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The MO theoretical treatments based on the perturbation theory were made for the 
catalytic dehydrogenations of alcohols and amines over the molten metals. Namely, the 
stabilization energy of the liquid metal-adsorbate system was evaluated under the assump- 
tion that the delocalizations of electrons from the liquid metal to the adsorbate molecule or 
vice versa mainly contribute to the stabilization. It was suggested that the smaller work 
function is necessary for the liquid metal to have a catalytic activity, and that the adsorbate 
molecule (alcohols and amines) acts as an electron-acceptor in the catalysis over the liquid 
metal. The comparison of the activity data with the work function data proved the validity 
of the present theoretical treatment. 

INTRODUCTION 

In the first paper (I) of this series, it was 
reported that zinc, aluminum, gallium, in- 
dium and thallium are active in their 
molten states for the dehydrogenation of 
methyl alcohol, whereas cadmium, tin, an- 
timony, lead, bismuth, tellurium and mer- 
cury are inactive. Simiarly, n-butylamine 
was found (2) to be dehydrogenated by 
such liquid metals (molten metals) as zinc, 
gallium, indium and thallium, but the 
amine can not be dehydrogenated by cad- 
mium, tin, lead and bismuth. Further, the 
above-mentioned active metals were found 
to catalyze the dehydrogenation of C,- to 
C,-alcohols as well as C,- to C,-amines 
(3-6). 

These experimental results raise a ques- 
tion why some liquid metals are active and 
the other metals are inactive. Although the 
question is primitive, no existing theories 
seem to answer the question. In general, 
the surface catalysis is too complicated to 
be treated theoretically. However, ac- 

cording to our experimental results (14, 
the liquid metal selectively catalyzes the 
dehydrogenations of alcohols and amines, 
and the catalyst fouling was found to be 
scarce. Thus, the liquid metal-alcohol (or 
amine) is considered to form a simple cata- 
lytic system which provides a good foun- 
dation to the theoretical work. 

The purpose of the present work was to 
demonstrate that a simple quantum- 
chemical treatment is successfully applied 
to solve the problem. The theory gives not 
only a plausible explanation of the experi- 
mental result but also an electronic crite- 
rion for the selection of the effective cata- 
lysts. 

THEORY 

In considering the surface catalysis, the 
interaction energy between the adsorbing 
molecule or atom and the catalyst surface 
should be formulated firstly. Thus, we as- 
sumed that the interaction energy (E) 
between an adsorbing molecule and the 
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surface of a simple metal will be given by a as follows: 
similar equation representing the interac- ek 
tion energy between two molecules (7). 

the k-th energy 
liquid metal, 

level of the 

Namely, if the interaction energy is small, 
E is given by 

E=El+E,+E3+Ep, (1) 

where El, E,, E3 and E4 represent the dis- 
persion energy, the exchange energy, the 
image force potential and the delocaliza- 
tion energy, respectively. The formulation 
of E, was given by many researchers, for 
instance Lennard-Jones (8). Pollard (8) 
gave an expression of Ez for a simple 
metal-hydrogen system. Further, the ex- 
pression of E3 which is significant only for 
a polar molecule-metal system was given 
by Lennard-Jones (8). These three terms 
are responsible mainly for a physical ad- 
sorption and, to a first approximation, they 
may be neglected in the adsorption onto 
perfectly conducting metals, especially in 
the chemisorption. Therefore, the re- 
maining term E4 would play an important 
role in the chemisorption and catalysis. 

We considered that an approximate ad- 
sorption energy E4 for the adsorption 
model on the liquid metal catalyst given in 
Fig. 1 may be evaluated by the following 
equations: 

Ez, = AE = i [DN(H,,+) + 
S=l 

k 

and 

DR(H,,~~) = l12[DNWs,+) 
+ ~EU-L,~~)l- (6) 

The notations used in these equations are 

EF the Fermi level of the liquid 
metal, 

Ei the i-th energy level of the 
adsorbate, 

AE delocalization energy, 
HS the s-th hydrogen atom in 

the adsorbate (S = 1, 2)) 
occ 
c 

the summation over the oc- 
cupied levels of the adsor- 
bate molecule, 

“IKlCC 
x 

the summation over the un- 
occupied levels of the ad- 
sorbate molecule, 

2 
the summation over the 

k 
*==% levels of the liquid metal 

near the Fermi level, 
ki;k = $xsH’JIKdr, 
xs the atomic orbital of the 

s-th hydrogen atom (S = 1, 
2), 

$k the wave function of the liq- 
uid metal corresponding to 
Ek, 

H’ a perturbation potential for 
the interaction between the 
adsorbate molecule and the 
liquid metal, 

4.3 the LCAO-MO coefficient 
of the s-th hydrogen atomic 
orbital of the i-th energy 
level of the adsorbate mole- 
cule. 

The proposed equation, viz, Eq. (2), was 
derived from the one body approximation 
based on the second order perturbation 
theory and LCAO-MO approximation. 
According to Grimley (IS), even for the 
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FIG. 1. Adsorption models of alcohol (a) and amine 
(b) on a liquid metal catalyst. 
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adsorption with considerably high adsorp- 
tion energy (-- 42 kcal/mole for carbon 
monoxide adsorption on nickel), the per- 
turbation theory is applicable. The adsorp- 
tion of an alcohol onto the liquid metal had 
been shown to be - 13 kcahmole (5, SPC- 
butyl alcohol-indium system). Thus, it can 
be said that the application of the perturba- 
tion theory to the present problem is plau- 
sible. The frontier electron theory pro- 
posed by Fukui, Yonezawa and Shingu (9) 
was also taken into consideration to as- 
sume that the electronic energy levels near 
the Fermi level (Ed) of a liquid metal 
mainly contribute to the delocalization en- 
ergy. Further, it was also assumed that the 
variations of the state density and the 
wave function near the Fermi level would 
be small. This assumption seems to be 
valid for the liquid metal, because the elec- 
tronic state of a liquid metal is represented 
by the nearly free electron model (10). 
Note that Eq. (2) does not include any 
cross terms of the delocalization energy 
including Re (HfIJZ&). The validity for the 
elimination of these terms from Eq. (2) is 
shown in the Appendix. 

In Eqs. (4)-(6), P is related to the delo- 
calization of electron from metal to the ad- 
sorbing molecule through H, atom and DE 
is related to the delocalization of electron 
from the adsorbing molecule to metal 
through H, atom. Therefore, if we assume 
that x:k-, 1 H&l2 takes a constant value 
irrespective of the species of the adsorbent 
metal, values of DN and DE provide us 
with the measure of the delocalization en- 
ergy. 

Thus, to evaluate P, DE and DR, nu- 
merical computations were carried out 
with a NEAC 2200-Model 700 digital 
computer (Computer Center, Tohoku Uni- 
versity). The necessary energy levels and 
wave functions of alcohols and amines 
were obtained by applying the extended 
Hiickel molecular orbital theory (II), and 
the molecular parameters given in Table I 
were used. 

RESULTS 

Methyl alcohol. Relations between l F 
and the calculated values of DN (H, ,~r), 
DE (HI ,+) and P(HI,+) for the methyl 
alcohol-liquid metal system are given in 
Fig. 2. According to the present theory, 
the characteristic aspects of the electronic 
interaction between H, and the surface of 
the liquid metal are represented in Fig. 2. 
For instance, the higher value of 
P (H, ,Q) than the value of DE (HI,+) at 
any Ed value means an acidic character of 
the H, atom in the methyl alcohol-liquid 
metal system. Further, the nearly parallel 
relation of P(HIreF) with DN(HI,eF) in- 
dicates that the overall interaction between 
H, and the surface is governed by the acid- 
ity of the H, atom. 

Relations between Ed and the calculated 
values of oN(HZ,cF), oE(H2,+) and 
oR(H2,+) are given in Fig. 3. Figure 3 in- 
dicates that P (Hz,+) is larger than 
o”(Hz,+) at any Ed values. On the other 
hand, P(H2,eF) takes the minimum value 
at Ed = -7.5 eV. From these results it may 
be pointed out that the acidic character of 
the Hz atom is predominant in the range of 
eF > -7.5 eV, while the acidity of the liq- 

-10 -6 -6 -4 -2 
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FIG. 2. Calculated values of DN (HI,+,), DE (H, ,+) 
and LF (H, ,E~) for methyl alcohol. 
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503- 0 

FIG. 3. Calculated values of DN(H2,+), DE(H2,+) 
and P (HZ,+) for methyl alcohol. 

uid metal gradually increases as the eF 
value decreases and, in the range of 
er < -7.5 eV, it becomes comparable with 
the acidity of H, atom. 

A further remark to be pointed out is 
that both P(H,,eF) and P(H2,eF) 
increase with the increase in er. This 
means that the delocalization of electron 

TABLE 1 
PARAMETERS USED FOR THE MO CALCULATION 

Effective 
nuclear 
charge 

Z* 

H 1.00 
C 3.25 
N 3.90 
0 4.55 

Ionization 
potentials Bond Bond 

length angle 
Mm) IpOw) r 0 
XeW @VI (b (deg) 

13.60 - 
21.43 11.42 
27.50 14.49 
35.30 17.76 

OH 0.96 
co 1.43 
CH 1.09 
cc 1.53 
CN 1.47 
NH 1.014 

LCOH 110 
L cot 109 
LHCH 109 
LCCO 109 
L ccc 109 
LCCN 110 
LHNH 105.8 

from metal to methyl alcohol becomes eas- 
ier as er becomes greater. On the contrary, 
both DE (HI,eF) and DE (Hz,er) decrease 
with the increase in l F. This means that the 
delocalization of electron from methyl al- 
cohol to the liquid metal becomes more 
difficult as eF becomes greater. 

Other alcohols. Calculated values of P ~ 
DE and P for ethyl alcohol, n-propyl al- 
cohol, isopropyl alcohol, n-butyl alcohol 
and xc-butyl alcohol showed that the elec- 
tronic character of the adsorption of any 
one of these alcohols onto the liquid metal 
differs littIe from that of the adsorption of 
methyl alcohol. 

n-B&y/amine. Values of DN (H, ,eF) , 
DE(H1,eF) and DR(Hr,eF) for n-butyl- 
amine-liquid metal system are given 
in Fig. 4. As shown in Fig. 4 the value 
of DN (HI,+) is greater than that of 
DE (Hl,cr) at any EF values. This means 
that the HI atom in n-butylamine molecule 
shows an acidic character against the sur- 
face of the liquid metal. As mentioned in 
the previous paragraph, the H, atom in 
methyl alcohol molecule showed the same 
character as above. Further, the relation 
between DR (HI,+) and eF for n-butyl- 
amine differs little from that obtained for 
methyl alcohol. 

1 
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FIG. 4. Calculated values of DN (H,,+), DE (Hlr~F) 
and DR (H, .+) for n-butylamine. 
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FIG. 5. Calculated values of fP’ (HI,+), DE (Hz,+) 
and P (Hz,+) for n-butylamine. 

Values of DN (Hz ,+) , DE (HZ,+) and 
oR(H2,eF) for n-butylamine are given in 
Fig. 5. As shown in Fig. 5 DN is larger 
than DE within the range of eF indicated on 
the abscissa. On the other hand, P takes 
the minimum value at l F = -7 eV. These 
results qualitatively resemble the corre- 
sponding results obtained for alcohols in- 
cluding methyl alcohol. 

Other Amines. Remarks similar to those 
made for alcohols and n-butylamine were 
found to be derivable from the calculated 
values of P, DE and DR for the other 
amines (n-propylamine, n-butylamine, iso- 
butylamine and n-hexylamine). 

Summary. It seems to be important to 
point out general dependences of the elec- 
tronic delocalization energy upon Fermi 
energy. Two important deductions ob- 
tained from the present theory are given 
below: 

1. In the range of l r > -7 eV, the delo- 
calization energy is an increasing function 
of eF irrespective of the species of the ad- 
sorbate. 

2. Among the four quantities, 
fl0-L~~)~ ~U-bF), PU%,E~) and 
DE (HZ,+), the former two quantities 
mainly contribute to the total delocaliza- 
tion energy AE. 

DISCUSSION 

The most remarkable result obtained in 
the present work is that, in the range of 
+ > -7 eV, the delocalization energy de- 
fined by Eq. (3) increases with the increase 
in the Fermi energy irrespective of the 
species of the adsorbate. In other words, 
owing to the delocalization of the electron, 
the adsorbed species are more stabilized as 
the Fermi energy of the liquid metal in- 
creases. Therefore, it can be said that the 
higher the Fermi energy of the liquid metal 
the stronger is the adsorption on the liquid 
metal. It is well known that the adsorption 
plays an important role in the surface ca- 
talysis. Then, the Fermi energy of the liq- 
uid metal can be considered to have an in- 
timate relation to the catalytic activity of 
the liquid metal. Further, it can be sup- 
posed that the active liquid metal would 
have a high Fermi energy. 

An important deduction from the above- 
mentioned discussion is that the active liq- 
uid metal would have a small work func- 
tion (4). Namely, to a first approximation, 
the effect of a surface dipole moment upon 
the work function may be neglected to give 

EF = -4, (7) 

and it may be understood that the liquid 
metal of a small work function should have 
a high l F value and the adsorption on this 
metal would be strong. If the work func- 
tion becomes smaller than a critical value, 
the adsorption may become strong enough 
to result in the surface catalysis. The situa- 
tion becomes clearer by the aid of Fig. 6 
which represents relative energy levels of 
the adsorbate molecule against the Fermi 
level of the liquid metal. Figure 6 reveals 
that the delocalization of electron from the 
occupied electronic energy level near the 
Fermi level of the liquid metal to the 
lowest unoccupied level of the adsorbate 
molecule becomes more feasible as the 
work function of the liquid metal becomes 
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FIG. 6. The respective energy levels of methyl 

alcohol, n-butylamine and liquid metal. 

smaller. Thus, the present theory predicts 
that the activity data would be explained in 
terms of the work function of the liquid 
metal. 

According to our previous works, Zn, 
In, TI, Ga and Al were active in their 
molten states for the dehydrogenations of 
alcohols and amines, while Bi, Cd, Sb, Sn, 
Pb and Hg were inactive. The present 
theory predicts that the work functions of 
the former metals should be smaller than 
those of the latter metals. Unfortunately, 
however, work function data of liquid 
metals are scarce in the literature. There- 
fore, work function data of solid metals 
(12,13) were compared with the catalytic 
activity and the result is shown in Fig. 7. 
As shown in Fig. 7, the work function of 
active metals (Al, Tl, Zn and Ga) have 
smaller values than those of the inactive 
metals (Cd, Pb, Sn, Sb, Bi and Hg). This 
result indicates the validity of the present 

FIG. 7. Work functions of the catalytically active 
metals (0) and those of the inactive metals. The mean 
values of data chosen from Refs (12) and (13). 

theoretical treatment though it is rather 
qualitative. Further, it can be theoretically 
expected that the catalytic activity may be 
controlled by alloying suitable metals to 
reduce the work function. 

APPENDIX 

1. The purpose of the appendix. An ap- 
plication of the general expression of the 
delocalization energy to the adsorption 
model shown in Fig. 1 gives the following 
equation: 

k 

where the suffixes HI and H, represent the 
HI atom and the H, atom in Fig. 1, respec- 
tively. The purpose of the present Ap- 
pendix is to show that the last term is 
small and negligible compared with the 
other two terms. 

To solve the proposed problem, Eq. 
(A-l) was replaced by an approximate for- 
mula 

AE = 2DH’(H,) + 2DH’(H2) 
+ 4DH’(H, ,H,), (A-2) 

because all bracketed quantities in Eq. 
(A-l) have values of the same order of 
magnitude and they may be approximated 
by D. Further, the following abbreviations: 

c I%lk/2 = H’(H,), 

k 

(A-3) 
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C Re(fGk42i) = H’Wl,H2) 
k 

were adopted in Eq. (A-2). Thus, the 
present problem reduces to evaluate 
H’(H,), H’(H,), H’(H1,Hhz) and to 
prove the following relation 

4~H’(K,Hz) ~ l 

2DH’(H,) + 2DH’(H2) ’ (A-4) 

2. Expressions for H’(H,), H’(H,) and 
H’(H,,H,). The extension of the Wolfs- 
berg-Helmholtz approximation (14) which 

free electron in the metal and I@ is the 
wave function of the 1s electron in the 
hydrogen atom. Therefore, exact forms of 
I,/I and $15 become necessary to solve the 
present problem. 

3. Forms of the wave functions. (i) I,!I. In 
order to obtain an explicit expression of 
the wave function I,IJ, a Cartesian coordi- 
nate system shown in Fig. 8 was employed, 
and it was assumed that a free electron 
is confined in a cubic potential box 
(L x L x L). 

The Schriidinger equation for this sys- 
is usually employed in the extended tem can easily be solved to give 
Htickel MO calculation gives the following 
equations; 4, = (y sin (kgx/L), (A- 

Him = const*& (H~,k,,k,,k,,Z”,), (A-5) 

f&k = Const.S,(H,,k,,k,,k,,Z,), (A-6) 

\u/ 

sin (k,nylL), (A- 

11) 

12) 

where S is an overlap integral between the I,/#) = A sin 
i 
nA& + 7~ (k, 

surface electron and the 1s electron of the 
hydrogen atom in the adsorbed alcohol (or , 

amine), k,, k, and k, are integers (0, 1, 
2 . .), respectively, and Zu is the dis- 
tance between the center of the the hy- 
drogen atom and the surface of the liquid 
metal. Thus, H’(H,), H’(H,) and 
H’(H1,Hz) can, respectively, be expressed 
by 

H’(h) = N(const)‘(ST(Hl,k,,k,,k,,Za,)), 
(A-7) 

H’U-J,) = N(const)2(S%(H2,k,,~,k,,ZHz))r 
(A-8) 

H’(H1,Hz) = N(const)2 
x (S,W,,k,,k,,k,,Z,,) 

.s,(H,,k,,k,,k,,Z,,)), (A-9) 

where N = &,, (1) and ( ) means a sta- 
tistical average. 

It is obvious from Eqs. (A-7)-(A-9) that 
the evaluation of the overlap integral S is 
required to prove Eq. (A-4). The definition 
0fS is 

S, = $+y@: dr, S, = J-+-t//?: dr, (A-10) 

where $ is the wave function of the quasi- 

(OS zs L) (A-13) 
I)$~) = A sin (nA&,) 

exp {-rl[iV$ - (k, -Af:)2]1/2(F)), 

where 
(z 2 L) (A-14) 

A&, k cot-‘[ (WV - k;)“2/kz], (A-15) 

Nv = 2mL2V/rr2h2, (A-16) 

1 +’ sin (hAtid 
4~ (kz - A&t)” 

sin2 (rA&) 
+i [N2,- (k,-- A&)“]“” 

-l/2 

’ (A-17) 

x 

FIG. 8. Cartesian coordinate system for a free elec- 
tron in a cubic potential box (L x L x L). 
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(ii) tj& If the hydrogen atom H, is as- 
sumed to locate at x=x1, y = yI and 
z = ZHI, then the wave function I/J? is given 
by 

$ysl = (m.g)-1” 

where a, is the Bohr radius, and x’ = 
x-x,, y’=y-yy,. Similarly, the wave 
function of the 1s electron of the Hz atom 
locating at x = x2, y = y2 and z = ZHz is 
given by 

exp {-[x? + y? + (z - zH, )*]““/&,} ) 
(A-19) 

where xh =x--x,,& =y-y2. 

4. The overlap integruls S1 and S,. By 
putting Eqs. (A-l I), (A-12) and (A-18) 
into Eq. (A-10) we obtain 

S, = K sin (k,rrx,/L.) 
sin (k,~y,lL)J, (k&,,k,ZH, 1, (A-20) 

where K = (2/L) (n&-l’* and 

J, (k,&,,k&) 
= It/b exp {-Ix,‘* + y;” + (z - Z,, )z]1’2/~} 

x cos (k,7Tx’/L) 
cos (k,~y’/L)dx’dy’dz. (A-21) 

Similarly, the overlap integral S2 is given 
by 

S, = K sin (k,nx,/L) 
sin (k,rryz/L)J2tk,,k,,k,,ZHz). (A-22) 

5. Evaluutions of the statistical aver- 
ages. From the expressions (A-20) and 
(A-22), the statistical averages appearing 
in Eqs. (A-7), (A-8) and (A-9) are given, 
respectively, by 

(S:(H,,k,,k,,k,,ZH,)) 

=f A(k,,k,,k&,,), (A-23) 

(S,2(Hz,k,,k,,k,rZHz)) 

=$ A(~,,k,,k,Z,,~, (A-24) 

X J,(k,,k,,k,,z~,)J,tk,,k,,k,,z,,). 
(A-25) 

in obtaining Eq. (A-25), the following rela- 
tion was taken into consideration. That is. 

( ( Xl +x2 
cos k,lT ___ = L >> 

0 

= ~,TT 9)). (A-26) 

The validity of this relation is easily veri- 
fied by using Fig. 9, which indicates that 
the average (cos (k,nAL/L)) reduces to 
zero as kzAL/L becomes larger. In Eq. 
(A-26), both x, + x2 and yI + y2 have val- 
ues of the same order of magnitude as L 
(- 108). Further, k, (or k,) takes a value of 
- IO8 provided that only the electron 
nearest to the Fermi level participates the 
interaction. Therefore, it can be said that 
k,m (x, + x2)/L is large enough to make the 
statistical average reduce to zero. 

Further simplification of Eq. (A-25) is 
achieved by using Fig. 9. Namely, if we 
take the followingvalues; L = 1 cm = 10” A, 
AL = 2.11 A (the distance between H, 
and HA kF = 1.33 x lo8 - 1.65 X 10” 
(the lowest and the highest extremes 
of the kF values for Zn, Ga, Cd, In, 
Sn, Sb, Hg, TI, Pb, Bi), then Fig. 9 gives 
that 

I(cos (kgrAL/L))( d 0.09. (A-27) 

Therefore, Eq. (A-25) is simplified to give 

I(S,.S,)l s 0.09(K2/4)J1.J2 
= 0.09((ST).(S;))’ 2. (A-28) 

The rearrangement of this equation gives 

~(s,~s,)/((~q)~(~~))‘*~ =s 0.09. (A-29) 

By combining this equation with Eqs. 
(A-7), (A-8) and (A-9), we obtain 
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FIG. 9. Calculated values of the statistical average 
of cos (k&L/L) as a function of k&./L. 
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