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The heat of sublimation of carbon has been studied by measuring the partial pressure of carbon gas above graphite, 
tantalum carbide and tungsten carbide. The vacuum evaporation method of Langmuir was used; the temperature range 
investigated extended from 2170 to 2770°K. The partial pressures measured are of the same order of magnitude in all three 
cases. Therefore, the evaporation mechanisms of carbon from graphite and the carbides are identical. This implies that:
(1) the accommodation coefficients of carbon gas on graphite and the carbides are closely the same and between 0.1 and unity;
(2) the species in the gas are the same, the gas consisting to a considerable extent of Ci. Thus, the heat of sublimation of 
carbon is Al7j = 170 kcal./mole at 0°K.

In trodu ction
T h e  value fo r  th e  h eat o f  vap oriza tion  o f  carbon  

is n o t u n eq u iv oca lly  determ in ed , a lthou gh  m u ch  
w ork  has been  d on e on  the p rob lem . F rom  the in 
terpretation  o f  the C O  spectru m  (fo r  deta iled  dis
cussion  see G a y d o n 2b) fou r  values are possible fo r  
the h eat o f  vap oriza tion  o f graph ite to  C l  108.3, 
124.7, 141.1 an d  170.6 k ca l./m o le . T o  d ecid e  be
tw een  these va lues, a th erm od yn a m ic determ in a
tion  is necessary. F o r  the in terpretation  o f the 
data , th e  fo llow in g  qu estion s h ave  to  be  taken  in to  
a cco u n t : (1) e lectron ic  state and bon d in g  o f the 
carbon  in th e  solid  an d  gas phases, (2) m olecu lar 
species in th e  gas, (3 ) a ccom m od a tion  coefficient 
o f  carbon  gas on graph ite  surface.

T h e  grou nd  state o f  carbon  is the 3P  state. 
Sch m id  and G e ro 2 and L on g  and N orrish 3 p ostu 
lated  th at in graph ite  the carbon  is tetrava len t 
and bou n d  in th e  5S state, an d  va p orizes  to  the 5S 
state. H erzb erg 4 suggested th at a  large a ctiv a 
tion  en ergy  w ou ld  be n ecessary to  rem ove carbon  
from  the solid  6S state to  the gaseous 3P  state. 
H erzberg , H erzfe ld  and T eller5 show ed th at tw o 
C -C  bon ds h ave  to  be  b rok en  w hen  rem ovin g  the 
first carbon  a tom  from  a closed  structure co m 
pou n d  to  i y 2 fo r  the o th er carbons. T h is  suggests 
th at the d yn a m ic  va lu e shou ld  be  higher b y  3 3 %

(1 ) T h is  w o rk  w a s  s u p p o r t e d  in  p a r t  b y  th e  O ff ic e  o f  N a v a l  R e s e a rc h  
u n d e r  c o n t r a c t  w ith  T h e  O h io  S ta te  U n iv e r s it y  R e s e a rc h  F o u n d a t io n .

(2 )  (a ) R .  S c h m id  a n d  L . G e ro , Z. physik. Chem., B36, 105  (1 9 3 7 ) ;  
( b )  A .  G . G a y d o n , “ D is s o c ia t io n  E n e rg ie s ,”  2 n d  E d it io n ,  C h a p m a n  a n d  
H a ll ,  L t d . ,  L o n d o n , 1953 .

(3 )  L .  H . L o n g  a n d  R .  G . W . N o rr is h , Nature, 1 5 7 , 4 8 6  (1 9 4 6 ).
(4 ) G . H e rz b e rg , Chem. Revs., 20, 145  (1 9 3 7 ).
(5 ) G . H e rz b e rg , K .  F . H e rz fe ld  a n d  E . T e lle r , Z. physik. Chem., 41, 

3 2 5  (1 9 3 7 ) .

fo r  AHo than the static value. B rew er, G illes 
and  Jenkins6 con clu d ed  th at C (g ) is in The 3P 
state. C hu pk a  and Inghram 7 m easured th e  ion iza
tion  p oten tia l o f  C i(g ) and  fou n d  it equal to  the 
k n ow n  value fo r  the 3P  state. T h is  p roves  co n clu 
sive ly  th at C (g ) is in  th e  3P  state.

T h e  m olecu lar species in the gas are o f  im p or
tan ce because the sp ectroscop ic  values fo r  th e  dis
socia tion  o f C O  h ave to  be com b in ed  w ith  the heat 
o f vaporization  o f graphite to  C i(g ) atom s. B rew er, 
G illes and Jenkins6 m easured  th e  in ten sity  o f  the 
0 - 0  head  o f th e  Sw an ban d  o f the C 2 m olecules, 
and  fou n d  th at b e low  3 0 0 0 °K ., C 2(g ) is negligible 
com pared  to  C i(g ). H on ig 8 an d  C h u pk a  and 
Inghram 7 studied the gas b y  a  m ass spectrom eter 
and  fou n d  large am ou n ts o f  C 3 and C 2 species. 
H on ig 8 and W a e lb ro e ck 9 state  th at, in a ccord a n ce  
w ith  the th eory  o f H erzberg . H erzfe ld  and T e ller ,5 
the rate-determ in ing  step  is the vap oriza tion  o f C 2; 
th erefore an y  rate m eth od  m easures th e  h eat o f 
vap oriza tion  o f C 2.

T h e  a ccom m oda tion  coefficient enters in The d e 
term ination  o f the heat o f v a p oriza tion ; a sm all 
a ccom m oda tion  coefficient w ill g ive  a large appar
en t heat o f  sublim ation . B rew er, G illes and  Jenk
ins, com paring  their K n u dsen  effusion  results w ith 
L angm uir m eth od  data, fou n d  th at a is around 0.3. 
On the o th er hand, D oerh ard , G old fin ger and W ael
b ro e ck 10 and  W a e lb roeck 9 con clu d ed  th at a  is sm all,

(6 ) L . B re w e r , P . W . G ille s  a n d  F . A . J e n k in s , J. Chem. Phys., 16, 
7 9 7  (1 9 4 8 ).

(7 ) W . A . C h u p k a  a n d  M . G . In g h r a m , i b i d . , 2 1 , 3 7 1 , 1313  (1 9 5 3 ) .
(8 ) R .  E . H o n ig , i b i d . ,  2 2 ,  126  (1 9 5 4 ) .
(9 )  F . W a e lb r o e c k , i b i d . ,  20, 751 (1 9 5 2 ) .
(1 0 )  T .  D o e rh a r d , P .  G o ld f in g e r  a n d  F . W a e lb r o e c k , i b i d . ,  20, 7 5 7  

(1 9 5 2 ).
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less than 10-3. Further, according to Doerhard, 
Goldfinger and Waelbroeck a varies with the tem
perature so that the method used to check a (con
stancy of AHS with temperature, RT In a =  0, a =  
1) cannot be used. Furthermore, the spread in the 
values for AFC° obtained over temperature range of 
500° 11 is large, and it would mask any trend in 
A H 0° .

All the previous workers used graphite as start
ing material. In this work, we approached the 
problem by measuring the rate of evaporation of 
carbon from graphite and from two carbides, TaC 
and WC +  AV2C. The rates of evaporation from the 
three materials were compared, and answers to the 
question of molecular species and accommodation 
coefficient obtained.

TaC is cubic, having a NaCl structure. AVC is a 
simple hexagonal W  lattice, having alternate lay
ers of W and C. W 2C is, according to Westgren and 
Phragmen,12 a closed packed hexagonal AV lattice, 
the C atoms being placed interstitially as a solution 
of Cl

From the heats of formation, TaC A/ff298 = 
— 38.6 kcal./mole,13 and WC AHf298 = — 9.09 kcal./ 
mole,14 we see that the activity of carbon in TaC is 
lowered, but in WC and W 2C is almost equal to 
that in graphite.

The explanation for the vaporization of graphite, 
given by Herzberg, Herzfeld and Teller,5 requires 
a structure of odd coordination numbers, so that 
alternate atoms have different ease of removal. We 
have, according to this explanation, a hindrance, 
due to the structure of graphite, lowering the pres
sure measured dynamically by a factor of 104. 
By vaporizing carbon from TaC and W 2C, where 
this hindrance does not exist, we should get higher 
evaporation rates from TaC and W2C than from 
graphite.

If, however, the rates of evaporation from graph
ite, TaC and AVC +  W2C are of the same order of 
magnitude, then the evaporating mechanisms are 
the same on the three surfaces.

Apparatus and Experimental Procedure
The preparation of the carbides and the vaporization ex

periments were carried out in our new vapor pressure cell.15 
The temperature was measured with a disappearing filament 
optical pyrometer, calibrated against a standard lamp. 
The standard tungsten lamp had been calibrated by the 
National Bureau of Standards up to 2300°, where the un
certainty was 8°.

The graphite sample was turned from Acheson graphite 
into a cylinder, 1" high, 3/ 4" o.d. and 3/ i6" wall thickness. 
The cell was degassed at 2800°K. for 20 minutes. The 
temperature was read on the surface; to obtain the true 
temperature, the emissivity values given by the “ Interna
tional Critical Tables” were used.

TaC and AVC cells were prepared by carburizing Ta and 
W cells. Ta cells were made from Ta tubing 1" high, 
‘A" o.d. and 0.02" wall thickness, and Ta sheet 0.010" 
thick. Two holes, Vie" diameter, were drilled into the top 
surface: one at the center, one at the edge. The W cells 
were made by bending a W ribbon 0.005" thick, > / /  wide

(1 1 )  (a )  A .  L . M a r s h a ll  a n d  F . J. N o r t o n , J. Am. Chem. Soc., 72, 
2 1 6 6  (1 9 5 0 ) ;  (b) M .  F a rb e r  a n d  A .  J . D a r n e ll ,  i b i d . .  74 , 3 9 4 1  (1 9 5 2 ) .

(1 2 )  V . A . W e s tg re n  a n d  G .  P h ra g m e n , Z. anorg. allgem. Chem.. 156, 
2 7  (1 9 2 6 ) .

(1 3 )  G .  L . H u m p h r e y , J. Am. Chem. Soc.. 76 , 9 7 8  (1 9 5 4 ).
(1 4 ) F . D .  R o s s in i , el al., “ S e le c te d  V a lu e s  o f  C h e m ic a l  T h e r m o 

d y n a m ic  P r o p e r t ie s ,”  N a t io n a l  B u re a u  o f  S ta n d a rd s , C ir c u la r  N o .  5 0 0 .
(1 5 )  M .  H o c h  a n d  H .  L . J o h n s to n , J. Am. Chem. Soc.. 76 , 4 8 3 3

(1 9 5 4 ) .

into a cylinder, lA" diameter, welding the edges together, 
and wielding a top and bottom to it. A hole, approximately 
Vig" diameter, was ground in the top of the cell. These 
holes acted as the black bodies and were used to read the 
temperature. The Ta and W were obtained from the 
Fansteel Metallurgical Corporation. Before carburizing, 
the cells were degassed: Ta at 2600°K. for 0.5 hour, AV at 
2450°K. for 0.25 hour.

The cells were then packed with Acheson graphite in a 
tantalum container and heated for two hours at 2600°K. 
for TaC, and at 2350°K. for AVC except for run 15, where 
the heating was only one hour. The use of different cells 
was necessitated by the fact that small cracks developed in 
them.

In the case of TaC, different cells were used for runs 6 and
7. The small cells were used for run 8 and 9, and another 
for 10 and 11. After run 8 and 10, the cells were re-car- 
burized.

In the case of AATC, three cells ivere used: one for run 12, 
one for runs 13 and 14, and one for run 15.

The composition of the sample was calculated from the 
weight-gain during carburization. To determine the solid 
phases present, X-ray diffraction patterns were taken with a 
Philips Norelco camera, using copper radiation, after runs 
6, 9, 11 and 12, 14 and 15.

To account for the small temperature fluctuation during 
each run, for the evaporation during initial heating and for 
the small gradients in the sample, the averaging method16 
was used to calculate an “ effective area”  and an “ effective 
time.”
Experimental Results and Discussion of the Data

The experimental data are presented in Table I* 
The pressure was calculated from the rate of evapo- 
ration, using the equation p =  m/a\/2irRT/M 
where p is the pressure in atm., R is the molar gas 
constant, T is the absolute temperature, m is the 
rate of evaporation in g./sq. cm./sec. and M  is the 
molecular weight of the vapor, and a is the accom
modation coefficient.

For the case of TaC and AVC, the composition of 
the solid phase is given in the second column. To 
prove that, in the case of the two carbides, only car
bon and no metal was lost, the cells were re-carbur
ized after runs 3 and 5. On re-carburization, only 
the vaporized carbon will be replaced, and not the 
vaporized metal. The weight gain corresponded, 
within experimental error, to the weight loss dur
ing the runs. This shows that only carbon was lost.

The X-ray diffraction pattern taken on TaC 
sample showed the TaC phase; for AVC, in runs 1, 
2 and 3 the solid phase consisted of AVC and AV2C; 
whereas in run 4, due to the large AV: C ratio, the 
AV2C phase only was present.

A comparison of the evaporation rates listed in 
Table I shows that they are of the same order of 
magnitude. The measured rates for TaC and AVC 
+  AV2C are not higher than those for graphite. 
This proves that there is no important structural 
hindrance inhibiting the vaporization of graphite 
by a factor of 103 or 104. The use of this mecha
nism to derive equations for the rate of evaporation17 
does not seem justified.

Due to the lower activity of carbon in TaC, the 
gas above TaC will contain more Ci than above 
graphite and AVC +  AV2C. The rates measured for 
TaC are by a factor of 10 lower than those for 
graphite and AVC +  AV2C, which, within experi
mental error, are equal. From these results, we can

(1 6 ) G . B . S k in n e r , J . W .  E d w a r d s  a n d  H . L . J o h n s t o n , ibid., 7 3 , 
174  (1 9 5 1 ).

(1 7 ) T .  D o e rh a r d , P . G o ld f in g e r  a n d  F . W a e lb r o e c k , Bull. soc. chim. 
Beiges, 62, 4 9 8  (1 9 5 3 ).
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T a b l e  I

V a p o r  P r e s s u r e  o f  C a r b o n

R un

M ole  ratio 
m etal 
to  C

T e m p .,
“ K .

W t. loss, 
g-

E ffective
tim e,
sec.

E ffective
area,
cm .2

E vaporation  
effusion rate, 

g . /c m ./s e c .  X  iO7
P,

atm . X  107 - l o g  P

5 2171 0.0009
Above graphite 

14,286 17.6 0.0367 0.0111 8.954
2 2267 .0004 3,577 17.7 0.0649 0.0201 8.697
3 2482 .0139 3,764 17.6 2.098 0.680 7.167
4 2550 .0138 1,063 17.6 7.363 2.420 6.616
1 2743 .1866 983 17.6 108.1 36.85 5.434

9 1.00 2235 0.0009
Above tantalum carbide 

26,956 11.7 0.0272 0.0084 9.077
6 1.11 2390 .0012 14,170 11.1 0.0776 0.0247 8.608
7 1.05 2495 .0017 6,013 11.4 0.2489 0.0809 8.092
8 1.00 2546 .0093 10,834 11.3 0.7611 0.250 7.602

10 1.00 2664 .0081 2,805 11.3 2.585 0.868 7.061
11 1.00 2765 .0067 955 10.9 6.465 2.213 6.677

13 1.96 2256 0.0014
Above tungsten carbide 

30,827 5.0 0.0924 0.0286 8.544
12 1.81 2406 .0037 5,617 5.0 1.312 0.419 7.378
15 2.61 2743 .0076 436 4.9 35.57 12.13 5.916
14 1.96 2756 .0214 1,745 4.9 24.90 8.509 6.012

conclude that the accommodation coefficient of and graphite given by the National Bureau
carbon on graphite and on the carbides cannot be 
greatly different, and probably lies between 0.1 and
1.0, and that monoatomic carbon must be an im
portant species when all three vaporize.

In accordance with the above-mentioned facts 
in the calculation of the pressure, the accommoda
tion coefficient was taken as unity and the molecu
lar weight as 12, and the electronic state considered 
to'be 3P.

T a b l e  II
H e a t  o f  S u b l i m a t i o n  o f  C a r b o n

R u n
T e m p . ,

° K . -  R ln  P
A F 
T

&H°
T

From graphite
5 2171 4 0 .9 6 3 6 .9 0 7 7 .8 6 1 6 9 .0
2 2 2 6 7 3 9 .7 8 3 6 .9 1 7 6 .6 9 1 7 3 .9
3 2 48 2 3 2 .7 8 3 6 .9 3 6 9 .7 1 1 7 3 .0
4 2 5 5 0 3 0 .2 6 3 6 .9 4 6 7 .2 0 1 7 1 .4
1 2 74 3 2 4 .8 6 3 6 .9 5 6 1 .8 1 1 6 9 .5

A v .  =  1 7 1 .4  ±  2 . 2  k c a l . /m o l e

From tantalum carbide
9 2 2 3 5 4 1 .5 2 3 6 .9 0 7 8 .4 2 1 7 5 .3
6 2 39 0 3 9 .3 7 3 6 .9 2 7 6 .2 9 1 8 2 .3
7 2 4 9 5 3 7 .0 1 3 6 .9 3 7 3 .9 4 1 8 4 .5
8 2 5 4 6 3 4 .7 7 3 6 .9 3 7 1 .7 0 1 8 2 .5

10 2 6 6 4 3 2 .3 0 3 6 .9 5 6 9 .2 5 1 8 4 .5
11 2 76 5 3 0 .5 4 3 6 .9 6 6 7 .5 0 1 8 6 .6

A v .  =  1 8 2 .6  ±  2 . 6  k c a l . /m o l e

From tungsten carbide
13 2 2 5 6 3 9 .0 8 3 6 .9 1 7 5 .9 9 1 7 1 .4
12 2 4 0 6 3 3 .7 5 3 6 .9 2 7 0 .6 7 1 7 0 .0
15 2 74 3 2 7 .0 6 3 6 .9 5 6 4 .0 1 1 7 5 .6
14 2 75 6 2 7 .5 0 3 6 .9 6 6 4 .4 6 1 7 7 .6

A v .  =  1 7 3 .6  ±  2 . 8  k c a l . /m o le

The pressures obtained are plotted in Fig. 1, to
gether with the curves, which show what the pres
sure of C(g) would be if the heat of sublimation 
were 170.6, 141.7, 125.2, 108.7 kcal./mole. To ob
tain these curves, the free energy functions for C(g)

Standards were used.18

Fig. 1.—Vapor pressure of carbon.

It can be seen from Fig. 1 that all the points fall 
close to the curve, having A //0° =  170.6 kcal.

To calculate the heat of sublimation of graphite, 
the free energy function of C(g) was used for the 
gas phase. As no free energy functions are available 
for TaC or WC, in all three cases we used tie  free 
energy function of graphite for the solid phase. This 
introduces a small error in the case of the carbides. 
Table II contains the data. These data show, as 
does Fig. 1, that the heat of sublimation of graph
ite to C(g) is A#o =  170 kcal./mole.

(1 8 )  “ S e le c te d  V a lu e s  o f  C h e m ic a l  T h e r m o d y n a m ic  P r o p e r t ie s  
S eries  I I I , ”  N a t io n a l  B u re a u  o f  S ta n d a rd s .
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DIRECT DETERMINATION OF THE HEAT OF SUBLIMATION OF 
CARBON WITH THE MASS SPECTROMETER1
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The vapor pressures and the temperature dependence of the vapor pressures of C, C2 and C3 above graphite have been 
measured. The experiment involved the use of a mass spectrometer to study separately the C, C2 and C3 effusing from a 
Knudsen cell. The measurements yield values of 170, 190 and 200 kcal./mole, respectively, for the heat of vaporization of 
these species. Conflicting results of other workers are discussed.

Introduction
T h e  m ore recent a ttem pts to  determ ine the heat 

o f sublim ation  o f graph ite  d irectly  h ave been  o f tw o  
types, n am ely , m easurem ents o f the rate o f ev a p o
ra tion 3 and  m easurem ents o f the equ ilibrium  vap or 
pressure.4 In  add ition , som e experim ents have 
em p loyed  m ass spectrom etric analysis o f  the v a 
p or .6'6 T h e  rate o f  evapora tion  studies y ie ld  the 
a ctiva tion  en ergy  o f evapora tion  and various w ork 
ers report values in  th e  range 170 -180  k ca l./m o le  
fo r  this qu an tity . S tudies em p loy in g  m ass spectro
m etric analysis show  th at C  atom s and C 2 and C 3 
m olecu les are present in  com p arab le  am ounts. 
T hese m ass spectrom etric experim ents g ive  an 
a ctiv a tion  energy fo r  the su b lim ation  o f C  atom s 
o f a b o u t 177 k ca l./m o le . A ll these experim ents are 
in  agreem ent w ith  L (C )  <  180 k ca l./m o le .

S in ce rate o f  evaporation  studies y ie ld  on ly  the 
activa tion  energy fo r  evaporation , it  has o ften  been 
p roposed  th at the heat o f  sub lim ation  o f carbon  is 
con siderab ly  low er.7 S p ectroscop ic  studies o f the 
C O  m olecu le  g ive  several possible values fo r  its 
d issocia tion  en ergy .8 W h en  these are com bin ed  
w ith  oth er w ell-established th erm och em ical quan
tities, the values 170, 141 and 125 k ca l./m o le  are 
obta in ed  as possible values fo r  the heat o f sublim a
tion  o f carbon . In  order fo r  on e o f the low er values 
to  be  correct, th e  evaporation  o f carbon  atom s m ust 
take p lace w ith  a low  evapora tion  coefficient. S ev
eral m echanism s h ave  been proposed  w hich  cou ld  
cause such an e ffect.7

T h e  m easurem ents o f  the equ ilibriu m  va p or  
pressure o f  carbon , w h ich  are free o f  th e  e ffect o f 
evapora tion  coefficient, h ave generally  em ployed  
effusion  from  K n u dsen  cells. E xperim en ts o f this 
ty p e  h ave  been carried ou t b y  Brew er, et aZ.,4a and 
b y  G old finger, et a l.,ih and, as in terpreted  b y  these 
authors, in d icated  values o f  a b o u t 170 and  140 
k ca l./m o le , respectively , fo r  the heat o f  sublim a-

(1) This work was supported in large part by  a grant from the Na
tional Science Foundation.

(2) N ow with Argonne National Laboratory, Lemont, 111.
(3) (a) A. Marshall and F. Norton, J. Am. Chem. Soc., 7 2 , 2166 

(1950); (b) O. Simpson, R. Thorne and G. Winslow, ANL-4264 (1949).
(4) (a) L. Brewer, P. Gilles and F. A. Jenkins, J. Chem. Soc., 16 , 797 

(1948); (b) Th. Doerhard, P. Goldfinger and F. Waelbroeck, Bull. soc. 
chim. Belg., 6 2 , 498 (1953).

(5) W. A. Chupka and M . G. Inghram, J. Chem. Phys., 2 1 , 371 
(1953); 2 1 , 1313 (1953).

(6) R . E. Honig, ibid., 2 2 , 126 (1954).
(7) For an excellent review, see H. B. Springall, Research, 3 , 260 

(1950).
(8) A. G. Gaydon, “ Dissociation Energies,”  Dover Publications, 

Inc., New York, N. Y ., 1950, p. 175.

tion  o f carbon . P ossib le reasons fo r  th is d iscrep 
a n cy  h ave been  d iscussed .9-10 N eith er o f  these 
experim ents em p loyed  analysis o f  th e  effusing v a 
por.

In  the present w ork  an apparatus has been  de
ve lop ed  w h ich  em p loys a K n u dsen  cell togeth er 
w ith  m ass spectrom etric analysis o f  the effusing 
vap or. T h e  v a p o r  pressures o f  C , C 2 and  C 3 to 
gether w ith  tem perature dependen ces h ave  been 
m easured and  heats o f  su b lim ation  calcu lated .

Apparatus.—The mass spectrometer used was a single 
focusing 60°, 12" radius of curvature instrument which had 
a resolving power of about Vsoo for this experiment. The 
Knudsen cell assembly together with the mass spectrometer 
slit system is shown in Fig. 1. The three plates holding 
various components of the assembly are electrically insu
lated by quartz sleeves and spacers. The lowest plate sup
ports the Knudsen cell by means of three tungsten rods and 
has provisions for precise alignment of the Knudsen cell by 
use of an auxiliary jig. The Knudsen cell itself is made of 
tantalum, has an effusion hole of 0.040" diameter and is 
provided with a graphite liner. The inside area of the 
graphite liner is about 12 cm.2 so that a, the ratio of effusion 
hole area to total inside area, is about ‘ / i s o o -  The middle 
plate of the assembly holds the tungsten support rods which 
support and provide electrical leads for two tungsten fila
ments. The temperature of the cell is measured with an 
optical pyrometer, which is sighted through a quartz window 
and a series of holes in the radiation shields. By means of 
electron bombardment from the tungsten filaments, cell 
temperatures somewhat greater than 2500°K. have been 
readily attained. It was found that the oven could be 
heated to about 1200°K. by radiation alone without any 
electron bombardment. To go to higher temperatures the 
filaments and radiation shields were kept at ground poten
tial and the cell held in the range 500-1000 volts positive. 
The amount of bombardment current was adjusted by ad
justing the filament heating current. A simple form of 
regulation resulted in cell temperatures being held constant 
to about ±10° indefinitely.

A grounded plate containing a movable slit is positioned 
just above the radiation shields. The movable slit is actu
ated from outside through a flexible metal bellows and 
serves to sweep the effusing beam across the collimating 
slits before the ionization chamber. This slit thus serves 
as a shutter for the effusing vapor and provides a method of 
distinguishing between ions formed from the effusing vapor 
and those formed from residual gases in the source region of 
the mass spectrometer.

Above the shutter plate are two plates with collimating 
slits and following these the ionization chamber where the 
neutral atoms and molecules effusing from the Knudsen 
cell are bombarded with electrons of controlled energy and 
ionized. The ions are then focused and collimated by a 
series of plates and projected into the analyzer tube of the 
mass spectrometer. The geometry of the collimating slits 
and ionization chamber is such that practically all molecules

(9) P. Goldfinger and F. Waelbroeck, Bull. soc. chim. Belg., 62, 545 
(1953).

(10) L. Brewer, J. Chem. Phys., 2 0 , 758 (1952).
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in the effusing beam make only one transit of the ionization 
chamber. A more detailed description of the apparatus 
will be published in another journal.

An electron multiplier was used for ion detection. Its 
output was measured by a vibrating reed electrometer and a 
strip chart recording potentiometer. Ion currents of 10~19 
amp. were readily measured since the multiplier background 
corresponds to an ion current of about 10~M amp.

Procedure.—A graphite liner made of very pure Acheson 
graphite was loaded into the tantalum Knudsen cell. In 
addition a weighed quantity of silver wire, usually about 10 
mg., was placed inside that cell. The oven assembly 
was then mounted into position and the analyzer tube 
evacuated. The oven temperature was raised slowly by 
gradually increasing the current through xhe tungsten fila
ments surrounding the oven. The vacuum at all times was 
kept at 10-5 mm. or better.

When the temperature reached about 1250°K., Ag+ and 
Ag + + ions were readily detected and a sensitivity calibra
tion was begun. The purpose of the calibration was to de
termine the relation between the vapor pressure of a sub
stance inside the Knudsen cell and the intensity of the corre
sponding ion. Two independent types of calibration were 
made. One consisted of measuring simultaneously the 
temperature of the oven and the intensity of the Ag+ ion 
beam. The vapor pressure of silver at that temperature 
was then calculated from the data of K. K. Kelley,11 and 
the sensitivity was expressed in terms of units of ion current 
per atmosphere of silver vapor in the cell. The other cali
bration consisted of integrating the Ag+ ion intensity over 
the period of time required to vaporize the entire sample of 
silver out of the oven. Knowing the amount of silver 
sample evaporated and making use of Knudsen’s effusion 
equation one can again calculate sensitivity. These two 
methods have generally yielded sensitivities agreeing within 
50%. The integral calibration has been judged to be the 
more accurate. For convenience, the calibration was 
usually carried out by monitoring the Ag107 + + ion beam since 
this occurs at a half-integer mass (53V2) position which has 
almost no detectable background, whereas the mass 107 
position has a considerably greater background due to a 
residual hydrocarbon peak. This background was easily 
subtracted by employing the shutter as will be described 
later, but it was simpler to determine the ratio Ag+/Ag + + 
at the electron energy employed (150 volts) and thereafter 
monitor the Ag++ position without further use of the shutter.

During one of the calibrations a search was made for Ag2 + 
and Ag3 + ions in order to determine whether any significant 
amounts of silver evaporate as diatomic or triatomic mole
cules. No such ions were found and it was concluded that 
they were present in amounts less than 1% for the dimer 
and 5% for the trimer.

After the silver has been completely vaporized, the tem
perature of the oven was gradually raised. When the tem
perature finally reached about 2200°K., a search was made 
for C +, C2+, C3 + and any other species which evaporate 
from the Knudsen cell. The intensities of these ions were 
then measured at various temperatures covering a range 
from about 2150°K. to about 2450°K.

The method of measuring ion intensities resulting from 
species evaporating from the Knudsen cell requires elabora
tion which must include a discussion of causes of difficulty 
with background. Background ions of the same mass as 
the species investigated result from residual gases present 
in the mass spectrometer. The total pressure of residual 
gas present in the mass spectrometer varied with the tem
perature of the cell due to outgassing. This pressure varied 
between about 10-6 mm. with the cell at the highest tem
peratures to about 10~8 mm. with the cell at room tempera
ture. How'ever, the effect of residual gas was practically 
negligible at the higher temperatures since the vapor pres
sure of the graphite rose much faster with temperature than 
did the residual gas pressure.

The operating procedure employed was designed to both 
minimize the amount of background and to make accurate 
corrections when the background was significant. The 
effect of background was minimized by using 17 volt elec
trons for ionization. This is roughly 6 volts above the 
ionization potentials of C, C2 and C3 as found earlier.5 
Since production of C +, C2+ and C3 + ions by electron im
pact on residual hydrocarbons generally requires more en-

(11) K. K. Kelley, Bureau of Mines Bulletin 383 (1935).

Fig. 1.—Knudsen cell for mass spectrometer: A, movable 
slit plate and mount; B, tungsten filaments; C, tantalum 
radiation shields; D, tantalum Knudsen cell; E, graphite 
liner; F, quartz window; G, ionization chamber; H, source 
focusing system; I, ionizing electron beam (cross-section).

ergy than 17 volts, background from this source is greatly 
reduced.

The major background difficulty occurs for C + since C + 
can occur by electron impact on CO which is the major 
residual gas in the source. However, this process requires 
electron energies above 20.9 volts and is, therefore, absent 
when 17 volt electrons are used. Nevertheless, a very small 
amount of C + is still produced from CO at even these lower 
energies and is probably due to a second order process in
volving two electrons. Such a process was found to occur 
in CO at extremely low intensity in previous unreported 
work at this Laboratory. The C + intensity in this process 
was found to be proportional to the second power of the 
electron current and the appearance potential was about 14 
volts. Since this is the ionization potential of CO, a pos
sible mechanism which would fulfill requirements would be

CO +  e ~ — >- CO+ +  2e~ E  = 14 e.v. (1)
CO+ +  e~— > C + +  O -f- e -  E ^  8 e.v. (2)

Another source of background also was found. It is 
produced by an electrically neutral species which goes from 
the Knudsen cell into the ionization chamber. The evi
dence for its nature is the following. When the ionizing 
electron current is turned off completely, some small ion 
peaks are still observed. The peaks completely disappear 
when the shutter is moved to the "closed”  position, and re
appear when it is “ opened.”  These peaks are unaffected 
by the electrostatic deflecting plates between the shutter 
and the ionization chamber. The ions are probably due to 
ionization by photoelectrons produced in the mass spec
trometer slit system by radiation from the Knudsen cell. 
Since alkali metals are especially prominent in this back
ground some of these ions may be formed by direct photo
ionization. Neutral excited species from the oven region 
may also play a part. For convenience, background of this 
nature will be referred to as due to the “ photo”  process.

The measurement of the ion intensity of a particular mass 
produced by electron bombardment of the neutral species 
evaporating from the Knudsen cell was made in the follow
ing manner (see Fig. 2). The magnetic field of the mass 
spectrometer was adjusted to focus the ion of interest into 
the collector. The deflection of the trace of the strip chart 
recording potentiometer gave a measure of the ion intensity. 
The ionizing electron voltage was adjusted to 17 volts. 
The shutter was adjusted to the “ open”  position. The 
ion current under these conditions included, in the case of 
C +, ions formed from C atoms, from residual gases, and from 
the “ photo”  process. The shutter was then “ closed.”  
The remaining ion intensity was that due to the residual gas 
in the source region. The shutter was “ opened”  again
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(1) ( 2)  ( 3)  ( 4 )  ( 7)

T I M E
Fig. 2.—Recorder trace during C + measurement showing 

contributions of various backgrounds: (1) shutter open, 17 
volts electron energy ; (2) shutter closed; (3) shutter open; 
(4) electron beam off; (5) shutter closed; (6) shutter open; 
(7) electron beam on, C + formed from C atoms vaporizing 
from crucible is equal to A — B.
and the ionizing electron beam then turned off. The re
maining ion intensity was that due to the “ photo”  process. 
The shutter was then "closed”  to give the zero reading of 
the electrometer. The shutter was then again “ opened,”  
the electron beam turned on and the original intensity re
gained. A typical trace of the strip chart recorder made 
during this operation is shown in Fig. 2. This trace is 
typical of an intermediate temperature. At the highest 
temperatures, the total background amounted to only a 
few percentage of the entire ion intensity for C +, C2 + and 
C3 +. At the lowest temperatures, the background was of 
the order of half the total ion current. The amount of back
ground depended on the residual gas pressure in the source 
region while the intensity of the ions formed from species 
evaporating from the cell was entirely independent of this.

In order to show that only ions formed from species evap
orating from the cell were measured by this method, a 
rough measurement was carried out on the background 
peaks, which occurred at almost every mass number, in the 
range 10 to 80. When the backgrounds were subtracted as 
above, no detectable ion currents were measured except 
for masses 12, 24, 36 and a number of peaks from mass 48 
to 65, the largest, of which corresponded to V +, Cr+, Ti + 
(or C4+) VC+ (or C5 +). This latter group of peaks varied 
considerably in intensity in different runs. During some 
runs several of these peaks were not detectable. A more 
careful measurement was made on the H20 + peak since this 
is one of the largest components of the residual gas. “ Clos
ing”  and “ opening”  the shutter did not affect this ion in
tensity within a limit of accuracy of about 1%.

The measurement of the temperature dependence of the 
C+, C2+ and C3+ intensities was made by the same proce
dure outlined above except that a rate of charge method 
was used to measure ion intensities. This method provided 
higher accuracy at low intensities and allowed a larger tem
perature range to be covered. In this method, the input 
resistor of the vibrating reed electrometer was disconnected 
and replaced by a 100 mmL polystyrene capacitor. The ion 
intensity was then measured by the total deflection of the 
recording potentiometer after a measured period of time 
ranging from 30 seconds to 10 minutes, depending on the 
ion intensity. By this method, which still employed the 
electron multiplier, ion currents of 10-19 ampere were meas
ured to an accuracy of ± 5 % .

The temperature was measured by a Leeds and Northrup 
optical pyrometer. The effective emissivity of the tantalum 
cell was estimated to be 0.70, considering reflection and 
radiation back to it from the shields. The transmission of 
the quartz window was taken to be 0.9. The total tempera
ture correction was taken from the graph of Benford12 * 17 and 
amounted to 105 to 140°K. in the temperature range used.

Sensitivity Calibration.—The determination of the sen
sitivity of the mass spectrometer by the integration method 
gave an average of about 6.0 X 10u intensity units (arbi

(12) F. Benford, J .  O p t .  S o c .  A m . ,  29, 162 (1939).

trary) of Ag107 + + formed by 150 volt electrons per atmosphere 
of Ag pressure inside the crucible. (The value of electron 
current was kept constant throughout these experiments.) 
This sensitivity was converted to sensitivity for C atoms by 
using the equation

6.0 X 1011 X C Ag (total) s/
1 E X Ag1»7 X

v(C) T( Ag) S(C+) 
<r(Ag) A T{C) X <S(Ag+)

where
C = Ratio of Ag+ produced by 80 volt electrons (at

maximum ionization probability) to Ag + + 
produced by 150 volt electrons. This was 
measured directly and has the value 3.0.

E =  Ratio of ionization probability of C atoms at
maximum to that at 17 volts. This is esti
mated from the usual form of these curves to 
have the value 6.

Ag( total)
Agi»7

<KC)
f(Ag)

T{ Ag)
n o

= Ratio of total amount of silver to that of the 
isotope of mass 107. This has the value 2.0 

= Ratio of ionization cross-sections. This is esti
mated to be 1/i.

= Ratio of average temperatures during evap
oration. This is approximately 1400/2300 
and is necessary since the vapor pressure is 
proportional to ion intensity times tempera
ture.6

S(C+)
S(Ag+)

/

= Ratio of secondary electron efficiencies on the
first plate of the electron multiplier. This is 
estimated to be 2.5 from the results of 
Inghram, Hayden and Hess.13 

= Sensitivity in intensity units of C + formed by
17 volt electrons per atmosphere of C (gas) 
in the Knudsen cell.

Inserting the values above, the average sensitivity of the 
spectrometer for C + formed by 17 volt electrons was 2.4 X 
10u intensity units of C + per atmosphere of C pressure in
side the Knudsen cell. The measured intensity of C + was 
then divided by this quantity to give the pressure in atmos
pheres of C (gas) inside the Knudsen cell.

The major uncertainty in the above calculation is in the 
estimate of the relative ionization cross sections of carbon 
and silver atoms. The available data in the literature14 
indicate that ionization cross sections are roughly propor
tional to gas-kinetic cross-sections. The gas-kinetic cross- 
sections for carbon and silver atoms are taken as propor
tional to the squares of the interatomic distances in diamond 
and silverocrystals, respectively. These distances are 1.54 
and 2.88 A ., respectively, and the ratio of cross sections is 
taken to be (2.88)2/(1.54)2, which is approximately 3.5. 
Since the ionization potential of carbon (11.2 e.v.) is higher 
than that of silver (7.0 e.v.), this ratio of cross-sections 
will be somewhat higher and the value 4.0 is used in this 
calculation. By comparison with data on the ionization 
cross sections of mercury and the rare gases,14 it is estimated 
that the probable error of this crude estimate is about a 
factor of two. The error is certainly less than a factor of 
four, since the ratio of ionization cross sections of Hg and 
He is about 16 and in this case the disparity in both geo
metrical cross sections and ionization potential is consider
ably larger than in the case of Ag and C .

Results
A  tota l o f six runs, each  includ ing  a sen sitiv ity  

ca libration , h ave been m ade. T h e  first tw o  runs 
w ere term inated  b y  short circu its before  a n y  C  + ions 
were d etectab le  and  y ie lded  on ly  low er lim its on 
A H  (0 ° K .)  o f  a b ou t 155 and 160 k ca l./m o le , re-

(13) M . G. Inghram, R. J. Hayden and D . C. Hess, “ Mass Spectros
copy in Physics Research,”  NBS Circular 522, p. 257, 1953.

(14) H. S. W . Massey and E. J. S. Burhop, “ Electronic and Ionic 
Im pact Phenomena,”  Oxford University Press, London, 1952. p. 30.
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spective ly . T h e  n ext fou r  runs w ere successful in 
m easuring the v a p o r  pressure o f  C  atom s and the 
results are g iven  in T a b le  I. In  ca lcu latin g  A H  
(0 °K .)  from  the m easured v a p o r  pressure o f  C , the 
procedu re  o f B rew er3 was used.

T a b l e  I

A b s o l u t e  P h e s s u b e  M e a s u r e m e n t s  o n  C(Gas)

Run
Temp.,

°K .
Pressure 

of C, atm.
A H  (0 °K .), 

kcal.
3 2400 4.0 X 10"8 170
4“ 2437 1.3 X 10“7 166
5 2384 1.8 X 10 ~s 171
6 2427 0.9 X 10"7 168

“ In run 4, a shutter protecting the quartz window from 
evaporating materials became stuck in the open position so 
that the window became progressively coated. Over a pe
riod of a week during which the Knudsen cell was kept at 
about 2000°K. or higher, the measured AH (0°K.) dropped 
steadily to 158 kcal./mole when no correction was made for 
the lower transmission of the window.

T h e  tem perature dependen ce  o f the intensities 
o f C +, C 2+ and C 3+ w ere also m easured and the data  
p lo tted  on  the graph o f F ig. 3. A n  inspection  o f the 
graph  in d icates th at th e  ratios o f  in tensities were 
qu ite  accu ra te ly  m easured at all b u t th e  low est 
tem perature, since the departure o f  the experi
m ental p o in ts  from  th e  stra ight lines at a particular 
tem perature is a b o u t the sam e fo r  each ion ic  spe
cies. T h e  scatter is ev id en tly  due to  slight errors 
in the tem perature m easurem ents.

T h e A H  o f  va p oriza tion  o f th e  three species as 
ca lcu lated  from  the slopes o f  F ig . 3 is g iven  in 
T a b le  I I ,  togeth er w ith  values o f A H  ca lcu lated  
from  th e  v a p o r  pressures. T h e  v a p o r  pressures o f  
C 2 and C 3 were obta in ed  b y  com parison  o f the re
sp ective  ion  intensities w ith  th at o f C + using rela
tiv e  ion ization  cross sections o f  1, 2 and 3 fo r  C , C 2 
an d  C 3, respectively . T h e  free energy fu n ction s 
g iven  b y  B rew er3 w ere used fo r  C 2 and  those esti
m ated  b y  G lock ler  w ere used fo r  C 3. 15

T a b l e  II
H e a t s  o f  V a p o r iz a t i o n  o f  C a r b o n  S p e c ie s  

A H  (0 °K .) kcal./m ole
Species From slope From pressure

c 171 ±  10 170 ±  7
c 2 183 ±  10 197 ±  7
c 3 200 ±  10 199 ±  7

T h e  evapora tin g  species o f m ass 48 and higher 
h ave n ot y e t  been fu lly  investigated . H ow ever, 
several o f  them  w ere con siderab ly  higher in in ten 
sity  than C + a t th e  beginning o f a run. In  one run 
even  a fter keeping the cell a t 2 0 0 0 °K . or higher for  
24 hours, th e  m ass 51 and  52 intensities, p rob a b ly  
V +  and C r+ , w ere 3.5 and 7.5 tim es higher than C +. 
T h e appearance poten tia ls o f these tw o  masses 
were b oth  a b o u t 6 vo lts , suggesting the assignm ent 
to  m etals. T h e  ion s o f  m ass 48 and  60 w ere also 
prom inen t b u t w ere n ot con stan t w ith  tim e. O ur 
earlier assign m en t16 o f th e  m ass 60 peak  to  a C s 
m olecu le m u st be  regarded as uncertain  until further 
data  are obta ined . T h e  m ass 48 and 50 peaks have 
n ot been studied  su fficiently  to  d ecide  w hether any 
appreciable fraction  o f them  m igh t b e  C 4+ or C 5+ .

(15) G. Glockler, J .  C h e m . P h y s . ,  22, 159 (1954).
(16) W. A. Chupka and M . G. Ingkram, i b id . ,  22, 1472 (1954).

T h e  high in ten sity  o f  these species em phasizes the 
care th at m u st be  taken  in  experim ents in w h ich  n o  
analysis o f  effusing m aterial is m ade.

points 1 to 5 were measured during one day and points 6 
and 7 on the following day after keeping the temperature at 
about 2100 °K. overnight.

Discussion of Errors
T h e  m a jor  sources o f  error in  the absolu te  pres

sure m easurem ents o f  th is experim ent are the esti
m ated  ratio o f ion ization  cross-section s an d  the es
tim ated  op tica l em issiv ity  o f  th e  K n u d sen  cell. 
T h e  probab le  error is estim ated  to  b e  a b ou t a fa c 
tor  o f  tw o  fo r  the cross-section  ratio  an d  a b ou t 
3 0 °K . fo r  the em issiv ity  correction . T og eth er  w ith  
sm aller errors estim ated fo r  the oth er fa ctors  used 
in th e  ca libration  ca lcu lation , these g ive  a p robab le  
error in  A H  (0 ° K .)  o f  C  equal t o  a b o u t 7 k ca l./m o le . 
T h e  low  va lu e  o f A H  (0 ° K .)  =  140 k c a l. /m o le  is 
clearly  w ell ou tside th e  p rob a b le  error.

I f  it  is assum ed th at a b o u t on e-h a lf o f  th e  carbon  
m easured in  surface evap ora tion  experim en ts3 is 
due to  C  atom s, then  either 125 or 141 k ca l./m o le  
fo r  A H  w ou ld  lead to  a pressure o f C  atom s under 
th e  con d ition s  o f  th is experim ent rou gh ly  200 tim es 
th e  am ou n t m easured. I f  it is a lso assum ed that 
the ratio  o f  ion ization  cross-section s used in calibra
tion  is to o  sm all b y  a fa c to r  o f  fou r  and that tem 
perature m easurem ents are to o  h igh b y  abou t 
100 °K . (correspon d in g  to  n o  correction  for  em issiv
ity ), an error o f  a fa cto r  o f  20 is expected . T h is  is 
clearly  an  u pper lim it for  these errors. N o  co m 
bin ation  o f o th er errors w hich  can p rod u ce  m ore
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than an addition factor of 2 or 3 is apparent. Thus 
the low value is outside the range of systematic er
rors we have considered.

A major source of error in the values of AH de
termined from the slopes of Fig. 3 is the possibility 
of small amounts of impurity of the same mass as C, 
C2 and C3 evaporating from the oven. These impuri
ties are negligible at higher cell temperatures, 
otherwise they would be easily detectable from ap
pearance potential curves and also from their iso
topes at other masses. Thus, they cannot contrib
ute any appreciable error in the determination 
of the vapor pressures of the carbon species at in
termediate and high temperatures. However, 
they would be more important at lower tempera
tures, where they would also be more difficult to 
detect. Consequently, they could lower appreciably 
the AH obtained from the slope measurements. 
Thus an M g+ ion may be the reason for the appar
ently low slope of the C2+ line of Fig. 3. If this is 
true, more careful study at mass 25 should indicate 
the presence of another isotope of this impurity. 
Therefore, the value of AH for C2 calculated from 
its measured vapor pressure is considered to be more 
reliable.

Conclusions
This work very strongly supports a value of

170.4 kcal./ mole for the heat of sublimation of car
bon. The lower values are well outside the prob
able error of the vapor pressure measurement and 
are also outside the limits of the systematic errors 
which we have considered. It should be possible 
in the near future to reduce considerably the possi
bility of systematic error. The high value is also 
suggested by the temperature dependence of the C + 
ion intensity and by the fact that the C3+ /C + ratio 
from the Knudsen cell is about four times larger 
than that from surface evaporation. The latter 
indicates that the C atom vapor pressure has al
ready reached its equilibrium value at values of a 
at least one-fourth that of the 1/1500 used in this 
work. This is inconsistent with the very low evap
oration coefficient suggested by Goldfinger, et al.g

The heats of vaporization of C2 and C3 are found 
to be 190 ±  10.0 and 200 ±  6.0 kcal./mole, respec
tively. The dissociation energy of C2 is then calcu
lated to be 150 kcal./mole.

Discussion
The major experimental support for a lower value 

of the heat of sublimation of carbon comes from 
the effusion work of Goldfinger, et al.,ib and the 
electron impact work of Hagstrum.17 The effusion 
experiments of Goldfinger give results which are 
directly contradictory to those of this work. There 
appear to be several reasons for the discrepancy. In 
Goldfinger’s work, the vaporization of impurities 
in the graphite may be significant. Also, it appears 
possible that some significant amount of the carbon 
may effuse as negative ions under his conditions.

(1 7 )  H . H a g s tru m , Rev. Mod. Phys., 2 3 , 185 (1 9 5 1 ) .

The possible role of the high electron pressure in the 
Knudsen cell is not understood. If large electron 
currents are allowed to flow from the cell, some car
bon vapor may be swept out of the cell rather than 
effuse out. In our experiment, negative ions can 
have no effect since they are repelled by the poten
tial of the radiation shields, while the electron 
pressure, except possibly at the higher tempera
tures, is too low to have any effect on the normal 
effusion of molecules from the cell. The importance 
of larger carbon molecules such as C6 has not been 
satisfactorily evaluated. Since Goldfinger worked 
at considerably higher temperatures and lower a 
than did the authors, these molecules could be im
portant in his studies. Our work, on the other 
hand, is not considered complete as yet. Further 
work is planned in order to decrease the various 
possible errors and attempt to detect higher molec
ular weight species.

The experiments of Hagstrum17 on CO appear to be 
the most thorough and complete of the electron im
pact experiments. These experiments support a 
value of 9.6 e.v. for the dissociation energy of CO 
which corresponds to 136 kcal./mole for the heat of 
sublimation of carbon. The value of 9.6 e.v. for the 
dissociation energy now appears to be very improb
able.18 If errors of 0.5 to 0.7 e.v. are allowed, Hag- 
strum’s data on three processes in CO can be made 
to agree with the value 11.1 e.v. for the dissociation 
energy. The fourth process, as interpreted by 
Hagstrum, would require 1.5 volts error. How
ever, there appears to be some possibility that the 
interpretation of this process may be incorrect. 
Incomplete work in this Laboratory indicates that 
Hagstrum’s process A may be

CO — >- C - +  0 +
instead of

CO — ^ C +  0 +

The C~ ions detected from electron impact on CO 
have an appearance potential approximately equal 
to that of 0 +  and have a large kinetic energy spec
trum similar to that of 0+  ions. They appear to be 
of considerably lower intensity than 0 +  but this 
has not yet been thoroughly established. If the 
first interpretation above is correct, either a value 
of about 11.1 or 9.6 e.v. is possible depending on 
whether the 0 ~  ion is in the ground state or in an 
excited state which must be near its continuum. 
It may also be pointed out that recent work19 indi
cates that the dissociation energy of N2 is very 
probably 9.8 e.v. If this is true, then Hagstrum’s 
appearance potential studies on NO gas are in er
ror by as much as 1.1 e.v.

In view of the results of our experiments and of 
the uncertainties in the work supporting a low 
value, it appears very probable that the heat of 
sublimation of carbon is 170.4 kcal./mole.

(1 8 ) A .  E . D o u g la s ,  p a p e r  d e liv e re d  a t  1 2 6 th  N a t l. A C S  M e e t in g ,  
N e w  Y o r k ,  N . Y . ,  1954 .

(1 9 )  A . E . D o u g la s , Can. J. Phys., 3 0 ,  3 0 2  (1 9 5 2 ).
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THE IMPORTANCE OF COMPLEX GASEOUS MOLECULES IN HIGH
TEMPERATURE SYSTEMS1
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The influence of polymerized gaseous molecules upon equilibrium pressure measurements and upon measurements of rate 
of vaporization is discussed. Vaporization data for red phosphorus and arsenic are presented and the existence of catalytic 
effects upon rates of vaporization is demonstrated.

Introduction
Recent mass spectrometer measurements2'3 have 

demonstrated that complex polymeric gaseous 
molecules are rather common in high temperature 
vapors. In a saturated vapor in equilibrium with 
a condensed phase, it can be demonstrated that 
the vapor becomes more complex as the tempera
ture is raised, and the various possible minor spe
cies in a vapor have their greatest importance at 
the boiling point. This may be illustrated by the 
well-known example of saturated sodium vapor, 
which consists of 99.9% atomic sodium and 0.1% 
Na2 at 400°K., but which contains about 12 mole 
%  Na2 at 1100°K.4 Brewer5 has shown that a 
simple relationship exists between the heats of 
vaporization of monomeric and dimeric species 
and the heat of dissociation of the dimer. When 
the heat of dissociation of the dimer, AHd, is 
equal to the heat of vaporization of the mono
mer, AHi, both the monomer and the dimer have 
equal heats of vaporization, and their propor
tion remains unchanged as the temperature is 
changed. It can be shown that the entropies of 
vaporization will not differ greatly. Thus monomer 
and dimer species will be of the same order of con
centration when AHj) is equal to AHi. If the heat 
of dissociation of the dimer is less than AHi, which 
is the usual case, the vapor wall consist largely of 
the monomer at low temperatures, but as the tem
perature is increased, a larger and larger proportion 
of the saturated vapor will consist of dimeric spe
cies with a maximum of dimer at the boiling point. 
The same is true of higher polymers. In the rarer 
situation where the heat of dissociation of the dimer 
is greater than the heat of vaporization of the mon
omer, the dimer will be the main species at low 
temperatures, while the percentage of monomer and 
higher polymers in the saturated vapor will in
crease as the temperature is increased. Brewer5 has 
illustrated this behavior by examining the stability 
of dimers of the halides of the elements. A similar 
behavior is to be expected for the elemental vapors 
and other saturated vapor systems. Thus if one 
wishes to study the various minor polymeric gase-

(1 ) A b s tr a c t e d  f r o m  th e  th e s is  t o  b e  s u b m it te d  b y  J a m e s  S. K a n e  in  
p a r t ia l s a t is fa c t io n  o f  th e  re q u ire m e n ts  f o r  th e  d e g re e  o f  D o c t o r  o f  
P h ilo s o p h y  in  C h e m is tr y  a t  th e  U n iv e r s it y  o f  C a lifo rn ia .

(2 ) (a ) R .  E . H o n ig ,  J. Chem. Phys., 21, 3 7 3  (1 9 5 3 ) ;  ( b )  22, 1610
(1 9 5 4 )  .

(3 )  W .  A . C h u p k a  a n d  M . G . In g h r a m , A C S  H ig h  T e m p e r a t u r e  
S y m p o s iu m , N e w  Y o r k  C i t y ,  S e p t . 1 9 5 4 ; T h is J o u r n a l , 59, 100
(1 9 5 5 )  .

(4 )  N a t io n a l B u re a u  o f  S ta n d a rd s , “ S e le c te d  V a lu e s  o f  T h e r m o -  
c h e m ic a l  P r o p e r t ie s ,”  S eries  3.

(5 )  L .  B re w e r , P a p e r  7 , N a t io n a l  N u c le a r  E n e r g y  S eries , V o l .  1 9 B , 
e d ite d  b y  L . L . Q u ill, M c G r a w -H i l l  B o o k  C o . ,  N e w  Y o r k ,  N . Y . ,  1950.

ous species of a substance, it is usually easier to de
tect them at higher temperatures where these poly
mers comprise a higher proportion of the vapor.

When one is studying slightly volatile substances, 
the Langmuir method, which consists of the meas
urement of the rate of vaporization in a low pres
sure system, is commonly used for the determina
tion of the vapor pressure. The rate of vaporiza
tion can normally be measured with a high accuracy 
and with much less difficulty due to the reaction of 
the vapor with containers. and with much less; 
chance of contamination by gaseous impurities 
than one encounters with other vapor pressure 
methods. However, the determination of the equi
librium pressure by this method requires the equat
ing of the rate of vaporization to the rate of con
densation. The rate of condensation can be calcu
lated accurately from kinetic theory if the assump
tion is made that every molecule striking the sur
face condenses without rebounding. When this 
condition is met, it corresponds to a unit sticking or 
condensation coefficient and a unit vaporization 
coefficient. In the literature, both of these coef
ficients are commonly called accommodation coef
ficients. The vaporization coefficients of many 
materials have been checked, and virtually all 
materials that have been investigated have been 
found to have unit vaporization coefficients.6 
That is, the rates of vaporization are found 
within experimental error, to be those expected 
from the equilibrium pressures and the kinetic 
theory of gases. From experience to date, one 
can predict that all molecular lattices that con
sist of the main gaseous molecular species held to
gether by van der Waals forces or weak forces of 
any type will have vaporization coefficients close to 
unity. Howrever, as indicated in the recent report 
by Guthrie, Scott and Waddington7 for rhombic 
sulfur, minor species that are not present in the 
molecular lattice and which are not readily formed 
from the main gaseous species may not be present 
in the gas vaporizing from a surface under reduced 
pressures, and thus the rate of vaporization will be 
slightly lower than that expected from the total 
equilibrium pressure, since the rate will correspond 
only to the partial pressure of the main species. All 
elements that vaporize predominantly to atomic 
species have been found to have unit vaporization 
coefficients whenever checked.8 All ionic salts such

(6 )  S. D u s h m a n , “ V a cu u m  T e c h n iq u e ,”  J o h n  W ile y  a n d  S o n s , I n c . ,  
N e w  Y o r k ,  N . Y . ,  1949 .

(7 )  G . B . G u th r ie , D . W . S c o t t  a n d  G . W a d d in g t o n , J. Am. Chem. 
Soc., 76, 1488 (1 9 5 4 ).

(8 )  R .  S . B r a d le y  a n d  P . V o la n s  Proc. Roy. Soc. (London), 217, 5 0 8  
(1 9 5 3 ) .
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as the alkali halides that vaporize predominantly 
to a monomeric gaseous molecule are believed to 
have vaporization coefficients close to unity, 
the measured values ranging as low as 0.5.8 
There have been some accurate measurements 
indicating slightly low values, but there are 
no indications that vaporization coefficients below 
the range 0.5-1.0 are to be expected for any ionic 
substance where the ions required for a gaseous 
molecule are in contact. Hydrogen-bonded sub
stances have been found to have unit accommoda
tion coefficients whenever checked.9-11

The only clearly demonstrated examples of low 
vaporization coefficients occur when the main mo
lecular gaseous specie does not occur as such in 
the condensed phase. The investigation of Stranski 
and Wolff9 10 11 12 on the rate of vaporization of two crys
talline modifications of AS2O3, arsenolite and claud- 
etite, serves to illustrate this point. The crystal 
structure of arsenolite is known to be a molecular 
lattice of A s40 6 molecules, while the structure of 
claudetite does not consist of a molecular lattice. 
In both cases, the saturated equilibrium vapor con
sists primarily of As4Ob molecules. The rate of 
vaporization of arsenolite is observed to be 106 
times greater than that of claudetite. There are 
other examples such as the ammonium halides 
which vaporize to ammonia and hydrogen halide,18 
neither of which is present in the condensed phase. 
Elemental phosphorus is another clear example. 
White phosphorus, which is a molecular lattice of 
P4 molecules, the main gaseous species, has a unit 
vaporization coefficient, while red phosphorus 
which is not believed to contain P4 molecular units 
has a vaporization coefficient of about 10-6. Simi
larly, arsenic, whose lattice is known not to contain 
A s4 units, has a low vaporization coefficient.13

Experimental
In an effort to elucidate the mechanism of vaporization 

when one has a barrier against vaporization as indicated by 
a low vaporization coefficient, a study has been made of the 
vaporization of arsenic under a variety of conditions, and a 
similar study is under way for red and black phosphorus. 
Melville and Gray14 attributed the anomalously low rate of 
vaporization of red phosphorus to the existence of P2 units 
in the solid lattice, and they hypothesized that P2 was 
vaporizing with unit vaporization coefficient from the solid, 
but, because of the small partial pressure of P2 compared to 
P4, a very low rate of vaporization was obtained. To 
check this hypothesis for red phosphorus, we have repeated 
their Langmuir measurements and have obtained results 
agreeing within an order of magnitude. We have evaluated 
the data in the literature on the equilibrium between P4 and 
P2 in the gaseous phase and agree with Yost and Russell15 
that the measurements of Preuner and Brockmoller16 must 
be in error, and that the measurements of Stock, Gibson 
and Stamm17 appear to be reliable. Thus from the known 
equilibrium pressure of P4 over red phosphorus as deter
mined by static methods1® and the equilibrium between P4

(9 )  R .  S . B r a d le y ,  J. Chem. Soc,, 1681 (1 9 5 3 ).
(1 0 )  R .  S . B r a d le y ,  ibid., 1 68 4  (1 9 5 3 ).
(1 1 )  R .  S . B r a d le y ,  ibid., 1688  (1 9 5 3 ).
(1 2 )  I .  N . S tra n sk i a n d  G . W o lff ,  Research, 4 , 15 (1 9 5 1 ).
(1 3 )  F . M e t z g e r ,  Helv. Phys. Acta, 16, 3 2 3  (1 9 4 3 ) .
(1 4 ) H . W . M e lv il le  a n d  S . C .  G ra y , Trans. Faraday Soc., 3 2 , 1026  

(1 9 3 6 ) .
(1 5 ) D . M .  Y o s t  a n d  H . R u sse ll, “ S y s te m a t ic  In o r g a n ic  C h e m is t r y ,”  

P r e n t ic e -H a l l ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  194 6 , p p . 1 6 6 -1 6 8 .
(1 6 ) G . P r e u n e r  a n d  I . B r o c k m o lle r ,  Z. physik. Chem., 81, 129 (1 9 1 2 ).
(1 7 ) A . S to c k ,  G . E . G ib s o n  a n d  E . S ta m m , Ber., 4 5 ,  3 5 2 7  (1 9 1 2 ).
(1 8 ) C . C . S te p h e n s o n , D e p t ,  o f  C h e m is tr y ,  M a s s . In s t it u t e  o f  T e c h 

n o lo g y  (p r iv a te  c o m m u n ic a t io n ) .

and P2, we have been able to calculate the equilibrium 
partial pressure of P2 in equilibrium with solid red phos
phorus. We find that the rate of vaporization of red phos
phorus is smaller than what would be expected from the 
equilibrium pressure of P2. This would indicate that even 
P2 has a vaporization coefficient less than unity. Thus the 
limiting rate of vaporization in a Langmuir experiment is 
not necessarily fixed by the P2 vapor pressure as proposed 
by Melville and Gray. For arsenic where equilibrium data 
are not available to determine the pressure of As2 in equilib
rium with the solid, we have examined the vapor from a 
Langmuir type experiment in a mass spectrometer, and have 
found the vapor to be predominantly As4.

To check the correlation between vaporization coefficients 
and sticking or condensation coefficients, molecular beams 
of phosphorus and arsenic vapor were impinged upon various 
targets that had been cooled to a sufficiently low tempera
ture so that any phosphorus or arsenic that would condense 
upon the target would be incapable of revaporizing. It was 
found that virtually all of the vapor rebounded without 
condensation from most target materials. Copper cooled to 
a low temperature appeared to be the most efficient target.

As the equilibrium pressure of As4 over arsenic did not 
appear to be completely established by means of static 
measurements,16-19’20 the vapor pressure of arsenic was 
evaluated by the Knudsen method using orifice area to 
vaporizing area ratios ranging from 1.0 to 1.6 X 10-4. It 
was found that the orifice to vaporizing area had to be less 
than 10 “ 3 before a vapor pressure near to the equilibrium 
value and independent of orifice size was reached. Com
parison of Langmuir results with the equilibrium pressures 
indicated vaporization coefficients of about 5 X 10“ 4. 
Some measurements were also made with red phosphorus 
and with the smallest orifice to vaporizing area tried, 1.33 
X 10 “ 4, the vapor pressure in the Knudsen cell was still 
only 10-3 times the equilibrium value.

From the results obtained to date, it appears clear that it 
will be extremely difficult to obtain any reliable vapor pres
sure results for red phosphorus by the conventional Knudsen 
method. The orifice size required for any reasonable cell 
must be so small that cracks and fissures and porosity of the 
cell material will become comparable to the orifice area. 
To eliminate this difficulty, an attempt to find a catalyst 
for the vaporization reaction was made. It had been ob
served that fresh samples of phosphorus and arsenic gave 
abnormally high rates of vaporization which decreased as 
vaporization proceeded. This might be attributed to im
purities such as oxides, etc., but the effect seemed larger 
than might be attributed to impurities. Our hypothesis 
was that fresh material contained many distorted or defec
tive crystals in which the atoms were not so rigidly fixed. 
Thus they could reorganize to form P4 or As4 molecules 
whereas in a perfect lattice, it would be extremely difficult 
to distort the rigid lattice to produce a P4 or an As4 mole
cule. Thus we believed that the abnormal vaporization 
rate was due to the distorted crystals that were soon re
moved. The effect of the nature of the material was also 
apparent in the reproducibility of Langmuir type measure
ments or Knudsen measurements with large orifice. The 
results appeared to vary from sample to sample for no ob
vious reason, whereas measurements with the same materials 
made by the Knudsen method with small enough orifices to 
produce the equilibrium pressure of As4 were much more 
reproducible. It thus appeared that we might be able to 
catalyze the rate of vaporization by loosening up the lattice. 
A simple procedure to accomplish this would be to add some 
non-volatile liquid which would not react chemically with 
phosphorus or arsenic to form any intermediate phases, but 
which would dissolve some of these elements. In the mo
bile liquid, it should be possible for the atoms to rearrange 
to form the P4 and As4 aggregates necessary for attainment 
of equilibrium pressures. Thallium and lead appeared to 
be liquids that would meet the requirements. Thallium 
was added to phosphorus and arsenic in Knudsen cells with 
relatively large orifices, and heated above the melting point 
of thallium. The pressures observed were 30 times greater 
than those observed without addition of the liquid catalyst, 
all other experimental conditions being the same. Upon

(1 9 )  G . E . G ib s o n , D is s . ,  B re s la u , 191 1 , “ se e  L a n d o l t  B o r n s t e in -  
R o t h  P h y s ik a lis c h -C h e m is c h e  T a b e lle n ,”  Y o l .  2 , J u liu s  S p r in g e r , B e r 
lin , 1 9 2 3 , p . 1332 .

(2 0 )  S . H o r ib a ,  Proc. Acad. Sei. Amsterdam, 2 5 ,  3 8 7  (1 9 2 3 ) .
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further heating the same sample, the pressure steadily de
creased, although the quantity of arsenic present was still 
sufficient to maintain a solid arsenic phase. Examination 
of the system upon cooling indicated that the phosphorus 
or arsenic in contact with the liquid had dissolved, leaving 
very few points of contact between the solid and liquid. 
Thus the transfer of material between the solid and liquid 
became slower and slower. To minimize this, mixtures of 
thallium and arsenic were heated in sealed quartz tubes to 
1000°K. and then chilled, resulting in a fine intermixture of 
arsenic and_ thallium. When these mixtures were again 
heated in Knudsen cells with large orifices, the pressures 
were again about 30 times higher than observed without the 
catalyst present, and in fact were very close to the extrapo
lation of the equilibrium vapor pressure curve determined at 
higher temperatures by static methods. Further, continued 
heating of the samples gave consistent results, showing that 
slowmess in transfer between the liquid and solid has been 
greatly reduced. The main experimental results demon
strating the effects are given in Fig. 1. The small depend
ence upon orifice size even in the presence of thallium liquid 
shows that the transfer from solid to liquid still limits the 
rate of evaporation to some extent, however. Because of 
the large arsenic pressure when liquid thallium was present, 
large Knudsen orifices or a Langmuir type measurement 
would have given too rapid a loss of material for accurate 
measurements. Extrapolation of the thallium results to 
unit orifice to surface area ratio shows that addition of 
thallium has increased the rate of vaporization of arsenic 
almost 100-fold. Thus by means of the thallium catalyst 
it is possible to accelerate the rate of vaporization sufficiently 
to allow the determination of pressures closely approaching 
the equilibrium values using a Knudsen cell of compara
tively large orifice. To ensure that the effusate in these 
runs was arsenic only, spectroscopic analyses were utilized; 
the quantity of thallium found being much less than in a 
standard alloy mixture containing 1% thallium, 99% ar
senic. Similar experiments are now in progress with red 
and black phosphorus.
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Fig. 1.—Knudsen cell data for arsenic at 575°.

Although it appears possible to saturate the liquid metal 
with arsenic or phosphorus by obtaining a large surface con
tact between the solid and liquid, the resulting vapor 
pressures for arsenic appear to be about 40% lower than the 
extrapolation of the equilibrium curve obtained from static 
methods.16’19'20 With regard to these static measurements, 
consideration of the data in the literature does not enable the 
equilibrium pressure to be fixed precisely. A considerable 
variation is found between different investigators in the 
values given for the equilibrium vapor pressures and, since 
the molecular constants are not known for the As4 molecule, 
one is not able to subject the data to a third law check. 
Therefore, for this work, a heat capacity for the gas was esti
mated, a constant A Cp was assumed over the temperature 
range of the experiments, and the “ best”  line was drawn 
through the experimental points. The equilibrium pres
sures calculated in this manner are therefore uncertain to a 
relatively large degree. The 2 plot of the data is shown in 
Fig. 2: Z = — R In P +  ACP In t. The ACp used over this
range was —8.6.

In addition to the fact that the equilibrium pressure is un

Fig. 2.—Plot of vapor pressure data of arsenic.
certain, the difference between the pressures of the arsenic- 
thallium experiments and the equilibrium values may be 
attributed to another factor. Thallium undoubtedly forms 
a solid solution with arsenic so some extent and the satu
rated solution of arsenic in liquid thallium may not be quite 
at unit activity with respect to pure arsenic solid. In the 
phosphorus-thallium system there is a solid solubility of 
thallium in phosphorus of 25 atomic % .21 The results 
using liquid lead will give us a check on reduction of activity 
due to solid solubility.

It is of interest to compare the equilibrium heat of vapori
zation of 33 ±  1 kcal. at 550°K. with the heat of 43 ±  3 
kcal. obtained from the temperature coefficient of Langmuir 
type measurements for arsenic. The barrier of 10 kcal. 
indicated by these data should correspond to a vaporization 
coefficient of exp-10000/ 2 x 550 or a factor of about 10-4. 
The observed accommodation coefficients were of this order 
of magnitude, although a distinct trend to smaller accommo
dation coefficients was observed with the smaller orifices.

Discussion
It is believed that some generalization can be 

made about systems with low vaporization coef
ficients. From the available data, low vaporization 
coefficients can be expected whenever the main va
porizing gaseous species are not present as such in 
the condensed phase and the atoms or molecules in 
the condensed phase are held so rigidly that they 
cannot readily reorganize to form the main gaseous 
species. It appears very unlikely that materials 
vaporizing predominantly to atomic gaseous spe
cies will have low vaporization coefficients. Fur
ther, it is reasonable to expect that materials 
vaporizing to predominantly diatomic gaseous spe
cies will have low vaporization coefficients in cases 
where the two component atoms are so separated 
in the condensed phase that they cannot readily con
tact each other. Thus Margrave22 reports a low 
vaporization coefficient for the vaporization of

(2 1 )  M .  H a n se n , “ D e r  A u fb a u  d e r  Z t v e is to ff le g ie r u n g e n ,”  J u liu s  
S p r in g e r , B e r lin , 1936 .

(2 2 )  J . R .  S o u le n , P . S t h a p ita n o n d a  a n d  J . M a r g r a v e ,  T h is 
J o u r n a l , 5 9 , 132  (1 9 5 5 ).
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magnesium nitride that vaporizes under equilib
rium conditions to Mg atoms and N2 molecules 
because of the separation of nitrogen atoms in the 
rigid magnesium nitride lattice. In general we 
would expect low vaporization coefficients when 
the main gaseous species is a polyatomic molecule 
that does not exist as such in the condensed phase 
and because of the rigidity of the lattice cannot 
readily form within the lattice. The examples of 
red phosphorus, arsenic, arsenic oxide, ammonium 
halides, etc., fall in this class. For a similar reason, 
materials that vaporize predominantly to atomic 
species with a vaporization coefficient close to unity 
may produce a different vapor when vaporizing in a 
Langmuir type experiment compared to the equilib
rium vapor. This is due to low vaporization coef
ficients for the various complex polymeric species 
that do not affect the observed rate of vaporization 
materially because of their small percentage contri
bution, particularly at low temperatures. However, 
at higher temperatures where they become more 
important the effect of the polymeric species may 
become noticeable. Also mass spectrometer studies 
that can detect these minor polymeric species may 
yield different results with vapors produced in a 
Langmuir type experiment in contrast to a vapor 
obtained from a Knudsen cell with a small orifice. 
Although liquids generally would be expected to 
yield vaporization coefficients close to unity be
cause of a better chance of rearrangement to pro
duce the desired molecule species, two interesting 
examples giving evidence to the contrary may be 
noted. In the study by Motzfeldt23 of the vapori
zation of liquid sodium carbonate to produce so
dium atoms, oxygen molecules and carbon dioxide 
molecules, he found a low vaporization coefficient 
which he attributed to the difficulty of bending a 
triangular carbonate ion in the liquid to form a 
linear carbon dioxide molecule. Also Stranski12 
in his study of the arsenic oxides, observes that 
although the vaporization coefficient from the mo
lecular lattice modification (arsenolite) is unity, 
measurements made on the supercooled liquid show 
the vaporization coefficient to be considerably less. 
In this case the attraction between adjacent As406 
molecules is apparently stronger in the liquid than 
in the solid.

It is of interest to apply these generalizations to 
the rate of vaporization of graphite for which vapor
ization coefficients less than unity are known to 
exist. One may note that black phosphorus and 
arsenic have structures that are closely related to 
the graphite structure and that red phosphorus is 
believed also to have a similar structure.24 26 Gold- 
finger, Waelbroeck and Doerhard26 have presented a 
model for the vaporization of graphite based on the 
Herzberg-Herzfeld-Teller model which would re
quire a low vaporization coefficient for monoatomic 
carbon, a unit vaporization coefficient for C2, and 
a much larger than unit vaporization coefficient

(2 3 )  K .  M o t z fe ld t ,  T h is  J o u r n a l , 59, 139  (1 9 5 5 ) .
(2 4 )  N . S . G in g r ic h  a n d  C .  O . T h o m a s , J .  C h e m . P h y s . ,  6 , 659  

(1 9 3 8 ) .
(2 5 )  R .  H u ltg r e n , N . S . G in g r ic h  a n d  B . E . W a rre n , i b i d . ,  3 , 351 

(1 9 3 5 ) .
(2 6 )  T .  D o e r h a r d , P . G o ld f in g e r  a n d  F . W a e lb r o e c k , B u l l .  s o c .  c h i m .,  

B e ig e s . ,  62. 4 9 8  (1 9 5 3 ).

for C3. Although their model is self-consistent 
and quite conceivable, it would be much more 
reasonable on the basis of experience with other 
systems that the atomic products would vapo
rize with a high vaporization coefficient while 
more complex molecules might have a low va
porization coefficient. The more recent mass spec
trometer results of Inghram and Chupka3 and 
Hoch, Blackburn, Dingledy and Johnston27 now 
clearly demonstrate that monatomic carbon must 
have a vaporization coefficient between 0.1 and 1 
and could not have a vaporization coefficient of 
10-3 as has been proposed. Their results together 
with the Langmuir method measurements would be 
consistent with a vaporization coefficient for C2 be
tween 0.5 and 1, a coefficient for C around 0.3, and 
a coefficient for C3 of about 0.1. Thus none of these 
species could account for the high vapor pressure 
observed by Goldfinger, Doerhard and Waelbroeck 
using Knudsen cells with extremely small orifices, 
and one is forced to attribute their results to a more 
complex species. Chupka and Inghram have re
ported observations that indicate that the C5 mole
cule has an extremely low vaporization coefficient 
and becomes very important in a Knudsen cell 
measurement. Although these measurements re
quire verification before they can be fully accepted, 
such a species would adequately explain Goldfing- 
er’s results as well as the various static determina
tions of the total vapor pressure of graphite. Exam
ination of the structure of graphite shows that it 
would be extremely difficult to form a C6 molecule 
from the graphite structure and one would expect a 
low vaporization coefficient for such a molecule. 
From its required high stability, it must be a ring 
or other compact structure. It is of interest to 
note that Brewer, Gilíes and Jenkins28 report that 
graphite powder gives an abnormally high vapor 
pressure upon first heating that gradually decreases 
just as observed with phosphorus and arsenic, and 
the same explanation might apply. Thus imperfect 
or strained graphite crystals might allow the neces
sary distortion to form C6 molecules and thus 
would vaporize more rapidly than the more perfect 
crystals from which it would be very difficult to 
form C5 molecules. If the mass spectrometer ob
servations of C6 can be verified, a ready reconcilia
tion of all the apparently contradictory data on the 
vapor pressure of graphite can be made. With C5 
the main species under true equilibrium conditions, 
one would expect high vapor pressures under static 
conditions or with Knudsen cells with extremely 
small orifices as used by Goldfinger, Doerhard and 
Waelbroeck. However with the very small vapori
zation coefficient of probably 10~4 or smaller for 
C6, other kinetic methods of determining the vapor 
pressure would give little indication of C5, and the 
measured vapor pressures would correspond mainly 
to C and C3, as the C2 pressure is considerably 
smaller. As both C and C3 are present in compara
ble amounts, third law calculations using total 
vapor pressure measurements obtained by the usual

(2 7 )  M .  H o c h , P .  B la c k b u rn , D . D in g le d y  a n d  H . J o h n s to n , 
T h is J o u r n a l , 59, 9 7  (1 9 5 5 ).

(2 8 ) L . B re w e r , P . G il íe s  a n d  F . J e n k in s , J .  C h e m . P h y s . ,  16, 7 9 7  
(1 9 4 8 ).
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Langmuir and Knudsen methods will give the heat 
of sublimation of graphite to monatomic carbon 
within a few kilocalories. It should be possible to 
check the importance of C6 by using a catalyst as 
has been done with phosphorus and arsenic. A 
suitable liquid that would dissolve graphite with
out forming an intermediate phase or without reduc
ing the carbon activity would be liquid platinum 
or another relatively non-volatile platinum group 
metal. Preliminary experiments with platinum 
and graphite have indicated that liquid platinum 
will dissolve appreciable amounts of carbon at 
2100°. If the same effect is obtained as has been

observed with phosphorus and arsenic, one should 
observe high pressures similar to those observed by 
Goldfinger, Doerhard and Waelbroeck, even with 
Knudsen cells of large orifice.

Further experiments are in progress to combine 
mass spectroscopic examination with Langmuir 
and Knudsen type experiments to establish the 
vaporization coefficients of the minor species as 
well as of the major species of systems like phos
phorus and arsenic and to check some of the gener
alizations made above.

This work was performed under the auspicies of 
the United States Atomic Energy Commission.

RECENT SPECTROSCOPIC STUDIES OF SIMPLE MOLECULES1
B y  A . E. D o u g l a s

Division of Physics, National Research Council, Ottawa, Canada 
R e c e i v e d  N o v e m b e r  1 9 ,  1 9 6 4

This paper gives a summary of some recent work on the dissociation energies of O2, Ns, CO and CN.

The problems involved in the spectroscopic deter
mination of dissociation energies of molecules have 
been adequately discussed by Herzberg2 and by 
Gaydon.3 A review of the state of our knowledge 
of the dissociation energies of diatomic molecules 
at the beginning of 1952 has been given by Gay
don.3 The following paragraphs give a brief sum
mary of the work done on this problem at the Divi
sion of Physics of the National Research Council of 
Canada since that time.

02.—From the measurements of the Schumann- 
Runge bands by Knauss and Ballard,4 a reasonably 
accurate value of D(0 2) has been known for many 
years. Recently Herzberg6 from measurements of 
the 32+  — 32~ bands and Brix and Herzberg6 from 
more accurate and extensive measurements of the 
Schumann-Runge bands have considerably re
duced the error in the value of D{0 2). For the oxy
gen molecule, the positions of two dissociation lim
its are now accurately known and the states of the 
atoms at these limits are known with certainty. The 
new value of 41260 ±  15 cm.-1 for D{0 2) is one of 
the most accurate and reliable dissociation energies 
now known.

N2.— Gaydon3 has discussed the problem of the 
dissociation energy of N2 and has pointed out that 
there is a good deal of evidence pointing to a value 
of 9.756 e.v. It has, however, been difficult to recon
cile the observed spectrum of N2+ with this value of 
D{Ns) unless one assumed that the B22 state of N^ 
has quite an anomalous potential curve. Recently 
it has been shown experimentally that the B 22 
state does indeed have such an anomalous curve.7

(1 ) C o n tr ib u t io n  N o . 3 5 1 7  f r o m  th e  N a t io n a l  R e s e a rc h  L a b o r a to r ie s , 
O tta w a , C a n a d a .

(2 )  G . H e rz b e rg ,  “ S p e c tr a  o f  D ia t o m ic  M o le c u le s ,”  D . V a n  N o s tr a n d  
C o m p a n y ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  1950 .

(3 )  A . G . G a y d o n ,  “ D is s o c ia t io n  E n e rg ie s  a n d  S p e c tr a  o f  D ia t o m ic  
M o le c u le s ,”  C h a p m a n  a n d  H a ll, L o n d o n , E n g la n d , 1953 .

(4 ) H . P . K n a u s s  a n d  S. S . B a lla rd , P h y s .  R e v . ,  4 8 , 7 9 6  (1 9 3 5 ) .
(5 ) G .  H e rz b e rg , C a n . J .  P h y s . ,  3 0 ,  185  (1 9 5 2 ) .
(6 ) P . B r ix  a n d  G .  H e rz b e rg ,  ibid., 3 2 ,  110  (1 9 5 4 ) .
(7 ) A .  E . D o u g la s ,  ibid., 3 0 , 3 0 2  (1 9 5 2 ) .

Furthermore the new spectroscopic data on N2+ 
gives very strong support to the value of 9.756 e.v. 
for the dissociation energy of N2.

The spectra of N2 and related molecules, unlike 
the spectrum of 0 2, do not supply us with a direct 
and simple proof of the dissociation energy of ni
trogen. These spectra do, however, supply us with 
a good deal of data which can be readily interpreted 
if a value of 9.756 e.v. is assumed for the dissocia
tion energy. Any other value of ¿)(N2) finds no 
positive support from the observed spectra and re
quires a number of drastic assumptions regarding 
the nature of the potential curves of N2, N2+ and 
NO. Thus the data now available are overwhelm
ingly in favor of a value of 9.756 e.v. for D(N2).

CO.—The dissociation energy of CO is related di
rectly to the latent heat of sublimation of carbon 
and has been the subject of much controversy. 
The known spectrum of CO has not provided data 
from which an unequivocal value for D(CO) can be 
derived. Predissociations have been reported in the 
CO spectrum in the B*2 and B s2 statesat a little over 
11 e.v. above the ground state and in the A TI state 
near 9.6 e.v.3. The fact that there is a predissociation 
in the v =  0 level of the B ’ 2 state has been almost 
universally accepted. It has also been widely ac
cepted that the v =  1 level of the B '2  state is pre
dissociated and that from the two predissociations 
it can be established that a dissociation limit exists 
at 11.11 e.v. Hagstrum,8 in order to bring the 
spectroscopic results into agreement with his elec
tron impact work, has endeavored to show that no 
dissociation limit exists at this energy. Recent9 
work in which the B 42 — A 1P  (ângstrôm) bands of 
C 120  and C 130  were photographed at high disper
sion has shown that predissociations do exist in the 
v =  0 and in the v =  1 levels of the B state and 
there is very good evidence that a dissociation 
limit does exist at 89,595 ±  30 cm.-1 (11.1078 ±

(8 )  H , D .  H a g s tru m , P h y s .  R e v . ,  7 2 ,  9 4 7  (1 9 4 7 ) .
(9 )  A .  E .  D o u g la s  a n d  C . M i l l e r ,  t o  b e  p u b lis h e d .
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0.0037 e.v.) above the v =  0 level of the ground 
state.

If it is assumed that at this dissociation limit the 
resulting atoms are in the ground state [C(3P0) +  
0 ( 3P2)], then it follows that the dissociation energy 
of CÔ is 89,595 ±  30 cm.-1. It should be pointed 
out, however, that even if it is assumed that the 
molecule dissociates into C (3P) +  0 ( 3P), it is not 
possible to be certain which components of the 
triplet state are involved. Since the combination 
C (3P2) +  O(3P0) lies 270 cm.-1 above C (3Po) +  
0 ( 3P2), the dissociation energy is still uncertain to 
this extent.

The predissociations in the ATI state reported by 
Gerô10 have never been accepted without reserva
tions. They are, however, most significant predis
sociations since, if they are real, the dissociation 
energy of COocannot exceed 9.60 e.v. High dis
persion (0.23 A./mm.) photographs of ATI — X '2  
bands have recently been obtained.9 On none of 
the spectra has it been possible to find the predis
sociation reported by Gerô. Furthermore, bands in 
which the predissociation is reported to occur have 
been shown to be quite normal. There therefore

(1 0 )  L. G e r o ,  Z. Ph-jsik, 100, 3 7 4  (1 9 3 6 ) .

appears no basis for believing that any predissocia
tion exists in the electronic states of CO below 11.1 
e.v. It should be emphasized, however, that 
this new work has not established the dissociation 
energy of CO and from the spectrum alone no une
quivocal value can be derived.

CN.—The dissociation energy of the CN mole
cule is related to those of N2 and CO by the work 
of Brewer, Templeton and Jenkins.11 An accurate 
determination of 11 (CN) would not only be of 
significance for its own intrinsic value, but also 
would be very useful in establishing D(CO). An 
extensive investigation of the spectrum of CN from 
2000 to 10,000 A. has recently been completed.12 
A large number of new bands has been found and 
analyzed. It was found, however, that even with 
this expanded knowledge of the spectrum, no relia
ble value of H(CN) could be determined. Though 
in the past there have been estimates of D(CN) 
based on spectroscopic data, it appears that none 
of these estimates have a firm foundation.

(1 1 )  L .  B re w e r , L . K .  T e m p le t o n  a n d  F . A . J e n k in s , J. Am. Chem. 
Soc., 73, 1462 (1 9 5 1 ).

(1 2 )  A . E . D o u g la s  a n d  P . M .  R o u t ly ,  Ap. J. Supplement, 1 , N o . 9 
(1 9 5 4 ) .

VAPORIZATION REACTIONS. THE IRON-BROMINE SYSTEM1
B y  N. W. G r e g o r y  a n d  R. O. M a c L a r e n

Contribution from the Department of Chemistry at the University of Washington, Seattle, Washington
Received September 28, 1954

The reaction between bromine and FeBr2 has been studied between 200 and 400° using the transpiration technique with 
the aid of a colorimetric analytical procedure which permits convenient determination of pressures as low as 10 “ 3 mm. 
Fe2Br6 (with Br2) is the principal constituent in the vapor phase. Dissociation of the dimer has been measured between 500 
and 680° in a quanz diaphragm gage. Appreciable solubility of the iron(III) phase in liquid FeBr2 is observed.

The study of vapor-solid equilibria constitutes 
one of the most useful methods of gaining thermo
dynamic information concerning reactions at high 
temperatures. Experimental procedures commonly 
employed are effusion, transpiration or direct meas
urement of the total pressure with a device such as 
a diaphragm or sickle gage. The effusion method is 
restricted to pressures sufficiently low to permit 
molecular flow, generally less than 10-2 mm., and 
is subject to uncertainties associated with the kinet
ics of vaporization and condensation processes; 
the last two methods have not generally been ap
plied at pressures lower than 1-10 mm. The re
gion between 10-2 and 1 mm. has frequently been 
referred to as the difficult range.

In a study of the iron-bromine system, it has 
been found convenient to extend the transpiration 
method to measure pressures as low as 10-3 mm. 
All three procedures have been used to determine 
the vapor pressure of iron (II) bromide, described 
in an earlier paper.2 The transpiration technique is 
well suited for study of the rather unstable iron (III) 
bromide. The decomposition pressure of bromine

(1 ) P r e s e n te d  a t  th e  S y m p o s iu m  o n  H ig h  T e m p e r a t u r e  C h e m ica l  
R e a c t io n s ,  1 2 6 th  N a t io n a l  A C S  m e e t in g  a t  N e w  Y o r k ,  S e p t .  15, 195 4 .

(2 )  R .  O . M a c L a r e n  a n d  N . W . G r e g o r y ,  T h is  J o u r n a l , 59, 184
(1 9 5 5 ).

above solid FeBr3 reaches one atmosphere at 139°,3 
when its vapor pressure is only 0.014 mm. How
ever, by using bromine both as reactant and carrier 
gas the equilibrium between FeBr2, bromine and 
gaseous iron (III) bromide has been characterized 
between 200 and 400°. The method is feasible at 
these temperatures largely because of an accurate 
colorimetric procedure for determination of milli
gram quantities of iron (II). The molecular form 
of the iron(III) vapor phase is principally Fe2Br6 
below 400°; dissociation of the dimer between 500 
and 800° has been studied in a quartz diaphragm 
gage; above the melting point of FeBr2, appreciable 
solubility of the vapor phase in the liquid is ob
served.

Experimental
Transpiration Experiments.—The apparatus is shown 

in Fig. 1. FeBr2 was sublimed in high vacuum onto the 
walls of the reaction chamber at B and the end bulb sealed 
off; three independent samples were used for 33 measure
ments. Prior to each experiment the entire system was 
evacuated except A which contained anhydrous liquid 
bromine. Bromine gas was introduced into the reactor in 
one of three pressure ranges; ca. 200 mm. by keeping A in a 
water-bath at 25°, 70 mm. with A in an ice-bath, or between 
25 and 30 mm. by bleeding bromine into the system through

(3) N. W. Gregory and B. A. Thackrey, J . A m . C h em . S o c ., 72, 3176
(1950).
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a partially opened stopcock. The actual pressure was 
measured with a differential sulfuric acid manometer E; 
the flow of bromine, induced by condensation in D with 
liquid oxygen, was controlled between 2 and 28 cc./min. 
(volume calculated at 250°) by a series of interchangeable 
capillaries at C. Bromine collected in D was dissolved in 
KI solution and the iodine liberated titrated with standard 
thiosulfate.

B

Before introduction of bromine the temperature of B was 
raised (electric furnace) to the desired value, regulated 
within ± 2 ° , and measured with three calibrated chromel- 
alumel thermocouples spaced around the reactor. The pre
heater was kept within 10° of the main furnace; variation 
of its temperature in this range had no cbservable effect.

Iron(III) bromide vapor, formed by reaction of bromine 
and FeBr2 and transported by bromine down the inner tube 
of B, condensed and decomposed to FeBr2 in the cool region 
outside the furnaces. At the completion of an experiment 
(one to two hours) the inner tube was removed in a dry-box 
and the FeBr2, in amounts varying from 0.8 to 40 mg., 
dissolved in water and determined colorimetrically as the 
iron(II) complex of l,10-(ortho)-phenanthroline by a method 
similar to that described by Hiskey.4'5 A Beckman (DU) 
spectrophotometer was used at wave length 510 mp, an 
absorption maximum of the complex. The accuracy of the 
analysis was found to be ±0 .5% . This technique per
mitted study of the equilibrium with Fe2Br6 pressures as 
low as 10“ 3 mm.

Diaphragm Gage M easurem ents.—The dimer-monomer 
equilibrium was studied by measuring the total pressure 
developed in the system FeBr2(s)-Br2-Fe2Br6-FeBr3 be
tween 500 and 750°, using a thin quartz membrane man
ometer of the Daniels type.6 Deflections of a slender quartz 
pointer (20 cm. long) sealed to the diaphragm were observed 
through a 40-power microscope. The gage, with volume 
approximately 35 ml., was connected by graded quartz- 
Pyrex seals and waxed ground-glass ball joints to the vacuum 
line, mercury manometer and bromine source. The gage 
was used as a null point instrument; the zero position was 
determined before and after a series of measurements by 
freezing out the bromine with liquid oxygen. No irrevers
ible shift in the null point was noted; appreciable pressure 
differentials were not allowed to develop at high tempera
tures. The uncertainty of a pressure measurement was of 
the order of ± 1  mm.

FeBr2 was sublimed into the gage after the apparatus had 
been outgassed at 900°, the sublimation tube sealed off and 
a side arm also sealed after introduction of a known amount 
of bromine. The latter was obtained by thermal decompo
sition of FeBr3,4 a convenient method for producing small 
quantities of high purity. The apparatus was heated with 
an electric furnace with three separate nichrome windings. 
The current in the main winding was controlled with a 
thermal regulator to maintain the temperature in the center 
of the tube within ± 1 °  of the desired value; currents in the 
smaller windings at the top and bottom of the furnace were 
adjusted independently so the temperatures indicated by 
five calibrated ehromel-alumel thermocouples spaced all 
along the gage were within 1°.

(4 )  C . F .  H is k e y , Anal. Chem., 21, 1 44 0  (1 9 4 9 ).
(5 )  C . F .  H is k e y , J .R a b in o w i t z  a n d  I .  G . Y o u n g ,  ibid.. 22,1 4 6 4 (1 9 5 0 ) .
(6 )  F . D a n ie ls , J. Am. Chem. Soc., 50, 1115 (1 9 2 8 ) .

Results and Discussion
Transpiration Study.—Equilibrium constants for 

the reaction of bromine with FeBr2(s) to give 
iron(III) bromide vapor are shown in Fig. 2. The 
solid circles correspond to constants calculated if 
the iron(III) vapor is assumed to be FeBrs; the 
open circles for Fe2Br6. No trend on either basis was 
apparent with variation in flow rate; however, the 
solid circles are observed to fall roughly on three 
parallel lines, corresponding to the three ranges of 
bromine pressure used. The open circles show no 
such dependence on bromine pressure; it is con
cluded that the equilibrium characterized is

2FeBr2(s) +  Br2(g) = Fe2Br6(g) (1)
with negligible amounts of FeBr3(g) present. The 
solid line represents the least squares analysis of the 
data in the form log K x =  —356o/T -f- 3.943. The 
average deviation of log K x (expt.) from calculated 
values is 0.8%. The mean heat of reaction is 16.3 
±  0.3 kcal.

Fig. 2.—The system 2FeBr2(s) +  Br2(g) ±  Fe2Br6(g).
Taken with results of a previous study3 of the 

thermal dissociation of solid FeBr3, an expression 
for the vapor pressure of dimer above the solid may 
be derived; log P mm = —7044/7’ +  15.24, as
suming a constant heat of sublimation, 32.3 kcal. 
Obviously this equation applies only if sufficient 
bromine is present in the system; solid FeBr3 can
not exist above ca. 257° as the necessary bromine 
pressure exceeds the vapor pressure of bromine 
above this point; the hypothetical sublimation 
pressure of Fe2Br6 reaches one atmosphere at 297°.

The Monomer-Dimer Equilibrium.— Six inde
pendent series of measurements, each with different 
initial amounts of FeBr2 and bromine, were made 
in quartz diaphragm gages. Three distinct regions 
were apparent in each series. A low temperature 
region (100-450°) exhibited ideal gas behavior and 
afforded a check on the quantity of bromine intro
duced. Between 500 and 670° apparent deviation 
from perfect gas behavior occurred which may be 
correlated with the dissociation of Fe2Br6. Beyond 
670° a sudden decrease in pressure and subsequent 
rise with increasing temperature demonstrated solu
bility of the vapor phase in liquid FeBr2. The be
havior above 500° is shown for four of the series in 
Fig. 3. Equilibrium was verified in all regions by 
approaching a given point from both higher and 
lower temperatures.



112 N. W. G r e g o r y  a n d  R. 0. M c L a r e n Vol. 59

Fig. 3.—Equilibrium pressures in the FeBr2-Br2 system.

The pressure of FeBr3 in the dissociation range 
can be determined from the total pressure and its 
deviation from the extrapolated line characterizing 
the lower region, with a small correction for the va
por pressure of FeBr2. The proportion of Fe2Br6 and 
Br2 can be calculated by extrapolation of results for 
equilibrium (1). Hence knowing the initial amount 
of bromine introduced, equilibrium constants for 
the reaction

Fe2Br6(g) = 2FeBr3(g) (2)

may be evaluated and are shown in Fig. 4; the size 
of the circles indicates the effect of an uncertainty 
in the measured pressure of 1 mm. The solid line 
represents the equation log K2 =  —7268/T +  
9.900 (pressures in mm.), determined by least 
squares treatment of the data with the more uncer
tain points (iC2 less than 10) weighted one-half. The 
heat of dissociation is 33.2 ±  0.8 kcal.

Thermodynamic properties calculated from re
sults of the present work, recent low temperature 
heat capacity studies on FeBr2,7 and other refer
ences indicated are given in Table I. Some of the 
values involve an estimate of heat capacities above 
room temperatures; A(7p  has been taken as — 8 
cal./deg., for (1) and —1 cal./deg. for (2). Previ
ously reported constants for the chlorides are listed 
for comparison.

A rough confirmation of the composition of the 
vapor phase was made in one of the diaphragm gage 
studies. The initial amounts of FeBr2 and bromine 
were adjusted so only the gas phase would be pres

(7) Private communication from Professor E. F. Westrum, Jr., De
partment of Chemistry, University of Michigan, Ann Arbor, Michigan.

ent at higher temperatures. A change in slope on a 
P-T  plot was observed at 662° and was taken to 
be the highest temperature at which solid FeBr2 
was present. The average molecular weight of the 
gas based on the weight of reactants introduced and 
the volume of the apparatus, 383, compared favor
ably with 368, calculated from the equilibrium con
stants given above and the vapor pressure of 
FeBr2.2

T a b l e  I
T h e r m o d y n a m i c  P r o p e r t i e s  o f  A n h y d r o u s  I r o n  C h l o 

r i d e s  a n d  B r o m i d e s  a t  25°
Standard state for halogens: gas at one atmosphere.

S u b s ta n c e
AH°,
kcal.

A i 10,
kcal. s°,

e .u .

FeBr2(s)6’8 -  66.0 -  56.6 33.62
FeCl2(s)6,8 -  81.5 -  72.1 28.19
FeBr3(s)2 -  74.0 -  58.9 43.9
FeCUCs)8’11 -  93.4 -  78.6 36.9
FeBr3(g) -  39.7 -  38.7 91.1
Fe2Br6(g) -113 .5 -101 .8 149.2
FeChCg)9,10 -  58.1 -  58.3 86.9
Fe2Cl6(g l11'12 -149 .0 -139 .9 142.2

The solubility effects (Fig. 3) may be corre-
lated by assuming, in regions where the pressure 
decreases with increasing temperature, solid FeBr2 
is in equilibrium with a solution of iron(III) bro
mide in liquid FeBr2, the solubility varying with 
pressure of iron (III) vapor and with temperature. 
From the equilibrium data and the amount of re
actants initially introduced, the composition of the 
liquid can be approximated at the temperature 
which corresponds to melting of the last trace of 
solid FeBr2. A slight rounding at these minima 
was corrected by extrapolating the vertical and 
higher temperature portions of the curves. The 
solubility of bromine was assumed negligible in 
comparison to the solubility of iron(III) bromide 
and the latter to be in the form of the monomer in 
solution. Hence a plot of log NveBn vs. the freez
ing point may be constructed, which on the basis of 
ideal solution behavior, gives the heat of fusion and 
freezing point of FeBr2 (the latter shown by the dotted

(8 ) J . C . M .  L i a n d  N . W . G re g o r y ,  J. Am. Chem. Soc., 74, 4 6 7 0  
(1 9 5 2 ) .

(9 )  W .  K a n g r o  a n d  H . B e r n s to r ff .  Z. anorg. allgem. Chem., 2 6 3 , 316  
(1 9 5 0 ).

(1 0 )  H . S ch a fe r , Z. anorg. Chem., 259, 53  (1 9 4 9 ).
(1 1 ) W . K a n g r o  a n d  E . P e te r s o n , ibid., 2 6 1 , 157  (1 9 5 2 ) .
(1 2 )  K .  K .  K e lle y ,  B u re a u  o f  M in e s  B u lle t in  3 8 3 , U . S . G o v ’ t  P r . 

O ffice , W a s h in g to n , D . C .,  1935 , p .  59 .
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line in Fig. 3). The heat of fusion obtained, 10 kcal./ 
mole, is somewhat lower than that determined in va
por pressure studies (15.5 kcal.1 2); the freezing point, 
686°, is also slightly below that of 689°, deter
mined by a cooling curve study of pure FeBr2.2 
However, in view of the necessary assumptions, the 
agreement is felt to be as good as could be expected.

It has been demonstrated that the transpiration 
method may be conveniently extended to deter
mine equilibrium pressures in the low region usually 
studied by the effusion technique, provided suitable 
analytical procedures are available. This not only 
extends the usefulness of the method in thermody
namic studies but enables a direct check of the ef
fusion method, and evaluation of the importance of 
kinetic factors in the latter, in cases where the two 
may be applied to the same system. The success 
of the effusion method in the study of vaporization 
reactions is largely dependent on the accommoda
tion coefficient for the condensation process. This 
is generally assumed to be sufficiently near unity so

the rate of effusion for small orifices will be negligi
ble compared with the rates of vaporization and 
condensation. However, caution should be exer
cised in the investigation of systems in which the 
molecular nature of the vapor is materially different 
from the building units in the crystal. In some pre
liminary studies conducted in this Laboratory on 
the decomposition of chromium (III) iodides, ac
commodation coefficients appear to be very small, 
10-3 to 10~6; in the latter case it is impractical to 
attempt to use an effusion cell with a sufficiently 
small orifice to keep the steady state pressure near 
the equilibrium pressure. Comparison of the steady 
state pressures for various orifices with the true 
equilibrium pressure offers interesting possibilities 
for the examination of the kinetics of vaporization 
reactions in such cases. We are proceeding with 
research along these lines.

We are pleased to acknowledge support of this 
work by the Office of Ordnance Research, U. S. 
Army.
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Received November 23, 1964

The heat of formation at 25° of liquid titanium tetrachloride has been found to be —191 ±  3 kcal. mole“ 1, and that of 
solid titanium trichloride, —170.0 ±  0.8 kcal. mole“ 1. Experimental determinations have been made of the total dispro
portionation pressures of titanium trichloride and dichloride, the vapor pressure of titanium trichloride, and the molecular 
weight of titanium trichloride. Equilibria in the reactions between titanium tetrachloride vapor and titanium carbide, and 
between sodium chloride and titanium metal, were also investigated. Some estimates of thermal functions of the titanium 
chlorides were made to permit thermodynamic calculations relating the various experiments.

Introduction
The literature contains very few references to the 

thermodynamic properties of the titanium chlo
rides. The heat of formation of titanium tetrachlo
ride has been calculated1 from an approximate mea
surement by Thomsen2; Latimer3 has measured the 
heat capacity of titanium tetrachloride at low tem
peratures; and Kelley4 5’6 has calculated the thermal 
properties of gaseous titanium tetrachloride from 
the molecular constants.

We have made several measurements of thermal 
properties of the titanium chlorides, which, taken 
together, provide a fairly complete set of thermal 
data. While the accuracy of many of the figures 
may be improved by more careful work, we feel 
that, in the general absence of other experimental 
data, these will be of value.

Experimental
Materials.—Titanium prepared by the “ iodide”  process, 

of 99.9% purity, was used in measurements of the heat of 
formation of TiCfi. A titanium rod made from du Pont 
sponge of about 99.7% purity wras turned on a lathe to give 
fine turnings for measurements of the heat of formation of

(1 )  F . D . R o s s in i , D . D . W a g m a n , W . H . E v a n s , S. L e v in e  a n d  I . 
J a ffe , U . S. D e p t ,  o f  C o m m e r c e ,  N a t l .  B u r. o f  S ta n d a rd s  C ir c .  N o . 5 0 0  
(1 9 5 2 ).

(2 )  J . T h o m s e n , “ T h e r m o c h e m ic a l  I n v e s t ig a t io n s ,”  B a r th , L e ip z ig , 
1 8 8 2 -8 6 .

(3 )  W . M .  L a tim e r , J. Am. Chem. Soc., 4 4 , 9 0  (1 9 2 2 ) .
(4 )  K .  K . K e lle y ,  U . S. B u re a u  o f  M in e s , B u lle t in  4 7 6  (1 9 4 9 ) .
(5 )  K .  K . K e lle y ,  U . S . B u re a u  o f  M in e s , B u lle t in  4 7 7  (1 9 5 0 ).

TiCfi. A piece of this rod was used to make the reactor 
to study the reaction of sodium chloride with titanium.

Titanium tetrachloride was obtained from the Stauffer 
Chemical Company, and fractionally distilled several times 
before use. It contained less than 0.1% impurity. Titan
ium trichloride for disproportionation experiments was pre
pared by the National Research Corporation by the Sherfey6 
process from pure TiCh and hydrogen, and contained only a 
little TiCh as impurity. Trichloride for other experiments 
was made by reaction of TiCh with du Pont sponge titanium 
at about 800°. This material was found to contain about 
1% titanium dichloride.

Titanium carbide was made by heating titanium dioxide 
and carbon in vacuo to about 1800°. Chemical analysis 
gave 18.90% carbon, 78.86% titanium. The remaining 
2.24% was likely oxygen. Other chemicals were standard 
reagent grade products.

Heat of Formation of Titanium Tetrachloride.—After a 
number of unsuccessful trials with other methods, direct 
chlorination wms used to measure this property. The 
strongly-built- Pyrex bomb of Fig. 1 could withstand a pres
sure of several atmospheres—experimentally three atmos
pheres of chlorine were used to speed up the reaction. 
The apparatus came apart in the middle, where a Teflon 
gasket W’as used to make a seal, and the two pieces were 
held together by a commercial pipe coupling. Titanium 
turnings were placed in the silica sample container, along 
with a little red phosphorus to start combustion. The 
sample container had a few small holes in the bottom, to 
aid in the circulation of the chlorine. The assembled ap
paratus was placed inside a conventional combustion cal
orimeter which was used to measure the heat given out by 
the chlorination. Before the chlorination wrns carried out, 
the apparatus was evacuated, and the reaction took place 
as soon as the chlorine was admitted. The chlorine was

(6 )  J . M .  S h e r fe y , J. Research Natl. Bur. Standards, 4 6 ,  2 9 9  (1 9 5 1 ) .
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dried with phosphorus pentoxide before use, and a pressure 
gage in the line made it possible to maintain a constant 
pressure of chlorine during the reaction. The chlorine was 
kept at its full vapor pressure at room temperature in the 
drying cylinder, and before entering the calorimeter it 
passed through a long coil of copper tubing (also at room 
temperature) so that it could warm up after any cooling on 
expansion when it was released from the cylinder. Room 
temperature at the time of the experiment was noted in 
order to make a correction for the heat capacity of the 
chlorine. The calorimeter was calibrated electrically to
0.2%. Its heat capacity was 2811 cal./deg. C. Experi
ments were done at about 29°.

and titanium trichloride in a dilute solution of hydrofluoric 
acid. The solutions were made in a polyethylene-coated 
Dewar flask fitted with a stirrer, calibrating heater and re
sistance thermometer, and the samples were contained in 
thin-walled Pyrex bulbs which were broken on the bottom 
of the Dewar flask at the proper time. In the solution of the 
titanium metal, in which hydrogen was produced, a layer 
of C15-C 17 paraffin oil was spread on the surface of the solu
tion to prevent splashing. Corrections were made for its 
heat capacity and for the heat of vaporization of the water 
vapor carried away by the hydrogen.

The heat of formation of titanium trichloride was obtained 
by combining the heats of the reactions

Fig. 1.—Apparatus for measuring the heat of formation of 
titanium tetrachloride.

The experiments are described in Table I. A correction 
was made for the change in heat content of chlorine with 
pressure, on the assumption that it obeyed the Berthelot 
equation. Another correction was made for the solubility 
of chlorine in the liquid titanium tetrachloride, assuming 
that chlorine and titanium tetrachloride form an ideal solu
tion. While the average value from Table I is —189.0 
kcal., it seems that the value for the largest sample is most 
accurate, since several of the sources of error in the deter
mination are independent of the amount of sample used, 
and hence proportionately larger for the smaller samples. 
This gives the value —190 ±  3 kcal. for the heat of for
mation of titanium tetrachloride at 25°.

T a b l e  I
E x p e r i m e n t a l  D a t a  f o r  t h e  H e a t  o f  F o r m a t i o n  o f  

TiCl, (1)
R u n  n o . 1 2  3

W t .  o f  t it a n iu m  (g .)  0 .2 4 7 3  0 .7 4 7 4  0 .5 1 9 9
W t .  o f  p h o s p h o ru s  (g .)  0 .0 0 4 0  0 .0 0 4 0  0 .0 0 4 0
T o t a l  h e a t  e v o lv e d ,  c a l . 9 9 7 .9 3 , 0 2 1 . 3 2 , 0 9 3 . 5
H e a t  c a p a c i t y  c o r r n .,  ca l. +  1 .6 +  4 .1 +  2 . 9
C o r r n . f o r  c h lo r in a t io n  o f  P , 

ca l. - 1 3 . 7 - 1 3 . 7 - 1 3 . 7
C o r r n . f o r  T iC L  v a p o r iz a t io n ,  

ca l. +  0 . 7 +  0 . 7 +  0 . 7
C o r r n .  f o r  s o ln . o f  C I2 in  T iC L , 

ca l. - 1 7 . 6 - 4 8 . 5 - 3 3 . 7
P r e ssu re  c o r rn . f o r  h e a t  c o n 

te n t  o f  C I2, ca l. + 0 . 8 + 2 . 4 +  1 .6
N e t  h e a t  o f  c h lo r in a t io n  t o  

T iC U d ) ,  ca l. 9 6 9 .6 2 , 9 6 6 . 3 2 , 0 5 1 . 3
H e a t  o f  f o r m a t io n  o f  T iC L i(l), 

k c a l . /m o le 1 8 7 .8 1 9 0 .2 1 8 9 .0

Heat of Formation of Titanium Trichloride.—This prop
erty was measured by dissolving samples of titanium metal

Ti(s) +  (3HC1 +  11.96I1F +  1322H20 ) ---- ►
(final soln.) +  3/2H2(g) A Hi (1) 

TiCl3(s) +  (11.96HF +  1322H20 ) — >-
(final soln.) A Hi (2)

(3HC1 +  30H2O) +  (11.96HF +  1292H20 ) —
(3HC1 +  11.96HF +  1322H20 ) aH3 (3) 

3/2 H2(g) +  3/2 Cl2(g) +  30H2O( 1) — ^
(3HC1 +  30H2O) AH, (4) 

(11.96HF +  1292H20) +  30H2O(l) — >
(11.96HF +  1322H20 ) AHs (5)

Adding up these five reactions, the result is 
Ti(s) +  3/2 Cl2(g) — >■ TiCl3(s)

A // = AHi — AH2 fl- AH3 ■ ■■ AH, — AHfi
The first three reactions were measured experimentally, and 
the last two taken from the literature. The small amount of 
TiCl2 in the TiCl3 introduced an uncertainty estimated at 
1% in the measured heat of solution of titanium trichloride.

Care was taken to ensure that the “ final solutions”  of 
equations (1) and (2) were identical. It was established by 
titration with K2Cr20 7 that solutions of both TiCl3 and Ti 
in HC1-HF solutions give trivalent titanium, within 1%. 
Moreover Latimer7 points out that ‘ ‘it is impossible to have 
appreciable concentrations of +2  titanium in solutions which 
have an acidity greater than 0.1 N H +.”  There is, there
fore, little doubt that titanium metal is oxidized quantita
tively to T i+S. A solution of TiCl3 in HC1 solution is pink, 
but when HF is added there is an immediate change in color 
to green. This same green color is apparent when titanium 
is dissolved in HF or HC1-HF solutions so that whatever 
the reason is for the color change, it occurs in both reactions. 
Argon was bubbled through the acid solutions before the 
experiments, and an argon atmosphere kept over the solu
tions during experiments, to reduce oxidation of the solu
tions by the air.

Two determinations of the heat of solution of titanium 
metal in the HF-HC1 solution gave AHx’s of —106.88 and
— 107.03 kcal. per gram-atom of titanium, or an average 
of —106.96 ±  0.2 kcal. Two determinations of the heat 
of solution of titanium trichloride gave A H 2’ s of —55.61 and
— 55.41 kcal. per mole of titanium trichloride, or an average 
of —55.51 ±  0.7 kcal. This large uncertainty, as men
tioned above, is to allow for impurities in the trichloride. 
Two determinations of AHi gave —2.61 and —2.69 kcal., 
or an average of —2.65 ±  0.1 kcal. The values of AH, and 
AHS, respectively,1 are —115.88 +  0.05 kcal., and —0.01 
±  0.00 kcal. Accordingly, the final AH0 for the heat of 
formation of solid titanium trichloride is —170.0 ±  0.8 kcal. 
This figure was determined at about 24.2°, but should not 
be appreciably different at 25°.

Vapor Pressure of Titanium Trichloride.—This vapor 
pressure was measured by the transfer method, with titan
ium tetrachloride as carrier gas. The tetrachloride pre
vented the disproportionation of the trichloride (see below). 
The tetrachloride was boiled at about one atmosphere 
pressure in a Pyrex flask, and the vapor passed over the 
heated trichloride which was contained in a silica tube con
nected to the Pyrex flask by a graded seal. The trichloride 
was solid at the experimental temperatures. The trichlo
ride and tetrachloride vapors were condensed in different 
parts of the exit tube, and the amount of each was meas-

(7 ) W .  M .  L a tim e r , “ T h e  O x id a t io n  S ta te s  o f  t h e  E le m e n ts  a n d  th e ir  
P o te n t ia ls  in  A q u e o u s  S o lu t io n s ,”  S e c o n d  E d it io n ,  P r e n t ic e -H a l l  I n c .,  
N e w  Y o r k ,  N . Y . ,  195 2 .
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ured. From these and the measured total pressure in the 
apparatus, the vapor pressure of titanium trichloride was 
calculated on the assumption that the vapors behave 
ideally.

Six experiments gave vapor pressures ranging from0.7 mm. 
at 528° to 66 mm. at 641°. However, after the experiments 
were done, it became apparent that the tetrachloride had not 
been saturated with trichloride vapor, particularly at the 
lower temperatures, and it had to be concluded that the 
measured vapor pressures were all low. The vapor pres
sure of trichloride was estimated to be about 80 mm. at 
641°, instead of 66 mm. as found experimentally. This is 
the figure which has been used in thermodynamic calcula
tions.

Disproportionation of Titanium Trichloride.—The ap
paratus of Fig. 2 was used to measure the total pressure in 
the reaction

2TiCh — TiCk +  TiCh (I)
A sample of titanium trichloride was put into the apparatus 
and the seal-off made as shown. The apparatus was then 
evacuated through the U-tube. The sample tube on the 
left was heated in an electric tube furnace, with a heavy 
copper block surrounding it to maintain an even tempera
ture, which was measured with a chromel-alumel thermo
couple and Brown potentiometer to 10. Much of the other 
part of the apparatus was immersed in an oil-bath to keep 
the titanium tetrachloride from condensing, and the part 
between the oil-bath and the furnace was also heated by 
chromel heater wire.

The pressures measured by the manometer were exerted 
entirely by titanium tetrachloride vapor, but it is consid
ered that back in the furnace the pressures are the totals of 
the partial pressures of tetrachloride, trichloride and dichlo
ride. These pressures are accurate to about 1 mm. Some 
of them were obtained twice on the same sample of titanium 
trichloride, after pumping out the system, and the equilib
rium was approached from both high and low temperatures 
in some cases.

The experimental total pressures are given in column 2 
of Table II . The next two columns give the vapor pressures 
of titanium trichloride and dichloride at the respective tem
peratures, calculated as described in the Discussion. The 
net disproportion pressures of titanium trichloride are given 
in the last column of Table II.

T a b l e  II
D i s p r o p o r t i o n a t i o n  o p  T i t a n i u m  T r i c h l o r i d e

T. " K .
T o t a l  P ,  

m m .
P ( T i C l j ) ,

m m .
P I T iC L ) ,

m m .
P ( T i C l i ) ,

m m .

802 16.1 4.0 0.0 12.1
849 54.1 15.2 0.2 38.7
863 75 5 21.9 0.4 53.2
900 182 58 1 123
928 339 105 2 232

Disproportionation of Titanium Dichloride.—A sample 
of titanium dichloride was made by heating titanium tri
chloride at 600° in vacuo. The sample was put into the 
apparatus of Fig. 2, and the procedure described above was 
used to obtain the total pressure over the solids. Titanium 
dichloride disproportionates according to the reactions

3TiCh — ^  Ti +  2TiCh (II)

2TiCh — Ti +  TiCh (HI)
Therefore the furnace contained titanium dichloride, tri
chloride and tetrachloride vapors, and the tetrachloride 
again served to transmit the pressure to the manometer. 
The total pressures measured are listed in the second column 
of Table III. The pressures are accurate to about 1 mm.

T a b l e  III
D i s p r o p o r t i o n a t i o n  o f  T i t a n i u m  D i c h l o r i d e

T o t a l  P ,  P ( T i C l i ) ,  P t T iC h ) ,  P ( T i C l i ) ,  T o t a l  P ,

r°, k
m m .

(o b s d .)
m m .

(ca le d .)
m m .

(c a le d .)
m m .

(ca le d .)
m m .

(e a le d .)

977 16.3 6 8 1 15
1009 36.3 11 18 1 30
1041 66.7 23 36 3 62
1071 125.2 41 66 5 112

Molecular Weight of Titanium Trichloride.—It seemed 
possible that titanium trichloride might resemble aluminum 
chloride and ferric chloride in having a dimeric vapor at 
temperatures just above the boiling point and monomeric 
vapor at higher temperatures. If it were dimeric, the ac
tual vapor pressure would be half that given in the previous 
section. The disproportionation reaction complicates va
por density measurements, and a rather roundabout way 
had to be used to get at the problem.

A silica apparatus of the Victor Meyer type was used, 
with a long tube furnace to heat the bulb. _ The apparatus 
was flushed with argon before each experiment, and the 
furnace heated to 750°, at which temperature the vapor 
pressure of titanium trichloride was expected to be over one 
atmosphere. An experimental sample consisted of a mix
ture of titanium trichloride and tetrachloride contained in a 
small silica bottle with a ground stopper. The sample was 
dropped into the heated apparatus and the volume of argon 
displaced was measured. After the experiments the sample 
bottle was removed and a small amount of titanium dichlo
ride in it was weighed. It seemed that the tetrachloride

T a b l e  IV
C a l c u l a t i o n  o f  M o l e c u l a r  W e i g h t  o f  T i t a n i u m  

T r i c h l o r i d e

Starting material: TiCh, 0.0654 g., 0.423 mmole 
TiCh, 0.0834 g., 0.440 mmole

Final state: 0.773 mmole argon displaced (TiCh +  TiCh
vapor)

0.0138 g. TiCh left in bottle (0.116 mmole)
Disproportionation reaction

2TiCh •-----* TiCh +  TiCh
0.232 mmole 0.116 mmole 0.116 mmole 
0.0358 g. 0.0220 g. 0.0138 g. 

Thus, total mmole of TiCh present (0.440 +  0.116) = 0.556 
total mmole of TiCh present (0.773 — 0.556) = 0.217 
total wt. of TiCh in vapor (0.0654 — 0.0358) =

0.0296 g.

.•. mol. wt. of TiCh:
0.0296

0.000217
137
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vaporized very rapidly, and did not prevent some dispro
portionation of the trichloride from occurring in the sample 
bottle.

Three experiments of this type were carried out, and a 
typical one is described in Table IV. This molecular 
weight of 137, with the others of 163 and 134, give a mean 
value of 145, not far from the titanium trichloride monomer 
value of 154, and a long way from the dimer value of 308. 
This result strongly suggests that titanium trichloride vapor 
is mostly monomeric at 750°. If comparisons with alumi
num chloride and ferric chloride hold, titanium trichloride 
stays monomeric at higher temperatures.

Reaction between Titanium Carbide and Titanium Tetra
chloride.—This reaction was studied since it gave equilib
rium data at a moderately high temperature. Titanium 
tetrachloride vapor was passed over heated titanium car
bide in a silica tube, and titanium trichloride was formed 
and separated out in a cooler part of the tube. This reac
tion was run at several different rates of flow of tetrachlo
ride, so that the approach to equilibrium .could be studied. 
The reaction involved is

3TiCh +  TiC — >  4TiCh +  C (IV)
Ehrlich8 has shown that TiC and C are the only two phases 
present in the composition range TiC-C. These experi
ments were all done at 1050°. An extrapolation of the ex
periments to an infinitely slow rate of tetrachloride flow 
showed that 8.2 weight per cent, trichloride would be 
present in the vapor. If an equilibrium constant Kp is 
written as

Kp = [P(TiCl3)]4/  [B(TiCh)]3
then at 1050°, the logarithm of this Kp is —3.9.

Reaction between Titanium and Sodium Chloride.—
This reaction was studied to obtain equilibrium data at 
still higher temperatures. The disproportionation experi
ments described above suggested that at the boiling point 
of sodium chloride, the reaction

2NaCl(g) +  T i(s)---- 2Na(g) +  TiCk(g) (V)
would proceed to a measurable extent. Experimentally, a 
closed-end titanium tube of '/Vinch outside diameter, 3/s- 
inch inside diameter and 5-inch length, containing sodium 
chloride and titanium turnings, was heated inductively in 
an argon atmosphere so that the sodium chloride boiled and 
passed over the titanium turnings and then out of the tube. 
The salt condensed on the walls of the silica tube inside 
which the titanium tube was heated, and was collected and 
analyzed for titanium. The temperature of the tube was 
measured with an optical pyrometer, but since the sodium 
chloride vapor interfered with the measurements, the tem
peratures are accurate to only about ±30°. Experiments 
were done at about one atmosphere and one-half atmosphere.

The equilibrium constant for the reaction of sodium chlo
ride with titanium was written

[P(Na)P [P(TiCh)] 
p [P(NaCl)]2

where the pressures are expressed in atmospheres. An 
approximate calculation showed that titanium dichloride is 
the only titanium chloride present in an appreciable amount. 
The experimental data are listed in Table V, while the 
equilibrium constants and other thermodynamic data are 
listed in Table VI. These calculations will be discussed 
below.

T a b l e  V
E x p e r i m e n t a l  D a t a  f o r  R e a c t i o n  o f  NaCl V a p o r  w i t h  

T i t a n i u m

T, ° K .
± 3 0

P re ssu re ,
m m .

T im e  a t  
h ig h  t e m p .,  

m in . ± 1

W t .  o f  
N a C l  e v a p .,

g . ± 0 . 0 2

W t .  o f  T i  
in  v a p o r , 

g . ± 0 .0 0 4

1830 780 ±  10 6 2.00 0.0905
1780 780 ±  10 3 0.95 .0395
1810 780 db 10 8 1.99 .0862
1810 780 ±  10 4 1.31 .0585
1670 360 ±  5 10 1.17 .0370
1690 370 ±  5 10 1.50 .0428
1690 360 ±  5 14 2.16 .0706

T a b l e  V I

T h e r m o d y n a m i c  C a l c u l a t i o n s  f o r  R e a c t i o n  o f  NaCl 
V a p o r  w i t h  T i t a n i u m

K  X  103, A F°, A ( F °  -  H S ), A Hi.
T, ° K . a tm . ca l. ca l. cal.
1830 0.833 25,800 -42,600 68,400
1780 .474 27,100 -41,600 68,700
1810 .719 26,000 -42,200 68,200
1810 .781 25,700 -42,200 67,900
1670 .106 30,400 -39,200 69,600
1690 .091 31,200 -39,600 70,800
1690

Mean
.139 29,800 -39,600 69,400

69,000

Discussion
The experiments described above have not, un

fortunately, determined all of the unknown ther
mal properties of the titanium chlorides. There
fore, when an attempt is made to relate the various 
experiments by thermodynamic calculations, sev
eral estimates have to be made. The most impor
tant estimates are of the heat capacities and related 
functions of the dichloride and trichloride. Once 
these functions are established, complete thermody
namic calculations can be made since thermal func
tions of titanium tetrachloride can be calculated 
from the molecular constants,6 Latimer3 has meas
ured the heat capacity of solid and liquid tetrachlo
ride at low temperatures, and Schafer and Zepper- 
nick9 have measured the vapor pressure of titanium 
tetrachloride.

In this work estimates of the thermal properties 
of the lower chlorides were made by comparisons 
with other molecules whose properties are known. 
The details of the methods of estimating are too te
dious for a complete discussion here, although they 
are simple enough in principle. The results are 
given in Tables VII and VIII. Values for NaCl 
and TiCL are included since they have been changed 
from the literature values to include allowances for 
vibrational anharmonicities and rotation-vibra
tion interactions. The uncertainties assigned to 
these estimates are considered to be maximum un
certainties, with the probability of 1 in 25 that the 
actual values lie outside the given ranges of uncer
tainty.

T a b l e  V I I

F r e e  E n e r g y  F u n c t i o n s , — (F° —Hq)/T, i n  c a l . d e g . - 1  

m o l e - 1
S u b s ta n c e 2 9 8 ° K . 5 0 0 ° K . 1 0 0 0 ° K . 1 5 0 0 ° K . 2 0 0 0 ° K .

T iC h (s ) 1 2 .7 1 9 .7 3 0 .7  rfc 5
T iC h ig ) 5 8 .5 6 4 .1 7 2 . 4 7 7 .6 8 1 .3  ±  4
T iC l i (s ) 1 9 .4 2 8 .2 4 2 . 2  ±  5
T iC h (g ) 6 3 .7 7 1 .4 8 2 .9 9 0 .1  ± 4
T iC b ( l ) 2 9 . 3  =b 2
T iC l . (g ) 6 7 .0 7 6 .8 9 2 . 0 1 0 2 .6  ±  2
N a C l (g ) 6 1 .7 6 3 . 2  ±  0 . 2

T a b l e  VIII
H e a t  C o n t e n t s , H 0 — H 0° ,  i n  c a l . m o l e - 1

S u b s ta n c e 2 9 8 ° K . 5 0 0 ° K . 1 0 0 0 ° K . 1 5 0 0 ° K .
T iC h (s ) 3 ,8 0 0 7 ,5 0 0 1 7 ,0 0 0  ±  6 0 0
T iC l i (g ) 3 ,0 0 0 5 ,6 0 0 1 2 ,7 0 0 2 0 ,4 0 0  d= 1 2 0 0
T iC l j ( s ) 4 ,5 0 0 9 ,2 0 0 2 1 ,8 0 0  db 8 0 0
T iCU C g) 4 ,2 0 0 8 ,0 0 0 1 7 ,7 0 0 2 7 ,6 0 0  ±  1 5 0 0
T i C b ( l )
T iC l , (g )

9 .1 0 0  d= 3 0 0
5 .1 0 0 1 0 ,1 0 0 2 2 ,8 0 0 3 5 ,6 0 0  8 0 0

(8 ) P . E h r lic h ,  Z. anorg. allgem. Chem., 2 5 9 , 1 (1 9 4 9 ) . (9 )  H . S ch a fe r  a n d  F .  Z e p p e rn ic k ,  ibid., 2 7 2 , 2 7 4  (1 9 5 3 ) .
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The authors have recently learned that Johnson, 
Nelson and Prosen10 have found the heat of forma
tion of liquid titanium tetrachloride to be —192.9 ±  
0.6 kcal./mole (compared to our value of —190 ±  
3 kcal./mole). While the two values agree within 
the experimental errors assigned, Johnson, Nelson 
and Prosen’s value seems to be the more accurate. 
Therefore, it has been used in the calculations de
scribed below.

Thermodynamic calculations were made as fol
lows. Free energy functions of solid and gaseous 
TiCF were combined with the vapor pressure (80 
mm.) at 914°K., to give the heat of sublimation at 
0°K. (42.4 kcal.). Heat contents of solid and gase
ous TiCl3 then gave the heat of sublimation at 
900°K. as 38.8 kcal. Then the vapor pressure 
equation of TiCl3 was written in the form

The constant B was obtained from AH and the 
known value of the vapor pressure (P ) at 914°K. 
From this equation, vapor pressures of TiCl?, were 
calculated at each of the experimental dispropor
tionation temperatures. These are listed in column 
3 of Table II. These pressures were subtracted 
from the total experimental pressures to give the 
net TiCh pressures (as in column 5 of Table II, ex
cept that the small TiCl2 vapor pressure at this 
point was neglected). From the TiCl4 pressure AH 
for the disproportionation of TiCl3 (34.7 kcal. at 
about 900°K., 38.5 kcal. at 0°K.) was calculated. 
At this point an important check on the estimates 
could be made, by calculating AH0 for the dispropor
tionation reaction using one experimental pressure 
and free energy functions of TiCl2(s), TiCl3(s) and 
TiCLt(g). Needless to say, this didn’t come out ex
actly right the first time and the estimates were ad
justed until it did.

From the AH0 of the disproportionation measure
ments and the measured heats of formation of TiCl3 
and TiCU, the heat of formation of solid TiCl2 (Ta
ble IX ) was calculated. Further data on TiCl2 were 
obtained from the study of reaction V. Calcula-

(1 0 )  W , H . J o h n so n , R .  A . N e ls o n  a n d  E . J . P r o s e n , u n p u b lis h e d  re
su lts , r e p o r t e d  t o  th e  O ff ic e  o f  N a v a l  R e s e a rc h  in  N a t io n a l  B u re a u  o f  
S ta n d a r d s  R e p o r t  N o .  3 6 6 3  (1 9 5 4 ) .

tions using free energy functions to give AHq are 
given in Table VI. Since the heat of formation of 
NaCl(g) is known,1 AHf0° of TiCl2(g) was obtained 
(Table IX ), although not with the highest accu
racy. The difference in the Ai7f0° ’s of solid and 
gaseous TiCl2 gives, of course, its heat of sublima
tion. The vapor pressures of TiCl2 given in col
umn 4 of Table II were obtained by combining 
this A Ho with free energy functions of solid and 
gaseous TiCl2.

T a b l e  IX
H e a t s  o f  F o r m a t i o n  o f  t h e  T i t a n i u m  C h l o r i d e s

S u b s ta n c e S ta te
— AHf° ,  a t  0 ° K . ,  

k c a l .  m o le  -1
a t  2 9 8 .1 6 ° K .  

k c a l .  m o le  1

TiCh s 118.7 ±  2.9 118.3 ±  3.0
g 69.1 ±  3.0 69.5 ±  3.0

TiCh s 170.1 ± 1 . 0 170.0 ±  0.8
g 127.7 ±  2.2 128.0 ±  2.3

TiCh s 196.4 ± 0 . 7
1
g 182.6 ±  0.8

192.9 ±  0.6 
183.0 ±  0.8

The equilibrium measurements of the reaction be
tween titanium carbide and titanium tetrachloride 
gave an important check on the estimates and the 
other experiments. The thermal properties listed 
in Tables VII, VIII and IX, combined with those 
of titanium carbide and carbon,4'6'11 yield a value 
of log K p equal to —3.5, quite close to the experi
mental value of —3.9. The same sort of thing holds 
with the measurements of the disproportionation 
pressures of TiCl2. Observed and calculated pres
sures are shown in Table III. According to these 
calculations, TiCl2 disproportionates mostly to 
TiCl3, only a small amount of TiCh being formed.

While no great accuracy is claimed for these 
estimates, they are consistent with all the experi
ments and seem reasonable in comparison with 
known thermal functions for other compounds. 
They have served a useful purpose in relating our 
experiments, and in giving values for quantities 
which were not directly measured, such as the heat 
of formation of TiCl2. It is hoped that the esti
mates can soon be eliminated as new experimental 
measurements are made.

(1 1 )  G . L .  H u m p h r e y , J. Am. Chem. Soc., 7 3 , 2 2 6 1  (1 9 5 1 ) .
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ELECTRICAL CONDUCTANCE AND DENSITY OF MOLTEN SALT 
SYSTEMS: KCl-LiCl, KCl-NaCl AND KCl-IvI1

By E. R. Van Artsdalen and I. S. Y affe 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee
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Electrical conductance and density have been determined as functions of temperature for the fused, binary salt systems 
potassium chloride-lithium chloride, potassium chloride-sodium chloride and potassium chloride-potassium iodide. Specific 
conductance increases with temperature, and is generally more temperature-dependent immediately above the melting point 
than at higher temperatures. Molar volumes have been computed from density data; they are very closely additive for the 
chloride mixtures, but deviate slightly in a positive direction for the chloride-iodide system. On the other hand, equivalent 
conductance isotherms for all three systems studied show quite marked negative deviations from additivity, with certain 
mixtures being less conducting than either pure component. Conductance has been treated as a rate process and values 
have been calculated for the heat of activation and the entropy of activation. In general, it was found that the heat of activa
tion is temperature dependent, although lithium chloride appears to be an exception. Both heat and entropy of activation 
tend to maximum values for those mixtures which exhibit minimum conductance. Qualitative explanations are presented 
to account for the various effects in terms of charge density, internuclear distance and short range order within the melts.

In recent years our lack of knowledge concerning 
the fundamental properties of molten salt systems 
has been accentuated by the greater emphasis now 
being placed on high temperature processes. Not
withstanding the need for specific data concerning 
particular fused systems for specific industrial proc
esses, such as electrolytic production of aluminum, 
etc., a greater need exists for obtaining fundamental 
data about molten salts in general so that there may 
be a better understanding of the properties of the 
fused state. It was with these thoughts in mind 
that we have embarked upon a program of study 
of the basic physical chemistry of molten salts.

Molar volume and electrical conductance are 
among the fundamental properties of liquid sys
tems, and well-established experimental techniques 
for measurement of these physical characteristics of 
aqueous solutions are applicable with slight modifi
cation to use at higher temperatures. So it was 
decided to initiate our program with a study of 
these two quantities. Furthermore, a considerable 
amount of previous work concerning these proper
ties of pure fused salts furnishes a firm foundation 
for our work on mixtures.

A number of prior publications2'3 have pointed 
out that various maxima, minima and other points 
of inflection can be found in molar volume and con
ductance isotherms for molten salt mixtures. Such 
points of inflection have frequently been considered 
to indicate the existence of complex ions in melts. 
It was our hope that our studies might give us some 
reliable information about the existence, stability 
and reactions of complex ions which certainly exist 
in numerous molten salts at high temperatures. 
In order to lay a satisfactory foundation for more 
complicated systems, it was decided to investigate 
first some halide mixtures in which there appeared 
little likelihood of the formation of complexes. 
Therefore, the molten systems potassium chloride- 
lithium chloride, potassium chloride-sodium chlo
ride and potassium chloride-potassium iodide were

(1 ) P r e s e n te d  a t  th e  S y m p o s iu m  o n  H ig h  T e m p e r a t u r e  C h e m ic a l  
R e a c t io n s  a t  th e  1 2 6 th  M e e t in g  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie ty ,  
N e w  Y o r k ,  N .  Y . ,  S e p t .  15, 1954.

(2 )  (a )  H . B lo o m , J . W . K n a g g s , J . J . M o l l o y  a n d  D . W e lch , Trans. 
Faraday Soc., 4 9 , 1458  (1 9 5 3 ) ;  ( b )  Y .  V . B a im a k o v  a n d  S . P . S a m u - 
s e n k o , Trans. Leningrad Industrial Inst., 3 (1 9 3 8 ).

(3 )  V . A . I z b e k o v ,  Ukrain. Akad. Nauk. Institut Khim. (P r o c .  1st. 
A l l -U n io n  C o n f .  N o n -a q u e o u s  S o lu t io n s ) ,  p .  142 (1 9 3 5 ).

chosen for our initial investigations. Although the 
first system had been studied previously by Kar- 
pachev, Stromberg and Padchainova,4 and the 
second by Ryschkewitseh ,6a and Barzokowsky,5b we 
thought them worthy of reinvestigation. The pos
sibility of complex formation in the chloride-iodide 
system was not overlooked.

The more recent work on conductance and molar 
volume of molten salts is listed in references 2 
through 14. These papers contain references to 
earlier work.

Experimental
The furnace assembly used for these measurements is 

shown in Fig. 1. The furnace, 3.5" inner diameter by 16" 
long, was provided with shunts for removing or imposing 
thermal gradients. A platinum-rhodium crucible, which 
contained the melt, was inside a heavy-walled nickel tube, 
which, in turn, was enclosed by an outer inconel tube. The 
crucible was placed inside an alumina crucible in order to 
insulate the melt from electrical contact with the assembly. 
Appropriate heat baffles were inserted as illustrated. In 
order to provide an inert atmosphere, argon was admitted 
to the assembly through the hollow nickel support rod. 
The temperature of the furnace was controlled to 0.2° by an 
anticipating thermocouple which operated a zero-suppres- 
sion-type, 6-millivolt range, Leeds and Northrup Speedomax 
Type S recorder-controller in conjunction with a Leeds and 
Northrup “ DAT”  controller. The actual temperature 
within the melt was measured with a calibrated platinum, 
87% platinum-13% rhodium thermocouple by means of a 
Rubicon precision potentiometer. By appropriate adjust
ment of furnace shunts and with the described control 
equipment, the temperature of the molten salt, which 4 5 6 7 8 9 10 11 12 13 14

(4 ) S . V .  K a r p a c h e v , A .  G . S tr o m b e r g  a n d  N . P a d c h a in o v a , Zhur. 
Obshchei Khim., 5, 1 51 7  (1 9 3 5 ).

(5 )  (a )  E . R y s c h k e w its c h , Z. Elektrochem., 39, 531 (1 9 3 3 ) ;  (b )  B . 
P . B a r z o k o w s k y , Bull. Acad. Sci. URSS, Class Chim., n o . 5 , 8 2 5  
(1 9 4 0 ).

(6 )  J . O . E d w a rd s , C . S . T a y lo r ,  A .  S . R u sse ll a n d  L . F . M a r a n v il le ,  
J. Electrochem. Soc., 99, 5 2 7  (1 9 5 2 ).

(7 )  P . W .  H u b e r , E . V . P o t t e r  a n d  H . W . S t . C la ir , U . S . B u re a u  
M in e s , R e p o r t  o f  I n v e s t .  4 8 5 8  (1 9 5 2 ).

(8 )  R .  C . S p o o n e r  a n d  F . E . W . W e tm o re ,  Can. J. Chem., 29, 7 7 7
(1 9 5 1 )  .

(9 )  J . B y rn e ,  H . F le m in g  a n d  F . E . W . W e t m o r e ,  ibid., 30, 9 2 2
(1 9 5 2 )  .

(1 0 ) H . B lo o m  a n d  E . H e y m a n n , Proc. Roy. Soc. (London), 188A, 
3 9 2  (1 9 4 7 ).

(1 1 )  W . J . D a v is ,  S . E . R o g e r s  a n d  A . R .  U b b e lo h d e , ibid., 220A, 
14 (1 9 5 3 ).

(1 2 )  A . E . v a n  A rk e l , E . A . F lo o d  a n d  N . F . H . B r ig h t ,  Can. J. 
Chem., 31, 1009 (1 9 5 3 ) .

(1 3 ) J . S . P e a k e  a n d  M . R .  B o th w e l l,  J. Am. Chem. Soc., 76, 2 6 5 3  
(1 9 5 4 ).

(1 4 ) J . O ’ M . B o c k r is , J . A .  K it c h e n e r , S . I g n a t o w ic z  a n d  J . W . T o m 
lin so n , Trans. Faraday Soc., 48, 75  (1 9 5 2 ), et seq.
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fluctuated less than the furnace temperature, could be main
tained to better than ±0 .1 ° at temperatures up to 1000° 
with a thermal gradient of no more than 0.2° over the height 
of|the melt (usually about 2.5").

Fig. 1.—Furnace assembly: A, Pt crucible; B, Alundum 
crucible; C, Ni support tube; D, quartz thermocouple 
sheath; E, heavy-walled Ni tube; F, inconel tube; G, 
furnace; H, external taps for shunts; I, stainless steel sup
port rods; J, bottom ring; K, wing nuts; L, radiation 
shields; M, radiation shield support; N, brass top plate; 
O, cell support; P, cell yoke; Q, rubber stopper; R, cooling 
coils.

Figure 2 is a diagram of the quartz dip-type capillary 
conductance cell used. Cylindrical platinum electrodes 
rest on the shelf at the top of the capillary tubing. Re
sistance measurements were made 'with a Leeds and North- 
rup precision “ Jones”  bridge. In order to eliminate the 
mutual inductance caused by the close proximity to each 
other of the electrode leads, it was found necessary to make 
resistance measurements from 2000 to 20,000 c.p.s. (The 
measured resistance varied less than 0.5% in this range.) 
A linear extrapolation to infinite frequency of measured re
sistance versus (frequency)“ 2 was then made so that the 
inductance-free resistance could be obtained. The con
ductance cells were calibrated in demal aqueous potassium 
chloride solution at 25.00° using platinized electrodes ac
cording to the method of Jones and Bradshaw.16 Allowance 
can be made for expansion of the quartz cells on raising the 
temperature, but such correction amounts to less than 0.05% 
and was therefore considered unnecessary. The cell con
stants were of the order of 300 to 500 cm ."1 and were of the 
proper order of magnitude to agree with the conclusion that 
the resistance of the cell was determined almost exclusively 
by the salt melt within the capillary. Recalibration of the 
cells following two or three days use in the molten salt mix-

(15) G. Jones and B. C. Bradshaw, J . A m . C h em . S o c ., 55, 1780
(1933).

Fig. 2.—Capillary conductance cell.

tures showed that the cell constants did not change by more 
than 0.3%, and, on the average, about 0.1%, although the 
platinum black of the electrodes was converted to platinum 
grey by the melts.

Density measurements were made by weighing submerged 
within the melt a calibrated platinum bob suspended by a 
thin (36 gage) Pt-Rh wire from an analytical balance. 
The expansion of the platinum bob was computed16 in order 
to obtain the volume of the bob at each temperature.

For both conductance and density measurements, data 
were taken going up and down the temperature scale; no 
difference was observed in the measurements upon this tem
perature cycling. During temperature changes, the con
ductance cell and the density bob were raised out of the 
melt. Duplicate measurements were made at each tem
perature in order to assure thermal equilibrium. Normally, 
the same melt was used for both types of measurements.

Mixtures were made by weighing appropriate amounts of 
carefully purified and dried reagents17 into the platinum- 
rhodium crucible which was then placed in the furnace. 
With dry purified argon flowing through the assembly, the 
temperature was slowly raised above the melting point of 
the salt mixture. Such precautions were necessary in order 
to prevent hydrolysis of the salts by traces of moisture. 
At the conclusion of an experiment, samples of the melt 
were removed and checked for neutrality in aqueous solu
tion. The data from a few melts which showed evidence of

(1 6 )  L . H o lb o r n  a n d  A . L .  D a y ,  Ann. PhysiJc, 4, 104  (1 9 0 1 ) ;  c ite d  
b y  R .  F .  V in e s , “ T h e  P la t in u m  M e t a ls  a n d  T h e ir  A l l o y s , ”  T h e  In te r 
n a t io n a l N ic k e l  C o m p a n y , I n c . ,  N e w  Y o r k ,  N . Y . t 1941 , p . 17.

(1 7 )  A n a ly t ic a l  g r a d e  m a te r ia ls  w e re  r e c ry s ta ll iz e d  a n d  p re m e lte d  
u n d e r  a n  a tm o s p h e r e  o f  h y d r o g e n  o r  a r g o n  t o  d r y  th e m  a n d  th e n  c o o le d  
t o  r o o m  te m p e ra tu re , c ru sh e d  ro u g h ly  a n d  s to r e d  in a  d r y  a tm o s p h e r e .
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T a b l e  I
S p e c i f i c  C o n d u c t a n c e  o f  KC1, LiCI, NaCl, KI a n d  M i x t u r e s

C o m p n ., t. K, C o m p n .,  
m o le  %m o le  % °c. m h o  c m . -1

1 0 0  KCl 778.9 2 . 1 6 2 8

782.4 2 . 1 8 1 6

787.0 2.1984
790.0 2.2074
799.0 2.2342
800.5 2.2407
804.1 2.2478
823.0 2.302o
846.0 2.3507
850.9 2.3609
851.2 2.3618
865.0 2.3901
877.5 2.4174
889.0 2.4476
892.5 2.4484
905.5 2.4745 80.04 KCl906.7 2.4777 19.96 LiCI925.1 2.5156

100 LiCI 622.8 5.6923
634.4 5.8262
643.9 5.8922
667.8 6 .OO8 3

691.1 6 .I I 8 5

712.5 6.2253
741.0 6.3704
760.3 6.4626 59.55 KCl
783.3 6.5399 40.45 LiCI

(N.B. considerable corrosion of cell
occurred at higher temp.)

100 NaCl 802.3 3.0887
804.6 3.4497
806.4 3.5804
806.5 3.5821
808.0 3.6057 41.20 KCl
808.2 3.6060 58.80 LiCI
817.8 3.6431
817.9 3.6441
827.4 3.6601
839.8 3.7145
857.8 3.7662
871.4 3.8041
892.7 3.8502
899.4 3.8637
911.5 3.9154
913.3 3.912g
922.4 3.9416 29.64 KCl
933.3 3.9680 70.36 LiCI
933.8 3.9701
947.3 4.0151
971.5 4.0653
972.0 4.0616
972.3 4.0719

1006.9 4.1595
1010.1 4.1701
1021.4 4.1861

100 KI 685.4 1.244o
689.0 1.2613
697.5 1.2940
698.5 1.2961 18.23 KCl
708.6 1.3234 81.77 LiCI
718.5 1.3546

t, K, C o m p n ., t, K,
°c. m h o  c m . - 1 m o le  % °c. m h o  c m . - 1

7 3 8 . 0 1 . 4 0 4 1 5 5 1 . 8 3 . 2 4 4 0

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

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

7 5 4 . 3 1 . 4 3 9 5 5 9 9 . 7 3 . 5 1 2 i

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

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

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

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

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

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

8 3 0 . 7 1 . 5 6 3 7 7 9 . 6 0  K C l 7 1 8 . 4 1 . 8 2 4 6
8 4 7 . 4 1 . 5 9 0 5 2 0 . 4 0  N a C l 7 1 8 . 9 1 . 8 3 4 4
8 7 7 . 2 1 . 6 2 3 2 7 3 0 . 5 2 . 1 4 4 6
8 9 7 . 6 1 . 6 5 5 5 7 3 0 . 9 2 . 1 4 5 3
9 1 0 . 7 1 . 6 6 6 4 7 6 6 . 3 2 . 2 4 6 6

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

7 0 7 . 2 2 . 0 7 7 3 8 1 5 . 1 2 . 3 / 8 4

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

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

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

7 6 5 . 4 2 . 2 6 4 4 8 8 9 . 8 2 . 5 4 2 2

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

8 0 7 . 6 2 . 3 8 4 2 5 9 . 0 0  K C l 6 7 3 . 5 1 . 5 3 1 6
8 3 2 . 3 2 . 4 3 9 7 4 1 . 0 0  N a C l 6 7 9 . 0 1 . 9 0 8 5
8 5 5 . 7 2 . 4 9 7 5 6 9 2 . 1 2 . 1 7 6 6

589.0 1.848o 708.3 2.237o
634.2 2.0726 734.9 2.3393
641.6 2.1144 740.7 2.3639
657.5 2.1783 740.9 2.3643
662.6 2 .2 0 2 s 769.8 2.4472
685.8 2 . 2 8 6 4 794.5 2.5196
701.2 2.3602 822.8 2.5848
737.5 2.4734 853.0 2.6634
389.8 I I 8 I9

853.7 2.6641
394.0 1.2040 881.5 2.7223
441.5 1.5162 907.9 2.7725
443.0 1.5314 48.77 KCl 665.9 2.1986
476.1 1.729o 51.23 NaCl 674.4 2.2523
483.8 1.7811 679.2 2.2789
486.0 1.7964 706.2 2.3687
514.8 1.9524 726.8 2.4374
522.2 1 .9987 738.7 2.4695
535.2 2.0655 769.5 2.5633
553.5 2.163s 788.9 2.6107
588.3 2.3375 818.8 2.6914
450.1 1.9074 843.4 2.7523
450.4 1.9123 846.7 2.7569
450.7 1.9239 875.1 2.8273
465.5 2.0773 887.6 2.8533
502.2 2.3222 912.5 2.9019
507.3 2.3580 34.85 KCl 690.7 2.3236
509.8 2.3722 65.15 NaCl 695.4 2.5049
544.1 2.5765 709.1 2.5562
547.5 2.5954 736.7 2.6556563.9 2 . 6 8 8 1 756.8 2.7175
585.1 2.7969 783.6 2.7971
586.6 2.8073 823.6 2 .921o
608.6 2.9130 825.0 2.9254
521.1 3.0443 825.5 2.9281
529.4 3.1075 853.4 3.0066
529.7 3 . IO8 7 898.4 3.1139.
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Compn., 
mole %

27.06 KC1 
72.94 NaCl

15.23 KC1 
84.77 NaCl

80.22 KC1 
19.78 KI

T a b l e  I (Continued)
t, K, Compn., t, K, Compn., t, K,°c. mho cm . -1 mole % °c. mho cm. -1 mole % °c. mho cm. -1

9 1 9 .7 3 .1 6 1 i 8 1 7 .8 1 .9 998 9 0 3 .7 1 .8815
9 4 4 .2 3 .2 1 6 3 8 4 5 .6 2 .0 5 5 9 2 5 .6 7 KCI 6 3 4 .9 1 .2 578
7 0 8 .0 2 .5 5 8 3 8 6 5 .0 2 .0 8 4 3 7 4 .33 KI 6 4 4 .8 1 .2 837
7 1 7 .1 2 .6 8 6 6

87 5 .1 2 .0 9 8 5 6 6 7 .8 1 . 336g
7 3 5 .1 2 .7 5 9 i 8 8 3 .3 2 .1 1 3 0 6 9 8 .0 1 .4114
7 5 0 .5 2 .8 1 6 0

9 0 3 .1 2 .1 4 0 2 7 2 2 .3 1 .4683
7 7 3 .9 2 .8 9 7 7 6 1 .1 2 KC1 6 4 2 .3 1 .0824 7 4 5 .8 1 .5115
7 8 8 .8 2 .9 472 3 8 .8 8 KI 6 4 3 .5 1 .1932 7 5 9 .9 1 .540o
8 1 9 .5 3 .0 3 6 5 6 4 5 .3 1 .3 418 7 7 9 .6 1.5777
8 4 1 .0 3 .0 9 4 7 6 4 9 .6 1 .3 868 8 1 0 .8 1.6347
8 5 7 .7 3 .1 3 9 7 6 6 0 .0 1 .4395 8 2 9 .0 1 .5547
8 7 6 .4 3 .1 9 U 6 6 4 .0 1 .450o 8 5 6 .9 1 .7012
8 9 9 .4 3 .2 3 4 4 6 9 2 .7 1 .5350 8 7 6 .4 1 .7296
9 2 7 .9 3 .2 8 6 4 71 3 .1 1 .5982 9 0 4 .5 1.7631

7 5 8 .0 2 .9 8 5 9 7 3 2 .6 1 .6446 15 .30 KCI 668.4 1.3069
759.6 3.0827 759.2 1.7120 84.70 KI 6 8 6 . 0 1.3493
762.7 3 . IO8 5 783.8 1 .7596 709.1 1.3961
767.2 3.1237 817.3 1.8321 730.5 1.4316
773.2 3.1444 843.6 1 . 8 8 0 6 737.6 1.4439
789.4 3.1938 873.2 1 .9252 742.2 1.4585
795.2 3.2092 905.7 1.9725 766.3 1.5024
811.2 3.2607 45.15 KC1 607.8 1.2450 772.2 1 .5089
816.8 3.2787 54.85 KI 612.6 1.2585 787.8 1 .5429
817.3 3 . 2 8 0 3 624.2 1.2896 794.9 1.5517
835.0 3.3309 646.1 1.3500 822.9 1.6051
852.4 3.3784 658.4 1.3834 847.5 1.644o
875.3
895.5

3.4415 
3.4885

682.1
691.6

1 .4398 
1.4666

870.2
904.0

1.6772 
1 .7282

909.2 3.5233 707.3 1.5004 6.04 KCI 690.5 1.2913
927.2 3.5609 724.6 1.5376 93.96 KI 719.8 1.3612
711.8 1.7043 739.7 1.5732 750.4 1.4307
726.8 1.753o 754.7 1.6055 769.8 1.4701
741.6 1.7936 781.5 1.6654 799.1 1 .523g
745.4 1.807i 807.5 1.7141 830.4 1 .575g
761.2 1.8517 808.7 1.7208 857.0 1 . 6 1 2 6

767.4 1.8712 825.1 1.7441 877.4 1 .6388
790.2 1.9243 839.5 1.7715 878.4 1 .6402
797.6 1.9500 861.0 1 . 8 1 2 8 902.1 1 .6663

814.9 1.9905 875.8 1.8332 902.7 1 . 6 6 6 6

hydrolysis were discarded. Samples of the melts also were 
analyzed gravimetrically to determine the exact composition 
of the mixtures. In the case of the chloride mixtures analy
sis was for total chloride by precipitation as silver chloride, 
while the analysis of the potassium chloride^-potassium 
iodide mixtures was for total potassium as potassium sulfate 
by fuming with excess sulfuric acid and drying at 550°.

R esults and Discussion

The specific conductance of various compositions 
of the systems KCl-LiCl, KCl-NaCl and KC1-KI 
was measured, in general, from a few degrees above 
the melting point to over 900°. These data are 
listed in Table I. Figure 3 shows our data on the 
four pure salts and their comparison with other 
published work. In general, our results agree rea
sonably well with the more recent determinations 
by other investigators. Representative isotherms 
at 800° showing the variation of specific conduct
ance with composition are illustrated in Fig. 4. 
Except for the data within 10 or 20° of the melting 
point, the specific conductance data could be repre
sented quite exactly by quadratic equations in 
temperature, k = a +  bt +  ct2; where k is specific

conductance, t is temperature in degrees centigrade 
and a, b and c are constants for any particular com
position. Values of the constants for these equa
tions have been derived by the method of least 
squares and are listed in Table III, along whh the 
applicable temperature range. These equations 
were used for subsequent calculations.

Densities of the pure salts and of their mix
tures were determined as functions of tempera
ture. The data which are given in Table II are 
represented very precisely by linear equations, 
p =  a — bt, from a few degrees above the melting 
point to the highest temperature at which measure
ments were made (usually the same temperature 
range as for specific conductance). In this equation 
p is density in g./cc., t is temperature in degrees 
centigrade and a and b are constants for any given 
salt or mixture. Numerical values of the constants 
for all mixtures studied were derived by the method 
of least squares and are listed in Table III. The 
density data for molten potassium chloride are in 
good agreement (0.3%) with the data reported by
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t  °C.
Fig. 3.—Specific conductance of pure salts: •, this work; □ , Edwards, Taylor, Russell and Maranville6; H, Huber, 

Potter and St. Clair7; X, Karpachev, Stromberg and Padchainova4; V , Bloom, Knaggs, Molloy and Welch2“; J, Jaeger 
and Kampa18; R, Ryschkewitsch5; + , E. K. Lee and E. P. Pearson, Trans. Electrochem. Soc., 88, 171 (1945); A, W. Biltz 
and W. Klemm, Z. anorg. Chem., 152, 267 (1926); M. E. Mantzell, Z. Elektrochem., 49, 283 (1943).

Edwards, et al.,e Jaeger and Kampa18 and Jaeger19 
and are within 0.5% of the values reported by 
Huber, Potter and St. Clair7 and by Peake and 
Both well.13 For lithium chloride, the density data 
are within 0.2% of those reported by the “ Interna
tional Critical Tables,” 20 and within 0.5% of the 
data of Bloom, Knaggs, Molloy and Welch.2a 
The data for sodium chloride are slightly higher 
than previously reported data for this salt, varying 
approximately 0.5% from those of Edwards, et al,,6 
and of Huber, et al.,1 and are 1% higher than the 
early work of Jaeger.19 Densities of sodium 
chloride were determined using four different salt 
melts purified by various methods, including a sam
ple of the salt purified by J. W. Johnson.21 The

(1 8 ) F . M .  J a e g e r  a n d  B . K a m p a , Z. anorg. Chem., 113, 27 
(1 9 2 0 ).

(1 9 )  F. M . J a e g e r , i b i d . , 101, 175 (1 9 1 7 ).
(2 0 ) “ In t e r n a t io n a l  C r it ic a l  T a b le s ,”  V o l .  I l l ,  M c G r a w -H i l l  B o o k  

C o . ,  N e w  Y o r k ,  N . Y . ,  1928 , p .  14.
(2 1 ) M .  A .  B re d ig , J. W . J o h n so n  a n d  W . T .  S m ith , J. Am. Chem. 

Soc., 7 7 , 3 0 7  (1 9 5 5 ).

potassium iodide density data are within 0.2% of 
the values reported by Jaeger and Kampa.18

The equivalent volumes of the pure salts and of 
the mixtures were computed by use of the equation 
V =  (]CV;/?i)/p, in which X; is the mole fraction of

i
the ith component of equivalent weight E„ Figure 
5 shows the equivalent volume isotherms at 800° 
for the systems KCl-LiCl, KCl-NaCl and KC1-KI. 
The system KCl-LiCl is strictly linear in composi
tion to within at least 0.1% while in the case of the 
system KCl-NaCl there is a slight positive devia
tion from additivity, which, however, at the maxi
mum deviation at 50 mole %  KC1, does not exceed 
0.6%. The KC1-KI system shows a distinct posi
tive deviation from additivity close to the KI side 
of the diagram. This bears out the phase equilib
rium data22 which show that KCl-LiCl forms a 
simple eutectic with no solid solution, KCl-NaCl

(2 2 )  R e fe r e n c e  2 0 , V o l .  I V ,  1 9 2 8 ; se e  a lso  E . E lc h a r d u s  a n d  P . 
L a ff it te , Bull soc. chim., France, 51, 1 57 2  (1 9 3 2 ).
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C o m p n .,  
m o le  %

100 KCl

100 LiCl

100 KI 100

100 NaCl

T a b l e  I I

D e n s i t i e s  o f  KCl. LiCl. NaCl. KI a n d  M i x t u r e s

T e m p . , D e n s it y , C o m p n ., T e m p . ,
° C . g . / c c . m o le  % ° C .

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

9 3 9 . 0 1 . 4 2 9 2
8 0 . 0 4  K C l 6 9 0 . 0

6 2 0 . 3 1 . 4 9 7 5 1 9 . 9 6  L i C l 7 1 9 . 2

6 3 1 . 6 1 . 4 9 2 4 7 6 1 . 2

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

6 3 8 . 6 1 . 4 8 9 8 7 9 5 . 8

6 5 5 . 9 1 . 4 8 2 1 8 3 4 . 6

6 7 6 . 9 1 . 4 7 3 0 8 4 4 . 9

6 8 5 . 9 1 . 4 6 8 9 8 4 5 . 5

7 1 3 . 6 1 . 4 5 7 0 8 5 3 . 3

7 3 7 . 8 1 . 4 4 6 8 5 9 . 5 5  K C l 5 8 5 . 0
7 5 2 . 5 1 . 4 4 0 3 4 0 . 4 5  L i C l 5 8 8 . 3
7 5 4 . 1 1 . 4 3 9 6 6 1 3 . 4
7 8 0 . 5 1 . 4 2 8 2 6 4 5 . 4

6 8 1 . 9 2 . 4 4 6 7 6 4 8 . 5

7 0 6 . 3 2 . 4 2 4 2 6 8 6 . 5

7 3 0 . 1 2 . 4 0 0 9 7 4 6 . 0

7 4 5 . 0 2 . 3 8 6 5 4 1 . 2 0  K C l 3 9 5 . 0
7 5 2 . 3 2 . 3 7 9 5 5 8 . 8 0  L i C l 3 9 5 . 3
7 6 7 . 7 2 . 3 6 4 5 4 4 0 . 0
7 8 6 . 5 2 . 3 4 7 2 4 4 5 . 0
7 8 9 . 9 2 . 3 4 3 4 4 4 5 . 2
8 0 9 . 4 2 . 3 2 4 5 4 7 7 . 7
8 1 9 . 9 2 . 3 1 4 5 4 8 1 . 7
8 2 5 . 6 2 . 3 0 9 0 4 8 2 . 7
8 4 7 . 6 2 . 2 8 8 7 5 0 4 . 5
8 4 7 . 7 2 . 2 8 8 6 5 1 8 . 2
8 7 8 . 6 2 . 2 5 9 0 5 3 8 . 0
9 0 3 . 4 2 . 2 3 5 5 5 5 5 . 2

8 0 3 . 1 1 . 5 5 6 0 5 7 9 . 8

8 1 6 . 4 1 . 5 4 6 7 593.1
819.7 1.5457 29.64 KCl 455.9
826.0 1.5425 70.36 LiCl 456.7
826.1 1.5424 471.0
829.3 1.5401 495.2
830.0 1.5397 516.4
840.3 1.5362 533.6
840.6 1.5361 534.3
845.1 1.5317 560.5
859.2 1.5242 577.0
866.6 1.5200 602.1
867.2 1.5198
870.9 1.5184 18.23 KCl 532.6
889.2 1.5086 81.77 LiCl 561.7

K’7’7 O
890.3 1.5074 c o n  *7

890.4 1.5073 OOD . 1 
crAQ n

891.6 1.5071 o y ¿ . L/

898.9 1.5031 605.8
916.9 1.4928 O^O . O 

CiAr7 K
918.2 1.4921 0 4 /  . 0

922.5 1.4909 D bU . O

939.9 1.4812 660.6

940.8 1.4798 79.25 KCl 717.0
942.2 1.4793 20.75 NaCl 738.6
953.6 1.4743 758.8
967.2 1.4661 759.0

D e n s it y , C o m p n ,, T e m p . , D e n s ity ,
g . / e c . m o le  % ° C . g . / c c .

1 . 4 6 5 3 7 8 3 . 4 1 . 5 2 3 5

1 . 4 5 6 6 8 0 1 . 8 1 . 5 1 3 0

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

1 . 4 4 6 8 8 3 5 . 1 1 . 4 9 3 2

1 . 4 4 0 3 8 5 5 . 0 1 . 4 8 1 9

1 . 4 3 2 2 8 5 5 . 4 1 . 4 8 1 6

1 . 5 6 1 4
8 7 8 . 2 1 . 4 6 8 5

1 . 5 4 3 9
8 7 8 . 4 1 . 4 6 8 3

1 . 5 1 9 6
9 0 5 . 7 1 . 4 5 2 5

1 . 4 9 9 8
9 2 7 . 8 1 . 4 3 9 7

1 . 4 9 9 4
9 2 8 . 2 1 . 4 3 9 5

1 . 4 7 7 3 5 9 . 0 0  K C l 6 8 5 . 0 1 . 5 8 3 7
1 . 4 7 1 5 4 1 . 0 0  N a C l 6 8 5 . 1 1 . 5 8 3 6
1 . 4 7 1 1 7 0 4 . 0 1 . 5 7 2 9
1 . 4 6 7 0 7 4 0 . 7 1 . 5 5 1 4

1 . 5 9 5 8 7 4 8 . 6 1 . 5 4 6 5

1 . 5 9 3 2 7 6 6 . 5 1 . 5 3 6 3

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

1 . 5 6 1 0 7 9 6 . 2 1 . 5 1 9 5

1 . 5 5 9 2 8 2 6 . 0 1 . 5 0 2 2

1 . 5 3 7 8 8 3 8 . 1 1 . 4 9 5 5

1 . 5 0 5 4 8 7 5 . 6 1 . 4 7 3 8

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

1 . 6 7 6 4 4 8 . 7 7  K C l 6 7 0 . 0 1 . 5 9 5 6

1 . 6 5 2 8 5 1 . 2 3  N a C l 7 1 0 . 9 1 . 5 7 2 8

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

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

1 . 6 3 3 1 8 1 7 . 5 1 . 5 1 1 8

1 . 6 3 1 3 8 4 2 . 2 1 . 4 9 8 1

1 . 6 3 0 8 8 7 1 . 5 1 . 4 8 1 4

1 . 6 1 8 8 9 0 9 . 0 1 . 4 6 0 0

1 . 6 1 1 9

1 . 6 0 1 2 3 4 . 8 5  K C l 7 0 5 . 5 1 . 5 8 8 6

1 . 5 9 2 2 6 5 . 1 5  N a C l 7 5 8 . 5 1 . 5 5 8 7

1 . 5 7 9 1 7 5 8 . 7 1 . 5 5 8 6

1 . 5 7 2 2 7 7 9 . 0 1 . 5 4 7 1

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

1 . 5 7 1 5 2 7 . 0 6  K C l 7 0 7 . 5 1 . 5 8 9 5

1 . 5 6 3 3 7 2 . 9 4  N a C l 7 3 9 . 6 1 . 5 7 1 1

1 . 5 5 0 4 7 7 7 . 9 1 . 5 5 0 4

1 . 5 7 5 1
8 0 2 . 3 1 . 5 3 5 8

1 . 5 6 0 5
8 2 3 . 2 1 . 5 2 4 1

1 . 5 5 2 9
8 5 9 . 4 1 . 5 0 4 1

1 . 5 4 6 6
8 9 3 . 7 1 . 4 8 5 4

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

1 . 5 3 9 0 1 5 . 2 3  K C l 7 8 0 . 6 1 . 5 5 6 8
1 . 5 2 9 1 8 4 . 7 7  N a C l 7 8 1 . 3 1 . 5 5 6 4
1 . 5 1 8 7 8 0 7 . 1 1 . 5 4 1 4
1 . 5 1 2 3 8 2 9 . 8 1 . 5 2 8 8
1 . 5 1 2 2 8 4 9 . 9 1 . 5 1 8 0

1 . 5 6 2 2 8 5 0 . 1 1 . 5 1 7 8

1 . 5 4 9 8 8 7 5 . 3 1 . 5 0 3 7

1 . 5 3 8 0 8 9 8 . 3 1 . 4 9 1 6

1 . 5 3 7 8 9 2 1 . 2 1 . 4 7 8 7
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Compn., 
mole %

Temp.,
°C.

Density,
g ./cc.

Compn., 
mole %

Temp., Density, 
°C. g./cc.

Compn., 
mole %

Temp.,
°C.

Density,
g./cc.

8 0 .2 2  KC1 7 1 1 .8 1 .7 825 4 5 .1 5  K C l 6 1 8 .8  2 .1 7 4 2 7 5 6 .9 2 .1 9 9 4

1 9 .7 8  K I 7 2 8 .2 1 .7719 5 4 .8 5  K I 6 5 0 .2  2 .1 4 7 4 7 9 0 .3 2 .1 6 9 8
7 2 8 .5 1 .7716 6 6 5 .2  2 .1 3 4 8 8 1 8 .7 2 .1 4 4 3
7 5 1 .2 1 .7550 6 9 0 .2  2 .1 1 3 5 8 4 6 .6 2 .1 1 9 8
7 7 5 .2 1 .7392 7 3 5 .7  2 .0 7 5 5 8 7 9 .0 2 .0 9 0 6
7 9 3 .7 1 .7253 7 3 5 .8  2 .0 7 5 4 9 1 4 .1 2 .0 5 9 5

6 1 .1 2  KC1

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

1 .7056  
1 .6 890  
1 .6735  
1.6501 
1 .9 856

7 6 2 .3  2 .0 537  
8 0 6 .7  2 .0 171  
8 0 9 .6  2 .0 1 4 6
8 2 8 .4  1 .9991
8 7 4 .4  1 .9621

1 5 .9 6  K C l 
8 4 .0 4  K I

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

2 .3 5 3 6
2 .3 0 5 5
2 .2 5 4 0
2 .2 081
2 .1 8 5 6

3 8 .8 8  K I 6 9 4 .6 1 .9 744 9 0 2 .3  1 .9397

7 3 6 .5 1 .9426 9 0 2 .7  1 .9 394 6 .0 4  K C l 6 8 2 .1 2 .3 9 6 2
7 8 4 .1 1 .9069 9 3 .9 6  K I 7 2 6 .6 2 .3 5 5 0
8 0 5 .9 1 .8 900 2 5 .6 7  K C l 6 4 0 .3  2 .3 0 3 3 7 7 8 .6 2 .3 0 6 3
8 2 9 .0 1 .8 730 7 4 .3 3  K I 6 7 5 .4  2 .2 7 1 8 8 1 3 .5 2 .2 7 3 9
85 5 .1 1 .8 535 7 0 0 .6  2 .2 4 9 9 8 4 5 .4 2 .2 4 4 0
8 8 1 .9 1 .8327 7 2 8 .4  2 .2 2 4 4 8 6 9 .5 2 .2 2 1 5
9 1 1 .9 1 .8103 7 2 9 .1  2 .2 237 9 0 4 .4 2 .1 9 0 0

T a b l e  III
S pec ific  C on d u ctan ce  an d  D e n s it y  E q u a tio n s  f o b  KCl, LiCl, NaCl, KI an d  M ix t u r e s

Compn.,
%

K

a

Specific conductance Density 
—  o  -I-  bt -f- ci2 p — a — bt 
(mho cm .-1) Standard Temp. (g./cc.) Standard 

b c dev. range, a b dev.
X 102 X 106 (mho cm .-1) °C. X 103 (g./cc.)

Temp.
range,

°C.
100 KCl -1.7491 0.7383 -3 .000 0.003 790-930 1.9767 0.5831 0.0003 780-940
100 LiCl +0.5282 1.125 -4 .554 .008 630-790 1.7660 .4328 .0001 620-780
100 NaCl -0.1697 0.6259 -1 .953 .006 810-1030 1.9911 .5430 .0007 803-1030
100 KI -1.7100 0.6408 -2 .965 .003 720-920 3.0985 .9557 .0003 682-904

KCl-LiCl System
mole %  

K C l

80.04 -3 .159 1.115 -5 .310 0.005 700-860 1.9892 0.5781 0.0003 690-853
59.55 -4 .142 1.488 -8 .009 .004 580-740 1.9234 .5610 .0004 585-746
41.20 -2 .273 1.084 -5 .100 .003 380-600 1.8851 .5275 .0002 395-593
29.64 -2 .966 1.465 -8 .200 .001 460-620 1.8559 .5074 .0002 456-602
18.23 -2 .261 1.401 -7 .312 .002 525-680 1.8354 .4893 .0002 532-661

KCl-NaCl System
79.25 1.9793 0.5815 0.0001 717-929
79.60 -2.0578 0.8429 -3 .665 0.003 730-930
59.00 -2.8540 1.0750 -5 .018 .005 690-910 1.9774 .5750 .0002 685-908
48.77 -1.2908 0.7179 -2 .828 .002 680-920 1.9764 .5680 .0002 670-909
34.85 -1.6108 0.8194 -3 .267 .003 695-950 1.9815 .5574 .0002 705-925
27.06 -2.5493 1.0770 -4 .825 .003 715-930 1.9851 .5595 .0003 707-916
15.23 - 1.3731 0.8458 -3 .383 .002 760-930 1.9891 .5542 .0003 780-921

KC1-KI System
80.22 -3.8914 1.2226 -6 .144 0.003 710-910 2.2736 0.6897 0.0005 711-905
61.12 -2.2493 0.8067 -3.761 .002 655-910 2.4985 .7546 .0002 679-912
45.15 -1.0837 0.4976 -1 .873 .003 600-910 2.6838 .8257 .0008 618-903
25.67 -1.3927 0.5790 -2 .542 .003 630-910 2.8730 .8899 .0003 640-914
15.96 2.9143 .8645 .0005 706-901
15.30 -0.8419 0.4291 -1 .605 0.003 685-910
6.04 -2.2372 0.7654 -3 .688 0.001 690-910 3.0305 0.9300 0.0003 682-904

forms mixed crystals as well as a eutectic and KC1- 
KI forms rather simple solid solutions with a mini
mum melting point. Despite these small devia
tions from additivity, it is nevertheless evident 
that these three systems are reasonably ideal in 
their equivalent volume (molar volume) relation
ships.

The equivalent conductance was calculated from

the specific conductance and the equivalent vol
ume by the relationship, A =  kV, where A is equiva
lent conductance and V is equivalent volume. Iso
therms at 800° for the three systems are illustrated 
in Fig. 6. In contrast to the equivalent volume be
havior, it is evident that these systems are far from 
additive with respect to conductance.

The pronounced minimum in equivalent con-
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0 20 40 60 80 100
KOI (mole %).

Fig. 4.—Specific conductance vs. composition at 800°.

ductance in the KCl-LiCl system is particularly 
noteworthy. A tentative, qualitative explanation 
may be attempted in terms of the following model. 
It is assumed that the liquid salts possess short 
range order similar to that of the crystalline solids, 
while the long range order of the crystal has been 
largely destroyed during melting. We envision the 
melt as consisting of a sort of semi-lattice of chlo
ride ions with smaller cations occupying positions 
much as in the crystal. The size of this chloride 
semi-lattice will be a direct reflection of the molar 
(equivalent) volume and so it is a linear function of 
composition for the KCl-LiCl system, being small
est for pure LiCl. The Li+ ions, which are smaller 
and have a higher charge density than K + ions, 
may be considered a better glue for holding to
gether the Cl -  anion semi-lattice of the liquid. One 
calculates that the chlorine-chlorine internuclear 
distance in molten LiCl is about 12% less than in 
molten KC1 at 800°. We further assume that the 
small cations, L i+ and K+, do practically all of the 
conducting with essentially no contribution from 
the larger chloride anions.23 Upon substituting 
some Li+ ions for K+ ions in a KC1 melt the chlo
ride semi-lattice will be somewhat shrunken, the

(2 3 ) T h is  c o n c e p t  is  s u p p o r t e d  b y  o t h e r  t y p e s  o f  e x p e r im e n ta l  a p 
p r o a c h  a n d  w a s  a d v a n c e d  b y  J. F r e n k e l ( f o r  r e v ie w  see , F re n k e l, 
“ K in e t ic  T h e o r y  o f  L iq u id s ,”  O x fo r d  U n iv e r s it y  P re ss , O x fo r d ,  1 9 4 6 ; 
p . 4 3 9  et seq. ) .

0 20 40  60 80 100
KCI (mole % ) .

Fig. 5.—Equivalent volume vs. composition at 80C °.

net effect of which will be to make migration cf K + 
ions more difficult by raising the restricting poten
tials. Alternatively we may consider that all cat
ion sites in pure KCI will be approximately equiva
lent, but when the melt contains some Li+ not 
all cation sites will be equivalent and it will be more 
difficult for a K+ to migrate into an Li+ type site 
than into a K + type site, thereby making migra
tion of K + more difficult than in pure KCI. When 
only a small amount of lithium has been substituted 
for potassium, most of the electrical conduction 
will be by K + in view of our model of the melts, and 
so, it is not surprising that equivalent conductance 
decreases. Clearly as the percentage of Li+ ions 
increases, the higher mobility of Li+ becomes pre
dominant and the conductance rises to that of pure 
LiCl. This explanation suggests the possibility of 
positive deviations from additivity of the equiva
lent conductance at high LiCl composition because 
of expansion of the semi-lattice which might be ex
pected to make migration of Li+ easier than in pure 
LiCl. While the data do not exclude this possibility, 
they seem to deny it. It may well be that the ex
pansion of the chloride lattice does not make it ap
preciably easier for the Li+ ion to migrate, since, as 
will be shown later, the potentials restricting it are 
much less than in the case of K +.
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If this explanation is correct, the KCl-NaCl sys
tem should be expected to behave in a similar man
ner to the KCl-LiCl system but the minimum 
should be less pronounced because Na+ is larger 
than Li+ and, therefore, should exert a smaller 
modifying influence upon the chloride semi-lattice 
of the melt. This is the case, as may be seen in 
Fig. 6.

The 800° equivalent conductance isotherm for 
the KC1-KI system is likewise in Fig. 6. Work is in 
progress on other systems of this type and an ex
planation will be attempted after more data are 
available.

Minima in equivalent conductance for these sim
ple systems indicate conclusively the great danger 
inherent in ascribing them to the formation of com
plexes or compounds within a melt, unless other 
confirming evidence is at hand.

Application of Rate Theory.— If electrical con
ductance is considered as a rate process, one may 
write the equation2'8-11’14

Ai = Aie-^m/BT (l )
in which AHi *  is the heat of activation of the con
duction process, Ai is a constant of the system and 
T is degrees Kelvin. Values of the heat of activation 
were computed from the equivalent conductance, 
and, for the pure salts, are shown in Fig. 7. Appar
ent or average heats of activation for conductance 
in the salt mixtures have been calculated according

to equation 1; in general AH ̂  tends to a maximum 
for those mixtures which show minimum conduct
ance. However, in the case of a mixture such as 
KC1 and LiCl where two cations conduct, it seems 
clear that there will be two separate heats of activa
tion, one for each ion. This point is discussed later. 
With the exception of pure LiCl, AH* for all com
positions studied was found to be temperature de
pendent, decreasing fairly rapidly in the first 20 to 
50° above the melting point and then varying lin
early at higher temperatures. A similar variation 
of AH *  with temperature has previously been re
ported by Wetmore8'9 and Ubbelohde.11 It seems 
reasonable to expect that as the liquid expands with 
rising temperature, the restricting potentials for 
migration would be lowered and this effect would be 
reflected in the heat of activation. In the case of 
LiCl, where there is essentially chloride-chloride 
contact in the crystal and presumably also in the 
liquid on a short range basis, such an effect should 
be at a minimum, and, in fact, no temperature de
pendence of AH* is observed. The initial rapid 
decrease in AH* as the temperature rises just above 
the melting point may be attributed to rapidly de
creasing order of the melt. The increase of AH* 
with temperature in the case of pure NaCl is un
explainable at this time. It seems reasonable that 
AH* should be greater for KC1 than for LiCl, since 
we expect the potentials restricting migration to be 
larger for the much larger K+ than Li+ in the chlo
ride semi-lattice, even though the chlorine-chlorine 
internuclear distance decreases from KC1 to LiCl. 
Likewise, the fact that AH* for conductance by 
KI is less than by KC1 is in agreement with the con
cept that the charge density of I -  is less than Cl~ 
and so restricting potentials are smaller for Iv + 
conductance in KI than in KC1.

t r e
Fig. 7.—Variation of AH% with temperature.

As AH* was found to vary linearly with tem
perature, the differential equation

can be written and hence the equation
log A = A +  B(1000/T) + C log (1000/7) (2)

can be derived in which T is in degrees Kelvin. This 
equation reproduces exceedingly well the variation 
of equivalent conductance with temperature for all 
salts and mixtures studied. Table IV lists the con
stants of this equation for the pure salts. It is,
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however, difficult to ascribe any physical sig
nificance to the values of these constants.

T a b l e  IV
E q u i v a l e n t  C o n d u c t a n c e  E q u a t i o n s  f o b  KC1, LiCl, NaCl 

a n d  K I

l o g  A  =  A +  B U O O O /D  +  C l o g  ( 1 0 0 0 / D  
(m h o  c m .2* e q u iv .  J)

C o m p n . A B C
100% KCl 3.34204 -1.35302 +  1.24340
100% LiCl 2.63987 -0.37505 -0.16694
100% NaCl 2.42522 -0.33686 -0.59108
100% KI 3.91176 -1.93237 +2.53113

By making use of absolute reaction rate theory, 
the following equation can be derived from equa
tion 1

Ai = 5.18 X 1018 (D +  2)di2eASi+/R e~±Hi* / i 2r (3 )
in which D is the dielectric constant and dk is the 
half-migration distance for the conducting ion. 
This is analogous to the case for hydrogen ion in 
aqueous solution given by Glasstone, Laidler and 
Eyring24 and is identical with the equation of 
Bockris,14 et al., for molten silicates. Entropies of 
activation for conductance in the three systems 
have been calculated by equation 3. The values of 
di were estimated for the pure salts from the equa
tion

( $ 5 r ) ,/' d(0)''
where (c) refers to crystal, (1) to liquid and the 
subscripts denote the temperature. Values of di 
for mixtures were obtained by interpolation since 
molar volumes are nearly additive. The dielectric 
constants for the molten salts are unknown, so we

(2 4 ) S . G la s s to n e , K .  V . L a id le r  a n d  H . E y r in g ,  “ T h e  T h e o r y  o f  
R a t e  P r o c e s s e s ,”  M c G r a w -H i l l  B o o k  C c M I n c . ,  N e w  Y o r k ,  N . Y . t 1943 .

have used an estimate of D =  3 for all.25 In any 
case small differences in D will introduce almost 
negligible differences in A$*. All entropies of 
activation were negative and had the value —6.1 
e.u. for LiCl at 700° and —6.4, —6.7 and —7.4 e.u. 
for NaCl, KC1 and KI, respectively, at 850°. The 
values for mixtures lay close to those of the com
ponent pure salts (deviations generally less than 
0.5 e.u.) with a tendency to a maximum negative 
value in the region of minimum equivalent conduc
tance. The entropy of activation is only very 
slightly temperature dependent, varying perhaps 
0.1 e.u. per 100 or 150°. We believe that the values 
of AS* calculated by this method are reasonable 
and that probably the differences for the pure salts 
are real. The close similarity of AS* for all salts 
and mixtures studied bespeaks a similar conduction 
mechanism for all.

A more refined method is desirable for calculating 
the heat and entropy of activation for conductance 
in mixtures. When two cations are the major con
ducting species there must be two rate processes, 
each with its own characteristic composition-de
pendent heat of activation, both of which wall be of 
the same order of magnitude. We are in the proc
ess of testing equations which we have derived for 
binary mixtures. They express equivalent con
ductance as the sum of exponential terms involving 
heats of activation in which interaction is consid
ered between the two salts.

We have in progress in this Laboratory further 
work including other experimental approaches in 
attempts to elucidate in greater detail physical- 
chemical behavior of molten salts and to test more 
exactly some of the ideas presented in this paper.

(2 5 )  B o c k r is ,  et al.,14 a s su m e d  D =  5  f o r  a  se r ie s  o f  m o lte n  s ilica te s  
w h ic h  a re  r a th e r  p o o r e r  c o n d u c t o r s  th a n  th e  m o lt e n  h a lid e  ca se s .
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The vaporization of TiO, Ti20 3, Ti30 5 and Ti02 has been studied by the Knudsen effusion method, and the solid phases in
vestigated by high temperature X-rav diffraction technique. TiO, T i02 (rutile) and Ti20 3 do not undergo any structural 
change up to their melting points. Ti30 5 has a low temperature structure and a high temperature structure (above 1600°K.). 
TiO(s) vaporizes to TiO(g), AH% = 134.6 kcal./mole, TiÇ2(s) to Ti02(g), AH% = 138.9 kcal./mole. Ti20 3 decomposes on 
vaporization to TiO(g) +  T i02(g), the heat of reaction being A = 296.0 kcal./mole.

Introduction
The purpose of this research is to determine the 

nature of the vaporization processes of the titanium 
oxides, to measure the equilibria between the solid 
and the vapor, and to derive the related thermody
namic properties.

The compositions and solid-phase equilibria of 
the titanium oxide system together with the vapori
zation processes have been discussed briefly by

(1 ) T h is  w o r k  w a s  s u p p o r t e d  in  p a r t  b y  t h e  O ff ic e  o f  N a v a l  R e s e a r c h  
u n d e r  c o n t r a c t  w ith  t h e  O h io  S t a t e  U n iv e r s i t y  R e s e a r c h  F o u n d a t io n .

(2 ) G e n e ra l E le c t r ic  F e l lo w , 1 9 5 3 -1 9 5 4 . P r e s e n t  A d d r e s s :  N e w
M e x i c o  A . a n d  M .,  S ta te  C o lle g e ,  N . M .

Brewer3 in his recent review of the thermodynamic 
properties of the oxides. Skinner, Johnston and 
Beckett4 reviewed the literature up to 1951. Kub- 
aschewski and Dench5 constructed the partial free 
energy of oxygen vs. composition diagram at 1000 
and 1200°.

No direct determination of any of the vapor 
pressures or dissociation pressures have been pub-

(3 )  L . B re w e r , Chem. Revs., 5 2 ,  1 (1 9 5 3 ) .
(4 )  G . B . S k in n e r , H . L . J o h n s t o n  a n d  C . B e c k e t t ,  “ T it a n iu m  a n d  

I t s  C o m p o u n d s ,”  H e rr ic k  L . J o h n s t o n  E n te rp r is e s , C o lu m b u s ,  O h io , 
195 4 .

(5 )  O . K u b a s c h e w s k i  a n d  W . A . D e n c h ,  J. Inst. Metals, 8 2 ,  87  
(1 9 5 3 ).
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lished except that of TiO by Gilles and Wheatley, 
reported by Brewer3 and Skinner.4 Starodubtsev 
and Timokhina,6 using a mass spectrometer, ob
served Ti+, TiO+, Ti, TiO and T i02 ions and mole
cules in the vapor of T i02 heated in vacuo.

As we have seen,6 the solid phases in the titan
ium-oxygen system are characterized by wide 
homogeneity ranges. In vaporization experiments, 
the solid phase has to be characterized as to whether 
or not it can form an invariant system with the gas. 
In the case of an invariant system, the vapor and 
solid composition are equal, and the pressure will 
remain constant at constant temperature as vapori
zation proceeds. If no invariant system can be 
formed the composition of the solid will change 
continuously as vaporization proceeds, and the 
vapor pressure will decrease until a two phase system 
is reached. An intermediate possibility, which is 
very commonly found, is a pseudo-invariant system. 
The composition of vapor and solid are not equal, 
but the difference is so small that the decrease in 
vapor pressure and change in composition of the 
solid are imperceptible.

Apparatus and Experimental Procedure
The high temperature X-ray diffraction patterns were 

taken in our camera.7-8 When the desired temperature had 
been reached, the temperature was maintained for an hour 
to allow equilibrium to be attained. Following this equili
bration period, the X-ray beam was turned on, and exposures 
for one hour were taken. The temperature interval in 
which X-ray diffraction patterns were taken extended from 
1600-2100°K.

The metal vapor pressure cell was similar to the one de
scribed previously. 9 The power was supplied by a 15 kw. 
General Electric heater. The temperature was controlled 
with a motor-driven variometer10 in series with the work 
coil, the variometer being operated manually. The tem
perature was measured with a Leeds and Northrup dis
appearing filament optical pyrometer, the pyrometer being 
calibrated against a standard tungsten-ribbon lamp which 
has been calibrated at the National Bureau of Stand
ards.

The Knudsen cells used in the vapor pressure measure
ments were either drawn from 0 . 0 1 0  inch tantalum or mo
lybdenum sheet or were constructed of seamless tubing 
the tops and bottoms being drawn. The cells used in the 
measurement of the vapor pressure of TiO were drawn 
from tantalum 1" in diameter ‘A -3/ /  high. For the first 
series on Ti20 3, cells, drawn from molybdenum, 'A" high, 
V / diameter were used. For the other series cn Ti20 3, and 
for T i0 2 and Ti30 5, molybdenum cells, made of molybdenum 
tubing V4- y 2" o.d., were used. These cells were enclosed 
into tantalum cells, V2-V 4" o.d., the top of the molybdenum 
cells being flush with the top of the tantalum cell. The 
tantalum cell had a hole 'A* diameter, concentric with the 
effusion hole in the molybdenum cell, in the top. By this 
method, the molybdenum weight loss was reduced to a 
minimum, and the path of the effusing molecules was not 
obstructed by the tantalum cell.

The tantalum cells were degassed at 2000°; for the cells 
containing molybdenum, blank runs were carried out, to 
determine the weight loss. The weight losses obtained with 
the titanium oxides were corrected for the small, less than 
1 0 % , molybdenum weight loss.

To correct for temperature fluctuations the effective time,

(6 )  S . V .  S t a r o d u b ts e v  a n d  Y .  I .  T im o k h in a , Zhur. Tekh., Fiz,, 19, 
6 0 6  ( 1 9 4 9 ) ;  C. A.,  44 , 8 2 2 3 f  ( 1 9 5 0 ) .

(7 )  J . W . E d w a r d s ,  H . L . J o h n s t o n  a n d  R .  S p e ise r , Rev. Sei. Instr., 
20, 3 4 3  ( 1 9 4 9 ) .

( 8 )  M .  H o c h  a n d  H . L .  J o h n s to n , J. Am. Chem. Soc., 76, 2 5 6 0  
( 1 9 5 4 ) .

( 9 )  M .  H o c h  a n d  H . L .  J o h n s t o n , ibid., 76, 4 8 3 3  ( 1 9 5 4 ) .

( 1 0 )  R .  S p e ise r , G . W . Z ie g le r , J r ., a n d  H . L . J o h n s to n , Rev. Sei.
Instr., 20, 3 8 5  ( 1 9 4 9 ) .

teu, was calculated by the averaging method. 11-12 The effec
tive orifice area was obtained by correcting the measured 
area for thermal expansion and for the effect of the non
ideal conditions, finite size and depth. The thermal ex
pansion data for tantalum and molybdenum obtained in 
this Laboratory13 were used. The correction for the non- 
idealized effusion conditions was applied according to the 
equation derived by Whitman. 14

In order to determine the composition of the effusing 
vapor and the composition of the solid from which it evap
orated, the material was vaporized from an open molyl> 
denum crucible, and a portion of the vapor condensed on a 
collector disk. A portion of the solid was analyzed for the 
T i: O ratio before and after each vaporization and an X-ray 
diffraction pattern taken of the material collected.

The analyses of the oxides were carried out by igniting 
samples in air at 800 to 900° in a platinum crucible. From 
the weight gain, due to oxidation to T i02, the titanium to 
oxygen ratio could be calculated.

Materials.—The titanium dioxide used in this research 
was “ Baker’s Analyzed,”  C.P. grade, the following analysis 
being given: water soluble salts, 0.04%; arsenic, 0.00000%; 
iron, 0.003%; lead, 0.01%; zinc, 0.002%. The iodide 
process titanium had been donated by the New Jersey Zinc 
Company, Palmerton, Pennsylvania. Its analysis was: 
manganese, 0.0082%; silicon, 0.007%; aluminum, 0.0066% 
nitrogen, tellurium, lead and copper, 0 .0 2 %.

Intermediate oxides of titanium were prepared by heating 
together equivalent amounts of titanium and titanium di
oxide in molybdenum or tantalum crucibles, the reaction be
ing carried out under high vacuum in the vapor pressure 
apparatus. Weighed amounts of the oxide and metal were 
intimately mixed, placed in the crucible and heated to 1500° 
in vacuo for one hour. The solid was then removed, re
ground in a mortar and replaced in the crucible for a further 
heating period of several hours at 1500°. Following this 
treatment, the samples appeared homogeneous, but to en
sure complete reaction, the regrinding and heating processes 
were repeated. At this temperature the reaction of any 
of the oxides with the crucible appeared to be negligible, al
though the dioxide and the sesquioxide attacked tantalum 
at 1700°. If any tantalum or molybdenum oxides had been 
formed, they should have been volatile.

The following materials were prepared and used:

Oxide Batch
Mole ratio 

TiO*
TiO 1 1 .0 75

2 1 .0 29
TÌ2O3 1 1 .5 03

2 1 .4 91
TÌ3O5 1 1 .6 67

Experimental Results and Discussion of the Data
X-Ray Diffraction Data.— TiO has the same NaCl- 

type structure at elevated temperatures, as at 
room temperatures. Rutile, T i02, maintains its 
structure up to its melting point. A series of pat
terns of oxygen deficient rutile were obtained. A 
one-phase system, having a distorted rutile struc
ture, was obtained as low as TiOi.82 at room temper
ature. Ti20 3 does not undergo any structural 
changes up to 2100°K. The pattern taken at 
2100°K. showed the corundum-type lattice 
strongly, but also six faint lines, which corresponded 
to lines found in the high temperature form of 
Ti30 5. This may indicate a slight disproportiona
tion of Ti20 3 into TiO(g) and Ti30 6(s) near its 
melting point: but it is not impossible that some 
oxygen was picked up during the exposure.

(1 1 )  J . W . E d w a r d s , H . L . J o h n s to n  a n d  P . E .  B la c k b u r n , J. Am. 
Chem. Soc., 7 3 , 172 (1 9 5 1 ).

(1 2 ) G . B . S k in n e r , J . W .  E d w a r d s  a n d  H . L .  J o h n s t o n , ibid., 7 3 ,  174 
(1 9 5 1 ).

(1 3 ) J . W .  E d w a r d s ,  R .  S p e ise r  a n d  H .  L .  J o h n s t o n , J. Appi. Phys., 
2 2 , 3 4 3  (1 9 4 9 ).

(1 4 ) G . I .  W h itm a n , J. Chem. Phys., 2 0 , 161 (1 9 5 2 ) .
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The room temperature patterns of Ti30 5 did not 
correspond to that described by Rusakov and 
Zhdanov,15 nor could the lines be indexed into the 
Ti20 3, rutile or anatase pattern. The pattern 
might be considered a very strongly distorted (much 
more than the above-mentioned TiOi.82) rutile 
structure. At high temperatures, we obtained a 
new diffraction pattern for Ti30 6, different from 
the room temperature form, and from T i02 and 
TJ2O3.

Vapor Pressure Data.— 1. The experiments car
ried out to determine the composition of the solid 
and vapor are given in Table I.

T a b l e  I

V a p o r iz a t i o n  E x p e r im e n t s

M a te r ia l

V a p o r iz a t io n  
A m o u n t  A m o u n t  
o r ig in a l,  v a p o r iz e d ,  

g- g-

A n a ly s is
W t .

A m o u n t ,  ga in , 
g- g-

C o m p o s i 
t io n ,
T iO x

T iO 1 .3 2 4 4 0 .0 4 6 3 1
O rig in a i 0 .2 5 2 0 6 0 .0 6 0 8 4 1 .0 2 9 0
R e s id u e .1 0 6 3 2 .0 2 5 6 2 1 .0 3 0 2

T Ì 2O 3 1 .5 8 6 4 3 . 2 79 7
O rig in a i .2 4 6 3 4 .0 2 7 9 2 1 .4 9 1 6
R e s id u e .1 6 3 5 9 .0 1 8 5 1 1 .4 9 2 4

T Ì 3O 5 1 .2 3 0 0 .3 4 1 2
O rig in a i . 195 96 .0 1 4 0 1 1 .6 6 6 8
R e s id u e .1 5 4 0 6 .0 1 1 0 1 1 .6 6 6 9

T Ì O 2 0 .2 3 8 9 5 .1 5 8 2 5
O rig in a i .2 9 5 7 8 .0 0 3 4 0 1 .9 4 3 2
R e s id u e .0 3 6 1 2 .0 0 1 1 4 1 .8 4 7 2

To check our vaporization experiments, material 
was collected during several vapor pressure runs. 
The amount was too small to be analyzed, and X - 
ray diffraction patterns were taken.

For TiO and Ti2Os the collected vapor showed the 
TiO and Ti20 3 structures, agreeing well with the 
vaporization measurements. For Ti30 6 the col
lected vapor showed a rutile structure, similar to 
the one when T i02 is vaporized.

TiO will not vaporize stoichiometrically, the 
vapor containing Ti and TiO, and very small 
amounts of T i02. The solid therefore will stead
ily become richer in oxygen. Our vaporization 
measurements and X-ray data indicate that the 
TiO /Ti ratio is larger than 10:1. The correction 
for Ti is smaller using TiOi.o29 as a solid phase, than 
if TiOi.no would have been used. The activity of 
TiO over the homogeneity range is almost con
stant.5 The TiO system is a pseudo-invariant 
system, and the measured pressures may be taken 
as the partial pressure of TiO in equilibrium with 
TiOi.ooo, the composition for which thermodynamic 
data are available.

The vaporization and X-ray data on Ti203 indi
cate that Ti20 8 vaporizes stoichiometrically within 
10%. The TiO to T i02 ratio must be between 0.9 
and 1.1. The data were treated according to stoi
chiometric vaporization: the Ti20 3 system, even 
with only one solid phase present, is an invariant 
system.

The vaporization and X-ray data on Ti30 5 are 
contradictory. Vaporization and analysis of the 
residue indicate stoichiometric vaporization; the 
X-ray data from the collected vapor show that va
por contained only T i02. This discrepancy could

(1 5 )  A . A . R u s a k o v  a n d  G . S . Z h d a n o v , Doklady A lead. Nauk 
S.S.S.R., 17 , 411 (1 9 5 1 ) ;  (!. A., 4 5 , 0 45 2  (1 9 5 1 ).

be caused by an oxidation of the solid during the 
single vaporization run, or the oxidation of the 
collected vapor, during the vapor pressure runs. 
The T i02 pressure above Ti30 6 must be at least 
equal to the T i02 pressure above Ti20 3. Inspect
ing the measured rates of evaporation we see that 
this is only possible if almost all the material vapor
ized was T i02. Our data were therefore treated as 
T i 3q 6( s ) - > T i 203(s) +  T i02(g). _

T i02 showed on the first heating a high evapora
tion rate, until the composition of the solid dropped 
to TiOi.943. At this point the rate of evaporation 
became constant, and the collected vapor showed 
the rutile structure. After the vapor pressure meas
urements the solid analyzed TiOi,847. The vapori
zation of T i02 takes place under invariant condi
tions, the reaction occurring being
1.206 TiO,.943(s) — >  0.206 T iO,.66,(s) +  T i02(g) ( A )

The reaction
TiOi.94.i(s) — >- T iC W s ) +  0.138 0 2(g) (B)

will take place simultaneously.
To obtain the free energy of formation of TiOi.943, 

and for all the subsequent calculations we used the 
data compiled by Skinner, Beckett and Johnston.4

To obtain the free energy function of T i02 gas, 
we assumed that the addition of an oxygen to TiO 
to form T i02 will increase the free energy by an 
amount which is 75% of the increase due to the 
addition of an oxygen to Ti to form TiO. Thus

\ T  )  TiOa(g) \  T )  TiO(e)

[ ( ^ )  -  1
L \  i  /  TiOCg) \ I  / T i ( g ) J

The oxygen pressure for reaction B must be smaller 
than the pressure for

Ti0 2(s) — >- TiOi.667 +  0.167 0 2(g)
which at 2000°K. is 10-8-3 atm.

The oxygen loss is negligible compared to the 
T i02 loss in the two phase region TiOi.943 — Ti30 6. 
The oxygen pressure for reaction B must be larger 
than the pressure for

Ti30 5 — > 1.5 Ti20 3 +  0.25 0 2(g)
which at 2000°K. is 10-11.5 atm.

The oxygen pressure for reaction B must be be
tween 10~n-5 and 10~8-3 atm., AF° at 2000°K. 
for reaction B is between 14.5 and 10.5 keal. Thus 
AF° of formation of TiOi.943(s) at 2000°K. is be
tween — 141.7 and —137.7 keal., and we can iix it 
as —140 ±  1 keal. For the reaction

1.206 TiO,.9„(s) — > 0.206 TiO,.667(s) +  T i02(s)
we obtain at 2000°K., AF° =  2.5 keal.; that means 
the activity of T i02 in the Ti0i.943/T i30 6 two phase 
mixture is 10-0-273 or 0.53 at 2000°K. We assume 
that this activity does not vary over our experi
mental temperature range. To obtain the pressure 
of T i02(g) above T i02.o solid, the experimental 
pressure was multiplied by 1/0.53 = 1.885, and 
this corrected pressure used in connection with the 
free energy functions to calculate the heat of vapor
ization of T i02.

The vapor pressures were calculated from the 
rate of effusion, using the equation

p = m v '2Tnrfiii (1)
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where P  is the pressure in atmospheres, R is the 
molar gas constant, T is the absolute temperature, 
m is the rate of effusion in g./sq. cm./sec. and M  is 
the molecular weight of the vapor.

In the presence of more than one species in the 
gas, the measured total rates of effusion were di
vided according to the ratio of molecular weight of 
the components, multiplied by the composition of 
the gas phase, and the pressure calculated for each

T a b l e  I I

V a p o b  P r e s s u r e  A b o v e  T iO °
Evap. Pressure,

Eff. Eff. Wt. rate, atm. X 106
Temp., time, area, loss, g./cm .2/ 'caled. — log!

°K . sec. cm.2 g. X 103 sec. X 105 as TiO) P
1847 109080 0.01524 2.79 0.1678 0.2035 6.691
1880 57694 .01709 3.85 .3905 .4778 6.321

*1908 36875 .01710 3.91 .6201 .7643 6.117
1913 29275 .01525 3.17 .7101 .876 6.058
1920 117378 .01526 13.04 .7280 .900 6.046
1934 28721 .01710 5.27 1.073 1.332 5.876

*1960 28868 .01709 8.03 1.628 2.034 5.692
1968 14382 .01711 5.38 2.186 2.736 5.563

_ “ For the runs marked with a * the solid had the composi
tion T iO i.075; for all the others T iO i.029.

T a b l e  I I I

V a p o r  P r e s s u r e  O v e r  T i0 2 _z

Eff.
Evap. Pressure,

Eff. Wt. rate. atm. X 106
Temp., time, area, loss, g./cm .2/ (caled, as -lo g

°K . sec. cm.2 g. X 103 sec. X 105 TÍO2) P
1849 28872 0.01379 1.45 0.364 0.395 6.403
1867 28800 .01379 1.94 0.488 0.533 6.273
1916 12960 .01380 1.98 1.107 1.223 5.913
1918 14400 .01381 2.45 1.232 1.362 5.866
1936 14400 .01353 3.33 1.709 1.899 5.721
1943 10800 .01381 2.96 1.985 2.207 5.656
1949 28800 .01381 11.06 2.808 3.098 5.509
1954 18072 .01382 6.03 2.414 2.693 5.570
1956 14472 .01382 5.29 2.645 2.953 5.530
1958 14400 .01382 6.29 3.161 3.529 5.452
1966 14400 .01353 4.93 2,530 2.831 5.548
1972 14400 .01353 4.67 2.397 2.686 5.571
1982 14400 .01354 5.98 3.067 3.446 5.463
2010 14400 .01354 8.90 4.565 5.164 5.287

T a b l e  IV

V a p o r  P r e s s u r e  A b o v e  Ti20 3 
Evap.

Eff.
time,

Eff.
area,

Wt.
loss,

rate,
g ./cm .2/

—y*Temp., y/ PTÍOPTÍO2

°K . sec. cm .2 g. X  103 sec. X  105 II < rí X O K p
1971 14400 0.01749 0.66 0.262 0.154 6.812
1990 25030 .04351 5.75 .528 .312 6.506
1992 21600 .01750 1.21 .320 . 189 6.724
2008 13380 .04031 1.82 .337 .200 6.699
2010 37400 .04031 5.80 .385 .229 6.640
2017 29220 .01751 3.49 .682 .406 6.392
2022 10800 .04354 6.06 1.289 .769 6.114
2023 7301 .04354 3.67 1.155 .689 6.162
2029 7441 .04354 4.30 1.327 .793 6.101
2030 28560 .01751 4.17 0.834 .498 6.303
2035 15930 .04355 6.61 0.953 .570 6.244
2059 7409 .04357 5.42 1.679 1.010 5.996
2064 19770 .04357 13.91 1.615 0.973 6.012
2076 14760 .01753 4.07 1.573 .950 6.022
2085 6998 .04038 3.41 1.207 .731 6.136
2097 20040 .01404 2.73 0.970 .589 6.230
2101 14400 .01404 2.09 1.034 .629 6.201
2102 12600 .01754 3.31 1.498 .911 6.040
2106 6545 .04361 14.28 5.003 3.044 5.516
2106 14400 .01404 2.46 1.217 0.741 6.130
2108 14400 .01754 6.25 2.475 1.507 5.822
2113 6959 .04040 5.16 1 .835 1.119 5.951
211G 13740 .01754 6.53 2.710 1.653 5.782
2120 14010 .01754 6.09 2.743 1.510 5.821
2122 41400 .01754 18.84 2.594 1.585 5.800
2151 10860 .01405 3.04 1.992 1.225 5.911

T a b l e  V

V a p o r  P r e s s u r e  a b o v e  T Ì3O 5

Temp.,
°K .

Eff.
time,
sec.

Eff.
area,
cm.2

Wt. 
Loss, 

g. X IO2

Evap. 
rate, 

g./cm .2/  
sec. X 105

Pressure, 
atm. X IO® 

(caled, as 
TiOz)

- lo g
P

2068 59260 0.01767 6.72 0.642 0.740 6.131
2070 14340 .01767 1.54 .608 .700 6.155
2076 28660 .01767 3.63 .717 .826 6.083
2078 29020 .01767 2.98 .581 .669 6.175
2078 14460 .01767 1.67 .654 .753 6.123
2088 6660 .01768 1.16 .985 1.135 5.945
2099 11820 .01768 1.67 .799 0.920 6.036
2122 14400 .01769 4.96 1.947 2.243 5.649

T a b l e  V I

H e a t  op Su b l im a t io n  o f  TiO
Temp.,

°K .
AI7S a  m ,

kcal./mole-  R  In P \  T ) T

1847 30.605 42.78 73.382 135.54
1880 28.912 42.69 71.600 134.61
1908 27.979 42.61 70.593 134.69
1913 27.709 42.61 70.314 134.51
1920 27.655 42.59 70.240 134.86
1934 26.877 42.55 69.423 134.26
1960 26.035 42.48 68.513 134.28
1968 25.445 42.45 67.898 133.62

A v . = 134.55 ±  0.52

T a b l e  V I I

H e a t  op  S u b l im a t io n  of  T i 0 2

. ( F °  ~  H ° \ A7/n° AH",
° k ! ' - R  In P A \ T )  T kcal./mole

1849 28.03 47.0 75.0 138.7
1867 27.43 46.9 74.3 138.7
1916 25.79 46.8 72.6 139.1
1918 25.57 46.8 72.4 138.9
1936 24.91 46.8 71.7 138.8
1943 24.61 46.8 71.4 138.7
1949 23.94 46.8 70.7 137.8
1954 24.22 46.7 70.9 138.5
1956 24.03 46.7 70.7 138.3
1958 23.68 46.7 70.4 137.8
1966 24.12 46.7 70.8 139.2
1972 24.22 46.7 70.9 139.8
1982 23.73 46.7 70.4 139.5
2010 22.92 46.6 69.5 139.7

A v . = 138.9 ±  0.5

T a b l e  V I I I

H e a t s  o f  R e a c t io n  fo r  T i20 3

Temp., 4 r  -  * s i AffS AffJ,
°K . — R  In K p A L T J T kcal./mole
1971 62.32 87.7 150.0 295.6
1990 59.52 8 7 .6 147.1 292.7
1992 61.51 87.6 149.1 297.0
2008 61.28 87.5 148.8 298.8
2010 60.74 87.5 148.2 297.9
2017 58.47 87.4 145.9 294.3
2022 55.93 87.4 143.3 289.8
2023 56.37 87.4 143.8 290.9
2029 55.81 87.4 143.2 290.6
2030 57.66 87.4 145.1 294.6
2035 57.12 87.3 144.4 293.9
2059 54.85 87.2 142.0 292.4
2064 55.00 87.2 142.2 293.5
2076 55.09 87.1 142.2 295.2
2085 56.13 87.1 143.2 298.6
2097 56.99 87.0 144.0 302.0
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T a b l e  VIII (Continued)

Temp.,
°K. — R In K p

A H q

T
A//o,kcal./mole

2101 56.73 87.0 143.7 301.9
2102 55.25 87.0 142.2 298.9
2106 50.46 86.9 137.4 289.4
2106 56.08 86.9 143.0 301.2
2108 53.26 86.9 140.2 295.5
2113 54.44 85.9 141.3 298.6
2116 52.89 86.9 139.8 295.8
2120 53.25 86.8 140.0 296.8
2122 53.06 86.8 139.9 296.9
2151 54.07 86.7 140.8 302.9

Av. = 296.0 ±  3.
T a b l e  IX

H e ats o f  R e a c t io n  fo r  T i3Os
Temp.,

°K. — R in K p

1 > ^ 
1 \ H% 

)  T
A//°.kcal./mole

2068 28.05 43.6 71.7 148.3
2070 28.16 43.6 71.8 148.6
2076 27.83 43.5 71.3 148.0
2078 28.25 43.5 71.8 149.2
2078 28.01 43.5 71.5 148.6
2088 27.20 43.5 70.7 147.6
2099 27.61 43.5 71.1 149.2
2112 25.84 43.4 69.2 146.2

A v. 148 .2  ±  0 .7 .

T a b l e  X
Heats of dissociation of TiO (g) and T i0 2(g) 

TiO(g) —*■ Ti(g) +  0 (g )  Aifo = 159.9 kcal/mole
T i0 2(g) -*■ T i(g) +  2 0 (g ) AH ° =  3 1 5 .2  kcal./m ole

case of Ti20 3, we assumed that the rate of effusion 
of TiO is equal to that of T i02: the value for the 
equilibrium constant K, will be changed by only 
0.47% if it is assumed that the pressures of TiO 
and T i02 are equal. This difference is much smaller 
than the experimental error.

The calculations of the pressures and equilibrium 
constants are given in Tables II-Y , whereas the 
calculations of the heats of sublimation and heats 
of reaction are given in Tables V I-IX . Table X  con
tains the heats of dissociation of gaseous molecules 
to gaseous atoms.

After expanding the free energy function as a 
linear function of the temperature, we obtain the 
equilibrium constants and pressure of TiO and 
T i02 above the four oxides investigated. The results 
are given in Table XI. The values for titanium 
are given to complete the table. In the last col
umn, the pressures are given at 2000°K., for better 
comparison.

The heat of vaporization of TiO, agrees very well 
with the value found by Gilles and Wheatley and 
given by Brewer.8 The heat of dissociation of TiO 
is in very good agreement with the spectroscopic 
value of 158.8 kcal./mole quoted by Herzberg.16

The value obtained for the heat of vaporization 
of T i02 is in good agreement with AHim =  138 
kcal./mole, which is obtained from our data using 
the Clausius-Clapeyron equation. The heat of dis
sociation of T i02 is 4.6 kcal. or 1.4% smaller than 
twice the heat of dissociation of TiO, which is about 
the amount one would expect.

To check the data, and to resolve the discrep-
T a b l e  X I

Solid phase

TiO

E q u il ib r iu m  C o n s t a n t s  a n d  P r e s s u r e s  A b o v e  TiO, T i0 2, Ti20 3 a n d  Ti30 6

Eq. constant Vapor pressure equation

29421
K p — pTio log Kp — log pTio — 0 .58 3  X  10 3T  +  10.43

— log P  at 
2000°K.

5 .4 4

TiOa Kp =  pTiO, log Kp =  log PTio, =  -  -  0.492 X  lO - ’ T  +  11 .19 4 .9 7

TÌ2O3 Kp =  pTiOPTiO. log Kp
64700

= ------------------1 .26  X  10_3T  +  21 .6 5

log PTÜ
qoq eri

5 =  log PTio, =  -  — ------- 0 .6 3  X  10 -*T  +  10.83 6 .61

TÌ3O6/T Ì2O3 Kp =  PTiO, log Kp
32393

=  log+Tio, = -------- -- ------- 0 .4 8  X  IO“ 3 T  +  10.51 6 .6 4

Ti Kp =  pTi log Kp
24644

=  log pii --------------- -------  0 .22 7  X  IO "3 T  +  7 .79 6 4 .9 7

component according to equation 1. The use of the 
rates of effusion instead of the pressures introduces 
a small error in the calculations because the molec
ular weight of TiO and T i02 are different. In the

ancy in the vaporization of TisOs, further experi
ments are under way at other compositions.

(16) G. Herzberg, “ Spectra of Diatomic Molecules,” Second Edi
tion, D. Van Nostrand Company, Inc., New York, N. Y ., 1950, p. 576.
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The necessity for auxiliary experiments in the study of vaporization of substances at high temperatures is discussed. 
Earlier work pertaining to the vaporization of B 20 3 and T e 0 2 is reviewed and new vapor pressure determinations are pre
sented which extend the temperature ranges of the measurements. In the temperature ranges studied B 20 3 and T e 0 2 are 
found to vaporize as B20 3(g) and T e 0 2(g) molecules, and vapor pressure equations are given. AH°0 of sublimation has been 
calculated from vapor pressure data for B 20 3 with the aid of free energy functions, and the heats of sublimation, vaporization 
and fusion are given for T e 0 2. Vapor pressure measurements have been supplemented by spectroscopic observations and 
bands attributable to the B20 3(g) molecule have been found. The vaporization of M g3N 2 has also been studied and found to 
be more complex. It is found that the M g2(g) molecule is involved in the process of vaporization of M g3N 2. From the M g2(g) 
band spectrum the dissociation energy of the molecule has been estimated. Final products of M g3N 2 vaporization are M g(g) 
and N 2(g).

132 J. R. S o u l e n , P. St h a p it a n o n d a  a n d  J. L. M a r g r a v e  Vol. 59

In most cases where vaporization or evaporation 
processes at high temperatures have been studied 
carefully by modern techniques, the reactions have 
been found to be more complex than formerly be
lieved. The idea that stable species at high temper
atures are necessarily simple is found not to be true, 
and many indications of large and/or new molecules 
are found through careful interpretation of vapor 
pressure, spectroscopic and mass spectrographic 
data.

Because of this possibility of a complex vapori
zation process, it is usually necessary to perform 
several different experiments to establish without 
doubt the vaporization equilibrium species and 
equilibrium constant, and even more data may be 
necessary to establish the mechanism of a vaporiza
tion reaction. A systematic vapor pressure study 
of any material may well be accompanied by the 
following auxiliary studies besides the standard 
flow, effusion, or other type of vapor pressure meas
urement.

(1) Identification of all solid phases present at 
all temperatures of interest. This can best be done 
with the aid of low and high temperature X-ray 
diffraction studies.

(2) Analysis of the compound before and after 
several vaporization runs to determine whether or 
not one constituent is being lost preferentially. 
Use of the same sample for several consecutive runs 
might also show this effect through changing analy
ses.

(3) A search by spectrographic means for emis
sion or absorption spectra of gaseous molecules and 
atoms being formed. This method is very sensitive, 
and may detect partial pressures down to about 
10-6 atm.

(4) A search with a mass spectrograph to identify 
important vapor species.

(5) A determination of the vapor density to con
firm vapor composition and indicate whether 
dimers, trimers or other complex species are impor
tant in vaporization.

(6) Calculation of the equilibrium pressure of 
tlie elements over a compound assuming decompo
sition only to the elements. This will give the 
lowest possible pressure over a compound at equilib
rium in a vacuum. If there are any other species

(1) Presented at the Symposium on High Temperature Chemical 
Reactions at the 126th Meeting of the American Chemical Society, 
New York, N. Y ., September 15, 1954.

important in the vapor, or if a reactive atmosphere 
is used, vaporization may be greater than calcu
lated.

(7) Comparison of flow, effusion, static and other 
vapor pressure measurements should be made to 
see if they all agree, since molecular species are 
often incorrectly assumed in effusion and flow cal
culations and erroneous pressures calculated. One 
must know what atoms or molecules are coming out 
of an effusion cell before the equilibrium pressure 
inside the cell can be calculated from weight loss or 
gain alone.

In this work we have used flow and effusion va
por pressure measurements, and spectroscopic ob
servations in the visible and ultraviolet regions to 
elucidate the vaporization processes for three inor
ganic compounds: B2O3, Te02 and Mg3N2.

Vapor Pressure of B20 3.— Liquid boric oxide be
gins to vaporize appreciably at temperatures above 
1000°. The logical possibilities for the vaporization 
reaction are

B203(1) = B203(g)
*B203(1) = (B203)*(g)

B203(1) = 2BO(g) +  '/202(g)

Purified boric oxide from Baker and Adamson 
was prepared for vapor pressure runs by slow heat
ing of samples in a platinum boat up to 1000° and 
maintaining this temperature for an hour or more to 
remove all traces of water. Two series of flow vapor 
pressure studies were carried out, both with dry, 
oxygen-free nitrogen as the carrier gas. In one 
series of runs a platinum boat containing B20 3 was 
placed in the flow stream and in the hot zone of a 
McDanel high temperature porcelain tube heated 
in a SiC hollow tube furnace. In the other series of 
runs the porcelain tube was lined with platinum 
foil, and the vaporization carried out essentially in a 
platinum system.

The runs made in the unprotected tube gave 
weight losses per mole of flow gas similar to those 
predicted from the early work of Cole and Taylor2 
and much higher than expected on the basis of the 
effusion vapor pressure studies of Speiscr, Naiditch 
and Johnston.3 Runs in the platinum foil pro
tected tube agreed closely with those of Speiscr, 
Naiditch and Johnston in regions where experi
mental temperatures allowed direct comparison.

(2) S. S. Cole and N. W. Taylor, J . Am. C e r .  Soc.., 18, 82 (1935).
(3) R.. Spelser, R. Naiditch and TI. L. Johnston, J .  A m .  C h e m . S o c . ,  

72, 2578 (1950).



Feb., 1955 V a p o r iz a t io n  o f  I n o r g a n ic  S u b s t a n c e s : B20 3, T e 0 2 a n d  M g3N2 133

Treatment of the weight loss type of vapor pres
sure data obtained in these measurements requires 
knowledge of the gaseous species present, and 
Bradt4 has recently shown in a mass spectrographic 
study of the vapor effusing from a Knudsen cell con
taining B20 3(1) at about 1300° that monomeric 
B20 3(g) is the only important vapor species under 
these conditions. In part (a) of Table I are listed 
the pressures of B20 3(g) from Speiser, Naiditch and 
Johnston calculated with the assumption of mono
meric B20 3(g), the change of free energy function 
for vaporization, AF / T , A H °„/ T  and AH °0, the heat 
of sublimation of B20 3 at 0°K. Free energy func
tions for gaseous and liquid B20 3 were computed 
from the tables of Huff, Gordon and Morrell.5

Values of A H  c0 are seen to be essentially constant, 
and the average is 89.4 kcal./mole. An uncertainty 
of at least 0.5 kcal./mole should be allowed because 
of the doubt about the true structure of B20 3(g). 
If one corrects this calculated heat up to 1500°K., 
the middle of the experimental range studied by 
Speiser, Naiditch and Johnston, by means of the 
heat content functions of Huff, Gordon and Mor
rell, one obtains A H m o =  77.6 kcal./mole, which is 
exactly the slope of the log p  vs. \ /T  plot of their 
data.

T a b l e  I

T,

V a p o r iz a t io n  o f  B 20 3
( F  — H?\

H  T /  v a p ,  AT  
v b s o i , T

AH?,
T

a m ,
kcal./

°K. atm.

(a) Effusion
e.u. e.u. e.u. mole 

vapor pressure data (from ref. 3)
1 3 3 1 7 . 7 4  X  1 0 " 7 3 9 . 8 0 2 7 . 9 6 6 7 . 7 6 9 0 . 2

1 3 5 0 1 . 8 8  X  10 - « 3 9 . 6 8 2 6 . 2 0 6 5 . 8 8 8 8 . 9
1 3 6 9 2 . 4 6  X  1 0 - « 3 9 . 5 8 2 5 . 6 7 6 5 . 2 5 8 9 . 3
1 3 8 0 5 . 0 2  X  1 0 - « 3 9 . 5 2 2 4 . 2 5 6 3 . 7 7 8 8 . 0
13 9 0 4 . 0 0  X  10 " « 3 9 . 4 7 2 4 . 7 0 6 4 . 1 7 8 9 . 2

14 4 9 9 . 9 0  X  l O - « 3 9 . 1 4 2 2 . 9 0 6 2 . 0 4 8 9 . 2

1 4 7 6 1 . 5 9  X  l O “ 5 3 9 . 0 0 2 1 . 9 6 6 0 . 9 6 9 0 . 0

1 4 9 0 2 . 2 5  X  10 3 8 . 9 2 2 1 . 2 7 6 0 . 1 9 8 9 . 7

1 4 9 7 2 . 8 8  X  l O “ 5 3 8 . 8 9 2 0 . 7 8 5 9 . 6 7 8 9 . 3
1 5 1 0 4 . 2 5  X  1 0 - 5 3 8 . 8 0 2 0 . 0 0 5 8 . 8 0 8 8 . 8

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

1 5 5 0 7 . 3 6  X  l O " 5 3 8 . 6 1 1 8 . 9 1 5 7 . 5 2 8 9 . 2

1 5 6 9 7 . 2 1  X  lO " « 3 8 . 5 1 1 8 . 9 5 5 7 . 4 6 9 0 . 1

1 6 3 1 2 . 3 1  X  1 0 - « 3 8 . 2 1 1 6 . 6 4 5 4 . 8 5 8 9 . 5

1 6 4 2 2 . 8 7  X  1 0 - «  3 8 . 1 5  1 6 . 2 0  5 4 . 3 5  

( b )  Flow vapor pressure d a t a

8 9 . 2

1 5 6 7 3 . 6  X  1 0 " « 3 8 . 5 1 1 5 . 7 4 5 4 . 2 5 8 5 . 0

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

1 7 7 2 4.1 x  10-3 3 7 . 7 2 1 0 . 9 0 4 8 . 6 2 8 6 . 3

18 06 3 . 5  X I O " 3 3 7 . 4 4 11.22 4 8 . 6 6 8 8 . 0

18 0 8 2 . 6  X  l O " * 3 7 . 4 4 1 1 . 8 2 4 9 . 2 6 8 9 . 0

Part (b) of Table I includes calculations similar
to those above but based on our flow vapor pres
sure measurements in platinum, and again assumes 
the vapor to consist of monomeric B20 3(g). AH%  
values calculated here agree fairly well with the re
sults of the effusion measurements.

Figure 1 shows that, over the range 1331 to 
1808°K., one can satisfactorily describe the vapori
zation of B20 3 by assuming monomeric B20 3(g) as

(4) P. Bradt, NBS Report 3016, January, 1954.
(5) V. N. Huff, S. Gordon and V. E. Morrell, National Advisory 

Committee for Aeronautics Report 1037 (1951). These authors assume 
B20i(g) to be a symmetrical molecule in which the oxygen atoms form 
an equilateral triangle, and the boron atoms lie on each side of the 
plane of this triangle and are both singly bonded to each of the three 
oxygen atoms. This structure was suggested by P. F. Wacker, H. W. 
Wooley and M. F. Fair in a Technical Report to the Bureau of Aero
nautics, Navy Department, January 25, 1945.

Fig. 1.— Log p vs. 1/T plot for B 2Oi vaporization: a ,
Speiser, Naiditch and Johnston3; ©, Cole and Taylor2; o ,  
this work.

the main vapor species. The older data of Cole 
and Taylor2 are also shown. The vapor pressure is 
given by the equation

log patm =  6.742 -  (1331 <  T <  1808°K .)

The molecule B20 3(g) is not well known. Various 
spectra from flames and electrical discharges into 
which boric acid has been introduced show BO(g) 
bands as well as the so-called “ boric acid fluctuation 
bands.” 6 By heating B20 3 in porcelain tubes to 
1400-1700° we have obtained emission and absorp
tion spectra of the gas over B20 3(1) with a small Hil- 
ger quartz spectrograph. These are shown in Fig.
2. The bands are the same as the “ fluctuation 
bands,”  but do not have the BO background spec-

(6) R. W. B. Pearse and A. G. Gaydon, “ The Identification of 
Molecular Spectra,” John Wiley and Sons, Inc., New York, N. Y ., 
1950, p. GO.
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trum. From the analysis of the vapor pressure 
data, they must be associated with an electronic 
transition for the B20 3(g) molecule. We are now 
re-photographing these spectra with a high reso
lution grating, and hope to obtain more informa
tion about the structure of the molecule.

B 20 3

1965°K .

The flow vapor pressure measurements were 
carried out with five flow rates of either nitrogen or 
oxygen: 559, 340, 155, 80.2 and 34.4 ml./min. 
Graphical extrapolation to zero flow rate gave the 
extrapolated vapor pressures at the various experi
mental temperatures as shown in part (a) of Table 
II. Effusion vapor pressure data are given in part

T a b l e  II
V a p o r iza tio n  o f  T e 0 2

(a)

T, "K .

— log p, atm. 
(extrapd. to zero 

flow rate)

1064 3 .3 0
1100 2 .93
1151 2 .3 8
1211 1 .90

T,
°K .

(b)
Total 

wt. loss, 
mg.

Effusion vapor pressure data 
Area of

effusion hole, Time, 
cm.2 min.

— log P, 
atm.

846 0 .2 8 .5 8  X  10~3 35 6 .0 7
888 1 .0 8 .5 8  X  10“ 3 60 5 .6 0

(b) of Table II. A graph showing the log of the 
vapor pressure in atm. vs. 1 /T  is given in Fig. 3.

Fig. 2.— Absorption (A ) and emission (E ) spectra of 
gas over B 20 3( i )  at various temperatures. Exposure 
times for the absorption photographs were 0.1 sec. (upper) 
and 1 sec. (lower). For emission, exposure times of i sec. 
(upper) and 10 sec. (lower) were used.

Vapor Pressure of Te02.—The vapor pressure of 
solid and liquid Te()2 has been measured over the 
range 846 to 1211°K. by effusion and flow vapor 
pressure studies. The main species in equilibrium 
with both solid and liquid Te02 in this range is 
Te02(g) as established by spectroscopic observa
tions.7 TeO(g) is observed at still higher tempera
tures.

Spectroscopically pure Te02 was used. It was 
checked by X-ray diffraction, and showed the de
sired powder pattern with no impurity lines. Sam
ples were vaporized from porcelain, quartz and MgO 
containers and no signs of attack were observed for 
any of these materials. The melting point of Te02 
was determined in a quartz capillary tube, and 
found to be 733 ±  1°, in good agreement with pre
vious work.8

(7) (a) C. S. Piaw, Ann. Phys., 10, 173 (1935); (b) J, Duschesne 
and B. Rosen, J. Chem. Phys., 15, 631 (1947).

(8) A. Simek and B. Stehlik, Collection Czechov. Chem. Commune., 2, 
447 (1930),

Fig. 3.— Log p vs. l/ T  plot for T e 0 2 vaporization.

Also shown here are the effusion data of Ueno9 for 
solid Te02. From the difference in the slopes of the 
vapor pressure curves for liquid and solid, one 
evaluates the heat of fusion of TeCh as 3.2 ±  0.5 
kcal./mole. The vapor pressure equations are 

T e 0 2(s) =  T e 0 2(g ); AHmb =  54.9 kcal./m ole 

log patm =  8.067 -  (846 <  T  <  1006°K .)

T e 0 2(l) =  T e 0 2(g); AfTVaP =  51.7 kcal./m ole 

log Patm =  7.367 -  1 ^ 5 ?  (1006 <  T <  1211 °K .)

Vapor Pressure of Mg3N2.—Vaporization of solid 
nitrides is of interest because of the possibility of 
forming gaseous metal nitrides. We have studied 
the vaporization of Mg3N2 by both flow and effusion 
techniques, and also examined the vapors over this 
compound spectroscopically. The various possible 
vaporization processes for magnesium nitride in
clude

M g3N 2(s) =  M g3N 2(g)
M g3N 2(s) =  2M gN (g) +  M g(g)
M g3N 2(a) =  3M g(g) +  N 2(g)

(9) K. Ueno, J . Chem. Soc. Japan, 62, 990 (1941).
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_ Samples of magnesium nitride were prepared from 
high purity Mg by reaction with N2 as suggested by 
Mitchell.10 X-Ray diffraction patterns showed 
only the Mg3N2 phase to be present.

When Mg3N2(s) contained in a refractory oxide 
container was heated rapidly to 1200-1400° in 
either N2 or He atmospheres and a series of absorp
tion spectra taken, spectra like those shown in Fig. 
4 were obtained. The narrow Mg absorption line

2537 2653 2753 2894 3126
Fig. 4.— Absorption spectra taken at various intervals 

after placing a M g3N 2 sample in a furnace at 1400°. The 
M g (I) resonance line ('P i — 'So) is at 2852 A . (H g refer
ence spectra are also shown.)

which first appeared at 2852 A. was found _ to 
broaden into a continuum plus several absorption 
bands as vaporization took place. These absorp
tion bands correspond exactly to certain of the 
emission bands which were observed by Hamada11 
in electrical discharges through highly concentrated

(10) D. W . Mitchell, Ind. Eng. Chem., 41, 2027 (1949).
(11) H. Hamada, Phil. Mag., 12, 50 (1931).

Mg vapor in a hollow cathode, and which have been 
attributed to Mg2(g).

From the position of the sharp cut-off of the ob
served absorption at 2661 À. and the known ener
gies of excitation of Mg atoms, one may deduce po
tential energy curves describing the interactions 
of Mg atoms.12 The Mg2 molecule appears to be 
relatively weakly bound, much like the similar 
molecules Zn2, Cd2 and Hg2, which are held to
gether mainly by a van der Waals type of bond. 
The dissociation energy of Mg2(g) is estimated as
7.2 ±  0.2 kcal./mole. Mg2(g) spectra were not ob
served in the recent absorption studies of Ditch- 
burn and Marr13 because they studied Mg vapor 
at low pressures (<1.3 mm.) where the Mg2 mole
cules would be dissociated.

Fig. 5.— Log ftp vs. 1/T plot for the reaction M g3N 2(s) =  
3M g(g) +  N 2(g).

Equilibrium studies of the vapor over Mg3N2 have 
also been carried out. The experimental data for 
our flow vapor pressure measurements, in which 
Mg3N2(s) was heated in Coors porcelain boats and 
high purity N2 was used as the flow gas, are given 
in part (a) of Table III. In part (b) of Table III 
are the data for some of our effusion vapor pressure 
studies made in MgO containers with three sizes 
of effusion holes. The equilibrium constants for 
decomposition to the elements as calculated from 
these data are compared with the theoretical values 
in Fig. 5. The theoretical curve was computed with 
data from NBS Circular 500, and free energy func
tions based on the high temperature heat capacity

(12) These Mgs(g) spectra are presently being carefully examined 
and will be described more fully in a later publication. The authors 
wish to acknowledge the aid of Professor J. G. Winans of the Physics 
Department, University of Wisconsin, in interpreting these spectra.

(13) R. W . Ditchburn and G. Y. Marr, Proc. Phys. Soc., 66A, 655 
(1953).
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data of Mitchell10 along with an estimated entropy 
at 298°K. of 22 e.u. for Mg3N2(s).

T a b l e  III
V a p o r iza tio n  o f  M g3N 2

(a) Flow vapor pressure data (N2 as carrier gas)

T , "K . loss,“ mg. Time, min. — log K b

1337 44-64 60-66 6.41
1355 75-103 60-100 5.67
1403 114-225 38-68 4.22
1426 143-232 32-62 3.84
1452 155-180 30-42 3.52
1506 262-317 18-23 2.29

(b) Effusion vapor pressure datac

T,
°K .

Total wt. 
loss, 
mg.

Area of 
effusion hole, 

cm.2
Time,

min. -  log Kd

1118 4.7 1.26 X 10~2 90 20.7
1158 8.8 2.39 X 10“3 60 15.8
1184 28.0 1.26 X 10“2 105 17.8
1203 38.6 2.39 X 10-3 60 13.2
1229 123.7 1.26 X 10~2 80 14.7
1248 85.9 8.58 X 10“s 60 13.7
1254 150.2 1.26 X 10~2 90 15.0
“ Measured at three flow rates: 340, 155 and 80 m l./m in. 

6 Calculated assuming zero flow rate and decomposition to 
the elements. c Eleven additional runs with the large orifice 
are shown in Fig. 5. d Calculated assuming decomposition 
to the elements and including corrections for difference in 
molecular weights of effusing species and the non-ideal knife 
edge of the effusion hole.

The high points observed in the flow measure
ments can be explained by assuming a small amount

of oxygen in the flow gas which reacted with Mg(g) 
formed in vaporization and thus caused excessive 
vaporization of the sample and an apparently high 
equilibrium constant. Also, slight reaction of the 
sample with the porcelain boats may contribute 
to this deviation.

The effusion measurements scatter below the 
theoretical curve but approach it more closely in 
those studies in which small effusion holes were 
used. This behavior is characteristic of a molecule 
or atom with a low accommodation coefficient 
being present in the effusion cell. N2(g) would ap
pear likely to have a very low accommodation coef
ficient on Mg3N2(s). N2(g) is an extremely stable 
molecule and practically no N (g) atoms would be 
formed at 1400° by thermal dissociation; yet, in 
Mg3N2(s), which crystallizes in an anti-Tl20 3 ar
rangement, N atoms are distributed one at a time 
through the lattice.

Thus, one concludes that Mg3N2(s) vaporizes by 
a complex mechanism which apparently involves 
Mg2(g) in one of the early steps; at equilibrium, 
the vaporization products are Mg(g) and N2(g).

Acknowledgments.— We wish to thank Mr. 
George Leroi who carried out most of the B20 3 vapor 
pressure runs in the platinum system. Tb is research 
was in part conducted under contract No. AF 
33(616j-338, with the United States Air Force, the 
sponsoring agency being the Aeronautical Research 
Laboratory of the Wright Air Development Center, 
Air Research and Development Command.

THE URANIUM-OXYGEN SYSTEM: U 02.6 TO U30 8
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Received October 28, 1954

Investigations under way on the uranium-oxygen system in the composition range U 0 2.5 to U 30 8 indicate that U 20 5 does 
not exist; U O 2.56 represents the lower limit of the monophasic region below U 30 8. Composition limits of the orthorhombic 
U 0 2.6 phase appear to be UO2.56 to U 0 2.65. Transition to the U 30 8 phase occurs above the composition U 0 2.65. Single crystals 
of the U 0 2.6 phase and U 30 8 have been prepared. A metastable (/3) modification of U 30 8 has been observed on oxidation of 
the U 0 2.6 phase. High temperature X -ray studies have not as yet shown the existence of /3U30 8 as a high temperature form 
of U 30 8, but do show the formation of a hexagonal structure above 400°.

Oxide systems of metals which exhibit variable 
valency are often complicated by the occurrence of 
non-stoichiometric compounds and the existence of 
more or less extensive regions of solid solution. One 
of the more complex of such systems is that formed 
between oxygen and uranium. Three oxides of the 
element have been known for many years: U 02, 
U3Os and U 03. In recent years UO, jS-U02 (U 02.26), 
U 2 O5 and U60i7, as well as at least three compounds 
in the region U 02.3-U 0 2.4 have been claimed, al
though the existence of some of these has not been 
definitely established. In addition U 03 has been 
shown to exist in four crystalline modifications. 
Extensive regions of solid solution are encountered 
between U 02 and U 03.

One of the areas in which conflicting results are 
encountered is in the composition range U 02.6 to 
U30 8. Tensimetric work by Biltz and Müller1

(I) W. Biltz and H. Müller, Z . a n org . a llg em . C h em ., 163, 257 (1927).

on the thermal decomposition of uranium oxides 
indicated that U 02.6 represents the lower limit of 
the one phase area extending from U 03, since equilib
rium oxygen pressures were found to be constant 
from that point to the composition U 02.3. They 
found no evidence for the existence of a compound 
at U20 6. The results obtained by Rundle, et a l . ,2 
however, seemed to show conclusively that U20 6 
does exist, and that its structure is closely related 
tothat of U30 8, but with a larger unit cell. Ignited 
mixtures of U 02 and U30 8 having the empirical 
composition U 02.52 or above showed no trace of the 
fluorite uranium dioxide phase on X-ray films. This 
work was carried out with small quantities of the 
oxides (in X-ray capillaries) and there may have 
been some doubt as to the exact composition of the 
ignited mixture. Grpnvold and Haraldsen3 re-

(2) R. E. Rundle, N. C. Baenziger, A, S. Wilson and R. A. Mc
Donald, J. Am. Chem. Soc., 70, 99 (1948).

(3) F. Gr0nvold and H. Haraldsen, Nature, 162, 69 (1948).
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ported the lower limit of the monophasic region at 
UO2.56, while Alberman and Anderson,4 5 as well as 
Hering and Perio,6 confirmed Rundle’s result. 
More recently Milne6 reported that his single 
crystal studies on U3O8 showed that its structure 
was hexagonal rather than orthorhombic as Zacha- 
riasen7 and Grpnvold8 had found (see also Brooker 
and Nuffield9). The value of Milne’s work is some
what in doubt since no complete chemical analysis 
was reported, and the source of the U3Os crystals 
was unknown.

This paper is a preliminary report in our investi
gation of the phase relationships of the uranium- 
oxygen system between UO2.5 and U30 8.

Experimental
Determination of Oxygen-Uranium Ratio.— As indicated 

by the previous discussion, an accurate determination of the 
oxygen-uranium ratio of the compounds under investiga
tion is required. The composition of the compounds pre
pared in our work has been determined by two methods. 
The first involves decomposition of the oxide with bromine 
trifluoride, i.e.

U O 2 “h 2BrF3 -— >- UFe -f- tin  -{- O2

The apparatus and procedure involved have been described 
in detail elsewhere.10 Results of several hundred runs on 
uranium oxides, as well as a number of other metal oxides, 
have shown that the composition may be determined to the 
nearest 0.01 atom of oxygen.

The composition of uranium oxides may also be deter
mined accurately by oxidation to U 30 8 at 750°. Repeated 
observations indicate that the product formed when a lower 
oxide is heated to this temperature in air or in oxygen at a 
pressure of 150 m m . or above is exactly U30 8. A t lower 
oxygen pressures the composition will be slightly low in 
oxygen depending on the previous history of the sample and 
the oxygen pressure utilized. A  reaction system similar to 
that described for work on the thermal stability of alkaline 
earth diuranates11 will permit determination of composition 
to better than the nearest 0.01 atom of oxygen.

The U O 2.6 Phase.— As was shown above, previous inves
tigations had indicated that a monophasic region extended 
U 0 2.5 and U 0 2.6- The structure at the composition 
below U30 8 to somewhere between the composition range 
U 0 2.5 was found to be related to the U 30 8 structure, but the 
point at which the change from one to the other took place 
was unknown. Clarification of these items was under
taken by heating mixtures of U 0 2 and U30 8 at approxi
mately 0.02 oxygen atom intervals between U 0 2.s and UCh.as 
to 1200° for several weeks in evacuated quartz tubes. The 
samples were weighed into platinum cups which slipped into 
the quartz tubes thus preventing the possibility of contam
ination of the sample by contact with the quartz tube. 
Samples having the composition U 0 2 66 (as confirmed by  
subsequent analysis) showed traces of the fluorite phase, 
while U O 2.57 did not, thus placing the lower limit of the 
monophasic region at UCVse in agreement with Gr0nvold’s 
results. It must be remembered that these are X -ray ob
servations at room temperature— the phase may extend to 
lower compositions at 1200° with the apparent limit of solu
bility depending upon the sample cooling rate. Only high 
temperature X -ray work can give a definite answer to this 
question.

The upper limit of the U O 2.6 phase was determined by 
heating U 30 8 in the evacuated tensimet.ric apparatus. 
Quenching of the oxide from 1000° to room temperature 
gave oxide compositions ranging down to U 02.64. X -R a y

(4) K . B. Alberman and J. S. Anderson, J. Chem. Soc. Suppl., 2, 303 
(1949).

(5) H. Hering and P. Perio, Bui. soc. chim. France, 351 (1952).
(6) I. H. Milne, Am . Mineral., 36, 415 (1951).
(7) W . H. Zachariasen, Manhattan Project Report, CPI249.
(8) F. Gr0nvold, Nature, 162, 70 (1948).
(9) E. J. Brooker and E. W . Nuffield, Am. Mineral., 37, 363 (1952).
(10) H. R. Hoekstra and J. J. Katz, Anal. Chem., 25, 1608 (1953).
(11) H. R. Hoekstra and J. J. ICatz, J. Am. Chem. Soc., 74, 1683 

(1952).

films of these samples showed the upper limit of the U 0 2.6 
phase to be at U 0 2.8s. Above this composition X-ray  
patterns show line shifts and intensity changes in the max
ima suggesting that this represents the transitional region to 
U30 8. Although there is an indication that the cell size 
of the U 0 2.6 phase increases with increasing oxygen content 
from UO2.66 to UO2.65, the errors of measurement are suffi
ciently high to preclude a quantitative measurement. A  
comparison of calculated lattice dimensions by several ob
servers is given in Table I for U 30 8 and the U 0 2.6 phase 
(Rundle’s U2O5). Good agreement is obtained in all in
stances except for M ilne’s U30 8 (recalculated for ortho
rhombic symmetry) thus strengthening the belief that his 
sample was not pure U30 8.

T a b l e  I

L a t t ic e  D im e n s io n s

U3O8: 2 molecules per unit cell.

a ,
k X .

b,

k X .
C,

k X .

X-Ray
density,

g./cc.
Zachariasen 6 .7 0 11.94 4 .1 4 8 .39
Gr0nvold 0 .703 11.91“ 4 .13 0 8 .4 0
Hering and Perio 6 .70 8 11.94“ 4 .141 8 .39
Milne1’ 6 .6 9 11.79 4 .1 4 8 .51
This work 6 .70 4 11.95 4 .142 8 .3 9

UO2.6 phase: 32 uranium atoms per unit cell.

Rundle 6 .7 2 31 .65 8 .2 6 8 .3 5
This work 6 .738 3 1 .70 8 .26 9 8 .3 8

° Reported as pseudo-cell, Vs of true cell, 
from hexagonal to orthorhombic symmetry.

6 Converted

Preparation of Single Crystals of U30 8.— Single crystals 
of uranium oxide having the composition U 0 2.64 were pre
pared by heating U 3Os in air at 1100-1500°. A t the higher 
temperature some volatilization occurred with condensation 
at the cooler portion of the tube ( ^ 1 1 0 0 ° ) .  Materia, suit
able for single crystal studies was obtained in several hours 
at the higher temperatures, while several weeks of heating 
was required at 1100-1200°. The crystals were sometimes 
obtained as needle-shaped laths, and sometimes as hexag
onal blocks. A  serious barrier to the study of these crys
tals was the fact that they were invariably twinned. Single 
crystals of U 30 8 were obtained from U O 2.64 by heating the 
U 0 2.64 in oxygen to 750°. In performing this oxidation it 
was observed that the structure of the U30 8 as given by 
powder photographs was not always identical with the con
ventional orthorhombic pattern. The structure of the new 
U 30 8, as tentatively indexed, has orthorhombic symmetry 
with the lattice constants a =  7.04 k X ., b =  11.40 k X ., 
and c =  8.27 k X . This leads to 4 molecules in the unit cell 
and an X -ray density of 8 .38 g ./oc . Work is continuing in 
order to assure that the symmetry has been assigned cor
rectly and to locate the uranium positions. The new form 
of U 30 8 (0) was converted to the conventional (or a) struc
ture by repeating the temperature cycle (to 750°).

High Temperature X-Ray Studies.— W ith the knowledge 
that the /3-form of U 30 8 and the UO2.6 phase could be pro
duced by suitable quenching from elevated temperatures, 
experiments were started to determine the phase transfor
mation temperature (a  to 0) and the decomposition tem
perature (0  to U 0 2.6) by means of high temperature X -ray  
studies. For purposes of technique it was desirable to 
confine the U30 8 in a closed and evacuated capillary. How
ever, since it was known that a -U 30 8 loses oxygen below 
750° under these conditions, a second set of data was ob
tained using an open-ended capillary, thus permitting the 
sample to equilibrate with atmospheric oxygen.

Upon heating the a -U 3Os to 975° in either an open or a 
closed capillary, the /3-U30 8 form was not observed and the 
decomposition to UO2.64 was never detected. Apparently, 
the 0-U3Os must appear near the decomposition tempera
ture of U 30 8 (approximately 1150°) which is beyond the 
heating range of the X -ray camera. However, some sur
prising pattern changes were observed in the high tempera
ture runs, and these indicate that the uranium-oxygen 
phase diagram in the region U 30 8is quite complicated. W e  
are currently studying the patterns, and, although the re
sults are very incomplete, we wish to indicate some of these 
findings at present.
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In the temperature range 25 to 365 °, the a-axis increases 
in value and the b- and c-axes decrease in value with increas
ing temperature as indicated by Fig. 1. If the ratio a/b 
for U 3O8 is plotted as a function of temperature, this ratio 
increases, so that at 365° the value is very near 0 .577. 
For hexagonal symmetry, a/b =  y/3/3; hence the UsOs is 
approaching hexagonal or pseudo-hexagonal symmetry. 
From 445° up to approximately 600°, there is a noticeable 
sharpening of the diffraction pattern, especially at large 
angles. Furthermore, the a value has now dropped slightly, 
and increases slowly with temperature. The c value has 
not changed, but it too increases with temperature. Thus, 
there is every indication that a phase transformation has 
taken place. This new phase can be indexed on a hexag
onal basis with a =  6.801 ±  0.001 k X ., c =  4.128 ±  0.001 
k X . The cell contains one molecule and the calculated 
X-ray density is 8.41 g ./c m .3.

DEGREES C -----------►
Fig. 1.— Variation of U3Os unit cell parameters with tem

perature.

The main features of the X -ray diffraction pattern of this 
phase can be accounted for by replacing the uranium atoms 
at

0 0 0
Vi Vi 0
V i V i 0

The relationship of the hexagonal U 30 8 to the conventional 
U 3O3, and the a -U 0 3 structures may be shown by reference 
to Fig. 2.

The structure of a -U 0 3 has been reported by Zacharia- 
sen.12 The a -U 0 3 is given by the small hexagonal cell. 
An extended array of these cells produces the distribution 
of uranium atoms (black circles) and the oxygen atoms 
(large open circles) as shown. For a -U 0 3 the atomic po
sitions are

1 U a t  0 0 0 
l i  O at 0 0 '/a
2n O at ' / i  * /j *> V i V i 2 with z =  0 .1 7

(12) W. H. Zachariasen, Acta Crysl., 1, 268 (1948).

Fig. 2.— Structural relationship, a -U 0 3, orthorhombic U30 8, 
and hexagonal IVOg.

Zachariasen considers that the U 3Os structure can be derived 
from a -U 0 3 by referring the U 0 3 to orthohexagonal axes and 
choosing an axis three times longer than required.13 He 
suggests that the oxygen positions in the two structures 
must be similar except that there are no oxygens at 0 0 *A 
and '/a V* Vs in U 30 8. These atoms indicated by open dashed 
circles represent oxygens which must therefore be removed 
from U 0 3 to derive the U 3Os structure.

The transfer from a -U 3Og to hexagonal U 30 8, the large 
hexagonal cell, involves only slight shifts in the uranium 
positions. If one places oxygen atoms in the structure by  
analogy with a -U 0 3, these positions are

Va 0 2; O '/.? ; Vs Vi 2; Vs Vi V«
V a O z ; 0 7 s  2; Vs V i * ;  V s V s V s 

W ith 2 = 0 ,  the agreement between observed and calculated 
intensities becomes very reasonable. However, a few weak 
lines are observed for which the uranium contribution is 
zero, and these cannot be accounted for by the oxygen con
tributions alone. Furthermore, for the 6-fold coordination 
of the oxygen atoms around the uraniums, the observed 
U - 0  distance of 2 .27 A . is small. Hence, it is possible that 
the cell has been chosen incorrectly or that the structure 
remained orthorhombic and the transition which has oc
curred corresponds to an ordering (or disordering) process. 
The latter suggestion is reasonable in the light of the ob
servation that oxygen can be driven off continuously by  
heat. W e are now studying these possibilities.

If a freshly prepared sample is pre-heated to 675°, a room 
temperature photograph reveals the typical a -U 30 8 pattern, 
with the exception that a few lines, normally weak, or not 
present, become very pronounced in intensity. In a high 
temperature run, there may be a transition near 375 °, but 
the above lines of pronounced intensity persist and the pat
tern cannot be indexed on a hexagonal basis. Above this 
temperature, up to 975 °, the patterns become very complex 
and have not been studied in any detail. Hence it appears 
that a transition may occur at approximately 400°, but the 
transition temperature and nature of the transformation 
may depend on the preheat history of the sample. The /3- 
phase was not observed.

In an open capillary, the results are different. N o  
measurements have been made, but it appears that a minor 
transformation has occurred at about 3 00 °. Again the 0- 
phase was not observed.

Acknowledgment.—We wish to acknowledge the 
aid of Miss Lila Wiersema who prepared many of 
the X-ray photographs and assisted in the calcula
tions.

(13) W . H. Zachariasen, Manhattan Project Report, CK-2667.
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A  formal treatment of the effusion method, including cases with low accommodation coefficient is presented. The thermal 
decomposition of sodium carbonate has been investigated by the effusion method. The decomposition becomes appreciable 
only above the melting point of the carbonate. Starting with pure carbonate, the oxide formed by the evolution of carbon 
dioxide will be present in solution in the melt, hence the process is not monovariant. As the oxide concentration in the melt 
builds up, the evaporation of sodium oxide (as sodium gas and oxygen) becomes increasingly important, and finally a steady 
state is reached. The oxide concentration in the melt at steady state is of the order of magnitude of 1 % . The formal treat
ment of this type of process is presented. The accommodation (evaporation) coefficient of carbon dioxide on the melt ap
pears to be rather low, with the consequence that both observed pressure and composition of the melt at steady state depend 
on the size of the effusion orifice. A  discussion of these factors is included.

Part One. On the Effusion Method
The effusion method, usually named after Knud- 

sen,2 has become one of the classical methods for 
measuring low vapor pressures. Due to the sim
plicity of the method, it is particularly suited for 
the study of high-temperature phenomena. There 
are, however, certain problems connected with this 
method which deserve attention.

Consider an effusion cell such as outlined in Fig. 
1. Assume that we observe the weight of gas that 
leaves the cell per unit time. (The use of a cooled 
target or other types of molecular beam detectors 
will not be considered here.) In order to interpret 
the weight loss in terms of the equilibrium vapor 
pressure of the evaporating substance, the following 
factors have to be considered: (1) the possible 
resistance to evaporation represented by a low ac
commodation (or evaporation) coefficient a for the 
evaporating surface; (2) the resistance exerted on 
the effusing gases by the main body of the cell, ex
pressed in terms of the cross-section area A and 
the Clausing probability factor3 W\ for this cell;
(3) the resistance represented by the hole with area 
B  and Clausing factor W b -

The well-known effusion equation may be writ
ten

q ¡2 ttR T  3.760 X  1 0 -“ ? f f
m W vBt \  M  W *Bt \ M  {1)

where (for the right-hand expression) P m is pres
sure in atm., q is mass of effused gas in grams, t the 
corresponding time in minutes, B  area of the orifice 
in cm.2. T absolute temperature and M  the molec
ular weight of the effusing species. With the 
Clausing factor W b omitted, this expression is 
strictly valid only for an “ ideal”  hole, i.e., a hole in 
a sheet of infinitely small thickness. Any real hole 
will have the character of a short canal. Clausings 
calculations (ref. 3) are concerned with cylindrical 
canals. The quantity W  is the fraction of the gas 
molecules entering the canal which really comes 
through. Clearly, then, (1 — W) is the fraction of

(1) Work done at the Department of Chemistry and Chemical 
Engineering, University of California, Berkeley, Calif.

(2) M . Knudsen, Ann. Phys., 28, 75 (1909); ibid., 28, 999 (1909); 
ibid., 29, 179 (1909); see also R. G. J. Fraser, “ Molecular Rays,“ 
Cambridge University Press, 1931.

(3) P. Clausing, Ann. Phys., 12, 961 (1932); see also S. Dushman, 
“ Scientific Foundations of Vacuum Technique,”  John Wiley and Sons, 
New York, N. Y ., 1949, p. 96.

the entering amount which is reflected back again 
by the walls of the canal.

In practice, the ideal hole has often been ap
proximated by a “ knife edge hole,”  i.e., a canal that 
widens rapidly outward. Unfortunately, no calcu
lation exists for this shape, and ive will therefore be 
concerned only with the straight cylindrical hole 
in the present treatment. It should be noted, 
however, that the treatment in the following is 
equally applicable to any type orifice, provided its 
factor W b is known. It is the product of area and 
Clausing factor which is of importance, rather than 
the two quantities separately. The product WbB 
may be termed the effective orifice area and enters 
also into the ratio between orifice area and evapor
ating surface area, viz.,f =  W bB /A.

Whitman4 was the first to take into account the 
influence of the main cell body. Through a pro
cedure involving infinite series he obtained a solu
tion which, however, was left in a shape rather 
cumbersome for practical use. It will be shown 
that a solution for the general case can be obtained 
in a simpler way by employing the conditions for 
steady state in the cell.

In the cell Fig. 1 we will consider the pressure in 
plane 1 close above the evaporating surface and in 
plane 2 close below the lid of the cell. At steady 
state and with no hole, the pressure will be evenly 
distributed throughout the cell. With a finite 
hole size, this will no longer be the case. The up
ward pressure u will be different from the down
ward pressure d for each plane, and the pressures 
will be different in the different planes. But the 
pressures will be related through the following equa
tions (for explanation, see below)

a P  e q =  Oid\ +  fv,2 (I)
U i  =  a P eq -f- (  1 •— a ) d \ (II)
d 2 =  ( 1  —  f ) l l2 (H I)
U 2 —  W A .U i  +  (1 -  W A)d2 (IV )

Equation I expresses that the rate of evapora
tion, which is proportional to6 aPeqmiib.ium, must 
be equal to the rate of recondensation plus the rate 
of escape through the hole. Equation II expresses 
that the upward pressure Ui above the surface is 
made up of the evaporation from this surface plus 
the rebouncing of molecules coming from above. 
Equation III expresses that the downward pres-

(4) C. I. Whitman, J. Chem. Phys., 20, 161 (1952).
(5) I. Langmuir, Phys. Rev.t 2, 329 (1913).
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sure closely below the lid is due to reflection of the 
upward molecules minus the fraction that escapes 
through the hole. Equation IV is possibly the least 
obvious of the four, expressing that the upward 
pressure u2 at the top of the cell is due to the fraction 
Wa of the molecules that are heading upward from 
the bottom of the cell, plus the fraction (1 — JFa) of 
the molecules heading downward from the top of 
the cell, because this fraction is reflected upwards 
again by the walls of the cell.

The pressure w2 is equal to the pressure P m of eq. 
1 and hence may be considered as known. There 
are then as many equations as unknowns (ui, d\, 
d-i and Pcq). The solution is

P .. - [ ! + / ( ! +  sjL - 2 ) ]  (2)

The derivation of this expression rests on some 
assumptions which are not rigidly valid. For one 
thing, the pressures were considered as uniform 
across any one of the horizontal planes, notably for 
plane 2 this cannot be strictly true. Also, the cal
culations by Clausing presuppose a truly random 
scattering of the molecules at the walls, which may 
not always be the case. A discussion of these 
factors has been given by Whitman (ref. 4, p. 162). 
It may only be suggested here that the inaccura
cies are too small to impair the general validity of 
eq. 2.

Several limiting cases may be considered, f -*■ 0 
gives Peq —» Pm which is the correct Knudsen 
equation for sufficiently small hole sizes irrespec
tive of a. /  =  W a  -  ITb =  1 gives Peq =  Pm /OC  
which is the equation for evaporation from a free 
surface (Langmuir experiment), a =  1 gives Peq =  
[1 +  /( (1 /JFa) — l)]P m. This looks quite different 
from the expression given by Whitman for this 
case, but a bit of rearrangement will show that the 
two expressions are identical. (Note that Whit
man’s ratio /  =  B/A, i.e., the IFp, appears separ
ately. Also, in his notation, A is the area of the 
orifice with factor Wr.) It can also be shown that 
the combination of equations 5, 8 and 9 in Whit
man’s paper (after correcting for an obvious mis

print in equation 8) ultimately yields our equa
tion 2.6a

Rearrangement of eq. 2 suggests a graphical 
method for getting at both Peq and a

P m =  P e, -  ( - ¿ + ^  ~ 2 ) p mf  (2a)

By plotting P m versus Pmf  for constant temperature 
and varying ratio /  (i.e., different hole sizes), a 
straight line should result, with slope —(l/a +  
\/W\ — 2) and with intercept for /  =  0 equal to 
Peq-

For a cell of about equal diameter and height 
(i.e., rather normal shape), Wa is about 0.5, so that 
1 /IT a and 2 will tend to cancel. This represents 
a justification for the use of the simpler equation 
given by Speiser and Johnston.6b Particularly for 
small values of a, then, the expression for the slope 
may be simplified to — 1/a.

A problem of a more practical nature is connected with 
keeping the effusion cell at a uniform temperature, and with 
measuring this temperature. The requirement of open 
space for the effusing gas above the cell may lead to a lid 
temperature considerably lower than the temperature of the 
charge, unless special provisions are made to counteract 
this effect. Radiation shields above the lid m ay, on the 
other hand, seriously obstruct the free passage of the gas. 
Various experimental solutions to this problem may be 
thought of. The simple arrangement chosen for the car
bonate work consisted essentially of a resistance wound 
furnace with both diameter and length rather large com
pared to the dimensions of the cell (Fig. 2 ). The resist
ance wire6 was more closely spaced toward the ends of the 
furnace than in the middle, to compensate for the extra 
heat loss at the ends. Furthermore, the middle section (as 
well as the lower) was shunted with variable resistance. A  
thermocouple sliding through a Wilson seal7 was used to 
scan the temperature along the furnace, and the input to 
the various sections of the furnace was adjusted to give 
optimum conditions as shown by this thermocouple. For 
illustration, power input per cm. furnace length and the 
corresponding temperature distribution are given in Fig. 3 
for a typical run. It should be noted that the scanning 
thermocouple, strictly speaking, gives information only 
about the temperature on its own hot junction, not on the 
effusion cell. W ith this in mind, the temperature distribu
tion was made slightly saddle-shaped and slightly top 
heavy (Fig. 3 ).

(5a) N ote  added  in  p r o o f .— Recently, M . G. Rossman and J. 
Yarwood (Brit. J. Appl. Phys., 5, 7 (1954)) have presented a rather 
elaborate mathematical treatment for the case of a straight cylindrical 
crucible without lid, and accommodation coefficient a  <  1, their deri
vation being independent of Clausing’s work.3 A numerical com
parison of Rossman and Yarwood’s expression with our equation 2 
applied to the same case will show that the difference is negligible for 
very low crucibles. For crucibles of greater height, Rossman and 
Yarwood’s expression becomes increasingly inexact due to certain 
approximations inherent in their derivation. The same authors state 
that by heating a liquid in a vacuum, bubble formation will be signifi
cant at vapor pressures of 10-4 mm. or greater. Their reasoning 
does not, however, take into account the surface tension of the liquid 
(even though the authors mention this property in a less significant 
connection). By a reasoning similar to the authors’ own but with the 
surface tension taken into account it can be shown that a bubble can
not be stable in any molten material unless the vapor pressure is of the 
order of magnitude 1 mm. or higher. The supersaturation required 
for the nucleation of the bubble will increase this figure. It can thus 
be concluded that bubble formation is highly improbable in any ef
fusion experiment. The earlier letter by Rossman and Yarwood (J. 
Chem. Phys., 21, 1406 (1953)) on the Knudsen effusion method has 
been amply commented by C. I. Whitman (itid ., 21, 1407 (1953)).

(5b) R. Speiser and H. L. Johnston, Trans. Am. Soc. Metals, 42, 
283 (1950), equation X .

(6) Kanthal A, obtained from the Kanthal Corporation, Amelia 
Place, Stamford, Connecticut.

(7) See, e.g., W . E. Bush, in “ N.N.E.S. Div. I ,”  Vol. 1, A. Guthrie 
and R. K. Wakerling, Eds., McGraw-Hill Book Co., New York, 
N. Y ., 1949, p. 166.
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Fig. 2.— Furnace and cell for weight-loss effusion experi
ments.

An effusion cell is quite well suited for the use of an optical 
pyrometer. But in the range where a thermocouple can 
be used, this must be considered more accurate, provided 
it is brought to indicate the true temperature of the cell. 
To make the temperature of the hot junction equal to that 
of the object in question requires considerably more care in 
a vacuum than at atmospheric pressure. Consequently, 
the platinum effusion cell was provided with a thermocouple 
well protruding from the bottom, into which the enlarged 
hot junction of the measuring thermocouple fitted snugly. 
Still it was found that distinct halts at the melting point of 
sodium sulfate (which was used as a standard substance) 
were obtained only when the cell was resting solidly on the 
hot junction bead, rather than on the support platform. 
A check by means of the simple laws of radiation and heat 
conduction shows that metal-to-metal contact is imperative 
to the successful application of thermocouples in a vacuum.

Part Two. On Sodium Carbonate Decomposition
I. Introduction.—The thermal decomposition of 

sodium carbonate has been dealt with in a number 
of publications, the first of these dating at least a 
hundred years back. The most recent study 
appears to be given by Howarth and Turner.8 
They have essentially treated the process as cor
responding to the thermal decomposition of the 
Group II carbonates. For the general process

M(2)C03 =  M(2)0 +  C02(g)

the Group II carbonates and oxides will be solid 
(and with negligible solid solubility) up to the tem
perature for Pco, =  1 atm. Thus to each tempera
ture corresponds a definite carbon dioxide pressure. 
For the alkali carbonates, however, the melting oc
curs before any appreciable dissociation, and the 
oxide which is formed will be present in the melt at 
a concentration which in the beginning increases 
as the dissociation proceeds. In view of this, it is 
quite puzzling that Howarth and Turner found

(8) J. T. Ilowarth and W . F.. S. Turner, GlaaterUn. Ber., 9, 21S 
(1931).

TEMPERATURE, °C. -----►
840 860 880 900 920

POWER INPUT, WATT PER CM. —*

Fig. 3 .— Power input per cm. furnace length (as calculated 
from the current, resistance and spacing for each winding) 
and temperature distribution (as measured with the scan
ning thermocouple) versus position in the furnace (data from 
run N3-a).

good reproducibility of the carbon dioxide pressure 
as a function of temperature only. It is, however, 
hard to tell exactly what the over-all process has 
been in their experiments, so that the quantitative 
interpretation of their data appears to be impossible.

Earlier investigations9'10 led to values still 
higher than those of Howarth and Turner. It is 
also interesting to note that, more recently, a 
couple of physicists11 have been working with al
kali carbonates evaporated in a vacuum, appar
ently with the assumption that the carbonates evap
orate as molecules.

In connection with the use of sodium carbonate 
as a primary standard in acid-base titrations, quite 
divergent results have been reported as to the max
imum allowable temperature for drying the carbon
ate. According to Kolthoff12 “ the controversy still 
continues.”  As will appear from the present dis
cussion, there should be no chance for significant 
dissociation at any temperatures below some 800° 
at least. The discrepant results may, however, 
partly find their explanation by assuming reaction 
with the moisture of the air (or the water content of 
the sodium bicarbonate, which is the usual starting 
material) to form sodium hydroxide and carbon 
dioxide. The equilibrium constant for this reaction 
is greater than the constant for the dry dissocia
tion by a factor of about 104 at 900° and about 10s 
at 500°.

The interest of the present .author in this matter stems 
primarily from the use of sodium carbonate in connection 
with electrometric measurements by means of an oxygen 
electrode.13 The use of concentration cells with molten

(9) P. Lebeau, Compt. rend., 137, 1255 (1903).
(10) J. Johnston, Z . physik. Chem., 62, 330 (1908).
(11) R. Suhrmann and W . Berger, Z. Physik, 123, 73 (1944).
(12) I. M . Kolthoff and V. A. Stenger, “ Volumetric Analysis,” 

Vol. IT, Interscience Publishers, Inc., New York, N. Y ., 1947, p. 80.
(13) H. Flood, T. Förland and K. Motzfeldt, Acta Chem. Scand.. 6, 

257 (1952).
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electrolytes and different anion systems in the two half-cells 
seems to have potentialities, due to the fact that the trans
ference number of the anion in melts of oxygen acids has 
been found close to zero in the cases hitherto studied.

II. Thermodynamic Calculations.—High-temp
erature data for sodium carbonate are not available. 
Heat capacity was estimated according to Kopp’s 
rule as follows: for the solid 3 4  ±  4  (average for 
298-1127°K.), for the liquid 41  ±  4  cal./degree. 
The heat of melting was taken as 7 ±  1 kcal.14 
It should be noted that three solid state transitions 
have been reported for sodium carbonate,15 but the 
heats of transition are not known and hence have 
not been taken into account in the present calcula
tions. Room temperature data for sodium carbo
nate, and data for sodium oxide, carbon dioxide, so
dium gas and oxygen are available in the litera
ture.16-20

For the reaction
Na2C03(l) = Na20(l) +  C02(g) (Rl) 

the calculated equilibrium constant is

log K , = 6.4 -  ±  1 2  (around 1200°K.)

(The result is expressed directly in terms of the 
equilibrium constant instead of the more custom
ary thermodynamic functions because the equilib
rium constant enters into the succeeding calcula
tions.)

The calculations by Brewer and Mastick21 made 
it likely that all the alkali oxides except possibly 
Li20  volatilize to the elements rather than to any 
gaseous molecules. For sodium oxide, this has been 
experimentally verified by Brewer and Margrave22 
by effusion experiments. For the reaction

Na20(l) = 2Na(g) +   ̂ 02(g) (R2)

one calculates the equilibrium constant
on qnn

log K 2 = 14.7 -  ±  0.5 (around 1200°K.)

The calculated values check with the experiments22 
within the experimental accuracy.

III. Expected Behavior of Sodium Carbonate in 
an Effusion Experiment.—Assume that a steady 
state is reached, with mole fraction of sodium oxide 
in the melt, Nk&,q =  b. The evaporation process 
can then be written
(1 -  6)Na2C03 +  6Na20 = 2Na +  (1 -  6)C02 +  ì  02 

__________ (R3)
(14) K. K. Kelley, U. S. Bur. of Mines Bull. 393, Washington, 1930. 
(lo) S. Z. Makarov and M. P. Shul’gina, Bull. Acad. Sci. U. R. S. S. 

Classe Sci. Chim., 691 (1940); C. A., 35, 3154 (1941).
(16) F. D. Rossini, et al., “ Selected Values of Chemical Thermo

dynamic Properties,” National Bureau of Standards, Washington, 
1952.

(17) Fumihiko Saegusa, Science Rept. Tohoku Univ., First Ser., 34, 
104 (1950); C. A ., 46, 811 (1952).

(18) K. K. Kelley, U. S. Bur. of Mines Bull. 476, Washington 1949; 
Bull. 477, Washington 1950.

(19) *L. Brewer, Chem. Revs., 52, 1 (1953).
(20) ?L. Brewer, paper 5 in “ N.N.E.S. Div. IV ,”  Voi. 19B, L. L. 

Quill, Ed., McGraw-Hill Book Co., New York, N. Y ., 1950.
(21) L. Brewer and D. F. Mastick, J. Am. Chem. Soc., 73, 2045

(1951) .
(22) L. Brewer and J. Margrave, U. Cal. Rad. Lab. Report, 1864

(1952) .

This equation gives the relation between the losses 
in moles

,  2
72>Na 4?l02  ̂ ftC02

By introducing the molecular weights M  for the 
different species, we get the total weight loss

g = +  go, +  geo, = gNa [_1 +  ^  J

By introducing numerical values for the molecular 
weights, this gives

Q
SNo 2.31 -  0.96b

Similarly one can solve for go, and goo, in terms of 
the observable quantities g and b.

The three gas species are assumed to effuse in
dependently. For the time being, we will also as
sume that the ratio/is small enough, or the accom
modation coefficients large enough, so that we do 
not have to take these factors into account. Equa
tion 1 will then be valid for each of the species 
This gives for the three partial pressures

,, 5.67(1 -  b)Q 
2.41 -  6

(3)

6.65Q
1 ° 2 6.63 -  2.756

(4)

„  7.84Q 
Na 2.31 -  0.966

(5)

O — y  in -6 
y  W vBt X

In order to estimate b = Nn*,o we will assume that 
b «  1, i.e., N Na,co, =  1. We will furthermore as
sume ideal behavior of the molten mixture sodium 
carbonate-sodium oxide. This assumption is rather 
plausible in view of the information regarding 
molten salts which has been accumulating in recent 
years. The equilibrium constants for the two re
actions (R l) and (R2), written in terms of mole 
fractions, together with equations 3-5, constitute 
five equations with five unknowns, viz., N Na,o, 
Pco„ Po„ P Na and Q. By elimination one finds

A Na,o =  1.09 | jW J

By introduction of the calculated values of the 
equilibrium constants, this gives

log N Na20 =  0 .4 1 -------Y

i.e., at e.g., 1200°K.: N nz2o =  0.45%. It is thus 
seen that the concentration of oxide in the melt at 
steady state will be rather small, as we assumed.

We may put the expression for Nu m  thus ob
tained back into the expression for Ki and solve for 
■Pco,, this gives

log Poo, =  6 . 0 -------- ’y ~  ±  1.2

i.e., at e.g., 1200°K.: PCo, =  10-5 atm.
Only sodium carbonate will be dealt with in this 

paper. It may be mentioned in passing that the 
stability of the carbonate increases with increasing 
size of the cation (due to the lessened polarizing 
effect of the larger cation on the oxygen ion of the
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C 03= group) whereas the stability of the oxide de
creases. Thus the oxide concentration at steady 
state will be highest for lithium carbonate and de
crease down the group.

So far, this discussion has been concerned only with the 
conditions at steady state. This might suffice as a basis 
for the experimental work; by repeated heating and weigh
ing of the cell one may assure that the weight loss per unit 
time has become constant and consequently a steady state 
has been reached. This procedure, however, appears 
rather tedious, and in course of the work interest arises 
in the behavior of the carbonate right from the start on
wards. The carbon dioxide pressure will in the beginning 
be rather high, diminishing as the oxide concentration builds 
up toward the steady state. This results in an excess 
weight loss at start, the quantitative knowledge of which 
would permit the interpretation of observations from one 
single heating in terms of steady state values.

The basic effusion equation will be valid for each of the 
three species, but must be applied in a differential form. 
Arranged to give the weight loss explicitly, it can be written

where
dg =  C V M  P  dt

c  =  2660
V t

( cf. equation 1. It is assumed here that P m =  Peg =  P.)
It will be noted that C is a constant for one particular run. 
It may also be anticipated that the resulting differential 
equations are difficult to solve analytically. The result of 
this discussion will therefore appear as a graphical integra
tion of the equations for one given set of experimental con
ditions.

On the assumption that the sodium oxide dissolved in the 
melt will retain its stoichiometric composition at all times, 
we have a relationship which can be used to eliminate Po2 
right away

d?o2 “  i  £  =  \ C V M ^ P N a  df

Further relationships are furnished by the equilibrium con
stants23 24

K  i PcOz^NazQ
WNa2COi

K i P 2NaN^P02pNa2C03 T  -̂Naao] 
WNajO

From the first of these two expressions, Pco2 can be sub
stituted in the effusion equation for this species. B y so 
doing, and simultaneously introducing weight w instead of 
number of moles, and introducing the numerical values for 
the molecular weights, one arrives at

^ 2 2 ?  =  3 . 880gi — (6)
df WNa20

In the second of the two equilibrium constants, Po2 can 
again be eliminated by the same relationship as before. 
This results in

PnI2 ( MIt )  (nN« 00‘ +  WNa2o)

2reNa2o
Changing from moles n to weight w and introducing nu
merical values as before, plus rearranging, gives an expres
sion for PNa- This expression, when introduced into the 
equation for the weight loss of sodium oxide

dgN a20  =  d?N a +  d g o 2 =  C M m  ^ 1  +  ^  T j f ad i

finally gives the second differential equation

dgNaaQ
d t

=  10.23 C
K , -[V s

-  WNasO

(7)

(23) In the following, n is number of moles in the melt, w is number 
of grams in the melt, z is number of moles evaporated and q is, as be
fore, weight evaporated.

The last two equations express the material balances

and

'i«Na2COa =  Ul°Na2COj
A/Na2co,

Afco2
qcoi

ttNaiO
M  Na2p

Meo, QCOl — ?Na20

(8)

(9)

where w° represents the weight of the charge at time zero.
In graphical integration of the equations 6 -9  one runs 

into the trouble that the carbon dioxide pressure is theo
retically infinite at the very start. The trouble can be cir
cumvented by noting that the behavior closely after the 
start will be similar to what one would get if sodium oxide 
were non-volatile. For this case, the equation for dq/dt 
can be solved analytically. Denoting the number of moles 
of carbon dioxide effused with dz, we have

dz
C

\/M co2
P  co2 df

and

P co2 =  K\
WNa2CQi
raNa20

as before. But the expressions for the number of moles in 
the melt are now very simple

îîns2o =  z and 
This can be combined to

KNa2COj =  Z(°Na2C03 — z

, ________ Afco2 dz
CK\(jl °Na2COi -  Z)

This equation can be integrated, with z =  0 for t =  0 it gives

‘ - - t S ® |10)
For small values of z /n " ,  the logarithm can be approxi
mated by expanding in series. The first power terms cancel; 
retaining only the second power term the equation can be 
made explicit in z. Simultaneously changing from moles 
to weight and introducing the numerical value of the mo
lecular weight as before, one arrives at the expression for the 
weight loss of carbon dioxide shortly after start

ico2 =  2 .Z 5 V C K 1w ° w c o 3t (10a)
where everything on the right-hand side but t is constant 
for one particular run.

N ext, the conditions from run N 2 were chosen as a basis 
for a plot of the functions. Values from run N 2 :B  =  
0.0327 cm .2, W B =  0 .890, T  =  127 6 °K ., which gives C  =  
2.16 . The run started with w° =  15.20 g. and gave as re
sult24: K i  =  6.16 X  10~7, K i  =  1.00 X  10” 9. W ith these 
numerical values, equation (10a) gives the dashed curve in 
Fig. 4 . The same numerical values were introduced into 
equations 6 -9 , and the value of qcoi after five minutes was 
taken from the dashed curve and used as starting point 
(with assumed gNa2o =  0 at this point) for the graphical 
integration which yielded the solid curves for gco2 and gNa2o 
and consequently for their sum, and also the curve for 
N n»2o - The small circles are the experimental points. 
The fact that the straight portion of the curve for gtotai falls 
very well in line with these points is not surprising, because 
these experimental values formed the basis for the calcula
tion of the curve. For the same reason, the calculated 
values for ,Yn«2o converge toward the experimental value 
1.49 mole %  obtained by analysis after the end of run N 2c. 
The main point of interest established by the plot is the 
magnitude of the “ total excess weight loss”  Aq. It should 
also be noted that the slope of the straight portion fer qtot»i 
depends mainly on the product K iK 2 which in turn is nearly 
independent of the analytical value for JVNa2o, whereas the 
fact that the line for gtotai not only goes parallel to , but 
through the experimental points, indicates that also the 
separate values for K i  and K 2 as found by means of the 
analytical value for must be largely correct (and that
the charge at start consisted of pure stoichiometric N a2C 0 3).

The value of Aq is seen to be rather small, only about six 
tenths of the weight increase of the melt by carbon dioxide

(24) The results given here are not yet corrected for the influence 
of the accommodation coefficient of carbon dioxide, see later.
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TIME , MINUTES ---- *•
Fig. 4 .— Weight loss of carbon dioxide and of sodium 

oxide, total weight loss, and mole fraction of sodium oxide, 
as functions of time, calculated from equations 6 to 9. 
Experimental values from run N 2-a-b-c: T, 1276°K .;
IFb X  B  =  0.0291 cm .2; w =  15.203 g. (see text).

absorption after the end of the run, given as Aw in the 
figure. (This Aw is corrected upwards to what it would 
have been for the weight of the charge at start, a detail of 
more importance for some of the other runs.) It seems rea
sonable to assume, without going into further graphical 
solutions, that Aq and Aw will remain roughly proportional 
at different temperatures. Thus the correction Aq =  0.6Auj 
has been used to evaluate the results of runs with only a 
single observation of the weight loss, as given in Table I. 
The accuracy of the correction suffices because the “ excess 
weight loss”  is only a small fraction of the observed weight 
loss in all of the runs.

IV. Flow Methods and Analytical
When hunting for the equilibrium constant for a 

reaction such as (R l), the most obvious procedure 
would seem to be the equilibration of the molten 
sodium carbonate with a fixed carbon dioxide par
tial pressure in a flow-type experiment. The 
trouble is of a practical nature. In the first part of 
Section III we calculated the limiting sodium ox
ide concentration attainable in a vacuum to be of 
the order of magnitude 1%. Any applied carbon 
dioxide pressure would greatly offset this concen
tration, and thus makes the analytical problems 
almost insurmountable.

On the contrary, this situation has been utilized 
for the analysis of the molts from the effusion runs. 
The cell plus content was heated to 900-930° in a 
controlled atmosphere of dry carbon dioxide with a 
small percentage oxygen added. Generally one 
hour or somewhat more was required to attain 
constant weight. The cell was cooled to below 300° 
in the furnace before removal. In terms of the 
weight of the melt before carbon dioxide absorp

tion w  and the weight gain Aw , the mole fraction 
of oxide is

A Na20 2.41
Aw

w +  Aw

Some attempts were made at a flow method with 
a fixed oxygen partial pressure and absorption of the 
carbon dioxide evolved. This case may be form
ally treated by an equation analogous to equation 
10, because of the retarding effect of the oxygen on 
the evaporation of sodium oxide. This effect was 
found all right, but the method presented a number 
of practical difficulties. This is mentioned to indi
cate that, in spite of the somewhat unconventional 
formal treatment involved, the effusion method 
appears to be the easiest way to the goal of the 
present work.

V. Experimental.— The first three runs reported here 
were done with high-frequency induction heating. The 
temperature was measured by an optical pyrometer. Neither 
the measurement nor the control of the temperature was 
very accurate in these runs. Radiation shields on top of 
the effusion cell also made the total resistance for the effus
ing gases somewhat uncertain. These uncertainties were 
abolished as far as possible by changing to the resistance 
heated furnace described in Part One (see Fig. 2 ). This 
furnace was mounted on a movable brass bottom fitting on 
to a water-cooled brass can which was attached to the 
vacuum system in a fixed, vertical position.25 The tem 
perature control was effected by a Brown ElectroniK po
tentiometer recorder connected to the scanning thermo
couple, which was left in middle position except for the 
brief periods of gradient investigation. By thus having 
the controlling thermocouple (with bare leads at the hot- 
junction end) closer to the source of heat (the furnace wall) 
than to the heated object (the effusion cell), the oscillations 
in temperature on the cell were less than ± 0 .1 °  although 
the, temperature on the controller oscillated a couple of de
grees. The long-time variations were also less than one 
degree when the controller was operating properly. The 
temperature reported in Table I for each run was obtained 
by graphical averaging on a time-temperature plot. The 
vacuum during a run was about 5 X  10“6 mm. or better, 
reading about the same on a McLeod and a Philips gage.

The analysis of the oxide content after the H F runs was 
done by titration according to Winkler (see, e.g ., ref. 12, p. 
109). The titration volumes were rather small and the 
end-point sluggish and hard to see in the white slush of 
precipitate, so that it may be regarded as partly fortuitous 
when these results fall quite well in line with the rest. The 
melts from the resistance-heated runs were analyzed in the 
way outlined in Section IV .

The effusion cell was made of platinum for all the runs. 
A note on the behavior of this metal in the basic melts may 
be added at this point. After an effusion run, the melt 
was always dark-brown to black (with the exception of run 
N 6). Upon absorption of carbon dioxide, the melt turned 
to pure white again. After dissolving in water, small, gray, 
loosely coherent flakes, presumably of metallic platinum  
were found at the bottom. In the cases where the melt 
was dissolved in water, without preceding carbon dioxide 
absorption, the insoluble matter was present in the form of 
a reddish brown precipitate, presumably P t0 2-nH20 .  
Spectroscopic analyses of the insoluble matter from a num
ber of the runs showed platinum as the major constituent, 
with minor impurities of alkaline earths and silica.

It is suggested that the platinum is oxidized (by simul
taneous reduction of sodium oxide) to P t0 2 which dissolves 
in the basic melt to form platinate ions. The carbon di
oxide acts as an acid on this ion, precipitating the oxide 
again. The behavior thus far is quite analogous to an am 
photeric oxide in aqueous solution. But the precipitated 
platinum oxide is unstable at higher temperatures and de
composes yielding the metal.

The weights of the precipitates checked fairly well with 
the weight loss of the cell itself during the corresponding

(25) A fixed bottom (base plate) and a movable bell jar would have 
been a more convenient arrangement in use.
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T a b l e  I

Run«
B ,

cm.2 W a
/  =

IFb X B / A
T .
°K.

t,
min

W° Aw Q A q N  Nn20i 
%

-Pc02(m), 
atm. X 10-5

HF 2 0 0779 0.949 0.023 1380 54 2.489 1.0451 0.013 1.36 22 0
HF 3 .0779 .949 .023 1323 111 1.693 0.7655 .008 1.14 7.91
IIF 4 .0779 .949 .023 1302 76 3.988 .2948 .016 4.24
Nl-a .0327 .890 .0074 1292 137 11.734 .5991 .050 11.6

b .0327 .890 .0074 1283 188 0.0769 .3881 1.70 5.94
N2-a .0327 .890 .0074 1275.9 193 15.203 .3289 .052

b .0327 .890 .0074 1277.4 143 .1975 4.08
c .0327 .890 .0074 1276.4 103 .0903 . 2369 1.49 ( mean)

N3-a .1225 .940 .0294 1189.0 436 15.200 .4624 021 0.690
b .1225 .940 .0294 1189.3 1382 .0336 .7337 0.58 .362

N4-a .1225 .940 .0294 1154.0 1357 14.784 .3668 .024 .176
b .1225 . 940 .0294 1154.8 2023 . 0374 .6797 0.65 .232

N5 .1225 .940 .0294 1341.0 242 12.528 .0493 2.3600 .029 1.16 7.15
N6-a 2 .92s ,70e .522 1211.2 133 12.360 0.2493 .002 0.075

b 2.92* .70e .522 1211.5 333 0031 0.8698 0.066 0.104
“ For H F runs: A = 3 . 2  cm .2; W\ =  0.6. For N  runs: A =  3.92 cm .2; W\ =  0.5. The value of W\ varies somewhat, 

with the level of the melt in the cell. b The effusion “ ho c”  was smaller than the area A even with no lid due to a thickened 
rim on the crucible. '  A  correction for the “ effusion resistance”  of the furnace is included in this figure.

run. These weights respectively weight losses were around 
0.05 g. or less, so that the reaction with the platinum cannot 
in any event have influenced the results significantly.

The results of all runs are given in Table I and in 
Figs. 5 and 6 (except that the result from run N la

7.0 .2 A  .6 .8 8.C .2 .4 .6 .8 9.0

Fig. 5.— Carbon dioxide pressure (according to equation 
3) versus inverse temperature. The uppermost dashed point 
is the result of extrapolation on Fig. 7 to /  =  0. The double 
point for run N 2 is the mean value, taken from Fig. 4.

is omitted in the plot Fig. 5, the high result being 
ascribed to impurities in the new platinum cell). 
The hole sizes used increase in the order N 1,2- 
IIP2,3,4-N3,4,5. It was noted in course of the 
work that the results for the pressure,26 when ex-

(26) The results for the pressures of the three species are all very 
closely proportional to the observed weight loss (cf . eq. 3 5), with small 
h, consequently the pressure is reported for only one of the species 
(carbon dioxide) in the table and in Fig. 5.

trapolated to a common temperature, decrease in 
the same order, suggesting that at least one of the 
species has a low accommodation coefficient. 
Consequently Run N6 was done without any lid 
on the cell, the result confirming this supposition.

7.0 .2  .4  .6 .8  8 .0  .2  .4 .6  .8

10/4 ----*
Fig. 6.— Sodium oxide concentration versus inverse tem

perature. The uppermost dashed point is the result of 
extrapolation on Fig. 8 to /  =  0.

It will be noted that the agreement between the 
different parts a and b of the same run is rather 
poor for most of the runs. A discrepancy of some 
50% is way outside the experimental accuracy that 
was expected. No definite explanation for the devi
ations can be offered, but it is known that rate- 
controlled processes such as the evaporation from 
a surface with low evaporation coefficient are less 
reproducible than true equilibrium processes. The 
excellent agreement between Run N2a, -b and -c 
(Fig. 4) is probably due to the smaller hole size than 
in the following runs.
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There are probably more sources of error that 
may give rise to a too high weight loss than to a too 
low one, hence the lowest observed value for each 
temperature was considered the correct one.

VI. Discussion of the Results.—The monatomic 
Na or the diatomic O2 would not be expected to have 
a particularly low accommodation (or, here, really 
evaporation) coefficient. However, too little is 
known as yet about this type of process. In the 
work on sodium oxide, Brewer and Margrave22 var
ied the hole size over a too narrow range for any 
effect to show up, in view of the appreciable experi
mental uncertainty. Above the melting point of 
the oxide, only one hole size was used.

The evaporation of the carbon dioxide involves a 
reaction of the trigonal C 03"  to form a linear C 02. 
This reaction appears to have a relatively high 
activation energy. The low accommodation coef
ficient of the carbon dioxide will also make the 
composition of the melt at steady-state dependent 
upon the size of the hole. Opening up the hole 
has a relatively larger effect on the rate of escape 
of sodium oxide than on the rate of escape of the 
carbon dioxide. Consequently the melt at steady 
state will contain less oxide the bigger the hole, as 
borne out by the analyses (c/. Fig. 6).

10 bf
Fig. 7.— Carbon dioxide 
pressure P co2 adjusted 
to 1250°K ., versus the 
product P co2/ .

Fig. 8.— Sodium oxide 
concentration b adjusted 
to 1250°K ., versus the 
product bf.

The low accommodation coefficient was (without 
much justification) not expected at the outset of 
this work. As a consequence, the orifice to surface 
ratios used are not sufficiently small for a valid ap
proach to equilibrium.27 The most obvious pro
cedure then is to plot the observed pressure Pm ver
sus the ratio /  and extrapolate to /  =  0. But this 
plot is curved to such an extent that an extrapola
tion is highly uncertain. The method suggested in 
Part One in connection with equation 2a affords a 
more reliable way of extrapolation. In the present 
case, the shorter form of this equation will suffice

Pm =  P m -  -  Pm / (2b)Oi

Now, this should be valid for simple evaporation 
processes like those of most metallic elements or 
molecular compounds. The case of the carbonate 
is somewhat more complex. Equations 3 to 5 will 
still be valid, but it should be remembered that

(27) Á note on the reason for using fairly large orifices : If a compar
able weight loss is wanted with a much smaller orifice, time, tempera
ture, or both, will have to be higher. This results in increased corrosion 
of the platinum cell. In view of some previous experience with a pinhole 
developing in the bottom of the cell, this corrosion was considered 
rather undesirable.

the weight loss of each of the species is related to 
the actual pressure (generally denoted Pm) of that 
species inside the cell. We may try a correlation 
between P  and /  by assuming that the actual pres
sure is equal to the equilibrium pressure for sodium 
and oxygen, while the carbon dioxide pressure satis
fies equation 2b. This gives for the first equilibrium 
constant

PcOi(m) Y no20

* A ns2C03

where NNa2o (=  5) is also the actual value during 
the run at steady state. By going through the 
derivation in the same way as outlined in the first 
part of Section III, one obtains

P7A =  P7A _  I  p 7A f  (11)r co2 -  VC02(M) a r coJ  '-117

where the subscript m has been omitted; further
more

6’/. = b%‘ -  \  V /rf (12)

From the first of these two equations it follows that 
a plot of P'co, versus Pcbif should give a straight 
line. But this turns out not to be the case for the 
present data. On the contrary, a simple, first- 
power plot gives a fairly reasonable picture (Fig. 7) 
whereas the exponent 3.5 applied to the pressures 
gives a plot which points upwards to the right 
(towards “ one o’clock” ) for decreasing /-values, i.e., 
it does not point toward any finite equilibrium 
value. Also for the b values, the first-power plot 
looks the most reasonable (Fig. 8); the exponent
1.4 does not make as big a difference as the exponent
3.5, but causes the point for run N6 70 fall com
pletely out of line to the left.

The plots Fig. 7 and 8 have been made by adjust
ing the values of Pco, (Fig. 5), respectively, b (Fig.
6) to a common temperature, viz., 1250°K., by 
(dashed) lines drawn through experimental points 
of the same /-value, parallel to the theoretical 
(calculated) slope. The isothermal values thus 
obtained are marked with dashed circles on the 
graphs. These values are necessarily somewhat 
uncertain; furthermore it would have been a dis
tinct advantage to have data for more than three 
(or four) different /-values, particularly for smaller 
/-values.28 Still it may be concluded from the 
present data and their disagreement with Equa
tions 11 and 12 that the rate of evaporation is, for 
the larger orifice sizes, not directly proportional to 
the activity of the species in the melt. Qualita
tively speaking, the observed pressure drop upon 
opening the orifice is too large to be compatible 
with the simultaneously observed drop in oxide 
content, because this latter effect would increase 
the (equilibrium) carbon dioxide pressure.

Tentatively one might try an explanation by as
suming a very low accommodation coefficient a for 
the carbon dioxide together with a medium low ac
commodation coefficient fj as an average for Na and
0 2. The 18 can be eliminated by multiplication of

(28) Complementary work will be attempted in the author’s present 
laboratory when a suitable vacuum set-up has been completed.
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the resulting expressions for Pco2 and b, this giving 
an equation

b P c O2  &eqP COa(eq) “  “ h P Qo2a

The experimental data do not, however, fit partic
ularly well with such a treatment. The author is 
inclined to leave the question open until more ex
haustive experimental data become available. It 
is clear that the mechanism of vaporization will be 
rather complex.

It may be noted that for carbon dioxide onto pure 
water, an accommodation coefficient equal to 4 X 
10 ~6 has been calculated by Danckwerts29 from data 
given by Highbie in 1933.

The empirical extrapolation to equilibrium values 
may be brought about in two ways; one may use 
the points for the two lowest /-values, as indicated 
in Figs. 7 and 8 by dashed lines, on the presumption 
that these are closest to equilibrium measurements, 
or one may apply a suitable exponent (close to 1.2 
for both Pco2 and b) to make the plots truly linear. 
The two methods give just about identical results, 
which are then accepted as equilibrium values: 
Pco, — 3.3 X 10~6 atm., 1Vn&,o =  0.019 at 1250°K. 
From these values one calculates: log Ki =  —6.2; 
log K-i =  —9.3 (as compared to —6.9 ± 1 . 2  and 
— 9.2 ±  0.5 from the calculations in Section II), all 
values for 1250°K.

It should be emphasized that Pco, and b are dif
ferent quantities obtained by entirely independ
ent methods. With this in mind, it is interesting 
to note the similarity of the two plots Figs. 7 and 8. 
The numerical values for the slopes of the dashed 
lines are also close to equal; Fig. 7 gives a value a 
=  0.019, Fig. 8 a value a”  =  0.018. But this quan-

(29) P. V. Danckwerts, Research {London), 2, 494 (1949).

tity cannot be readily interpreted as an accommo
dation coefficient.

The experimental data indicate that, within 
the accuracy, the temperature coefficients, i.e., the 
heats of reaction for reactions (R l) and (R2), areas 
given from the calculations in Section II. It will 
be seen, however, that the data scatter sufficiently 
to be compatible with somewhat different slopes 
as well. For the complete evaporation reaction 
(R3) high-temperature data are available for all 
the right-hand gaseous species, hence the present 
experimental data may in principle be used for a 
calculation of the high-temperature thermodynamic 
functions for sodium carbonate. But the accuracy 
of the data does not warrant the report of the val
ues thus obtained at the present time.

In conclusion, it may be regarded as established 
that the evaporation does proceed in the general 
way outlined in Section III of this paper. In order 
to obtain numerical values of an accuracy compar
able to that of the electrometric method,13 some 
more experimental work is needed, which might 
eventually at the same time lead to an elucidation 
of the kinetics of the evaporation process for so
dium carbonate into a vacuum.
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Earlier attempts to correlate the melting temperature of simple compounds with a single parameter such as character of 
the bond or bond strength have failed. The author has developed a physical concept which accounts for the fact that most 
elements are solids and that only a Very few (noble gases) can form single atoms under normal conditions. This concept, 
the need of positive cores to be screened by electrons or anions, is used to explain the wide spread of melting temperatures of 
simple compounds, oxides or fluorides. The anion to cation ratio is the most important single factor. The melting points 
increase from fluorides to oxides, nitrides and carbides. For highly charged cations the melting point increases with increas
ing size of the cation (C 4+, Si4+, Zr4+, T h 4+) because more anions are required for screening the larger cores. Increasing the 
charge of the cation (N a +, M g2+, A l3+, Si4+) produces two antagonistic effects: it increases the need for screening the core 
but it also increases the number of anions required for electroneutrality. The screening requirements depend on the sizes, 
charges and polarization properties of the anions and cations. There is no single parameter which controls the melting temp
erature but within series of compounds a plausible explanation for the melting temperatures can be derived.

I. Introduction
In order to explain the fact that most elements 

are solids at normal temperature, the author1 as
sumes that only in the rare gas atoms are the cores 
well screened by the number of electrons which is 
required to neutralize their positive charges. All

(1) (a) W . A. Weyl, Trans. Soc. Glass Techn., 35, 421, 469 (1951); 
(b) “ Structure and Properties of Solid Surfaces,”  Edited by R. 
Comer and C. S. Smith, The University of Chicago Press. 1953, p. 150.

other atoms aggregate in one way or another in or
der to improve the screening of their cores. This 
can be accomplished by (1) the quantization of some 
electrons with respect to several cores (molecular 
orbitals2 as in N2, P4 and S8), by (2) the formation 
of an infinitely extending array of cores which are 
screened by mobile, quasi-free electrons (metallic 
state), or by (3) electron transfer which leads to

(2) K. Fajans, Chem. Eng. News, 27, 900 (1949).
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the formation of cations and anions and surround
ing the cations by anions.

The solid state is the result of two requirements, 
namely, that electroneutrality be achieved within 
the smallest possible volume and that the atomic 
cores be sufficiently screened. Maximum screening 
requires that the cores be surrounded in space by 
anions or by electrons. The formation of atoms at 
high temperatures indicates that the screening de
mand decreases with increasing temperature and 
vice versa. Therefore, molecules, such as SiCh and 
S 03, with incompletely screened cations will poly
merize. Such a system loses entropy in order to 
improve the screening of the central cores: forma
tion of SO4 chains or networks of Si04 tetrahedra.

Experimental work on the polymerization of in
organic substances, in particular on the effect of 
composition on the low temperature viscosity of 
glasses, sponsored by the Office of Naval Research, 
made it possible to derive some rules which govern 
the melting properties of simple compounds.3

The wide variation of inorganic compounds with 
respect to their melting points and their vapor pres
sures has challenged many scientists to speculate 
on the relation between these properties and their 
constitution. Most attempts to elucidate these re
lations emphasize a single parameter to account for 
the differences. The development of the extreme 
ionic viewpoint by W. Kossel (1916) led him to the 
concept of the “ shielding of cations by anions”  as 
an important factor which determines the volatility 
of compounds (1920). The influence of the elec
tronic structure of cations on the properties of sub
stances was recognized by Grimm (1922). The con
cept of the mutual deformation of ions led Fajans 
(1925) to his theory of chemical binding forces and 
to an explanation of the lower melting points of sil
ver halides as compared with sodium halides. N. V. 
Sidgwick (1929) attributes the gaseous nature of 
SiF4, PF5 and SF6 to their covalency and the high 
melting points of NaF, MgF2 and A1F3 to their ionic 
character. According to L. Pauling, however, co
valency in this series starts with A1F3 rather than 
with SiF4. V. M. Goldschmidt (1926) demonstrated 
the importance of the “ valence sum”  as a factor 
which affects the melting temperature of ionic crys
tals.

A. E. Van Arkel (1949) tried to use the extreme 
ionic viewpoint and the concept of shielding in order 
to explain the volatility of compounds but reached 
the conclusion that this approach is not satisfactory. 
This failure is due to his emphasizing the sizes and 
charges of the ions without giving proper consider
ation to the electronic structures of the ions and 
their mutual polarization.

These different concepts indicate that no single 
parameter can account for the melting tempera
tures of simple inorganic compounds.

II. The Discontinuity of the Melting Process
One is accustomed to think of the forces which 

the ions of a crystal exert upon one another as func
tions of those electrical fields which are characteris-

(3) E. C. Marboe and W. A. Weyl, Office of Naval Research Tech. 
Report No. 56, Contract No. NO onr 269 Task Order 8, NR 032-264 and 
NR 032-265, The Pennsylvania State University, March, 1954. Ac
cepted for publication, Trans. Soc. Glass Techn.

tic for them when they are in their equilibrium po
sitions. Elastic deformation, compressibility, 
stress-optical phenomena, etc., are measured under 
conditions in which atoms are moved only a very 
short distance from their equilibrium positions. 
The melting process, however, involves motions of 
the ions which go far beyond the stage where one 
can apply Hooke’s Law or where one can extrapo
late from infinitely small distortions of the lattice 
to the actual event.

One can describe the forces acting in a NaCl crys
tal by a series of terms which are the result of at
tractions and repulsions between the ions

2  =  F  Na+- c r  — F  Na+_Na+ ~  F  C P -C l' . . . .

The geometry of the NaCl crystal keeps the second 
term, — FNa+-Na+, small because the cations are 
not close neighbors. The magnitude of the third 
term, — F ci--ci-, is also small because of the 
polarizability of the anion. The values of these 
terms change drastically when the crystal reaches 
its melting point. The value of — FNa+ -̂Na1 
increases because the sodium ions become more 
and more exposed to the field of adjacent sodium 
ions. This leads to a point where an occasional 
Na+ ion will pass close to another N a+ ion, thus 
causing a widening of the volume element surround
ing this couple. This widening further enhances dis
order and introduces a discontinuous change. The 
NaCl structure expands in a discontinuous fashion 
with the absorption of heat (latent heat of fusion). 
The melting point of the NaCl crystal is character
ized by a thermal energy which makes it possible for 
the Na+ ions not only to pass one another as in dif
fusion and electrical conductivity, but also to re
main close neighbors for some time. The number 
of Na+ ions which can be found in close proximity 
to other Na+ ions increases with increasing temper
ature and, as a result, the thermal expansion of the 
fused salt exceeds that of the crystal (formation of 
“ holes” ).

The probability of the cations to remain close 
neighbors introduces a discontinuous change of the 
volume. The melting point of a substance resem
bling NaCl depends, therefore, on the energy 
which is necessary to overcome the cation-cation 
repulsion. The magnitude of this repulsion de
creases with (1) decreasing field strength of the 
cation, i.e., decreasing charge and increasing radius,
(2) increasing polarizability of the cation as deter
mined by its size and electronic configuration, and
(3) increasing ratio of the number of anions to cat
ions.
III. Factors Determining the Melting Points of 

Simple Compounds
In the following paragraphs the chief factors 

which determine the cation-cation repulsion and, 
with it, the melting temperatures will be discussed.

1. Charge of the Cation (V. M. Goldschmidt’s 
Model Structures).—The most obvious factor 
which determines the repulsive forces between two 
cations is the magnitude of their charges. The role 
of the “ valency”  of the elements in similar struc
tures has been used by Goldschmidt4 in the de-

(4) V. M . Goldschmidt, “ Geochemical Distribution Laws, VIII,” 
Skrifter utgit av Det Norske Videnskaps Akademi i Oslo, Matem. 
Naturvid. Klasse. 1926
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T a b l e  I

M o d e l  St r u c t u r e s  ( A f t e r  V. M . G o l d s c h m id t )

Formula
BeF2

Weak structure 
Radii

0.34 1.33
M.p., °C. 

538
Formula

S i0 2

Strong structure 
Radii

0.39 1.32
M.p.. °C. 

1710
LiF 0 78 1.33 870 M gO 0.78 1.32 2800
M gF2 0.78 1.33 1240 T i0 2 0.64 1.32 1830
CaF2 1.06 1.33 1360 T h 0 2 1.10 1.32 3050
Li2BeF4 0.78 0.34 1.33 458 Zn2S i04 0.83 0.39 1.32 1509
K M gF , 1.33 078 1.33 1070 SrTiOs 1.27 0.64 1.32 2050
NaCl 0.98 1.81 801 CaS 1.00 1.74 2000

velopment of his “ model structures.”  The crystal 
structure is a function of the ratio, the sizes and the 
polarization properties of its ions, but is not strongly 
affected by their charges. Properties such as melt
ing temperature and hardness, however, depend 
primarily on the charges because they determine 
the forces between the ions. Because of this rela
tion, it is possible to construct a model of a given 
substance which has the same crystal structure and 
the same habitus but which is either “ weaker”  or 
“ stronger”  than the original substance because of 
the difference in the binding forces. As can be seen 
from Table I the“  weak”  structures have much lower 
melting points than their “ stronger”  counterparts. 
Even the interaction of two oxides as expressed by 
their phase equilibria can be modeled when the 
proper fluorides are chosen.5 In all cases the fluo
rides as the weakened models of the oxides have 
lower melting points because the lower charges 
of their cations lower the cation-cation repulsion. 
In the same fashion, nitrides containing the N 3~ 
ion with a threefold charge are “  strengthened mod
els”  of oxides and fluorides. Their melting points 
are higher than those of the oxides.

2. Anion to Cation Ratio.— Let us now consider 
the melting temperatures of the fluorides of the 
second row elements (Table II). The higher melt
ing temperature of MgF2 (1396°) as compared with 
that of NaF (980°), agrees with our concept that 
more energy is required to move a Mg2+ ion past 
another M g2+ ion than to move a N a+ ion past an
other Na+ ion. However, A1F3 has a lower melting 
point than MgF2 in spite of its containing the more 
highly charged Al3 + ion. This lowering of the melt
ing point is due to the improved screening of the 
cation as the result of the increased anion to cation 
ratio. The last three fluorides in this row are 
gases because their central cores are well screened 
by the number of F _ ions which is needed for neu
tralizing the charges of the cores.

T a b l e  II

M e l t in g  T e m p e r a t u r e s  ( ° C .)  o f  F l u o r id e s  a n d  O x id e s  
o f  S e c o n d  R o w  E l e m e n t s  

Na+ M ga + Al3+ Si4+ Ps+ S6 +
Fluoride 980 1396 1040 Gases at ordinary temp.
Oxide 920 2800 2030 1710 563 16.8

The melting point of a compound increases with
the charge of the anion as can be seen from the 
melting points of the fluorides and the oxides of 
the second row elements (Table II). Even the sul
fur compound shows a distinct tendency to poly-

(5) For a review of the more recent work on Goldschmidt’s Model 
Structure, consult E. F. Osborn, Ceramic Age, 60, [5] 51 (1952).

merize and to form crystals in which the Sc+ ions 
are surrounded by four O2- ions.

Going from the oxides to nitrides and carbides 
one finds a further increase in the melting pcints. 
The highest melting compounds are carbides, sili- 
cides, borides and nitrides because the high excess 
charges of the C4~, Si4-, B3~ and N 3~ ions lead to 
an anion to cation ratio which is very unfavorable 
with respect to the screening of the cations.

SiF4 SiOj SiC
M .p., °C . - 7 7  1710 2600

3. Size of the Cations.—The melting points of 
the halides (Table III) of the alkaline earths in
crease with increasing size of the cation. Increasing 
size of the cation demands either a greater number 
or larger sized anions for proper screening. This 
effect is not very strong so that other parameters, 
e.g., the crystal structure, obscure the picture and 
one finds no order in the melting points of the alka
line earth fluorides or bromides.

T a b l e  III

M e l t in g  T e m p e r a t u r e s  ( ° C .)  o f  C h l o r id e s  a n d  O x id e s  
o f  A l k a l in e  E a r t h s

Be2 + Mg’ * Caat Sra + Baa +

Chloride 440 708 772 873 955
Oxide 2530 2800 2580 2430 1923
Ionic radius (Â.) 0 .3 4 0 .7 8 1.06 1 .27 1.43

A much more drastic influence of the size occurs 
in the oxides of the general formula X 0 2 (Table IV). 
In this series of oxides the charge of the cation and 
the anion to cation ratio are constant. With in
creasing size of the cation, however, it becomes im
possible for two O2- ions to provide proper screen
ing. Only the very small core of carbons can exert 
such an attracting and deforming influence upon 
its two 0 2~ ions that it is completely screened.

T a b l e  IV

M e l t in g  T e m p e r a t u r e s  ( ° C .)  o f  O x id e s  o f  t h e  F o r m u l a

X 0 2
c<+ Si< + TP + Zr< + Th< +

Oxide gas 1710 1830 2677 3050
Ionic radius (Â .) < 0 .2 0 .3 9 0 64 0 .87 1.10

4. Polarizability of the Cations.— The melting 
points of the alkaline earth halides fall within a rela
tively narrow temperature range. With increasing 
atomic weight and increasing number of electrons 
the polarizabilities of the ions increase. One can 
consider the polarizability of an ion as its ability 
to adjust its field to best suit its environment. 
Whereas the Mg2+ ion behaves as a rigid sphere, 
the much larger Ba2+ ion has an electron cloud 
which is not rigid but which can be deformed. As a
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result, two M g2+ ions in close proximity repel each 
other more strongly than two Ba2+ ions within the 
same distance. The Ba2+ ions induce dipoles in 
each other and the ion dipole attraction lowers the 
repulsive forces. For this reason the melting 
points of the alkaline earth oxides decrease with in
creasing size and polarizability (Table III).

The antagonistic influences which the size of a 
cation and the number of its electrons exert upon 
the melting point of a compound make it difficult 
to properly evaluate the role of the polarizability 
in such a series. However, by comparing cations of 
similar size, identical charge and different electronic 
configuration, one can readily see that increasing 
polarizability decreases the melting point. The 
classical example is provided by the properties of 
the sodium halides and silver halides (Fajans6). 
In a similar manner (Tables V -VII) compounds con
taining cations of the noble gas-type (octet shell) 
are compared with others which have either a 18 
shell (Zn2+) or an incomplete outer electron shell 
(T1+ and Pb2+). In all cases those compounds 
containing the noble gas-type cations (low polar
izability) have higher melting points.

T a b l e  V
M e l t in g  P o in t s  o f  R u b id iu m  a n d  o f  T h a l l iu m  

C o m p o u n d s

M.p., °c.
Compound Rubidium Thallium

X F  760 327
XC1 715 430
X N O s 305 206

sium halides, i.e., the melting points decrease with 
increasing size and polarizability of the anion 
(Table VIII).

T a b l e  V I I I

M e l t in g  T e m p e r a t u r e s  ( ° C .)  o f  S o d iu m  a n d  o f  
P o t a s s iu m  C o m p o u n d s

Fluoride Chloride Bromide Iodide Metal

N a 980 801 755 651 9 7 .5
K  880 776 730 693 6 2 .3

Because of the greater polarizability of the S2~ 
ion as compared with the 0 2~ion, the melting points 
of sulfides are generally lower than those of oxides. 
In the series 0 2~, S2_, Se2- and Te2̂  one has to be 
cautious about drawing conclusions concerning the 
melting points of compounds because most selenides 
and tellurides and many sulfides increase their en
tropies by forming defective structures at tem
peratures far below their melting points. The 
compounds of Ga, B and A1 with the sixth group 
elements show a steady drop in melting points as 
the anion changes from the O2- ion to the much 
more polarizable Te2_ ion.

In salts containing complex anions the symmetry 
of this group has to be considered in addition to 
size and polarizability. The nitrate group NO, 
is only slightly larger than the Cl-  ion, but due to 
its planar configuration nitrates have lower melting 
points than the corresponding chlorides

NaNOa 3 0 6 .8 ° NaCl 801
K N O , 334° KC1 776
AgN O , 212° AgCl 455'

T a b l e  V I
M e l t in g  P o in t s  o f  St r o n t iu m  a n d o f  L e a d  C o m p o u n d s

M.p.., °c. M.p., °c.
Com- Stron- Corn- Stron
pound tium Lead pound tium Lead
X O  2430 888 X 2S i04 > 1700  743
X F 2 1190 855 X 2B 20 5 1130 497
XC12 873 501 XsAssOg 1635 1042
X S i0 3 1580 766

M e l t in g  P o in ts

T a b l e  V I I  
of  M a g n e s iu m  a n d o f  Z in c  C o m p o u n d s

M ■ p., °C.
Compound Magnesium Zinc
X O 2800 1975
X F 2 1396 872
XC12 708 262
X :lP2Os 1184 900
X 2SiO< 1900 1509

5. Polarizability of the Anions.—The concept of 
atoms or ions having a certain size is a useful 
approximation. It is not completely correct to 
assume that during melting two cations remain 
neighbors under conditions where the electron 
density between the ions reaches zero. The dif
fuse nature of the electron clouds of the anions 
makes that impossible. With increasing size and 
polarizability of the anion, the electron density 
between passing cations increases and lowers the 
repulsive forces. This influence is reflected in the 
melting temperatures of the sodium and potas-

CO) K. Fajans, “ Chemical Forces and Optical Properties of Sub
stances,”  McGraw-Hill Book Co., Inc., New York, N. Y ., 1931, p. 
66 ff.

Perchlorates containing the symmetrical CIO I 
group have higher melting points than chlorides be
cause the ClOl group is asymmetrical

NaCIO, 482° NaClOs 248'
KCIO,
AgCIO,

610° KCIO, 368 ’
486° AgClOa 2301

6. Melting Temperatures of H +, Li+, Be2+and 
B3 + Compounds.— From the viewpoint of the 
screening of cations the proton has to be treated 
separately. We follow the ideas of Fajans and 
Bauer7 and treat the hydrogen halides as halogen 
ions which contain protons within their electron 
clouds. In the hydrogen halides, the proton, the 
only cation which has no electrons, penetrates into 
the electron cloud of the halogen ion until the at
tractive forces are balanced by the repulsive forces 
between the proton and the nucleus of the halogen.

The melting of SiF4, PFB and SF6 does not in
volve cation-cation repulsive forces. These mole
cules contain central cations which are well screened 
and their condensation at low temperatures in
volves primarily van der Waals forces. The same 
is true for the hydrogen compounds. Protons can 
be screened in two ways: they can be surrounded 
by anions and for this purpose it requires 
two anions (hydrogen bonding, liquid water and ice) 
or they can penetrate into the electron cloud of an 
anion (hydrogen halides, water molecules in the 
vapor state). The electronic structure of the Li+, 
Be2+ and B3+ ions (helium configuration) gives 
these ions properties which are intermediate be-

(7) K. Fajans and N. Bauer, J. Chem. Phys., 10, 433 (1942); K. 
Fajans, Ceramic Age, 54, 288 (1949).
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tween those of the ions with neon configuration 
(Na+, Mg2+, A l3+) and the proton. We assume 
that the polarization of these ions, in particular the 
repulsion of the 2K-electrons, exposes the nuclei to 
such an extent that they can penetrate partly into 
the diffuse electron clouds of the anions. The 
larger the polarizability of the anions, the greater is 
the deviation of the properties of Li+, Be2+ and B 3+ 
compounds from those expected by a comparison 
with Na+, M g2+ and Al3+ compounds.

If one plots the melting points of the alkali fluo
rides against the size of the cation, one obtains a 
straight line relation for the melting points of CsF 
(684°), RbF (760°), KF (880°) and NaF (980°). 
Extrapolating this line to the radius of the Li+ ion 
one would expect LiF to melt at about 1100°. Ac
tually LiF melts at 870°, i.e., at a lower tempera
ture than NaF. There is no straight line relation
ship between the melting points of those alkali 
halides which contain the more polarizable Cl- , 
Br_ and I -  ions, but one can still see that the lith
ium compounds are completely out of line: their 
melting points are too low.

One finds the same situation for Be2+ compounds. 
The melting points of BeO and BeCl2 are lower than 
expected from an extrapolation (Table III). Also, 
the melting points of B20 3 and B2S3 are very much 
lower than those of the corresponding aluminum 
compounds. The same applies to the melting points 
of the boron halides as compared with aluminum 
halides.

IV. Volume Changes during Melting
Sodium chloride expands on heating and shows 

a discontinuous volume increase during its melting 
(formation of holes in the liquid). This volume ex
pansion as well as the higher coefficient of expansion 
of the fused salt as compared with the crystal can 
be attributed to the N a+-N a+ repulsion. V. 
Zackay8 calculated the volume expansion of so
dium and potassium halides (from the low tempera
ture expansion) and found it to be more than 20% 
for the sodium salts and about 14% for the potas
sium salts. This agrees with the expected differ
ence in the cation-cation repulsive forces. Most 
interesting is the comparatively low volume ex
pansion (2.5%) of the two alkali metals. In accord
ance with our concept, Zackay8 explains this phe
nomenon on the basis of a minimum repulsion be-

(8) V. Zackay, Trans. Soc. Glass Techn., 37, (News and Rev.) 18 
(1953).

tween the alkali ions in the presence of the most 
polarizable anion, the degenerated electron gas.

V. Heat of Fusion
According to our approach, a substantial part 

of the latent heat of fusion is used to make it pos
sible for one cation to pass another or to produce 
those “ holes”  in the structure which are the result 
of the proximity of two unscreened cations. Be
cause of the lower polarizability of the N a+ ion we 
assume that the Na+-Na + repulsion is greater than 
the K +-K  + repulsion. As a result, the latent heat 
of fusion is higher for NaF (32.7 kilojoules/mole) 
than for KF (26.3). A similar relationship exists for 
the alkali chlorides: NaCl (30.2), KC1 (23.1), 
RbCl (19.2); and for the nitrates: L iN 03 (25.5), 
NaN03 (16.1), K N 03 (10.8).

Since the mutual repulsion between cations is 
decreased as the polarizability of the cations in
creases, the replacement of a noble gas-like cation 
by one of the same size and charge but of higher 
polarizability decreases the latent heat of fusion.

N aC l 3 0 .2  AgCl 1 2 .8
R bCl 1 9 .2  T1C1 16 .7

Because of the different structures and the differ
ent lattice energies, this relationship cannot be 
expected to hold rigorously for more complicated 
compounds.

VI. Conclusions
The melting temperatures of inorganic com

pounds depend upon several factors so that it is 
impossible to derive general rules governing the 
melting points of even the simplest compounds. In 
properly chosen series, however, it is possible to 
explain the rise or fall of the melting points. These 
series have to be chosen so that one of the parame
ters dominates the melting. In the “ model struc
tures”  derived by Goldschmidt the melting point 
increases with the valence sum. A comparison be
tween corresponding compounds containing noble 
gas-type and non-noble gas-type cations reveals 
that "the latter have the lower melting points. We 
have not considered gaseous or liquid compounds 
which have very low melting points because their 
condensation and melting is governed primarily by 
van der Waals forces.

The same concepts have been used by the au
thor11 to explain the eutectic temperature and the 
compositions of eutectic melts of simple salts.
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AN INVESTIGATION OF THE ACTIVITY OF CALCIUM CARBONATE
IN MIXTURES OF FUSED SALTS1
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The aim of the present work was to investigate how the entropy of mixing and energy of mixing depend on the composi
tion in simple mixtures of fused salts, particularly in mixtures containing cations with different number of charges. The 
activity of calcium carbonate in a mixture of alkali carbonates may be determined by examining the equilibrium CaCOj (in 
mixture) =  CaO (solid) +  CO2 (gas). The systems investigated were CaC03-N a 2C 03, OaCOa-B^CCh and CaCC>3-(N a K )C 03. 
The measurements are discussed in connection with structural models considered for these systems.

Introduction
A fused salt is an array of positively charged cat

ions and negatively charged anions. Due to the 
strong attractive forces between particles of oppo
site sign and the strong repulsive forces between 
particles of the same sign, a cation will preferen
tially have anions as nearest neighbors and anions 
will have cations as nearest neighbors. To transfer 
a cation from a position where it is surrounded by 
anions to a position where it is surrounded by cat
ions will, for a compound like NaCl, require an en
ergy of about 200 kcal. as may be estimated from 
electrostatic calculations. We may assume, there
fore, that there are two kinds of positions in the 
fused salt, one kind for cations and one kind for 
anions, similar to what is known for the solid crys
tal.

The liquid has a larger volume than that of the 
crystal. This may be attributed partly to the pres
ence of unoccupied positions in the fused salt. We 
also have to consider the existence of single pairs of 
ions of the same sign in the liquid state which will 
cause expansion. For a compound like NaCl the ex
pan sion^  melting is more than 20%. For a com
pound like AgCl, the volume change on melting is 
less than 5%. It is also known that the small ir
regularities formed in the lattice of solid AgCl by 
heating are different from those formed in solid Na
Cl. This means we must be aware of the possibility 
that even for simple salts with the same crystal 
structure, the structure of the liquid state may 
differ.

We assume that cations and anions have differ
ent kinds of positions in fused salts. If we have a 
mixture of two fused salts containing two kinds of 
cations, we may assume that the two kinds of cat
ions are randomly distributed over the cation posi
tions if the cations are not very different with re
spect to charge, size and polarization properties. 
Thus, in a mixture of NaCl and KC1 it is reasonable 
to assume that the cations are randomly distrib
uted, whereas in a mixture of Na20  and Si02, sili
con and sodium will occupy different kinds of posi
tions.

(1) Presented at the Symposium on High Temperature Chemical 
Reactions at the 126th Meeting of the American Chemical Society, 
New York, N. Y ., Sept. 15, 1954.

(2) Formerly associated with The Royal Norwegian Research Coun
cil, Institute of Silicate Science, Norwegian Institute of Technology, 
Trondheim, Norway. At the present time employed on a contract 
with the Office of Naval Research Contract N6 onr 269 Task Order 8, 
NR 032-264, The Pennsylvania State University, State College, Penn
sylvania.

Evaluation of Entropy and Energy of Mixing.—
We will here consider the simple case where the ions 
are randomly distributed and try to evaluate the 
thermodynamic functions of such a system.

Entropy of Mixing.— In the system NaCl-KCl 
we will assume that the cations are randomly dis
tributed over the cation positions. Therefore, the 
entropy of mixing for such a system will be similar 
to that obtained by mixing two ideal gases.

S =  — R ( ? l N a  I n  J V n o  +  « k I n  N k ) 

where n denotes the number of moles. ANa and N k 
are ionic fractions

ilNa +  n  K

The partial molar entropy of one component, e.q., 
KC1, will be

Skci =  ~ ~ R  In N k

This is the expression for the entropy derived by 
M. Temkin.3

For a system containing cations with different 
numbers of charges like the system CaCOs Na2C 03, 
one may in the same way have

•ScaCO, =  ~ R  In Vca

Here we have assumed that the two cations are 
randomly distributed without respect to charge. 
From solid solution in crystals we know, however, 
that two monovalent ions may be substituted for 
one divalent ion and an adjacent vacant position. 
This model will give a different expression for the 
entropy

•Scaco, =  - R  In ------ ^ -----  =  — R  In 1V'Ca
«Ca +  Vi^Na

This is not strictly correct, but it is a good approxi
mation as the coordination number of a cation to 
other cations in the second coordination sphere is 
high.4 N' we will call the electric equivalent frac
tion.

Energy of Mixing.—The process of mixing will 
generally also involve a change in the energy of the 
system. Information on heat or energy of mixing 
is scarce in the literature. One may, however, get 
an idea about the heat of mixing from the phase 
diagrams. The deviation from ideal behavior may 
in simple systems be attributed to a heat of mixing. 
Such an estimation shows that for mixtures of al
kali halides containing the same kind of anions,

(3) M. Temkin, Acta Phys. Chim. U.R.S.S., 20, 411 (1945). Com
pare also: II. Flood, T. Forland and K. Grjotheim, Z. anorg.
Chem.y in press.

(4) P. J. Flory, J. Chem. Phys., 10, 51 (1942).
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heat is evolved by the process of mixing. This 
may be attributed to a change in cation-cation re
pulsion by the process of mixing cations of differ
ent sizes (see Fig. 1). The left side of the figure 
shows the arrangements of the ions before mix
ing, the right side shows the arrangements of the 
ions after the salts are mixed. The energy due to 
the cation-cation repulsion is inversely proportional 
to the distance between the cations and it can easily 
he shown that this energy is higher for the unmixed 
system than for the mixed system. In addition, 
polarization will favor the mixed system. Similarly 
one may expect that in a system containing ions of 
different numbers of charges, the mixed system will 
have a lower energy than the unmixed system.

We will now calculate the energy of mixing for a 
system KCl-NaCl. To do this we will assume that 
the cations are randomly distributed and we will 
attribute a certain energy to each pair consisting 
of a cation and another cation in the second coor
dination sphere, ckk, «NaNa and 6KNa* Assuming 
that each cation is surrounded by a number C of 
cations in the second coordination sphere, the en
ergy of mixing will be
AE  =  l/tAC{nii +  MNaXiVKiKK +  2N k N x* CKNa +

A 2NaiNaNa) — VMC(nKeKK +  «Na«NaNa)

where A  is Avogadro’s number. Here the pure 
fused component is chosen as the standard state. 
Differentiating this equation with respect to the 
component KC1 we obtain
■SkCI =  5f2Na X  VsAC(2eKNa — eKK —

ONaNa) =  A 2Na X  &NaK

where &NaK is a constant which is equal to the en
ergy absorbed by dissolving one mole of KC1 in a 
large quantity of NaCl. This derivation is similar 
to that carried out by J. H. Hildebrand and R. J. 
Salstrom for the so-called “  regular solutions.” 6

The system Na2C 03-C aC 03 is a little more com
plicated because the number of cations surrounding 
a cation as next nearest neighbors will decrease as 
we go from Na2C 03 to CaC03. However, if we take 
this into account, we obtain the equation

•EcaCOj =  •/V'2Na&NaCa

by a somewhat similar derivation. Here N'na is 
the electrical equivalent fraction

TiTf ’ /»«HaJy Na = -------- ;— n ------
WCa +  '/2 reNa

as defined before.
We may now introduce still another kind of cat

ion into the system by considering the system 
Na2C 03-K 2C 03-C aC 03 and derive the equation 
for the energy of mixing. The derivation is in 
principle the same as that just mentioned and the 
result is
■ E caC O j =  (1  —  i V ' c a X i V ' N a & N a C a  +  A T 'k & K C » )  ~ A ^ N a A ^ K ^ N a K

Here the constant &NaCa is given by the heat of 
mixing in the binary system Na2C 03-C aC 03 and 
bicca and hNaK have similar meaning.

The Activity and Activity Coefficient.—We now 
have equations both for entropy and energy of 
mixing and, thus, we have an expression for the

(5) J. H. Hildebrand and R. J. Salstrom, J . A m . C h em . S o c 64, 4257
(1932).

-L + J- > _ 2 _
21, 2 lg 1,+lj,

Fig. 1.— Change in the cation-cation repulsion energy by 
the process of mixing.

free energy or activity a of a component in a mix
ture. The activity, «caCOs, of the component
CaC03 in a mixture is defined by the equation

RT  In acaCOi =  EoaCO, =  -EcaCO! — ToCaCOj

According to Temkin
■ScaCOj =  — R  In Nca

Thus, we have

R T  In =  ECacm

The activity coefficient of CaC03 may be defined as
acaCOi _  -EcaCOi 

TCaCOi -  R T

Experimental
The free energy or the activity of C a C 0 3 in a fused mix

ture of other salts may be determined by investigating its 
thermal decomposition in the mixture. An earlier investi
gation of this kind has been carried out by Flood, Torland 
and Roald.6

If pure calcium carbonate is heated in an atmosphere of 
C 0 2 at normal pressure, the calcium carbonate will decom
pose completely into calcium oxide and carbon dioxide at a 
temperature of about 900°. If, however, the calcium car
bonate is dissolved in a fused salt, the decomposition by 
heating of the calcium carbonate will proceed until a certain 
concentration of it is reached in the mixture and the equilib
rium

CaCOg(in mixture) — CaO(s) +  C 0 2(gas)
will be established. The concentration of calcium carbon
ate in a certain fused salt will depend on the temperature and 
the pressure of carbon dioxide above the melt. CaO was 
found to be insoluble in the melts investigated.

The experiments wrere carried out in the following manner. 
A platinum crucible containing weighed amounts of C a C 0 3 
and N a2C 0 3 was heated in an electric furnace at different 
temperatures above 900°. The temperature was kept con
stant within about ± 0 .2 ° .  C 0 2 gas at different pressures
ranging from 1 to 0.1 atm . was passed through the furnace. 
When equilibrium had been established, air was introduced 
in the apparatus and the crucible was quickly removed. 
After cooling it was weighed again. From the weight loss, 
the amount of C 0 2 expelled was found and from that the 
amount of CaCOs left was determined.

Evaluation of the Measurements.—From these 
equilibrium measurements the activity of calcium 
carbonate may be calculated. The activity of 
calcium carbonate in the fused mixture we denote 
by <xcaco3 and the C 02 pressure by p. The activity

(6) H. Flood, T. Forland and B. Roald, ibid., 71, 572 (1949).
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Fig. 2 .— The connection between C 0 2 pressure (¡o) and 
composition of the melt at different temperatures for the 
system C a C 0 3-N a 2C 0 3.

of solid calcium carbonate we denote by as and the 
C 02 pressure above it by pa. Then we have

OCaCOi _  V_
a, p.

Now we will introduce a third state of calcium 
carbonate: the pure liquid calcium carbonate at 
the same temperature. This state we will use as 
the standard state for the calcium carbonate and we 
will denote its activity by auq. Introducing this in 
the above equation, we have

aCaCQs ^  fflHq _  V_
&Hq Ps

Taking the logarithm and multiplying by RT we 
get

R T  In aCaco3 +  R T  In —  =  R T  In ^
Q-s pB

R T In auq/a3 is the free energy change when calcium 
carbonate goes from the pure solid to the pure liquid 
state; that means it is the free energy of fusion, 
which we will denote by AFf. Then we have

R T  In ocacoi =  R T  In p — R T  In p, — AFf

Further we can divide the activity into an energy 
term and an entropy term

R T  In acaCOi =  FcaC03 =  FcaCOi — VScaCOi

and if we use the Temkin model for the entropy, 
5  =  — R In Nca, we get

FcaCOs +  R T  In IVca =  R T  In p — R T  In p„ — AFf 

or
R T  In -=§— =  .Ecaco, +  R T  In p ,  -f- AFf

Here £caCoa is the partial energy of mixing which 
depends upon the composition of the melt and it 
should be practically independent of the tempera
ture. Further, the terms RT In ps +  AFf are de
pendent only on the temperature and are independ
ent of the composition. Therefore, if we plot RT 
In p/Nca as a function of composition at different 
temperatures, the curves corresponding to the dif
ferent temperatures should only differ in the term 
RT In pa +  AFf which is independent of the compo
sition. Therefore, the distance between two curves 
should be the same over the whole concentration 
range, if the expression for the entropy is correct. 
Such a plot is shown in Fig. 2 for the system Na2- 
C 03-C aC 03. As is seen from the figure, the experi
mental points fall fairly close to parallel lines. The 
concentration range and the temperature range are 
not very wide, but the use of the ionic fraction in 
the entropy term Vca as is shown here gives a 
slightly better agreement than the use of the elec
trical equivalent fraction N'ca-

Next we will consider the heat of mixing. The 
following expression for the partial heat of mixing 
of calcium carbonate was derived

■EcaCOi =  IVn2.  X  i>NaCa

Introducing this in the equation above, we have

R T  In =  jV™« X  &NaCa +  R T  In p, +  AFt

On Fig. 2, RT In p/Nc& is plotted against a and 
at a constant temperature this plot gives a straight 
line. From its slope ÒNaCa is found to be —2370 
cal.

At the highest concentrations of CaC03, a devia
tion from the straight line relationship occurs. An

0.1 0.2 0.3 0.4 0.5 0.6 0.7
N '\ .

Fig. 3 .— 1The connection between C 0 2 pressure (p ) and 
composition of the melt at different temperatures for the 
system C a C 0 3- K 2C 0i.
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iV '2Na.K.

Fig. 4.— The connection between C 0 2 pressure (p) and 
composition of the melt at different temperatures for the 
system C a C 0 3-(K N a )C 0 3.

entropy change also must take place here as the 
break in the curves at the different temperatures 
does not occur at the same composition of the melt. 
The deviation may be due to a change in the struc
ture of the liquid when the CaC03 content exceeds 
a certain amount.

If we extrapolate the straight lines to N'^a =  0, 
we will get the C 02 pressure above CaC03 in our 
standard state which is pure liquid CaC03. The 
CO2 pressure above solid CaC03 is known7
{R T  In p. =  -4 4 ,2 8 4  -  6 .356T  log T +  1.3 X  105?1- 1 -

10“ 3 T 2 +  58.47T)

From the ratio of these two pressures we may cal
culate the free energy of fusion AFf.

The same kind of experiments have been carried 
out for the system K2C 03-C aC 03. The results are 
shown in Fig. 3. We obtain a relationship similar to 
that obtained in the system Na2C 03-C aC 03. From 
the slope of the straight line we obtain &KCa = 
— 5700 cal. As before, we can find the free energy 
of the standard state by extrapolating the straight 
lines.

A third series of experiments was carried out on 
the system Na2C 03-K 2C 03-C aC 03 having equal 
amounts of sodium and potassium. From the 
equation derived previously the partial heat of mix
ing for CaC03 should be

£ c . c 0 l  =  N Z .K ( bNaCa - K- c-  -  ‘A Fn,k)

where N 'vuk is the electrical equivalent fraction of 
the mixed alkali. Here &Naca and 6icca are known 
from the preceding investigations. &NaK is not 
known, but the ions Na+ and K+ are very similar to 
one another as compared to the Ca2+ ion so the term

(7) T. Borland, unpublished.
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Fig. 5.— T h e free energy of fusion of C a C 0 3 as a function of 
temperature.

V« &NaK may be expected to be small compared to 
the other terms of the equation.

The results of these experiments are shown in Fig.
4. From the slope of the straight lines we have 
IfiNaKiCa =  —4190 cal. This may be compared to 
the middle of the 6-values for the sodium system 
and the potassium system

+  6kc° =  -4 0 4 0  cal.

The difference is 150 cal. If the term 1/i &NaK were 
not negligible, one might expect the difference to 
be larger.

As mentioned before, the free energy of fusion of 
calcium carbonate may be obtained by extrapolat
ing the straight lines to iV(alkali) =  0. This free 
energy of fusion is the free energy change when 
calcium carbonate goes from the solid state to a 
liquid state which has the same structure as the 
calcium carbonate dissolved in the alkali carbonate. 
This free energy of fusion does not necessarily have 
to be the same as that obtained when the calcium 
carbonate is fused to form a pure liquid.

By plotting the free energy of fusion as a function 
of temperature we may find the heat of fusion and 
the melting point. Such a plot is shown in Fig. 5. 

The heats of fusion and melting points obtained
in this way are listed below:

Heat of fusion M p. of
of CaCOj, CaCOi,

From the system cal. °C.
C a C 0 3-N a 2C 0 3 8800 1190
C a C 0 j-K 2C 0 3 \ 
CaCO s-(KN a)CO s /

8300 1250

Direct measurement at 1000 atm. 1340
Recalcd. to 1 atm. ca. 1300

The data for CaC03 found by extrapolating the 
straight line in the system CaC03-N a2C 0 ? must 
correspond to a hypothetical state since a distinct 
deviation from the straight line was found at higher 
concentrations of CaC03. For the systems CaC03-  
K2C 03 and CaC03-(K N a)C 03 no deviation was 
found within the range investigated. Therefore, 
the data for CaC03 obtained by extrapolation in 
these cases may correspond to the real fused CaC03 
and may be checked against data for the pure 
CaC03.
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The heat of fusion of CaC03 is not known, but the 
melting point was found to be 1340° under a C 02 
pressure of about 1000 atm. by Smyth and Adams.8 
In order to recalculate this melting point to a pres
sure of about 1 atm., one should know the volume 
change of CaC03 by melting, and this is not known. 
If we assume, however, a volume increase by melt
ing of 20%, the melting point should be lowered by 
about 40° going from 1000 to 1 atm. This gives a 
melting point for CaC03 of about 1300°. This 
melting point is somewhat higher than the melting 
point obtained from the systems CaC03-K 2C 03 and 
CaC03~(KNa)C03. However, measurements in 
progress by Drs. R. I. Harker and O. F. Tuttle9 
indicate that the decomposition of CaC03 at a cer
tain pressure occurs at an appreciably lower tem
perature than that given by Smyth and Adams. 
This could also be an indication that the melting 
point of CaC03 is lower than that reported by 
these authors. It may here be mentioned that if 
we had used the electrical equivalent fraction in the 
entropy term, we would have found melting points 
of CaC03 around 1030°, which is unreasonably low.

(8) F. H. Smyth and L. H. Adams, J. Am . Chem. Soc., 45, 1167 
(1923).

(9) O. I. R. Harker and O. F. Tuttle, College of Mineral Industries, 
The Pennsylvania State University, private communication, August, 
1954.

As was mentioned earlier, the heat of solution of 
CaC03 in (KN a)C03 was about 150 cal. higher 
than the middle of the heats of solution in K 2C 03 
and Na2C 03. From Fig. 5 we can now see that the 
free energy of the standard state of CaC03 is about 
180 cal. lower for the system CaC03-N a2C 0 3. 
This difference in standard state may to some ex
tent explain the deviation from additivity of the 
heat of solution of CaC03 in the mixed alkali car
bonate.

Concluding we may say that the experiments in
dicate that the entropy of mixing for a simple 
ionic mixture is given by a random distribution of 
ions of the same sign regardless of their numbers of 
charges. The energy of the mixed system may 
with a good approximation be expressed as a sum 
of energies characteristic for each pair consisting of 
a cation and another cation in the second coordina
tion sphere, taking into account that the number of 
these neighbors may change with the composition 
of the mixture. Finally, structural differences for 
the components of a mixture may in some cases 
play a role.
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The heat of reaction for the disproportionation of TiCl3(s) into TiCl4(g) and TiCl2(s) and also the vapor pressure and heat 
of sublimation of TiCl3 have been determined by means of a molybdenum effusion cell. The temperature range of the effusion 
experiments was 60Q -740°K . A  value of 38 ±  1 kcal./m ole at 298 °K . was obtained for the heat of reaction for the dispro
portionation of TiCl3 The heat of sublimation of TiCl3 was found to be 42 ±  1 kcal./m ole at 298 °K . from which an approxi
mate boiling point of 1200°K . was estimated for Ti013. The entropy of reaction for the disproportionation of T iC l3 was 
calculated as 38 e.u at 2 98 °K . while the entropy of sublimation of TiCl3 was 37 e.u. at 298 °K . The partial pressures of TiCl4 
resulting from the disproportionation of TiCl3 range from 0.005 mm. at 636°K . to 0.200 mm. at 732°K . while the vapor 
pressure of TiCl3 varies from 0.0002 to 0.010 mm. over the same temperature range.

I. Introduction
A study has been made of the disproportionation 

and vapor pressure of TiCl3 by the effusion cell 
method. The effusion cell was chosen for this in
vestigation since it allows the study of the simulta
neous molecular free flow of both TiCl3 vapor and 
TiCh vapor and the use of lower temperatures. The 
disproportionation of TiCl3 takes place in the fol
lowing manner

2TiCl3(s) =  TiCI4(g) +  TiCh(s) (1)

This fact has been established by an analysis of 
the material which was left behind after completion 
of the disproportionation reaction and was found to 
be TiCl2. Therefore a determination of the TiCl4- 
(g) pressure in equilibrium with the TiCl3(s) and 
TiCl2(s) yields the necessary data for the calcula-

(1) This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech
nology, sponsored by the Department of Army, Ordnance Corps, and 
the Department of Navy, Office of Naval Research, under Contract 
No. DA-04-495-ORD 18.

tion of the disproportionation reaction. At the 
same time the determination of the TiCl3(g) pres
sure yields the necessary data for the calculation of 
heat of sublimation of TiCl3.

The stipulation for employing an effusion cell is 
that the pressures of the TiCl3(g) and TiCl4(g) in 
equilibrium are low enough and thus the mean free 
paths high enough so that free molecular flow pre
vails. In practice this can be obtained in an effu
sion cell of the Knud sen type if the radius of the 
effusion hole is equal to or smaller than the mean 
free path.

The equation for obtaining the vapor pressure of 
a gas assumed to be in equilibrium with a condensed 
phase by means of an effusion cell was given by 
KnudsenI. 2 as

p  -  « A J E p ®  (2)

(2) M . Knudsen, Ann. physik, 28, 75 (1909).
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where
G =  weight of material effused 
A =  area of hole 
T — absolute temperature 
M  =  molecular weight of vapor 
R  =  gas constant 
t =  time

However, equation 2 applies only for an orifice in 
an infinitely thin plate which would allow any 
molecule striking the hole from any solid angle to 
go through. When the orifice is mounted in a plate 
of finite thickness, it is necessary to correct for the 
number of molecules that are reflected from the ori
fice wall. Another correction to the Knudsen equa
tion must be applied for the actual operating pres
sure, since the region of true molecular flow is one 
in which the mean free path is very large in compar
ison to the hole size so that no collisions take place 
between molecules while they are going through the 
hole. This correction denoted as F/Ft, has also 
been made by Knudsen2 by applying an empirical 
relationship containing the contributions of both 
viscous and free molecular flow through an orifice. 
This correction is under 5% as long as the mean free 
path, L, is greater than the radius of the effusion 
hole.

Since the mean free path, L, has not been deter
mined experimentally for either TiCl3(g) or TiCI4- 
(g), an estimate of this quantity was made for TiCl4 
from critical constants as given by Skinner, Beck
ett and Johnston.3 An estimate of the van der 
Waals b can be obtained from the critical constants 
by the equation

where
T0 =  critical temperature in °K  
P c =  critical pressure in atm

the molecular diameter 8 is then given as

Ò3 =
36

2 tN a
D )

where Na =  Avogadro’s number. The mean free 
path, L, can now be obtained from the relationship

2.33 X io~ 2or  
Pnm.52 (5)

(where 8 is in cm. and T in °K , p in mm.). The 
thermal expansion of the molybdenum orifices is 
very small, and no corrections are needed in the 
temperature range employed.

Applying corrections for orifice thickness and 
molecular collisions the effusion equation 2 em
ployed in the experimental measurements becomes

= n .u G V f
V K (F / F t)A t V M  ^

where p is given in mm., and all other quantities in
c.g.s. units. The term K  is the correction factor 
for orifice plate thickness. Equation 6 can be em
ployed for calculating either the partial pressure of 
TiClg(g) or partial pressure of TiCl4(g) by inserting

(3) G. B. Skinner, C. W. Beckett and IT. L. Johnston, Technical
Report No. 102-AC 49/2-100-1, January 1, 19o0, Cryogenic Labora
tory, Department of Chemistry, Ohio State University.

the appropriate molecular weights for JI and 
weights of effused material for G as

P T iC li ( g )

P T iC h ( g )

17 . 14 ( j T i C l i V '  T
K [F /F  t).4 /\ /j/T ici3  

17, I K ttìcu'v/  T 
K [F/FPjAty/M ucu

(7)

(8)

II. Experimental Method
A schematic diagram of the apparatus is shown in Fig. 1. 

A dry-box is mounted at the entrance end of the quartz tube 
since the slightest trace of moisture tends to cause TiCl3 to 
decompose and become contaminated. The dry-box is 
flushed thoroughly with dry He for a considerable length of 
time before opening any apparatus containing TiCl3. A  
positive pressure flow of He dried over liquid N , is main
tained in the box at all times. Calcium hydride which re
moves water (equilibrium water pressure is lower than 10~15 
mm. at 2 5 °) is placed in a small desiccator in the dry-box. 
The orifice plates are also kept in a calcium hydride desicca
tor. The cells are placed in vacuum tight weighing bottles. 
The manipulation of the apparatus inside the dry-box is 
handled through surgeon-type gloves.

Fig. 1.— Schematic diagram of effusion cell apparatus.

The cell in Fig. 1 is located in the quartz tube inside a 
Pyrex sleeve which is employed for collecting the TiCl3. 
The sleeve extends for a considerable distance beyond the 
end of the furnace into the cold region where the TiC l3 can 
condense upon striking the cold wall. The plate was made 
long enough to collect the entire amount of TiCl3 effusing 
through the hole. The length of the collecting tube was 
20 in . with a diameter of 5/ 8 in . Employing the cosine law 
over 9 9 %  of the molecules effusing would strike the walls 
of the collecting tube. The furnace which is nichrome 
wound (600 watts) is controlled to ± 1 °  by a Leeds and 
Northrup constant temperature regulator D  (Series 4000). 
The thermocouples employed were chromel-alumel and 
were calibrated with a Bureau of Standards platinum-rho
dium thermocouple. The thermocouples were inserted 
directly into the body of the cell. Calibrations were made 
for time necessary for the cell to reach a constant tempera
ture. The manifold pressure was read by means of an ion 
gage tube and recording device. The vacuum was ob
tained by a Distillation Product 3-stage oil diffusion pump 
and a megavae fore pump which gave a vacuum cf better 
than 10-6 mm.

The T iC l3 employed in these experiments was made at 
this Laboratory4 by a modification of the method described 
in the literature5 involving the H 2 reduction of TiCh at a 
temperature of 600°. The TiCh was obtained in sealed 
capsules from the Bureau of Standards. B y analyses 
the TiC l3 was found to be 9 9 %  pure. Any volatile matter 
such as T iC l4 was removed by effusion preliminary to run
ning the experiment.

The effusion cells employed were made of either molyb
denum or stainless steel with molybdenum orifice plates in 
four sizes which ranged from 0.020 to 0.052 in. in diameter. 
These materials were chosen after corrosion tests with the

(4) The TiCls was prepared by Mr. Stephen Vango at this Laboratory 
in an apparatus that was a completely sealed system involving no stop
cocks in which the TiCh was introduced by vacuum distillation.

(T>) W. C. Schumb and Ti. O. Sundstrom, J. Am. Chem. Sor., 55, 5!K> 
(1933).
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compounds employed showed no reaction in the tempera
ture range of the investigation. The variation in hole size 
was necessary to ascertain equilibrium at any temperature, 
since a criterion for equilibrium is that a change in orifice 
area has no effect on the pressure calculated from the ef-

fused material. The TiCfi was determined by an actual 
weight of the effused material while the TiC l3 was dissolved 
in water and determined optically and checked by gravi
metric analyses. The sum of the weights of the TiCl3 and 
TiCU effused was equal to the weight loss in the cell within 
the experimental accuracy. The effusion rate as a function 
of time was taken in order to test for the possibility of the 
existence of a solid solution of TiCl2 in TiCfi. After an 
initial fall off which occurred during the first few percentage 
decomposition the effusion rate remained constant until 
nearly all of the sample had been converted to TiCfi and 
TiCL. The fall off near the end was believed to be diffusion 
controlled. Table I gives the results of a typical experi-

ment showing the rate of effusion as a function of the per
centage of the sample disproportionated. The flat portion 
of the data was used in calculating the pressures inside the 
cell.

T a b l e  I

E f f u s io n  R a t e  a s  a  F u n c t io n  of  P e r c e n t a g e  o f  
D is p r o p o r t io n a t io n  o f  T iC l3 

Initial wt. TiCl3 sample, 1.5435 g.; temp., 7 1 0 °K .; radius 
of orifice, 0.355 cm.

Time interval, 
hr.

W t. TiCU effused, 
g./hr.

%  of sample 
disproportionated

0 .5 0 .14 2 9 .4 8
1 .0858 18 .5
1 .0870 2 7 .7
1 .0860 3 6 .8
1 .0877 4 6 .0

III. Discussion of Results
The experiments were performed over a range 

of temperatures from 618 to 732°K. which resulted 
in pressures for disproportionation ranging from 
0.003 to 0.250 mm. Vapor pressures of TiCl3 below 
636°K. were not measured. At 636°K. the meas
ured vapor pressure of TiCl3 was 0.00018 mm. and 
rose to 0.0093 mm. at 732°K. It was found that 
this temperature range was suitable for the opera
tion of the cell in the free molecule range wherein 
the mean free path correction would be very small.

The calibration of the orifice areas of the effusion 
cell was made with mercury, since its vapor pres
sure has been determined by a number of investi
gators, and all the results were found to be in good 
agreement.6 The equilibrium pressure for either 
TiCls(g) or TiCh(g) inside the cell can be calcu
lated from equations 7 or 8 when the amount of 
effused material G is obtained and the correct value 
for KA  is known. The various factors for obtaining 
the pressures are tabulated in Table II. This table 
gives the experimental data and calculations for 
hole size, temperatures, weights of effused material, 
equilibrium pressures and free energies of reaction 
and also the correction factors for orifice thickness 
and mean free path. The mean free path for TiCh 
was calculated by employing equation 5 and the 
critical constants of reference 3 (pc =  33 atm., Tc =  
615°K.). A molecular diameter of 5.3 X  10-8 
cm. was obtained from equation 4. No estimate 
was made for TiCl3 since it contributed only a small 
amount to the pressure inside the cell.

From Table II it can be seen that for a given 
temperature two different hole sizes were chosen. 
Since the variation in calculated pressure with hole 
size was within the scatter of the data as shown in 
Fig. 2, it was assumed that these measured pres
sures were close to the equilibrium values. How
ever, it may be of interest to mention that when an 
orifice of 0.052 in. in diameter was employed at the 
lowest temperature investigated, namely, 608°K., 
non-equilibrium was indicated by the deviation of 
pressures measured by the two orifices, and these 
data therefore were omitted. The free energies 
listed in Table II were calculated from the thermo
dynamic relationship

AF  =  —R T  In K  (9)
where

K  =  P-nri,

(6) K. Neumann and E. Volker, Z. physik. C h e r n A161, 33 (1-932).
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T a b l e  II

T he E x p e r im e n t a l  D a t a  a n d  C a l c u l a t io n s  fo r  t h e  D is p r o p o r t io n a t io n  a n d  V a p o r  P r e s s u r e  of  T iC l3

Exp. T,

Length
of

run,

Wt.
of

sample,

W t. of effused 
material, g.

Radius 
of hole, 

cm.,

Thickness 
of hole, 

cm.,
Cor. area 
sq. cm.,

Mean Correc- 
free path, tion for 

cm., a/L,

Correc
tion for 

l/a, Pi TiClj
A F, 

kcal./ P, TiClg
no. °K . hr. g. TiCh TiCls a 1 A L F/Ft K mm. mole mm.
26 615 65.00 0.498 0.078 0.0355 0.0254 0.00393 1.61 0.99 0.745 0.0034 15.1
16 618 18.50 1.048 .048 .0508 .0132 .00801 1.61 .99 .885 .0032 15.0
22 636 5.50 0.678 .0335 0.0009 .0660 .0254 .01325 0.94 .98 .834 .0047 14.8 0.00016
21 639 14.75 0.844 .058 .0018 .0508 .0254 .00801 .94 .98 .801 .0052 14.8 .00018
15 660 14.83 1.129 .077 .0013 .0355 .0132 .00393 .38 .97 .845 .0139 14.0 .00034
23 688 5.53 0.975 .0716 .0036 .0355 .0254 .00393 .135 .96 .745 .039 13.2 .00202
25 688 5.75 0.963 .182 .0078 .0508 .0254 .00801 .135 .95 .801 .043 13.2 .00199
34 706 5.20 1.669 .071 .0038 .0254 .0254 .00226 .0762 .95 .672 .081 12.5 .0050
31 712 5.00 1.090 .192 .0085 .0355 .0254 .00393 .0468 .99 .745 .117 12.2 .0057
27 732 3.25 1.428 .449 .0256 .0508 .0254 .00801 .034 1.09 801 .155 12.1 .0096
29 732 5.50 0.732 .216 .0254 .0254 .00226 .022 1.03 .672 .225 11.4
33 732 2.60 1.669 .257 .0175 .0355 .0254 .00393 .019 1.03 .745 .265 11.1 .0159

The logarithm of the pressure is plotted against 
the reciprocal of the absolute temperature in Fig. 2. 
Employing the van’t Hoff relationship a calculated 
slope of 35 ±  1 kcal. is obtained for AHr for the 
disproportionation as given by equation 1. The heat 
of sublimation is obtained from the Clausius-Clap- 
eyron equation and is found to be 39 ±  1 kcal./mole 
for AHs of TiCl3. Upon extrapolation of the vapor 
pressure of 760 mm. and employing an estimated 
heat of fusion of approximately 5 kcal./mole by 
employing the empirical relationship as given by 
Wenner,7 an approximate boiling point of 1200°K. 
is obtained for TiCl3.

The entropy change of the disproportionation 
reaction can be calculated from the second law of 
thermodynamics

AS (10)

using an estimate of the change in enthalpy from 
298 °K. to the temperature range of the experi
ments (618-732°K.). The heat capacities Cv for 
TiCl3(s) and TiCl2(s) were estimated, respectively, 
as 24.8 and 18.6 ca l./“/mole at 298°K. by employ
ing Kopp’s rule. The value of 22.9 cal./°/m ole for 
heat capacity of TiCL/g) at 298°K. was taken from 
ref. 3. These values give —8.1 ca l./0/mole for 
ACP at 298°K. for the disproportionation reaction 
as given by equation 1.

mean temperature (675°K.) to 298°K.
675

ASMI =  AC„ In 298 (11)

Equation 11 gives a value of AiSjJf of —6 entropy 
units. The value for ASt at 298°Iv. becomes 38 
entropy units. This value is in close agreement with 
an estimated value of 39 entropy units, which is ob
tained by employing Brewer’s8 data for the entro
pies of TiCk and TiCl2 (35 and 25 entropy units, 
respectively) and the value of 84 entropy units for 
TiCh(g) from ref. 3.

The entropy of sublimation of TiCla can also be 
obtained from equation 10 after calculating the free 
energy from the vapor pressure data. The free en
ergy of sublimation of TiCl3 at 688°K. is 17.6 kcal./ 
mole. The entropy of sublimation ASs (in entropy 
units) at 688°Kis

AS, =
39,000 -  17,600 

688
=  31 ±  1 (12)

An estimated entropy of sublimation of 298°K. can 
be obtained from Wenner’s curves7 for gaseous en
tropies and Brewer’s value8 for the entropy of Ti- 
Cl3(s). Using these data an entropy of sublimation 
of 37 entropy units is obtained. This value is in 
good agreement with the experimental value since 
the entropy change from 298 to 688°K. is calcu
lated to be of the order of 6 to 8 entropy units, em-

T a b l e  I I I
T h e r m o d y n a m ic  P r o p e r t ie s  of  t h e  D is p r o p o r t io n a t io n  a n d  V a p o r iz a t io n  of  TiClj

Disproportionation of 
2TiCl3(s) =  TiCL(g) +  TiCla(s)

AH  at 675°K . (kcal./m ole) 35 ±  1 
AF  at 675°K . (kcal./m ole) 13.5  
AS at 675°K . (entropy units) 32 ±  1
AC„ (c a l ./“/m ole), approx. —8 .1
AÍÍ29S (kcal./m ole) 38 ±  1
AS298 (entropy units) 38 ±  1
A Fa

Vaporization of 
TiCli(s) = TiCla(g)

AH, at 688°K . (kcal./m ole) 39 ±
AF, at 688°K . (kcal./m ole) 17.6
AS, at 688°K . (entropy units) 31 ±
ACP (ca l./°/m ole), approx. —9
Al?s29s (kcal./m ole) 42 ±
ASs298 (entropy units) 37
A F,b

AF = R T  In K  = 3 8 ,0 0 0  — 8 .1 (7 ' -  2 9 8 )  -  7 '^ 3 8  — 8 .1  In cal./mole where 7 ’ is given in °K. b AF3 = R T  In p =

43,000 9(!T — 298) — t ( s7 — 9 In cal./mole where T  is given in °K .

The entropy of reaction ASt as calculated 
from equation 10 is found to be 32 entropy 
units in the temperature range investigated. 
The entropy at 298°K. can be estimated by 
correcting for the change in en fcropy from the

(7) R. R. Wenner, “ Thermoehemieal Calculations,” McGraw-Hill 
Book Co., New York, N. Y ., 1941.

ploying a reasonable estimate of from —8 to —10 
cal./°/m ole for the change in specific heats from 
TiCl3(s) to TiCl3(g). A summary of the thermody
namic data is given in Table III.

(8) L. Brewer, L. A. Bromley, P. W. Gillis and N. L. Lofgren, Met. 
Lab. Report 00-3585, ‘ ‘The Thermodynamic Properties of the Hal
ides.”
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An apparatus for determining boiling points of capillary condensed moisture has been described. Boiling points of water 
held up in four different porous bodies, at different relative vapor pressures, were determined by means of this apparatus 
and the results obtained were compared with the theoretical values derived from thermodynamic considerations. The  
results offer support to the theory of capillary condensation.

There is sufficient evidence as summed up by 
Puri, Sharma and Lakhanpal1 that capillary forces 
believed to be responsible for the adsorption of 
vapors by porous bodies cause considerable depres
sions in the freezing points of the adsorbed sub
stances. The influence of capillarity on boiling 
points of adsorbates, however, does not appear to 
have been investigated so far. In the present pa
per a method for determining boiling points of 
water held in porous bodies has been described and 
the results obtained in the case of four different 
bodies (silica gel, sugar charcoal, a sample of bento
nite and a sample of clay-loam) in equilibrium 
with different relative vapor pressures of water 
have been compared with the theoretical values.

Experimental
Apparatus.— The apparatus used in these investigations 

is shown in Fig. 1. It consists essentially of a manometer

M , with its limb p, communicating with the conical flask F, 
(40-m l. capacity) which contains the substance under 
examination and its limb, q , communicating directly with 
the atmosphere. The manometer is also connected with

(1) B. R. Puri, L. R. Sharma and M. L. Lakhanpal, Tuia J o u r n a l ,
58, 280 (1954).

the reservoir of mercury It, through the stopcock T j. The 
flask F is placed in an oil-bath as shown in the figure and 
can be connected to a vacuum pump through the stopcock 
T 2. The stirrer, S is worked mechanically which not only 
helps in keeping the temperature of the bath uniform but 
also pushes up the circulation of the oil through the side 
tube A B C D , which in its upper part C D , serves as a jacket 
round the tube t.

Procedure.— About 20-g. portions of the silica gel and 
sugar charcoal and about 40-g. portions of the samples of 
bentonite and clay-loam were kept in vacuum desiccators, 
maintained at 28 ( ± 1 ° )  containing sulfuric acid-water 
mixtures corresponding to different relative vapor pressures 
of water, till the equilibrium was attained. The samples 
were then taken for boiling point determinations, one after 
the other. For this purpose, the sample under examination 
was transferred to the flask F , so as to fill it by more than 
three-fourths. The reservoir R  was kept quite low so that 
mercury in the manometer stood almost at the bottom of 
the two limbs p and q . The apparatus was then evacuated 
by working a vacuum pump at T 2 for about a minute or so. 
The mercury columns in p and q then stood as shown in the 
figure. The temperature of the oil-bath was then allowed 
to rise gradually and with this the vapor pressure of the 
system also began to increase. This resulted in the fall of 
mercury level in thè limb p, which was made good by raising 
the reservoir R . This was continued and the difference of 
the mercury level in the two limbs, p and q, decreased pro
gressively with gradual rise in temperature and disappeared 
altogether at a certain temperature. This temperature 
gave the boiling point of the system at the prevailing at
mospheric pressure.

The vapor pressure of the system at any temperature 
was, obviously, given by the barometer reading less the 
difference between the mercury levels in the two limbs (p 
and q) at that temperature. By plotting vapor pressure- 
temperature curve of the system, it was possible to extra
polate the temperature at which the vapor pressure of the 
system would become equal to 760 mm. This temperature 
gave the boiling point of the system at the normal pressure.

The technique was tested by determining boiling points 
of a number of pure liquids.

Theoretical Calculation of the Boiling Point 
Elevation of Capillary Condensed Water.—Assum
ing that liquids adsorbed by porous bodies are held 
up by capillary forces, the lowering of vapor pres
sure at the meniscus will be given by the well 
known Kelvin equation. When a system equili
brated at a particular value of relative vapor pres
sure x at a temperature, T (301° in the present case) 
is brought to its boiling point, say T', it shall 
assume, as has been shown elsewhere,1 a new 
relative vapor pressure, x', given by the equation

loge X '  =  logs , X Z £  (  1 )

where y' is surface tension of the liquid at tempera
ture T' and can be obtained by extrapolation. 
The new relative vapor pressure (x ') can be calcu
lated by means of this equation. These along with 
the original values of vapor pressure (x) and the 
pore radius (r), calculated from the Kelvin equa
tion, are given in Table T.
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T a b l e  I

B o il in g  Po in t  E l e v a t io n s  o f  W a t e r  H e l d  in  t h e  V a r io u s  P o r o u s  B o d ie s  a t  D if f e r e n t  R e l a t iv e  V a p o r  P r e ssu r e s
Relative

vapor
Corresponding

capillary
Relative

vapor Thcor. b.p. 1 letenilined boiling point elevations in the case ofpressure radius, pressure elevation, Silica Sugar Ben Clay-
(*) Â. (*') AT gel charcoal tonite loam

0 .970 3 38 .6 0 994 0 .2 1 .0 1 .0 1 .0 1 .0
.865 7 0 .5 .910 2 .7 3 0 3 0 4 .1 3 .5
.756 3 6 .8 .836 5 .2 6 .7 5 .7 4 .7 5 .5
.557 17 .5 .708 10.3 10.0 9 .8 11.2 10.3
.404 11 3 .574 16.7 15.5 11.5 15.0 13.5
.220 6 .8 .414 2 7 .6 2 3 .5 2 0 .0 2 2 .0 2 4 .0
.082 4 .1 .259 4 5 .4 3 5 .0 35 0 3 5 .5 3 5 .0

The elevation in boiling point (AT) for a given 
value of relative vapor pressure can be obtained 
from the Clausius-Clapeyron equation provided 
AT is small sc that the heat of vaporization (AH) 
can be taken as constant. However, for a large 
range of AT, AH is no longer constant. From 
the variations of AH with temperature in the case 
of water, the following relationship can be deduced

— logio -  =  1 .523  X  10“ 2 X  AT -  
Po

0 .501 X  lO“ 1 X  A?’2 - 1 .2 0 1  X  10~7 X  A T 3 (2) 
Substituting the various values of x' for p/p0, the 

corresponding values of AT were calculated.
Results and Discussion

The boiling point elevations of water held in vari
ous adsorbents at different relative vapor pres
sures are giver, in Table I. It is interesting to note 
that the values obtained at a given relative vapor 
pressure are almost identical in the case of all the 
adsorbents although they were of different nature 
and were known to differ appreciably from one 
another in their moisture content-vapor pressure

relationships. This shows that the boiling point 
elevation of the sorbed water, just like its freezing 
point depression,1 depends largely on the radius of 
the capillary pores in which it is condensed.

The theoretical values are also included in Table 
I. The agreement between the determined and 
the calculated values is seen to be quite close up to 
the capillary pores of radius 17.5 A. in the case of 
all the adsorbents and except for sugar charcoal it 
is not so bad even in the case of the next lower size, 
viz., 11.3 A. The validity of the agreement de
creases as we approach finer capillary sizes. This 
shows that the Kelvin equation is probably not ap
plicable in the case of capillaries a few molecular 
diameters in width.2 The probable reasons for 
this have been already discussed.1 However, the 
fact that the results follow the Kelvin equation for 
an appreciable range of vapor pressure shows that 
probably beyond a monolayer all liquid held up in a 
porous body is largely due to capillary condensation.

(2) C. Pierce, J. W. Wiley and R. N. Smith, T h i s  J o u r n a l , 53, 
669 (1949).

ON THE THERMODYNAMICS OF THE INTERACTION BETWEEN THE 
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By  H arold L. Friedman
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Received August 2, 1964

In widely different ternary solutions it is found that the chemical potential, mi, of one solute depends linearly upon the 
molality, to2, of the other if m, and ra2 are small. The limiting value of ( òmi/ ò/n2)mi as mi and m2 approach zero equals 
((X^/hmOm, in the same limit and is the simplest solute 1-solute 2 interaction coefficient in such a system. This coefficient 
may be determined by measurements of the solubility of either of the pure solutes in the ternary solution, plus certain other 
measurements on the appropriate binary solution, although not without an extra-thermodynamic assumption.

McKay2 has recently shown that many useful 
thermodynamic relations in ternary and higher or
der systems may be obtained by the application of 
the cross-differentiation relations. In this paper 
McKay’s results are applied to ternary systems 
which obey a particular activity coefficient law, 
which applies to such widely different ternary sys
tems as sodium chloride-benzene-water at 25° and 
carbon-sulfur-iron at 1500°. The relations be
tween various versions of this law are derived, and

(1) This research was supported by the U. S, Atomic Energy Com
mission.

(2) H. A. C. McKay, Trans. Faraday Soc., 49, 237 (1953).

the procedure for the investigation of solute-solute 
interaction in these systems by solubility measure
ments is discussed.

Preliminaries.—The application of the cross
differentiation theorem is simplest if concentrations 
are expressed in mole ratios or molalities. m\ and 
rrh will represent solute molalities in a ternary phase 
and pi and p2 the chemical potentials3 of the solutes. 
7i and 72 are activity coefficients defined relative to 
hypothetical 1 molal standard states of the respec
tive solutes in the pure solvent. v \  and v 2 are the

(3) y\ =  P\ in G. N. Lewis notation, the partial molal Gibbs free
energy.
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numbers of particles produced by the dissociation 
of a molecule of the respective solutes at high dilu
tion. Then for either solute

Mi = Mi0 + v,RT In Tim; (1 )
The cross-differentiation relation leads to2

(àMi/àm2)m, = (ôn2/d?iîi)m! (2)
and therefore

fi(à F  yi/àm2)mi = v2(d In 7 2 /bmi)m2 (3)
The usual relations between the partial derivatives 
of several variables, two of which are independ
ent, are also required. In the dilute ternary solu
tions discussed here, the solutes will be designated 
as components 1 and 2 , and are both supposed to be 
at concentrations of the order of one molal or less.

The Limiting Interaction Coefficient.—The salt
ing out of a non-electrolyte (component 1 ) from 
aqueous solution by the addition of an electrolyte 
(component 2 ) is usually found to be accurately 
described by the Setschenow equation4

In = m2 X const. (4)
where m u  and m 'u  are the solubilities of the non
electrolyte in the pure solvent and in solution con
taining electrolyte at molality m2.6 Similar solu
bility relations are shown by many ternary systems 
of importance in metallurgy,6'7 although in these 
cases the subscripts of eq. 4 merely designate the 
respective components, without necessarily imply
ing electrolytic behavior for either. It seems then, 
that eq. 4 expresses a law which is valid for a vari
ety of ternary systems. In order to express this 
law in a more general form, it is convenient to first 
rephrase eq. 4. We define a so lu b ility  in tera ction  
coefficien t

h =  —(d In mi/dm2Vi (5)
This coefficient corresponds to the constant of eq. 
4 if fii is the chemical potential of pure phase 1, for 
then mi =  m u '. However, the coefficient may be 
evaluated at any other ni value which it is experi
mentally feasible to hold constant. The conditions 
for ki and the constant of eq. 4 to be exactly the 
same are discussed in a later section.

It is apparent that in any dilute ternary system 
there is a second solubility interaction coefficient 

k2 = —(din m2/bmiV2 (5')
In some cases both constants can be evaluated 
experimentally, and then the relation between 
them is of interest, as discussed below.

By change of variables, eq. 5 becomes
h =  {btn/bm,2)mJ  nh{byn/bmi)ml (6)

or
{bni/bm2)mi/vlRT = (d In yi/bm2)m, =
_____________  *i[1 +  mi(b In yi/bmi)m] (7)

(4 )  F . A . L o n g  a n d  W . F . M c D e v i t ,  Chem. Revs., 5 1 , 119 (1 9 5 2 ) .
(5 ) I n  th is  d is cu s s io n  o f  s o lu b i l i t y ,  a n d  t h o s e  w h ic h  f o l l o w  in  th is  

p a p e r , i t  is  a ssu m e d  t h a t  th e  s o lu b i l i t y  o f  a  s o lid  o r  a  l iq u id  is  b e in g  
m e a su re d . I f  o n e  o f  th e  s o lu te s  o f  t h e  te r n a r y  s o lu t io n  is  a  g a s  w h e n  
p u re , th e n  its  s o lu b i l i t y  a t  c o n s t a n t  p a r t ia l  p re ssu re  ( c o n s ta n t  n) ca n  
b e  o b t a in e d  a n d  h a n d le d  b y  th e  e q u a t io n s  e m p lo y e d  h ere . H o w e v e r , 
a  m o r e  p o w e r fu l  w a y  t o  p r o c e e d  w o u ld  b e  t o  m e a su re  th e  s o lu b i l i t y  o f  
t h e  gas (c o m p o n e n t  1) o v e r  a  ra n g e  o f  p a r t ia l  p ressu res  as w e ll  as a  
ra n g e  o f  m2 , t o  a l lo w  th e  d ir e c t  c a lcu la t io n  fr o m  th e  d a t a  o f  t h e  d e r iv a 
t iv e  o f  (8 )  o r  (1 0 ) .

(6 )  S ee , f o r  e x a m p le , L . S . D a r k e n  a n d  R .  W . G u r r y ,  “ P h y s ic a l  
C h e m is tr y  o f  M e t a ls ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  
N . Y . ,  1 9 5 3 , p p . 134 , 135 .

(7 ) J . C h ip m a n , Disc. Faraday Soc., 4 , 2 3  (1 9 4 8 ).

Thus to the extent that eq. 4 is valid and mx(dlnyx/  
dmx) OT2 is small (or independent of m i), m  depends 
linearly upon m2, or

(d|Ui/dm2)mi =  constant (8)

This sort of interaction, with ?nx fixed either at mXs, 
the solubility of 1 in pure solvent, or at another 
constant value, has been observed in the dilute re
gion in several ternary liquid metallic solutions at 
high temperatures8 as well as in ternary amalgams 
(e .g ., N a-K-H g) at room temperature.9 It can be 
deduced from the equations proposed to describe 
the behavior of ternary mixtures of liquid organic 
compounds10 and ternary regular solutions11 that 
eq. 8 applies to the dilute regions of these systems 
too. Therefore 4 and 8 are alternative expressions 
for a limiting law which is applicable to a wide range 
of ternary systems.

A third expression for this law is given by eq. 94'12'13 
In 7 , = anmi +  <Zi2»t2 +  &n'»i2 +  bl2m22 +cimnn2 +  . . .

(9)
for if m2 is sufficiently small, (d In 7 X/dm 2)OT1 is 
independent of m 2, as required by eq. 8. Although 
9 is an unnecessarily restrictive statement of the 
general law, it makes it clear that the simplest in
teraction coefficient is

lira {bni/bm2)mi (10)
rai = 0 
m2 =  0

which is designated the lim itin g  in tera ction  coeffi
cien t, and is equal to v j i T  ax2 if eq. 9 is valid. This 
limiting interaction coefficient is symmetrical in 
the components, as may be seen by comparison with 
eq. 2. Therefore, if eq. 9 is valid, and if an analo
gous relation holds for the activity coefficient of the 
other component

In y2 =  a21nh + a22m2 +  . . . ( l l )

1̂̂ 12 = V2&21 (12)
Equation 9 also leads to an insight into a class of 

dilute ternary solutions to which (8) does not ap
ply. If component 1 is an electrolyte and the sol
vent is water, we may write

In 7 i =  F(y/I) +  -j- au>ti2 +  . . .  (13)
Here I  is the ionic strength. If component 2 is not 
an electrolyte, this solution will obey the general 
law, but if component 2 is also an electrolyte, then /  
is a function of m2 as well as mi, and eq. 13 is no 
longer consistent with (8), even in the limit of low 
mi and m2. Ternary solutions in which both sol
utes are electrolytes exhibit a more restricted sort of 
regular behavior.14

An appropriate generalization would seem to be 
that the law of eq. 8 is valid if components 1 and 2 
are solutes at low concentration in a multicompo-

(8 ) J . A .  K it c h e n e r , J . O . B o c k r is  a n d  D .  A . S p ra tt , Trans. Faraday 
Soc., 48, 6 0 8  (1 9 5 2 ) .

(9 )  K . S c h u g  a n d  H . L . F r ie d m a n , u n p u b lis h e d  o b s e r v a t io n s .
(1 0 ) R .  R .  W h it e ,  Trans. Am. Inst. Chem. Engrs., 41, 555 (1 9 4 5 ).
(1 1 ) J . H .  H ild e b r a n d  a n d  R .  S c o t t ,  “ S o lu b i l it y  o f  N o n -e le c t r o 

l y t e s ,”  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  195 2 , p . 2 0 2 .
(1 2 ) R e f .  6 , e q .  1 5 -9 .
(1 3 ) G . S c a tc h a r d  in  “ P r o te in s , A m in o  A c id s  a n d  P e p t id e s ,”  E . J. 

C o h n  a n d  .T. T .  E d s a ll ,  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N .  Y . ,  1943.
(1 4 )  I I . S. H a rn e d  a n d  B . B .  O w e n , “ T h e  P h y s ic a l  C h e m is tr y  o f 

E le c t r o ly t i c  S o lu t io n s ,”  R o in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N . Y . ,  
1950 , C h a p . 14.



Feb., 1955 I n t e r a c t i o n  b e t w e e n  S o l u t e s  i n  D i l u t e  T e r n a r y  S o l u t i o n s

nent system in which long range interactions are 
not important in determining the activities of 
both of these components. In comparing eq. 8 with 
Henry’s law, it should be noted that Henry’s law 
deals with the first-order effects of concentration 
upon activity, neglecting the second-order effects 
implied in the use of activity coefficients. On the 
other hand, eq. 8 describes a general behavior of 
the activity coefficients, or essentially second-order 
effects, arising from solute-solute interaction. Hen
ry’s law fails for solutes which dissociate in the ob
servable low concentration region, while eq. 8 fails 
under the more subtly defined condition discussed 
above.

Aside from the problem of formulating the ob
served regularity in ternary solutions, there is the 
matter of choosing the solute-solute interaction co
efficient which is most suitable for comparison from 
system to system, for the calculation of the entropy 
and enthalpy of the interaction from temperature 
coefficient data, or for interpretation in terms of 
solution structure and molecular interactions. It 
seems clear that of the constant of eq. 4, k u 
(d ln7 ifdrtVi)mu, and the limiting interaction co
efficient, only the last is independent of m ^ , 
a quantity which enters not as an intrinsic property 
of the system, but as a result of the use of the 
solubility method for the investigation of the free 
energy relationships. In the past, careful workers, 
employing the solubility method, have chosen 
systems in which all of these coefficients are equal. 
The solubility method is so often the most con
venient method for the investigation of solute- 
solute interaction that it seems of use to discuss its 
application to systems less ideally suited to it.

Experimental Aspects.— A determination of 
the limiting interaction coefficient in dilute ternary 
solutions may proceed by measurements of the 
solubility of either of the solutes, depending on 
which is most convenient. Assuming that the 
solubility of 1 is measured, the determination may 
consist of the following steps.

(1 ) In m'lg is plotted as a function of m 2. If the 
data are suitable, and eq. 8 applies to the system, 
then the slope (approx. — fci) will be constant from 
m2 =  0 well up into the experimentally accessible 
range. Omitting this step, as is sometimes done8-15 16 
sacrifices an opportunity to judge the consistency 
of the data. However, the slope of this graph is 
not generally exactly equal to — k h because what is 
measured in general in a solubility experiment is 
not the solubility of pure component 1 in the ter
nary solution, but the distribution of component 1 
between two phases, one consisting of nearly pure 
component 1 (phase a) and the other consisting 
chiefly of component 3 (phase b ).

By expressing In as a function of m2b and n  1
d In TOib = (d In riib/d/?i2b)j»i d?re2b +

(d In TOib/dMi)m2b d/ii (14)
we can obtain a relation between the slope of the 
graph and fci
[d In mib/dm2b] =

— /Ci +  [d/ii/d?«2b]/[cVi/d In TOlb]m2b (15)

(1 5 )  A . P . A lt s liu llo r  a n d  H . E . E v e rs o n , J. Am. Chem. Soc., 75,
4 8 2 3  (1 9 5 3 ) .
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Often it will suffice to prove that the correction 
term in (15) is negligible compared to lch and in such 
cases the ideal-dilute solution approximation ( i .e ., 
activity coefficients equal to unity) will be adequate 
for the estimation of the correction term from meas
ured concentrations. In more difficult cases it 
would be appropriate to formulate the solute activ
ity coefficients as in eq. 9 and 13, using estimated or 
independently measured values of the coefficients. 
For the ideal-dilute solution approximation w e  have

(c W d ln  TOib)„l2b = vibRT (16)
dMi/dm2b =  (d /ii/dm 2a)m3a X d w 2a/d m 2b +

(d (it1/dm 3a)m2adra3a/dTO2b (17)
(d /ii/dm 2a)m3a =  —RTMivi1 (18)
(diii/dm3a)m2a = —RTMiVia (19)

dm3a/d»i2b = — (¡<ib X d)riib/dw.2b +  (20)
M i  and M 2 are the kilogram-molecular weights of 
the respective components. Equation 20 is ob
tained from the condition of equilibrium for trans
fer of component 3 from phase a to phase b. Then 
this approximation yields
ki = —(din  mib/dm2b) +  (v**/vib)Mi X dm2a/dm2b

— iliiAf3m3a(dmib/dm2b — ¡'2b/i ’ib) (21)
Evidently the first and second correction terms in
(2 1 ) arise from the solubilities of components 2 and 
3, respectively, in phase a.

(2) The limiting value of fcj as m2 =  0 may be 
combined with (d In 7 1/dm i)m! according to eq. 7 
to yield (d In y i/d m 2) mi,. The subscript is written 
as mis in this case to emphasize that the solubility 
procedure described determines (d In 7 i/dm2)m, for 
this particular value of m L, i .e . , for the saturation 
concentration of component 1 in the absence of com
ponent 2. Since the /ci employed is valid for m2 =  
0, (d In 7 i/dmi)M2 may be evaluated from data for 
tbe binary 1-3 system. In general, (d In 71/  
dmi)m2 = o is a function of mi, so the value at 
mu, should be used. If this derivative is not a func
tion of mi, then it reduces to In yi/ n ii and the cor
rection involved in this step (for the variation of 
mi in the measurement of fci) reduces to the self
interaction correction of Long and McDevit.4

(3) The limiting interaction coefficient may be 
determined from (d In yi/drn2)mis only if the de
pendence of this quantity upon concentration (m i) 
is known. There is no way to obtain this depend
ence if only solubility measurements are available 
for the ternary system, so in this step some sort of 
assumption must be made. For one thing, it may 
be hoped that if mis is small enough so that the In 71 
in the binary 1-3 system may be expressed without 
the use of terms in eq. 9 higher than the first power, 
then the higher order interaction terms will not 
be important either. It seems unlikely that this 
assumption will always be valid, but it may be 
tested in a particular case by proceeding both from 
measurements of ki and /c2. In the case of salt- 
non-electrolyte-wrater mixtures, the limiting inter
action coefficient with a given non-electrolyte 
ought to be an additive property of the ions of the 
electrolytes investigated.

Relation between the Solubility Interaction Coef
ficients.—McKay concluded,2 in the present ter
minology, that viki =  r2fc2, but his application of the
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thermodynamic relations was not exact in this in
stance. The exact relation between hi and Zs2 may 
be obtained by calculating the limiting interaction

coefficient from each of them and equating the re
sulting expressions. This reduces to McKay’s re
lation as mi, and m2, both become very small.

THE SOLUBILITY OF BONE MINERAL. I.
SOLUBILITY STUDIES OF SYNTHETIC HYDROXYLAPATITE1 11

By G eorge J. Levinskas2 and W. F. N euman

School o f M edicine and Dentistry, University o f Rochester, Rochester, N . Y.

R e c e i v e d  A u g u s t  6 ,  1 9 5 4

By moans of high speed centrifugation, which achieves an efficient separation of the basic calcium phosphates from aqueous 
solutions, the problem of the solubility of the bone mineral has been reinvestigated using a relatively pure sample of crystal
line hydroxylapatite. The steady state was approached satisfactorily from undersaturation and supersaturation. A num
ber of variables: time, solid/solution ratio, pH, Ca/P ratio, etc., were studied. The solubility (in water containing traces of 
chloroform) of hydroxylapatite at 1 g./l., 24°, p = 0.165 (NaCl), pH — 7.0 averaged 1.23 and 0.711 X 10“4 M  for Ca and 
P, respectively. This crystalline solid exhibited incongruent solubility, i.e., the solutions gave a higher Ca/P ratio than 
that present in the solid phase in most instances.

Numerous conflicting studies of the solubility of 
bone mineral have been reported.3-22 Not one of 
these studies has offered conclusive evidence that 
the system under study was at equilibrium or even 
reversible. By means of high speed centrifuga
tion, which achieves an efficient separation of the 
basic calcium phosphates from aqueous solutions, 
the problem has been reinvestigated. Evidence is 
presented that the system, under the conditions of 
the present study, is reproducible and reversible. 
If not at final equilibrium, the system at least at
tains the same end-point whether approached from 
supersaturation or undersaturation.

Experimental
Materials.—Because bone mineral itself is variable in 

composition and requires drastic treatment for its isolation, 
a relatively pure sample of commercial hydroxylapatite,

(1 )  A b s tr a c t e d  fr o m  th e  P h .D .  T h e s is  o f  G e o rg e  J . L e v in sk a s , J u n e , 
195 3 , U n iv e r s it y  o f  R o c h e s te r .

(2 ) A t o m ic  E n e rg y  C o m m is s io n  P r e d o c t o r a l  F e llo w , 1 9 4 9 -1 9 5 2 .
(3 )  N . B je r r u m , P a p e r  re a d  a t  t h e  N o r d ic  S c ie n t is t  M e e t in g  in 

H e ls in g fo rs , A u g u s t  11, 1 9 3 6 . T r a n s la te d  f r o m  th e  r e p o r t  o f  th e  
m e e tin g , 3 4 4 .

(4 )  C . B la re z , Corrupt, r e n d . , 103, 2 6 4  (1 8 8 6 ).
(5 )  A . A .  B r o w m a n , D o c t o r a l  T h e s is , U n iv .  o f  C h ic a g o ,  1953 .
(6 )  F .  K .  C a m e r o n  a n d  L . A . H u rs t , J. A m .  C h e m . S o c . ,  2 6 , 885  

(1 9 0 4 ).
(7 )  H . D a n n e e l  a n d  K .  W . F r o h lich , Z .  a n o r g .  a l lg e m . C h e m ., 188, 

14 (1 9 3 0 ) .
(8 )  Y .  E r ic s s o n , A c t a  O n d o n t .  S c a n d in a v i c a ,  8 , S u p p le m e n t  3 

(1 9 4 9 ).
(9 )  I .  G re e n w a ld , J. B i o l .  C h e m .,  143, 7 0 3  (1 9 4 2 ).
(1 0 )  E . H a y e k , F . M ü lln e r  a n d  K . R o l le r ,  Monalsh., 8 2 , 959

(1 9 5 1 ) .
(1 1 )  L . E . H o lt ,  J r ., V . K . L a M e r  a n d  II . B . C h o w n , J .  B i o l .  C h e m .,  

64, 5 0 9  (1 9 2 5 ) .
(1 2 ) P .  J o l ib o is  a n d  J . M a z e -S e n c ie r , C o m p t .  r e n d . , 181, 3 6  (1 9 2 5 ) .
(1 3 )  H . K le in m a n n , B i o c h e m . Z., 19 6 , 98  (1 9 2 8 ) .
(1 4 ) R .  K le m e n t  a n d  R .  W e b e r ,  B e r . ,  74B, 3 7 4  (1 9 4 1 ).
(1 5 )  R .  K u n in , K .  L .  E lm o r e  a n d  D .  L . J o h n so n , b a s ic  r e g io n  o f  

th e  s y s te m  c a lc iu m  o x id e -p h o s p h o r u s  p e n t o x id e -w a t e r  (u n p u b lis h e d  
r e s u lts ) .

(1 6 )  A .  C .  K u y p e r ,  J. B i o l .  C h e m ., 159, 4 1 7  (1 9 4 5 ) .
(1 7 ) M .  A . L o g a n  a n d  L . W . K a n e , i b i d . ,  12 7 , 7 0 5  (1 9 3 9 ) .
(1 8 ) M .  A . L o g a n  a n d  H . L . T a y lo r ,  i b i d . ,  125, 3 7 7  (1 9 3 8 ).
(1 9 ) C . L . A . S c h m id t  a n d  D .  M .  G re e n b e rg , P h y s i o l .  R e v . ,  15 , 297 

(1 9 3 5 ).
(2 0 ) J . S e n d ro y , J r ., a n d  A . B . H a s t in g s , J. B i o l .  C h e m ., 71, 783 

(1 9 2 7 ) .
(2 1 )  J . S e n d ro y , J r ., a n d  A . B . H a s tin g s , ib id . , 7 1 , 7 9 7  (1 9 2 7 ) .
(2 2 )  R .  W a r r in g to n , J. C h e m . S o c . ,  26, 9 8 3  (1 8 7 3 ).

the prototype mineral of bone,23'24 was used throughout 
the study. This particular preparation has been very 
carefully characterized by X-ray diffraction, electron micro
graphs, surface area measurements, etc.25 Its composition 
on analysis26 was as follows27: calcium, 38.0 0.2%; phos
phorus, 17.7 =F 0.2%, sodium, <0.01% and carbon dioxide 
0.86 =F 0.02%. The molar Ca/P ratio was 1.66, theoreti
cally correct for pure hydroxylapatite.

Except for the hydroxylapatite, reagent grade chemicals 
were employed. Distilled water was first boiled to remove 
dissolved CO2 and thereafter all transfers and operations 
were carried out under an atmosphere of nitrogen. To mini
mize bacterial growth, 6-7 ml. CHC1, per liter of solution 
was used. This procedure was successful as shown by the 
absence of bacterial colonies in sterile protein broth in
oculated with the contents of control flasks.

Procedure.—Hydroxylapatite, dried overnight -at 115° 
was weighed into glass-stoppered erlenmeyer flasks; a 
volume of CCL-free saline to give a solid/solution ratio of 1
g ./l., unless otherwise stated, was added under nitrogen; 
and the flasks were sealed with paraffin and parafilm. Three 
different saline solutions were used: initially 0.10 N  NaCl, 
later 0.165V NaCl and finally 0.165 N  KC1. The flasks were 
immersed in a water-bath at either 37 or 24° and rotated at 
21.6 r.p.m. After a suitable interval, customarily 10 days, 
the contents of the flasks were allowed to settle and the pH 
of the supernatant liquid was determined with a Cambridge 
electron-ray, Model R, pH meter. After centrifugation 
in a Spinco Model L centrifuge at 30,000 r.p.m. (approxi
mately 80,000 X gravity) the supernatant liquid was 
analyzed for calcium28 and phosphorus.22

Results
Reproducibility.— In preliminary experiments, 

the analyses of duplicate samples frequently gave 
widely divergent results. This variability was 
eliminated by two precautions: the addition of
CHCh to prevent bacterial growth and high speed 
centrifugation to ensure complete removal of sus
pended solids. A few of the earlier reports1116'17 
commented on the problems of bacterial con
tamination. Colloidal suspensions of hydroxyl
apatite which resist ordinary centrifugation have

( 2 3 )  S .  E i s e n b e r g e r ,  A .  Lehr m a n  a n d  W .  D .  T u r n e r ,  Chem. Revs., 
26, 2 5 7  ( 1 9 4 0 ) .

( 2 4 )  W .  F .  N e u m a n  a n d  M .  W .  N e u m a n ,  ibid., 53, 1 ( 1 9 5 3 ) .
( 2 5 )  W .  F .  N e u m a n ,  e d . ,  A t o m i c  E n e r g y  R e p o r t ,  U R - 2 3 8  ( 1 9 5 3 ) .
( 2 6 )  M .  L .  W a s h b u r n  a n d  M .  J .  S h e a r ,  J. Biol. Chem., 9 9 ,  21  

( 1 9 3 2 ) .

( 2 7 )  T h e  C O 2 d e t e r m i n a t i o n s  w e r e  p e r f o r m e d  b y  M i s s  B .  J . M u l r y a n  
a n d  t h e  N a  a n a ly s e s  b y  M r .  W .  R .  S t o l l ,  b y  g r a v i m e t r y  a n d  f la m e  
p h o t o m e t r y  r e s p e c t i v e l y .

( 2 8 )  J .  H .  R o e  a n d  B . S .  K a h n ,  J. Biol. Chem., 8 1 ,  1 ( 1 9 2 9 ) .
( 2 9 )  C .  H .  F is k e  a n d  Y .  S u b b a l t o w ,  ibid., 6 6 ,  3 7 5  ( 1 9 2 5 ) .
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also been noted previously.7121314 In this study, 
three methods for separating solid from solution 
were tried: ultracentrifugation; the use of dialysis 
tubing; and filtration through very fine-pore, sin
tered glass filters. Of the three methods, ultracen
trifugation proved most reliable. Dialysis bags 
frequently developed small, unseen tears during 
agitation. Only a few, selected sintered glass fil
ters gave reproducible results. Under ideal condi
tions, however, all three methods gave comparable 
values. It seems most improbable that this agree
ment was fortuitous; rather, it is most likely that 
all three methods effectively remove all suspended 
solid and the results of analyses represent true 
solution values.

Time to Attain Equilibrium.— It may be ques
tioned whether the hydroxylapatite/water system 
ever attains a final equilibrium in the strict thermo
dynamic sense because the mineral phase under
goes spontaneous recrystallization.30 Earlier work
ers in an attempt to reach a steady state have 
equilibrated their samples for as long as 19 
months.31 For practical purposes, a reproducible 
end-point was reached promptly and remained un
changed, within experimental error, from one to 77 
days. Perhaps the reason such long equilibration 
periods were necessary in earlier studies is that the 
solid phase employed was not an aged, crystalline 
preparation as used here.

Reversibility.— Many attempts have been made 
to reach the same solubility end-point from both 
supersaturation and undersaturation conditions. 
Only two8-16 were claimed to be successful. In 
these instances, the variability of the results left 
much to be desired.

Because, as shown later, the solubility results are 
dependent on many variables difficult to control, it 
was possible only after exhaustive study to select 
the conditions under which true reversibility could 
be attained. For example, the pH, the solid/solu- 
tion ratio, the composition of the crystalline sur
faces, and the ionic strength must be nearly identi
cal in the final state whether initial conditions were 
undersaturated or supersaturated. The results of 
the reversibility experiments are given in Table I. 
For comparison, the results of the two earlier inves
tigations8’16 and the data in Table I are presented 
graphically in Fig. 1.

Solid/Solution Ratio.—Any substance exhibit
ing a definitive K sp dissolves to give solution values 
at equilibrium that are independent of the amount 
of solid phase used. In Table II are the results 
obtained when the solid/solution ratio was varied 
from 0.01 to 100 g./l. Comparison of the results 
of the present study with those of earlier investiga
tions24 is difficult, yet a general relationship clearly 
exists: with increasing amounts of solid, the con
centration of dissolved calcium rises sharply; at 
low solid/solution ratios, the dissolved phosphate 
parallels that cf calcium but decreases sharply at 
higher solid solution ratios.

Common Ion Effects.—One would expect that 
addition of calcium ion to the solution before 
equilibration would depress the solution of phos-

(30) W .  F . Neuman and B . J . Mulryan, J .  B i o t .  Chem., 1 9 5 , 843
(1952).

(31) H. Bassett, J .  C h e m . S o c . ,  Ill, C20 (1917).

T a b l e  I
E quilibrium A pproached from U ndersaturation and 

Supersaturation

10 grams of solid per liter of solution; initial solution 0.16 A, 
composed of 0.15 N KC1 plus 0.01A K barbital-barbituric 

acid buffer; equilibrated 10 days at 24°.
Before equilibration

M  Ca/1. M  P/l. 
pH (X 104) (X 104)

After equilibrati 
M  Ca/1. 

pH (X 104)
on
M  P/l. 
(X 109

Undersaturation
7.42 0 0 7.30 3.02 1.35
7.42 0 0 7.33 2.94 1.33
7.42 0 0 7.27 2.82 1.44

Supersaturation
7.43 4.42 2.11 7.28 3.27 1.28
7.43 4 .42 2.11 7.28 3 12 1.33
7.43 4.42 2.11 7.27 3.14 1.33

phate ions and, conversely, addition of phosphate 
ions would suppress the solution of calcium ions. 
Such a common ion effect has been observed3'18’19'21 
although quantitative agreement is lacking. A

o
H

X

o
P

Fig. 1.—A comparison of undersaturation and super
saturation experiments. Data from Ericsson designated 
by circles, from Kuyper by triangles, from the present study 
by squares. Open figures indicate that the final state was 
approached from undersaturation, solid figures from super
saturation.

series of flasks were prepared containing 1 g. of hy
droxylapatite per liter of 0.165 N  NaCl. Additions 
of CaCl2 or NaH2P04 were arranged to give the 
following initial concentrations of Ca/P (y /m l.):
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T a b l e  II
E f f e c t  o f  S o l i d  t o  S o l u t i o n  R a t i o s  o n  t h e  D i s s o l u t i o n  o f  H y d b o x y l a p a t i t e

Equilibrated 10 days at 24° 
Final

G. solid/l. pH
in 0.165 N  NaCl 
M  Ca/I.
(X 10*)

M  P/l. 
(X 10*)

Equilibrated 10 days at 24 
Final

G. soiid/1. pH
0 in 0.165 N  KC1 
M  Ca/1. M  P/l. 
(X 10<) (X 10<)

100 6.58 15.89 0.968 100 6.70 10.97 1.16
90.8 6.51 15.74 0.995 99.8 6.62 11.35 1.14
30.3 6.74 8 .33 1.10
30.4 6.61 8.61 1.16
10.1 6.99 4.49 1.09 10.0 6.75 3.42 1.48
9.91 6.84 4.57 1.18 10.1 6.80 3.32 1.28

5.00 6.83 2.67 1.35
5.02 6.77 2 .56 1.39
3.01 6.78 1.93 1.13
3.02 6.73 1 .96 1.19

2 .96 6.82 2.38 1.03
2.97 6.83 2.41 0.995

1.05 6.63 1.21 0.730
1.00 6.90 1.14 0.739

0.976 7.15 1.34 0.749
.808 6.63 1 .09 .594
.296 7.16 1.01 .542
.297 6.73 1.07 .578
.109 6.73 0.666 .381
.100 6.58 .756 .387
.0349 6.70 .579 .303
.0289 6.84 .549 .276
.0114 6.27 .509 .262
.0109 6.40 .489 .224

1000/0, 100/0, 10/0, 0 /0 , 0 /10 , 0 /100 , 0/1000. 
After 10 days of equilibration at 24°, the results 
given in Table III were obtained. A reciprocal re
lation between calcium and phosphate was observed 
but it did not conform to any known principle of 
solubility. One interesting correlation to be noted 
is that the addition of calcium ions depressed the 
equilibrium pH while addition of phosphate ions 
raised the pH.

T a b l e  I I I

E f f e c t  o f  C o m m o n  I o n s  o n  t h e  D i s s o l u t i o n  o f  H y d r o x -

Y L A P A T IT E  (U L T R A C E N T R IF U G A T IO N  E X P E R I M E N T S )

1 gram solid per liter 0.165 N NaCl; equilibrated TA  days
at 24°

Initial concn. Final concn.
M / \ . (X 10*) 

Ca P
M / 1. (X 10*) 

Ca P
Final
pH

25.0 25.4 0.144 6.27
25.0 22.2 0.159 6.32

2 .50 3.17 0.465 6.68
2.50 3.17 0.400 6.76
0.250 1.38 0.629 6.80
0.250 1.24 0.604 6.58

1.14 0.697 6.69
1.21 0.675 6.95

0.322 1.02 0.891 6.87
0 322 1.13 0.849 6.84
3 .22 0.594 3.21 7.24
3 .22 0.760 3.20 7 .29

32.2 0.178 32.9 7 .86
32.2 0.163 32.0 7 .90

Effect of pH.—To test the effect of varying pH, 
small amounts of HC1 or NaOH were added to the 
saline solutions before equilibration with the hy- 
droxylapatite. The results, given in Table IV, show 
that the mineral phase exerted a buffer-like action 
causing the pH to shift toward neutrality during

equilibration. The quantities of calcium and phos
phate which were dissolved decreased markedly 
as the pH increased. The only general relationship 
between pH and solubility collected from the litera
ture has been given by Hodge.32 His composite 
curve can be described by the relation [Ca++] /  
[H+] — K .  This empirical rule also describes the 
results of the present study as shown in Fig. 2. The

T a b l e  I V

E f f e c t  o f  p H  C h a n g e s  o n  t h e  D i s s o l u t i o n  o f  H y d r o x y l -  

a p a t i t e

1 gram solid per liter 0.165 N NaCl; equilibrated lO’ /s days 
at 24°

--------------pH—
Initial
(calcd.) Final

M  CaA. 
(X 10*)

m  pn.
(X 10<)

2.01 5.85 69. 40.3
2.01 5.67 70.7 42.9
2.82 6.22 11.3 6 .16
2 .82 6.34 11.8 6.26
3.30 6.68 4.62 2.25
3.30 6.68 4.62 2.18
5.00 6.88 1.26 0.646
5.00 6 .54“ 1.29 0.646

6.82 1.36 0.739
6.78“ 1.23 0.649

9.00 6.81 2 .26 1.14
9 .00 6.87 1.70 0.891

10.00 6.80 0.8216 0.526
10.00 6.83 1.03 0.613
10.70 8.16 0.211 0.381
10.70 7.54 0.203 0 381
11.00 8.50 0.108 0.381
11.00 8.59 0.139 0.381

“ Questionable reading. b Approximate value.
(32) H. C. Hodge, “ Metabolic Interrelations,” Josiah Macy Jr., 

Foundation, New York, 3rd Conference, 1951, p. 190.
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reciprocal relation between calcium and hydrogen 
ions has been attributed to a mole for mole ex
change process occurring at the crystal: solution 
interface25 and explains the pH changes described 
above.

Calcium: Sodium Exchange.— In most of the 
experiments described above, NaCl was used to 
maintain a constant ionic strength. It seemed 
advisable to reinvestigate the extent to which 
sodium ion influences solubility. Accordingly, a 
series of flasks were prepared with varying amounts 
of hydroxylapatite and with KC1 as the supporting 
electrolyte in the solution. These data, with com
parable results using NaCl, are given in Table V. 
The principal effect of sodium ion was to increase 
the amount of calcium displaced or dissolved from 
the crystals. Slight compensatory changes were 
observed in the amounts of phosphate dissolved. 
These results are consistent with subsequent studies 
which have shown that sodium ions can, to a lim
ited extent, displace surface calcium ions in hy
droxylapatite by a mole for mole exchange proc
ess.33

T a b l e  V

E f f e c t  o f  S o d i u m  I o n  o n  t h e  D i s s o l u t i o n  o f  H y d r o x y l -

a p a t i t e

Equilibrated 10 days at 24°

G.
solid/1.

0.165 N  NaCl solutions 
Final M  Ca/1. M  P/l. 
pH (X 104) (x  104)

0.165 N  KC1 solutions 
Final M  Ca/1. M  P/l. 
pH (X  10*) (X  10*)

100 6.58 15.89 0.968 6.70 10.97 1.16
30 6.74 8.33 1.10
10 6.99 4.49 1.09 6.75 3.42 1.48
5 6.83 2.67 1.35
3 6.82 2.38 1.03 6.78 1.93 1.13
1 7.15 1.34 0.749 6.63 1.21 0.730
0.3 7.16 1.01 0.542
0.1 6.73 0.666 0.381
0.03 6.70 0.579 0.303
0.01 6.27 0.509 0.262

Discussion
There has been considerable disagreement as to

the chemical nature of the bone mineral.24 It is 
not surprising, therefore, that its solubility has re
mained controversial.'2 The solubility properties 
of the bone mineral are important physiologically, 
however, for many theories regarding the calcifi
cation process postulate a 'precip ita tion . In addi
tion, some rules of solubility, however complex, 
must govern the rapid interchange and turnover of 
bone mineral in the presence of fluctuating serum 
levels of calcium and phosphate.

The purpose of the present study was to re-exam
ine the problem, starting with a well-defined mate
rial. The first criterion established was the attain
ment of a reproducible system, one that could be 
duplicated regularly. The agreement of the three 
different procedures for separating the solid from 
the solution: ultracentrifugation, sintered glass 
filters, and dialysis tubing, are conclusive proof 
that the solutions did not include suspended mat
ter.

The second criterion was the demonstration of 
the attainment of equilibrium. The consistent solu-

(33) Wm. Stoll, F e d e r a t i o n  P r o c . ,  13, 306 (1954).

Fig. 2.—The general interrelation between calcium con
centration and pH. The line is that predicted by Hodge’s 
empirical rule (see text). Data from Ericsson designated 
by solid circles; data from common ion experiments by open 
circles; varying pH experiment by X ; from varying solid/ 
solution experiment by triangles.

tion values obtained with varying time and the 
comparable results of the undersaturation and su
persaturation experiments meet the usual require
ments of equilibrium state. However, there is rea
son to doubt that true thermodynamic equilibrium 
was attained. For present purposes, it is sufficient 
that a reproducible steady state was realized.

Having met these two criteria, a range of widely 
varying conditions were investigated, a range suf
ficiently wide to encompass the scattered observa
tions of previous investigators.

The most significant finding was that solubility 
varied with the amount of solid phase added to a 
given volume of solution. This oft-observed phe
nomenon, in the present instance, is real evidence 
that the hydroxylapatite lattice exhibits incongru- 
ent solubility; it does not conform to a solubility 
product. This is not surprising since the solid 
phase is not of constant composition.24

The common ion effect, too, supports this same 
conclusion. There was no simple relation between 
calcium and phosphate concentrations after equili
bration.

The effect of varying pH was consistent with the 
idea of incongruent solubility. While there was 
considerable variation, the data were best approxi
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mated by Hodge’s empirical rule, [Ca ++]/[H  + ] — 
K ,  a relation that cannot be derived from solubility 
product considerations.

In an absolute sense it is important that the con
centrations of calcium and phosphate dissolved 
were roughly on e tenth  those observed in  vivo. It is 
clear that it is the presence of ions “ foreign”  to the 
hydroxylapatite lattice that determine the solubil
ity of bone mineral in the living animal. The in-

crcascd solubility in solutions containing sodium 
ion as compared with potassium solutions is evi
dence derived from the present study. A similar 
effect has been observed for citrate10 and bicarbon
ate.8 It is reasonable to suppose that magnesium24 
and ester phosphate compounds34 also increase the 
solubility of bone mineral.

(3 4 )  V . D .  D iS te fa n o  a n d  W . F . N e u m a n , J. Biol. Chem., 2 0 0 , 759
(1 9 5 3 ) .

THE COMPLEX CONDUCTIVITY OF A SUSPENSION OF STRATIFIED 
PARTICLES OF SPHERICAL OR CYLINDRICAL FORM1

B y  H ugo F ricke

Walter B. James Laboratory for Biophysics, Biological Laboratory, Cold Spring Harbor, N. Y.
Received August 16, 1954

A theoretical expression is derived for the complex conductivity of a dilute suspension of spheres or cylinders (arranged 
perpendicularly to the field), composed of concentric or coaxial layers of conducting dielectrics. The expression is also 
valid at higher volume concentrations, provided the average polarizing field acting on a suspended particle equals the average 
polarizing field in the suspending medium, i.e., it has the value underlying the derivation of the well known Clausius-Mosotti 
form conductivity equation for a suspension of homogeneous particles.7 The suspension is equivalent to a ladder type net
work of complex conductances, each of which is the product of the complex conductivity of the associated phase of the system 
and a purely geometric factor. The effect of volume concentration in the spherical expression was found in good agreement 
with existing observations on the permittivity of suspensions of various species of biological cells.

The dielectric properties of suspensions of hetero
geneous particles have already been studied theo
retically on some simple cases,2“6 treated particu
larly as basis for the dielectric analysis of biological 
cell materia). Because of the experimental de
velopment of this field in the ultrahigh frequency 
region, it has become desirable to extend the theory 
and the following generalization of an earlier 
model was worked out to meet this need. The prob
lem considered is that of the complex conductivity, 
in an alternating field, of a suspension of spheres or 
cylinders, built up of any number of concentric 
or coaxial layers of conducting dielectrics. The 
axes of the cylinders are perpendicular to the field.

When the suspended particles are homogeneous, 
the complex conductivity fc(1) =  o-(1) +  /(e (l)/ 2 ) /  of 
the suspension can be represented by formula (1 ) 
below,6-7 in which k0 =  <ro +  j ( e 0/ 2 ) f  and k \  =  
<t'i +  j U \ / 2 ) f  are the complex conductivities of 
suspending and suspended phases and v is the frac
tional volume of the suspended phase. The terms a 
and e represent conductivity (in the C.G.S. sys
tem) and dielectric constant, /  is the frequency in 
cycles/sec., andy =  ( —1) ’A

Formula (1 ) rests on firm theoretical basis only 
wThen the volume concentration is vanishingly 
small. At higher volume concentrations, its deri
vation requires the assumption, for which no strict 
proof has yet been given, that the average polariz
ing field acting on a particle equals the average po
larizing field in the suspending medium.7 For

(1 ) Aided by a contract between the Office o f  Naval Research and 
the University of Pennsylvania, N.R. 119-289.

(2) H. Fricke, Phys. Rev., 26, 678 (1925).
(3) H. Fricke and S . Morse, J. Gen. Physiol., 9, 153 (1925).
(4) K . S . Cole, ibid., 12, 29 (1928).
(5) H. Fricke, J. Appl. Phys., 24, 644 (1953).
(6) J. C. Maxwell, “A Treatise on Electricity and Magnetism,” 

2nd Ed., Clarendon Press, Oxford, 1881, p. 402.
(7) H. Fricke, Phys. Rev., 24, 575 (1924).

spheres, this means that the particles are assumed 
to be in the Lorentz field. For higher volume con
centrations, this requirement limits the possible 
theoretical validity of the formula to uniform sus
pensions of identical particles but, when care has 
been taken to approximate this condition, the for
mula has been found to agree well with experimental 
observations on spherical systems, up to concentra
tions near total packing8-9

(* (I> -  fco)/(fc(1) +  xka) = v(W  -  h ) /( fe ' +  xk0) (1)

The formula contains a form factor x , the value of 
which is x  — 2 for spheres, x  =  1 for cylinders.6-7

The formula can be written
i (1) =  x(l  — v)k0/(x +  v) +  [(1 — v){x +  v)/

(1 +  x)*vko +  (x +  t>)2/ ( l  +  xYvk,'] _I (2)

which shows that /r,(1) can be represented by a net
work of three complex conductances—v iz ., those 
represented by the different terms of formula (2)— 
each of which is proportional to the complex con
ductivity of the associated phase of the system and 
a purely geometric factor. The network is shown 
in Fig. la, with

X0 — x (l — v)k0/(v +  x ) (3)
Yo =  (I +  x)2vk0/(l — v)(v +  x) (4)

X', =  (1 +  x)2vkf/(v +  x )2 (5)

The problem of the conductivity of a system 
composed of a compound spherical conductor, 
built up of a spherical core (radius a2, conductivity 
W )  surrounded by a shell (radius (a , — a2), con
ductivity /ci), placed in a conducting medium in a 
constant field, was treated by Maxwell,6 who 
showed that the sphere is electrically equivalent 
to a homogeneous sphere of radius ai and con-

(8 )  H . F r ic k e  a n d  S . M o r s e ,  ibid., 2 5 , 361  (1 9 2 5 ) .
(9) H. Fricke, T his J o u r n a l , 57, 934 (1953).
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ductivity k\" given by the following formula with 
x  =  2
ki" = ki[{xki +  k2)aix+i -  x(h -  h ’)af+'}/

[(xA'i +  fe')aiI+l +  (ki — k,)a2x+̂ ] (6)

The formula was derived for the real case, but is 
valid for complex variables.

The corresponding cylindrical case can be dealt 
with in a similar manner, whereby formula (6) is ob
tained with a; =  1 .

By replacing fc/ of formula (2) by ¡u " , we obtain 
the conductivity fc(2) of a dilute suspension of the 
compound particles. The formula thus obtained is 
valid also at higher volume concentrations, pro
vided the local field can be obtained in the manner 
stated above. It follows that fc(2> can be represented 
by the network of Fig. la, when and F0 are cal
culated from formulas (3) and (4) as before, while 
AT/ is calculated from formula (5) after k /  has been 
replaced by h " .

Formula (6) can be written
h" = xkx{af+l — a2x+,)/(xa,x+1 +  a2x+1) +

\{xa,x+l +  af+')(a1x+l -  a2x+1)/(x +  l ) !(a,a2)*+1/c,
+  ( x a , * +1 +  a 2* + , ) 7 ( x  +  l ) 2( a i a 2)I + , /r2' ] " 1 ( 7 )

This formula shows that k ,"  can be represented 
by a network similar to that of Fig. 1 a and by mak
ing use of this it will be recognized that k (i) can be 
represented by the network of Fig. lb with s = 2. 
The network is composed of five complex conduct
ances, including X 0 and To as given above and
A'] =  x(l +  ar)2lai;r+1 — a2x+')vkj

(.r +  v)2(xa,x+1 +  n»x + ]) (8)
Fi =  (1 +  r )4(aia2)I+1.rfci/

(x +  t>)2(aiI+1 — a2I+,)(xap+1 +  a2z+') (9) 
X,' = (1 +x)\a1a1)*+'vki,/(x +  i02(xa,*+1 + a2x+')2 (10)

The field inside the core of a suspended com
pound sphere or cylinder, composed of any number 
of concentric or coaxial layers, is constant and par
allel to the external field. The treatment given 
can therefore be extended to this general case and 
we find that the conductivity fc(8) of a suspension of 
spheres or cylinders composed of s sections can be 
represented by the ladder-type network of Fig. lb 
and expressed by the continued fraction

Aw = Xo +

T o '1 +

Ah +

r , - 1 +  ■

x m + ■
r->  +  - - - -

A",
( i i )

in which each one of the complex conductances Â m 
and Fm is the product of the complex conductivity 
of the associated phase of the system and a purely 
geometric factor. The values of AT, F0, Ah and F, 
have already been given. Form ^  2; s §; 2

X „  = (xv,kmcm/bm) || (x +  1 )2(an-i  X

( 1 2 )

Fig. 1.—Electric diagrams of suspensions of (a) homo
geneous and (b) stratified spheres and cylinders. The 
values of the complex conductances X„ and Ym are given 
in the text.

n =  m  +  1

Ym = (»]bmkm/cm) || (x -(- 1 )2(a„_i X a„)I+7l>bi-i
n — 2

(13)
n =  s

AY = Vik." || (x +  n 2(c„_, x  a„)x+'/b2„.., (14)
n = 2

Where
v, =  (1 Y  x)2 x  v/{x +  v)2 (15)
hm = xax+' +  a*+h  (16)
Cm = a£+l — axm%\ (17)

The case of a homogeneous sphere or cylinder 
covered with a thin, relatively poorly conducting 
homogeneous membrane (thickness h) is calculated 
from formula ( 1 1 ) with s = 2 and

Xi = 0 (18)
F, = (1 +  x)2vaiki/U(v +  x)2 (19)
Ah' = (1 +  x)2vk2'/{v + x)2 (20)

Two special cases are considered: (1) The con
ductance of the membrane is negligible and the 
conductivities Ay and kt are real 

ct<2> = /?„-> +  R r l(2irR{C„J)2/(l +  (2wRiCmf)z) (21) 
e(2> -  iirCm/{\ +  (2ttR.CmfY) (22)

where
lit) =  (v + x)/(x( 1 -  ?’)<r„ (23)

Ri = (l — v)(v + x )/(l +  t )2v<t0 +
(v +  x)2/ ( l  +  x.)ha2 (24) 

Cm = (1 +  x)*a,ve,/4rt,(v +  x)2 (25)
(2) The conductance and admittance of the mem
brane are negligible
e(2) = x(l — v)e0/(v + x) +

(1 +  x)2a,v e,/t,(v +  x)2 (26)
The low frequency electric behavior of suspen

sions of spherical biological cells can generally be 
represented by the simple model just consid- 
erd. 10- 17 We shall use this material for a prelimi-

(1 0 ) H. F r ic k e , Nature, 172, 731 (1 9 5 3 ).
(1 1 ) H . F r ic k e , P h y s . R ev., 26, 682  (1 9 2 5 ).
(1 2 ) I I .  F r ic k e , P h y s ic s ,  1, 106 (1 9 3 1 ).
(1 3 )  H . F r ic k e  a n d  H . J. C u rt is , N a tu re , 134, 102 (1 9 3 4 ).
(1 4 ) H . F r ic k e  a n d  H . J. C u rt is , i b i d . ,  13 5 , 4 3 6  (1 9 3 5 ).
(1 5 ) K . S . C o le , J. Gen. Physiol., 15, 641 (1 9 3 2 )
(1 6 )  K . S. C o le , i b i d . , 18, 877  (1 9 3 5 ).
(1 7 )  K . S. C o le  a n d  R . H . C o le , ibid., 1 9 , 609  (1 9 3 6 ).
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Volume concn.
Fig. 2.—Dielectric constant of biological cell suspensions 

of different volume concentrations: O, spherical rabbit 
erythrocytes (4.7 n dia); □ ,  sacch. cerevisiae (5.5 y dia); 
A , rabbit leucocytes (dia. 10.5 m) ; solid curves, calculated 
from formula (26) in the text.

nary test of the validity of the theoretical treatment 
in the high volume concentration region. In Fig. 2 
are recorded observed dielectric constants10 of sus
pensions of different volume concentrations of three 
species of (approximately) spherical cells of this 
type (the erythrocytes, which are normally flat 
discs, were transformed to spheres by chemical 
treatment, as described in ref. 10), measured at 
16 kc./sec., at which frequency the admittance of 
the membrane of all these cells is negligible com
pared with that of the cell interior. Formula (26) 
may therefore be applied with x =  2 , and the solid 
curves were calculated by adjusting, for each spe
cies of cell, the constant parameter of this formula 
to give the best fit with the experimental points. 
The dielectric constants of the suspending salt solu
tions were practically equal to the dielectric con
stant of water e0 =  80 (21°). The agreement with 
the experimental points is satisfactory, over the 
whole range of volume concentrations studied, 
which for the case of the erythrocytes extended to 
total packing. Further experimental support is 
thus obtained for the validity of the Lorentz inter
nal field in spherical suspensions, in which the sus
pended particles are so nearly alike as was the case 
in these experiments.

STUDIES ON COORDINATION COMPOUNDS. XI. FORMATION 
CONSTANTS OF SOME TERVALENT IONS AND THE THORIUM(IV) ION 

WITH THE ACETYLACETONATE ION1
By Reed M. Izatt,2 W. Conard Fernelius, C. G. Haas, Jr., and B. P. Block

Contribution from the College of Chemistry and Physics, The Pennsylvania State University
Received August 16, 1954

Stepwise, thermodynamic formation constants have been determined in water at 30 ° for the reaction of the acetylacetonate 
ion with La3+, Nd3+, Sm3+, Eu3+, Y 3+, Sc3+, In3+, Al3+, Th4+, Ga3+ and Fe3+ (listed in order of increasing values of the first 
formation constants). The determinations were made potentiometrically using glass and saturated calomel electrodes. 
A method is given which enables one to make the Ga3+, Al3+ and Th4+ determinations without the interference of hydrolysis. 
In the case of iron a platinum electrode in the presence of Fe2 + and Fe3 + was used to measure Fe3 + activity, and a correction 
was made for the hydrolysis of the Fe3+ ion. Plots of the logarithm of the first formation constant vs. (1) electronegativities 
(in the case of Pr3+, Y 3+, Sc3+, Al3+, Ga3+, In3+ and Fe3+), (2) third ionization potentials (in the case of La3+, Ce3+, Y 3+, 
Sc3+, Al3+, Ga3+, In3+ and Fe3+) and (3) atomic number (in the cases of La3+ and the rare earths) are straight lines.

Introduction
Previous investigators3“6 have attempted to es

tablish general relationships between the stability 
of metal chelate species and other significant proper
ties of the metal ion. For the metal derivatives of 
dibenzoylmethane,6’7 a plot of the logarithm of the

(1 ) F r o m  a  d is s e r ta t io n  p r e s e n te d  b y  R e e d  M .  I z a t t  in  p a r t ia l  fu l 
f il lm e n t  o f  t h e  r e q u ir e m e n ts  f o r  t h e  d e g re e  o f  D o c t o r  o f  P h ilo s o p h y , 
A u g u s t ,  1954 .

(2 )  M e llo n  In s t it u t e  o f  In d u s tr ia l  R e s e a rc h , P it t s b u r g h  13, P e n n s y l 
v a n ia .

(3 )  M .  C a lv in  a n d  N .  C . M e lc h io r ,  J. Am. Chem. Soc., 7 0 , 3 2 7 2  
(1 9 4 8 ) .

(4 )  A . E . M a r t e ll  a n d  M .  C a lv in ,  “ C h e m is t r y  o f  t h e  M e t a l  C h e la te  
C o m p o u n d s ,”  P r e n t ic e -H a l l ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  1952 , p p .  1 8 1 -  
20 6 .

(5 ) L . G . Y a n  U ite r t , W .  C . F e rn e liu s  a n d  B .  E .  D o u g la s , J. Am. 
Chem. Soc., 7 5 , 2 7 3 6 . 2 7 3 9 , 3 8 6 2  (1 9 5 3 ).

(6 ) R .  M .  I z a t t ,  W .  C . F e rn e liu s  a n d  B . P .  B lo c k ,  T h is  J o u r n a l , 
5 9 , 80  (1 9 5 5 ).

(7 ) L . G . V a n  U ite r t , P h .D .  T h e s is , T h e  P e n n s y lv a n ia  S ta te  
U n iv e rs ity , 1952 .

first formation constant, log K ( „  (measured in 75 
volume per cent, dioxane at ionic strength ^ 0  and 
t =  30°) vs. the electronegativity8 of the metal ion, 
I m , gives a series of straight lines, one for each 
charge type. Since only three tervalent ions had 
previously been studied, the present investigation 
was undertaken to extend the knowledge of the be
havior of such ions. Acetylacetone, HCh, was 
chosen as the chelating agent and water as the solv
ent in order to have smaller formation constants 
and thus to permit the study of a larger number of 
ions.

Experimental Procedure
Weighed quantities of Nd2Os (99.9%, pure, Research 

Chemicals, Inc., Burbank, California, Lot No. 222), Sm20 3 
(99% pure, Lindsay Light and Chemical Co., W. Chicago,
111., Code No. 822) and Eu20 3 (Dr. L. L. Quill, Michigan 
State College) were dissolved individually in known amounts 
of standard HC104. The Sc(C1 0 4 )s solution was prepared

(8) M. Haissinsky, J . phys. radium, [8] 7, 7 (1946).
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from Sc2(S04)3 (Fordomes Trading Co., Arlington, N. J.) by 
adding BaC03, filtering and adding a known volume of 
standard HC104. The Sc3+ was determined by precipitat
ing the oxide with ammonia, filtering, igniting and weigh
ing as_ Sc20 3. The La(N03)3 solution was prepared by 
dissolving C .p . La(N03)3 (Eimer and Amend) in water. 
The La3+ was determined by precipitating the oxide with 
ammonia, filtering, igniting and weighing as La20 3. Weighed 
quantities of Y (King Products Co., Arlington, N. J.), 
In (Fordomes Trading Co.), Ga (King Products Co.), 
and Fe wire (99.8% pure, Merck) were dissolved in known 
amounts of standard HC104. The Fe2+ was partially oxi
dized to the Fe3+ state with 30% H20 2 and the Fe2 + deter
mined by titrauon with standard KMn04. A standard Th- 
(N 03)4 solution was prepared by dissolving Th(N03)4-4H20  
(Hooper Chemical Co., Rutherford, N. J.) in water; Th4 + 
was determined by precipitating Th(C2C>4)2, igniting it, and 
weighing the Th02. The acetylacetone, HCh, (Eastman 
Kodak Co.) was shown to be pure by checking the refrac
tive index (reported 1.45178, observed 1.4518).

Although, as will be shown in the discussion, the same 
procedure was not followed in every determination, the 
general procedure was as follows. Solutions containing at 
least four equivalents of HCh to one of metal ion were 
diluted to 100 ml. with water, and titrated with standard 
NaOH (0.1 to 1.0 N depending on the metal ion concen
tration). A glass electrode (Beckman, Type E. No. 1190- 
80), a saturated calomel electrode (Beckman No. 1170), 
and, in the case of iron, a platinum electrode were placed 
in the solution. A Beckman Model G pH meter was used 
to measure pH and e.m.f. The meter was checked periodic
ally against Beckman pH 4.01 and pH 6.98 buffer solutions. 
The solutions were stirred continuously, and the tempera-, 
ture was maintained at 30.0 ±  0.1° during the titrations. 
Sufficient time was allowed between successive additions of 
base to obtain constant pH readings. The titrations were 
continued until precipitation occurred. An inert atmos
phere of nitrogen in the titration flask was maintained 
during the iron determination.

Calculations.—The constants were calculated as 
described previously.9 Three sets of n  and 
[Ch~] (Ch~ =  acetylacetonate ion) values were 
taken at or near n  =  y 2, 1.5 and 2.5, except in the 
case of Th4+, -where additional values were taken at 
n  ~  3.5. An extension of the equations developed 
by Block and McIntyre10 gave expressions for N  =
4. In cases where precipitation occurred before 
n  ~  2 .2 , two values were taken in the n  range of 1 
to 2 and no third constant was calculated.

The constants are tabulated in Table II. In the 
cases of La3+, Eu3+ and Ga3+ two determinations 
were made at different [M3+]. From previous de
terminations of the Ce3+ and Pr3+ values9 the pre
cision of the rare earth and Y 3+ values reported in 
this paper is estimated to be approximately ± 0.10 
in the log for iff, and ±0.15 in the log for K { ,  and 
iff,. The Sc3+, In3+; Al8+ and Ga3+ values are of 
somewhat less precision, probably about ± 0.20 in 
the log, and the Fe3+ values are least well known, 
the precision being about ±0.3 in the log.

Discussion
Because of the hydrolysis of several of the metal 

ions studied, the determination of n  and [Ch~] val
ues in those cases presented considerable difficulty. 
Hydrolysis of the metal ion releases protons to the 
solution, and it is necessary either (1 ) to be certain 
that a negligible concentration of protons is being 
released or (2) to correct in some manner for the 
protons released, if their contribution to the total

(9 ) R .  M .  I z a t t ,  C . G . H a a s , J r ., B .  P . B lo c k  a n d  W . C . F e rn e liu s , 
T his J o u r n a l , 58, 1133 (1954).

(10) B .  P . B lo c k  a n d  G . H . M c I n t y r e ,  J r ., J. Am. Chem. Soc.t 7 5 , 
5667 (1953).

[H + ] is appreciable. Three methods were utilized 
to achieve (1) and (2). These methods are given 
below using as examples the metal ions involved. 
It is recognized that the ions discussed below are all 
hydrated; however, for simplicity and because the 
exact degree of hydration is not known no further 
mention is made of hydration in the discussion.

Estimation of Degree of Hydrolysis by Calcula
tion.—Hydrolysis “ constants” 11 Qnhyd, for the 
reaction

M "+ ^ z i: M (O H )t"-»+ +  H + (9)

have been reported by Moeller12 for M n+ =  In3 + 
by Sidall and Vosburgh for M n+ =  Fe3+ 13 and by 
Kilpatrick and Pokras for M n+ =  Sc3+.14

To determine if the concentration of protons re
leased is negligible, one may take the values for 
the molarity quotients, Qf, and which are calcu
lated in the case of M 3+, assume that the only spe
cies containing M s+ are M (O H )++, M 8+, MCh++ 
and MCh2+ and at experimental points along the 
titration curve calculate the approximate [M- 
(OH)++], An equation may be set up with [M- 
(OH)++] as the single unknown by suitable com
bination of equations 1 , 2 and the equations

Qihyd = [M(Q̂ ; +7 H+] and [Mt] =  [M(OH)++] +
[M3+] +  [MCh++] +  [MCh2+]

to give 
[M(OH) + +] =
_________________ Qihyd [Mt] ______________
Qihyd +  [H+] +  Qf,[H+][Ch-] +  Qf.QfJH+HCh-]2

(10)
Listed in Table I are data from two experimental 
points (in the case of In3+), and one experimental 
point (in the case of Fe8+), together with the ap
proximate value of [M(OH)++] as calculated from 
(10). It is seen that the approximate [M(OH)++] 
is small compared to [Imr] and [H+] in the In3+ de
termination and to [ S c t ]  and [H+] in the Sc3+ de
termination, but large compared to [Feid and [H+] 
in the Fe3+ determination. Since [Fe(OH)++] is 
already appreciable at pH 2.37, hydrolysis is obvi
ously important at higher pH values. Precipita
tion occurred in the In3+ and Sc3+ determinations 
at n  ~  1.9, so it was not necessary to calculate 
[M(OH)++ ] at higher pH values in these cases.

Correction for Fe3+ Hydrolysis.— From the value 
given in Table I the [Fe(OH)++ ] could be as much 
as one-tenth of the total iron concentration. The 
exact amount of the hydrolyzed species was deter
mined as follows. In the discussion below only 
the initial two steps are considered in the Fe3+ hy
drolysis since it was found experimentally that the 
correction for the second step is very small and 
consequently the third should be negligible. Since

(1 1 ) S o m e  o f  th e  l ite ra tu re  v a lu e s  u se d  fo r  h y d r o ly s is  e q u ilib r iu m  
c o n s ta n ts  a re  m o la r it y  q u o t ie n t s  r a th e r  th a n  tru e  a c t iv i t y  co n s ta n ts . 
P r a c t ic a lly ,  i t  m a tte rs  l it t le  w h ic h  t y p e  o f  v a lu e  is  e m p lo y e d ,  s in ce  th e  
u se  o f  c o n c e n tr a t io n s  r a th e r  th a n  a c t iv it ie s  f o r  t h e  h y d r o ly s is  c a lcu la 
t io n s  w il l  in t r o d u c e  o n ly  a  s e c o n d -o r d e r  e r ro r . A c c o r d in g ly ,  in  th e  
s u b s e q u e n t  t r e a tm e n t  o f  h y d r o ly s is ,  a ll  e q u il ib r iu m  c o n s t a n t s  a re  c o n 
s id e re d  as m o la r it y  q u o t ie n ts .

(1 2 ) T .  M o e lle r ,  J. Am. Chem. Soc., 6 3 , 1206  (1 9 4 1 ).
(1 3 ) T .  H . S id a ll a n d  W . C . V o s b u r g h , i b i d . ,  7 3 , 4 2 7 0  (1 9 5 1 ).
(1 4 ) M .  K ilp a t r ic k  a n d  L . P o k ra s , J. Electrochem. Soc., 4 0 0 , 85  

(1 9 5 3 ).
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T a b l e  I

D a t a  a t  2  E x p e r i m e n t a l  P o i n t s  ( i n  t h e  C a s e s  o f  I n 3 +  a n d  S c 3 + ) a n d  1 E x p e r i m e n t a l  P o i n t  ( i n  C a s e  o f  Fe3+) U s e d

t o  C a l c u l a t e  V a l u e s  o f  [M(OH) +  + ] f r o m  E q u a t i o n  (10)
In*+ F e »  + Sr3 +

n 0.446 1.713 0.694 0.596 1.73
pH 2.69 3.99 2.37 2.03 3.35
[H+I 2.29 X IO- 3 M 1.16 X 10 “ 4 M 4.63 X 10“ * M 1 . 1 1  x  1 0 - 3 5.28 X IO- 4

[Ch-] 1.39 X 10“8 M 2.67 X 10"7 M 1.89 X 10_I° M 2.44 X 10“8 3.12 X 10~7
[Mt] 4.88 X IO- 3 M 4.70 X 10-3 M 2.47 X lO -3 M 1.03 X lO“ 2 9.75 X lO -3
[M OH + +] 1.5 X lO“5 M 1.3 X 10"s M 2.5 X lO“ 1 M 5.4 X 10“» 5.4 X 10 “»

(?t, 4.44 X 107 7.2 X 109 3.67 X 107
Qu 7.64 X 10s 8.1 X 108 7.94 X 10»
Q lhyd 1.2 X 10-3 6.5 X lO“ 3 1.2 x  1 0 -»

each Fo3 + which forms one of the hydroxo species 
or which coordinates with HCh releases protons, 
the following equation may be written
[ H + j =  [Fe(OII) +  + ] +  2[Fe(OH)2+] +  [FeCh + +] +

2[FeCh2+] +  3[FeCh3] +  [C h i (H )

Molarity quotients may be written for the equi
libria

Fe3+^ ;  Fe(OH) + + +  H R  Q,hyd = 

Fe(OH) + + ^  Fe(OH)2+ +  H+;

Q21iyd =

[FeOH++] [H +] 
[Fe3+]

[Fe(OH)2+] [H+] 
[FeOH + +]

Then, when one replaces the concentrations of the 
hydroxide complexes of iron in (1 1 ) by their equiva
lents in terms of Qihyd, (hhyd, [H+] and [Fe(H20 )x3+] 
one obtains
m +i _  Qifayd[Fe3+l i 2Q1i,ydQ2hyd[Fe3+] .
[ J “  [H+] ^  [H +]2

[FeCh + +] +  2[FeCh2+] +  3[FeCh3] +  [Ch“ ] (12)

Measurement of [Fe3+] would enable one to calcu
late the contribution of the hydroxo species to the 
total acidity of the solution, provided Qihyd and 
Q ihy d  are known. A value for Q u ,y d  has been given.
T. V. Arden15 has reported the value 4.2 X 10“ 4 
for Q2hyd in S04= solution, ionic strength not given.

Since the standard oxidation potential of the 
ferrous-ferric couple is known accurately16 and 
the couple is known to be reversible, one may cal
culate the [Fe3+] from the e.m.f. of a Pt electrode 
in a solution containing a known concentration of 
ferrous ions, and the appropriate activity coeffi
cient. Contributions from the FeCh+ species may 
be calculated from the formation constant of Fe2+ 
with HCh which has been reported in a previous 
paper.6

Adjusting Conditions to Minimize Hydrolysis.—
A treatment similar to the above for the Ga3+ and 
Th4+ ions would be expected to yield results inter
mediate between Fe3+ and In3+ since the first hy
drolysis quotients for Ga3+ 17 and Th4+ 18 are 3.7 X 
1 O' 4 and 5 X 10“ 5, respectively. The correspond
ing value for Al3+ is in some doubt since it is re
ported that dimerization occurs. Brosset19 has 
summarized the work which has been done on the

(1 5 )  T . V . A rd e n , J. Chem. Soc., 3 5 0  (1 9 5 1 ).
(1 6 )  W . M .  L a tim e r , “ O x id a t io n  P o t e n t ia ls ,“  2 n d  E d .,  P r e n t i c e -  

H a ll  I n c .,  N e w  Y o r k ,  N . Y . ,  1952 , p . 223 .
(1 7 ) T .  M o e lle r  a n d  G . L . K in g , T h is  J o u r n a l , 5 4 , 9 9 9  (1 9 5 0 ).
(1 8 )  K . A . K ra u s  a n d  R .  W . H o lr a b e r g , ibid., 5 8 , 3 2 5  (1 9 5 4 ) .
(1 9 )  C . B r o s s e t , Acta Chem. Scand., 6 , 9 1 0  (1 9 5 2 ).

A13+-H 20  system and reports values for the quo
tients involving the dimerization.

A method for determining the K f n values for the 
above three ions with Ch~ was used in which ex
perimental conditions were adjusted so hydrolysis 
would be minimized. This was necessary because 
some degree of hydrolysis from each of the above 
ions is likely and there is no known couple involving 
the M n+ for which an E ° value is accurately known 
to enable one to correct for any hydrolysis. The 
following method was used. A perchlorate solution 
of the M n+ has a certain pH due to hydrolysis. 
The addition of standard HC104 to the solution 
causes the pH to decrease. Since the equilibrium 
for the hydrolysis is shifted toward the hydrated 
metal ion by the added acid, a point will be reached 
after sufficient acid has been added at which the ob
served pH equals the pH calculated from the con
centration of added acid. At this point contribu
tion to the total [H+] from hydrolysis is negligible. 
To this solution one may now add a concentrated 
standard HCh solution (to keep pH change due to 
dilution small). Any lowering of the pH is caused 
by protons which are released by the HCh; hence, 
the difference between the pH at x  ml. HCh and 
at 0 ml. of HCh is a measure of the Ch“  chelated to 
the metal ion. Since the [Ch~] is approximately 
10“9 M ,  it is negligible in these calculations. Af
ter the desired amount of HCh has been added, the 
regular titration with base is performed (as has been 
described under Experimental). One is now cer
tain that appreciable hydrolysis does not occur un
til the pH has reached a value somewhat above the 
pH value previously established as that at which 
negligible hydrolysis occurs. In all three of the 
above cases, values of n  =  l/2 were obtained at pH 
values below the pH at 0 ml. of HCh. Since there 
is no known way of determining exactly where the 
hydrolysis becomes appreciable, the K tn values 
above n  — 1 may be somewhat in error.

Kraus and Holmberg18 were able to obtain the 
same constant for the hydrolysis of Th4+ in the 
presence of either Cl“  or C104~. This fact would 
indicate that the formation of chloro complexes in 
this system is not appreciable. Since N 0 3~ is 
intermediate in its complexing abilities between 
the above two ions, the value reported here should 
not be materially affected by the presence of N 0 3~ 
rather than CIO4- .

Kraus and Holmberg18 found hydrolysis to be 
negligible in Th4+ solutions, ([Th4+] =  10“2 to 
10“ 3 M )  below pH ~  3.0. This is in agreement
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Fig- 1.—Plot of log Kt, for several bi- and ter-valent metal ions with the acetylacetonate ion vs. the electronegativity of the
respective metal ion; temp. = 3 0 °.

Ip (2nd in case of bi-, 3rd in case of ter-valent ions).
Fig. 2.—Plot of Ki, for several bi- and ter-valent metal ions with the acetylacetonate ion vs. the ionization potential, 

Ip, (2nd in the case of bi-, 3rd in the case of ter-valent ions), of the respective gaseous atoms; temp. = 30°.

with the present study inasmuch as it was found 
that with [Th4+] =  4 X 10-3  M  the observed pH 
became equal to the pH at approximately 3.

The values given in Table II for the reaction of

Th4+ with Ch~ agree well with those previously 
determined by Rydberg20 who used radioactive 
tracer techniques to measure the Th4+ distribution

(2 0 )  J . R y d b e r g ,  Acta Chem. Scand., 4 , 1503  (1 9 5 0 ).
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between an aqueous HCh solution and benzene, and 
by Van Uitert7 who determined the constants poten- 
tiometrically.

T a b l e  I I

L o g  K in V a l u e s  f o r  t h e  R e a c t i o n  o f  S e v e r a l  T e r v a l e n t  

M e t a l  I o n s  a n d  T h 4 +  w i t h  t h e  A c e t y l a c e t o n a t e  I o n  

A T  3 0 °
lo g  
Ki,

log log log
M ’* + [ M » q |, M Kt, Kit Kit
La3 + 1 X 1 0 - 3 5.1 3.8 3.0

1 X 10-2 5.1 3.9 2.8
Nd3+ 1 X 1 0 - 3 5.6 4.3 3.2
Sm3 + 1 X 1 e r 3 5.9 4.5 3.2
T ? „3  + 7 X 1 0 - 4 6.0 4.5 3.5JjjU 7 X 10- 3 6.1 4.0 3.4
Y3 + 1 X 1 0 - 3 6.4 4.7 2.8
Sc3+ 1 X IO“ 2 8.0 7.2 ppt.
In3 + 5 X 1 0 - 3 8.0 7.1 ppt.
Al3 + 4 X 1 0 - 3 8.6 7.9 5.8

Ga3 + 1.6 X IO-3 9.3 8.3 6.1
3 .2 X 1 0 - 3 9.5 8.4 5.7

Fe3 + 2. 5 X 10 ~3 9.8 9.0 7.4
Th4 + 4 X 1 0 - 3 8.8 7.4 6.3
In Fig. 1 is shown a plot o f log Ki, VS.

several ter- and bi-valent ions.8 The log K f, val
ues for the bivalent ions were reported in a previous 
paper.6 The linearity in the case of the tervalent 
metal ions is in agreement with earlier results al
though the present data are more numerous and 
reliable.

When log K i ,  vs. I m is plotted in the case of Th4+, 
it is seen that the point lies considerably above the 
M 3+ line. It would be interesting to obtain log 
K i, values for other M 4+ species and see whether 
they also obey a linear relationship when plotted 
against X u -

(2 1 )  G . H e r z b e r g  (tr a n s la te d  b y  J . W . T . S p in k s ) , “ A t o m ic  S p e c tra  
a n d  A t o m ic  S t r u c t u r e ,”  D o v e r  P u b lic a t io n s ,  N e w  Y o r k ,  N . Y . ,  1944 ,
p p . 2 0 0 -2 0 1 .

In Fig. 2 is shown a plot of log K t ,  vs. the ioniza
tion potential21 of the gaseous atom (2nd in case of 
bi-, 3rd in case of ter-valent ions) for several hi- and 
ter-valent metal ions with HCh. Linear relation
ships exist for each charge type.

The linear relationships involving X m and 3rd 7P 
show in a qualitative fashion a direct relation be
tween these properties of the metal ion and the 
energy of the metal ligand bond. This same rela
tionship has previously been shown to exist in the 
case of the bivalent metal ions6 with the exception 
of Hg2+ and Be2+.

A plot of log K i, vs. atomic number for the ele
ments La3+ through Eu3+ shows that nearly con
stant differences between successive log K i, values 
exist for these ions (approx. 0.15 ±  0.03)(Fig. 3). 
The difference of 0.29 unit between the values for 
Nd3+ and Sm3+ is exactly enough so that prome- 
theum, element 61, can fit into this series. The val
ues for Ce3+ and Pr3+ have been given in a previous 
paper.9 If this linear relationship between log K i,  
and atomic number continues through the remain
der of the rare earth series, then on the basis of 
atomic radii (Dy =  1.07 A., Y  =  1.06 A., Ho =
1.05 A .),22 Y 3+ would be expected to have a log K t ,  
value between those of D y3+ and H o3+ (6.49 and 
6.64). The observed value is 6.35.

Marked differences exist in the solubilities of 
the species formed during the course of the Al3+, 
Ga3+ and In3+ determinations. No precipitation 
was observed during the course of the Al3+ and 
Ga3+ determinations. The final pH values were
8.42 (4 equivalents of NaOH per Al3+ added) in the 
case of [Al3+] =  4 X 10~ 3 M  and 8.22 (3.5 equiva
lents of NaOH per Ga3+ added) in the case of 
[Ga3+] =  3.2 X 10-3  M .  In the case of In3+, 
precipitation occurred at pH 4.2 after 2.8 equiva
lents of NaOH per equivalent of In3+ had been 
added ([In3+] =  5 X 10~3M).

Steinbach and Freiser23 have recently made de
terminations involving the use of HCh as an extrac
tion agent for Ga3+, Al3+ and In3+. They found 
the order of extraction to be Ga >  A1 >  In as the pH 
increased. Since the pH at which the complex is 
extracted is a function of the stability constant, 
this is also the order of stability. This order is the 
same as that given in Table II for these ions.

Acknowledgment.—The authors gratefully ac
knowledge financial support of this work by the 
Atomic Energy Commission through Contract 
Number AT(30-l)-907. The authors also appreci
ate the loan of several grams of Eu20 3 by Dr.
L. L. Quill of Michigan State College.

(2 2 )  V . M .  G o ld s c h m id t ,  “ G e o c h e m is c h e  V e r te ilu n g s g e s e tze  d er  
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A NEW HIGH-TEMPERATURE REACTION CALORIMETER.
THE HEATS OF MIXING OF LIQUID LEAD-TIN ALLOYS
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A new reaction calorimeter for temperatures up to 500° is described. The calorimeter is particula rly suited for the study 
of heats of mixing and heats of solution in alloy systems. The calorimeter is quasi-isothermal. The change in temperature 
of the calorimeter during a reaction is determined by comparison with that of a surrounding jacket which has a large heat 
capacity compared to the calorimeter proper. The jacket is maintained at constant temperature i n the furnace by intro
ducing a large thermal lag between the controlled heating system and the jacket. The calorimeter has been used for a 
redetermination of the heats of mixing of liquid lead-tin alloys. Results are presented for 350 and 4 50°.

Introduction
During recent years metallurgists, physicists and 

chemists have shown greatly increased interest in 
the thermochemistry of alloys. An indication of 
this is the appearance during the past decade of 
several monographs wholly or largely devoted to 
the field. 1-4 Another indication is the fairly large 
number of recent experimental investigations, both 
of solid and liquid alloys, which have contributed 
much new and significant information.

Most of these investigations have been based on 
the equilibrium methods of chemical thermody
namics, among which the e.m.f. cell method and the 
vapor pressure method are particularly well known. 
There has, on the other hand, been little activity in 
the field of alloy calorimetry, in spite of the fact that 
calorimetric methods are very simple and also quite 
suitable for the study of metallic interaction.

The early calorimetric work has been adequately 
discussed by Weibke and Kubaschewski. 1 Here 
we shall give only a brief outline of this work as 
well as references to some recent investigations.

The first studies of the heats of formation of al
loys were based on solution calorimeters using in
organic solvents and operating at room tempera
ture or at slightly elevated room temperature.5’6

Some improvement in accuracy was achieved by 
measuring the heat effects in direct combination 
experiments. Notable contributions along this 
line were those of Korber and co-workers,7 of Ka- 
wakami,8 and of Kubaschewski and Walter.9

In very recent years improved high temperature 
reaction calorimeters have been constructed in the
U. S. A. by McKisson and Bromley10 and by Tick- 
nor and Bever. 11 In the present communication 
the development of a new high temperature reaction 
calorimeter is reported. This calorimeter is de-

(1 ) F . W e ib k e  a n d  O . K u b a s c h e w s k i,  “ T h e r m o c h c m ie  d c r  L c g ie r -  
u n g e n ,”  S p r in g e r -V e r la g , B e r lin , 1943 .

(2 ) O . K u b a s c h e w s k i  a n d  E . L . E v a n s ,  “ M e t a llu r g ic a l  T h e r m o 
c h e m is t r y ,”  A c a d e m ic  P re ss , I n c . ,  N e w  Y o r k ,  N . Y . ,  1951 .

(3 ) C . W a g n e r , “ T h e  T h e r m o d y n a m ic s  o f  A l lo y s ,”  A d d is o n -W e s le y ,  
B o s t o n ,  M a s s .,  1952 .

(4 ) J . L u m sd e n , “ T h e  T h e r m o d y n a m ic s  o f  A l lo y s ,”  In s t it u t e  o f  
M e ta ls  M o n o g r a p h  #11 , L o n d o n , 1952 .

(5 ) M .  H e rs c h k o w its ch , Z. physik. Chern., 2 7 , 151 (1 8 9 8 ).
(6 ) W .  B iltz  a n d  G . H o h o r s t ,  Z. anorg. Chem., 12 1 , 1 (1 9 2 2 ) ;  W . 

B iltz , G . R o h lf fs  a n d  H . U . v .  V o g e l ,  ibid., 2 2 0 , 113 (1 9 3 4 ).
(7) F . K o r b e r ,  Stahl und Risen, 5 6 , 1401  (1 9 3 6 ).
(8) M .  K a w a k a m i,  Z. anorg. Chem., 1 6 7 , 3 4 5  (1 9 2 7 ) ;  Science Rept. 

Tohoku Imp. Univ., [ I ]  1 6 , 9 1 5  (1 9 2 7 ) ;  [ I ]  1 9 , 521  (1 9 3 0 ).
(9 ) O . K u b a s c h e w s k i a n d  A . .W a lte r , Z. Elektrochem., 4 5 ,  631 

(1 9 3 9 ).
(1 0 )  R .  L . M c K is s o n  a n d  L e R o y  A . B r o m le y , •/. Metals, 4 , 33  

(1 9 5 2 ) .
(1 1 )  L . B . T ic k n o r  a n d  M .  B . B e v e r , ibid., 4 , 941 (1 9 5 2 ).

signed to meet some of the needs for more and better 
data on the heats of formation and heats of mixing- 
in alloy systems. The present paper also gives re
sults obtained for the heats of mixing of liquid lead- 
tin alloys. Results for other systems involving 
both liquid and solid alloys -will be presented in 
other communications.

Principle of the Calorimeter
The central part of the present calorimeter (Fig. 1) 

is a hollow cylindrical constant-temperature jacket 
enclosed in a large resistance-heated furnace. The 
temperature of this surrounding furnace is main
tained constant by means of a commercial tem
perature controller. By inserting a considerable 
amount of thermal insulation material between 
the jacket and heating system the constant tem
perature of the jacket is ensured. The actual heat 
effects occur in a removable crucible inside a cylin
drical calorimeter block located in the central 
chamber of the jacket. The temperature measure
ment is by means of a multiple junction differential 
thermocouple (thermel) with one set of junctions 
in the central block, the other set in the surround
ing jacket.

The calorimeter is calibrated electrically. Dur
ing experiments the whole assembly is maintained 
in an atmosphere of argon gas. Through a central 
“ funnel”  extending from the top of the constant 
temperature jacket to ffie outside of the furnace 
insulation and normally closed by removable plugs, 
crucible and samples can be introduced or removed 
without serious disturbance of the thermal equilib
rium in the assembly.

In designing the apparatus an attempt was made 
to improve on the precision of earlier work by striv
ing for an estimated accuracy of the order of ± 1 %  
in the actual experimental determinations. This 
goal has on the whole been achieved. The equip
ment is designed for operation below 500°. This 
limit in temperature is due to the extensive use of 
aluminum in the construction. By replacing alu
minum with more heat-resistant alloys, the upper 
limit in temperature may be pushed substantially 
upward. A new apparatus, suitable for operation 
at higher temperatures, will be described in a later 
communication.

Calorimeter Construction and Operation
Furnace and Control System.—The furnace is heated by 

heavy Nichrome heating coils. The principal part of the 
furnace core consists of a 20-inch section of heavy steel pipe, 
about 12" i.d. There are, in addition, top and bottom main 
heaters which have separate electrical connections and are



176 0. J. K leppa Vol. 59

mounted in recesses in steel end plates. By adjusting the 
ratio of the heat inputs of the end plate heaters to that of 
the main cylindrical heater the temperature differential 
between top and bottom of the constant temperature jacket 
described below can be reduced to the order of 0.1°. The 
temperature of the furnace system is maintained constant 
by means of a Leeds-Northrup Micro-Max Controller- 
Recorder sensitive to ± 1 ° . The hot junction of the chro- 
mel-alumel control couple is located close to the main cylin
drical heating coil, while the cold junction is maintained 
in a dewar flask completely immersed in a room tempera
ture thermostat. The controller coil which compensates 
for room temperature fluctuations is removed. The con
trolled load is applied through an auxiliary heating coil, 
wound outside and insulated from the main heater.

Fig. 1.—Central part of calorimeter assembly: A, fur
nace core with main heaters; B, constant temperature jac
ket; C, heavy shield; D, calorimeter block; E, cali
bration heater; F, removable crucible; G, charging and 
stirring device; H, inner plug; I, part of outer plug.

As a considerable fraction of the heat loss from the fur
nace occurs through the bottom and particularly through 
the top of the furnace system, it would have been very de
sirable to furnish these heaters with separate control sys
tems. However, as control facilities suitable for this pur
pose were not available to the author, the heat inputs to 
these heaters are stabilized by means of a Sola Constant 
Voltage Transformer. In spite of these precautions it is 
never possible completely to remove long-term temperature 
fluctuations in the furnace system. These fluctuations can 
be easily detected by the very slight drift of the equilibrium 
deflection in the differential thermocouple-galvanometer 
system described below. As it was found that these fluctua
tions are particularly noticeable during the summer months, 
they are presumably due to a large extent to the effect of 
variations in room temperature on the heat losses through 
the top and bottom of the furnace assembly.

Constant Temperature Jacket and Shielding Assembly.— 
In the present apparatus the constant temperature jacket is 
made from 2S-Aluminum, is 7" o.d. and about 12" high 
(including a heavy lid). The internal chamber is 4.5" in 
diameter and about 7" high. The over-all heat capacity 
of the jacket is about 3000 cal./degree. The jacket is 
mounted on a stainless steel plate resting on supports made

from alundum tubing. In the walls of the jacket near the 
inner surface of the cavity are located eight thermocouple 
wells which extend to depths varying from 4" to 11" below 
the top of the jacket. The constant temperature jacket is 
insulated from the heating system by a heavy shielding 
assembly which encloses the jacket completely. The main 
part of this assembly is a 16-inch section of heavy steel pipe 
of about 10" o.d. The top and bottom of the assembly are 
closed by aluminum and stainless steel plates, respectively. 
The whole assembly rests on supports made from alundum 
tubing. The total heat capacity of these heavy shields is 
about 5000 cal./degree. In addition to the heavy steel 
shield, two lighter shields made from '/s" aluminum sheets are 
inserted in the space between the main shield and the jacket 
and between the shield and the furnace core. This latter 
space, with the exception of the top section, is also filled with 
Vermiculite insulating material. In order to reduce radia
tive heat transfer, most exposed steel surfaces are covered 
by foil or thin sheets of aluminum.

Calorimeter Block.—The central, cylindrical calorimeter 
block is made from 2S-Aluminum and has an outside diame
ter of 3" and a height of 5". It contains a removable graph
ite crucible, ~1.3" i.d., 2" o.d. and 4" high. The heat 
capacity of the block assembly is about 250 cal./degree. 
The calorimeter block has eight thermocouple wells located 
symmetrically around the central axis. In the annular 
space between the block and the jacket there is a double 
radiation shield made from aluminum foil.

Differential Temperature Measuring System.—This de
vice consists of a 16-junction thermel in connection with a 
sensitive galvanometer. The junctions are imbedded in 
alundum cement for electrical insulation. In the early work 
the couples were made from silver-constantan. It was 
found, however, that these couples did not stand up too 
well under extended service at the higher temperatures, 
and they were therefore replaced by chromel-alumel 
couples, made from #22 wire. The heavy wire was chosen 
in order to secure long-time uninterrupted service. A rough 
calculation shows that less than 1% of the total heat leak 
between jacket and block is due to the thermel.

The terminal leads of the thermel are insulated with 
ceramic beads and glass fiber insulation and are brought out 
of the furnace assembly through special channels in the mul
tiple enclosure system. Special precautions were taken 
in order to prevent undesired contacts with the many metal 
parts. Through a thermally insulated double pole double 
throw knife switch the thermel is connected to a sensitive 
low resistance galvanometer. A decade resistance box in 
the circuit permits selection of a suitable galvanometer de
flection for each experiment. With the chromel-alumel 
couples the usual resistance has been 100-150 ohms. With a 
resistance of 100 ohms in the circuit, a galvanometer de
flection of 1 mm. at 1 meter corresponds to a temperature 
difference between block and jacket of the order of 0.001°.

The knife switch permits convenient determinations of 
the galvanometer zero by closing the galvanometer circuit 
without inclusion of the thermel. Because the galvanome
ter is used as a straightforward deflection instrument, such 
determinations are carried out several times during any one 
calorimetric experiment.

Electrical Calibration System.—The calibrating heater is 
wound non-inductively on a cylindrical core inside the cen
tral caloriineter block. Adequate insulation of the Ni- 
chrome heating wire is ensured by means of asbestos paper, 
porcelain beads and alundum cement. The total resistance 
of the heater is about 41 ohms and is measured by a Mueller 
bridge. The four nickel wires connecting the heater with 
the outside of the furnace are carefully insulated. The 
d.c. current flowing through the heater is supplied by two 
well-charged 6-volt lead storage batteries and is measured 
by the potential drop over a known manganin resistance 
outside the furnace system. A Rubicon portable precision 
potentiometer is used. When the storage batteries have 
been discharged through a 41-ohm dummy heater for a pe
riod of 10-15 minutes, it is found that the current is con
stant to better than 0.05% throughout the heating period 
(100-300 sec.). The heat input is timed by a Meylan pre
cision stopwatch which permits reading to 0.05 sec. The 
watch is checked from time to time against an electrical 
chronometer.

It is estimated that the maximum uncertainty in the de
termination of the heat supplied to the calorimeter during 
a calibrating experiment is of the order of 0.2-0.3%.
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Protective Atmosphere System.—During experimental 
runs the central part of the apparatus is flushed by a stream 
of argon gas. The gas is conducted into the central cham
ber through a stainless steel tube at a rate of 250-300 cc. per 
minute (measured at room temperature). Allowing for 
gas expansion this should ensure a flushing of the central 
chamber approximately once every three minutes.

Oxygen is removed from the argon by the method of 
Meyer and Ror.ge.12 The gas is dried by passing through 
successive tubes containing OaSO,, Mg(C104)2 and P20&. 
This should provide a gas containing oxygen and water 
vapor at partial pressures of the order of 10-7 atm. In 
spite of those precautions it is found that the very reactive 
liquid metals are not completely protected against oxidation. 
This is presumably largely due to the fact that the furnace 
assembly does not provide a complete enclosure due to the 
various channels for electrical leads, introduction of samples, 
etc. It is found, however, that some additional protection 
is obtained by maintaining the liquid metal under a thin 
cover of wood charcoal. The heat generated through the 
reaction between the reactive impurities in the protective 
atmosphere and the metal and/or carbon is always negli
gible.

General Experimental Procedure.—The graphite cru
cible, which fits snugly into the central bore of the calorimeter 
block, is introduced through the “ funnel”  which connects the 
central chamber with the outside of the furnace. This 
funnel is normally closed by means of two “ plugs.”  The 
inner plug is made from aluminum and stainless steel and 
closes the constant temperature jacket and shielding as
sembly. The outer plug is primarily made from refractories 
and thermal insulating materials and completes the heat 
insulation on the top of the furnace. Both plugs have a 
central bore 3/t" in diameter which serves as a small “ fun
nel”  for the charging and stirring device. When the cal
orimeter is in operation, the upper part of this smaller 
funnel is closed by means of a refractory plug which has a 
small central bore of 9/ 32” diameter. This allows space for 
the two concentric refractory tubes which connect the stir
ring and charging device with the outside of the calorimeter.

Under normal operations, the graphite crucible is pre
heated in a separate furnace to a temperature somewhat 
above that of the calorimeter, charged with one of the two 
reacting metals, and then quickly introduced into the cal
orimeter. In this way it is possible to introduce the charged 
crucible with minimum disturbance of the thermal equilib
rium in the system. During the early operation of the cal
orimeter the system was allowed to regain equilibrium over
night after introduction of the charged crucible. Later, 
however, it was found to be possible to match the tempera
ture of the central block within a few degrees, and the wait
ing period has been cut to three hours.

Toward the end of this waiting period the second metal 
or alloy sample is introduced by means of the special charg
ing and stirring device. This device consists of two con
centric graphite pieces, attached to two concentric refractory 
tubes. The lower parts of the two graphite pieces are 
tapered to form a male-female joint, providing an enclosed 
annular space of about 0.5" o.d. and about 0.25" i.d. By 
displacing the inner refractory tube with respect to the outer 
one, the tapered joint can be opened and the sample (which 
until now was contained in the annular space) is discharged 
into the crucible. This device has been found to work well 
both with liquid samples and with solid samples in the shape 
of ring sections.

The charging and stirring device is preheated for about 10 
minutes in the upper part of the furnace proper before it is 
introduced into the central part of the apparatus. Under 
these conditions a minimum of disturbance of the thermal 
equilibrium in the system occurs and the calorimeter is 
ready for operation a few minutes later.

The stirring which is required in order to obtain a com
pletely homogeneous liquid mixture is achieved by operating 
the stirring device as a plunger in the liquid metal bath. 
For this purpose the stirrer is connected to a motor operated 
cam. The vertical displacement of the stirrer is about 4 
cm. and the stirring rate 4 cycles per min.

Under these conditions it was found that most mixing 
processes in samples of 5-25 cc. of metal were completed 
within 15-30 min., about 5 min. of which are due to lags in 
the calorimeter block. No significant change in the length

(1 2 ) F . R . M e y e r  a n d  G . R o n g e ,  Z. angew. Chem., A 1 8 3 , 177 (1 9 3 8 ).

of the reaction period is observed when the rate of stirring 
is moderately increased.

Calculation Procedures
The Constant Temperature Jacket.— The design 

of the present calorimeter is based on the early work 
of A. Tian13 on multiple enclosure thermostats. 
Tian’s ideas have previously served as the basis 
for microcalorimeters operating at room tempera
ture. 14-16 However, to the knowledge of the author, 
no really serious attempt has been made to apply 
these principles in high temperature calorimetry. 
As the considerations involved may prove impor
tant in future constructions of constant tempera
ture systems for elevated temperatures, a brief 
outline of the calculations wall be given.

If a thermostat consists of a central body (or a 
liquid bath) surrounded by one or more complete 
enclosures (heavy shields) thermally insulated from 
the central body and from each other, the tempera
ture fluctuations of the central body may be re
duced substantially by locating the control devices 
in the outer enclosure.

Let us assume that the temperature oscillations 
in the outer enclosure (the heating-control enclo
sure) are sinusoidal and thus given by the expression

2'i = T +  2  sin 2ttvt (1)

Here T  is the mean temperature of the enclosure, 7’, 
is its instantaneous temperature, E  is the amplitude 
of the oscillations, while v is the frequency of the os
cillations. Let R u  be the coefficient of heat trans
fer between the two outer enclosures, namely, the 
heat transferred per unit time per degree tempera
ture difference. The heat conducted from the first 
to the second enclosure serves to change the tem
perature of the latter according to the well-known 
differential equation

A',2(7'2 -  2.) = - C 2f  (2)

Here C2 is the total heat capacity of the second 
enclosure and T 2 is its instantaneous temperature. 
We have disregarded the small heat loss from the 
second to a possible third enclosure. For T 2 we 
have the well-known solution

T2 =  T  H—2  sin (27rvt — <p) (3a)

tg<p = A i2 (3b)

E' = E cos ^  near | ) (3c)

In the present apparatus the first complete enclo
sure consists of the heater core, the second is the 
main heavy shield of the shielding assembly, which 
has a heat capacity C 2 of about 5000 cal./deg. 
The frequency of the on-off controller system is 
about 6/hr. K 12 with air insulation only was calcu
lated to be about 3500 cal./deg. hr. at 500 °, while K 12 
with Vermiculite insulation would be about, 2000 
cal./deg. hr. If we adopt the conservative figure 
of 3000 cal./deg. hr. for our mixed air-Vermiculite 
system, we get E '  =  0.03° for E  =  2° ( ±  1 °).

(1 3 ) A . T ia n , J. chim. phys., 2 0 , 132 (1 9 2 3 ).
(1 4 ) A . F . II. W a rd , Proc. Cambridge Phil. Soc.. 26 , 2 7 8  (1 9 3 0 ) .
(1 5 ) A . V . H ill, Proc. Roy. Soc. {London), 1 1 1 B , 106 (1932^ .
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A similar argument may now be applied to the 
heat transfer between the second and third enclo
sure, which in the present case is the constant tem
perature jacket. We recall that C 3 — 3000 cal./ 
deg., while K k , the coefficient of heat transfer be
tween the heavy shield and the jacket, is about 
2500 cal./deg. hr. We thus find that the amplitude 
of the oscillations of the constant temperature 
jacket have been reduced to less than 0.001°. In 
fact, this figure would be even smaller if we take 
into account the fight aluminum shields which have 
been disregarded in the calculations.

It should be stressed that in these calculations 
we have assumed the idealized case that the tem
peratures of the various enclosures are truly uni
form, and that the control system extends over the 
complete surface of the outer enclosure. We have 
also disregarded possible drift in the mean tempera
ture T  with time.

In any practical case these ideal conditions will 
of course never be completely satisfied. However, 
in the course of the operation of the present ap
paratus it has been established beyond doubt that 
under normal experimental conditions the drift in 
jacket temperature due to “ external”  causes is 
always extremely small compared to the over-all 
temperature change of the calorimeter block during 
any calorimetric experiment.

Evaluation of Experimental Data.—The evalua
tion of calorimetric data from actual experimental 
observations aims at a determination of the cor
rected temperature change in any particular 
experiment. 16 If the total heat effect in the calori
metric experiment is A H , and the heat capacity of 
the calorimeter is C , we have for the corrected 
temperature change

Here A T  is the rise in calorimeter temperature dur
ing the reaction period (x-period), while i\' is the 
temperature loss in the same period due to the ex
change of heat between the calorimeter and the sur
roundings.

In the present calorimeter all temperature ob
servations are differential, as we can only observe 
8 =  T  — T 0, where T 0 is the temperature of the 
jacket. During any calorimetric experiment, heat 
flows from the calorimeter to the jacket and to some 
extent also from the jacket to the surroundings. 
To is therefore not quite constant, and a somewhat 
detailed study of the evaluation procedure may 
therefore be justified.

The differential equation for the rate of change in 
calorimeter temperature is

Cw  = w  + K(T° - T)
Here d H / d t is the rate of heat input (through 
chemical reaction or electrical energy), while K  is 
the coefficient of heat transfer between jacket and 
calorimeter. Similarly, we have for the jacket 
temperature

= -K (T 0 -  T) +  A.oCT, -  T„) (5)

(1 6 ) S ee , e.g.t W . P . W h ite ,  “ T h e  M o d e r n  C a lo r im e te r ,”  C h e m ica l 
C a ta lo g  C o . ,  N e w  Y o r k ,  N . Y . ,  1928 .

K ,o  is the coefficient of heat transfer between the 
jacket and the surrounding enclosure which has the 
temperature TV Let us first consider the simple 
case K io (T i  — T 0) =  0. In practice this might be 
achieved by making the enclosure surrounding the 
jacket serve as an adiabatic shield for the jacket. 
Under these conditions we get from eq. 4 and 5

Solving for A H / C  we get

“ - "  +  K( e + a ) / , ' ,d ‘ <7>
Thus

’ - “ ( e  +  e - J / o " “( ,*>
The quantity Ad is observed directly. The effec
tive heat leak modulus K ( ( l / C )  -f- (1/Co)) is de
termined by means of the two usual rating periods 
('d H / d t =  0) immediately before and after the 
reaction period. The integral in -r\ is evaluated by a 
graphical integration of the observed 8 — t curve 
for the reaction period, t.

It may be noted that eq. 7 is valid for any calorim
eter provided K w{T i  — To) =  0, irrespective of 
the heat capacity of the jacket. It generally pays, 
however, to make C 0 large compared to C  in order 
to make the effective heat leak modulus as small as 
possible. For the truly isothermal calorimeter Co ~
co, A8 =  A T , and y =  K / c J *  0 dt. In the present
calorimeter C 0/ C  ~  12 , which gives an effective 
heat leak modulus of 13/12 (K / C ). This modulus 
depends on the geometry of the system and on the 
condition of the various surfaces and radiation 
shields. The actual values of k/c at 350 and 450° 
were about 0.014 and 0.017 min.-1, respectively.

In our apparatus K w(T i  — T 0) is not zero, and 7/ 
may vary in some manner with time due to the 
temperature fluctuations of the furnace assembly. 
A completely realistic estimate of the errors in the 
calculation procedure is therefore not possible. By 
making the simplifying assumptions that T i is 
constant and that the calorimeter assembly is in 
thermal equilibrium at the onset of an experiment, 
the author has estimated that the error introduced 
in the corrected temperature change if calculated 
by the outlined method should be of the order of 
0.2 %  or less.

The need for application of a correction term of 
this order of magnitude is completely removed if 
the time-temperature curve of the calorimetric 
experiment proper is duplicated during the subse
quent electrical calibration. Although such a du
plication is never complete, the over-all systema
tic error may actually be reduced in this manner 
to a fraction of the calculated amount.

So far we have neglected the possible effect on 
the calorimetric measurements of a general lack of 
thermal equilibrium in the calorimeter-jacket-fur
nace assembly. Such a lack of equilibrium may be 
due to imperfections in the furnace control system 
itself or may arise from the manipulation of the 
equipment. As a result of such disturbances the 
temperature of the jacket may vary with time. 
Unfortunately, these variations in jacket tempera
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ture will normally be much too small to be deter
mined by a thermocouple lodged in the jacket itself. 
They can, however, be spotted indirectly through 
the drift of the equilibrium temperature as indi
cated by our differential thermocouple system.

It is obvious that large drifts or erratic fluctua
tions of jacket temperature make operation of the 
calorimetric apparatus impossible. Generally, how
ever, the drift in jacket temperature during the 
limited time required for a calorimetric experiment 
is very slow and apparently at a uniform rate. It is 
found that experiments carried out under such 
conditions are in good agreement with other experi
ments carried out when no drift in jacket tempera
ture is indicated. The most significant effect of 
such drift on the actual measurements appears to 
be a slight variation of the calibration data. It 
may be concluded, therefore, that a slight uniform 
drift in jacket temperature does not significantly 
affect the usefulness of the calorimeter. It should 
be stressed, however, that under these conditions 
it is particularly important to duplicate the calori
metric experiment proper during the electrical cali
bration.

Example of Application
Heats of Mixing of Liquid Lead-Tin Alloys.—

In the present series of experiments the integral 
heats of mixing of liquid lead-tin alloys were meas
ured at 350 ± 2 °  and at 450 ± 2 ° .  The over-all 
temperatures were determined by a chromel-alu- 
mel thermocouple calibrated at the melting point 
of zinc (419.4 ’ ). Although the experimental tem
perature fluctuated somewhat over extended pe
riods of time, a change of the order of ± 2 ° has no 
detectable effect on the measured heats of mixing 
(see below). The metals used were of 99.9+%  
purity as determined by semiquantitative spectro- 
graphic analysis.

The experiments were carried out in the manner 
outlined previously, with the following modifica
tions: In these runs the charged crucible was al
ways left in the calorimeter overnight in order to 
let the system regain thermal equilibrium com
pletely. In most runs a second sample of pure metal 
was added to the alloy formed in the first experi
ment. The integral heat of mixing for the final 
alloy composition was then calculated by adding 
the heat effects obtained in the two consecutive ex
periments. The results are tabulated in Tables I 
and II and are plotted versus composition in Fig. 2. 
As the heats of mixing from the combined experi
ments are mere uncertain than the other results, 
they are identified in the tables by the second digit 
of the run number (e .g ., A2). They also have_a 
short vertical bar through the experimental point in 
the figure.

It will be noted that for this system the heat of 
mixing is essentially independent of temperature, 
at least in the range 350 to 450°. We may there
fore compare our results with Kawakami’s calori
metric data for 350° and with Elliott and Chipman’s 
e.m.f. data for 500°.17 As the system lead-tin 
does not lend itself to investigation by the more 
accurate direct e.m.f. method, Elliott and Chip-

(1 7 ) J . E l l io t t  a n d  J . C li ip m a n , J. Am. Cherh. Soc., 73, 2 6 8 2  (1 9 5 1 ).

man’s data were derived indirectly from a study of 
the ternary system tin-lead-cadmium. It will be 
found from Fig. 1 that the present investigation in
dicates 10-15% larger heats (A H )  of mixing than 
these earlier studies. It is unfortunate that the 
present work on lead-tin cannot be compared di
rectly with accurate equilibrium data. For other 
binary systems such comparisons will be presented 
in a later communication.

T a b l e  I

M o l a r  I n t e g r a l  H e a t s  o f  M i x i n g  o f  Pb(l)-Sn(l) a t

R u n T o t a l

350 ±  2°
C o m 

p o s it io n
A tfM ,

J o u l e /
AHM/

#S n #P bN o . m oles Ŝn m o le J o u le

j i 1.4429 0.0452 261.8 6066
HI 1.5857 .0494 288.0 6133
1 1 1.6282 .0496 285.8 6062
El 1.1061 .0838 475.6 6194
J2 1.5066 .0856 467.4 5974
1 2 1.7098 .0949 516.3 6009
H2 1.6707 .0977 534.0 6058
FI 1.0240 .1300 690.9 6107
E2 1.1981 .1542 781.1 5989
F2 1.1643 .2346 1037 5773
G1 0.7674 .3002 1197 5698
G2 0.9983 .4621 1373 5523
B2 1.2756 .7347 1068 5479
K2 1 . 0 1 0 2 .8182 816.1 5486
A2 1.0511 .8390 763.8 5655
B1 1.1077 .8461 720.9 5465
D2 1.3618 .8931 536.6 5621
K1 0.9121 .9062 474.6 5583
A 1 0.9664 .9126 460.4 5772
D1 1.2915 .9417 308.2 5614

DLAR

T a b l e  I I

I n t e g r a l  H e a t s  o f  M i x i n g  i n  I ’ b ( l ) - - S n ( l )  a t

R u n T o t a l

450 ±  2°
C o m 

p o s it io n
A H M ,

J o u l e /
a r m /

■CSn^Pb,
N o . m o le s Xsn m o le J o u le

HI 1.6897 0.0438 257.9 6155
Gl 1.3469 .0479 281.6 6175
FI 1.2146 .0617 353.3 6107
B1 1.0546 .0827 464.9 6133
G2 1.4176 .0954 519.5 6020
1 1 2 1.7925 .0986 531.8 5982
A1 0.8697 .1077 590.8 6148
F2 1.2919 .1178 625.3 6018
B2 1.1583 .1647 8 O6 . 7 5864
C l 0.7775 .1821 848.5 5697
A2 1 . 0 0 2 2 .2257 1005 5748
D1 0.5864 .3017 1217 5779
C2 .9308 .3168 1197 5532
El .5222 .3534 1290 5645
E2 .6970 .5156 1350 5405
L2 .7622 .5742 1354 5538
M l .5294 .6579 1228 5457
K2 1.0511 .7235 1080 5398
LI 0.5877 .7447 1053 5537
K 1 0.8914 .8532 693.2 5534
J2 1.1912 .8830 575.8 5572
1 1 1 . 0 1 1 2 .9188 414.2 5555
. 1 1 1.1216 .9377 328.4 5621
N1 1.3799 .0606 211.3 5586
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ATOMIC FRACTION, XPb.
Fig. 2.—Heats of mixing of Sn(l)-Pb(l): X, Kawakami, calorimetric, 350°; □, Elliott and Chipman, e.m.f. (indirect), 500°;

O— (j), this study, 350°; • — •, this study, 450°.

In the tables and in Fig. 1 are recorded both the 
molar heat of mixing, AH M, and the quantity AH M/ 
£sn£pb- This latter quantity is very useful for 
evaluation of the experimental precision. It will 
he noted that while the observed values of AH M 
range from about 200 to 1400 joule/mole, the cor
responding values for AI7M/:rsn:rpb fall in the range 
5400 to 6200 joule. When this quantity is plotted, 
the observed results thus become comparable in 
magnitude. The plot shows that most of the experi
mental points deviate from the smoothed mean 
curve by less than 1 %  (~ 60  joule), while the maxi
mum deviation is about 200 joule or about 3%. 
The plot of Ai7M/a;sn£pb is particularly valuable for 
determination of the relative partial molal heat 
contents (L ) from integral heat of mixing data.

If we set
A  H u = XaL k +  x nLf, = xaXuF(x ) ( 8 )

we have
L a  =  ® 2b [ > > + **<3
¿ B  =  Z 2a |> > + » £ ]

The terms in the brackets may be obtained from 
the curve for F {x )  by geometrical construction, 
although the procedure is less straightforward than 
in the simple method of intercepts applied directly 
to the curve for AH M. In many cases, however, 
the suggested procedure should prove more accu
rate than the conventional method.
_ In particular we notice that for x a  —► 0, F ( x )  —>■ 
¿ a0 (the relative partial molal heat content for A 
in its infinitely dilute solution in B). Similarly we 
have forjre -»• 0, F (x )  -*  L b°. In the present case 
we find Lsn° (in Pb) =  6200 joule/mole while L pbn 
(in Sn) =  5650 joule/mole. The difference be
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tween these two terminal values of F {x )  may be 
used as a measure for the energetic assymmetry in 
the binary system. This measure is considerably 
more sensitive than, for example, the deviation of 
the maximum of the AI I M curve from the equi- 
atomic composition.

Two particularly simple cases occur when we have 
for all concentrations

d F/dx = 0 (a)
or

dF/dx =  constant (b)
The former case corresponds to a completely sym
metrical heat of mixing curve (“ regular” solution of 
components of similar volumes), while the second 
case corresponds to the case discussed very recently 
by Hardy18 under the name “ sub-regular”  solution.

(1 8 ) H . K . H a r d y , Acta Met., 1 , 2 0 2  (1 9 5 3 ).

We note that the lead-tin system does not com
pletely fulfill any of these very simple criteria, al
though either of them would represent a suitable 
rough approximation.
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THE INTERACTION OF PAIRS OF GAS ATOMS WITH SURFACES1 2
By Mark P. Freeman3 and G. D. Halsey, Jr .

Department of Chemistry, University of Washington, Seattle, Washington 
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The interaction of rare gases with high surface area powders has been measured in the temperature range where the im
portant contributions come from isolated atoms and isolated pairs of atoms only. The pair term governs the variation of 
the apparent volume of the system with pressure. The experimental values of dV/dP are compared with a crude model 
based on hard sphere repulsion between the surface and the atoms, and a cube law attraction between each atom and the 
surface. There are no adjustable parameters. The agreement between calculated and observed slopes is adequate. The 
systems studied are argon and neon on saran charcoal, argon on carbon black, and krypton on alumina.

Introduction
The problem of adsorption at an interface can 

be treated, in principle, from the same standpoint 
as the theory of a bulk liquid. That is, relationships 
can be written down that would ultimately yield a 
distribution function for the adsorbed molecules. 
Wheeler4 has pointed out how such a calculation 
can be made and Ono6 has presented some theo
retical solutions. However, as Wheeler has shown, 
the application of this theory to the usual adsorp
tion isotherm, even with certain approximations, 
involves very lengthy numerical computations.

Steele and Flalsey6 have analyzed the interactions 
of gas atoms with surfaces in the temperature region 
above the critical point of the adsorbate where the 
only important interactions are between isolated gas 
atoms and the surface. In the present paper the 
experiments and the analysis are extended to the 
next higher order interaction, that between two 
gas atoms and the surface. Wheeler has pointed 
out that this case can be written down explicitly.

(1 )  T h is  r e s e a rch  w a s  p a r t ia lly  s u p p o r t e d  b y  C o n t r a c t  A F 1 9 (6 0 4 ) -  
2 4 7  w it h  th e  A ir  F o r c e  C a m b r id g e  R e s e a rc h  C e n te r .

(2 )  P r e s e n te d  a t  th e  1 2 6 th  N a t io n a l  M e e t in g  o f  th e  A m e r ic a n  
C h e m ic a l  S o c ie t y ,  N e w  Y o r k  C i t y ,  N . Y . ,  S e p te m b e r  1 2 -1 7 ,  195 4 .

(3 ) P r e s e n te d  in  p a r t ia l  fu lf i llm e n t  o f  th e  r e q u ir e m e n ts  fo r  th e  
P h .D .  d e g re e .

(4 ) A . W h e e le r , 1 2 0 th  N a t io n a l  M e e t in g ,  A m e r ic a n  C h e m ic a l  S o 
c ie t y ,  N e w  Y o r k  C i t y ,  N .  Y . ,  S e p te m b e r  3 - 7 ,  1951 .

(5 ) S . O n o , Memoirs of the Faculty of Engineering, Kyushu Univ., 
10, 195 (1 9 4 7 ) ;  J. Chem. Phys., 18 , 3 9 7  (1 9 5 0 ) ;  Mem. Fac. Eng., 
Kyushu Univ., 1 2 , 9  ( 1 9 5 0 ) ;  J. Phys. Soc. Japan, 6 ,  10 (1 9 5 1 ) .

(6 ) W .  A . S te e le  a n d  G .  D .  H a ls e y , J r .,  J. Chem. Phys.,, 2 2 ,  9 7 9  
(1 9 5 4 ).

The gas itself in the absence of a surface will be 
assumed to remain effectively ideal.

Development of the Mixed Third Virial Coeffi
cient.— We shall follow in outline the simple 
treatment of Mayer and Mayer.7 The total po
tential energy, U , due to interactions can be written 
as the sum of interaction energies, u ■„ between each 
molecule and the surface and the interaction en
ergies, Wjk, between two molecules in the gas

N N N -  1
u =  £  Mi +  X ) S  u*

i = l j > k k — \
We now define two functions

f-, — exp J— Ui/kT) — l
and

/jk = exp (-Mjk/kT\ -  1
Then

(1)

(2)

(3)

exp { — U/kT]
Nn c +/>)

i = i
(1 +  /jk) (4)

The second product can be expanded to give
N

exp { - U / k T }  = J i t 1 +/*> 
Ì = 1

1 +  /jk +  ]C5Z7ik/iV +  • • • (5)

This expression is then integrated over the coördi-
(7 ) J . E .  M a y e r  a n d  M .  G . M a y e r ,  “ S ta t is t ic a l  M e c h a n ic s ,”  J o h n  

W ile y  a n d  S o n s , I n c . ,  N e w  Y o r k ,  N .  Y - ,  1 9 4 0 , p .  2 6 3 ,
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nates, r „  of all the particles throughout the available 
volume, Vgeo, to yield the configuration integral

Qt - - / n o

/ . . .  / i i  ■ "i — l

dr2. . .dri. . . drN 

+

jk  j 'k '

We now define two integrals

Bas = J, / i dr,

f f
u) J  Vgeo

Fgeo

(1 + /i)(l T /?J/i2dridr2

(6)

(7)

(8)

Notice that if the proper irreducible integral (ref. 
7, p. 287)

Caas = f  f /"i/2/i2dridr2 (9)
J  Vgeo J

is defined, then
Caas = C '  A A S  +  (2BaS +  V  g e o ) /3  (10)

where

0 = / i 2dr2 (10a)
J  Fgeo

However, if the gas is ideal, /3 is negligible and it is 
immaterial whether Caas or C aas is evaluated 
since they are equal. We shall therefore not break 
down the contribution in Caas- Note that it is 
analogous to a gaseous mixed third virial coefficient 
between two atoms of a species A and one of B.

In terms of these defined integrals, the integra
tion leads to
Q r  — (Fgeo +  B a s )N

N ( N  -  1) Caas
2 (Fgeo +  Bas)2 +

Ursell8 has shown that for large N  this type of ex
pansion is correctly approximated by the form

log Q t =  N  log (Fgeo +  -Bas) + iV2 Caas 
2 (Fgeo +  Bas)2

from which

(12)

P -  i-T a *°g =  NkT _  ¡us kT Caas
OFgeo (Fgeo +  Bas) (Fgeo +  Bas)3

(18)
The area is held constant during this differentia
tion. This corresponds to holding the quantity 
of the second component (the solid surface) con
stant. Also, the integral Caas has been treated as 
if it were independent of volume, whereas eq. 10 
indicates that only the proper irreducible integral 
C'aas is truly independent. Thus, a term propor
tional to ¿3 has been neglected. This neglect is 
possible because the relatively low pressure and 
small volume compared to the large surface area 
used in our experiments make contributions from 
bulk gas imperfections totally negligible.

It is convenient to express the experimental re
sults in terms of the apparent volume of the system

(8) See R. H. Fowler, “Statistical Mechanic,” Cambridge {Jm-
v e m ty  Press, Cambridge, 193b, p. 241.

as defined by the ideal gas law, rather than the 
number of molecules N

V = N(kT/P) (14))
If we make this substitution in (13), we find

p _  kT(B\s +  Fgeo)2 _  fcF(BAS +  Fgeo)3 /| r\ 
FCaas F2Caas { >

At zero pressure V  becomes its limit, Fo, and we find 
Fo -  Fgeo = Bas (16)

the expression used by Steele and Halsey.6
In the experiments reported here, we have meas

ured the slope d F /d P ,  which by differentiation of
(15) is
dF/dP  =  l/ (d P / d F ) =  F ’Caas/|2A'7’(Fge„ +  B AS)3 -

k.TV( Fgeo +  B as)2 I (1 7 )

Near zero pressure where F approaches Fgeo +  
B as, (17) becomes

d f7 d P | p = o  =  C aas/A T  (1 8 )

This is the result we require.
Crude Model for Caas-— We shall extend the 

crude model of Steele and Halsey6 in as simple a 
way as possible in order to compute the integral 
Caas- We shall retain the assumption that at the 
hard sphere distance D qg the solid-gas interaction 
is e* and that this energy then falls off with the 
third power of the distance. We shall assume in 
addition that the gas atoms have a hard sphere di
ameter for self repulsion Z > g g  and that other than 
this they do not interact. Thus / 12 (see eq. 3) is — 1 
when the spheres overlap and zero elsewhere. We 
shall therefore perform our integration between the 
limits of contact of the sphere with the value — 1 
fo r /12. Dgg and S, the ratio between D gs and D gg, 
are the only new parameters we introduce.

The coordinate system we use is as follows (Fig. 
1): Zi and z2 are the perpendicular distances of the 
atoms from the surface; L  is the distance between 
these perpendiculars; and the angular orientation 
of gas atom 2 with respect to gas atom 1 we denote 
by 6, a cyclic coordinate. If for dn, we use d A  
dzj and for dr2 we use L  dL  dd dz2, then the integral 
(see eq. 2, 8) becomes (remembering/12 = — 1)

L dL d8 dz2 dA dzi (19)

where the limits of Z\ are from D q s to Fgc0//1 ~  oo 
z2 goes from D q s to Zj +  D g g  when D g s  >  (zi — 
D gg) and otherwise the lower limit is the latter 
expression, L  goes from 0 to \ / D 2gg — (zi — Z2) 2, 
and 6 from 0 to 2ir.

If the integral is rewritten in terms of reduced 
lengths where D gg is 1 (see Fig. 1) and the ratio 
Dgs/Dgg is 5, then the integral becomes

Caas =  - D 4gg f ,  f  f  f  f  exp 
J  A J  Cl J  <T2 J  OT, J  d

\ l c T  ~h 1/°F)^ <n. d0% d d  dA  d<r2 d<ri (20)

where t*/ z\  =  — g/JP gs and the limits are now: 
or goes from 5 to FKeo/,4 D q q  ; o-2 goes from S when 5 
is greater than <jx — 1 and otherwise from <r, — 
1 to aj -f- 1; 8 ’s  limits are as before; and <tl goes
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Fig. 1.—Schematic representation of the coordinate system.

from 0 to v 7! — ( or — o-2) 2. After the analytic 
integrations are performed, we have

Caas =  — ‘¿ t A D q q * f  CJ <Tl J <72 A I <rL

exp {8h*/kT(l/<r,3 +  l/a-23)} d<7, d<r2 (21) 
which becomes

Caas = —ttD^g f  exp {d3e*/kTai3\J cr i

T exp {53€*/ic7,o'23i V / 1 — G ' — ff2)2 do-i do-2 (22)«/ <T2
This integral was evaluated graphically.

The dimensionless quantity log { — C a a s / 
AZ)4gg} is plotted as a function of e * / k T  for various 
values of the parameter 8 in Fig. 2. This reduced 
form of representation will be employed below to 
compare the experimental data with the results of 
the crude theory.

Fig. 2.—Calculated values of log (C a a s / A D qG) for various 
values of the parameter 5.

Experimental Results.—The apparatus and gen
eral procedure have been described in a previous 
paper.6 The rare gases were obtained in sealed 
bulbs from the Air Reduction Company. In the 
earlier paper the data consisted of isosteres, per
formed over a range of temperatures such that the 
quantity e * / k T  varied from unity to a maximum 
of about six. Over this range, when the total

pressure is about 200 mm., the apparent volume 
was shown to be effectively independent of pressure. 
In the present work the temperature range has been 
extended down to an e * / k T  value of about eight. 
Over this range the apparent volume becomes a lin
ear function of pressure. Therefore V  was deter
mined as a function of P ,  and the results fitted to a 
straight line by the method of least squares. The 
slope of this line, d V / d P , was then compared with 
the calculated values of Caas by means of eq. 18.

In Fig. 3 the experimental data for krypton on 
alumina are shown; it is clear from these data, 
which are typical, that the degree of experimental 
accuracy is not high. The hysteresis shown on 
reversing the order of taking the points is within the 
experimental error, however, which confirms the 
applicability of an equilibrium theory to these 
measurements. The crudeness of the theory, the 
uncertainty in the assignment of a value to D qg, 
and the absence of any adjustable parameter com
bine to make the degree of accuracy adequate.

Pressure, mm.
Fig. 3.—Interaction of krypton with alumina at 0° (top) 

and 30.2°: O, increasing pressure; 0, decreasing pressure;
------ , theoretical slope based on viscosity Dgg; ------ ,
theoretical slope based on critical volume D gg.

The solids have been investigated previously; 
the carbon black and alumina are described,6 and 
the high surface area saran charcoal is described.9 
The parameters used for calculating Caas are given 
in Table I; all values are from the previous work 
except D gg■ For this distance the tabulated val
ues10 of hard sphere diameters estimated from vis
cosity data have been used. In the case of krypton

(9 ) W .  A .  S te e le  a n d  G . D .  H a ls e y ,  J r .,  T h is  J o u r n a l , 5 9 , 57 
(1 9 5 4 ) .

(1 0 )  J o s e p h  O . H ir s c h fe ld e r ,  R .  B y r o n  B ir d  a n d  E lle n  L . S p o t z ,  
Chem. Revs., 4 4 , 2 0 5  (1 9 4 9 ) .
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A d s o r b e n t G a s

T a b u e  I 
«*

k ca l.
A,

in -V s -
D g g ,
Â.

D g s ,
Â.

Carbon
b l a c k Argon 4.34 262 3.42 2.75

Alumina K rypton 3.46 141 3.61 1.99

Saran S-85 Argon 3.66 1030
( 3 . 9 6 ) ' *

3.42 2.90
Neon 1.28 1135 2.80 2.55

° Calculated from the critical volume.

we have also made calculations using the rather 
widely differing value based on critical volume to 
illustrate the effect of uncertainties in D gg.

In Fig. 3 the calculated slopes are drawn in with 
the intercept defined by the least-square line. The 
agreement is surprisingly good. In Fig. 4 the data 
for argon on carbon black are compared with the

Fig. 4.—Reduced plot of data for argon on carbon black 
compared with theoretical line.

theoretical line in reduced form. It is clear that the 
temperature dependence of C'aas is correctly ac
counted for by the theory. The results for neon 
and argon on saran charcoal are similarly presented 
in Fig. 5. The numerical comparison of the least- 
squares slopes and the theory is given in Table II.

Conclusions.—If one considers the crudeness of 
the model, the close agreement between theory and 
experiment found here is surprising. A similar (and

Fig. 5.—Argon (left) and neon (right) on Saran charcoal.

T a b l e  I I

A d  T e m p . ,  S lo p e  ( c c . /g . ) m m . Hg X  10*
s o r b e n t G a s °c. C a le d . O b s d .

Carbon Argon 0.00 62.1 60.2
black 27.71 13.1 16.4

57.85 5.29 0.82
84.3 2.25 2.70

Alumina Krypton 0.00 1.51 2.17
(1.84)"

30.2 0.528 0.528
(0.035)»

Saran S-85 Argon 0.00 34.0 32.1
5.09 20.4 24.2

31.0 10. I 13.0
Neon -195 .7 806.0 538.0

-194 .7 079.0 645.0
-182.1 87.3 83.4

“ Based on Dgg calculated from the critical volume.

apparently fortuitous) agreement has been ob
served with the crude theory for B as-9 The in
troduction of a Lennard-Jones potential between 
the gas atom and the surface led to less reasonable 
values for the area than did the crude theory. It 
is possible that refinements in the model for C'aas 
will cause similar difficulties. It is clear, however, 
that the theory of imperfect gases is suitable 
for the interpretation of the interaction of gases 
with solids.

THE VAPOR PRESSURE OF IRON(II) BROMIDE
By R. 0. M acL aren  and N. W. G regory

Contribution from the Department of Chemistry, University of Washington, Seattle, Washington
Received August SO, 1964

The vapor pressure of FeBr2 has been measured using the effusion, transpiration and diaphragm methods, covering the 
temperature interval 350 to 900°. The accommodation coefficient is found to be unity.

In connection with equilibrium studies on the 
iron-bromine system, it became necessary to know 
the vapor pressure of FeBr2. We have made meas
urements between 400 and 640° using the trans
piration method with argon as the carrier gas. 
The quantity of FeBr2 transported was determined 
by a colorimetric technique which enabled conven
ient determination of vapor pressures as low as 10-3 
mm. At the lower temperatures results have been 
compared with data obtained by the effusion method

(350-445°). Pressures were also measured between 
600 and 900° in a quartz diaphragm gage. An inde
pendent determination of the triple point was made 
by differential thermocouple cooling curve analysis.

Experimental
FeBr2 was prepared by reaction of anhydrous bromine with 

iron powder (Eimer and Amend, electrolytic). The prod
uct was sublimed as Fe2Br6 in a bromine atmosphere at 
450°; the condensate, a mixture of iron(II) and iron(III) 
bromides, was then heated at 120° in vacuo to decompose
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the iron(III) phase and FeBr2 finally sublimed in vacuo 
at 520°. Four independently prepared samples (typical 
analysis: %  Fe, 25.94 (theo. 25.90); % Br 74.08 (74.10)) 
were used in the various experiments.

Transpiration,—A schematic diagram of the Pyrex glass 
apparatus is shown in Fig. 1. For experiments above 550° 
the transpiration chamber A was constructed of quartz. 
Prior to each experiment the argon was passed through 
liquid potassium (at 80°) at M to assure the absence of 
water vapor, bromine and oxygen. The purified gas was 
condensed in B with liquid nitrogen (v.p. of argon 209 mm. 
at —196°); the nitrogen was then replaced by liquid oxy
gen (v.p. of argon 1015 mm. at —18:1°). Flow through 
the vaporization chamber was induced by opening stop
cocks C connecting with the argon collecting tube D immersed 
in liquid nitrogen. The flow rate was regulated between 12 
and 40 ml./min. by changing capillary orifices at E. The ar
gon collected during a given experiment was vaporized and 
its pressure measured in the calibrated flask F; it was then 
returned to storage to be recycled in the next experiment.

Before introduction of the argon, the transpiration cham
ber was evacuated and baked out and FeBr2 sublimed in 
from the sublimation tube G, subsequently removed. The 
furnace, preheated to operating temperature, was placed 
around A and flow of argon begun after the temperature had 
stabilized (two to five minutes). Above 550° flow was 
reversed (from D to B) through stopcock H during the 
temperature equilibration period to minimize diffusion of 
FeBr2 into the collector tube. The temperature was con
trolled within ± 2 °  and measured with three calibrated 
chromel-alumel thermocouples spaced around the ap
paratus. A smaller furnace K, kept within 10° of the main 
furnace, was used to preheat the carrier gas.

The transported FeBr2 was removed from the collector 
tube L in a dry-box and the quantity determined colori- 
metrically as the iron(II) complex with o-phenanthroline 
by a method similar to that described by Hiskey,1’2 using a 
Beckman (DU) spectrophotometer at wave length 510 mu, 
an absorption maximum of the complex. Quantities of 
FeBr2 as small as 0.8 mg. may be determined easily, enabling 
pressures as low as 10 ~3 mm. to be measured conveniently. 
Above 650 ° , the amount of FeBr2 collected was sufficient to de
termine by dichromate titration. The duration of the various 
transpiration experiments ranged from 30 to 130 minutes.

Diaphragm Gage.—Above 625° direct measurement of the 
vapor pressure was made in a quartz diaphragm of the Daniels 
type.3 Deflections of a slender quartz pointer (20 cm. 
long), sealed to the diaphragm, were observed through a 40- 
power microscope giving a sensitivity of about 1 mm. The 
gage, volume approximately 35 ml., was connected by graded 
seals and waxed ground-glass ball joints to the vacuum line 
and mercury manometer. It was used as a null point in
strument, the zero position determined before and after a 
series of measurements. No irreversible shift in null point 
was noted; appreciable pressure differentials were not 
allowed to develop at high temperatures.

Measurements were made on three independent samples 
of 1.10, 0.72 and 0.10 g. of FeBr2, sublimed into the gage 
under high vacuum after outgassing at 900°. The desired 
temperatures were produced by an electric furnace with in
dependent elements at top, bottom and sides in which the 
currents could be adjusted to keep the temperature uniform 
throughout (maximum variation ± 2 ° ). Measurements 
were made varying the temperature in a comparatively ran
dom manner. Small residual gas corrections (determined 
from measurements below 600°) were necessary in two of 
the three series (2.0 mm. and 4.0 mm. at 800°K.).

Effusion.—Measurements from 350° to 445° were made 
in four different cells to determine the magnitude of the 
accommodation coefficient of FeBr2.

C ell
le n g th ,

cm .

C e ll
d ia m e te r ,

cm .

O rifice
d ia m e te r ,

cm .

O rifice
th ick n e ss ,

cm . K

1 3.5 1.7 0.037 0.0175 0.67
2 3.5 1.7 .0839 .02 .81
3 3.5 1.7 .137 .005 .96
4 4.5 2.5 .50 .050 .86

(1 ) C . F .  H is k e y , Anal. Chem., 2 1 ,  1 44 0  (1 9 4 9 ) .
(2 )  C . F .  H is k e y ,  J . R a b in o w it z  a n d  I .  G .  Y o u n g ,  ibid., 2 2 , 1464  

( 1 9 5 0 ) .
(3 )  F .  D a n ie ls , J. Am. Chem. Soc., 5 0 , 1 1 1 5  (1 9 2 8 ) .

The factor K was evaluated as discussed by Whitman4 to 
correct for the effect of the geometry of the cells on molecu
lar flow. Cells 2 and 3 were constructed of nickel; 1 of 
monel (a slight reaction of copper in the monel wnth FeBr2 
was indicated by the appearance of a small amount of in
soluble material with the effused FeBr2 which appeared to be 
cuprous bromide). The fourth cell was made of Pyrex 
glass. The metal cells were equipped with tight fitting 
screw caps; orifices were made with drills and machined to 
the indicated thickness on a lathe. The glass orifice was 
prepared by grinding a hole in a piece of Pyrex plate with a 
brass sleeve and tapering the outside with a tapered rod 
(carborundum used as abrasive).

vacuum and 
manometer

Sublimed FeBr2 was added to the metal cells (in a dry- 
box) which were then placed in a glass tube (30 mm. diame
ter) and attached to the vacuum line. The temperature 
was determined by a thermocouple placed in direct contact 
with the metal, the leads coming out through a wax seal at 
the cold end of the tube. The furnace was preheated to the 
desired temperature and slipped over the tube to initiate 
the run. A time-temperature curve was plotted to deter
mine the actual period of effusion. FeBr2 leaving the cell 
condensed on the glass surface just outside the furnace. It 
was removed in the dry-box and determined colorimetrically. 
At the higher temperatures, direct titration could be used 
for the larger quantities collected from the glass cell. With 
the glass cell, the effused material was removed after crack
ing the glass tube between the orifice and the condensation 
zone in the dry-box. A steel ball was placed over the orifice 
while resealing prior to a subsequent run. A summary of 
the effusion results follows

E ffu s io n
ce ll

T e m p .,
° K .

T im e ,
m in .

Q u a n t ity  
F e B r?  e ffu se d , 

m o le oj mm

4 6 2 3 1 1 2 4 3 . 2 8  X  1 0 " 5 2 . 1 6  X  1 0 - «

3 6 5 8 1 2 4 7 2 . 7 0  X  1 0 “ « 1 . 5 4  X  1 0 ” 4

4 6 6 6 2 3 0 9 . 8 2  X  1 0 “ « 2 . 7 3  X  1 0 “ 4

2 6 6 8 4 0 8 5 . 7 3  X  l O “ 6 3 . 2 4  X  1 0 - 4

1 6 8 2 8 9 1 4 . 1 3  X  1 0 - « 6 . 7 8  X  I O “ 4

3 6 8 8 9 5 9 . 1 8  X  1 0  ~« 7 . 5 5  X  1 0 “ 4

1 6 9 9 5 4 2 5 . 5 6  X  1 0 - « 1 . 5 1  X  1 0 “ 3

2 7 0 7 1 2 9 9 . 8 6  X  1 0 - « 1 . 8 2  X  1 0 “ 3

1 7 1 1 3 6 3 6 . 5 8  X  1 0 - « 2 . 7 2  X  1 0 " 3

3 7 1 2 1 3 1 4 . 0 5  X  1 0 “ « 2 . 4 5  X  I O ” 3

4 7 1 7 8 7 4 . 2 4  X  1 0 “ 4 3 . 0 9  X  1 0 " 3

2 7 1 8 1 2 4 1 . 8 5  X  1 0 - « 3 . 5 8  X  1 0 - «

The triple point of FeBr2 was confirmed by differential 
thermocouple cooling curve analysis. A 1.5-g. sample 
was placed in a 12-ml. quartz tube provided with a thermo
couple well, degassed at 400° in high vacuum before sealing, 
and compared against a similar tube filled with NaCl. The 
triple point was indicated by a sharp break in the potential 
difference-time curve.

Results and Discussion
The results obtained by the various methods are 

shown in Fig. 2. The straight lines correspond to 
the equations

(4) C. I. Whitman, J . Chem. Phys., 20, 1G1 (1952).
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T e m p .,
ra n g e ,

logio Pmm = AH,
M e t h o d ° C . A B k e a l.

F e B r 2(s )  =  F e B r 2(g )
T r a n s p ir a t io n (4 0 0 -6 8 9 ) 1 0 ,2 9 4 1 2 .0 4 5 4 7 .1  ±  0 . 5
E ffu s io n (3 5 0 -4 4 5 ) 1 0 ,3 0 0 1 1 .8 8 4 7 .1  ±  1
D ia p h r a g m  

F e B r 2 (l)  =  F e B r 2(g )
(6 2 0 -6 8 9 ) 1 2 ,1 0 0 1 3 .9 0 55 ±  10

D ia p h r a g m (6 8 9 -9 0 9 ) 6 ,9 1 2 8 .4 5 0 3 1 . 6 ±  1

The transpiration data are shown as open 
circles, diaphragm as solid circles, and effusion as 
half filled circles. The diaphragm data extend 
below the triple point, although the experimental 
uncertainty, indicated by the length of the vertical 
lines, is a large fraction of the total pressure in this 
range. Fifty-seven measurements were made with 
three independent samples in the diaphragm gage. 
Only one of the series is shown in Fig. 2 for sim
plicity. The equations for the transpiration data 
and the diaphragm measurements in the liquid 
range were obtained by a least squares treatment. 
The average of the absolute deviations of log 
Pexpt. from log P eaic were 1.08% (tr.) and 0.75% 
(D).

1000/T.
Fig. 2—Vapor pressure of FeBr2.

Data from all four effusion cells are shown. The 
excellent agreement of values from the various 
cells indicates that the accommodation coefficient 
may be taken as unity, and the steady state effusion 
pressures as equilibrium pressures.

The present study is believed to be the first in 
which a direct comparison of vapor pressures meas
ured by effusion and transpiration has been pos
sible without the uncertainty associated with extra
polation. The effusion pressures are found to be 
only 70% of the transpiration values (diaphragm

pressures about 85%). This deviation, while not 
extremely large, seems appreciably beyond experi
mental error. Several possible causes have been 
considered, none of which suggests a satisfactory 
explanation for the difference. The transpiration 
experiments gave consistent results with various 
flow rates (from 12 to 40 ml./min.) indicating that 
diffusion did not contribute materially to the 
quantity of FeBr2 collected. Transpiration pres
sures would appear high if the argon-FeBr2 mix
tures were appreciably non-ideal. Pressures were 
calculated from the number of moles transported, 
assuming perfect gas behavior. Significant argon- 
FeBr2 interaction seems unlikely at the pressures 
and temperatures involved, however. At partial 
pressures of the order of 10“ 3-1 (R 2 appreciable in
teraction of FeBr2 molecules is not expected; molec
ular flow is assumed in the effusion cell. The ef
fect of the pressure of argon on FeBr2 crystals 
would only be expected to increase the vapor pres
sure by about 1%. The presence of polymerized 
groups would influence calculated effusion and 
transpiration pressures in the same way. Com
parison of pressures based on the molecular for
mula FeBr2 with those actually measured in the 
diaphragm gage indicates that the monomer is the 
principal species throughout the entire temperature 
range studied. Diaphragm and transpiration val
ues could be made to agree near the melting point 
if one assumed the vapor to contain 5-15% dimer. 
However, evidence for further association at lower 
temperatures is not observed. Effusion and dia
phragm values appear to correlate well assum
ing no appreciable concentration of dimer.

The heats of sublimation from all methods 
agree well within experimental error. Taken with 
the heat of vaporization a value of 15 ±  2 keal. is 
obtained for the heat of fusion, somewhat higher 
than expected.6 The triple point of 691°, calcu
lated from the vapor pressure equations, is slightly 
above the previously reported melting point of 
684°,7 but agrees well with 689 ±  2° obtained by 
the differential thermocouple cooling curve analysis. 
An estimated heat of fusion of 11 ±  3 keal. was 
obtained by comparing the areas under the dif
ferential cooling curves for NaCl and FeBr2 over 
their respective melting ranges. The boiling point 
of FeBr2, obtained by extrapolation of diaphragm 
pressures, is 967°.

No evidence for disproportionation of FeBr2 into 
iron and iron(III) bromide was observed. Such a 
reaction would have been readily detected in trans
piration or effusion experiments.

We wish to acknowledge support of this work by 
the Office of Ordnance Research, U. S. Army.

(5 )  L . L .  Q u ill , “ C h e m is t r y  a n d  M e t a llu r g y  o f  M is c e l la n e o u s  
M a t e r ia ls :  T h e r m o d y n a m ic s ,”  N a t io n a l  N u c le a r  E n e r g y  S e r ie s
I V - V o l .  1 9 B , M c G r a w -H i l l  B o o k  C o . ,  N e w  Y o r k ,  N . Y . ,  1 9 5 0 , p .  
202.

(7 ) A . F e rra r i, A .  C e le r i a n d  F . G io r g i , Atti accad. nazl. Lincei, 9, 
7 8 2 , 1134  (1 9 2 9 ) .
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NOTES
CHLORIDE UPTAKE BY ION-EXCHANGE 
MEMBRANES IN DIFFERENT CHLORIDE 

SOLUTIONS
B y  N. K b i s h n a s w a m y

Division of Plastics and Polymers, National Chemical Laboratory of 
India, Poona, India.

Received August 17, 1954

In an earlier communication1 the method of prepa
ration of synthetic cation-exchange membrane 
discs has been described along with their Donnan 
diffusion properties in sodium chloride solutions. 
It was decided to extend the study to different salt 
solutions in order to observe the effect of ionic 
charge, ionic size and valency on the Donnan 
diffusion properties of the cation-exchange mem
branes. For this purpose Disc 63 (a phenolsul- 
fonic acid-formaldehyde condensation product) 
and Permionic CR-51 (sample obtained from Ionics 
Inc., U.S.A.. with their Bulletin No. 1) were chosen 
and this note describes the results obtained in so
dium chloride, barium chloride and hydrochloric 
acid solutions.

Experimental
The membranes were completely converted to the sodium, 

barium and hydrogen forms for estimation of the chloride 
uptake at different external concentrations of sodium chlo-

Fig. 1.—Relationship between normality of chloride ab
sorbed ( N a )  and the external chloride concentration (Next) 
in different solutions: 1, CR 51 in NaCl; 2, CR 51 in HCl; 
3, CR 51 in BaCh; 4, Disc 63 in NaCl; 5, Disc 63 in HCl; 
6, Disc 63 in BaCl2.

(1) N. Krishnaswamy, J . Sci. Ind. Res. {India), 13B, 722 (1954).

ride, barium chloride and hydrochloric acid, respectively. 
The amount of chloride absorbed was determined by the pro
cedure described earlier.1 In the acid cycle the acidity was 
determined by titration with standard sodium hydroxide 
solution.

Results
From the dimensions of the membranes measured 

in the different solutions the concentration of chlo
ride absorbed by the resin phase { N a)  was calcu
lated.

Figure 1 shows the relationship between the 
normality of chloride absorbed (Na) and the ex
ternal chloride concentration (N ext) .

Figure 2 reveals the variation of the ratio N A / N ext 
with the external concentration N ext for the two 
samples in different solutions.

Fig. 2.—iVA/iVext vs. Mxt: 1, CR 51 in NaCl; 2, CR 51 
in HCl; 3, CR 51 in BaCl2; 4, Disc 63 in NaCl; 5, Disc 
63 in HCl; 6, Disc 63 in BaCl2.

It is seen that the chloride uptake in barium chlo
ride solution by both the samples differs from the 
chloride absorbed in sodium chloride and hydro
chloric acid solutions. Thus, curves 3 and 6 in 
Fig. 2 are seen to differ from the others and the 
trend of these two curves in the dilute concentra
tion range (up to 1.0 N ) indicates less of variation 
in chloride uptake by changing the external 
concentration.

Further work is in progress with other salt solu
tions of alkali and alkaline earth metals to evaluate 
the Donnan diffusion characteristics.
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The measurements here reported were made in 
order to extend to low temperatures the compari-



188 N o t e s Vol. 59

son between the molal volumes of rc-octane and 
2,2,3,3-tetramethylbutane, discussed by Hilde
brand before the Faraday Society.1 Our figures 
were obtained by weighing known masses of the solid 
substances under liquid nitrogen, under methyl 
alcohol at the sublimation temperature of C 02, and, 
in the case of the C2(CH3)6, under cold water and 
under liquid hydrogen. The density of n-C8H18 
at liquid hydrogen temperature, 0.948, is known 
through the observations of Heuse.2

Materials.—-“ Synthetic”  n-octane from the Matheson 
Co. was used without further purification. The CifCHah 
was vacuum distilled from material generously furnished by 
Dr. G. Calingaert, of purity stated as 99.69%, and melting 
point 100.69°.

Procedure.—Samples were either frozen about a copper 
wire or in a heavy copper cup. Each sample was thoroughly 
degassed in the liquid state, and moisture was carefully ex
cluded. Details can be furnished upon request. The den
sities of liquid hydrogen and methyl alcohol at the tempera
tures used were determined by weighing a 10-g. brass weight 
immersed therein.

Results are given in Table I.
Table I

Densities op n-C8Hi8 and C2(CH3)6

O cta n e
I m m e r s in g

l iq u id
l,

° C . D e n s it y A v .

W-C8ÏÏ18 n 2 - 1 9 5 . 8 o to CO o . 9 1 7 ,0 .9 1 0 0 .9 1 5
C H a O H -  7 5 .0 .8 6 0 , .8 5 5 . 8 57

C 2(C H 3 )« H 2 - 2 5 2 . 8 .9 3 2 .9 3 2
n 2 - 1 9 5 . 8 .8 9 3 , ..9 1 1 , . 8 9 7 ,0 .9 0 3 .9 0 1
C H a O H -  7 3 .8 .8 5 0 , ,,8 4 4 .8 4 7

From these densities and those at higher tem
peratures obtained by Timmermans3 for n-C8Hi8, 
and by Seyer, Bennett and Williams4 for C2(CH3)6,

_____________ Fig- l-
(1 ) J . H . H ild e b r a n d , Faraday Society Disc., 15 , 9 (1 9 5 3 ).
(2 ) W . H e u se , Z. physik. Chem., A 1 4 7 , 2 6 6  (1 9 3 0 ).
(3 )  J . T im m e r m a n s , “ P h y s ic o -C h e m ic a l  C o n s ta n ts  fo r  P u r e  O rg a n ic  

C o m p o u n d s , ”  E ls e v ie r  P u b . C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  195 0 , p . 86.
£<J (4 ) W .| F . S e y e r , R .  B . B e n n e t t  a n d  F .  C . W ill ia m s , J. Am. Chem. 
Soc. ¿ 7 1 ,  3 44 7  (1 9 4 9 ) .

we calculated the molal volumes of these two oc
tanes plotted1 in Fig. 1.

It is noteworthy that although the more sym
metrical octane occupies a larger volume at low 
temperatures, as would be expected by analogy 
■with the relative packing of spheres and rods, the 
reverse is true with their liquids. There is an 
interesting parallelism between the volume of 
C2(CH3)6 and its entropy in the same range, from 
the measurements of Scott, Douslin, Gross, Oliver 
and Huffman.6

This work was supported in part by the Atomic 
Energy Commission.

(5 )  D .  W .  S c o t t ,  D . R .  D o u s lin , M .  E . G ro ss , G . D . O liv e r  a n d  
H . M .  H u ffm a n , ibid., 7 4 ,  883  (1 9 5 2 ).
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Theories concerning solubility of non-electro
lytes have been developed, primarily, by Hilde
brand2 and associates. To test and develop these 
theories, solubility data are needed of non-electro
lytes in various solvents and over wide temperature 
ranges.

Some years ago the solubility of chlorine in car
bon tetrachloride at 0, 19 and 40° was measured by 
Taylor and Hildebrand.3 These data are still used 
in discussing solution theories,4 since no additional 
solubility data have been reported.

In this paper, the solubility of chlorine in carbon 
tetrachloride from 40 to 90° is given. It appears 
that the solubility at 40° reported by Taylor and 
Hildebrand is slightly low. Our results combined 
with their solubility data show that the solutions

l/T  X 103.
Fig. 1.—Solubility of chlorine in carbon tetrachloride and 

ethylene bromide.
(1 )  J e t  P r o p u ls io n  L a b o r a t o r y ,  C a li fo r n ia  I n s t it u t e  o f  T e c h n o lo g y ,  

P a sa d e n a , C a lifo rn ia .
(2 )  J . H .  H ild e b r a n d  a n d  R .  L . S c o t t ,  “ S o lu b i l it y  o f  N o n -e l e c t r o 

ly t e s ,”  T h ir d  e d it io n ,  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  1 9 5 0 .
(3 )  N e ls o n  W . T a y lo r  a n d  J. H .  H ild e b r a n d , J. Am. Chem. Soc., 4 5 , 

6 8 2  (1 9 2 3 ) .
(4 )  J . C h r .  G ja ld b a e k  a n d  J . H .  H ild e b r a n d , ibid., 7 2 ,  6 0 9  (1 9 5 0 ) .
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deviate from ideality less than was previously as
sumed. Also, the solubility curves for chlorine in 
carbon tetrachloride and in ethylene bromide, 
shown in Fig. 1, are parallel instead of crossing as 
shown earlier.4

T a b l e  I
S o l u b i l i t y o f  C h l o r i n e i n  C a r b o n T e t r a c h l o r i d e

T o t a l M o le s  C L / JVc i , /
T e m p . ,  ° C . p re ssu re  (a t m .)  (k g . s o l n . ) / ( a t m . C l , )  A t m . C l ,

40 2.02 0 . 7 9 7

2.36 0.789
Av. 0.793 0.115

50 2.02 0.590
2.36 0.602

Av. 0.596 0.0875
60 2.02 0.522

2.36 0.522
Av. 0.522 0.0771

70 2.36 0.417
2.36 0.433

Av. 0.425 0.0632
80 2.36 0.340

2.70 0.329
Av. 0.335 0.0502

90 2.70 0.296 0.0444

Experimental.—The solubilities were determined using a 
two-bulb glass apparatus with a pressure stopcock and a 
spherical joint between the upper and lower bulbs. The 
upper bulb was partially filled with distilled carbon tetrachlo
ride and heated for several minutes in a hot bath (130-140°) 
in order to degas the solvent and sweep the air out of 
the bulb. A 20% solution of potassium iodide wTasadded to 
the lower bulb which was then weighed and attached to the 
upper bulb. The apparatus was connected to a cylinder of 
chlorine (The Matheson Company) and immersed in a ther
mostat regulated to ±0 .1 °. After flushing the connecting 
tubing with chlorine several times, the apparatus was agi
tated by hand until the total pressure in the system, meas
ured with a calibrated Bourdon gage, remained constant. 
The stopcock was then turned, allowing a sample of satu
rated chlorine solution to flow into the potassium iodide solu
tion. The lower bulb was detached and weighed. The 
amount of iodine liberated by the chlorine was determined by 
titrating with standard sodium thiosulfate solution using 
starch solution as the end-point indicator.

Discussion.— The results of the solubility meas
urements are given in Table I. The total pres
sures at which the measurements were made are 
given along with chlorine solubilities expressed both 
as moles of chlorine/1000 grams of solution/atmos- 
phere chlorine partial pressure and as mole frac
tion of chlorine/atmosphere chlorine partial pres
sure. The partial pressures of carbon tetrachlo
ride were calculated from the vapor pressure of car
bon tetrachloride6 assuming Raoults law, and the 
partial pressures of chlorine were obtained by dif
ference.

Figure 1 shows our solubility data along with the 
solubility data of Taylor and Hildebrand3 for chlo
rine in carbon tetrachloride and in ethylene bro
mide. Also shown are the ideal solubilities, f/ f° ,  
calculated previously.3

It appears that the two solubility lines do not 
intersect, as previously reported,3'4 and conse

(5) J. Timmermans, “Physico-Chemical Constants of Pure Organic
Compounds,” Elsevier Publishing Co., New York, N. Y., 1950, p. 225.

quently the chlorine-carbon tetrachloride solu
tions show less deviation from ideality above 40° 
than predicted by an extrapolation of the earlier 
data.

EXCHANGE BETWEEN HEAVY WATER 
AND CLAY MINERALS1

By J o s e p h  A. F a u c h e r 2 3 4 a n d  H e n r y  C. T h o m a s

Department of Chemistry, Yale University, New Haven, Conn.
Received September 20, 1954

Water associated with a clay mineral may either 
be an integral part of the crystal lattice, as OH 
groups, or bound more or less loosely to the clay in 
a variety of ways. We report here experiments of a 
somewhat preliminary nature on exchanges be
tween the water of clays and added deuterium oxide 
done in the hope of adding to our knowledge on 
the nature of clay water and the intimacy of its 
contact with the structural hydroxyl groups.

The exchange of deuterium oxide directly with 
the hydroxyl groups of two clay minerals has been 
studied by McAuliffe, Hall, Dean and Hendricks3 
who found with kaolinite and halloysite complete 
and rapid H -D  exchange with surface OH groups 
and a slow diffusion into the lattice at elevated tem
peratures. These workers used clay intensively 
dried in  vacuo. The present work was done with 
air-dried material, i .e . , with material containing 
much free water, and the exchange results corre
lated with weight-loss curves done at temperatures 
up to 800°.

Experimental
The procedure for most of the exchanges was as follows. 

About 0.5 g. of clay of known water content was accurately 
weighed into a small glass centrifuge tube, heavy water 
added, and the tube again weighed. The tube was tightly 
closed, shaken vigorously and allowed to stand overnight. 
After more shaking the tube was centrifuged and the super
natant liquid (about 0.5 g.) removed. The water mixture 
was distilled in a short-path molecular type still, used merely 
for ease in handling the small samples, closed to the outer 
atmosphere through a drying tube. The distillates were 
analyzed by means of a Zeiss dipping refractometer equipped 
with the auxiliary prism for small samples. Temperature 
control for the refractometer was provided by a water-bath at
30.00 ±  0.03°. The instrument was set against water, 
taking n = 1.33196 at 30°. Our stock of 99.65% D20  gave 
a reading corresponding to n =  1.32754 for pure D20 . 
Luten4 gives 1.32760 for pure D20  at 30°. Compositions 
of mixtures were computed taking the refractive index as a 
linear function of mole fractions, according to Luten an ex
cellent approximation. Two synthetic mixtures of H20  
and D20  gave results within the error of reading the instru
ment, about 0.00002 in n. This instrumental uncertainty 
entails gross errors in the analysis of mixtures of low H.O 
content, hence our experiments were done with as large a 
ratio of clay to added D20  as could be conveniently handled. 
Even so, the determination of small exchanges is subject 
to large error.

Weight loss curves on the minerals were obtained simply 
by heating samples in platinum crucibles in a regulated 
muffle furnace for periods of 12-24 hours at each tempera
ture. Temperatures were measured on a thermocouple 
placed near the crucibles.

(1 )  C o n tr ib u t io n  N o .  1 2 4 8  f r o m  th e  S te r lin g  C h e m is tr y  L a b o r a to r y  
o f  Y a le  U n iv e rs ity ,  N e w  H a v e n , C o n n e c t ic u t .

(2 )  2 2  H a m ilto n  P la c e , G a r d e n  C i t y ,  N . Y .
(3 )  C . D .  M c A u li f fe ,  N . S . H a ll, L . A .  D e a n  a n d  S. B . H e n d r ick s , 

Proc. Soil Sci. Soc. Amer., 12. 119 (1 9 4 7 ) .
(4 )  D .  B . L u te n , Phys. Rev., 4 5 , 161 (1 9 3 4 ).
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Results and Discussion
Kaolinite.— American Petroleum Institute Refer

ence Clay No. 4, Macon, Georgia. The clay lost 
1.3% at 60°, 2%  at 400°, 3% at 450°, 13% at 
500°, and a total of 14.7% on ignition, the curve 
showing the familiar sharp rise corresponding to 
the destruction of the mineral. With heavy water 
no exchange outside the error of our determination 
was found. The surface moisture and exposed OH 
groups undoubtedly exchanged, but according to 
McAuliffe, et a l . ,3 the magnitude of this effect cor
responds to our experimental error in this region. 
We also observed no significant exchange on heating 
the clay-D20  mixture at 200° for a day in a Parr 
bomb.

Halloysite.— A.P.I. No. 13, Eureka, Utah. The 
heating curve was similar to that obtained by Ross 
and Kerr5 and showed an initial rapid loss of 6% 
up to 60°, a gentle rise to 9.5% at 400°, a steep 
rise to 19% at 500°, followed by a gentle rise to 
20.7% at ignition temperature. The exchange 
results on this material show points of considerable 
interest. (In the following discussion results of 
the exchange experiments will be given in terms 
of the percentage of water in the mineral appar
ently coming to equilibrium with the added D20, 
designated %  E.W. Thus complete exchange on 
the halloysite would give 20.7% E.W.) At 
room temperature the average of eight experi
ments gave 12.5% E.W., the range of the experi
ments being 11.8-13.3%. Experiments done in 
the Parr bomb at 200° gave 17.0% E.W. (six de
terminations between 15.8 and 18.6%). At room 
temperature no significant difference in the extent 
of exchange was observed on increasing the time of 
contact to 48 hours. At 200° contact for 24 hours 
gave 15.8 and 16.0%; contact for 96 hours gave
18.0 and 18.6%. These results may be explained 
if we suppose, as appears reasonable from the struc
ture of the mineral, that in halloysite, in addition to 
the relatively small amount of surface hydroxyl, all 
interlayer water together with three-quarters of the 
water of constitution ( i .e . , those hydroxyl groups in 
contact with the interlayer water) are exchange
able. We suppose further, in analogy with the 
results on kaolinite, that in completely dehydrated 
metahalloysite no water of constitution is exchange
able. Assuming ideal formulas, we compute from 
the weight loss data that our clay can be consid
ered as a mixture of 39.3% completely dehydrated 
metahalloysite and the remainder completely hy
drated halloysite. We are thus led to a calculated 
value of 13.7% E.W., to be compared with the av
erage experimental value of 12.5%. If in addition 
we suppose that under pressure at 200° metahalloy
site is rehydrated, we compute for the high tem
perature limit 17.5% E.W., in agreement with the 
experimental finding. This discussion must be 
considered as tentative only, particularly as re
gards the assumed rehydration of metahalloysite.

Attapulgite.— A.P.I. No. 26, Quincy, Florida. 
The heating curve obtained is entirely different in 
character from those of the other clays, being 
always convex upward. It shows an initial sharp

(5 )  R o s s  a n d  K e rr , U . S . G e o lo g ic a l  S u r v e y , P ro fe s s io n a l P a p e r  
1Ü 5-E, 1931 .

rise to 6% at 60°, followed by a nearly linear 
increase to 15.5% at 500°, finally reaching 16.7% 
at ignition temperature. The shape of this curve 
allows no differentiation between various “ kinds” 
of water in the mineral. This is borne out, al
though somewhat roughly, by the exchange results, 
which gave 14.0, 14.9, 17.2, 18.9 %  E.W. These 
results are consistent with the structure assigned to 
attapulgite by Bradley6 which implies an intimate 
contact between the hydroxyl groups and the wa
ter present in the channels of the crystal.

Chabazite.— For comparison with the results on 
attapulgite similar experiments were done with a 
sample of finely ground chabazite. The heating 
curve is very similar to that of attapulgite and 
showed a total water content of 21.8%. After 
24-hour contact with D20  at room temperature two 
experiments showed complete exchange, again 
indicative of the intimate contact between OH 
groups and intra-lattice H20.

Montmorillonite. A.P.I. No. 23, Chambers, 
Arizona.—The weight loss curve showed the 
characteristic two-step form, the first step cor
responding to a loss of 17%, followed by a relatively 
sharp rise to 21.1% on ignition. Five exchange 
experiments at room temperature with contact 
times from 24 to 120 hours gave 19.7% E.W. 
(range 19.4-20.0%). A single experiment with 
contact time 5 min. gave 18.9%, indicating that 
the exchange is very rapid, as was to be expected. 
These results imply that only 93% of the total 
water of the mineral exchanges with added D20. 
To confirm this result in a less ambiguous maimer 
the following experiment was done. About 8 g. of 
clay was washed four successive times with 99% 
D20  over a period of two days. The final wash 
liquid, after centrifuging and distilling, showed 1.5 
mole %  H20. The wet clay was quickly transferred 
to a large nickel boat and placed together with a 
thermocouple in a long combustion tube. Dry 
nitrogen (from a sulfuric acid bubbler and two mag
nesium perchlorate tubes) was passed slowly over 
the clay as it was gradually heated in a furnace. 
Water was condensed from the effluent gas in a 
cooled U-tube, protected from the outside air by 
magnesium perchlorate. During the first stage 
the tube was gradually heated to 150°, at which 
point the U-tube was emptied. This water also 
contained 1.5 mole %  H20 . A second sample was 
collected between 150 and 180°, which showed 7.3% 
H20 . At this point a clay sample was removed 
from the boat which on ignition showed 5.5% of 
volatile matter remaining. From the heating 
curve this is seen to be largely OH water. A dry U- 
tube was put in place, and the clay heated rapidly 
to 800°. About 0.4 ml. more water was collected 
which contained 52 mole %  H20.

These experiments are best interpreted in terms 
of the now generally accepted structure of mont
morillonite in which no OH groups are exposed to 
interlayer water. The heating experiment alone 
does not rule out a modified Edelmann-Favajee 
structure in which part of the OH water is exchange
able. Although the data are not of sufficient pre
cision to permit of a definite conclusion, it appears

(6) W. F. Bradley, Am. Min.. 25, -405 (1940).
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reasonable that the increase in the H20  content of 
the water evolved up to 180° is due to an increased 
rate of diffusion through the lattice. The final 
water collected up to 8000 now necessarily contains 
much exchanged D20.

For an excellent summary, with references, of 
present ideas on montmorillonite structure and with 
important confirmatory evidence see Karsulin and 
Stubican.7

A single experiment at room temperature on a 
sample of bentonite from Clay Spur, Wyo., showed 
the E.W. to be 94% of the total water in agreement 
with the above experiments.

This work was done under the auspices of Brook- 
haven National Laboratory, LTpton, New York, to 
which it is a pleasure to acknowledge our indebted
ness.

(7 )  M .  K a rsu lin  a n d  V I. S tu b ic a n , Monatsh., 8 5 , 3 4 3  (1 9 5 4 ) .

LIGHT SCATTERING FROM CRYSTALLIZ
ING POLYMERS
B y  F r a s e r  P .  P r i c e

General Electric Research Laboratory, The Knolls, Schenectady, N. Y.
Received September 24, 1954

C-rystallizable high polymers when cooled from 
above the melting point frequently developed crys
talline regions in the form of spherulites. While the 
nature of these structures is still not completely 
elucidated, and therefore is still the subject of much 
investigation,1’2 almost certainly they are not sin
gle crystals in the usual crystallographic sense. 
The investigations of spheralite structure have, 
thus far, been confined to examination with light or 
electron microscopes. Both these techniques are 
incapable of examining the crystals in the very 
early stages of their formation.

This note describes a brief and v'ery cursory 
light scattering investigation of crystal develop
ment in polychlorotrifluoroethylene. This technique 
affords a means of examining the crystalline regions 
very close to their beginning. The results were 
somewhat unexpected and hence, in spite of their 
brevity, are deemed worthy of presentation.

Experimental
Polychlorotriduoroothylene was obtained from M. W. 

Kellogg Company of Jersey City, N.J., under the trade 
name Kel-F. The material was from the same batch on 
which previous investigations of spherulite formation had 
been made.3

Measurements were carried out in a light scattering ap
paratus which permitted observation of scattered light 
down to within about 2° of the primary beam. Light of 
wave length 4358 A. was used. The polymer sample, a 
0.012 in. thick pressed sheet, was clamped to an electrically 
heated hot stage of low heat capacity mounted normal to the 
light beam. The low heat capacity of the hot stage made it 
possible to heat. and cool the polymer very rapidly (250 to 
150° in 30 sec.). The temperature was controlled to ± 3 °  
by a thermocouple-actuated relay system. It was neces
sary to clean the polymer sheet very carefully to eliminate 
bubbles from decomposing lint at the elevated temperatures.

After the polymer sheet had been placed in the apparatus, 
the temperature was raised to 250° for five minutes. The 
temperature was then allowed to drop rapidly to a pre

(1) A .  K e lle r , et al., Nature, 169, 9 1 3  (1 9 5 2 ) ;  171, 170  (1 9 5 3 ) ;  J. 
Polymer S e t ., 11, 2 1 5 , 5 0 7  (1 9 5 3 ) .

(2 )  G . S ch u u r , ibid., 11, 3 2 5  (1 9 5 3 ).
(3 )  F .  P . P r ice , J. Am. Chem. Soc., 7 4 , 3 i  1 (1 9 5 2 ).

determined fixed value below the melting point. Measure
ments of scattered light were made with the photometer at 
4 and 16° with respect to the primary beam. Since the 
refractive index of the amorphous polymer was found to be 
1.427 these angles correspond to scattering angles of 2.80 
and 11.13° within the sample. The scattered light from the 
melted sheet was subtracted from that of the crystallizing 
sheet to correct for the small scattering from foreign par
ticles in the matrix. The light from the melted sheet was 
never more than few per cent, of that from the crystallizing 
sheet, and the hot stage itself showed no variation in scat
tered light with changing temperature.

Results and Discussion
If one considers a block of material composed of 

small well separated regions of one refractive index 
imbedded in a matrix of different index of refrac
tion, then from the theory of light scattering4 it is 
possible to define an average square distance, p2, 
within the small regions as

-r SiiiFiVd

where
P 2 = mean square radius of the scattering regions 
n\ =  no. of particles of ith kind 
Vi = vol. of particles of ith kind
n2 = mean square distance from center of gravity in 

scattering particles of ith kind 
X = wave length of light in the matrix 
, _  /  light scattered at 4 ° X / I  +  cos2 11.13 °\

(light scattered at 16°/ \ 1 +  cos2 2.80° /
Si = 2 sin 1.40°
$2 = 2  siD 5.57°

Equation 1 was derived assuming no secondary 
scattering. If a Lambert type law is assumed for 
diminution of the scattered light due to secondary 
scattering, then since the path lengths for the 16 
and 4° scattered light differ by only 4%  only a 
negligible change in D  would result. The inclusion 
of this correction will affect the quantitative but 
not the qualitative aspects of the conclusions pre
sented below.

Figure 1 shows D  as a function of time for the 
sample of polychlorotrifluoroethylene quenched 
from 250° to various crystallization temperatures. 
Even though the light scattered at a given angle 
increased with time, these results show that D  and 
hence the root mean square radius decreased with 
increasing time.

It is surprising that the average size decreased 
as crystallization proceeded. This might result 
from any one of three causes; first the average 
shape of the scattering regions might change in 
such a way as to produce a decrease in the radius; 
second the crystallites might actually break up un
der the stress induced by volume changes resulting 
from crystallization; third, and most probable, the 
crystallites might be nucleated faster than they can 
grow. It is reasonable to expect that large crystal
lites would appear rapidly from the liquid magma 
because, in this state, the long chains are relatively 
free to move about and to line up with each other. 
As the crystallization proceeds, however, because

(4) P. Debye, This Journal, 51, 18 (1947).
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Fig. 1.—Dissymmetry, D, as a function of time for several growth temperatures.

the previously crystallized portions of some of the 
chains tend to freeze in the chain entanglements, 
the remainder of the molecules must crystallize 
much more slowly into smaller crystallites. There
fore, one would expect that the few crystallites 
formed initially would be quite large, while those 
formed later would never attain this size. This 
mechanism has already been suggested for poly
ethylene.5 If, in addition, the nucleation rate 
were high compared to the growth rate, then the 
fractions of crystallites in the smaller size groups 
would become larger causing the average size to 
decrease. The phenomenon of decreasing D  with 
increasing time has also been observed for crystal
lizing polyethylene.6

It will be noted from Fig. I that the time rate of 
change of D  and hence size is a maximum at a 
growth temperature of about 160°. The 153° and 
the 170° runs both show at a given time, higher

(5 )  M .  D o le ,  et al., J. Chem. Phys., 2 0 , 781 (1 9 5 2 ) .
(6 )  P r iv a t e  c o m m u n ic a t io n  f r o m  F . B u e ch e .

values of D  and hence larger values of (p2) '/s 
than does the 160° run. This observation is in 
accord with the prediction made previously3 that 
there should be a maximum in the growth rate as 
the temperature is lowered.

The results presented in Fig. 1 indicate that the 
scattering regions have dimensions in the range of 
0.4 to 0.7 p. Spherulites in this material attain 
sizes approaching 200 p in radius. The light 
scattered by such single particles, scattering as 
units, is probably small. It has been shown3 that 
the crystallinity in this material as detected by X - 
rays develops at a much greater rate than does that 
determined from spherulite volumes. The present 
investigation shows rates of crystallization which 
approximate the rates of the spherulite growth 
rather than the rates of the crystallization detected 
by X-rays. Therefore, the crystallites that the 
light-scattering method detects are probably those 
which compose the spherulites and certainly are 
not the same ones detected by X-rays.



O R D E R  T H E S E  S P E C IA L  P U B L IC A T IO N S  
F O R  Y O U R  P E R M A N E N T  R E C O R D S

Selected For Reprinting Solely On The Basis Of Their Importance To You

UNIT OPERATIONS REVIEWS

1st Annual Review...............................................$0.50
2nd Annual Review............................    0.50
4th Annual Review.............................................. 0.50
5th Annual Review.............................................. 0.50
6th Annual Review.............................................. 0.50
7th Annual Review.............................................. 0.75
8th Annual Review.............................................. 0.75
9th Annual Review.............................................. 0.75

FUNDAMENTALS REVIEWS
1st Annual Review..............................................  0.75
2nd Annual Review............................................  0.75

UNIT PROCESSES REVIEWS

1st Annual Review..............................................  0.50
2nd Annual Review............................................  0.50
5th Annual Review.............................................. 0.75
6th Annual Review.............................................. 0.75
7th Annual Review.............................................. 1.50

MATERIALS OF CONSTRUCTION REVIEWS

2nd Annual Review............................................  0.75
3rd Annual Review.............................................  0.50
4th Annual Review.............................................. 0.75
5th Annual Review.............................................. 0.75
6th Annual Review.............................................. 0.75
7th Annual Review.............................................. 0.75

ANALYTICAL CHEMISTRY REVIEWS

2nd Annual Review............................................  1.50
3rd Annual Review.............................................  1.50
5th Annual Review.............................................. 0.75

RESOURCES SYMPOSIA

Southwest............................................................. 0.50
Far W est..............................................................  0.50
New England.......................................................  0.75
Mid Atlantic........................................................  0.75
Rocky Mountain— Part 1 ..................................... 0.75
East North Central States.................................... 0.75

MISCELLANEOUS REPRINTS

Raman Spectra....................................................  0.35
Corrosion Testing in Pilot Plants.......................  0.25
Atmospheric Contamination and Purification 

Symposium......................................................  0.75

Titanium Symposium..........................................  0.50
Absorption and Extraction Symposium.............. 0.75
Adsorption Symposium.......................................  0.50
Careers in Chemistry & Chemical Engineering. 1.00
Information Please Symposium........................... 0.50
Dispersion in Gases............................................  0.50
Statistical Methods in Chemical Production.. . .  0.S0
Liquid Industrial Wastes Symposium................. 0.75
Nucléation Phenomena....................................... 0.75
Chemical Facts and Figures— 1952...................  1.00
Corrosion Data Charts........................................  0.75
Synthetic Fibers..................................................  1.00
Chemical Progress iB 1952................................. 0.75
Chemical Facts and Figures...............................  1.50
Process Kinetics Symposium..............   0.75
X-Ray Symposium................................................  0.75
Emulsion Paints...................................................  0.75
Industrial Process Water Symposium.................  0.75
Symposium on Pilot Plants.................................  0.75
Symposium on Boiler Water Chemistry............. 0.75
Flow through Porous M edia...............................  0.75
Process Instrumentation Symposium.................. 0.75
First Air Pollution Review................................... 0.50
Synthetic Detergents Symposium.......................  0.75

ADVANCES IN CHEMISTRY SERIES

No. 4, Searching the Chemical Literature........ 2.00
No. 5, Progress in Petroleum Technology.........  3.00
No. 6, Azeotropic Data........................................ 4.00
No. 7, Agricultural Applications of Petroleum

Products...........................................................  1.50
No. 8, Chemical Nomenclature..........................  2.50
No. 9, Fire Retardant Paints................................ 2.50
No. 10, Literature Resources for Chemical Proc

ess Industries ...................................................  6.50
No. 11, Natural Plant Hydrocolloids..................  2.50

MISCELLANEOUS

Seventy-Five Eventful Years (History of the A C S ). 5.00
Chemistry— Key to Better Living........................... 4.00
Combination of Seventy-Five Eventful Years and

Chemistry— Key to Better Living.......................  7.50
List of Periodicals Abstracted by Chem. Abs........ 3.00
Faculties, Publications, and Doctoral Theses in 

Chemistry and Chemical Engineering at U. S.
Universities.......................................................... 2.00

10 Years Numerical Patent Index (1937-1946).... 6.50
27 Year Collective Formula Index....................... 80.00
2nd Decennial Index to Chemical Abstracts. . .  100.00 
3rd Decennial Index to Chemical Abstracts.. . .  150.60
4th Decennial Index to Chemical Abstracts.. . .  120.60

| Supply of the above items is limited, 
and each will be sold only until present 

I stock is exhausted.

Order from: Special Publications Department, American Chemical Society 
1155 Sixteenth Street, N .W ., Washington 6, D. C.



PLASTICS and other

NON-METALLIC
MATERIALS

C H E M I C A L  

E N G I N E E R S  

and P H Y S I C I S T S

with
experience 
in these 
fields...

ENGINEERS
AND

PHYSICISTS

L_ f -

SENIOR
STAFF

CONSULTANT

The Laboratories are engaged in a 
highly advanced research, develop
ment and production program in
volving wide use o f  non-metallic 
materials in missile and radar com
ponents. The need is for men with 
experience in these materials, to in
vestigate the electrical, physical, and 
heat-resistant properties o f reinforced 
plastics and other non-metallics.

A senior staff position is also available 
for a man with the Doctorate Degree, 
or equivalent experience in the broad 
field o f non-metallic materials. It is 
necessary that he have had previous 
supervisory experience, or attained 
taculty standing at a college or uni
versity. This individual will act in a 
consulting capacity to technical 
people working on materials research 
and development in the field o f non- 
metallics and plastic missile com
ponents.

HUGHES

I Scientific and 
Engineering Staff

RESEARCH
AND DEVELOPMENT
LABORATORIES

CULVER CITY 
i LOS ANGELES COUNTY 
j CALIFORNIA

Number 10 in
Advances in Chemistry Series

edited by the staff of 
Industrial and Engineering Chemistry

Literature Resources 
for Chemical Process 

Industries
Designed To Help Both The New 
And The Experienced Searcher Of 
Literature Find What He Wants

Discusses various information 
sources with 13 articles on market 
research, 7 on resins and plastics,
6 on textile chemistry, 10 on the 
food industry, 10 on petroleum, 
and 13 on general topics, plus 34 
pages of index.

582 pages—paper bound—
$6.50 per copy

order from:
Special Publications Department 
American Chemical Society 
1155 Sixteenth Street, N .W .

W ash ington  6, D .C .

! = = = = = = = = = =


	THE JOURNAL OF PHYSICAL CHEMISTRY 1955 VOL.59 NO. 2 FEBRUARY
	CONTENTS
	THE HEAT OF SUBLIMATION OF CARBON1
	DIRECT DETERMINATION OF THE HEAT OF SUBLIMATION OF CARBON WITH THE MASS SPECTROMETER¹
	THE IMPORTANCE OF COMPLEX GASEOUS MOLECULES IN HIGH TEMPERATURE SYSTEMS1
	RECENT SPECTROSCOPIC STUDIES OF SIMPLE MOLECULES¹
	VAPORIZATION REACTIONS. THE IRON-BROMINE SYSTEM¹
	THERMODYNAMIC PROPERTIES OF THE TITANIUM CHLORIDES
	ELECTRICAL CONDUCTANCE AND DENSITY OF MOLTEN SALT SYSTEMS: KCl-LiCl, KCl-NaCl AND KCl-KI¹
	VAPOR-SOLID EQUILIBRIA IN THE TITANIUM-OXYGEN SYSTEM¹
	VAPORIZATION OF INORGANIC SUBSTANCES: B2O3, TeO2 AND Mg3N2¹
	THE URANIUM-OXYGEN SYSTEM: UO2.5 TO U3O8
	THE THERMAL DECOMPOSITION OF SODIUM CARBONATE BY THE EFFUSION METHOD¹
	ATOMISTIC INTERPRETATION OF THE MELTING OF SIMPLE COMPOUNDS
	AN INVESTIGATION OF THE ACTIVITY OF CALCIUM CARBONATE IN MIXTURES OF FUSED SALTS¹
	THE DISPROPORTIONATION AND VAPOR PRESSURE OF TiCl3¹
	INFLUENCE OF CAPILLARITY ON THE BOILING POINT OF WATER
	ON THE THERMODYNAMICS OF THE INTERACTION BETWEEN THE SOLUTES IN DILUTE TERNARY SOLUTIONS¹
	THE SOLUBILITY OF BONE MINERAL. I.SOLUBILITY STUDIES OF SYNTHETIC HYDROXYLAPATITE¹
	THE COMPLEX CONDUCTIVITY OF A SUSPENSION OF STRATIFIED PARTICLES OF SPHERICAL OR CYLINDRICAL FORM¹
	STUDIES ON COORDINATION COMPOUNDS. XI. FORMATION CONSTANTS OF SOME TERVALENT IONS AND THE THORIUM(IV) ION WITH THE ACETYLACETONATE ION¹
	A NEW HIGH-TEMPERATURE REACTION CALORIMETER.THE HEATS OF MIXING OF LIQUID LEAD-TIN ALLOYS
	THE INTERACTION OF PAIRS OF GAS ATOMS WITH SURFACES¹'²
	THE VAPOR PRESSURE OF IRON(II) BROMIDE
	NOTES

