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Any set of net chemical reactions in which thermodynamic coupling occurs can always be transformed by linear combina-
tion into a thermodynamically equivalent set in which such coupling does not occur, and conversely. Therefore the physical
interest of thermodynamic coupling considered without reference to reaction mechanism is doubtful.

Introduction
We consider a closed system of ¢ constituents,
Q1--Q., whose mole numbers, #,:+-#,, are changing
spontaneously at rates accountable for in terms of
p linearly independent mnet chemical reactions,
whereby 2 < p < ¢, and the chemical equations of the
reactions are, in De Donder notation

a

2 omQi=0,j=1..p (1)
i=1
This means that the reactions themselves have
rates, v1...2,, which are given as the solutions of the
equations?

P
Z l‘ijvj=%!,i=1...0' (2)
i=1 d

The existence of these solutions in all cases is
guaranteed by the linear independence of the re-
actions, 7.e., of the p sets of ¢ coefficients each

Vile « « Va1
3

Y1p.. Vo

We suppose furthermore that the temperature I°
and the chemical potential u; of each constituent
are at each instant constant throughout the system.
The reactions represented by eq. 1 are then known
from thermodynamics to have affinities, A4;...4,,
defined by

- Z vip,j = 1...p 4)
i=1
We suppose finally that within the system no
irreversible processes are occurring other than the
aforementioned changes of the mole numbers,
dn;/dt.* The system is then known from thermody-
namics to have a rate of entropy production,
d;S/dt, given by
i 1<

%5: =7 Zl Aimy (5

i=

A5 =

The product T(%S is called the power of irreversibility

(1) National Science Foundation Codperative Graduate Fellow.

(2) We shall take the »i; to have the dimensions of mass and to be
measured in moles, The rates v; then have the dimensions of reciprocal
time,

(3) The system is to be thought of as subject to any further condi-
tions compatible with those just explicitly laid down. For example,
we could require: (i) that the system be homogeneous, or alternatively,
heterogeneous with some particular number of phases and (ii) that
volume and temperature of the system be particular functions of time

V=Ve®T=Te (4a)

and so forth. Conditions of type 4a are sometimes called 'con-
straints.”” All such further conditions are however irrelevant to our
ensuing discussion.

of the system; we shall denote it by P. Since T
and d;S/d¢ are each always positive or zero and the
latter case does not concern us here, we have

o
P=3 4w>0 (6)
i=1

This thermodynamic result admits of the possi-
bility that one or more of the products A;v; be
negative (at least one must of course be positive).
In this case it is said that thermodynamic coupling
occurs in the set of reactions represented by eq. 1
and that each member of the set is a coupled
or a coupling reaction, according as its product
Aw; is negative or positive. It is appealing to
think of the coupling members of the set as driving
each coupled member in the direction opposite
to that suggested by its affinity. These ideas
are all well known, frequently having been set
forth by their originators, De Donder and the mem-
bers of his school.4  These authors have moreover
claimed for thermodynamic coupling a high degree
of physical interest on a number of grounds, not
the least of which is that such coupling is “‘an
essential feature of living systems.’’?

It is our purpose to call attention to a funda-
mental feature of thermodynamic coupling hitherto
apparently overlooked. This feature arises from
the fact, in itself entirely familiar, that the nature
of the system determines the number, p, of the net
chemical reactions needed to account for the
changes (3—7:‘ in accord with eq.
efficlents 3 indeterminate to the extent of an
arbitrary linear combination. In other words,
any set of chemical equations of type 1 derivable
by linear combination of the members of a particu-
lar set satisfying eq. 2, likewise satisfies eq. 2.
From this infinity of equivalent sets of reactions
moreover, thermodynamics offers no criterion for a
particular choice; this too is well known. What
seems to have been overlooked is that as we pass

2 but leaves the co-

[
from set to set, although the sum Y 4;v; remains

F=1
invariant, the number of the products 4;v; having
a given sign, and so the proportion of coupled to

(4) T. De Donder, "L'Affinité,” Paris, Gauthier-Villars (1927);
Bull, Acad. Roy. Belg. Cl. Sci., 28, 770 (1937); T. De Donder and P.
Van Rysselberghe, Thermodynamic Theory of Affinity,” Stanford
University Press, 1936; P, Van Rysselberghe, Bull. Acad, Roy. Belg.
Cl. Sci., 28, 1330 (1936): 28, 418 (1937); J. Phys. Chem., 41, 787 (1937);
1. Prigogine and R. Defay, "Thermodynamique Chimique,” 2 vols.,
Lidge, Editions Deoser, 1944, 1946; sec. ed, (1950); I. Prigogine and
R. Defay, "Chemical Thermodynamics,” translated by D. H. Everett,
Longmans Green, New York, N, Y., 1954; 1. Prigogine, '"Thermo-
dynamics of Irreversible Processes,” C. C. Thomas, Springfield, Ill,,
1955.

(5) 1. Prigogine and R, Defay, ref, 4, p. 42.
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coupling reactions, in general vary.®! We shall
show that it is always possible by linear combination
to transform any set of reactions with thermody-
namic coupling (one or more 4;v; < 0) into a set
without (all Ajz; > 0), and conversely.” Thus the
presence or absence of thermodynamic coupling
in a given system undergoing chemical change will
be seen to depend not upon the physico-chemical
nature of the change but upon the choice of the
chemical reactions taken to describe it. This con-
clusion plainly compels us to revise downward the
aforementioned estimate of the physical interest
of thermodynamic coupling.

Two Reactions.—We shall treat first the case
p = 2. We consider a pair of reactions with the
chemical equations

a

> waQi =0

i=1

(7.1)

2o vieQi =0
i=1
We suppose that thermodynamic coupling occurs
in this pair, and take reactions 1 and 2 to be the
coupled and coupling members, respectively; this
means

(7.2)

A <0 8.1
P = Awl + A2212> 0 (83)

We shall show that it is always possible to find a
real number, «, such that the equivalent pair of re-
actions with the chemical equations

o

> v =0 (9.1)

i=1
> (i + ari)Qi = 0 (9.2)

i=1
is free of coupling; this means

A1’7}1,> O (101)
Ay’ > 0 (10.2)
P =A'vy + Ay0' >0 (10.3)

where the primes refer to the new pair of reactions.
Proof: Equation 2 requires

i1t + vigly = V',17.11, + (Viz -+ avn)vz’, i=1..0 (11)
whence by solving simultaneously the two equa-
tions corresponding, respectively, to any two values
of 7, we find that the rates transform according to

7' =1 — an (12.1)
2’2, =1z (12,2)

From eq. 4, 7.1, 7.2, 9.1 and 9.2 we find that the
affinities transform according to
4, = 4, (13.1)
A’ = Ay + ady (13.2)

It is readily verified that these equations of trans-
formation leave P invariant, as required by eq.
8.3 and 10.3. We now suppose, as we evidently
may without loss of generality, that eq. 7.1 and 7.2
are written in the directions which make

(8) If we consider the sets having a given reaction, say the k’'th, in
common, we see from eq. 4 that the affinity Ak is invariant and from
eq. 2 that the rate vx must in general vary from set to set. This varia-
tion can, as we shall see, change the sign of vx and so of Axvk.

(7) T. De Donder, ref, 4 (1937), and I. Prigogine and R. Defay,
ref. 4, (1944), p. 77, have considered transformations of the kind in-
volved in our discussion but stopped short of our result.
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u>0 (14.1)
v, >0 (14.2)

This choice, in conjunction with ineq. 8.1 and 8.2,
implies

4, <0 (15.1)

4,>0 (15.2)
Equation 13.1 and ineq. 15.1 imply

A <0 (16)

Hence for the desired ineq. 10.1 to hold, it is neces-
sary and sufficient that

7.11, <0 (17)

But this condition, by virtue of eq. 12.1 and inegs.
14.1 and 14.2, is seen to be equivalent to

a>2 (18)
123
Equation 12.2 and ineq. 14.2 imply
212, > Q (19)

Hence for the desired ineq. 10.2 to hold, it is neces-
sary and sufficient that

A, >0 (20)
But this condition, by virtue of eq. 13.2 and ineq.
15.1 and 15.2, is seen to be equivalent to

4,

> a 21)
144]
Ineq. 83 14.1, 14.2, 15.1 and 15.2 imply
.42 V2
T4y > - (22)

Heuce inegs. 18 and 21 can hold simultaneously
and constitute necessary and sufficient conditions
for the desired ineq. 10.1 and 10.2. Thus « will
produce the desired transformation if and only if
it lies in the range

Ag “
—]—;1‘1!— o O > v—z (23)
and this condition can alwaysbemet. Wenoteinci-

dentally that since ineq. 14.1 and 14.2 imply v,/v; >
0, ineq. 23 implies « > 0.

For example, the synthesis of urea in liver, when
written

2NH; + CO; = (NH;),CO + H:0
§ CoH0s + 0, = CO; + H;0

has been cited® as a case of thermodynamic coupl-
ing, with

Ay = —11 keal,, 4; = 115 keal.,, v; = 1.4 X 1078 min. ™},

v, = 6.0 X 1083 min.~1, P = 6.7 X 1078 keal. min. !
But this set can be transformed into one in which
A1’y and A»'v,’ are both positive: ineq. 23 yields
10.4 > a > 0.24; We may therefore choose o =
1, which gives
2NH3 + COg = (NHz)zCO + Hgo

é CsHmos + 2NH3 = (NHz)zCO + 2H20

with
Ay = —11 keal.,, 4, = 104 kecal, v’/ = —4.6 X 108
min.”!, ' = 6.0 X 108 min."!, P = 6.7 X 107® min. !

(8) T. De Donder and P. Van Rysselberghe, ref. 4, (1937); I
Prigogine and R. Defay, ref. 4, (1944), p. 74; see also H, Borsook and
G. Keighley, Proc. Nail. Acad. Sci. U. S., 19, 626, 720 (1933).
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The converse of the proposition just proved
and illustrated is also true. We consider a pair
of reactions with the chemical equations

ST oi'Qi =0

i=1

o

Z Viz,Qi =0
i=1

We suppose this pair to be free of thermodynamic
coupling; this means

(24.1)

(24.2)

Ay's’ >0 (25.1)
Ag'v,’ > 0 (25.2)
P = Al’vl’ + Az,v2,> 0 (253)

It is then always possible to find a real number,
a’, such that, of the equivalent pair of reactions

with the chemical equations

a

ST w0 =0 (26.1)
=1
ST (i + a'vi)0 =0 (26.2)
i=1

the first member is coupled to the second; this
means

Aﬂl; <0 (271)
Avﬂlz > 0 (272)
P=Adp + A4m>0 (27.3)

where the unprimed letters refer to the new pair
of reactions.

The proof of this proposition is so readily con-
structed by inverting step by step that given of
the previous one, that we shall omit it, and state
only the mnecessary and sufficient conditions on
a' to which it leads. We suppose eq. 24.1 and
24.2 to be written in the directions which make

v <0 28.1)
7' >0 (28.2)

We then find that &’ will produce the desired
transformation if and only if

(29)

!
o' < i—}—l-,
V2
a condition which can obviously always be met,
. v N
and which, since 0—17 < 0, implies a’ < 0.
2

The General Case.—The general case of p reac-
tions, with 2 £ p < o, is resolvable by a treatment
modeled upon that just accorded the case p =

We consider p reactions with the chemical equa-
tions

S i =0,7=1...0
im1
We suppose that, of this set, r members, where
1 <7< p, are coupled to the remaining p—r members
and that the set is so ordered that its first » mem-
bers are the coupled ones; this means

(30)

Aw; <0,j=1...7 (31.1)

Awi> 0, j =7+ 1...p (31.2)
P

P=> 4w>0 (31.3)

i=1
We shall show that it is always possible to find a
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set of real numbers, oy a,-1, such that the equiv-
alent set of reactions with the chemical equations

a

S Qi =0,j=1..p~—1 (82.1)
i=1
a p—1
Z (Vip -+ Z ajvij>Qi =0 (32.2)
i=1 i=1
is free of coupling®; this means
Ao’ >07=1...p (33.1)
p
P =3 4/%'>0 (33.2)

i=1

Proof: By considerations parallel to those
leading to eq. 12.1 and 12.2, we find
vy =vi —apyj=1...p =1 (34.1)
v =1, (34.2)

and by considerations parallel to those leading to
eq.13.1 and 13.2, we find

Ay =A,j=1..p—1 (35.1)
p—l

Ay = A, + Y aid; (35.2)
i=1

It readily verified that these equations of trans-
formation leave P invariant. We now suppose
that eq. 30 are written in the directions which
make

v;>0,j=1...p (36)

This choice, in conjunction with ineq.31.1 and 31.2,
implies

A;<0,j=1...7 (37.1)
Ai>0,j=7+1...p (37.2)

Equation 35.1 and ineq. 37.1 imply
A/ <0,j=1...7 (38)

Hence for the first + members of the desired set
of inequalities (33.1) to hold, it is necessary and
sufficient that

v’ <0,j=1...7r 39)
This condition, by virtue of eq. 34.1 and ineq.
36, is seen to be equivalent to

a;> Y i=1...7 (40)
Up
Equation 35.1 and ineq. 37.2 imply
Ay’ >0,j=7+1...p -1 (41)

Hence for members no. 1 + 1 to p — 1 inclusive of
the desired set of inequalities 33.1 to liold, it is
necessary and sufficient that

v >0,ij=7r+1... (42)

This condition, by virtue of eq. 34.1 and ineq. 36,
is seen to be equivalent to

p—1

Vj .
v—l>a3,]=r+1...p—1 (43)
I
(9) In the language of linear transformation theory this proposition
may be stated as follows: it is always possible to transform the set
(30) with coupling into a set without, by a matrix of the form

1 00 a
0 1--:-0 a
o 0. . .1 ap-t
0 0 <01
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Equation 34.2 and ineq. 36 imply
' >0 (44)
Hence for the p’th member of the desired set of

inequalities 33.1 to hold, it is necessary and suf-
ficient that

A" >0
We shall show later that for ineq. 45 to hold, the

following conditions on the o are sufficient though
not necessary

1.»J i =
-|— ]A]>a1, =1...7 (46.1)
i C .
aj>:]i;—z-j,]=-r+1...p—1 (46.2)
where Cis defined by
+#
— P il
C_(p—l)vp 47

Accepting this result for the present, we note that,
owing to ineq. 31.3 and 36

c>0 (48)
whence
]A ! >0,j= .7 (49)
and furthermore, owing to ineq. 37.2
g‘.>0.]'=7+1...p——1 (50)

It follows from ineq. 49 that ineq. 40 and 46.1
can hold simultaneously and from ineq. 50 that
ineq. 43 and 46.2 can hold simultaneously. Thus
the o; will produce the desired transformation if
they lie in the ranges

R
+]A] >vp.] 1...7 (51.1)
U su_C L —
vp>a’>v, Aj.]—-r+1...p 1 (51.2)
and this condition can always be met. It remains

only to show that ineq. (46.1) and (46.2) constitute
a sufficient but not necessary condition for ineq.
45, By virtue of ineq. 37.1 and 37.2 and a few
obvious reatrangements, we transcribe ineq. 46.1
and 46.2 to the single statement

1 s
C‘_'v_ij(vj—Cljva)>0,]=1...9—1 (52)

From this we deduce by summation
p—1
(o —1)C— = Z Ajlo; — ap) >0 (53)

P =1

By virtue of eq. 47, 34.1, 34.2 and 35.1 this be-

comes
) (54)

But the left side of thlS inequality is seen by eq.
33.2 to be equal to 4,’. Hence ineq.46.1 and 46.2
are a sufficient condltlon for ineq. 45. That they

<P—ZA

j=1

(10) Our treatment of the general case, which up to this point has
been completely parallel to that of the case p = 2, will now cease to be
so, in that we shall for simplicity be content with a condition on the
@j, namely, ineq. 46,1 and 46.2, which will be seen to be sufficient
for ineq. 45 but not necessary, whereas for the analogous ineq. 20 we
readily found & condition on e, namely, ineq. 21, which is necessary and
sufficient,
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are not a necessary one follows from the obvious
fact that ineq. 53 does not imply ineq. 52.

The converse of the proposition just proved is
also true. We consider a set of reactions with
the chemical equations

a

Z vi;'Q; = 0,j=1...p (55)

i=1
We suppose this set to be free of thermodynamic
coupling; thismeans

A > 0,7 =1...p (56.1)

P = Z Ai'v;’ >0
i=1
It is then always possible to find a set of real num-
bers, a1'...a',—1, such that, of the equivalent set of
reactions with the chemical equations

a

(56.2)

S ni'Q=0,j=1..p~1 (57.1)
1=1

[ p—1

Z (Vip’ -+ Z aj’r13’> Qi=0 (57.2)
gl 7=1

the first  members are coupled to the remaining
p-7; this means

Aw; <0,j=1...7 (58.1)
Aw;> 0, =7+ 1...0 (68.2)
»
P = Z Aj'Uj> 0 (58.3)
7=1

where the unprimed letters refer to the new set of
reactions.

The proof of this proposition is so readily con-
structed from that of the preceding one that we
shall omit it and state only the sufficient condi-
tions on the ¢;/(j = 1...p — 1) to which it leads.
We suppose eq. 55 to be written in the directions
which make

v,/ <0,j=1...7 (59.1)
v’ >0,j=+-+1...p (69.2)

Wedefine C' by »
¢ = (o — L)z’ (60)

and then find that the a;” will produce the desired
transformation if

aj’ <

!

Yoi=1...r (61.1)
Yo

= - = <aj’<5—;—,,j =r+1...p0—1 (6l12)
a condition which can always be met.
Conclusion.—It therefore appears that, in any
case 1r1 which we know the values of dn;/dt and w;
(i = .¢), we can confer or revoke thermody-
namic couplmg by properly choosing a set of net
chemical reactions out of an infinity of permitted
sets, which is to say, by a stroke of the pen. It
follows that without a further criterion for choice
out of this infinity, thermodynamic coupling is
neither an essential feature of any special class
of systems dead or alive, nor an explanation of
anything. Thermodynamics, as already said, sup-
plies no such criterion. If any exists, the only pos-
sible source would seem to be the theory of reaction
mechanism. Thus without reference to the latter,
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further concern with thermodynamic coupling
would seem to be useless. Of what use it might be
in conjunction with reaction mechanism remains
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The Mechanism of Benzene Chemisorption on a Supported Nickel Catalyst

By J. A. SILVENT AND P. W. SELWOOD
RECEIVED AuGusT 15, 1960

A further study of benzene chemisorption on a nickel-kieselguhr catalyst by the low frequency a.c. permeameter magnetic
method has shown, as previously reported, that the process takes place by the formation of approximately six bonds, up toa
temperature of about 120°. This is assumed to mean flat, non-dissociative adsorption. At higher adsorption temperatures
the number of bonds increases rapidly until at 200° substantially complete dissociation of the benzene molecule is achieved.
These conclusions are supported by analysis of the saturated hydrocarbons obtained by flushing the adsorbed benzene with
hydrogen and trapping the products. The conclusions are also confirmed by measuring the volume of hydrogen denied
access to the surface by the presence of pre-adsorbed benzene, admitted to the catalyst at progressively higher temperatures.

Introduction

In an earlier investigation by the low frequency
a.c. permeameter method,! it was shown that ben-
zene chemisorbed on silica-supported nickel is taken
up primarily by the formation of six bonds. This
suggests associative adsorption with the plane of
the ring parallel to the nickel surface, although
various other interpretations are not excluded by
the magnetic data alone.

The maximum temperature of adsorption, in the
earlier work, was 150°. In the present work the
observations are extended to 200°, at which tem-
perature extensive dissociative adsorption may be
expected, and the conclusions reached by the mag-
netic method are confirmed through the use of
several other lines of investigation.

Experimental

Magnetization-volume isotherms were obtained as pre-
viously described.! All measurements were made on Uni-
versal Oil Products nickel-kieselguhr coutaining 52.8%,
of nickel. The reduction and evacuation of samples, to-
gether with purification of reagents have all been described.

Subsequent to several runs it was necessary to determine
the products obtainable by flowing hydrogen over the ad-
sorbent—adsorbate system. The hydrogenated products
were selectively collected in cold traps for analysis in a mass
spectronteter or, for some samples, by vapor phase chroma-
tography. Conditions of adsorption and hydrogenation
are given in connection with the data presented below.

In one series of experiments it was desired to estimate the
area of nickel occupied by adsorbed benzene or its dissocia-
tion products. This was possible because benzene is not
hydrogenated over nickel at —78°.! The procedure was
to determine the pressure-volume isotherm for hydrogen
over the catalyst at —78°. The hvdrogen then was de-
sorbed by evacuation at 360°, following which a measured
quantity of benzene was admitted to the surface. The
sample then was cooled to —78° and another pressure-
volume isotherm for hydrogen was obtained. The benzene,
or its dissociation products, was thus shown to deny access
of hydrogen to part of the nickel surface. The extent to
which this denial of access occurred was, of course, a meas-
ure of the dissociative process which had occurred during
chemisorption of the benzene. These experiments were
performed over a considerable range of benzene adsorption
temperatures.

In one experiment the benzene was adsorbed at a lower
temperature, then heated, then cooled again to determine
whether dissociative adsorption occurs primarily during the
adsorption step or whether it may occur in a pre-adsorbed
intact molecule if the temperature is raised.

(1) P. W, Selwood, THIS JOURNAL, T9, 4637 (1957).

Results

Magnetization—-volume isotherms for benzene on
nickel are shown in Fig. 1. It previously has been
shown?® that the isotherms for hydrogen have a
slope which is somewhat dependent on tempera-
ture even at temperatures well above those at which
appreciable physical adsorption may take place.
This effect seems to be related to the range of
nickel particle diameters present in any catalyst
sample. Whatever may be the reason for this
behavior it is clearly necessary to compare the iso-
therm slope of any adsorbate with that of hydrogen
at the same temperature, if accurate determination
of the number of surface bonds per molecule
adsorbed is required. Isotherms for hydrogen are,
therefore, shown in Fig. 2. It will be noted that the
slopes for benzene rise much more rapidly with
increasing temperature of adsorption than do those
of hydrogen.

Table I shows the effect of pre-adsorbed benzene
on the volume of hydrogen which may be adsorbed
by the nickel at —78° up to a pressure of 1 atm.
The data are presented as (1) temperature at which
benzene was admitted to the surface, (2) volume
(s.c.) of benzene vapor adsorbed per g. of nickel,
(3) volume of hydrogen (s.c.) adsorbed per g. of
nickel at —78° (4) volume of hydrogen (s.c.)
denied access to the nickel and (5) molecules of
hydrogen denied access to the nickel! per molecule
of benzene vapor adsorbed.

Another result, which we believe to be of signifi-
cance, is that in every case represented in Table I
the slope of the magnetization-volume isotherm for
hydrogen on a surface covered in part by benzene
was the same as that on a bare nickel surface.
This was true in spite of the fact that the total
volume of hydrogen which could be taken up by the
nickel was diminished substantially by the presence
of pre-adsorbed benzene.

It is well known that adsorbed hydrocarbon
molecules and their dissociation products are often
quite difficult to remove by hydrogenation » situ.
In spite of this enough product was obtained to
confirm the conclusions reached on the basis of the

(2) P. W. Selwood, 1bid., 78, 3893 (1956).



