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Four models are set up for polymerization on solid surfaces. In two of the models, 
it is assumed that all adsorption sites have the same adsorption energy. The first 

of these (Rideal mechanism) assumes that polymerization occurs by reaction of 
monomer in the gas phase with adsorbed monomer or adsorbed, growing polymer 
chains. The second model (Langmuir-Hinshelwood mechanism) assumes that poly- 
merization occurs by reaction of an adsorbed monomer molecule with an adjacently 
adsorbed monomer molecule or growing polymer chain. The other two models are 
the counterparts of the first two with a variation of adsorption energies among 
the sites. 

With all adsorption sites of equal energy, it is shown that in both mechanisms 
there is a unique weight average molecular weight for each number average molec- 
ular weight. Weight average-number average molecular weight ratio, (m/m), 
a measure of the broadness of molecular weight distribution, is shown to be in 
the range, 1 < r/N ( 2, for all values of velocity constants and pressure. In the 
Rideal mechanism, number and weight average molecular weights and rates of 
reaction increase without limit as pressure is increased. In the Langmuir-Hinshel- 
wood mechanism, molecular weights and rates approach a maximum value 
asympotically as pressure is increased. 

With a distribution of adsorption energies, weight average-number average 
molecular weight ratios (m/N) can have values far in excess of 2 for both 
mechanisms. Molecular weights and rates of reaction again level out with increasing 
pressure for the Langmuir-Hinshelwood mechanism, and increase without restric- 
tion in the Rideal mechanism. 

I. INTRODUCTION with the results of experiments on the 

The discoveries that certain solid cat- polymerization of ethylene in the presence 

alysts (IS) can produce high polymers of chromium oxide-silica-alumina catalyst. 

from olefins and diolefins have sparked a In all four models, the polymerizat.ion 
great deal of theoretical and experimental process is restricted to reaction of monomer 
work on the nature of the reactions. In with itself and with growing polymer 
this paper the objectives are to derive ex- chains. Also, the density of adsorption sites 
pressions for the following quantities: (1) is assumed constant over the catalyst 
number average molecular weights, (2) surface. 
weight average molecular weights, (3) In two of the models, it is assumed that 
weight average-number average molecular all adsorption sites have the same adsorp- 
weight ratios, and (4) rates of polymeriza- tion energy. The first of these assumes 
tion. These quantities are derived as func- that polymerization occurs by reaction of 
tions of velocity constants (adsorption, monomer in the gas phase with adsorbed 
reaction, and desorption) , pressure, and monomer or with adsorbed, growing poly- 
temperature. Four possible models are set mer chains. This will be referred to as the 
up and, in the following paper, compared Rideal mechanism (4). The second model 
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assumes that polymerization occurs by 
reaction of an adsorbed monomer molecule 
with an adjacently adsorbed monomer 
molecule or growing polymer chain. It will 
be referred to as the Langmuir-Hinshel- 
wood mechanism (6, 6). 

The other two models are the counter- 
parts of the first two with an exponential 
distribution of adsorption energies among 
the sites. 

Some simplifications in the kinetics have 
been made in order to make the calcula- 
tions tractable. These simplifications affect 
the magnitude of the results, but not the 
general character of the relationships. Con- 
clusions in this paper have been limited 
to those which depend only on the general 
character of the relationships. 

II. DEFINITIONS OF NUMBER AVERAGE AND 

WEIGHT AVERAGE MOLECULAR WEIGHT 

Number and weight average molecular 
weight are defined respectively as follows: 

where N, is the number of molecules con- 
taining n monomer units, M1 is the molecular 
weight of monomer, and fl and w  are the 
number and weight average molecular 
weights respectively. The summations extend 
over all polymer species from 12 = 2 to 00. 

For each model, the three quantities, 
ZN,, ZnN,, and Zn2N, will be evaluated 
explicitly. 

III. DERIVATION OF E&CATIONS FOR 

ENERGETICALLY HOMOGEKEOUS 

SURFACES 

A. Rideal Mechanism 

The term ZN, is regarded as the number 
of molecules of polymer desorbed per unit 
catalyst surface per second. It can be ex- 
pressed as: 

EN, = kdNo 2 6, 
n-2 

where kd, the desorption velocity constant, 
is the number of polymer molecules de- 
sorbed per second from one site, N, is the 
total number of sites per unit catalyst sur- 
face, and 8, is the fraction of sites covered 
with n-mer (a polymer chain of n monomer 
units). It is assumed that kd is independent 
of n. 

Similarly, 

ZnN, = kdNo 2 ne, 
n-2 

(2) 

00 

Zn2N, = kdNo 
c 

n2e, (3) 
n-2 

The terms, X’.&,,, ZZ=&,,, andp,“,ln2& 
are evaluated explicitly &s follows: 

At steady state conditions, a balance for 
adsorbed n-mer gives : 

k,P8,4 - k,PB, - kden = 0 

where k, (assumed independent of n) is 
the reaction velocity constant for the re- 
action of gas phase monomer with adsorbed 
n-mer, and P is the gas-phase pressure of 
monomer. 

Using balances of this type for various 
values of n, it can be shown that 2,“,,e, is 
an infinite geometric series whose sum is: 

Therefore, (D 
c 8 n = we1 kd 

n=2 m 
c 

nB 
n 

= k,Pel(krP + 2kd) 

hi2 
n-2 

m 
c 

122e n = k&(2k,2~ + 5krPh + 4th’ 
kda 

n-i 

The term & is evaluated explicitly from 
the balance of adsorbed monomer: 

kJ’ (1 - 8”) - k,Pei - kae, = 0 
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where k, is the adsorption velocity constant 
of monomer, and the term in parentheses 
is the fraction of unoccupied sites. 

The final expressions for ZN,, ZnN,, and 
Zn2N, are : 

ZN, = k.k&,P2No/W + kd(W’ + h) 

ZnN, = 
k,k,P2N&,P + 2ka)/(k,P + kd)(k,P + kd) 

Zn2N, = k,k,P2No(2k,2P2 -I- 5k,Pkd -I 4kd2)/ 
h&k’ + ki)(krP + kd) 

Expressions for number average molec- 
ular weight, weight average molecular 
weight, weight average-number average 
ratio, and rate of polymerization are now 
easily obtained: 

N/Ml = (k,P/kd) + 2 = r + 2, 
r = k,P/kd (4) 

~/MI = (2r2 + 5r + 4)/(r + 2) (5) 

w/N = (2r2 + 5r + 4)/(r + 2)2 (6) 

I? = Nok,P2k,(k,P + 2kd)/ 
(k,P + ka)(krP + hi) = ZnNn (7) 

where the rate of polymerization, R, is 
expressed as total number of monomer units 
in the polymer that is desorbed from unit 
catalyst surface per second. 

B. Langmuir-Hinshelwood Mechanism 

The procedure is nearly identical with 
that for the Rideal mechanism. The same 
implicit equations for ZN,, Z&N,, and 
Zn2N, hold, namely, Eqs. (l), (2), and (3). 
In determining the expressions for Ze,, 
Znf3, and Zn20,, the same material balance 
procedure is employed except that pressure, 
P, is now replaced by &No. These quantities 
now become : 

c en = K,812/kd 
n=2 
ce 

c 
TZo, = Kro12(&01 + 2kd)/kd2 

n=2 

7 n2e, = 
Y 

n=2 
K,f312(2K,2012 + 5Krkd& + 4kd2)/k,j3 

where K, = k,No. 

Expressions for ZN,, ZnN,, and Zn2N,, 
in terms of f&, then become: 

EN, = N&A2 

ZnN, = ~&~e?(&f% + 2h)/kd 

Zn2N, = 

03) 

NoK,&2(2K,20~2 + 5Krkd& + 4kd2)/kd3 (9) 

Expressions for number and weight aver- 
age molecular weight, weight-number aver- 
age ratio, and rate of polymerization 
become : 

R/M, = Rr, + 2, RL = KWkd (10) 

I?Wf, = (~RL~ + ~RL + ~>/(RL + 2) 

w/N = (2RL2 + ~RL + ~)/(RL + 2)2 (11) 

R = NoK,0?(K,t91 + 2kd)/kd = ZnN, 
02) 

A monomer material balance calcula- 
tion carried out using the same principles 
as for the Rideal case leads to the steady 
state equation, 

b2e13 + de12 + 2be12 + 6e1 + e1 - c = 0 (13) 

where b = K,/kd and c = k,P/k,. This 
equation is difficult to solve for el, with 
unevaluated parameters c and b. If the 
expression for 8, obtained from Eq. (10) 
(with R, = be,) is substituted in Eq. (13)) 
the following expression is obtained: 

(N/W3 + (c - 4)(NlMJ2 + 
(5 - 3c)(fl/M,) + 2c - cb - 2 = 0 (14) 

The properties of this equation will be dis- 
cussed in a later section. 

IV. DERIVATION OF EQUATIONS FOR 
ENERGETICALLY HETEROGENEOUS 

SURFACES 

A. Rlideal Mechanism 

The general expressions for ZN,, ZnN,, 
and Zn2N, are the same as in the preceding 
case for the Rideal mechanism except that 
they must be integrated over the adsorption 
energy Q, since the energy is variable. 

ZNn = 6” N&d(&) =f &(QY(Q)dQ (15) 
n=2 
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Zn2Nn = /o" N&d&) 2 n2edQ>~(Q)dQ 
n=2 

07) 

where all terms except N, are now func- 
tions of Q, and P(Q) dQ is the fraction of 
sites with adsorption energy between Q and 
Q + dQ. If the distribution of adsorption 
energies is taken to be exponential, then: 

F(Q)dQ = Ce-CQdQ 

where C is a constant that describes the 
exact nature of the distribution function. 
An exponential distribution was selected 
because experimental evidence on the ad- 
sorption of ammonia on chromium oxide- 
silica-alumina polymerization catalysts in- 
dicates such a distribution of adsorption 
energies. However, the conclusions which 
will be drawn from the present work are 
not limited to an exponential distribution; 
they apply to any distribution which de- 
creases. monotonically with coverage. 

The desorption velocity constant, ka (Q) , 
is put into the Arrhenius form, B exp 
(-Q/RT). The pre-exponential factor B 
is assumed constant in these calculations; 
and Q is assumed numerically equal to the 
adsorption energy, which is tantamount to 
assuming a negligible activation energy of 
adsorption. 
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The substitutions for F(Q)dQ and kd are 
placed in Eqs. (15), (16), and (17). The 
explicit expressions for 01, Z&, &%, and 
Zn2e, are the same as in the equations for 
the homogeneous-site case of the Rideal 
mechanism. After considerable algebra, in- 
volving separation by partial fractions, the 
expressions for number average molecular 
weight, weight average molecular weight, 
weight average-number average ratio, and 
rate of polymerization become : [see Eq. (18)], 
where Z = exp (-Q/RT), s = B/k,P, q = 
B/k,P, and p = RTC, and the constant in 
the expression for rate is k$pPNo/s - q. 
The expressions are integrated. A value of 
p-is s_ele$ed and-each of the quantities m, 
W, W/N, and R may be plotted against 
l/q = l&P/B to give a family of curves 
each representing a different value of the 
parameter q/s = i&/k,. In this way the 
general behavior according to the Rideal 
mechanism can be determined. 

It will be observed in Eq. (18) that @’ 
becomes infinite for p 6 1, when the inte- 
gration is between the limits Z = 0 to 
Z= l(Q= m toQ=O).Underthesecon- 
ditions, it is necessary to know the finite 
upper limit of Q(Z > 0). The lower limit of 
2 is then a function of temperature (2 = 
exp (-QIRT). 

B. Langmuir-Hinshelwood Mechanism 

In this case, not only does kd vary with Q, 
but also k,. Interaction is restricted to pairs 
of sites acting independently. All possible 
combinations of paired energies are con- 

3-q 
[ I 

1 ZP-1 
iv I 

1 
- 01+sz 
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sidered. Thus, expressions for ZN,, i&N,,, 
and MN, involve double integrals. 

The number of adsorbed polymer mole- 
cules at steady state on those sites of 
adsorption energy Q1 which are paired with 
sites Q2 is: 

C2 exp [-C(Q1 + QzJINo j &d&1,&2) 
n=2 

where Cexp (-CQ,) and Cexp(-CQ,) are 
the fractions of total sites with adsorption 
energies Q1 and Q2 respectively; and 01, is 
the fraction of sites of adsorption energy 
Q1, paired with sites Q2, which are occu- 
pied by n-mer. 

Similarly, the number of adsorbed poly- 
mer molecules on those sites Q2 which are 
paired with sites Q1 is: 

m 

c2 exp [-'?QI + QdlNo 1 Ozn(Q1,&2) 
n=2 

Expressions for ZN,, I&N,, and Zn2N, 
become : 

ZN, = k”/o” C2 exp [-C(Q, + 

h&?l) t hdQ1,&2) 
n=2 

+ kd&d 1 hdQ1,Qz)ldQ1dQ2 
n=2 

ZnN, = swum C2exp [-C(Q, + 

[kd&d -f nhdQ1,&2> 
?a=2 

+ kd2 2 n~2n(Q1,Q2>ldQIdQ2 
n=2 

Zn2N, = L-k” C2exp [-C(Q, + 

b.id&d 2 n2MQ1,Q2> 
n=2 

+ kd2 2 ~n2ez,(Q~,Q2)ldQdQ2 
n=2 

AS in the Rideal case, 

kdl = B exp (--QJRT), 

kd2 = B exp ( -Q2/RT) 

QdlNo 

QdlNo 

Qz)lNo 

09) 

The summations under the integrals are 
put in explicit form by considering the 
fraction of time that each of the sites is 
covered by n-mer. Let t,, and t,, be the 
fractions of time that site of energy Q1 
and site of energy Q2 are covered by n-mer, 
respectively. Surface material balances for 
each polymer species are set up and 
summed exactly as before. The following 
expressions are obtained : 

t&n = t21krltll/kd2 

n=2 

m 
c neln = kr2t21hl(kr2t21 + =dl)/kd12 

n=2 00 
c nezn = ~rlhlt2l(krltll + 2kd2)kd22 

n=2 

c 
n2hn = tllt21kr2(2kr22t212 -k 5kr2k& 

n=2 

+ 4kd?)/ka3 

+ 4ka2)/kcu3 
where Ic,., is the rate at which monomer 
leaves site Q1 to react on site Q2 and k,, is 
the rate from Q2 to Q1. The rate-limiting 
step in surface reaction is considered to be 
the removal of monomer from the site upon 
which it is adsorbed and not the reaction 
on the site to which it goes. In other words, 
the activation energy for surface reaction 
is assumed to be the energy required to 
remove an adsorbed molecule laterally 
from its position. In general, the activa- 
tion energy will be (7) Q/m where m is a 
number > 1. For a surface with a small 
number of sites m must approach unity. 
The reaction velocity constants are taken 
to be: 

k,l = D exp (-QJRT), 
k,2 = D exp (-QdRT), 
D = constant 

(20) 



HIGH POLYMERS ON 

These simplifications do not affect the 
general conclusions. which will be drawn. 

Evaluations of t,, and tzl are done by 
making a surface material balance for 
monomer containing the following steps: 

i. 

ii. 

. . . 
111. 

iv. 

V. 

vi. 

Rate of adsorption of monomer from 
the gas phase on site Q1. 
Rate of transfer of monomer ad- 
sorbed on site Q1 to vacant site Q2. 
Rate of transfer of monomer ad- 
sorbed on &e Q2 to vacant site Q1. 
Rate of reaction of monomer from 
site Q1 with monomer or polymer on 
site Q2. 1 
Rate of reaction of monomer from 
site Q2 with monomer on site Q1. 
Rate of desorption of monomer from 
site Q1. 

A similar balance is made for site Q2. 
After making ’ substitutions from Eq. 

(19) for kdl and kd2, from Eq. (20) for 
k,, and k,,, and then the following substi- 
tutions, 2, = exp(-Q1/RT), 2, = exp 
(-Q,/RT) , in the monomer balance equa- 
tions, there is obtained: 

222t212tn + (a22 + 2hZ2ZI)t2Itll 

+ (ah21 + h&2 + h2Zlvll 
- hzzzltzl - UhZl = 0 (21) 

ZlW21 + (UZ, + 2hZ1Z2)Wz1 
+ (ahZ2 + hZ22 + h2Z22)t21 

- hZlZ2h - ahZ2 = 0 (22) 

where a = k,P/B and h = B/D. Since the 
activation energy of adsorption has been 
assumed to be zero, Ic, is assumed constant 
for all sites. 

The final expressions for EN,, ZnN,, and 
Zn2N, are: 

ZN, = constant X // l l w21(Z1=Z2P-* 

+ .@Z$)dZldZ2 (23) 

ZnN, = constant X tl’ t11t21Z1~-1Z2~1 

t Wa(Zzt21 + 2hZdlhZd 
+ IZGUu + 2hZd/hZzl)d&dZ2 = I? (24) 

Zn2N, = constant X [/or 211t21Zr~1Z2~1 

{ [Z2(2Z2t212 + 5hZzZ& + 4h2Zl)/h2Z?] 
+[Z1(2Z&~ + 5hZ,Zdn + 4h2Zz2)/ 
h2Z22] ) dZdZ2 cw 
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where p = RTC and the constant = 
R2T2C2Ndl/2. 

From these expressions, R/Ml, w/M,, 
w/w, and R may be determined as before. 

These equations [ (23), (24)) (25) ] have 
been solved by use of a high-speed digital 
computer for a range of values of a and h 
by splitting Z, and 2, into subdivisions 
and introducing the corresponding values 
of tll and tzl from the monomer balance 
Eqs. (21) and (22). 

V. RESULTS AND DISCUSSION 

A. Energetically Homogeneous Surfaces 

By inspection of Eqs. (4) and (5), which 
give number and weight average molecular 
weight for the Rideal mechanism, it is seen 
that the lowest values of N/M, and r/M1 
(at T = k,P/kd = 0) are both 2, and the 
values increase without limit as pressure, 
P, or k,/kd increase. The same applies to the 
Langmuir-Hinshelwood mechanism, where 
r is replaced by RI, as in Eqs. (10 and 11). 

It is also easy to show that there is a 
unique value of weight average molecular 
weight for each number average molecular 
weight for both the Rideal and Langmuir- 
Hinshelwood mechanisms. When these 
mechanisms apply, determination of either 
number average or weight average molec- 
ular weight automatically fixes the other. 

Equations (6) and (11) for the weight 
average-number average ratios in the Rideal 
and Langmuir-Hinshelwood mechanisms are 
of particular interest. This ratio determines 
the broadness of the molecular weight dis- 
tribution. It is not difficult to show from 
these equations that v/iii has no maximum 
or minimum in the physically allowable 
range of positive values of T and RL. In this 
range, l7/fl is a monotonic increasing func- 
tion of r and RL. At T = RL = 0, v/m = 1. 
In the limit as T, RL + ~0, it may be shown 
by application of De 1’Hopital’s rule that 
v/8 approaches 2. Thus the allowable 
values for m/N over the entire range of 
positive yalues of T and RL lie in the range, 
1 < W/N < 2. For systems which follow 
the Rideal or Langmuir-Hinshelwood mech- 
anism with homogeneous sites, it does not 
appear possible to obtain polymers of broad 
molecular weight distribution. 



236 CLARK AND BAILEY 

In Fig. 1, Eq. (14) is plotted with N/M1 sure. From Eqs. (12) and (13) it can be 
and c = k,P/kd as variables for a range of shown that the rate of polymerization in 
values of the parameter b = K&d (Lang- a Langmuir mechanism levels out with 
muir-Hinshelwood mechanism). It will be increasing pressure in a manner similar 
observed that for each value of the param- to the molecular weights. 

1000 

W --:5 
kd 

100 

0.J I IlIlA YYl I WI // / 
I 2 3 4 5676910 100 1000 

R 

% 

FIG. 1. (l/M,) X number average molecular weight vs kJ’/kd = c with k,/k,, as parameter; Ic, = reaction 
Velocity COnshIt; k. = adsorption velocity constant; kd = desorption velocity constant; N = no. avg. 

mol. wt.; Ml = mol. wt. of monomer. Langmuir-Hinshelwood mechanism, all sites of equal energy. 

eter b, that is, for a specific catalyst surface, 
number average molecular weight (and, 
therefore, weight average molecular weight) 
approaches a maximum value asymptotically 
as the value of c increases. The maximum 
value increases with increasing value of b. 
For a particular catalyst surface, an increase 
in the value of c represents an increase in 
pressure. No such leveling off in molecular 
weight is observed for the Rideal mechanism. 
In that case, molecular weight increases 
without limit for a given catalyst as pressure 
increases, as may be seen from Eqs. (4) and 
(5). 

Equation (7) for the rate of polymeriza- 
tion in a Rideal mechanism shows that 
the rate increases indefinitely with pres- 

B. Energetically Hettmgeneous Surfaces 

In Figs. 2 and 3, typical curves of the 
Rideal mechanism are shown for the varia- 
tion of weight average-number average 
ratio (W/N) with number average molecular 
weight (N/M,) at various values of the 
parameter k,/k,. For a given catalyst at 
constant temperature, p = CRT represents 
the nature of the exponential distribution 
of sites. The greater the value of p, the more 
rapidly the number of sites falls off with 
increasing &, (Ce-@). In Fig. 2_1 for p = 2, 
it will be observed that W/N reaches a 
maximum which becomes higher and more 
pronounced the lower the value of the 
parameter k,/k,. A maximum of v/ ii?= 6 
is reached at the lowest value (0.0001) of 
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FIG. 2. Weight ‘kerage-number average ratio vs (l/Ml) X number average molecular weight with FIG. 2. Weight ‘kerage-number average ratio vs (l/Ml) X number average molecular weight with 
k. /I aa parameter; r = wt. avg. mol. wt.; fi = no. avg. mol. wt.; MI = mol. wt. of monomer; kS = ad- k. /I aa parameter; r = wt. avg. mol. wt.; fi = no. avg. mol. wt.; MI = mol. wt. of monomer; kS = ad- 
sorption velocity constant; Ic, = reaction velocity constant. Rideal mechanism, exponential distribution. sorption velocity constant; Ic, = reaction velocity constant. Rideal mechanism, exponential distribution. 

* P=RTC=2. * P=RTC=2. 

Ml Ml 

FIG. 3. Weight average-number average ratio vs (l/MI) X number average molecular weight; r = wt. FIG. 3. Weight average-number average ratio vs (l/MI) X number average molecular weight; r = wt. 
avg. mol. wt.; I? = no. avg. mol. wt.; MI = mol. wt. of monomer; k,, = adsorption velocity constant; avg. mol. wt.; R = no. avg. mol. wt.; MI = mol. wt. of monomer; k. = adsorption velocity constant; 
k* k* = reaction velocity constant. Rideal mechanism, exponential distribution. P = RTC = 3; k,/k, = 0.0001 = reaction velocity constant. Rideal mechanism, exponential distribution. P = RTC = 3; k,/k, = 0.0001 
to 1000. 

k&k, plotted. In Fig. 3, for p = 3, the maxi- 
mum v/w, approximately 2.4, is shallow. 
Contrary to p = 2, the sensitivity to the 
parameter le./k, is very small so that ihere 
is essentially a unique value of W/N for 
each number average molecular weight over 
a wide ra_nge. At all values of p, v/m drops 
to 1 at N/MI = 2 for all values of k,/k,. At 
P = 4 and higher, for the range_ of-values of 
the parameter k,/k, plotted, W/N remains 
at approximately 1 for all values of W/N. 
As the value of p for a given temperature 
increases, the number of high energy sites 
drops sharply. For values of kJkr < 0.0001 
and p < 2, it is postible to attain even 
higher values of m/N than those shown. 

For values of p 6 1, it is necessary to use a 
finite upper bound for Q in order to obtain 
finite values of r and m/g. 

As in the Rideal case for homogeneous 
sites, molecular weights, and rates of poly- 
merization increase without limit for a 
given catalyst as pressure is increased. 

In Figs. 4 and 5, the number average 
and weight average molecular weights are 
plotted for the Langmuir-Hinshelwood 
mechanism as a function of a = kaP/D 
with h = B/D as parameter. Figure 4 cor- 
responds to p = 1 and Fig. 5 to p = 4. 
These are typical curves; intermediate 
values of p give intermediate sets of curves. 

In general, these curves follow the pat- 
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FIQ. 4. Number average N/MI and weight average W/M, molecular m-eight vs kJ’/D with B/D = h gg 
parameter; fi = no. avg. mol. wt.; J’!J = wt. avg. mol. wt.; MI = mol. wt. of monomer; Ic. = Adsorption 
velocity constant; P = pressure. Langmuir-Hinshelwood mechanism, exponential distribution. p = 1.0. 
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FIG. 5. Number average N/Ml and weight average @“/Ml molecular weight vs kaP/D with B/D = h as 
parameter; fi = no. avg. mol. wt.; m = wt. avg. mol. wt.; M, = mol. wt. of monomer; k. = a&option 
velocity constant; P = pressure. Langmuir-Hinsehelwood mechanism, exponential distribution. p = 4.0. 
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tern of those obtained in reactions of the 
Langmuir-Hinshelwood type with homog- 
eneous sites. It will be observed that for 
a specific catalyst molecular weights level 
out with increasing pressure to values de- 
pendent on the value of h = B/D. The 
smaller the value of h, the higher is the 
maximum molecular weight attainable. 
Increasing values of p at constant tempera- 
ture correspond to increasingly weaker 
average energy of adsorption sites. There- 
fore, maximum attainable values of molec- 
ular weights for each value of h decrease 
as p increases. Maximum attainable molec- 
ular weights for given p and h occur at 
surface saturation. Rates of polymerization 
follow the same pattern. 

In Figs. 6 and 7, number average molecu- 
lar weight is plotted against V/R for various 
values of the parameter h. Figure 6 repre- 
sents the case for p = 1, and Fig. 7 the case 

I 
I IO 

R 
loo 1000 

si? 

FIG. 6. Weight average-number average ratio vs. 
(l/Ml) X number average molecular weight, RTC 
= p = 1.0, h as parameter; IT = wt. avg. mol. wt.; 
fi = no. avg. mol. wt. Langmuir-Hinshelwood 
mechanism, exponential distribution. 

for p = 4. For each figure, the curves end 
abruptly at their right-hand ends, corre- 
sponding to the point of maximum number 
average molecular weight for specified h. 

At a value of h = 0.001, the maximum 
m/w is approximately 6, which represents 
a rather broad molecular weight distribu- 
tion. At values of h-<_0.001 and p < 1, 
even higher values of W/N may be obtained, 
Spot values as high as 12 have been esti- 
mated at h = 0.0001. It is difficult and time 

consuming on the computer toTachieve 
n?Gl accuracy for values of ~711 and 
h < 0.001. 

FIG. 7. Weight average-number average ratio vs 
(l/M,) X number average molecular weight; RTC 
= p = 4.0; h a8 parameter; W = wt. avg. mol. wt.; 
N = no. avg. mol. wt. Langmuir-Hinshelwood 
mechanism, exponential distribution. 

The models for solid surfaces have no 
exact counterparts in solution polymeriza- 
tions. It is difficult to devise mechanisms in 
solution polymerizations with m/R much 
in excess of 2. 

Other peculiarities of solid surfaces may 
be mentioned briefly. For example, if the 
density of sites is not random over the 
catalyst surface then many specific effects 
dependent on the density distribution can 
be obtained. Assume the surface made up 
of patches of sites with the density of sites 
constant within each patch, but differing 
from that in other patches. Assume further 
a constant energy of adsorption. In the 
Langmuir-Hinshelwood mechanism it is 
not difficult to show from the equations of 
this paper that w/N for each patch will be 
between 1 and 2. But weight average and 
number average molecular weights would 
change in going from patch to patch. The 
total polymer from all patches, since it is 
made up of polymers of different molecular 
weight ranges, -ma-y have w/m greater than 
2. However, W/N is much more sensitive 
to a distribution of energy of sites than to a 
variation in site density over the surface. 
The Rideal mechanism would not be affected 
by this change in site density in the absence 
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of van der Waal’s forces between adsorbed 
molecules. 

One could also visualize a situation where 
the site density is uniform, and the surface 
energetically heterogeneous but with sites 
segregated into noninteracting patches, all 
sites within a patch having the same energy. 
In this case, w/;ii would always be between 
1 and 2 regardless of the values of the 
velocity constants for both mechanisms. 
Some randomness of the energy distribution 
over the surface appears essential to obtain 
larger values of P/W. 
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