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ABSTRACT:

developed in the field of polymer catalyst.
either adsorption or catalytic site distributed along the chain.

Kinetic theory for the reactions proceeding on a polymer chain was

Polymer catalyst is designed to possess
The former adsorbs a

substrate and the complex formed subsequently undergoes an intramolecular reaction

catalyzed by the latter to afford product and to regeneraie free adsorption site.

The

overall reaction rate was formulated taking into account the distribution of catalytic
sites in the neighborhood of each adsorption site. The reaction rate for pelymer catalyst

was comparcd with that for the corresponding low-molecular-weight catalyst.

The

acceleration by polymer catalyst was very marked when the reagent concentrations
were low. A supplementary remark on Part I of this series was also made.
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Catalysis in solution by various polymers con-
taining both adsorption site A, and catalytic site
C, has been investigated by several workers,'™"
Most of these reactions were found to follow
the Michaelis—Menten-type Kkinetics indicating
adserption of substrate S, taking place prior
to the product (P)-forming reaction. If the
adsorption equilibrium (dissociation constant K
is established very rapidly, the rate of product-

Fid k
S+AT" AS —HP+A

forming reaction (k;[ AS]) may be described by the
sum of the intramolecular unimolecular reaction
rates of adsorbed substrates AS, catalyzed by
catalytic groups attached to the same polymer
chain,

Although some complicated situations have
been noted in practice, eg., intramolecular
aggregation in polymer catalyst,"® bifuncticnal
interactions of pendent catalytic groups,*™ it
seems useful to formulate a kinetic theory for
rather simplified cases. In this paper if is
assumed that the adsorption equilibrium is at-
tained rapidly and the adsorption occurs by the
short-range binding forces excluding coulombic

* Herealter the previous paper appeared in Poly-
mer J., 3, B4 (1972) will be read as the Part I of
the scrigs.
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force. Then the rate of reaction catalyzed by
polymer catalyst can be formulated wusing a
method analogous to that described in Part I
of this series, where intrachain reactions between
substrates and catalytic species, both being
chemically bonded to the polymer chain, were
treated,

FORMULATION OF KINETIC THEORY

Case I. Kinetics Considering the Probability of
Finding a Distribution of Catalytic Group is
Derived from the Independent Probabilities for
Each Residue
To begin with, the simplest case that was

treated in Part I will be described here briefly.
In this case it is assumed that the probability
pr for the Ith residue (/-th monomer unit
counting from a chain end) to carry a catalytic
group is independcnt of the states of other
residues. Then, the overall rate of product
formation is written as

rate=d[PJjd¢= z.f' kipAS);
Ty =1

(1)

where N is the total number of residues in a
chain and [AS]; is the concentration of sub-
strates adsorbed on the I-th residue. ky; is the
first-order rate constant for a reaction between
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AS; and a catalytic group attached to the J-th
residue. For sufficiently long chains, ky; de-
pends only upon the separation (i==|I—J])
between /-th and J-th residues. Hence, for the
uniform distribution of catalytic groups (p;=p),
eq 1 is written as

rate=2p ST (N—i)k{AS]; (2)

$=1

Furthermore, for the uniform distribution of
adsorbed substrate

rate=2p '5%1 k. [AS] (3

[AS] is the total concentration of adsorbed

substrate and Z denotes the reaction range, that

is, the effective separation between I-th and

J-th residues where the reaction actually takes

place. In eq 3 ¥N» Z is also assumed.

Case 2. Kinetics for the Case where the Dis-
tribution of Catalytic Group is Described by a
Markov Process
In this section the case will be treated in

which the probability to find a catalytic group

on the ith residue is dependent on the state
of (i—1)-th residue. Thus the conditional proba-
bility is defined as p(n;_, m;) for all i, where

n; is the number (zero or unity) ef catalytic

group attached on the i-th residue. Here a

residue carrying a substrate is numbered as the

zero-th residue. As in Part I, the probability

Wi(n) for a reaction range to have the distribu-

tion of catalytic group, n=(n_z, ..., nz) is*

Wimy=p(ng, n_y) - -+ P(R;ZI 1> 1z)
X pltty, 1) - =+ plfiz_y, Hg)

(4)

Apparent first-order rate constant for a substrate
in the reaction range » is®
&

Kin)= 6_2_7 ki(ni 1, Beg)ng (5)
where k;(r;_,, n;.,) is the first-order rate con-
stant for the reaction of a substrate catalyzed
by a catalytic group attached to the i-th residue.
The rate constant depends on the neighboring
residues (m;_, and #;,;). The total rate is
written as

rate= 37 W(mK(m)[AS] (6)
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Introducing eq 4 and 5 into eq 6, and using
the same method as adopted in Part 1, the
following equation was obtained, in which n;
is replaced by m;=n;+1.

rate{[AS]=2 & (P}, m_,]
[
Z, i1 Z—i
#| £ L PR s | (T)
i=lmg
where matrices P and Q, are

P:[p(o, 0 po, 1)} (8)

21,0 pl, 1)

Qi:[p(m L0, 03p(1, 0) - p(0, 1)ks(0, bip(1, 1)}

PO (1, Bp(1, 0y p(L, DL, Dp(L, 1)

(9)

P is a transition matrix and the normalization

conditions are

Using these conditions eq 7 is transformed into

eq 11.

(10)

Z
rate=2 %,
i=1

i

MZ;{P‘;--IQi}mu.mz[AS] (11)

Alternatively, introducing super matrices’

uiife wlel. ..

(12)

rate=2[AS] & { [E;
mz

where E, and 0 are the unit matrix and zero
matrix of the second order, respeciively. If &;
is independent of n;_, and #;,,, eq I1 becomes

rate=2[AS] Z/} {P{}mu,zki (13)

Substituting p(n;._,, ;) for p for all i, eq 13 is
the same as eq 3 as expected. The above equa-
tions represent the microscopic meanings of the
rate constant k; for the inframolecular reaction
of adsorbed substirate.

Although the above treatment was developed
for the infinite long chains, this restriction can
be easily eliminated if the upiform distribution
of adsorbed substrate is assumed. The term
b {Pﬁ_le]ma,mZ in eq 11 represents the contri-

gﬁtion of the i-th rcsidue to the overall rate,
and the number of the pairs of residues sepa-
rated from one another by { residues is (N—i).
Therefore
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N— i
rate=2 %, L 51 P Qn n[AS] (14)
And if k; is independent of n;_, and #;,,

rate=2 z (N P, KIAS]  (15)
Using eq 14 or 13, the dependence of reaction
rate upon the molecular weight of polymer
catalyst can be discussed.

Case 3. Kinetics for Substrates
Bonded to a Polymer Chain
Intramolecular reactions of substrates chem-

ically bonded to a polymer chain, not in equili-

brinm with free substrates, have been treated
in the Part I in detail. However the reaction
rate has not been derived yet. This quantity
can be obtained by the differentiation of the
fraction of unreacted substrate y, by time 1.
y is written as®

Jf:[Z (A
mz

Chemically

* AZ}mu,mz]z (16)

where matrices A;’s are
_:rp{(], 0 po, I)exp(—kit)} an
Lp(l, 0y p(l, 1) exp (—K;t)
Differcntiation of eq 16 with respect to time
yields
dy."lrd't:‘z[z {A]‘. T AZ}mn,mg}
T

X[Z Z{A - (dAydY) -

"y e

}mu mz]
(18)

The above equation becomes simpler using
matrices B;'s.

0 k;p(0, 1)exp(—k;n)")

B,& = — dA“ 'fd.f e
’ 0 K p(l, lyexp (—k;f)

Using super matrices,” eq 20 is obtained.

‘ Az}mo,mz}

|zle oty 2 el ]

(20)

—dyfdr=2[ (A,
"

The initial rate can be obtained by substituting
zere for ¢ in eq 20

(—dpjde)-o=2 3, [P, o @1
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Equation 21 can be atilized to determine the
absolute values of k;’s from the initial rate of
the intramolecular reaction. For short chains
€q 21 becomes

i .
V1P, ke

—dvh g STN—
(—dyfdthey=2 T (22)
a1 N

DISCUSSION

The Efficiency of Polymer Catalyst Compared
with the Corresponding Low-Molecular-Weight
Catalyst
In most of the polymer catalysts the efficiency

is not so high as enzyme.'"* The ratio of

reaction rates catalyzed by a polymer catalyst
to that catalyzed by a corresponding low-
molecular-weight catalyst can be estimated if
the change of substrate reactivity by the adsorp-
tion is ignored. In this respect the first case
will be discussed for the simplest situation.

Puiting K as the dissociation constant of ad-

sorbed substrate, the total concentration of

adsorbed substrate is

[AS]=(L;2)[([S].+d[C,]ip+ K)
—{([SL:+a[Clip+K)*—4a[SLICylip}H]

(23)

where [S], is the total concentration of sub-
strates including adsorbed ones and [C,] is the
total concentration of catalytic groups attached
to the chain. The mole fraction of adsorption
sites in the chain is denoted by a. Combining
the above equation with eq 3, the rate of re-
action using a polymer catalyst is obtained.
On the other hand, a usual sccond-order rate
of the rcaction between free substrates and free
catalytic species is

k[ S [C) 24

where the second-order rate constant is denoted
by k. If the reaction rates are compared ai
[C.]=[C], the ratioc of reaction rates E, is
Er=(1/2)[(p{[C]--a/[S]:-+-Kp/[C][S])
—{(PIC1+4/[SL:+Kp/ICSLY

—dapiClSLy 2 S ke | 03

11--13

According to Goodman and Morawetz,
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Figure 1. Three-dimensional diagram for the
efficiency of a polymer catalyst. FEr=ratio of
reaction rates catalysed by polymer catalyst against
that by the corresponding low-molecular-weight
catalyst: K, 0.01 (moli), p, 0.1; @, 0.2. [S]: re-
presents total concentration of substrate, and [C]
represents total concentration of catalytic group.

maX

the maximum effective concentration (Cog™=
2 T k;fkn) takes a value from 2 to 5 for poly-

ac;ylamide and pelymethacrylamide chains, The
theoretical value of Cg¥* calculated by them
agreed in order with the experimental value.'"**
However the cxperimental results by Stoll and
Rouve'* ™ and the calculation vsing a g—t-rota-

tional isomer model by the author® showed

that the value of k;fky; for short polymethylene

chain were about 1/10 as low as the value
expected by the method of Goodman and
Morawetz. Therefore, the exact value of Co™
is still obscure. Here it is tentatively assumed
to be 2 and the numerical calculation of eq 25

was performed in the following conditions

K=0.01 (mol/ly p=0.1 and a=0.2
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Results are shown in Figure 1. The accelera-
tion of the reaction by polymer catalyst is very
marked when the reagent concentrations are low.

Physical Significance of Dissociation Constant

If the rate of conformational transitions of
polymer segment is much faster than the dis-
sociation rate of adsorbed substrates, the poly-
mer segments in the neighborhood of an adsorp-
tion site can move carrying the substrate on it.
In this case the dissociation constant measured
in the equilibrium state can be applied to eq 25.
On the other hand, if the dissociation rate is
faster than the rate of conformational transition,
the concentration of adsorbed substrates suffi-
ciently close to a catalytic group may differ
from the concentration expected from the dis-
sociation constant determined under the equili-
brium condition. In this case the dissociation
constant in eq 25 mnust be an effective value,
which is usually obtained by a kinetic treatment,
such as the Lineweaver—Burk plot."
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