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Synopsis

It is demonstrated that the polymers obtained in batch
polyrecombination reactions have a Schulz-Flory molec-
ular weight distribution. Much wider distributions are
obtained if the reaction is carried out in continuous
stirred tank reactors. This article is a supplement to
"Dimerisation and oligomerisation by dehydrogenation as
a general synthetic principlel™.

Introduction

In polyrecombination reactionsl’2, bifunctional mol~-
ecules are converted into radicals by transferring a
hydrogen atom onto primary radicals R°. The secondary
radicals thus formed may combine with one another. The
primary radicals are obtained by decomposition of suit-
able polymerisation initiators, e.g., peroxides. The
reaction proceeds schematically as follows.

R-R — 2R (1a)
H-A-H+R- — RH +H-A (10)
2H-A- — H-A-A-H (1¢)

The larger molecules thus derived from the monomers may
themselves be invelved in transfer reactions and become
radicals, which enter into combination reactions. Two
primary radicals and a starter molecule are required
for bonding two secondary radicals.
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1. Polymer recombinations in batch production

techniques

The molecular weight distribution is governed by the
reaction mechanism of polymer coupling. Since the pro-
bability is the same as that for polycondensation re=s
actions, a Schulz- Flory distribution can be expected3
and the distribution is derived from the reaction
kinetic considerations submitted below.

Imagine that the starter is fed very slowly into a re-
actor containing the monomer. The number of initiator
molecules and primary radicals is small compared to the
number of terminal groups. Thus the probability that
the secondary and primary radicals will combine is
negligibly small.

In order to calculate the distribution, let us first of
all consider any given conv. q with an instantaneous,
unknown distributien of Ny molecules and 2 Ny un-
reacted terminal groups. The molar fractlons ¥; for the
molecules with i (i = 1,2,...) monomeric unlts are
given by

Yiv= N, (2)

where N._ - etc. is the number of macromolecules con-
sisting of i monomeric units.

Let us now suppose that 2a primary radicals react with
the mixture in this instantaneous state and that the
following two conditions apply:

2a » 2N, (3)
1 < 2a )
Both conditions can always be easily satisfied.

If the plausible assumption is made that the transfer
reactivity of the terminal groups does not depend on
the size of the molecules, the polymer radicals formed
will have the same molecular weight distribution as the
polymer molecules. Under the condition expressed by
Egqn. (3), the occurrence of polymer radicals is a rare
event, and the occurrence of biradicals can be neg-
lected.

The 2a radicals newly formed combine to yield new
polymer molecules. The probabilities for the formation
of ‘new dimers, trimers, tetramers, etc. are Wos wB, Wy

etc., where
z (5)
w, =1
- i
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After the reaction has proceeded through N. steps, the
- ; . ., in X

number of molecules with i monomeric units is given by

the original number of molecules minus the number of

radicals formed from them and 1ncreased by the number

of new molecules with i monomeric units.

It follows from Egn. (2) that
2a
i = Ny (1_TG)
(6)
2a
Niﬂ = va (1-N—v)+a.ui

The following relationships apply for the probabil-
ities Wy (see Appendix).

— (Nw)?

v

Wy =

(i-1)/2
""i"%‘(ZN]V'NH_;),J;i-2k+1;k-1,2,... (7)
v

=1

1 (ir2}-1 2 .
wi s [2(§1va No-iv) + (N5 ] Jie2k; k=2,3,. ..
N. is the number of molecules present at a given in-
stant. If the number of free radicals is neglected (cf.
Egn. (3)) and the total number of radicals formed by
transfer is 2A, the number of terminal groups still
present is given by

2NV = 2N10 - 2A (8)
where N is the number of monomer molecules ori-
ginally 8resent.

It follows from Eqns. (6) to (8) that

w

AN, =N, - Ny, = Zi:;r

N2y Nw Ny )a

ANQ- Nzn’NZV- < N, O‘A (N| O_A)

(9)

a;i=2k+1;k=1,2,. ..

N;, 2 li-12

(Z Niv'"ﬁ-i")

[ A —
N' O-A (N1 o'A)2 i=

AN; =N, - N;, = [‘2

ANi - Nin- Niv = [-2 N‘N:_'_A + (N_“TA_)[ ((IZIZ)N:V Ng- |)v) (N_;v)z

The above equations (9) are now converted into differ-
ential equations. The term a is thereby considered to

a;i=2k;k=2,3,. ..
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be the slight difference between consecutive values of
A, i.e., a = dA, and N. can be substituted for N . The
boundary conditions for integration are

1lim N1 = N

A0 10 (10)
1im N. = 0
A—O i#
In general,
Al1 (11)
Ni= (Nyo-A)" —

10
The molar fractions expressed in terms of the molecules
present at a given instant are given by

Y- (12)

i A
b Ny,-A (1 N,

The magnitude A/N;, = 2A/2Nj1p is the fraction q of the
reactive terminal groups that have been converted. It

follows that -
Y;- (1-q)-a (13)

Eqn. (13) corresponds to the Schulz-Flory molecular
weight distribution.

2. Polyrecombination in a continuous stirred tank
reactor with ideal mixing

Let us consider the reactor in the stationary state.
The monomer and the radical former are fed together in-
to the reactor, and the product of the reaction is re-
moved simultaneously. The following symbols have been
adopted.

v = Volume of reactor (voll

u = Feed rate (vol x time

kﬁ = Absolute transfer cgnstant fgr the primary
radical (vol x mol ~ x time

k Rate constant for radical combination

(vol x mol ! x time~1)

The following set of equations applies to the polymer
molecules.

v df.'."‘] = u[M,]o - V- 2k;; [R][M] - u[M,] =0
: i-1 (1u)
"d—ﬁ?l v k%(i.,[”i'”"'i-i'l) - V- 2k;; [R7][M;|-u[M;| =0

The terms containing the expression kﬁ have been
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multiplied by a factor of 2, because the polymer mole-
cules have two reactive terminal groups. Products with
odd indices appear twice in the expressions within
parentheses, and products with even indices appear only
once. The rate of a bimolecular reaction is proportimal
to the number of collisions between the types of mole-
cule concerned. This number, in turn, is proportional
to the probability of encounter between two molecules
and thus to the possible number of 1inkagesu’5 (ef. the
case of batch polyrecombination in the appendix).

The average residence time is given by
- N 1
7.V (15)

If it is introduced into the set of equations (14), the
set of equations (16) will be obtained.

Mo e )
M,] - 2k 7[R]+T > iz-‘[.Mi][Mi-i]=c'[M'] (16)
Thesg equations have been abbreviated by the intro-
duction of the term cen 2k 7[R +1 (17)
kc7

According to the Bodenstein principle, the following
applies to the individual polymer radicals.

e = 2k (R ) - e[S ) =0 (19
2k [R7] )
(M) —kci[mi'] [Mi] (19)

Eqn. (19) can be simplied by substituting B for the
factor, i.e.,

2kg[R] _
ke>- [M;] (20)
i
Inserting this in the set of equations (16) gives
(M,]= __[M_‘]E__ . M. .(p..(iz)H[M ]i
= ZigTRTa 5 Mil=%ilg) M (21)
6

The following~ applies for the factor Y&

i 1.3.5....(2i-3) _ (2i-2)!

= @, . =01,
@i :L:,(ps Pi-s =2 it G-t (22)

where ?& =1and i =2, 3, 4, ... ...
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The factor B2/C is obtained from Eqns. (17) and (20),
i.e.,

8 (2kalR] (e keT
c (kci[mi']) (2 2kﬁ[n']:r~1) (23)
Eqn. (19) can be rearranged to give
. il e ol
(;[Mll)z - ZK:([:R} i iz-‘[Mi] ( )
Substituting in Egn. (23) gives
B2 1 ki[RIT
B® UL WA (25)
C ]
L 2halrd7

it

Adding the equations in the set (14) and combining with
Eqgn. (15) gives

- © 2 ] 2
0= Mo + 2L (3 Mi]) - 2y (RI7+1) . [Mi] (26)
i=1 i=1 oo
Eqn. (24) is taken to determine the sum ZE: Mi
i=1
It thus follows that
© M
5 (] = e (27)
and . 4
a ki (R)7  [My]o \%3 (28)
E[M']' (2' ku[uﬂ']7+1 ' k(:;>
The sum of all the terminal groups[ﬁ]is given by
()= 2- 3 [Mi] +1- 3 (W] (29)

i=1

Thus the proportion g of the terminal groups that have
not been converted is given by

- 2[Myjo - [E] -1 1 _ ki[R']7 1 0.5
a 2[Myjo ! ki [R]7 +1 (kﬁ[R']7+1' 2ch[M1]o) (30)

The usual order of magnitude7 of the constantg for b%-
molecular radical elimination reactions is 10° to 10

1 mol™! see~1l. In the following estimation, similar
values have been assumed for kc-[M1]o lies within,the
10 mol 1~1 range; and ¥, in thé 1 hour = 3.6 x 107 sec
range. Thus t?g orderigf magnitude for the expression
ko' [M,], is 1027 to 10°-.

The numerical value for the magnitude k., was estimated
in the light of the radical chain transfer constant for
isopropylbenzene. At 100°C, a figure of 2.5 x 10~° was
measured during the polymeg}zation of styreneror the
transfer constant C = kyk ‘8 Since the numerical
value for the growth cons@gnt valid for a temperature
of 100°C is ky = 7.42 x 10° 1 mol~1 see~1, it follows
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that the value for ky is ky = 2.1 X 10”1, 1In chain

transfer, the constant ky %or non-resonance-stabilized
radicals, for which many starter radicals serve as an
example, is greater than that for styryl radicals by a
factor of 20009 If it is assumed thﬁt this %pplies to
the present case, then ky = 4.2 x 10 1 mol” sec:1
Even if [R°] is unrealistically high, e.g., 1 mol 17,
the term kﬁBRﬂ7’wou1d become 107 - 102 and would thus
be less Ehan the expression 2 kCT[M o by a factor of
about 10° - 10/. Therefore, the laét term in Egn. (30)
is negligible compared with the others. The equation
is not valid for very high yields, in which case the
terminal group concentration is so low that not all of
the primary radicals can enter into a transfer reaction.

Neglecting the final term in Egn. (30) gives

. (31)
ku[R]7-1_q
Combining Egns. (25), (27) and (31) yields

B _ 1. a1 (32)

C M), 1-a 1+q
Inserting Eqn. (32) in the set of equations (21) gives

1a D= M- @ (-3—) . 19

[?d-[Mdo1+q : (Mi] = [Mi]o w.(“+qf) " Ivq (33)

Combining Eqns. (27) and (31) gives
i[Mi] = M) (1-q) (34)

Eqn. (33) applies if the yields are not too high (ef.
Eqn. 30)).

The molar fractions follow from Egns. (33) and (34),
i.e.,

Y, = 1 i( q Y—1' 1

—__1+q V|-(p (1+q)2 1+q (35)

The molecular weight distribution obtained from the
set of equations (35) is very much wider than the
Schulz-Flory distribution.

3. Comparison of molecular weight distributions ob-
Tained in continuous and batch polymerisations

The number average degree of polymerisation ?n is
given by Eqn. (36); the weight average P,s DY Egqn. (37);
and the nonuniformity U, by Eqn. 38

©

] 2.
Po = 2 k¥, (36) Zr (37) u-tu (38)
k=1 Pw = Pn

©
>k oY

k=1
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3 P

Egns. (39) to (41) apply to polymers
produced by batch techniques 10)

Pa= 35 (39)

_ 1+p {40)

(41) v

10 4

U= 1+p

The magnitudes P,, P, and U for po-
lymers produced in continuous react-
ions are calculated numerically with
the aid of the distribution function,
viz., Egn. (35).

)

The results for reactions in conti-
nuous stirred tank reactors are plot- i .

. . 0 0$ q 1
ted in Fig. 1.

Fig. 1. Degree of polymerisation and nonuniformity for
polyrecombinations in continuous stirred tank reactors

Appendix Derivation of Egn. (7)

The probability w; that a molecule with i monomer
units will be formed is equal to the ratio of the
number of all favourable combinations to the number of
all possible combinations Zyp. The latter is given by
2a

z, = (°3)) = a(ea-1) (42)
The number of linkages that can possibly be formed by
radicals of length i with similar radicals is given by
Eqn. (43); and with radicals of length j, by Egn. (44).

Zy; = 3 Ny (N;-1) (43)

11
ij * Ni.Nj (44)

The factor 1/2 has been introduced in Eqn. (43) in
order to avoid a double count.

Z

If n; is the number of radicals with i monomeric units,
the individual probabilities are given by

i-1

-1 71 - . 1 Enong) s
W2 Gy 2 M) w; - amaq)(gr‘"nﬁa;uZKH,k-Lzﬂ..

. (45)

2
1 [(Z"i n(i-i))+ lni_(nl-1) ;is2k,k=2,3,. ..
j=t 2 2 2

“i=3 (2a-1)

The following* always applies for the numbers of
individual radicals n; .

n, >1 (46)
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The inequalities (3), (4) and (46) allow Egn. (45) to
be simplified to give

1 1.2
Wy = (5-n4") w; =
2 232 2 1

212 (fn,— nG-n)i im2ket ka1,
' (47)

A1

1 (2 1 }
w; = nini_iy)+——n; (n,-1)};i=2k,k=2,4,. ..
i 222 [ ’X_‘ i 1)) 2 %( 'T )

The number of radicals n; can be obtained from the
molar fraction Y. and thg total number of radicals 2a
by applying Egn. (2), i.e., N.
iv
. = . = . T 48
ng 2a .7]_ 2a Nv (48)

Equation (7) follows from Eqns. (U47) and (48).

* Theoretically the inequality (46) can always be satisfied,
the only condition is that 2a and thus 2N, must be suffi-
ciently large.
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