
dIsk F would be pressed tightly, without turning, 
against the sealing edge of G. The polished ridge 
on E decreased the " turning" friction b etween D and 
E. The screw-cap D was tightened against E by 
turning the lmurled knob of wrench C. When the 
container was sealed, the sealing assembly (A, B, C, 
and H ) was removed. Previous tests on simulated 
systems have shown that the seal was vacuum tight 
under the conditions of temperature cycling in the 
temperatUl'e range of the measurements and that 
the gold disk co uld be used three or four times or 
more without leakage. In addition a helium-gas 
leak detector was used to test the screw-cap seal 
with each sample through the auxiliary tube 1. 
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FIGURE 1. SCTew-cap seal and seal'ing assembly for lhe sample 
containm' 

A. Adjustable arrest with slot to keep rod R from turning. 
C. Wrench for turning screw-cap D. 

E. Mushroom-shaped plate that presses the gold gasket l' against the sealing 
edge of the threaded tube O. Rod B prevents E from turning. 

H. Wrench held during the seaHng process against a wrench Ilat at the base of O. 
I. Tinned copper tube for testing the screw-cap seal for vacuum and for the final 

sealing. 
J. Top edge of radially arranged, tirUled copper vanes. 

K. Heater wire for the calorimeter vessel. 
L. Copper case for the platinum thermometcr case M . 

The final seal was made by pinching and cutting 
the }{6 in. copper tubing I which was previously 
tinned on both inner and outer surfaces. The pinch
ing was done over about % in. of the tubing and 
a hot soldering tool was applied along the pinched 
portion of the tubing so that the tin on the inner 
surface would form a tight seal before the cutting 
was done at the pinched portion. Additional solder 
was applied at the cut edge as an added precaution 
against leakage. 

In order to attain a rapid temperature equilib
riulll, tinned copper vanes were arranged radially 
from the central well to the outer wall of the con
tainer and held in place by a thin coating of pure 
tin applied to the inner surfaces. The radially ar
ranged vanes were terminated in the plane indicated 
by J in figure 1 to permit easy distribution of sample 
when poured through the opening in G. A small 
quantity of helium gas was also sealed in with the 
sample to facilitate temperature equilibrium. The 
central well contained a heater-platinum resistance 
thermometer assembly (shown as K, L, and M in 
fig. 1). 

The outer surface of the container and the ad
jacent inner surface of the adiabatic shield, within 
which the contftiner was suspended by means of a 
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nylon string, were gold plated and polished to mini
mize radiative heat transfer. The space around the 
con~ainer and shield was evacuated to a pressure of 
10- 0 torr or less (1 torr = 1/760 a tm = 1 mm H g) to 
make negligible the heat transfer by gaseous con
duction and convection. During the heat-capacity 
experiments the temperature of the shield was main
tained as close as possible to that of the container 
surface by means of shield heaters and constantan
Chromel-P differential thermocouples. Two sets of 
thermocouples, one of three junctions and the other 
of two, and three individual heaters were used in 
the control of the adiabatic shield and lead-wire 
temperatures. 

The electrical power input was measured by 
means of a Wellller potentiometer in conjunction 
with a standard cell, volt box, and standard re
sistor . The volt box was assembled from two stand
ard resistors, 100 and 10,000 ohms, the voltage being 
measured across the 100-ohm resistor. Since this is 
a relatively low-resistance voltage box, the resistance 
of the potential leads to the calorimeter heater was 
determined as a function of temperature. Over the 
temperature range of measurements, the volt-box 
"factor" changed up to 2 to 3 parts in 10,000 be
cause of the change in the resistance of the potential 
leads with temperature. The volt-box factor was 
determined to better than 1 part in 105. 

The time interval of heating was measured by 
means of a precision timer operated on a 60 Hz 
frequency based on a 100 kHz quartz oscillator 
maintained at the National Bureau of Standards. 
The oscillator is stable to 0.5 ppm. The timer was 
compared periodically with seconds signals based 
also on the 100 kHz quartz oscillator. The timer 
deviations were never greater than 0.02 sec per 
heating period, which was never less than 2 min. 

Temperatures were measured by means of a 
platinum-resistance thermometer and a high-preci
sion Mueller bridge. The thermometer was cali
brated by the Temperature Physics Section of the 
NBS. The calibration above 90 OK was in accord
ance with the 1948 International Practical Tempera
ture Scale [6], and between 10 and 90 OK in accord
ance with the NBS- 1955 provisional scale, which is 
maintained by a set of platinum-resistance thermom
eters that had been compared with a helium-gas 
thermometer. 

At the Tenth General Conference held in 1954, 
the General Conference on Weights and Measures 
adopted a new definition of the thermodynamic 
temperature scale by assigning the temperature 
273.16 OK to the triple-point temperature of water 
[6] . The provisional temperature scale as it is 
presently maintained at the National Bureau of 
Standards, and referred to as degrees K (NBS- 1955), 
is numerically 0.01 deg lower than the fonner 
NBS- 1939 scale [7]. The observed temperatures 
given in this paper conform with these new defini
tions of the temperature scales. The temperatures 
in degrees Kelvin above 90 OK were obtained by 
adding 273.15 deg to the temperatures in degrees 
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Celsius (In tern ational Practical T emperature Scale 
[6]) . 

The 1961 ~\ to mic weigh ts based on C12 wer e used 
to convert t he m ass of samples invc tigated to molal 
basis [8]. 

3 . Analysis of Experimental Measurements 

Th e m easurements of h eat capacity were made in 
tbe r a nge of abou t 15 to 370 oK . Two sets of 
m easurements were made, one on th e con tain er 
fill ed wi tb sample and the other on th e emp ty 
container . The usual precaution was observed to 
m aintain the temperature increment of heating 
sufficiently small to minimize the correction for 
curvature of tbe beat-capacity fun ction. The cur
va ture correction was m ade wh erever signi ficant 
according to th e procedure previously descI~ibed [9] . 

After making the curvature corrections for t he 
two sets of m easurements, the heat-capacity values 
of the emp ty co ntain er were plotted on a large 
scale as deviations from approxim ate empiri cal 
equations. Smoothed values of the hea t capaci ty 
at equally spaced in tegral tempera tures were the'n 
ob tain ed by co mbining the smooth deviation curves 
a nd the empirical equations. Th e temperature 
ra nges of the empirical equations were overlapped 
a nd t he values that join ed most smoothly were 
selected. The smoothn ess of the tabular values 
was checked by examining th e smoothness of the 
third and four th differ ences . Wherever n ecessary 
a num erical smoothing process was employed [10] . 

The net heat capacities (heat capacity of the 
sample) were ob tain ed by subtracting the h en,t 
capacity of the emp ty con tain er from that of the 
container plus sample at corresponding temperatures. 
The values of heat capacity of th e emp ty con tainer 
were ob tained by in terpolation in the smooth ed 
t able described above. The net heat capacities 
were corrected for a ny differences in th e mass of the 
con tainer in th e two sets of m easurements. Correc
tions were made also wh erever significan t for the 
heat capacity of helium gas in the con tainer . Th e 
net values of the heat capaci ty were then fin ally 
conver ted to molal b as is rS] which ar e referred to in 
the following sections of this paper as "observed 
values of the heat capacity." The heat capacity 
of the samples in these measuremen ts was SO± 3 
percen t of th e "gross" over the en tire r ange of the 
m easurements. 

Smoo thed values of th e heat capacity of each sub
stance were then obtained a t eaually-spaced in tegral 
temp eratures by plo tti ng on a large scale th e dev ia
t ions of the observed values from empirical equ ations 
and following th e procedures similar to those pre
viously outlined for t he measurements on th e empty 
contain er. D ebye heat capacity functions, fi tted to 
the experimental values at the lower temp eratures. 
were used for extrapolation to 0 OK . 

The th ermody namic proper ties for each substance 
were derived from th e smoo thed values of the heat 
capacity by procedures previously described [11]. 

4 . Samples 

The pentaborate samples ob ta ined from the P acific 
Coast Borax Company w ere in the form of fine 
crystals. Ch emical an alyses supplied with th e 
sample are given in tables I , 2, a nd 3. Analyses for 
B20 3 , alkali oxide, a nd water were independently 
made on the samples by R . A . P aulson of the Applied 
Analytica.l R esearch Section of t he Bureau. These 
resul ts are sumrnal'ized also in tables I , 2, and 3 for 
comparison . The two sets of analyses are in fair 
agreem en t. 

The ammonia in APT was a nalyzed by distilling 
the ammonia from a sample placed in a Kj eldahl ap
pa ra tus a nd ti trat ing with 0 .1 N hydrochloric acid 
solution . The hydrochloric acid solution was stand
ardized wi th single-.crystal ammoni.um dihy?r<?gen 
phosphate from whlCh the ammOllla was dIstIlled 
from the Kj eldahl apparatus in the same m anner as 
th e APT sample. 

T A B I. E 1. Chemical analysis of ammonium penlabomle 
letmhydmte, N fl .B50 s·4II 20 
Gram molecular wcight = 272. 150 g 

Percentage 

PCBC n ' I' heoretieal 'Phis work 

(N II,hO 9.52 
n~ ~~ H ,O _________ __ _ 
CI 0. 000017 
SO, . 00006 
F e . 00005 
H eavy metals as Pb . 00015 
As,O, Less t halL _ .00002 
P, O, ____ do __ .. __ . 00005 
Mn ____ do __ .. __ .00001 

~~g'l--'-'--- .-----.. -. _._ . {~fe~a~mg ~:"~~~t i v ity 
MgO Borax Co. , methods. 
Na,O I (NH ,),O:B,O, R at io 1:5.01 

a Pacific Coast Dorax Co mpany. 

9.57 
63.96 
26.47 

1 :5 

9.43 
63.59 

1 :5. 07 

T ABLE 2. Chemical analvsis of potasshlrn pentab~rate 
tetrahydrate, KB50 S·4H 20 

K,O 
B,O, 
H , O 
Na,O 
Cl 
S O, 
SiO, 
AhO, 
F , O, 
CaO 
MgO 
As,O, 
P ,O; 
Pb 
iVln 
K,O:D,O, 

Gram molecula r weigllt=293.214 g 

Percentage 

--I - 'rllis wo rk 

PCDC' T heoretical 1----.---
Observed N ormal-

16. 21 
59. 31 

non e 
0. 008 
.0002 
. 0038 
. 00.51 
.0003 
. 0012 

Less t han- . 0005 
. 0007 
. 0009 
.0050 

I ,ess thall- .00001 
R a tio 1:4.95 

16.06 
59.37 
24.57 

] :5 

16.07 
59. 18 
24.63 

4:4.98 

ized 

16. 09 
59.25 
24.66 

Tota l of K ,O, H20 " and 11 ,0 . ____________________ __ _ 99.88 100.00 

a Pacific Coast Borax Company. 
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TABLE 3. 

Na,O 
B , O, 
H , O 
CI 
S03 
SIO, 
AJ,0 3 
FeZ03 
CaO 
M gO 
P , 0 5 
A s,0 3 
Pb 
Mn 
Na, O:B, 0 3 Ratio 

Chemical analysis of sodium pentaborate 
penta hydrate, N aB56s·5H20 

Gram molecular weight=295.117 g 

Percentage 

~l'his work 

PCBC- Theoretical 
Observed Normal-

ized 

10.59 10.50 10.64 10.62 
58.64 58.98 58.54 58.45 

------------ 30.52 30.98 30.93 
0.0046 
.0014 
.0014 
.0047 
.0035 
. 0080 
.0005 
. 0041 
. 0001 
. 0015 
.00025 

1:4.93 1:5 1: 4. 90 

-------
'rotal of ~a,O, B, O" and H 20 __ __ ___________ _______ 100. 16 100. 00 

a Pacific Coast Borax Company. 

The sodium and potassium in the samples were 
analyzed gravimetrically. The boron in the respec
tive pentaborate was removed by evaporating to 
dryness SLX times with hydrochloric acid and methyl 
alcohol. The borate is removed in the process as 
volatile methylborate. The NaC' or the Ket 
formed was finally ignited at 700 °0 and weighed. 

The boron was analyzed as boric acid. A sample 
was dissolved in water and the pH adjusted to 7.0. 
Mannitol was added and the boric acid titrated with 
0.1 N NaOH solution which had been standardized 
wi th pure boric acid. 

The water of hydration was determined by heat
ing a sample in a muffle furnace at 450°C until a 
constant weight was obtained. The loss of weight 
of the ammonium compound at the above tempera
ture was more than the expected amount of water. 
An additional analysis made on the substance in a 
tube furnace with a stream of dry argon also showed 
excessive loss of mass. Ievin'sh et al. [12] found 
that the last trace of water of hydration was not 
removed in APT until about 250 °0 and that am
monia began to vaporize from about 140 °0 . No 
determination of the water was, therefore, obtained 
on APT. 

The analyses on PPT and SPP were normalized 
to 100 percent shown in the last column of tables 2 
and 3, respectively. The low (NH 4)20 and B20 3 

con ten t in APT suggests that the impurity is B (OH)3' 
Similarly, in PPT the low B20 3 and high H 20 con
tent with almost the theoretical content of K20 
suggest that the impurity is B (OH)a. (The B20 3 
content is lower and H 20 content higher in B (OH)3 
than in APT, PPT, or SPP.) The high N a20, low 
B20 3, and high H 20 content in the SPP sample 
indicate that the impurity is probably N a2B407·10H20 
(borax). (Borax has a higher N a20, lower B20 3, and 
higher H 20 content than SPP.) The percentages of 

the suspected impurities calculated on the bases of 
the alkali oxide, boric oxide, and water contents 
obtained in the chemical analyses are summarized 
in table 4. 

Because of the closeness of the B20 3 content of 
B(OH)3 to that of PPT, the error in the analysis of 
B 20 3 would indicate directly the uncertainty in the 
content of B (OH)3 impurity in PPT. The com
parison of the literature values (range: 15 to 300 OK ) 
of the heat capacity of B (OH)3 [13] with the observed 
values of the PPT sample showed that the heat 
capacity of B (OH)3 is at most about 17 percent higher 
than PPT on the basis of mass. Considering also 
the uncertainty in the analysis of PPT for B 20 3, the 
PPT sample was taken to be 100 percent pure in 
analyzing the experimental data. 

The comparison of the observed heat capacity of 
the APT sample with that of B(OH)3 [13] showed 
that the heat capacity of the two materials differs 
generally within ± 2 percent on the basis of mass. 
Therefore, the APT sample was also considered 100 
percent pure in the analysis of the experimental data 

TABLE 4. P ercentages of the suspected impw'ities based on the 
analyses on alkali oxide , b01'ic oxide and waler contents 

M ethod of Analysis 
Compoun d Impurit y 

:M 20 11,0 
--------_._------ ---------
AP'r ___ . __ . __ . __ B (Oll la ___ . ___ _ .____________ 1.4 
Pp 'r_____________ B (OII )3_____________________ - 0. 2 
Spp ___ __ ________ Na, B, O, ·10H 20 ____________ 2. 1 

4.8 
2.6 
2.4 

0.4 
2.5 

No heat-capacity data on borax were found in the 
literature. The heat capacity of SPP and borax 
was assumed the same on the basis of mass. 

5. Results 

5.1. Ammonium Pentaborate Tetrahydrate, 
NH4B50 S.4H20 

A 126.557 g sample of APT was investigated in 
the range 11 to 370 oK. The observed values of 
molal heat capacity are given in table 5, and plotted 
in figure 2. Values of molal heat capacity and de
rived thermodynamic functions were obtained at 
equally spaced integral temperatures. These are 
listed in table 6. 

5.2. Potassium Pentabora.te Tetrahydrate, 
KB50 g-4H20 

A 141.366 g sample of PPT was investigated from 
about 17 to 370 ole The observed values of molal 
heat capacity are listed in table 7 and plotted in 
figure 3 to show the general shape of the heat
capacity curve. Smoothed values of the heat 
capacity obtained from the experimental data and 
derived thermodynamic functions are listed in 
table 8. 
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T.~ BLE 5. Obse1'ved heat capac dies of ammonium pentaborale 
letrahydrate ( N114B50 s-41 J 20 ) 

Orall1ll1olecl1lar wcigh t=272.150 g, T dcg K = t c1cg C + 273.1 5 

Run r a Cpb Run 7' n Cpb 

Ko. No. 

o J{ J dcy-l mote- 1 o K J dty- l lftole- 1 

1 '52. 379S 82.092 4 154.0512 216.64 
55.4564 87.804 158.8058 221. 58 
59.8250 95.826 163.5319 226.65 
64 .6501 104. 25 168.2332 231. 54 
68.9856 111. 18 172.8415 236.31 
73.0430 Iii. 29 177.5292 241. 08 
77.3063 123.76 182.2946 246.17 
81. 7702 130.41 186.9958 250. 78 

191. 6386 255.56 
2 11.4684 4.268 

12.2470 5.041 5 185.3702 248.91 
12.9902 5.857 188.8388 252.08 
13. 7754 6.831 193. 3818 257.29 
14.6079 7.881 198.9176 262.78 
15.5078 9. 139 205. 4147 269. ~2 
16.4598 10.516 211. 7558 275.38 
17. 5058 12. 118 218.4874 282.04 
18.7824 14 . 174 225. 5958 289.18 
20.1 809 16.554 232.5298 295. 51 
21. 5636 19.032 239.3223 302.38 
23.0268 21. 736 246. 0784 ;108.92 
24.5876 24.749 253.7222 3IG.48 
26.2042 29.9(;4 260.8091 322.92 
~7. 9198 31. 402 2(i7.2680 328.97 
29.9899 35.709 273.6075 335.09 
32. 1900 40.385 279.8340 340.69 
34.2854 43.807 
36.6468 49.984 6 277. 7998 338.07 
39.7470 56.529 285.7512 345.54 
43.5102 64.396 293.5821 352.74 
47.0718 71. 681 301. 250S 359.45 
50.7106 78.998 308.7752 300.45 
53.3932 84.159 316.1723 373. 00 
56.3964 89. 765 323.4430 379.46 
60.7088 97.628 330.5918 385. n 

337. 631S 391. 78 
3 79.7048 126.60 344.9387 397.07 

83.7367 132.96 352.4211 404. G4 
87.8826 13S.91 359.6954 410.85 
91. 8441 144.06 366.8040 4 17.6'1 
95.6(;42 148. 85 
99.3504 153.49 7 127.8625 187.44 

102.9710 157.99 134.7264 195.30 
106.5092 162.33 141. 6874 203.00 
110.2500 167.37 147.7845 209.64 
114. 1999 171. (;4 153.2160 215.54 
118.1925 176.34 158. 4969 221.1 9 
122.2382 181. 13 
126. 1821 185.61 

~-

a T is the mean temperature of the heating interval. 
b Cp is the observed mean heat capacity oyer the interval. 
c rl1hc temperatures given arc hr licv('d to be accurate to 0.01 OK. rrhe figures 

beyond the second decimal arc Signi fi cant onl y insofar as small temperature 
difTcrel1c('s are concerned . 

5.3. Sodium Penta borate Pentahydrate, 
NaBsOs · 5H20 

A 177.320 g sample of SPP was investigated. 
Downward temperature drifts were observed in the 
measurements above 345 Ole Blasdale and Slansky 
[14] reported that SPP could be heated in an open 
container up to 70°C without appreciable loss in 
weigh t, but when heated to 116°C it formed a viscous 
liquid and began to lose water. On the bases of the 
observations of Blasdale and Slansky and of the 
high sensi tivi ty of th e calorimeter to any heat 
effects (0.000] W or smaller), it seems likely that 
the downward temperature drifts observed are du e 
to gradual dehydration of the SPP sample. There
fore, the data above 345 OK are considered inaccura te 
and are not reported. The observed molal values 
of heat capacity are given in table 9 a nd plotted in 
figure 4. The derived thermodynamic properties 
are listed in table 10 front 0 to 345 oK, 
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TABLE 6. l)!fola! thermal functions for ammonium pentaborate 
tetrahydrate (N H4B 50 S·4H zO) 

Gram molecular weight=272.150 g, T deg K=t deg C + 273.15 

T Cp (HT- Tl~) (Flr-H~) 
ST -(Or-H g) 

-(OT-Fl~) 
T T 

---

° T( J jdeq J Jjdeg Jjdeg J J jdeg 

0.00 0.000 0.000 0.000 0.000 0.000 0.000 

5.00 0.327 0.405 0.081 0.107 0.131 0. 026 
]0.00 2.607 6.532 0. 653 0.870 2.165 0.216 
15.00 8.224 32.215 2.148 2.876 10.924 0.728 
20. 00 16.386 93.166 4.658 6.326 33.363 1. 668 
25.00 25.512 197.30 7.892 10.936 76.105 3.044 

30.00 35.709 350.05 11.668 16.478 144. 29 4.810 
35.00 46.371 j55.11 15.860 22.779 242.15 6.918 
40.00 57.033 813.76 20.344 29.670 373. 06 9.326 
45.00 67.437 1125.0 25.001 36.991 539.56 11.990 
50.00 77.514 1487.6 29.752 44.621 743.49 14.870 

55.00 87.128 1899.4 34.535 52.464 9R6.13 17.930 
60.00 96.263 2358.1 39. 301 60.440 1268.3 21. 139 
65.00 105.01 2861. 5 44.024 68.495 1590. 7 24.472 
70.00 112.74 3406.2 48.660 76.564 1953.3 27.905 
75.00 120.20 3988.6 53.181 84.598 2356.2 31.417 

80.00 127. 77 4608.6 57.6OB 92.598 2799.2 34.991 
85.00 134.71 5265.0 61. 941 100.55 3282.1 38.613 
90.00 141. 61 5955.9 66.176 108.45 3804.7 42.274 
95.00 148.07 6680.2 70.318 116.28 4366.5 45.964 

100.00 154.32 7436.3 74. 363 124.04 4967.4 49.674 

105.00 160.46 8223.3 78.317 J31. 71 5606.8 53.398 
110.00 166. 50 9040.7 82. 188 139.32 6284.4 57.131 
115.00 In.42 9888.1 85.983 146.85 6999.9 60.868 
120.00 178.26 10765 89. 707 154.31 7752.8 64.607 
125.00 184.04 11671 93.365 161. 71 8542.9 68.343 

130.00 189. 76 1260.5 96.962 169.04 9369.8 72.075 
135.00 195.42 13568 100.50 176.31 10233 75.801 
140.00 201. 01 14559 103.99 183.51 11133 79.519 
145.00 206.55 15578 107.44 190.66 12068 83.229 
150.00 212.02 16625 110. 83 197.76 13039 86. 928 

155.00 217.44 17698 114. 18 204.80 14046 90.617 
160.00 222 . 81 18799 117.49 211. 79 15087 94.295 
165.00 228.13 19926 120.77 218.73 16163 97.960 
170.00 233.26 21080 124.00 225.61 17274 101. 61 
175.00 238.60 222.\9 127.20 232.45 18420 105.25 

180.00 243.76 23465 130.36 239.25 19599 lOB. 88 
185.00 248.86 24697 133.50 245.99 20812 112.50 
190.00 253.92 25954 136.60 252.70 22059 116.10 
195.00 258.92 27236 139.67 259.36 23339 119.69 
200.00 263.87 28543 142. 71 265.98 24652 123.26 

205.00 268.79 29875 145. i3 272.55 25998 126. 82 
210.00 273.65 31231 148.72 279.09 27378 130.37 
215.00 278.55 32611 151. 68 285.58 28789 133.90 
220.00 283.44 34016 154. 62 292.04 30233 137.42 
225.00 288.32 25446 157.54 298.47 31710 140.93 

230.00 293.20 36899 160.43 304.86 33218 144.43 
235.00 298.04 38377 163.31 311. 22 34758 147.91 
240.00 302 . 87 39880 166.17 317.54 36330 151. 38 
245.00 307.68 41406 169.00 323.84 37934 154. 83 
250.00 312.46 42956 171. 83 330.10 39568 158.27 
255.00 317. 21 44531 174 .63 336.33 41234 161. 70 
260.00 321. 93 46129 177.42 342.54 42932 165. 12 
265.00 326.63 47750 180. 19 348.72 44660 168.53 
270.00 331. 29 49395 182.94 354.86 46419 171. 92 
273. 15 334.22 50443 184.67 358.72 47543 174. 05 
275.00 335.93 5106;1 185.68 360.99 48208 175.30 
280.00 :.l40.54 52754 188.41 367.08 50029 178.67 
285. 00 345.13 54468 191.12 373.15 51879 182.03 
290.00 349.68 56205 193.81 379.19 53760 185. 38 
295.00 354.22 57965 196.49 385.21 55671 188.72 
298.15 357.06 59085 J98.17 388.98 56890 190. 81 
300.00 358.72 59747 199.16 :l9J.20 57612 192.04 
305.00 36a.20 61552 201. 81 397.16 59583 195.35 
:.l1O.00 367.65 63379 204.45 403.11 61584 198.66 
315.00 372.08 65229 207. 08 409.02 63614 201. 95 
320. 00 376.49 67100 209.69 414.92 65674 205.23 
325.00 380.87 68993 212.29 420.79 67763 208.50 
330.00 385.22 70909 214.87 426.64 69882 211. 76 
335. 00 389.57 72846 217.45 432.46 72029 215. OJ 
340.00 393.90 74804 220.01 438.27 74206 218.25 
345.00 398.21 76785 222.56 444.05 76412 221. 48 
350. 00 402.53 78786 225.10 449.81 78647 224.71 
:.l55. 00 400. 85 80810 227.63 455.55 80910 227.92 
360. 00 41 1.20 82855 230.15 461. 27 83202 231. 12 
365. 00 415. 64 84922 232.66 466.97 85523 234.31 
370.00 420.19 87012 235.17 472.66 87872 237.49 
373. 15 423.14 88340 236.74 476.23 89366 239.49 

Hg apply to the referen ce st ate of the solId at 0 oK. 

TABLE 7. Observed heat capacities of potassium pentabomte 
tetmhydrate (KB50 S·4l-I20) 

Gram molecular weight=293.214 g, T deg K=t deg C + 273 15 

Run Tn Cpb Run T ' C p b 
No. No. 

o J( J deg- l mole-1 oJ( J deg- 1 mote-1 

1 082. 3034 124.47 44. 8340 65. 552 
84.5045 127.41 47. 8084 71. 345 
87.2906 130.73 50.9450 77.261 
90.4015 134. 47 54.4675 83.506 
94.2352 138.65 58.0818 89.653 
97.7969 142. 38 61. 7500 95.681 

100.8126 145.88 65.5484 101. 56 
104.4460 149.72 4 
109.2458 154.79 57. 0740 87.903 
114. 4401 160.14 60.5248 93. 626 
119. 4561 165.24 64.0627 99. 322 
124.3238 169.94 67.7316 104. 69 

2 71. 2346 109.58 
122.5274 168.51 75.3972 )]5.25 
126.7802 172.44 80. 1645 121. 60 
132.0640 177. 73 84.6696 127. 49 
137.7528 183.65 88.9634 132.78 
143.2724 189.10 .5 
148.7043 194.28 197.9566 240.80 
154.0496 199.69 205. 1094 247. 60 
159.4711 205.37 212. 5784 254.49 
165. 1884 210.55 220. 3804 261. 68 
171.1866 215.30 228.0024 268. 67 
177. 2576 222.28 235.4532 275.46 
183.3799 227.74 242.7348 282.04 
189.7612 233. Ii 249.6717 288.22 
196.3811 239. 71 257.3066 295. 06 
203.0422 245.48 265.1866 302.01 
209.5620 251. 83 273.2946 309.20 
215.9440 258.02 281. 2286 315.99 

3 289.0028 323.08 
17.6472 11. 985 296. 6320 329.04 
19.7382 15.512 305.3462 336.59 
22. 2888 20.078 315.1084 344.83 
25.1550 25.547 324.6656 352.76 
27.8585 30.962 6 
30.2911 35.903 333.5876 360.24 
32.7529 41. 031 342.4691 367.37 
35.3106 46.382 351. 1885 374. 38 
37.6918 51. 289 359.7526 381. 26 
40.0046 56.023 368.1638 388.43 
42.2754 60.535 

II. '1' is. the mean temperature of the heating interval. 
b C p IS the observed meaI\ heat capacity over the interval. 
oThe temperatures given are believed to be accurate to 0.01 oK. The figures 

beyond the second decimal are significant only insofar as small tempera ture 
differences are concerned. . 

6. Discussion 

In a series of papers Staveley et al. [15, 16, 17] 
investigated the contribution of the torsional or 
rotational motion of the ammonium ion to the heat 
capacity of ammonium salts with large symmetrical 
anions. By investigating the heat capacity of the 
ammonium and the corresponding isomorphous 
potassium and rubidium salts the heat-capacity 
contribution from the torsional oscillation or rota
tion of the ammonium ion was estimated by sub
traction, assuming that the heat-capacity contribu
tions from Cp-Cv, internal and torsional motions 
of the anion, and the lattice vibrations were the 
same in the two salts. (Hereafter the torsional or 
rotational heat capacity contribution of the NH4+ 
ion will be designated I1CT (NH 4+).) The small 
contribution from the internal motions of the 
NH4+ ion was calculated using the assigned fre
quencies of Wagner and Hornig [18]. If the residual 
heat capacity obtained had a limiting value of 
-~R or 3R, a free rotation or a classical torsional 
oscillation, respectively, was suggested. For re
stricted rotator behavior a rise to a maximum 
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T ABLE 8. Nl olal lhennal functions f01' potassium 1Jenla
bomle tetmhydmte (KB50 S·4H20) 

Gram mo lecul ar wcight~293.214 g, Tdcg K=t deg C +273.15 

T ('p ( rrT- lfg) 
(I IT- lfg) 

ST - (G,.- II2) 
-(G,...-Tfcj) 

l' l' 

o J( J lrle{1 J J lrleg J l rleg J J lde{1 

0.00 0. 000 0.000 0.000 0.000 0.000 0.000 

5.00 .308 . 385 . on . 103 . 128 . 026 
10.00 ?460 6. 163 .616 .822 2.055 .205 
15.00 7. 871 30.557 2.037 2. 727 10.341 .689 
20.00 15.959 89. 428 4. 471 6.058 :l1. 730 1. 586 
25.00 25.240 191. 00 7.678 10. 595 72.921 2.917 

30.00 35.285 343.14 II. 438 16.080 139.26 4.642 
35.00 45.729 545.59 15.588 22.301 Z34.94 6.7 1:l 
40.00 55.941 799.91 19.998 29.078 363.20 9.080 
45.00 65. 891 1104.6 24.548 36.245 526.37 11. 697 
50.00 75. 439 1458. 2 29.164 43.686 726.10 14.522 

55. 00 84 . 423 1858. 2 33.785 51. 303 003.53 17.519 
60.00 92.753 2301. 3 38.355 59. 010 1 ~39. 3 20.655 
65.00 100.72 2785.2 42. 850 66.752 1553. 7 23.903 
70.00 107. 85 3306.9 47. 241 74.481 1900.8 27.240 
75. 00 114.70 3863.4 51. 512 82. 157 2298. " 30.645 

80.00 121. 37 4453.6 55.670 89.773 2728. 2 34.103 
85.00 127.90 50n.O 59.729 97.329 3100. 0 37.600 
90. 00 1:l3.79 573 1. 4 63.682 104 .81 3701. 4 'I I. 127 
95. 00 1:l9.39 (;4 14.5 67.521 112. 19 4244 . 0 44 .673 

100.00 144.88 7125.2 71. 252 119.48 4823.2 48. 202 

105.00 150.27 7863. 1 74. 887 126.68 5438. G 51. 797 
110.00 155.5(i 8627.7 78.434 133.80 6089.9 55. 363 
1\ 5. 00 ]Q0.75 94 18.5 81. 900 1'10.83 6776.5 58.926 
120.00 !(i5.83 10235 85.292 14 7.78 7498.0 62. 483 
125.00 170.88 11 077 88.615 154.65 8254. 1 66.033 

130.00 175.89 11 944 91. 875 16 1. 45 904 '1. 4 69.572 
135.00 180.88 12836 95.080 168. 18 9868.5 n 100 
l<l0.00 185.84 13753 98. 232 174 . 85 10726 76.61 5 
145.00 190. 78 J<\ 694 101. 3'1 18 1. '15 11617 80. 116 
150.00 195.68 15660 10'1. '10 188.01 12M 1 83.603 

155. 00 200.55 \6651 107. 4:l 194 .50 13497 87. 07(; 
100.00 205.:l9 17666 110.4 1 200.95 14'185 90.534 
165.00 210. 19 18705 113.3(; 207.3'1 J5506 93.977 
170.00 214.95 19768 11 6.28 21:l.68 \(i559 97.404 
175.00 219.70 20854 119. 17 219.98 176'13 100.82 

180.00 224.38 2 1004 122. 02 226.24 18759 104 .2 1 
185. 00 229. 05 23098 12'1. 85 232.45 19905 107. GO 
190.00 233.68 24255 127. (i(i 238.62 21083 100 96 
195. 00 238.30 25435 130.44 244.75 22291 11 4.3 1 
200.00 242.90 26638 133. 19 250.8'1 235:l0 11 7. 65 

205. 00 247.51 27864 13.,.92 256.90 24800 120.97 
210.00 252. 13 29 113 138.63 262.92 26099 124 .28 
215. 00 256.74 30385 141. 33 268.90 27429 127.58 
220. 00 261.34 31680 144 .00 274. 86 28788 130.86 
225.00 265.92 32999 146. 66 280.78 :l0177 1:l4 . 12 

230.00 270.49 34340 149.30 286.68 31596 137.37 
235. 00 275.03 35703 ] 51. 93 292.54 33044 140.6 1 
240.00 279.55 37090 154 .54 298.38 3452 1 143.84 
245.00 284.05 38499 157. 14 304. 19 36028 147.05 
250.00 288.53 39930 159.72 309.97 37563 J50.25 

255.00 292.98 41384 162.29 315. 73 :l9128 153.44 
260.00 297.4 1 42860 164.85 321. 46 40720 156.62 
265.00 301. 82 44358 167.39 327. 17 42342 159.78 
270.00 306.2 1 45878 WO.92 332.85 43992 162.93 
273.15 308. 96 46847 171. 51 336.42 45046 164.91 

275.00 310.57 47420 172. 44 338. 51 45671 166.07 
2RO.00 314.91 48984 174.94 344.15 47377 169.20 
285.00 319.23 50569 177. 44 349.76 4911 2 172. 32 
290.00 323.52 52176 179. 92 355.35 50875 175.43 
295.00 327.79 53804 182.39 360.91 52665 178.53 

298. 15 330.48 54841 183.94 364. 41 53808 180.47 
300. 00 332.05 55454 184.85 366.46 54484 181. 61 
305. 00 :l36.29 57125 187.29 371. 98 56330 184.6 ' 
310.00 340.51 58817 189.73 377. 49 58204 187.70 
315. 00 044.70 G0530 192. 16 382.97 60105 190.81 

320. 00 348.88 62264 194.57 388. 43 (;2033 193.85 
325.00 353.03 640 10 100.98 393.87 (i3989 19(i.89 
330. 00 357. 16 65794 199.38 399.29 65972 199.92 
335.00 36 1. 26 67590 20 1. 76 404.69 (;7982 202.93 
340.00 365.35 69'107 204. 14 410. 07 70019 205.94 

345.00 369.4 1 71243 206.50 415. 44 72083 208.94 
350.00 373.45 73101 208.86 420.78 74173 211 .92 
355.00 377. 46 74978 211. 21 426. 11 76290 214.90 
360.00 38 1. 46 76875 213. M 431. 42 78434 217.87 
365.00 385.42 78792 215. 87 '136 . 70 80605 220.83 

370.00 389.37 80729 218. 19 44 1. 97 82801 223.79 
373. 15 391. 83 8 1000 219.64 445.29 84199 225.64 

Il~ ap pl y to the rrfcrcnce state of t ile solid at 0 0 K. 

TABLE 9. Observed heat capacities of sodium pentabomfe 
pentahydrate (N aB,Os·5H 20 ) 

Gram m olecular weight~295. 117 g, l' dcg K=t deg C + 273.15 

Run T ' Cl'b Ruu T " Cpb 

No. No. 

o /( J derr l mole- 1 o f( J deg-' mole-' 
c 83. 4065 124. :l7 41. 5702 M. 494 

88.6085 132.06 45.7972 62.346 
92.7627 1:li.50 50.5750 71.141 
97.3204 14:l.41 55. :l838 79. 630 

101. 6895 149.00 60.4812 88. 489 
1()(i. 2244 1M.84 66. OS02 97.873 
11 0.9289 160.82 72.4908 107.81 
115. 4754 100.51 
119.8804 172. 15 58.547G 85. 150 
124. 1608 177.35 63.1808 93. 159 
128.3349 182. 27 68.3 146 101. 42 
1:l2.8928 187.80 74.2438 110.53 
137.8308 193.69 80.4 764 119.97 
142.8158 199.58 85. 5548 127.70 
148. 3402 206.04 90.3071 134.32 
1M. 2458 212.94 95.4888 141. 09 
160.0'278 219.60 6 
165.6592 226. 10 153.3534 211. 82 

159. 1856 218.60 
164. 1770 224.39 164.8744 225. 19 
169. 7858 230.82 170.4274 2:l1. 53 
175. 2371 2:l7.01 
180. 6033 242.88 161. 3418 220. i 9 
186. 1680 247.49 167.1078 227. 40 
192. 8228 255. 46 172. 5M6 233.81 
200.6042 263.77 177.9436 209.66 
2OS. 1534 274.8fi 183. 2148 245.70 
214.8802 283.:l1 188.3760 251. 54 
220.8498 290.09 193. 4302 258. 34 
226.7036 200.50 198.9778 265.70 
232.5463 :l03.08 205.5902 27:l. to 
238. 3790 :l09.68 211 . 4822 279.82 
243.8250 315. i3 216.0996 284.99 
249. 1776 32 1. 57 
2M. 9914 327. g8 278.6015 353. 16 
260.9762 334 . 45 284.7018 359.50 

3 290.6984 365. 78 
247.7 110 319.95 200.6560 371. 93 
252.7798 325. M :l0'1. 6415 :l78. 23 
258.7220 331. 00 308.5999 :l84.49 
264.6006 3:lR.25 312.8014 388.84 
270. 4336 344. 61 :l 18.60:l2 394 .92 
276. :l932 :l50.88 324.3276 401. 10 
282. 4880 :l57. :ll :l30. 4356 4OS.02 
288. 4866 :l63.57 :l37.3630 416.08 

344.9:l36 444 . 15 
15.8520 9.200 9 
17. :l346 11.104 268.9421 342.92 
18. 8288 13. :l02 270.9374 345. 18 
20.27 13 15.540 272. 9100 347. 45 
21. 8516 ]8.086 274.8890 349.51 
23. MIO 20.907 276.8471 :l51. :l6 
25. 4136 24. 192 278.7942 353.50 
27.3312 27.690 10 
29.44 77 31. 546 183.5999 246.78 
:l2.oo88 :l6.349 20'2.5076 269.22 
34.834.1 41. 750 221. :l134 290.69 
38.0104 47.805 

II T is the mean temperature of the heaLing inter va l. 
b Cp is the obsmvcd mean heat capaci ty over the interva l. 
e 'rh e tem peratures given arc be lieved to be accurate to 0.0 1° K. 'rhe figures 

beyond the second decimal arc Significa nt on ly inso far as small temperature 
d ilTcrcnces arc concerned. 

followed by a decrease to a limi t ing value with 
increasing temperature is to be generally expec ted . 

A calculation similar to those presen ted earl ier 
by Staveley et al. [15, 16, 17] was perform ed with 
the heat-capacity res ults obtain ed on APT and 
PPT. The results are shown in figure 5. APT and 
PPT are both or thorhombi c, Aba2-C~~, with crystal 
co nstants a = 1l.324 A, b= 11.029 A, and c= 9.235 A 
and a= 11.065 A, b= 11 .171 A, a nd c= 9.054 A, 
r espectively [19]. The ionic radius of ammonium 
ion is 1.48 A and that of the potassium ion is 1.33 A 
[20]. The above crystal constants indicate that 
the specific volum e of PPT is about 3 percen t smaller 
than that of APT. The forces between th e cation 
and anion are, therefore, expected to be somewhat 
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TABLE 10. M~olal thermal functions f or sodium pentaborate 
penta hydrate (N AB;Os·5H 20) 

Gram molecular weight=29.5.117 g, T deg K = t deg C + 273. 15 

T Cf' (l-IT-H~) (fh-li ~) 
8T -( 07'- ll b) -(G'r-Hij) 

T T 
--------

o J{ J jdey J J jdeg J jdeg J J jdeg 

0,00 0,000 0,000 0.000 0.000 0.000 0.000 

5.00 .303 .378 ,076 .101 .126 .025 
10.00 2.412 6.046 .605 .806 2.017 .202 
15.00 7.658 29.873 1. 992 2,667 10.136 .676 
20.00 15.102 86.499 4.325 5.874 30.976 1. 549 
25.00 23.425 182.40 7.296 10.119 70.581 2.823 

30,00 32.552 322.21 10.740 15.192 133. 55 4.45 2 
35.00 42.084 508.60 14.531 20.920 223.59 6.388 
40.00 51. 526 742.67 18.567 27. 157 343.60 8.590 
45.00 60.857 1023.7 22.749 33.766 495.77 11. 017 
50.00 70.088 1351. 2 27.023 40.658 681. 73 13.635 

55.00 78.950 1723.8 31. 342 47.755 902.69 16.413 
60.00 87.643 2140.4 35.573 54.998 1159.5 19.325 
65.00 96.143 2600.0 40.000 62.352 1452.9 22.352 
70. 00 104.00 3100.6 44.294 69.767 1783.1 25.473 
75.00 111. 63 3639.7 48.529 77.203 2150.6 28.674 

80.00 119.24 4216.9 52.711 84.651 2555.2 31. 940 
85.00 126.87 4832.3 56.850 92. IJO 2997.1 35.260 
90.00 133.89 5484.4 50.938 99.563 3476.3 38.625 
95.00 140.41 6170 3 64.950 106.98 3992.7 42.028 

100. 00 146.88 6888.5 68·885 114.35 4546.0 45. 460 

105.00 153.30 7639.0 72.752 121. 67 5136.0 48.915 
110.00 159.64 8421. 3 76.558 128.94 5762.6 52.387 
115.00 165.94 9235.3 80.307 136. 18 6425.4 55.873 
120.00 172. l1 10080 84.004 143.37 7124.3 59.369 
125.00 178.23 10956 87.651 150.52 7859.1 62.873 

130.00 184.30 11863 91. 252 157.63 8629.5 66.381 
135.00 190.29 12799 94.809 164.70 9435.3 69.891 
140.00 196.23 13766 98.326 171.73 10276 73. 403 
145.00 202.11 14761 101. 80 178.72 11153 76 914 
150.00 207.96 15787 105.24 185.67 12064 80.424 

155.00 213.76 16841 108.65 192.58 13009 83.930 
160.00 219.51 17924 112.03 199.46 13989 87.433 
165.00 225. 18 19036 115.37 205.30 15004 90.932 
170.00 230.83 20176 118. 68 213.11 16052 94.425 
175.00 236.48 21344 121. 97 219,88 17135 97.913 

180.00 242. 12 22541 125.23 226.62 18251 101. 39 
185.00 247.74 23765 128.46 233.33 19401 104.87 
190.00 253.56 25018 131. 68 240.01 20594 108.34 
195,00 259.78 25302 134.88 246.68 21801 111. 80 
200.00 266.07 27616 138 08 253.34 23051 115.26 

205.00 272.33 28962 141. 28 259. 98 24334 118.70 
210.00 278.15 30339 144.47 266.62 25651 122.15 
215.00 283.81 31744 147.65 273.23 27000 125.58 
220.00 289.39 33177 150.80 279.82 28383 129. OJ 
225.00 294.98 34638 153.95 286.38 29799 132.44 

230,00 300.53 36126 157,07 292.93 31247 135.86 
235. 00 306.06 37643 160.18 299.45 32728 139.27 
240.00 311. 56 39187 163.28 305.95 34241 142.67 
245.00 317.03 40759 166.36 312.43 35787 146.07 
250.00 322.48 42357 169.43 318.89 37366 149.46 

255.00 327.90 43983 172. 4~ 325.33 38976 152.85 
260.00 333.30 45636 175 52 331. 75 40619 156.23 
265.00 338.66 47316 178.55 338.15 42294 1.19.60 
270.00 344.01 49023 181. 57 344.53 44000 162.96 
273.15 347.36 50112 183.46 348.54 45092 16,;.08 

275.00 349.33 50756 184.57 350.89 45739 166.32 
280.00 354.62 52516 187.56 357 . 23 47509 169.68 
285.00 359.87 54302 190.53 363.56 49311 173. 02 
290.00 365.14 5611!; 193.50 369.86 51\45 176.36 
295.00 370.28 57953 196.45 376.15 53010 179.69 

29815 373.55 59125 198.31 380.10 54201 181. 79 
300.00 375.47 _19818 199.39 382.41 I 54906 183 .02 
305.00 380.68 61708 202. 32 388,66 56834 186.34 
310.00 385.91 63625 205.24 394.90 58793 189.65 
315.00 391.17 65567 208.15 401.11 60783 192.96 

320. 00 396.50 67536 211. 05 407.31 62804 196.26 
325.00 401. 96 69533 213.95 413.50 64856 199.56 
330.00 407.52 71556 216.84 419.68 66939 202.85 
335.00 413.24 73608 219.73 425.85 69053 206. 13 
340.00 419.05 75689 222.61 432.02 71197 209.40 

345.00 424.75 77798 225.50 438.18 73373 212.68 

H~ apply to the reference state of ihe solid at 0 OK. 

T 
0' HARMONIC OSCILLATOR,e~300° 
~ 21 

2R 

== 
:;:f 
~D-

~~ R 

~~ 6 
'!i.~ 

+~ 3 

=~ 
0 "'" ... 

<l 70 100 130 160 190 220 250 
TE MPERATURE, OK 

FIGURE 5. Heat capacity from the tOTSional or rotational 
motions of NII,+ ion and the heat capacity of a harmonic 
oscillator. 

different in the two salts, and the assumptions 
regarding the similarity in the contributions to the 
heat capacity other than from ~CT (NH4+) may not 
be completely valid. The internal and torsional 
motions of the anion and the water of hydration 
may be significan tly differen t in the two salts. The 
rubidium ion with an ionic radius of 1.48 A [20J would 
be expected to form a salt with crystaJ constants 
close to those of the ammonium salt, 

The results in the region of the upper temperature 
limit of measurements shown in figure 5 suggest 
that the ~CT(NH4+) in APT approximates the value 
3R of a fully excited classical torsional oscillator. 
The results reported by Staveley et a1. [15, 16, 17J 
on ammonium and rubidium salts of tetraphenyl
boron, stannic chloride, stannic bromide, and hexa
fluorophosphate are considerably below the 3R value. 
In the tetraphenylboron salt [17J Lhe ~CT (NH4+) 
is shown to be about t R at 300 OK, the upper limit 
of their measurements, and increasing. The ~CT 
(NH 4+) of both ammonium stannic cbloride and 
stannic bromide is shown to have 3, maximum 
followed by an asymptotic decrease with tempera
t ure [16J related to a hindered rotator behavior. 

If heat-capacity measurements were mad e on rubid
ium pentaborate tetrahydrate (RPT ) and the results 
used to calculate ~CT(NH4+ ) the values in the upper 
temperature region are expected to be higher than 
those shown in figure 5. The results of the heat
capacity measurements of Davies and Staveley 
[17J on ammonium, potassium, and rubidium salts 
of tetraphenylboron show that above 200 OK the 
heat capacity of the potassium salt is higher than 
that of the rubidium salt. The measurements of 
Morfee et a1. , [16] show also that the heat capacity 
of potassium stannic bromide is greater at the higher 
temperatures (above about 100 OK ) than that of 
the corresponding rubidium salt. The considerably 
higher values than 3R expected for ~CT(NH4+), if 
the heat capacity of RPT were used instead, would 
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indicate that the values close to 3R ob tained for 
~CT(NH4+) with APT and PPT measurements are 
fortuitous. For the simpler salts, for example the 
bromides [21], iodides [21 ], and ac id flu orides [22 , 
23], the heat capacities of the rubid ium salLs are 
higher than those of the potassium salLs. Tll ere
fore, it seems that the heat-capacity contr ibutions 
from the various sources in complex salts, such as 
those of the pentaborate, are dependent in a co m
plicated way on, among others, the cation present. 

The ~CT (NH4+) obtained was compared with the 
heat capacity of a harmonic oscillator. Although 
the NH4+ ion in APT is in an asymmetric environ
ment, the best average frequency was determ ined. 
In figure 5 the Einstein heat capacity with 0= 300 
deg is compared with ~ CT(NH4+ )' The values of 
~CT(NH4+) differ by + 100 percent at 10 OK and +8 
percent at 300 oK. It is seen that ~CT(NH4+ ) 
behaves considerably different from the heat capac
ity of a simple torsional oscillator. An attempt 
was also mad e to fit the ~CT (NH4+) values obtained 
by Davies a nd Staveley [17] on ammonium tetra
phenylboron, wh ere the NH/ ion is in a more 
symmetric environm ent, wit h the heat capacity of 
a barmonic oscillator. Although the agreemen t 
is better , tbe discrepancies indi cate that the oscil
lation is not simple and that the heat-capacity 
contribut ions for the constituents of a system are 
affected in a co mplicated way by any subst ituent. 

The authors are indebted to Rolf A. Paulso n of 
the Analysis and Purification Section for the chemi cal 
analyses on the samples. The gift of the samples 
investigated, by the Pacific Coast Borax Company, 
through the courtesy of M. H. P ickard, is gratefully 
acknowledged. 
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