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The Heat of Solution of Hydrogen In Metals 

and their Ionization Energy* 
(Received April 17, 1955) 

Saburo YANAGISA Y..fA ** 
Akira TSU]IOKA *** 

Abstract 

There are three types of metals whiCh absorb hydrogen. (1) m One is the group of 

salt-like hydride forming metals, which absorb exothermically large, equivalent quantities 

of hydrogen, other is the group of so called " poor absorber " metals, which absorb 

endothermically very small quantities, and another is the medium of the both groups. 

The typical metals of the former group are the alkali and alkali- earth metals, the group 

of contrast, the poor absorber are the Fe, Ni, Cu, Pt, etc., and the medium are the 

group of such as Pd, Ti, V, Zr, Th etc. Authors found that the heat of solution of 

hydrogen in alkali and alkali- earth metals or in poor absorbers are proportional or in 

inverse ratio respectively to the ionization energy of metals. These facts, together 

with other phenomena, can be the proof of the negative or positive character of the 

dissolved hydrogen in the metals. 

I. The Heat of Solution of Hydrogen in Hydride- Forming Metals 

We shall show the relation between the heat of solution of hydrogen and the 

ionization energy in the case of alkali earth metals as an extreme example of hydride
forming metals, showing a distinct difference with poor absober metals. Here we 
use the heat of formation (-~H) of hydride, in place of the heat of solution of 
hydrogen, as the changes in heat content for the corresponding reactions. 

I · 1 The Heat of Formation of Alkali Hydride and Other 
Thermochemical Quantities 

It is well knownc3> that in crystals of the alkali hydrides which have the sodium 
chloride arrangement, hydrogen forms the anion, H-, and the alkali the cation, 

* Presented at the meeting of the Japan Institute of Metals in April 1950. 

** ,j:gp 1}~ .=: .&~ Dr, Sci. Prof. at Keio University. 

H* it lti'iJ Ui'3 Lecturer at Faculty of Medicine, Keio University. 
0 > Borelius, Annalen der Physik, 83, 121. (1927) 

<2> H. J. Emeleus and J. S. Anderson, Modern Aspects of Inorganic Chemistry, London. 

Georg Routledge and Sons. I. T. D. (1938) p.13-14. 

C3> for example: 

L. Pauling, The Nature of the Chemical Bond, p. 50 (1939) 

Emeleus and Anderson, ibid., p. 257. 

c 1) 
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M+. We might accordingly apply the Born-Haber thermochemical cycle.c4) 

Uo 
MH --~ M++H-

t I 
1-Q 1-v.+E 
I -s-~xrl 1 

[M]+!Hz ~-- M+H 

M : alkali metals 

[ ] : solid state 

Here Uo is the crystal energy, Vt the ionization energy of the metal, E the 
electron affinity of H (16.4 Kcal/Mole), S the heat of sublimation of metal, Xa the 

heat of dissociation of the hydrogen molecule (102 Kcal/Mole), and Q the heat of 

formation of [MHj from the elements lM] and ! Hz, which corresponds to -~H. 

The condition that the total change in heat content for the cycle is zero leads to 
the equation 

(1-1) 

In this equation Xa is the heat of dissociation of Hz, E the election affinity of 
H, so the heat of formation of hydride (-AH) is a function of the crystal energy 
(Uo) and the heat of sublimation of metal (S) with the exception of the ionization 
energy (Vt). Therefore we need to relate Uo and S to Vf. 

I · 2 The Crystal Energy of Alkali Hydride and 
the Ionization Energy 

Following Bornc5>, the crystal energy (Uo) of the ionic compound is written as 

u _ N · A · e2 Z2 
( 1 1) 

o- Ro -n (1-2) 

N: Avogadro number 
A: Madelung's constant (for sodium chloride crystal A=1,747558) 
e : electronic charge 
Z : atomic valency 

R0: the smallest anion-cation distance 

n : the Born exponent 
The values for Uo of Alkali Hydride calculated by eq. (1-2) are given in Table 

(1-1). 
Table (1-1) Crystal Energy of the Alkali Hydrides Calculated by the 

Born's Equation 

RoC 6l (A) n Uo (Kcal/Mole) 

LiH 2.68 5 172 

NaH 3.03 6 160 

KH 3.41 7 145 

w M. Born, VerhandL deut. physik. Ges. 21, 13 (1919). 
F. Harber ibid., 21, 750 (1919). 
L. Pauling, ibid., p. 340. 

csl M. Born and J. E. Mayer, Z. f. Phys. 75, 1 (1937). 
(6) L. Pauling, ibid., p. 346. 

(2) 
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This value, representing the heat of formation of MH crystal from M++H-, may 
be considered to be uncertain by about several percent. A more refined treatment, 
involving of Van der Waals forces and use of an exponential repulsive potential, 
is requested. A direct thermochemical measurement, mentioned section I. 1, provides 
the values of crystal energy, which are given in Table (l-2). 

Table (1-2) Crystal Energy of the Alkali Hydrides Obtained by the Born-Haber Cycle 

sm (KcaljMoleJ Vi (Kcal j Mole) -~H<9> (KcaljMole) Uo (Kcal/Mole) 

Li 38.3 123.7(8) ( 123.8 )C7) 21.6 218.3 (218<10); 219(10) 

Na 26.0 117.3 (118.0) 16.6 195.2 

K 21.7 99.5 (99.6) 10.0 165.9 

Then, for the hydride of the metals of the same group in the periodic table 

th1 value of the crystal energy is seen to be about prportional to the amount ~0( 1 

-n) by eq. (1-2). 

The interionic distance Ro increases in the order of lithium, sodium and potas
sium, whilst the value of the ionization energy decreases. Therefore it is assumed 
that the crystal energy (U0) being proportional to 1/Ro, is approximately proportional 
to the ionization energy of metals (V~ ). It is seen from Fig. (1-1) that this assump

tion is not uncertain. 
The next equation follows from this result. 

Uo=KnVt 
(Ku: const.) 

I • 3 The Heat of Sublimation of Alkali 

Metal and its Ionization Energy 

For the relation between the heat of 
sublimation of alkali metal and its ioni
zation energy, the next equation has 
previously been derived by Frohlich oz) 

quantum-mechanically. 

S= ~- 0.37 -Vi 
p p2 

(1-4) 

S: the heat of sublimation of alkali metal, 

C7> J. Sherman, Chern. Rev. 11, 93 (1932) 

<8l Chemical Handbook, Japan Chemical 

Society p. 633. 

<9J Emeleus and Anderson, ibid., p. 260. 

(to) L. Pauling, ibid., p. 343. 

em E. A. Hylleraas, Z. f. Ppys. 63,771, ( 1930) 

cw H. Frohlich, Proc. Roy. Soc., 158 ( 1937) 

97. 

(3) 

(1-3) 

(.1) 

(I) 

Cun-ei. 8v Tlre.B~n ~f· 
c- .I S,Tite&m-Hilbuc,~e 

V.(lfrAl/HN.j 

Fig (1-1) Crystal Energy of the Alkali...:::::1 

Hydrides and the Ionization Energy of the 

Alkali Metals 
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p: the radius of the atomic sphere; 

the experimental value of is given by.! 1r 3 = atomic ~eight 
P 3 p density 

Vt: the ionization energy of alkali metal 

In this equation the units are Rydberg's and Bohr's radii ; to obtain in c. g. s. 
units multiply p by 0.528 X 10-8, s by 2.15 X 10-11 • 

It is considered for the metals of the same group in the periodic table that the 
ionizatiOn energy (Vi) is approximately proportional to 1/ p. It will be shown in 
Table (1-3) that our assumtion is well fulfilled. 

Table (1-3) The Radius of the atomic sphere and the Ionization Energy 

of Alkali metals 

p cAJ Vt (KcaljMole) Vi 
Li 2.0 (13) ( 1.99) (12) 123.7 247 

Na 2.15 (1.13) 117.3 252 

K 2.65 (2.60) 99.5 258 

Then the substitution in eq. (1-4) of Vt for 1/p and the assumption* that the 
second term in eq. (1-4) is shown in a linear function of Vi lead to the following 

equation for the heat of sublimation: 

S = Ks Vt + Ks' (1-5) 
(Ks, Ks': canst.) 

= 0.31Vt-0.001(112+AVi)2 [ ·:Vt = 112+AVt 

= 0.31Vt-12.6+0.22AVt 

c. f. Table (1--3)] 

Neglecting the third term, it followos: 
s~-o.31Vt- 12.6 

Therefore by this assumption the theoretical value of the heat of 1sublimation 
(S) may be considered to be uncertain by about several percent, that is, about 
2 Kcal/Mole. We shall test this conclusion using the theoretical value by Frohlich 
(the curve II in Fig. (1-2)). The result follows: 

S = 0.31 Vt -13.2 

It seems that the two equations fit very well. 
To test this eq. (1-5), we use the known value for the heat of sublimation of 

the alkali metals. The result may be seen from Table (1-4) and Fig. (1-2). It is 
seen that the agreement is very good for the values found for S by Frohlich, but 
for other experiment is not so good. Li is most likely to show deviations from the 

line. 

* Eq. ( 1-4) follows : 

S= 329.4 - 63·6 -Vi S, Vi(Kcal/Mole); p(AJ 
p p2 

=1.31Vt-0.001Vi2 - Vi (":SVi~252 ········· c. f. Table (1-3)] 
C13! Metal Handbook, Japan Inst. of Metals., p. 210. (1952) 

( 4) 
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.so 

/0 

Table (1-4) The Heat of Sublimation of Alkali Metals 

Li 

Na 

K 

theoretical value<t2) 

24.5 

22 

17 

Curve I BV Frohlich 
Curve n 8~ Sherman 

experimental value 

38,3CW 39,0<15) 46°6) 

26.0 26.0 30 

21.7 22.6 26.5 

(I) 

(I) 

oL0 --------~~--~~n------------~o---------------1su Vi(kcal/M11&.) 

Fig. (1-2) The Heat of Sublimation of Alkali Metals and their Ionization Energy 

I · 4 The Heat of Formation of Alkali Hydride and the Ionization Energy 

The heat of formation of alkali hydride (-~H) is a function of the ionization 
energy (Vi), the heat of sublimation (S) and the crystal energy (Vo), but we could 

relate Uo and S to V;, so the heat of formation of alkali hydride is a function of 

Vt only. Substituting eq. (1-3) and eq. (1-5) into eq. (1-1) we obtain the equation 
-~H=(Ku-Ks-1) Vt-Ks'-!Xa+E (1-6) 

We therefore set for -~H 
(1-7) 

(Kh, Kh' : canst.) 
In eq. (1-7), the value of Kh or Kh' is derived from the value of Ku in eq. 

(1-3) and the value of K~ and K/ in eq. (1-5), but it is difficult to decide them 
correctly, because they are very influenced by the experimental value of S or Uo. 

Using the values which would be the most reliable, that is, Ku*l.72, Ks : 0.31 and 
Ks' : -8*, we obtained the following equation. 

-~H=0.41Vt-26.6 (1-8) 

In eq. (1-8) the unit is Kcal/Mole. 
The experimental value of the heat of formation is shown in Table (1-5), and 

the relation between -~H and Vt in Fig. (1-3). The next equation follows from 

the curve in Fig. (1-3). 

-~H=0.38Vt-27 

* by curve (II) in Fig. (1-1) and curue (II) in Fig. (1-2) 

cw ]. Sherman, Chern. Rev. 11, 93 (1932). 

Cl5) S. Harashima. ''The Cohesiqe force in Solid" (in Japanese) p. 166. 

Ct6~ Grim and Wolf, Hanab. d. Phys. 24/2 (1934) 1073. 

( 5 ) 

(1-9) 
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Comparing this experimental equation with the semitheoretical equation (1-8), 

satisfactory agreement is seen. 

Table (1-5) The Heat of Formation (.dH) of Alkali Hydrides, KcaljMole 

! 

Emeleus 
Anderson<17l other results 

LiH I 21.60 (17) (18) 2.61 (19), 21.34 <26J, 21.3 <27) 

NaH 16.60 <21l 13.14 <17l, 12.8 <24l <27l, 13.9 <23l, 14.44 <m, 13.0 <26) 

KH I 10.0<11J 9<2o>, 13.6<25J, 14.24<25l, 14.15<m, 15.t6<26l, 12<27l 
i 

so 

0 so IJQ 

Fig. (1-3) The Heat of Formation of Alkali Hydrides and the Ionization 

Energy of Alkali Metals 

I · 5 The Heat of Formation of Alkali Earth Hydrides and 
the Ionization Energy 

Applying the Born-Haber cycle for the alkali easth hydrides, we lead to the 

equation 

(1-10) 

Here Vim is the m2an ionization energy of alkali earth metals. Substituting other 

experimental values into eq. (1-10), the value of crystal energy is obtained. The result 
is shown in Table (1-6). 

<17) C. J. Smi~hells, Metals Reference Book, p. 384. (1949). 

<lBl K. Moers, Z. anorg. allgem. Chern. 71, 403 (1911). 

<19) A. Guntz, Comnt. rend., 123, 694 (1896). 

<2ol I. Kasarnowaky and M. Proskwnin, Z. Physik, 43, 512 ( 1927). 

<2P M. de. Forcrand, Compt. rend., 140, 990 (1905). 

<22 ) E. F. Sollers and J. L. Crenshaw, J. Am. Chern. Soc. 59, 2015, 2724 ( 1937). 

<23) F. G. Keyes, J. Am. Chern. Soc. 34, 779 ( 1912). 

<w H. Hagen and A. Sieverts, Z. anorge. allgem. Chern. 185, 254 (1929). 

<25) F. D. Rossini, et. al., "Selected Values of Chern. Thermodynamic Pronerties" ( 1952). 

<w C. E. M .!Ber, L. G. Fasolino and C. E. Thalmayer, J. Am. Chern. Soc. 77, No.17., 4524 (1955). 

<21> Chemical Handbook, Japan Chemical Saciety. p. 557. 

(6) 
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Table (1-6) Crystal Energy of the Alkali Earth Hydrides Obtained by 

the Born-Haber Cycle 

I S (Kcal/Mole) I Vim (KcaljMole) I - AH C Kcal/Mole) I U0 (Kcal/Mole) 

cal 39 (28) 48 (29) I 2o8.1 <3o> 
I 

Sr \ 39 \190.5 

Bal 39 174.8 

(207) (31) i 46.60 (31) 

(202) I 42.20 
(175) 40.96 

(46.0 <sz>, 51.1 <3o>) 572.3 (581.3) 
(42.2) (30) 531.5 

( 40.8) <32) 498.7 

The relation between the crystal 
energy (Uo) calculated above and 
the ionization energy is shown in 
Fig. (1-4). Therefore the next 
equation approximately follows 
from this result. 

;oo 

~----------~M------------~,~~---
v., (11CAl/HIIU) 

Fig. (1-4) The Crystal Energy of Alkali Earth 
Hydrides and the Mean Ionization Energy of 
Alkali Metals 

Uo =2.78Vim 

Then for the alkali earth metals 
there are a few experimental 
values of the heat of sublimation, 
and they are considered to be 
uncertain. Therefore we cannot 
obtain the relation between the 
heat of sublimation of alkali earth 
metal and its ionization energy, 

so firstly we examine the relation between the heat of formation ( -LlH) and the 
ionization energy. 

The experimental value of the heat of formation is shown in Table (1-6), and 

the relation between -~H and Ytm in Fig. (1-5). In this case, -LlH is shown as 
a lineer fuanction of Vcm, os the next equation follows. 

(1-12) 

We led to the came results as those obtained in the alkali metals. 
Substituting eq. (1-11) and eq. (1-12) into eq. (1-10) we obtained the equation. 

S = 0.61Vim -80.2 (1-13) 

This is very rough equation, but it is considered that the heat of sublimation of 
the alkali earth metals is approximately proportional to the ionization energy of 
metals. To test this conclusion we need the reliable values of the heat of sublimation, 

<28> Grim and Wolf, ibid., p. 1073. 

<29) S. Harashima, ibid., p. 3. 

<30) Chemical Handbook, The Chemical Society of Jayan p. 633, p. 571. ( 1952). 

<3V Emeleus and Anderson, ibid., p. 13, p. 260. 

<32) Smithells, ibid., p. 384. 

( 7) 
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but the values we expxted are much different from those given by Grim and WolfcZs). 

Calculatiog the heat of sublimation by eq. (2-13), the next result follows Ca=47.1, 

Sr = 36.0, Ba = 26.4. 
JQ 

f.() 

~ 
~ 30 

so c~ 

~ 20 
J: 
~ 
I 

iO~ 
-~~~ 

/JO ZOO ----

Q JQ /00 

Fig. (1-5) The Heat of Formation of Alkali Earth Hydride and 
the Mean Ionization Energy 

ISO 

II. The Heat of Solution of Hydrogen in Poor Absorber Metals 

In the case of hydride-forming metals, that is, alkali and alkali earth metals, 

it was seen that the heat of formation (-~H) is shown in a linear function of the 

ionization energy (Vt). Then we examine the solution of Hydrogen in poor absorber. 

II· 1 The Solution of Hydrogen in Poor Absorber 

According to Borelius Cl) the solubility of gas in poor absorber metal is given 

by the next equation. 

h 

S=ce-ITT 

c: canst 
E: heat of solution [Kcal/gram atom of H] 

(2-1) 

Therefore solubility increases as the temperature is raised, that is, this solution is 

an endothermic process in contrast with aqueous solution-gas system. 
The explanation of this _phenomenon c33 ) will be shown as follows. The gas 

absorbed by a metal may be dissociated and distributed as atoms throught the metal 
lattice. Therefore the heat of solution E in eq. (2-1) is, so to speak, an apparent 
heat of solution, which should be shown as the sum of the heat of dissociation of 

hydrogen molecule (Xa) and the heat of solution of hydrogen atom in metal (Xs). 

It follows 
E=zxa+Xs 

where the unit is [Kcal/gram atom of H]. 
Then the dissociation of hydrogen molecule is a great endothermic process, 

whist there is a small evolution of heat in metal-hydrogen atom reaction. Therefore 
the solution of hydrogen in metal is apparently endothermic. 

!xa>E>O 
:. Xs=E-~xa<O (exothermic) 

C33l R. H. Fowler, C. ]. Smithells, Proc.- Roy. Soc. A 160 37. (1937) 

c 8) 



The Heat of Solution of Hydrogen in Metals and their Ionization Energy 101 

When we examine the solution of hydrogen in poor absorberm etals, it is better, ac
cording to Fowler,c33) to consider Xs which corresponds to the potential energy between 
metal and atomic hydrogen than the apparent heat of solution (E). It is considered 
that the difference of Xs shows directly the characteristic of the metal in the solution 
of hydrogen. We therefore consider Xs which is the change in heat content for a 
metal- H reaction, in place of E. Using the value of the heat of solution which 
SmithellsC34

) calculated of the Borelius equation, the value of Xs is obtained. 
The results is shown in Table (2-1). 

Al 
Ag 
Cu 
Ni 
Co 
Fe 
Mo 
Pt 

Table (2-1) The Values of xs 

28.25 5.94 136.8 
45.20 7.58 174.6 
36.70 7.67 176.5 
48.30 7.6 175 
42.50 7.8 179.8 
43.20 7.83 180.2 
49.25 7.2 165.9 
33.30 8.8 202.3 

II · 2 The True Heat of Solution (Xs) and the Ionization 

Energy (Vi) of the Metals 

The relation between Xs and v, is shown in Fig. (2-1) and Fig. (2-2). Here Vt 

is the univalent ionization energy (M-M+), because in simple solution the maximum 

60 

.-....so 

~ 40 
QS 

~ 30 
~ 
'- 20 
~ 
~ 
I 10 

03 4 s 6 7 8 9 /0 

Ionization Potential ( eV) 
Fig. (2-1) The Relation Between- xs and Vi 

cw C. J. Smithells, Gases and Metals, p. 152. 

( 9) 



102 Saburo YANAGISAWA Akira TSUJIOKA and Michiharu SEKI 

quantity of gas taken up at atmospheric pressure corresponds to about one atom of 
hydrogen to 10000 atoms of metal. C34) 

I 
(:Jb 

~JO 
~20 
'-" 

"" ~ !0 
I 

0 
Al 

o~----~------z~-----3~-----4~-----s~-----&7-----~1---

'oJ x VV;. (Vi.: KcaL/M~) 

Fig. (2-2) The Relation Between-;:s and 1/V; 

It is clearly seen from Fig. (2-2) that Xs is approximately proportional to 1/V,. 

In the case of hydride-forming metals the result is just the converse.* Therefore it 

is assum2d that in simple solution the hydrogen has a positive charge (H-1). And in 
this case the positivity of hydrogen is the matter, because the hydrogen forms the 

anion H- in hydride-forming metals. This assumption has ceen experimentally veri

fied, for exam:Jle, by the experiments on the decrease of the magnetic susceptibil
ity or the decreas2 of resistance of metals by absorbing hydrogen.P) 

III. Summary 

The results obtained follow : 
1) The heat of formation of alkali and alkali eath hydrides is a linear function of 

the ionization energy of metals, that is, it follows. 

-0.H=KVi+K' 
(K, K': const.) 

There is a satisfactory agreement between the semi-theoretical equation and the 

experimentaL 
2) Whilst the heat of solution (- Xs) of hydrogen in poor absorber metals is ap
proximately proportional to 1/V£, that is, it follows. 

-xs=K/Vi 
(K: const.) 

3) These facts can be the proof of the negative or positive character of dissolved 
hydrogen in metals. 

--- --------------------------------

* In the case of alkali metals, -~H+ 1!2xa corresponds to ;:s, so the results obtained 

on -~H are consistent with - Xs· Therefore - xs is proportional to Vi, too. 

c3sl S. Yanagisawa, M. Seki, H. Tanaka, and H. Kawase, "The decrease of the suscep

tibility and resistance of metals by absorbing hydrogen" read at the meeting of 

Physical society of Japan, May ( 1951 ). 

(10) 


