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Abstract

An experimental investigation and a detailed kinetic model of the bulk free radical polymerization of styrene initiated by diperoxyester
initiators are presented. The experiments were conducted through the full conversion range at various temperatures and initiator concentra-
tions. It is shown that the employing of such initiators leads to the formation of polymers having substantially higher molecular weight and
narrower molecular weight distribution than those obtained by the conventional monofunctional initiators. The current investigation has also
found that high monomer conversion and high molecular weight can be obtained simultaneously within a reduced reaction time period.
Model predictions were compared with experimental data and were found to be in agreement. © 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

In the quest for new efficient free radical initiators, we
have investigated polymerization reactions using bifunc-
tional diperoxyester initiators. The bifunctional initiator
systems we shall consider in the present study are the
initiators containing two labile functional groups having
different thermal decomposition characteristics.

Such initiators exhibit a variety of properties that make
them very useful in many polymerization and copolymeri-
zation applications. An important characteristic is that when
these initiators are involved in free radical polymerization,
they undergo a sequential decomposition, which generates
initiator radicals continuously (as polymerization proceeds),
and, therefore, allows a repeated initiation and reinitiation,
as will be shown below.

The bifunctional initiators of different thermal decompo-
sition characteristics have recently attracted an increased
interest both theoretically and experimentally. The theore-
tical analysis accomplished by O’Driscoll and Bevington
[1], has demonstrated that the sequential decomposition of
two labile groups in a bifunctional initiator can affect the
molecular weight distribution.

The practical advantages of using such bifunctional
initiators in the polymer industry are for instance, the
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production of polymers having substantially high molecular
weight, narrow molecular weight distribution and high
monomer conversion. Besides these advantages, the reaction
time can be significantly reduced with no need for modifica-
tion of reactor equipment. Similar advantages are quasi-
impossible with conventional monofunctional free radical
initiators, or even when mixed initiator systems are used. On
the other hand, the initiators considered in this work can be
used in a multitude of innovative industrial applications, for
instance, the block copolymerization through sequential
monomer incorporation techniques [2-4]. Future work
will address these issues. Our ultimate goal is to generate
a database for polymerization and copolymerization of
various systems initiated by multifunctional initiators, so
that future extension to solution and emulsion polymeriza-
tion may be accomplished in order to provide a new
opportunity to the polymer industry for improving the
production and controlling the polymer properties with
no need for significant reactor equipment modifications as
we shall show and extensively discuss in a forthcoming
publication.

The purpose of the investigation reported in this article is
to present a detailed kinetic model and experimental data for
the isothermal free radical bulk polymerization of styrene
initiated by diperoxyesters. We demonstrate in the present
contribution, that the model we develop is capable of
predicting the monomer conversion, molecular weight
distribution (MWD) and composition distribution of reactive
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Nomenclature

fi, o initiator efficiencies of primary radicals R]
and R), respectively

g gel effect correlation factor

1 concentration of primary diperoxyester initiator
(mol 17"

Iy initial concentration of primary diperoxyester
initiator (mol 171

Ly concentration of fast hypothetical monofunc-
tional initiator (mol 1)

Toomp initial concentration of fast hypothetical
monofunctional initiator (mol 171)

L concentration of slow hypothetical mono-
functional initiator (mol 171

Tom,s) initial concentration of slow hypothetical
monofunctionalinitiator (mol 1™ 1)

kg kg4, decomposition rate constants of primary
initiator / and macromolecular reinitiators
respectively.

ki rate constant of chain transfer to monomer

ki .k;,  rate constants of initiation

k, propagation rate constant

k, rate constant of combination termination

ko rate constant of combination termination at
Zero conversion

M monomer concentration (mol 171

M, initial concentration of monomer (mol 171)

PD polydispersity index (X,/X,,)

R gas constant (cal mol ! Kil)

Ry, R, concentrations of primary radical species

R, net rate of production of any macromolecular
species J

v volume of reaction medium (1)

X monomer conversion

X, overall number-average degree of polymeri-
zation

X, overall weight-average degree of polymeriza-
tion

X7 number-average degree of polymerization of
macromolecular species J

X, weight-average degree of polymerization of
macromolecular species J

Xd number-average degree of polymerization of
dead polymer

Xa weight-average degree of polymerization of

dead polymer

Greek letters

volume contraction factor
k-th moment of macromolecular species J
k-th moment of dead polymers M,

macromolecular species. Two experimental methods for
obtaining the data are used. The experimental results are
compared to the predictions of two kinetic models, which
utilize different initiator systems.

It is hoped that the investigation reported here can
provide a new opportunity to polymerization reaction
engineers for improving the productivity and the properties
of polymers.

2. Background

In contrast to the monofunctional initiators, functional
groups of different thermal stabilities in the initiators
under consideration in this work can undergo a sequential
decomposition. Moreover, the decomposition can be
controlled by varying the polymerization conditions.
Pioneering studies of free radical polymerization initiated by
bifunctional initiators have been reported by Prisyazhnyuk
and Ivanchev [5].

The employing of such systems in free radical polymer-
ization of vinyl or styrenic monomers, involves a kinetic
mechanism in which various types of macromolecular
species, carrying undecomposed functional groups, are
formed in the early stages of polymerization. These macro-
molecular species, upon a subsequent decomposition, will
be involved again in the reaction repeatedly through
reinitiation, propagation and termination [6].

In this study we used the diperoxyester of the following
structure:

RCOO — OOCR'COO — OOCR (1)
)

where: R = CH;(CH,)s— and R’ = —CH,CHCIl—.

These initiators were studied by Prisyazhnyuk and Ivanchev
[5]. The homolytic decomposition of the primary initiator
(I) occurs as follows:

I — RCOO "+ 0OOCR'COO — OOCR )
R R
1 2

R} and R; represent primary radical species. The decompo-
sition of primary radical R} to biradical OOC—R’ —COO’
is assumed to be negligible.

It is also assumed that both the peroxide groups in the
primary (original) initiator I, shown in structure Eq. (1),
have the same decomposition rate constant when R’ is
small. However, the thermal stability of a peroxide group
will change when the neighbouring group decomposes [7].
On this basis, when the primary initiator / decomposes into
two radical species as shown in reaction (2), the decomposi-
tion activation energy of the peroxide group in R, becomes
higher than that of peroxides in the primary (original)
diperoxyester I. When the primary radicals R, are involved
in subsequent polymerization, various types of macromole-
cular species carrying peroxide end groups will be formed.
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Table 1
Macromolecular species

Symbols Note

. Live macromolecular radical of length n
A, ——-R,y

Live macromolecular reinitiator radical of length n
(carrying undecomposed peroxide)

B, +——— Live macromolecular biradical of length n

U, Ry— - -R, Polymeric reinitiator of length n (carrying two
undecomposed peroxides)

Vii——-R, Polymeric reinitiator of length n (carrying
undecomposed peroxide)

M,: - Dead polymer of length n

Such macromolecular species, referred to as macromole-
cular reinitiators, are able to decompose and then induce a
subsequent polymerization again. It should pointed out
that the existence of distinct types of macromolecular
reinitiators in the reaction medium can generally be
regarded as an ‘extension’ of the lifetime of the primary
initiator radicals. This effect is attributed to the sequential
decomposition of the reactive functional groups carrying by
the bifunctional initiator.

When a diperoxyester initiator of the type of structure
Eq. (1) is used in free radical polymerization, various
types of macromolecular species are identified in accor-
dance with the type of chain end units. Six distinct macro-
molecular species should be considered: P,, A,,, B,, U,, V,
and M, as shown in Table 1.

Note that P,, A, and B, are the live macromolecular
radicals and U,, V,, M, are the polymers. Those macro-
molecular species carrying undecomposed peroxide groups
on the chain ends (4,,, U,, V,) can be involved again in the
chain reaction through repeated reinitiation, propagation
and termination as is discussed above.

3. Experimental

Two experimental methods were used in parallel under
the same operating conditions. The experiments were
carried out, through the full range of conversion, in boro-
silicate glass ampoules of length 10 cm and outer diameter
1.7 cm. The ampoules containing pure styrene were purged
by vacuum-argon cycles and then hermetically sealed and
placed in a temperature-controlled water bath. In order to
ensure a well defined conversion vs time plot, the ampoules
were removed from the bath at appropriate intervals.
Conversions were measured by gravimetry and gas
chromatography.

The dilatometric experiments were also conducted, using
the same experimental conditions as the experiments
discussed above. The dilatometric setup included a sealed
dilatometer containing pure degassed styrene and a sight
glass equipped with a Vernier scale to measure the meniscus
level in the dilatometer. The setup was then placed in a
temperature-controlled water bath.

In both cases, the experiments were accomplished at
different temperatures and initiator concentrations. The values
of these two parameters for each series of experiments are
indicated by their respective figures shown below. The
temperatures used in the experiments were: 75, 90 and
100°C, the temperature excursions were 0.1°C. The initial
concentrations of the diperoxyester used for the induction of
the polymerization, were: I, = (0.015, 0.025 and 0.050)
mol1™" and the initial monomer concentration used
throughout our experiments was: My = 8.74 mol 1",

Weight-average and number-average molecular weights
were determined using size-exclusion chromatography
(SEC). A polystyrene calibration curve was used.

The reproducibility of the experiments was ensured by
the replication of a run at one of the experimental design
points for each type of experiment. All the replicate runs
were performed for: Iy = 0.025 mol 17! at 75°C.

4. Kinetic modelling

Our kinetic model is based on well-known principles of
free radical polymerization described in various standard
polymerization textbooks and extensive papers [8—15].

Several assumptions are quite common and valid and
were made in order to simplify the model to some extent:
(1) no impurities are present in the reaction mixture; (ii)
polymerization is homogeneous; (iii) initiator decomposi-
tion occurs by thermal methods; (iv) long polymer chains
are formed; (v) radical concentrations are at steady-state
(QSSA); (vi) thermal initiation of styrene is negligible
under 100°C [16]; (vii) B-scission, chain transfer to initiator,
decarboxylation and cyclization reactions do not occur;
(viii) for styrene polymerization, the termination of growing
polymer chains occurs mainly by combination mechanism.

The kinetic scheme can be described as follows:

4.1. Initiation and reinitiation

2kqy . |
I— R +R, 3)
. kf] .
Rl + M_’Pl (4)
. kiz .
R, + M—A; 4)
. k1’7 . .
An__)Bn + Rl (n = 1) (6)
2k1’2 . X
U, <A, +R  (1=2) Q)

dy

k,
V,=P,+R  (n=2) ®)
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4.2. Propagation

ky .
P,+M—=P,,, (n=1) ©)
k
A+ M=SA,, (=) (10)
. 2k,, .
B,+M=B,,, (n=1) (11)

4.3. Chain transfer to monomer

ki .

P,+MI3M,+P, (=1 (12)
i .

A, +M3V, +P, (=1 (13)
| 2kpy . |

B,+M=2P,+P, =1 (14)

4.4. Termination

It is assumed that the termination occurs mainly by
combination, then:

Pyt P M, mn=1) (15)
. .k

Pn +An_)vn+m (mvn = 1) (16)
. 2%k

Pn—’_Bm_’Pner (m,nZ 1) (17)

A4 AUy = 1) (18)
. L 2% .

An + Bm_)An+m (m,n = 1) (19)
. Ak

B, + B, =By,  (mn=1) (20)

where:

1 primary (original) diperoxyester initiator;

kyq, decomposition rate constant of the peroxide groups

in the primary initiator;
kg decomposition rate constant of the peroxide groups

in the macromolecular reinitiators. k; and kg, are
independent of n [7];
ki, ,kiz rate constants of initiation;

k, propagation rate constant (independent of n);
K rate constant of chain transfer to monomer;
k; rate constant of combination termination.

However, at high conversion (concentrated systems) an
increase in viscosity arises, which decreases the mobility of
polymer chains, and the termination reactions become
diffusion-controlled, thus the termination rate constant
decreases seriously. This effect is called gel effect (Tromms-
dorff effect), and it is not quite negligible in styrene
polymerization at high conversion or concentrated systems

(the onset of diffusion control begins with a viscosity of 10
centipoise). To describe this effect quantitatively (g,),
numerous attempts have been made in the literature, a
survey is given in Weickert [17]. The present paper will
use the following gel effect correlation [18]:

k
g = k—’ = exp[—2(Bx + Cx* + Dx%)] (21)
10

where:

B=257—-5.05%x10 3T (K);

C=9.56 —1.76 X 10 2T (K)

D= —-3.03 +7.85%X 10 3T (K);

x monomer conversion;

ko termination rate constant at zero conversion.

The volume contraction is described by the following
equation:

v="v,9(1 + ex) (22)

and the rate of relative volume contraction by:

1 dv € aM

—_—— = — 23

v dt (MO+eM) dt (232)

dx 1+e dM

—_—=—-— 23b

dt My + eM dt (23b)

e= J=l T V=0 (23¢)
V=0

where:

€ volume contraction factor;

M, initial concentration of monomer.

5. Kinetic equations

Not distinguishing between a chemical species and its
concentration in the notation, the kinetic expressions result-
ing from the kinetic scheme proposed above are as follows.

The net rate of production (R;) of any macromolecular
species J can be calculated via the following general
expression:

d dJ dv
R=Suny=24+2 24
T var W) dt Jvdt 24

5.1. For initiator and primary radicals

d(lv)
vdt

= —2ky I 25)
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d(R

% = 2fiky ] — ki RiM + ko fi(A +2U + V)  (26)
1%

d(R
RoY) o T — ko RoM @7)
vdt ! 2

5.2. For growing macromolecules

P
d( d]tV) = k; Ri\M — k,MP, + k,M(P — P, + A + 2B
» :
+2B)) — k,P;(P + A + 2B) (28)
d(pP
(VLZV) = kpM(Pn—l - Pn) + kdzvn + kme(an - Pn)
n—1
~ kP,(P+A+2B)+2k > P,_,B,
m=1
(n=2) (29)
d(A,v)
vdi = k[2R2M - kpMAl - kd2A1 - kmeAl
— kA, (P+A+2B) (30)
d(A
( ;tV) = —kg A, + 2ky U, + k,M(A,_, — A,) — k;,MA,
. )
n—1
— kAP +A+2B)+2k > A, B,
m=1
(n=2) G
d(B,v)
th - kd2A1 - 2k[,MB1 - 2kmeBl
— 2k,B;(P + A + 2B) (32)
dB
( nv) — kd,An + 2kpM(Bn71 — Bn) - ZkmeBn
vdt :
n—1
— 2k,B,(P+ A +2B)+2k > B,_,B,
m=1
(n=2) (33)

5.3. For polymer reinitiators

dU,v) k, "t
— = =2k + — A, A =2 34
vdt dzUn 2 mZ] n—m‘im (I’l ) ( )
d(V,v) n_l
W = _kdz Vo + kmeAn + k mgl Py (n=2)
(35)

5.4. For monomer

d(Vw) _ <
W - _kd2 Vn + kﬁnMAn + kl mzz:l Pn—mAm (n=2)
(36)
5.5. For dead polymers
d(M,v) ko
= k;,MP, + — P,_.P =2 37
vdt fin n ) = n—mt m (I’l ) ( )
where:

fi. b initiator efficiencies of primary radicals R} and R,
respectively, i.e. fractions being involved in initia-
tion (constant during the polymerization);

P,A,B,U,V total of the concentrations of the corresponding
macromolecular species:

P=>P, (38a)
n=1

A= iAn (38b)
n=1

B= i B, (38¢)
n=1

v=y, (38d)
n=2

V=3V, (380)
n=2

6. Computation of MWD

The method of moments gives some valuable and accu-
rate information from a reduced set of equations and much
simplifies mathematics. It is perhaps the most widely used
method in the modelling of polymerization reactions. The
quasi-steady state approximation (QSSA) will be applied to
primary radicals and live macromolecular species in solving
the moment equations.
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From the three first moments of the radical and dead
polymer distributions, the number average and weight
average degree of polymerization and, therefore, the poly-
dispersity index (PD) can be calculated as follows:

AJ,K = an.]n
n=i (39)

[i=1forJ =(P,A,B)andi=2forJ = (U, V)]

o= n'M, (40)
n=2
Z Apg o
X, =L  whereJ=(P,A,B,U,V) (41)
Z Aso Tt o
7
Z Aot o
X, =2~ whereJ=(P,A,B,U,V) (42)
Z At
J
_ A _
X, = A where J = (P,A,B,U,V) (43a)
J.0
Aso _
Xy = 3 where J = (P,A,B,U,V) (43b)
7,1
Xpq= 2L (44a)
Mo
Xpa = 22 (44b)
M1
Pp =2 (45)
=%
where:
X, overall number-average degree of polymerization;
X overall weight-average degree of polymerization;

X.7>Xna> X5, X,,g Number-average and weight-average
degree of polymerization of corresponding macro-
molecules J= (P, A, B, U, V) and dead polymer;

PD polydispersity;

Ay My k-th moment of macromolecules J and dead poly-
mer M,, respectively.

7. Molecular weight moment expressions

Using the kinetic equations derived above, one can derive
the molecular weight moment expressions.

7.1. Macromolecular species P,

d(A, V) _ d(Pv)

= kilRlM + kd2V + kme(A + 4B)

vdt vdt
— k,P(P + A) (46)
dA,1v) r
7 — ilR]M + kdz/\v,] + kpMP + kme(P - Ap,l +A
+ 2B+ 2X51) + k[2PAg; — (P + A)A,, ]
(47)
dA,2v)
L = K RM o+ kg My + kMP + 2),,1)

+ kme(p - )LP,Z + A + 2B + 2)\3‘2)

+ k[4Ap1Apy + 2PAgy — (P + A)App]l  (48)
7.2. Macromolecular species A,

dAsov) _ d(Av)
vdt  vdt

= ki RyM + kg, QU — A) — ky,MA — k,A(P + A)

(49)
d(Ay V)
thl = ki, RoM + kg, (2Ay 1 = Ax1)
+ kPMA - kﬁ?lMAA,l
+ k[2AAg — (P + Ay ] (50)
d(A
( ‘2;‘}) — k[7R2M + kd2(2/\U,2 - )\A,Z) + kPM(A + 2AA,1)
V 2

- kme/\A.z + kt[4AB,l/\A,l + ZAAB,Z

— (P + A)Ay] (51)

7.3. Macromolecular species B,

d(Aggv) _ d(Bv)
vdt  vdt

= kA — 2kB(P + A) — 2k;,MB — 2k,B’
(52)
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d(A
( Z;V) = kdz)\A,l + 2kPMB - Zkme/\BJ - 2kt(P + A)AB,I
V
(53)
d(A
(Z?)=k@M2+2hmﬂB+2MMy—%mMMm
V
+ k,[4)t12;,1 —2(P + A)Ap,] 54
7.4. Polymeric species U,
d(Ayoev)  d(Uv) ki o
. = =2k, U+ —A 55
vdt vdt % 2 (55)
d(A
AwY) oAy + kA6 (56)
vdt S ’
d(Ay V)
—E2 = 2k Ay + kA + AL (57)
vdt
7.4. Polymeric species V,
dAyopv)  d(Vv)
: = = -2k, V + k;, MA + k,PA 58
vdt vdt b fim ! (58)
d(Ay v)
—i%—z—mmu+%MMﬁwmmA+anw)
d()\v,z")
o —ka,Avo + keMAy p
Thki(ApoA + 2Ap 1 Aa 1 + Ay oP) (60)

7.5. Dead polymers M,

Applying the quasi-steady state approximation to the
reaction rates generating the primary radical species
and the live macromolecular species, leads to the follow-
ing algebraic expressions (zeroth moments) for P, A
and B:

8. Kinetic scheme with monofunctional initiators

For the purpose of comparison the bifunctional initiators
with the monofunctional ones, we shall present in the
following the kinetics of bulk free radical polymerization
initiated by a hypothetical conventional monofunctional
initiator (/,,):

8.1. Initiation by initiator

I, -5 2R (67)
. ki .
R +M3Pp (68)

8.2. Propagation

Po+MEPL, =1 (69)
8.3. Chain transfer to monomer

K .
P,+MI3M, +P, (=1 (70)

8.4. Termination

. .k
d(/J"OV) kt 2 Pn + Pm_>Mm+n (m’ I’l) =1 (71)
= ky,M(P — P) + =-P 1
o = kpM(P = P) + 3 (61)
d o .
(\iilt‘)) = kpuM(Apy — Py) + k,PAp, (62) 9. Kinetic equations
d(u,v) 1 d(,,v)
=2 = kMApy = P1) + k(PApy + A ©3)  — = = kil (72)
—kA + \/(k,A)z + 4k, [2fiky I + kg (A +2U + 2V + k;,M(A + 4B))]
P= 64
2%, (64)
— (kP + kg, + kp,M) + \/(k,P + kg, + kg, M)? + 8k, (fokg I + kg, U)
A= - - 65
2% (65)
—k(P + A) + kp,M + \/[kt(P + A) + kg, MD? + 2kikg, A
B= ~ : (66)

2k,
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Table 2
Parameters for computer simulations using diperoxyester initiator /

Parameter  Value Source
kq, 8.90 X 10" exp(—23473/RT), s ' [5]
kg, 5.59 X 10" exp(—30387/RT), s~ [5]
ki = ki 1.051 X 107 exp(—7060/RT), Imol 's™'  [19]
Kpu 3.239 X 10%exp(—11190/RT), Imol 's™'  [19]
k, 1.051 X 107 exp(—=7060/RT), Imol 's™"  [19]
k, 1.260 x 10° exp(—1680/RT), Imol 's™!  [19]
fi=hHh 0.23 [5]
€ —-0.147 [20]
I 0.025 mol 17!
M, 8.74 mol 1™
1 d(R
. ( dtV) = 2fk,1, — k;RM (73)
1 d(P
> ( = ") _ k.RM — kpMP, + ki M(P — Py) — kPP,
(74)
1 dP,v)
; d: :kpM(Pn_l _Pn)_kmeP_klPPn
(n=2) (75)
1 dM
. ( sz) = —kpMP (76)
1 d(M,v) J
; d—: = kmePn + Ekt Z Pn*um (n = 2) (77)
m=1

10. Molecular weight moment expressions

The live and dead polymer moment expressions can be
derived as follows.

10.1. Live macromolecules P,

2
A(=P) = 1/ k_fkdlm (78)

A= kgl + (kp + kg )M Ao (79)
: kM + kA

2yl + kpM(Ag + 2A)) + ks, Mg
Ay = (80)
KM + K, Aq

2kl + kM
 (kp + k)M + kg

1)

Py

Table 3
Parameters for computer simulations using hypothetical monofunctional
initiators I, and /,,,

Parameter Value

ky For 1, ks=8.90 X 10" exp( X 23473/RT), s '
For 1,,,: kg= 5.59 X 10" exp( X 30387/RT), s '

k; 1.051 x 107 exp( X 7060/RT), 1 mol ' s

K 3.239 X 10° exp(X 11190/RT), I mol ' s~

k, 1.051 X 107 exp( X 7060/RT), I mol "' s~

k, 1.260 x 10 exp( X 1680/RT), 1 mol ' s~

f 0.23

€ x 0.147

Tom, 5y = Town, p 0.050 mol 17!

M, 8.74 mol 1™

10.2. Dead polymers M,

1 d(pov) L »

— =k, M(P — P,) + —k,P 82
v dt fin ( 1) ) t ( )
1d

LAy e M, — Py + kPA, (83)
v dt ’ ’

1 d(u,v)

ST = M — PO+ k(PAy AR (84)

11. Results and discussion

Indeed, both experimental methods mentioned above
were found to yield similar results, however, for sake of
clarity and coherence of the results, we report herein only
the dataset which is collected from the experiments carried
out in the glass ampoules.

Table 2 shows the numerical values of kinetic para-
meters and concentrations used in the simulation of the

10
75°C e
08t
s
S 06}
8 0
g
S
o
5
E 04
s
02t
/A/;,Q R 4% Initiator |
00 = 1 ! ! 1
) 50 100 150 200 250

Time(min)

Fig. 1. Concentration effect of diperoxyesterinitiator / on monomer con-
version at 75°C. (a) I,=0.015moll™"; (b) I,=0.025mol17"; (c)
I, = 0.050 mol 1L —, Model prediction; A, [J, -, exp. data; X, replicate
run.
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1,0

. R
100°C NAAAADL
08} s A.Af»}y
I3 AK
g AK /
2 75°C
: -
S R S
S
5
3
Initiator |
()
5 08 -
3 o
S
2 0,6 100°C - /
8 /'“" ‘
g P
So4f
g /’/
021/ Initiator I,
1,0
©
0,84
S
(7]
& 0,6
>
S
; 0,4 75°C
S %
=09 e . Initiator I, ¢
/ 7 e
00 50 100 150 200 250

Time(min)

Fig. 2. Temperature effect on monomer conversion for three initiator
systems. (a) Iy = 0.025 mol 17"; (b) oy, = 0.050 mol 175 (¢) Iy = 0.050
mol 174, —, Model prediction; A, [J, -, exp. data; X, replicate run.

polymerization initiated by the diperoxyester I which
structure was shown above in the formula of Eq. (1).

Table 3 lists the values of parameters and concentrations
of two hypothetical monofunctional initiators of different
thermal decomposition characteristics, 1, (a fast initiator,
or the low temperature initiator) and 7, (a slow initiator, or
the high temperature initiator), used for the purpose of
comparison with the bifunctional diperoxyester initiator 1.
Note that the relation between the equivalent concentrations
of the three initiators is: Iyy,s) = logns) = 2.

Computer simulations were run assuming isothermal
behaviour. The modelling equations derived above were
solved by the Runge—Kutta method. The two averages M,
and M,, were calculated from the SEC chromatograms. The
results are presented on graphs were the solid lines represent
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Fig. 3. Conversion profiles of three initiators at various polymerization
temperatures. (a) Ip=0.025 mol 1% (b Tonp = 0.050 mol 1% (©
Ion,5) = 0.050 mol 17!, —, Model prediction.

predictions from the computer simulations and the dotted
lines are the experimental results. The replicate runs were
performed for: I, = 0.025 mol 1~ at 75°C.

The experimental data of the isothermal monomer
(styrene) conversion with various concentrations of the
diperoxyester I are shown in Fig. 1. The effect of initiator
concentration on the monomer conversion is as expected,
i.e. high initiator concentration leads to high monomer
conversion.

The effect of polymerization temperature on the mono-
mer conversion is illustrated in Fig. 2. In order to facilitate
the interpretation of the effect of diperoxyester initiators, the
conversion profiles of three different primary initiators (Z,
Ly 1) are shown in Fig. 3. Fig. 2(b) indicates that the
dead-end polymerization phenomenon is observed about a
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conversion of 60% at 100°C, because of the premature
decomposition of the monofunctional initiator I, [Fig.
3(b)]. Whereas, when the diperoxyester initiator / is used
at high temperatures [Fig. 2(a)], the monomer conversion
increases continuously even if the conversion of the diper-
oxyester initiator is also high [Fig. 3(a)]. This behaviour is
attributed to the continuous generation of the macro-
molecular reinitiator radicals, leading to the reinitiation,
propagation and termination. Furthermore, it is seen that
diperoxyester initiators, can be used for a broader range of
polymerization temperatures than monofunctional ones. As
is shown, the model predictions are excellent.

Fig. 4 presents the evolution of the composition distribu-
tion of polymeric reinitiators U and V, with respect to time
at different temperatures when the diperoxyester initiator /
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Fig. 5. Temperature effect on the NADP of polymeric species (U, V, M)
using diperoxyester initiator 1. (a)—(c) Iy=0.025mol 1", —, Model
prediction; A, OJ, -, exp. data; X, replicate run.

is used. As high temperatures facilitate the cleavage of ther-
mally more stable peroxide groups in these polymeric rein-
itiators, more reinitiator radicals are generated, and
consequently, the overall monomer conversion increases
even after the primary diperoxyester initiator / has been
completely consumed [Fig. 3(a)].

Fig. 5 displays the overall number-average degree of
polymerization (NADP) of polymeric species U, V, and M
for three different polymerization temperatures. The plots
indicate that much higher polymer molecular weight results
during the course of polymerization. As shown, the model
predictions are quite satisfactory.

Fig. 6 clearly shows that the NADP obtained by the
diperoxyester initiator I, is considerably higher, particularly
at high reaction temperatures. This is due to the continuous



M. Benbachir, D. Benjelloun / Polymer 42 (2001) 7727-7738 7737

1500
@
al ol xobban
1000
a )
; 00 8 Q‘“?&Q'D
g X .
500 2° .
Initiator |
0 l , ! 1
1500
(b)
1000
a
: we
) //../ 75°C —
- 100°C
] Initiator I, ;
0 | ‘ * 1
1500
@
1000+ e
Q 75°c ) '/T:—-t\‘m:
: B - ]
= '{/’ o
2 500-__fru////“‘;;;.f;w/ e
Initiator I,, ¢
0 ‘ l J T
0 50 100 150 200 250
Time(min)

Fig. 6. Temperature effect on the NADP for three initiator systems. (a)
Iy=10.025mol 175 (b) Ippnp="0.050 mol 175 (c) Ioms=0.050 mol1~".
—, Model prediction; A, [, -, exp. data; X, replicate run.

reinitiation by the macromolecular species A,,, U, and V,,
which contain undecomposed peroxide groups, and the
termination reactions of these long macromolecular chains.
Consequently, from a practical point of view, the use of such
systems as diperoxyester initiator /, is advantageous in that
batch polymerization time can be reduced substantially.

The NADP vs monomer conversion is plotted in Fig. 7
where the results show clearly that the use of diperoxyester
initiators leads simultaneously to both high conversion and
high molecular weight.

Finally, Fig. 8 displays the polydispersity profiles
(PD=X,/X,) for three different initiators at various
polymerization temperatures. As is illustrated, the bifunc-
tional diperoxyester initiator / yields polymers of much
narrower MWD than the fast monofunctional initiator 1,,,
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Fig. 7. Profiles of the NADP vs monomer conversion for three initiator
systems at various temperatures. (a) I, = 0.025 mol 1% ) Tomp = 0.050
mol 17" (c) Iygn,sy = 0.050 mol 171 *, Limit of 100°C-curve; —, model
prediction; A, [, -, exp. data; X, replicate run.

even at high monomer conversion and high polymerization
temperatures.

According to the results shown in Figs. 1-8, the theo-
retical predictions presented there are in very good agree-
ment with the experimental data, therefore the consistency
of the analysis is proved.

12. Conclusions

Of relevance to this investigation, the following conclu-
sions can be drawn: the different thermal decomposition
characteristics of the labile groups in the diperoxyester
initiators lead to the formation of polymers having higher
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molecular weight and narrower molecular weight distribu-
tion than those obtained by conventional monofunctional
initiator systems. Both high monomer conversion and high
molecular weight can be obtained simultaneously within a
reduced reaction time period by using the diperoxyester

initiators. The effect of such initiators is more pronounced
at high polymerization temperatures. Model predictions are
in good agreement with the experimental data. From this
interplay of experimental and modelling efforts, more light
is shed on the kinetic mechanism of free radical polymer-
ization initiated by bifunctional diperoxyester initiators. The
use of such initiators appears to be a promising alternative to
the conventional monofunctional initiators for improving the
polymer productivity and its properties more efficiently than
the use of conventional monofunctional initiator systems.
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