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Heats of formation from the component oxides at 298.15°K. were obtained for strontium metasilicate, strontium ortho-
silicate, barium metasilicate, barium orthosilicate, dibarium trisilicate and barium disilicate by measuring heats of reaction 
of the silicates and oxides with hydrofluoric acid. 

This paper presents heats of formation of two 
crystalline strontium silicates (SrSiO3 and Sr2SiO4) 
and four crystalline barium silicates (BaSiO3, 
Ba2SiOi, Ba2Si3O8 and BaSi2O3). Previous papers 
from this Laboratory by Torgeson and Sahama1 

and King- contained corresponding data for some 
magnesium and calcium silicates. 

Materials and Method 
The silicates were prepared by repeated, prolonged 

sintering of stoichiometric mixtures of reagent-grade stron
tium or barium carbonate and pure quartz. In each in
stance several heats were required, with intervening grinding, 
mixing, analysis and adjustment of composition, to obtain a 
satisfactory product. 

In preparing strontium metasilicate the total heating time 
was 246 hr. between 1000 and 1350°, of which 32 hr. were 
above 1200°. The product gave an X-ray diffraction pattern 
agreeing virtually perfectly with that reported by Carlson 
and Wells.3 Chemical analysis gave 63.26% strontium 
oxide, 36.66% silica and 0.12% iron and aluminum oxides 
(theoretical analysis, 63.30%. strontium oxide and 36.70% 
silica). 

Strontium orthosilicate required four heats totaling 35 
hr. at 1200-1300°, which were conducted in a platinum 
vessel. X-Ray diffraction of the product gave no evidence 
of uncombined oxides, but the pattern disagreed with that 
of O'Daniel and Tscheischwili,4 wdio may have had a 
different crystalline variety. Analysis gave 77.51%, stron
tium oxide, 22.47% silica and 0.03% sodium oxide (theoret
ical analysis, 77.52% strontium oxide and 22.48% silica). 

The stoichiometric mixture for the preparation of barium 
metasilicate was pelletized and heated nine times for a total 
of 247 hours between 1000 and 1410°, of which 48 hours 
were above 1200°. Silverman and co-workers5 list two 
crystalline varieties of barium metasilicate. Austin6 

obtained the X-ray diffraction pattern of one variety, but 
that of the other has not been reported in the literature. 
The pattern for the present material showed no evidence of 
uncombined oxides but disagreed with that of Austin, 
indicating that it probably is the variety labeled "BaO-
SiOa(II)" by Silverman and co-workers. Analysis gave 
71.95%. barium oxide and 28.17% silica, as compared with 
the theoretical 71.85 and 28.15% . 

Barium orthosilicate was prepared in a nickel crucible; 
the stoichiometric mixture was heated five times for a total 
of 10 days at 1000-1150° and 16 hours at 1150-1300°. 
There was some attack of the crucible, making it necessary 
to discard the surface layer after each heat. The cleaned 
product gave no visible precipitate of nickel glyoxime from a 
1-g. sample. The X-ray diffraction pattern agreed with that 
reported by Austin.6 Analysis showed 83.78%: barium 
oxide and 16.39% silica, as compared with the theoretical 
83.62 and 16 .38 f , . 

The preparation of dibarium trisilicate required many 
heats and a long period of time, even though the mixture 
was strongly pelletized. The records show totals of 11 
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Research Council Bull. 118, June, 1949. 
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days at 1050°, 78 hr. at 1200°, 24 hr. at 1250°, and 6 hr. 
at 1300°. The product gave an X-ray diffraction in ex
cellent agreement with that of Austin.6 Chemical analysis 
showed 63.00% barium oxide, 37.05% silica, and 0.01% 
iron and aluminum oxides (theoretical analysis, 62.98%,. 
barium oxide and 37.02% silica). 

The stoichiometric mixture for preparing barium di
silicate was pelletized and heated for a total of 100 hr. at 
1100° and 30 hr. at 1300°. The X-ray diffraction pattern 
obtained immediately after the last heat checked that in the 
ASTM Catalog. However, the pattern changed slowly 
with time on standing at room temperature, indicating the 
compound to be unstable. In using this substance in the 
subsequently reported measurements, it was reheated to 
1300° and quenched to room temperature immediately 
before each run. Chemical analysis gave 56.05% barium 
oxide and 43.92% silica, as compared with the theoretical 
56.06 and 43.94%. 

Strontium oxide was prepared from reagent-grade stron
tium carbonate by first repeatedly boiling in water and 
filtering and then heating to 1400° until decomposition was 
essentially complete. Analysis gave 99.75% strontium 
oxide and less than 0 .1% carbon dioxide. The substance 
was kept in sealed glass bulbs before use in the measure
ments. 

Barium oxide was prepared from reagent-grade barium 
hydroxide. The latter was dissolved in water and treated 
with hydrogen peroxide to precipitate hydrated barium 
peroxide. The precipitate was dried, heated in vacuo 
to 1300° to decompose it to the normal oxide, and sealed in 
glass bulbs for preservation. Analysis of the product 
showed 0.15%. water, 0.02% silica and 0.05% barium 
carbonate as impurities. 

The heats of formation were determined by measuring the 
heats of reaction of the silicates and their constituent 
oxides with 20.1%- hydrofluoric acid at 73.7°. In all in
stances 940.1 g. of the acid was employed. The masses of 
the silicates, strontium oxide and barium oxide conformed 
stoichiometrically in each instance with 0.7420 g. of quartz, 
which was adopted as a basis. The samples were contained 
in gelatin capsules for dropping from room temperature 
(measured and correction made to 25°) into the calorimeter. 
Correction for the capsules was made from separate measure
ments of the heat of solution of gelatin under the same 
calorimetric conditions. 

The various compounds that were run picked up small 
amounts of water in handling. In each instance the amount 
of this water was determined by weight loss on ignition and 
correction was applied for it. 

I t was found expedient to mix about 0.1 g. of barium 
carbonate per capsule with the barium compounds to 
prevent clumping and therefore to obtain complete reaction 
with the acid. The heat of reaction of barium carbonate 
with the acid was determined as —31.5 cal./g. in separate 
experiments, and proper correction was applied. The 
heat of reaction of the barium carbonate was between 0.5 
and 2%; of the total heat evolved, depending upon the 
substance under study. 

The calorimetric apparatus was that described by Torge
son and Sahama1 with the modifications reported by King.2 

Measurements and Results 

All values are in terms of the defined calorie (1 
cal. = 4.1840 abs. joules). All weighings were re
duced to vacuum, and all molecular weights accord 
with the 1954-55 Report on Atomic Weights.7 

(7) Iv Wichers, THIS JOURNAL, 78, 3235 (195I)). 
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TABLE I 

HEATS OF REACTION* (CAL./MOLE) 

R e a c t i o n 

SiOo(C, 25°) + 6HF(sol, 73.7°) -* H2SiF6(SoI, 73.7°) + 2H2Ofsoi, 73.7°': 
SrO(C, 25°) -f 2HF(sol, 73.7°) -* SrF2(p, 73.7°) + H2Ofsol, 73.7°) 
2SrO(c, 25°) + 4HF(sol, 73.7°) - * 2SrF2(p, 73.7°) + 2H20(sol, 73.7°) 
BaOic, 25°) - 2HF(sol, 73.7°) ->• BaF2(p, 73.7°) - H20(sol, 73.7=) 
2BaO(c, 25°) + 4HF(sol, 73.7°) -+ 2BaF2(p, 73.7°) + 2H20(sol, 73.7°) 
SrSiO3(C, 25°) -f 8HF(SOl, 73.7°) — SrF2Cp, 73.7°) - H2SiF6(SoI, 73.7°) + 3H2OfSoI, 73.7°) 
Sr2SiO4(C, 25°) 4- lf!HF(sol, 73.7°) — 2SrF2(/-, 73.7°) 4- H2SiF6C-Ol, 73.7°) + 4H20(sol, 

73.7°) 
BaSiO3(C, 25°) + 8HF(sol, 73.7°) ~*BaF2(p, 73.7°) + H2SiF6(SnI, 73.7°) + 3H2O(SoI. 73.7°) 

Xo. of 
d e t n s . 

1 1 
11 

±11 

- 3 3 , 2 0 ) 
-65,29!) 

-131 ,070 
- 7 3 , 0 4 0 

-146,08 ' ) 
- 6 7 , 3 4 0 

-114, 
- 6 8 , JOo 

Ba2SiO4(C, 25°) + 10HF(sol, 73.7°) 

Ba2Si5O8(C, 25°) + 22HFfsol, 73.7°) • 

BaSi20.,(c, 25°) 4- 14HF(sol, 73.7°) 

-2BaF2(p, 73.7 

•2BaF2(p, 73.7( 

H2SiF6(SOl, 

3H2SiF6(SoI, 

r°) 

BaF2(p, 73.7°) 4- 2H,.SiF6(sol, 73.7! 

4H,0fsol, 
73.7°) 

) + 8H2O(SoI, 
73.7°) 

i 4- 5H20(sol, 

- I H , son 

-165 ,530 

Uncer
t a i n t y 

80 
80 

100 
120 
240 
1 10 

2' 111 
90 

110 

80 

-98,340 15!) 

E a c h h e a t of f o r m a t i o n is t h e r e s u l t a n t of m e a s u r e 
m e n t s of a series of r e a c t i o n s for w h i c h ske l e ton 
e q u a t i o n s a r e g iven in T a b l e I . T h e prec is ion u n 
c e r t a i n t i e s were c a l c u l a t e d a c c o r d i n g to t h e m e t h o d s 
of R o s s i n i a n d D e m i n g . 8 

T h e e x p e r i m e n t a l d a t a a r e g iven in T a b l e I 
w h i c h shows t h e r eac t i ons , n u m b e r s of d e t e r m i n a 
t ions , a v e r a g e h e a t va lues , a n d prec is ion u n c e r 
t a i n t i e s . I n t h i s t ab l e , " c " d e n o t e s a c rys t a l l i ne 
s u b s t a n c e , " s o l " d e n o t e s a s u b s t a n c e in so lu t ion , 
a n d " p " d e n o t e s a p r e c i p i t a t e . 

T h e h e a t of r e a c t i o n 1 is f rom t h e p a p e r of K i n g , -
w h o e m p l o y e d t h e s a m e e q u i p m e n t a n d c a l o r i m e t r i c 
c o n d i t i o n s as in t h e p r e s e n t work . 

E a c h of r e a c t i o n s 2 t o 5 were c o n d u c t e d in solu
t i o n s i den t i ca l in c o m p o s i t i o n w i t h t h e final solu
t i o n f rom r e a c t i o n 1. E a c h of r e a c t i o n s G to 11 
w e r e c o n d u c t e d in fresh ac id , w i t h o u t p r e v i o u s a d 
d i t i o n s . T h i s p r o c e d u r e is n e c e s s a r y t o p r o d u c e t h e 
e x a c t m a t e r i a l b a l a n c e in t h e s u m m a t i o n of t h e re
a c t i o n h e a t s t o o b t a i n t h e des i red h e a t s of f o r m a 
t ion of t h e s i l ica tes f rom the i r c o n s t i t u e n t oxide*!. 

T h e h e a t of r e a c t i o n 3 is n e a r l y 500 cal . m o r e t h a n 
twice t h a t of r e a c t i o n 2, s h o w i n g t h a t t h e r e is a con 
s ide rab l e c o n c e n t r a t i o n effect. O n t h e o t h e r h a n d , 
t h e c o n c e n t r a t i o n effect for r e a c t i o n s 4 a n d 5 w a s 
negl ig ib le . E l e v e n d e t e r m i n a t i o n s were m a d e of 
t h e h e a t of r e a c t i o n of b a r i u m oxide w i t h ac id con
t a i n i n g t h e p r o p e r a m o u n t of d i s so lved silica. T h e 
s a m p l e s of b a r i u m oxide were v a r i e d in size t o cove r 
t h e c o m p o s i t i o n r a n g e n e c e s s a r y t o con fo rm s toi -
c h i o m e t r i c a l l y w i t h c o m p o u n d s r a n g i n g f rom B a -
Si 2O 5 t o Ba 2 SiO 4 . N o s igni f icant d e p e n d e n c e of t h e 
h e a t of r e a c t i o n on s a m p l e size was n o t e d , a n d so 
t h e s a m e m o l a l v a l u e is u s e d in o b t a i n i n g t h e h e a t s 
of f o r m a t i o n of all t h e b a r i u m s i l ica tes . 

M e a s u r e m e n t of t h e h e a t of r e a c t i o n 11 w a s diffi
c u l t b e c a u s e of t h e p r e v i o u s l y m e n t i o n e d i n s t a b i l i t y 
of b a r i u m dis i l ica te . E v e n t h o u g h t h e s a m p l e s 
w e r e h e a t e d t o 1300° a n d q u e n c h e d t o r o o m t e m 
p e r a t u r e , t h e r e su l t s w e r e u n c e r t a i n . T h e t h r e e 
b e s t v a l u e s o b t a i n e d a r e - 9 8 , 2 2 0 , - 0 ^ . 4 7 0 a n d 
- 9 8 , 3 3 0 w i t h a m e a n of - 9 8 , 3 4 0 ± 150 cal . 

T a b l e I I i l l u s t r a t e s t h e use of t h e d a t a in T a b l e 
I for o b t a i n i n g h e a t s of f o r m a t i o n of t h e s i l ica tes 
f rom t h e i r c o n s t i t u e n t ox ides . 

(8) F. D. Rossini a n d W . E. D e m i n g , J. Wash. Acad. Sri., 29, 41(5 
I 193(1)-

TABLE II 

HEAT OF FORMATION OP SrSiO3 (CAL. /MOLE) 

(1) 

(2) 

(6) 

(12) 

Reac t ion 

SiO2(C1 25°) + 6HF(sol. 73.7°) — 
H2SiF6(SoI. 73.7°) 4- 2H20(sol. 
73.7°) 

SrO.'c, 25°) 4- 2HF(sol. 73.7°) — 
SrIVp, 73.7°) 4- H2O(SoI. 
73.7°) 

Uncer 
t a i n t y 

SrSiO3(C, 
-» SrF-. 

°) ^- SHF(sol °) 
Cu. 73.7°) + H2SiF6(SoI. 

73.7°) 4- 3II20(sol. 73.7°) 
SrO(c. 25°) 4- SiO2C-, 25°) -* 

SrSiO3C-, 25°) AZf12 = A/A -
AfA - A/A 

- 3 3 , 2 9 0 

2 9 0 

-67,340 

- 3 1 , 2 4 0 

1 1 1 ) 

160 

As t h e final so lu t ion a f te r c o n d u c t i n g r e a c t i o n s 
1 a n d 2 c o n s e c u t i v e l v in t h e s a m e ac id so lu t i on is 
i den t i ca l in c o m p o s i t i o n w i t h t h e so lu t ion a f te r 
c o n d u c t i n g r e a c t i o n 0 in f resh ac id , i t fol lows t h a t 
t h e r e a c t i o n s a n d h e a t s m a v b e a d d e d as i n d i c a t e d 
t o o b t a i n t h e h e a t of f o r m a t i o n of s t r o n t i u m i n e t a -
s i l ica te a t 25° f rom i ts c o n s t i t u e n t ox ides . 

T h e h e a t s of f o r m a t i o n of t h e c rys t a l l i ne s t r o n 
t i u m a n d b a r i u m si l icates , o b t a i n e d in th i s m a n n e r , 
a p p e a r in T a b l e I I I . B e c a u s e of t h e before m e n 
t i o n e d difficulty of m e a s u r e m e n t , i t is r e c o m 
m e n d e d t h a t t h e v a l u e for b a r i u m dis i l ica te b e 
i n t e r p r e t e d as s e t t i n g a n u n p e r l imi t (a lgebra ic ) t o 
t h e h e a t of f o r m a t i o n , r a t h e r t h a n as c lear ly de
fining i ts v a l u e . 

TABLE IH 

HEATS OF FORMATION FROM THE OXIDES (KCAI.. /MOLE) 

S u b s t a n c e _\ .7J2 ,*.!.-. S u b s t a n c e AH-!,, :,-, 

SrSiO, - 3 1 . 2 1 ± 0 . 1 6 Ba2SiO4 - 6 4 . 4 8 ± 0 . 2 8 
Sr2SiO4 - 5 0 . 0 4 ± .24 Ba2Si3O, - 8 2 . 4 2 ± .35 
BaSiO3 - 3 8 . 0 3 ± .17 BaSi2O5 - 1 1 . 2 8 ± .25 

R e l a t e d T h e r m a l D a t a . — T h e h e a t s of f o r m a t i o n 
of t h e m e t a - a n d o r t h o s i l i c a t e s of m a g n e s i u m , cal
c i u m , s t r o n t i u m a n d b a r i u m a re a s s e m b l e d for 
c o m p a r i s o n in T a b l e I V . T h e v a l u e s for t h e 
m a g n e s i u m a n d ca l c ium c o m p o u n d s a r e f rom t h e 
w o r k of T o r g e s o n a n d S a h a m a 1 a n d K i n g , - excep t 
for Ca 2 SiO 1 (Y) , w h i c h w a s de r ived f rom u n p u b l i s h e d 
d a t a of C o u g h l i n a n d O ' B r i e n of t h i s L a b o r a t o r y . 
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Rossini and co-workers9 list values leading to the 
following heats of formation from the oxides 
(kcal./mole): —24.7 for strontium metasilicate, 
— 33.0 for strontium orthosilicate, —20.7 for bar
ium metasilicate, and —24.6 for barium orthosili
cate, based upon older thermochemical work. The 
present values are considered much superior. I t is 
of interest to note that the new values become in
creasingly negative in going from magnesium to 
barium in both the meta- and ortho-series whereas 
the solder work indicated a reversal in this trend. 

Humphrey and King10 and the recent value of 
Huber and Holley11 for calcium oxide ( — 151.79 
kcal./mole) are adopted. Shomate and Huffman12 

and Holley and Huber13 have obtained values of 
the heat of formation of magnesium oxide that differ 
by only 140 cal./mole; the mean, —143.77 kcal. ' 
mole, is adopted. Values for strontium oxide 
( — 141.1 kcal./mole) and barium oxide ( — 133.4 
kcal./mole) are from NBS Circular 500.9 These 
values lead to the heats of formation from the 
elements listed in Table V, which also brings up-to-

H E A T S OF 

Substance 

MgSiO3" 
CaSiO3" 
SrSiO3 

BaSiO3 

TABLE I v 
FORMATION FROM 

(KCAL. / 

i f f 

- 8.69 ± 0.15 
- 2 1 . 2 5 ± .13 
- 3 1 . 2 4 ± .16 
- 3 8 . 0 3 ± .17 

THE OXIDES 

'MOLE) 

Substance 

Mg2SiO/ 
Ca2Si04(<3) -
Ca2SiO4(Y) -
Sr2SiO4 

Ba2SiO4 

AT 298.150K. 

AH 

-15.12 ± 0 . 2 1 
-30.19 ± .23 
-32 .7 
-50.04 ± .24 
-64.48 ± .28 

" Clinoenstatite. b Wollastonite. " Forsterite. 

TABLE Y 

HEATS OF FORMATION FROM THE 

Substance 

MgSiO3 

Mg2SiO4 

CaSiO3 

Ca2Si04(/3) 

Ca2SiO4(T) 
Ca3SiO5 

date the valu 

ELEMENTS AT 298.150K. 

(KCAL./MOLE) 
AH 

- 3 6 2 . 7 
- 5 1 2 . 9 
- 3 8 3 . 3 
- 5 4 4 . 0 
- 5 4 6 . 5 
- 6 9 2 . 6 

es eiven bv T 

Substance 

SrSiO3 

Sr2SiO4 

BaSi2O5 

Ba2Si3O8 

BaSiO3 

Ba2SiO4 

oreeson an< 

AH 

- 3 8 2 . 6 
- 5 4 2 . 5 
- 595.2 
- 9 8 0 . 0 
- 3 8 1 . 7 
- 5 4 1 . 5 

i Sahama1 

The heats of formation of the silicates from the 
oxides may be converted to heats of formation 
from the elements by means of available data for 
the oxides. In this connection, the heat of forma
tion of quartz ( — 210.26 kcal./mole) obtained by 

(9) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine and I. 
JaSe, Natl. Bur. Standards Circular 500, Feb. 1, 1952. 

and King.2 

(10) G. L. Humphrey and E. G. King, T H I S JOURNAL, 74, 2041 
(1952). 

(11) E. J. Huber, Jr., and C. E. Holley, Jr., / . Phys. Chem., 60, 
498 (1956). 

(12) C. H. Shomate and E. H. Huffman, THIS JOURNAL, 66, 1627 
(1943). 

(13) C. E. Holley, Jr., and E. J. Huber, Jr., ibid., 73, 5577 (1951). 
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Low Temperature Heat Capacities of Magnesium Diboride (MgB2) and Magnesium 
Tetraboride (MgB4) 

BY ROBINSON M. SWIFT AND DAVID WHITE 1 

RECEIVED FEBRUARY 14, 1957 

The heat capacities of magnesium diboride (MgB2) and magnesium tetraboride (MgB4) were measured in the tempera
ture range 18 to 3050K. The values of heat capacity, entropy, enthalpy and free energy function have been tabulated at 
integral values of temperature. The entropy at 298.16°K. of M"gB2 is 8 60" ± 0.04 cal. deg."1 mole - 1 , that of MgB4 is 12.41 ± 
0.06 cal. deg . - 1 mole - 1 . The heat capacity of these compounds at the lowest temperatures measured do not exhibit at T2 

relationship characteristic of some substances having a layer structure. 

Introduction 
The existence of magnesium borides with for

mulas MgB2
2'3 and AIgBr4

2 has been shown by X-ray 
diffraction studies and chemical analysis. The 
diboride has a layered structure in which hexagonal 
nets of boron atoms are separated by layers of 
magnesium atoms. The structure of the tetra
boride is not known. Recent studies have shown 
that in crystalline substances with layer structures, 
such as graphite4 and gallium,6 the heat capacity 
at low temperatures follows a T2 law, rather than 
the Debye T3 law. However, for CdI4, a compound 
having a layered structure, it has been found that 
neither the T2 nor T3 relationship was followed 

(1) Department of Chemistry, Ohio State University, Columbus, O. 
(2) V. Russell, R. Hirst, F. A. Kanda and A. J. King, Acta Cryst., 6, 

870 (1953). 
(3) M. E. Jones and R. E. Marsh, T H I S JOURNAL, 76, 1434 (1954). 
(4) W. DeSorbo and W. W. Tyler, Phys. Revs., 83, 878 (1951); 

J. Chem. Phys., 21, 1660 (1953). 
(5) W. DeSorbo, ibid., 21, 168 (1953). 

at low temperatures.6 The pronounced anisotropy 
characteristic of the graphite and gallium struc
tures does not prevail in CdI4 which may account 
for the lack of a T2 relationship in the latter case. 

The layer structure of MgB2 is more closely re
lated to that of CdI4 than that of graphite from the 
standpoint of anisotropy. However, in the case 
of MgB4, if the hexagonal boron network is re
tained, the interactions between the layers may be 
sufficiently diminished so as to lead to a T2 de
pendence in the heat capacity at relatively low 
temperatures. 

Apparatus and Procedure 
Calorimeter.—The Nernst type vacuum calorimeter 

which was used for the measurements was similar to that 
described by Johnston and Kerr7 with only minor changes 
being made in the calorimeter assembly and vacuum system. 

(6) A. S. Dworkin, D. J. Sasmor and E. R. Van Artsdalen, T H I S 
JOURNAL, 77, 1304 (1955). 

(7) H. L. Johnston and E. C. Kerr, ibid., 72, 4733 (1950). 


