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reaction was a simple condensation reaction.

Gamma irradiation (Co 60, 1500 Cu) of the chelated
and unchelated polymers at a dose rate of 0.35 Mrad/
hr up to a total dose of 85.1/Mrads at room temperature
in air produced essentially no change in the esr signal,
thus demonstrating the exceptional resistance of these
polymers to high energy radiation. While there was
practically no change in the viscosity in the high molec-
ular weight polymer the viscosity of the low molecular
weight polymer in one case had increased by 100 %7.
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ABSTRACT: In this paper, the problem of maintaining a specified copolymer composition distribution in a batch
reactor is considered. The advantages of temperature control, rather than monomer addition are discussed, and
the necessary and sufficient conditions for temperature control in the face of monomer depletion are derived. Ex-
amples are worked to illustrate the results for a practical range of temperatures.

In this paper we are considering the composition of a

copolymer resulting from polymerization carried out
in a batch or plug-flow tubular reactor. If the reac-
tants are well mixed initially, the temperature is consid-
ered uniform in the reactor at every residence time, and
the chain length is very long, then the composition of
polymer produced at any instant in the reactor can be
represented by !

_ (hn=DA*+ A
T = DR+ 21 -

where F; = mole fraction of monomer M, polymer,
Ji = mole fraction of monomer M, in solution = M,/
(M, + M,), ri = reactivity ratio of monomer M, = k,,/
kis, r» = reactivity ratio of monomer M, = ko/k»;, and
where the k,; are the propagation rate constants for the
propagation steps

Pim + M ;1-1’ Poptim

F, M

Pom + Mgl_n: Qn m+1
‘Qn,m + M; ;2‘: Qn.mt1
Qn,m + M, Z: Pn-H,m

where P, ,, = concentration of growing polymer with
terminal M; and Q.,, = concentration of growing
polymer with terminal M.

Equation 1 has been integrated®?® for isothermal
batch reactors with depletion of monomer to give the
copolymer composition distribution (CCD) under these

(1) 1. Skeist, J. Amer. Chem. Soc., 68, 1781 (1946).

(2) V. Meyer and G. Lowry, J. Polym. Sci., Part A, 3, 2843
(1965),

(3) K. F. O'Driscoll and R. Knorr, Macromolecules, 1, 367
(1968).

conditions. Except for the rare case where M; and M,
disappear in such a way that f; remains constant, the
CCD will not be monodisperse due to variations in f;
with total monomer conversion. O’Driscoll and
Knorr?®*aptly illustrate the CCD which can be expected
in these cases.

If one wished to produce a polymer with monodis-
perse CCD, he could (i) add additional amounts of the
most reactive monomer as the reaction progresses to
maintain f; constant, or (ii) adjust the reactor tempera-
ture (which affects the values of r; and r,) so as to keep
F, constant in the face of changes in fi. Control scheme
i is quite simple conceptually and would only require
careful addition of one monomer species, but suffers
from the requirement that the added monomer must be
perfectly mixed with the (often quite viscous) polymer
in order to produce a monodisperse CCD. Any im-
perfections in the mixing will produce a widened
CCD.** Control scheme ii is not as simple concep-
tually (as it requires the selection of a temperature at
each fi to give the correct combination of r, and r. for
constant F;) and in fact will not always work for all sys-
tems. Nevertheless it has the enormous practical ad-
vantage that no material is added to the polymer so that
only temperature uniformity is required at all times.
Since it is much easier to design reactors for very vis-
cous materials with good temperature control than with
perfect micromixing, control scheme ii looks very at-
tractive indeed.

In this paper we will first explore the range of values
of Fi, fi, over which temperature control is possible,
then give simple graphical techniques for computing
these parameters for each £, and finally treat some ex-

(4) K. F. O'Driscoll and R. Knorr, paper presented at
A LCh.E, Meeting, Cleveland, Ohio, May 1969,
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Figure 1. Graphical solution toeq 13.

amples from the literature to show the range of tempera-
tures which might be required in practice.
Conditions for Temperature Control

In order to determine if temperature control is pos-
sible we must ask what conditions on » and r; are re-
quired. Setting F; = Fj, and rearranging eq 1 we get
the condition

ro= &(fi, Fir: + 8(h, Fio) 2)

which must be satisfied at constant Fy, for all fi. The
quantities 6, 3 become

Fio 1 — £A\*  h(p)?
8(fi, Fio) = <1 — F1o> < fi ) = h(Fiq) @)

1~ 2F 1 ~h
8(fis Fio) = (1—;7;> <—f—’> =

— {h{h(E () (@)

where h is defined by

1 —x

h(x) = &)
If we can find r,, », which satisfy eq 2 for all Fy,, fi of
interest, then temperature control is possible. How-
ever, we must first determine the relation between ry, 72
and temperature.
Let us assume the Arrhenius form for X;; so that

K = Ay exp{—Ey/RT} (6)
and
Aun
r, = Z exp{ —(En - E12),/RT} (7)
12
A
rn= - exp{ —(E» — Ex)/RT} (8)
21
Now if we let AE, = E,, — Ei, AE, = Foy — Ey, a0 =
ABy AR
AE 2T T RT
then
D~ exp(—[r — 7o) ©)
Fio
= exp(—alr — 7o) (10)
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where r, 0 are the values of r,, r, at the initial reactor
temperature 7. Combining eq 9 and 10 we get

1/a
no_ <r’> = exp(—[r — 7o) (11

rio Fag
or
Fpo= pry" (12)
where
_ ho
P (‘rrn)i”

(n = 1/a). We see thateq 12 now relates r; and », and
depends on the activation energies of the propagation
steps. The existence of a simultaneous solution of eq
2 and 12 will then guarantee that temperature control is
possible. That is, when the equation

ron = ary + b (13)

where a = §/p, b = /p, has a real positive solution, then
temperature control is possible. Examination of a, b,
nshow that physically0<a< =, — o <b< o0, — @ <
n < «. InFigurel, the existence of a solution to eq 13
is seen to be equivalent to the intersection of curves rep-
resenting the left and right sides of eq 13. It is shown
in the appendix that the necessary and sufficient condi-
tions for eq 13 to have at least one real positive root are

n<0 all a and b permitted

O<n<l b<am| L™" (14)
(”)n/n“l

n>1 b > qiit l—f”
(n)ne’n‘l

This indicates quite precisely the combination of param-
eters a, b, n for which temperature control is possible.
An additional property which study of Figure 1 makes
clear is that for n > 1 and 4 < 0 condition 14 being sat-
isfied implies always two solutions to eq 13. Similarly
for 0 < n < 1and b > 0 two solutions to eq 13 exist if
any exist, Thus single solutions exist only in the cases
wheren > 1,56> 0andn < 1, b < 0 and we see from eq
14 that these last conditions are also sufficient.

Let us now indicate a simple graphical means of cal-
culating the parameters a and 4 for each f; for fixed fio,
because eq 3 and 4 have the special form that uses only
factors of the function h, then Figure 2 is all that is re-
quired for computing the coefficients a and 4 in eq 13.
Curve 1 allows the calculation of h(F,) and » multiplied
by the constant factor -p/h[h(Fio) ]. Curve 2 allows the
calculation of ¢ multiplied by the constant factor ph-
(Fi0). Thus Figure 2 shows explicitly the dependence of
a and b on f;, and we can quickly check to see if tempera-
ture control is possible.

Examples

In order to see what range of temperature is required,
a few practical examples are worked.
i. Example 1 (# < 0). Mayo and Walling® report

(5) F.R. Mayo and C. Walling. Chem, Rer., 46, 191 (1950),
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Figure 2. Graphical calculation of ¢, h(F1.), and b.
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Figure 3. The optimal temperature program for example 1.
a=—20p=1.13

for the copolymerization of styrene (M,) and dichloro-
styrene (M) the following parameters at 7o = 65°

ro = 0.32, 7 = 0.08, AE, = 4100, AE, = —8200
which lead to
n= —'h 0 =113, 7, = 6.06, 7 = 2050/T

Since n < 0, we know that temperature control is al-
ways possible, but we must determine for what values
of fy it is practical. Let us assume 50° < T < 150° and
determine the range of f; which can be compensated for.
Rearranging eq 1 and solving for f; we get

fi= {20 — DF + 1] = Q@20 — DFo + 112
—4F o [(Fio — Dpre® + Fio(rs — 2) +
1) 120(Fio — Dprs® + Fulre — 2) + 111 (13)

which was used to construct Figure 3. For a selection
of Fi, values the range of possible /1 which can be com-
pensated for with temperature within the limits given
above is shown. For example, if it is desired to keep
Fio = 0.7, then the range 0.11 < £ < 0.40 can be ex-
actly compensated for by temperature control with
50° < T < 150°.

ii. Example 2 (# > 0). When # > 0, in addition to
having a single solution to eq 13, there is the possibility
of having either no solutions or two solutions. In the
former circumstance, temperature control is impossible
and in the latter we have a choice between two tem-
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Figure 4. The optimal temperature program for example 2
a=1yp =0.118.

perature control policies. Mayo and Walling® report
for the system dichlorostyrene-acrylonitrile the fol-
lowing parameters at 7, = 65°

Fio = 007, Foo = 021, AE\ = —3300. AEQ = —1100
which lead to
n=3p=0118 7o = —4.88, 7 = —-1650/T

By solving eq 15 for several values of Fj,, we can gen-
erate the curves shown in Figure 4. From the curves
we see that for Fi, > 0.5 only values of /; very close to
1.0 can be compensated for within the temperature
range 50° < T < 150°, However, for Fio < 0.5, the
behavior is much like the previous example; e.g., for
Fio = 0.3 therange 0.10 < f1 < 0.15 can be exactly com-
pensated for.

It is perhaps worth noting that Figures 3 and 4 are a
useful way to analyze specific copolymerization sys-
tems because they show explicitly F; as a function of
temperature and monomer composition.

Summary

We have shown the necessary and sufficient condi-
tions for maintaining a monodisperse CCD in a batch
or tubular reactor through temperature control and have
illustrated through examples what the optimal tempera-
ture control policy should be. Although the use of eq
14 makes things very precise, some rules of thumb can
be extracted.

i. A single temperature for each /; is always guaran-
teed for

(Filo <05, n> 1), (Flo>050<n<l),
and for (all Fi, n < 0).

ii. Either two temperatures or no temperature for
each fi (depending on eq 14) is the result when (Fi, >
0.5,n>1),0r(Fio<0.5,0 < n<1).

The results presented here are also useful for appli-
cations where it is desired that the CCD have a certain
specified polydisperse composition. In this case, both
J1and Fy, will be functions of residence time—#; through
the monomer disappearance equations and Fi, from the
CCD specifications. The required temperature policy
could then be calculated from the above equations.

Finally, the problem of maintaining a specified CCD
(possibly monodisperse) as closely as possible when the
temperature calculated from the equations above is be-
yond practical bounds (e.g., T < 50°, or 7 > 150°) can
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Figure 5. The copolymer composition distribution when
complete compensation is impractical.

be treated, by picking the initial monomer concentra-
tions so that the greatest volume of polymer is produced
in the region where temperature compensation is pos-
sible. Figure 5 illustrates the shape of the CCD in this
case when a monodisperse polymer is desired.

Although the temperature variations proposed will
tend to widen the molecular weight distribution
(MWD), it is felt that this temperature control scheme
has great practical advantage for control of copolymeri-
zation reactors when MWD effects are not critical and
the required heat transfer is allowed for at the design
stage.

Appendix

Let us determine the conditions under which eq 13 has
positive real solutions. Let

gr) = rv —ar — b (16)

Macromolecules

Since
g'tr) = nryv™t — a an
g''(r) = nln — Dryn=? (18)

we can now determine the character of g(r2).

i. n < 0. In this case g(0) = =, glry —> =) —
— o, g'’(ry) > 0(i.e., gis strictly convex) so that there is
one and only oneroot toeq 16 when n < 0.

ii. 0<n<1l. Inthiscaseg(0) = —b

lim g(rs) > —
Te—>
and g is strictly concave so that if 5 < 0, then there is one
only one root to eq 16 and when 5 > 0 there is either
zero or two roots t0 eq 16 depending on the value of
g(r:) when it attains its maximum. The maximum value
of g(r,) (gotten by setting eq 17 to zero) is given by

g = @l [1 _ ”} —b (19)

(n)n/n—l

and thus g > 0is required for 16 to have a solution.
iii. n>1., Inthiscaseg(0) = —b

lim g(rs) —» +
re—>r @
and g is strictly convex so that if 5 > 0 there is one and
only one solution to eq 16. For » < 0 we must require
the minimum value of g, eq 19, to be nonpositive for eq
16 to have a solution.
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ABSTRACT: Previous determinations of methyl acrylate-ethanethiol chain transfer constants have been refined
and extended to five-unit radicals. Values higher than C); are nearly constant and essentially equal to the average
for long chains; therefore no reactivity minimum exists, and telomer addition steps are suitable kinetic models for
polymerization. Three-unit diastereomers have been separated and quantitatively measured. The isotactic and
syndiotactic mole fractions were found to be nearly equal and constant over wide ranges of monomer-mercaptan
ratio and temperature, showing that the two modes of addition differ little in entropy and enthalpy of activation.

Studies of free-radical telomerization are useful in elu-

cidating details of corresponding polymerizations.
However the inherent advantage offered by direct ob-
servation of pure monodisperse fractions may be offset
by complicating end-group effects unless these are

(1) Reported in part at the Midwest Regional Meeting of the
American Chemical Society, Manhattan, Kansas, Nov 1968,

thoroughly understood. This paper is concerned with
application of the telomer approach to investigation of
free-radical additions of methyl acrylate; at the outset
it was thought that a serious complicating end-group
effect might exist.

In 1964, rough measurements of the chain transfer
constants for the first three methyl acrylate—ethanethiol



