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A comprehensive model for molecular-weight development during the suspension polymerization of vinyl
chloride has been developed. The poly(viny! chloride) (PVC) was characterized by low-angle laser light
scattering (LALLS) and gel permeation chromatography calibrated using the results of LALLS
measurements. Kinetic parameters were estimated using accumulated molecular weights measured at
different conversions and polymerization temperatures. The present model is in excellent agreement with
the experimental accumulated number-, weight- and Z-average molecular weights and distribution data
over the entire conversion range. The mechanisms of termination and chain transfer and the effect of
conversion, monomer and initiator concentrations and polymerization temperature on molecular-weight
development are discussed in some detail. The present model predicts instantaneous molecular weights
and distributions in each phase, the total instantaneous and accumulated molecular-weight averages, and
instantaneous and accumulated molecular-weight distributions as functions of the reactor operational
conditions, and can satisfactorily explain the kinetic features of PVC molecular-weight development.

(Keywords: vinyl chloride; poly(vinyl chloride); molecular-weight average and distribution; two-phase polymerization; kinetic

and suspension reactor modelling)

INTRODUCTION

Poly(vinyl chloride) (PVC) molecular-weight develop-
ment has been extensively investigated experimentally for
bulk, suspension, emulsion and solution polymerization
processes over wide temperature ranges. The main
findings were as follows.

The molecular weight of PVC does not depend strongly
on process type, monomer conversion!™’ and initiator
concentration®=> for isothermal polymerization, but it
increases significantly with decreasing polymerization
temperature®’~°. These phenomena are attributed to the
dominance of chain transfer to monomer in controlling
PVC molecular-weight development.

At high conversions (under subsaturation pressure),
the number-average molecular weight decreases with
conversion significantly while the weight-average molec-
ular weight decreases only slightly, so that the molec-
ular-weight distribution (M WD) becomes broader and
the polydispersity increases with decreasing reactor
pressure*10-14,

Molecular-weight modelling has, however, not been
studied extensively and a few attempts have had limited
success under subsaturation conditions because of a lack
of molecular-weight data measured over a wide range of
polymerization conditions. Abdel-Alim et al.’ first de-
veloped a model for accumulated molecular-weight
average and distribution for PVC assuming homo-
geneous kinetics to be valid to both monomer and
polymer phases. The model does not predict the fall in
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accumulated number-average molecular weight and the
increasing polydispersity at high conversions that has
been shown experimentally*19-14, Kelsall et al.'5, more
recently, proposed a model for the calculation of
molecular-weight average for PVC. The model predicts
that the accumulated number-average molecular weight
increases with conversion significantly. It is clearly in
contradiction to the experimental results mentioned
above.

As discussed in a previous publication'®, vinyl chloride
(VCM) polymerization involves a larger number of
elementary reactions than previously known. The objec-
tive of this investigation is to develop a comprehensive
model that can predict instantaneous and accumulated
molecular-weight average and distribution for PVC made
by bulk and suspension polymerization. The model
should account for all of the relevant elementary
reactions'® and include the parameters estimated using
comprehensive experimental data over wide ranges of
synthesis conditions to ensure narrow confidence inter-
vals for the kinetic parameters.

MODEL DEVELOPMENT

The basic assumptions made in the polymerization rate
modelling!® are again employed for molecular-weight
modelling.

During free-radical polymerization, live and dead
macromolecules have chain-length distributions. For any
distribution function it is possible to define a series of
moments. The ith moments for the dead and live polymer
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distribution @, and Y; are defined as:

Qi“_‘zripr (1)

Y= 3 rR; 2)

where i is zero or a positive number (nomenclature is
given at end of paper).

When conversion is less than X;, the conversion at
which the monomer phase is consumed, polymer is
produced in both monomer and polymer phases simul-
taneously. Hence, the moment equations will be derived
for both phases.

Molecular-weight development in the monomer phase

In the monomer phase, chain transfer to polymer can
be neglected because of very low concentration of dead
polymer. Bimolecular termination between polymer and
primary radicals should be insignificant because of the
very low concentration of primary radicals compared to
that for polymer radicals, and is neglected. Therefore,
the rate of polymer production in the monomer phase
can be expressed as:

V‘ifzf&dl[R-L[R;]l
=
5 Zl (R, 1i[R;_,]; + K¢ [M],[R ],
2<r<r) (3)
P KGRLRY, (= 1) )
V. di

where the subscript 1 on the concentrations (square
brackets) stands for monomer phase. Subscripts are not
used on the total moles of polymer of chain lengths r
and 1 in the monomer phase (P, and P,). Chain lengths
equal to or greater than r, for both live and dead polymer
molecules do not exist in the monomer phase'®. Chain
transfer to monomer involves more than one elementary
reaction. This has been discussed earlier’®.

Using the definition of the moments and summing
equations (3) and (4) over all chain lengths, the following
moment equations may be derived for the monomer
phase:

dQom
%f%l+%Km)[R-J%+Kfm1[R']1[ML (5)
1
d01m
in K, IMI,[R ], (©)
1
dQZm_ .
el g W1 tel 1 fm1 1 2m
v {(Kig1 + Kie)[R*]y + Kgmi [M14}Y.
+Ktc1Y%m (7)
dQ3m_ K K R' K M Y
7&_{( wt + Kige)IR"J; + Kt [M14} Y
1
+3Kie1 YimYom (8)

where the subscript m on the” moments stands for
monomer phase.

The solution of equations (7) and (8) requires a
knowledge of the moments of the polymer radical

distribution. The polymer radical balances can be written
as

dR’
7T=Kp1[M2|1[R;—1]1 - K, [M},[R; ],
v, dt
— (Kyg1 + K IR 11 [R} ] — Kot [M1L[R; ]
+ Kye[R; 1212/, 2<r.<r) )
dR;
=R11 +Kfm1[R']1[M]1 —Kp1[M]1[Rf]1
V,dt

- (thl + chl)[R.]l[Ri]l
+ Ke[RiLV2/Ve (r=1) (10)

The desorption constant depends strongly on diameter
of the primary particles, so that desorption of radicals
from the polymer phase is significant only at very low
conversions'®. However, the reaction volume in the
monomer phase is much larger than that in the polymer
phase at very low conversions; hence, the effect of the
desorption on the concentration of radicals with chain
lengths r and 1 can be neglected. Therefore, the associated
moment equations follow:

dy,,,
oM = K M1y [R*], — (K, + Ko )[R Y
V,di
— K1 [IM1, Yy + K IML IR ] + Ry, (11)
dY,,,

Vodi K, [M]i([R"]; +2V))

- (thl + Ktcl)[R.]l Y2m - Kfml[M]l YZm

+ Kemi[R°J1[M1; + Ry (12)
dY3m_
v,dt

Ko [IML([R"]; +3Y 1 + 3Y30)

- (Kldl + chl)[R .]1 Y3m - Kfml[M:ll Y3m
+ K1 [M11[R7]; + Ry (13)
Applying the steady-state hypothesis to equations

(11)-(13), one can express the first to third moments of
the polymer radical distribution as:

v _KaMLRD + Kui[RLML+Ry
" (Kui + K )[R + Ky [M],

=Kp1[M]1([R']1 +2Ym) + Kemi[R- 11 [M]; + Ry

Yom
: (Kias + Ky )[R -1, + K [M],
(15)
Ky [M1i([R*]; +3Y, 4+ 3Y,0)
Y. = + K [R* ], [M]; + Ry
3m —

(Kigy + K )[R + K [M]4
(16)

Substituting equations (14)-(16) for polymer radical
moments in equations (7) and (8) one obtains:

dQZm — Rpl[(z + Tl + ﬂl)Rpm + ﬁ[( R;mﬂ>2:| (17)
Ty 1

V,dt .+ B,
dQ3m_R < 6ﬁ1R§m 3Rcm(2+ﬂ1Rcm)
Vidt P\ + 87 (e + B
6R..,
+ +Rcm> (18)
T+ By
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where
R, =K, [M];[R*], Ryn=1+CM,; + Ry /R,
K R- .
T, = il ]1+CM1 8, =Kpl[R 1
K, [M], K1 [M],

CM1 = Kfml/Kpl

The rate constant for chain transfer to monomer K, ;
has been derived in a previous publication'® and is given
by:
K KK
(K3 + K3[M1))(Ko[M]; + K5)
With the moment equations (equations (5), (6), (17)
and (18)) above, one can easily derive relationships for

the instantaneous number-, weight- and Z-average
molecular weights as follows:

(19)

Kfml =

M,
M) =—"""—= (20)
11 +(B1/2)
2Rcm Rcm 2
T+ By T+ By
3 2
M) by ST S+ BiR) £ ISR
SI(SI + 2Sl + ﬁchm)
where
Si=t+5;
The instantaneous molecular-weight distribution
(MWD) is defined as:
r [ dP.
Wir 23
(") = <V1 dt) (23)

and can be calculated as follows. Applying the steady-
state hypothesis to equations (9) and (10), one can find
the concentration of polymer radical with chain length

¥ as:
S 1 Ry
[R']i = (——1 S ><—+CM1>[R L @4

Substituting equation (24) into equation (3), one has:

R 2
dF, Rp1|:rl< 1 +CM1> b r— 1)( +CM1) ]
V,dt R, R,

1 r
X<1+71+ﬂ1> 23

Substituting equation (25) into equation (23), one
obtains:

W), = r[q(& + CM1> i (r— 1)<J + CM1>2]
R, R,

1 r
- 26
x<1+71 +B1> (26)

Equations (20)-(22) and (26) allow one to calculate
the instantaneous molecular-weight averages and chain-
length distribution in the monomer phase.

Molecular-weight development in the polymer phase

In the polymer phase, the concentration of polymer is
high, about 70 wt% even at very low conversions.
Therefore, polymer and chlorine radicals may transfer to
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dead polymer at a significant level and affect the
molecular-weight development. However, the effect of
primary radical termination and reaction with internal
double bonds on molecular weight may be negligible due
to the very low concentrations of these species, and they
are neglected. A terminal double bond on the polymer
chain is mainly formed by chain transfer to monomer
(formation of 1-chloro-2-alkene structure as a result of
abstraction of a chlorine radical'®). However, the number
of 1-chloro-2-alkene (~CH,-CH=CH-CH,Cl) and
1,2-dichloro-alkane (~CH,-CHCI-CH,Cl) structures
for commercial PVC is almost the same'’. This implies
that the terminal double bond (~CH,-CH=CH-
CH,Cl) is not active during VCM polymerization. On
the other hand, the reaction with a terminal double bond
should lead to the increase of number-average molecular
weight with conversion, but the experimental results
show that the number-average molecular weight hardly
changes with conversion for X < X;. Therefore, the
reaction with a terminal double bond is neglected.
Short-chain branches formed by back-biting reactions do
not affect molecular-weight development and do not have
to be accounted for in the molecular-weight calculations.
Hence, the production rate of dead polymer with chain
length r can be expressed as:

dP r—1
v, (:lt =Kg:[R"1[R; 1, + 3K ez sgl [R; 1[R; (],
+ Kim2[R; 1,[IM1, + K¢ [R; 1,04,/ V,
— K¢ [Cl"1,r[P,], — K¢ [R*],r[P,],
r=2) 27
dP‘—K R'1,[R; K. [R; V.
v, dt = K 2[R 15[R1 ] + K¢ [R1 1,04,/ V,
+ K, [C1"1,[P; ], — K¢ [R*1,[P; ],
r=1) (28)

Using equations (27) and (28), the moment equations
may be derived as:

d
20 Ror{r + 48, — COM0, /(ML) (9)
2
d
VQ;‘; =K,,[MI,[R"], (30)
2
49, _ ={(Kys + K2)[R*]; + Kimz[M1, + K V.
v, dt td2 w2)[R" 13 + K2 [M1; + K, 01,/ V2}
X Y, + K.Y} 1p — (Kt [Cl° 1,
+ K¢,[R*1,)03,/V> (31)
d
VQZP {(Kig2 + Kie2)[R* 15 + Ko [M1,
2
+ K015/ V2} Yap + 3K, Yy, Y5,
— (Ktp[Cl" ], + Ko [R*15)Q4,/ V> (32)
where
K.4,[R*]; K.,[R"],
=W 2, CM = w2t 2
2T KpafM1, = ) K,.[M],

CMz = Kfmz/sz C; = K;‘p/K;)

The rate constant of chain transfer to monomer can
be expressed based on the mechanism discussed in a
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previous publication’® as:
. KKK
(K3 + K3[M1,)(K[M]; + K5)

where K, K,, K5, K, and K are assumed to be the
same in both phases at X < X,.

Similarly, the polymer radical balance in the polymer
phase can be written as:

(33)

Kfm2

RY K \IML[R;_ 1T, + K& [ClTor TP,
v, di
+ Kfp[R “1,r[P. 1, — sz[sz[R;}z
Ky + Ko [R Ta[R: T — Kema[R: T:[M1;
CKoR1,00/ Vs — KalR:1,  (r32) (34)
Ri _ Ryp + Koo [MLIR T, + K3, [CI' L, 1,
v, di

+ K [R*15[P]; — Ko [MIa[R1],
— (Kuz + Ki2)[R*1,[R ],

_Kfp[RI]2Q1p/V2_Kde[RI]2 (r=1) (35)
where the effect of precipitation of radicals from the
monomer phase is neglected due to very low precipitation
constant estimated in a previous publication'®. The
desorption of radicals from the polymer phase is also
negligible at relatively high conversions as mentioned
earlier. Hence, the moment equations can be derived from
equations (34) and (35) as:

‘Zg’t — Ry + Kps[ML, R, + Keno[MI R,
+ (Kip[Cl' 1, + K, [R*15)Q2,/ V2
— {(Kz + Kie2)[R* 15 + K¢ [M1,
A (36)
dv,,

Vz di =R,; + sz[sz([R']z + 2Y1p)

+ (Kp[Cl7 ], + Ko [R7 1,003,/ V2

+ Km2[MI[R* 1, = {(Kuz + Kie2)[R "1,

+ Kim2[M1; + K¢, 01,/ V21 Vs (37)
dys,
V, dt

=Ry, + K ;[M],{[R"], + 3(Y,, + Y5,)}

+ Kim2{ M1,[R*]; + (K [Cl° ], + K¢ [R*],)
X Q4p/V2 - {(thz + K.»)[R*],
+ Kima2[M1; + K, Q1,/V5} Vs, (38)

The concentration of chlorine radical is given as'®:

[Cl']z = Kfmz[R.:]Z/K;)

Applying the steady-state hypothesis to equations
(36)-(38), one gets the moments of polymer radical
distribution:

Ry, + sz[M]z[R']z
Y. = + Kema2[ML[R*], + K. ,@2,/ V>
=
’ (K2 + Ki2)[R"1; + Ko [M]; + Kprlp/I/(239)

Rp; + K [M1,([R°], +2Y,)
+ Kfm2[M]2[R.]2 + chQ3p/V2

Y, =
2 (K2 + Kie2)[R 1, + Kia[M], + K, 04,/ V2
(40)
Ry, + K ,[M]{[R"], +3(Y,, + Yy}
Y + KfmZ[M:IZ[R']Z + chQ4p/V2
3

P (Kigz + Ki2)[R* 15 + Ko [M], + Kprlp/V(241

where
ch = K;p[Cl.]Z + Kfp[R .]2

Substituting equations (39)-(41) into equations (31)
and (32), one can rewrite the moment equations for the
second and third moments as:

R 2
d0., = Rle:ch +2 Rep+ PO, + [32(._ <P +PQ2> }
v, dt S, S,

dQ3p - 6B2(ch + PQ2)2
= sz
Vv, dt s3
(ch + PQZ)[6 + 3182(ch + PQ3):]
s3
§30Ra+ PO, PO, ch)
2

+

(43)

where
R, =K,,[M],[R-], R, =1+ R;/Ry, +CM,
PQz = (C;CMz + Cp)QZp/(VZ[M]2)
PQ3 = (C,CM; + C)Q5,/(V,[M1],)
SZ=T2+B2+CpQ1p/(V2[M]2) Cp=Kfp/Kp2

With equations (29), (30), (42) and (43), one can derive
relationships for the instantaneous number-, weight- and
Z-average molecular weights in the polymer phase as
follows:

= - - M, (44)
T, +38,— CpCM2Q1p/(V2[M]2)

(Mw)p — Mm[ch + 2 ch _;_ PQZ ¥ ﬁz(ch + PQ2>2J

(Mn)p

2 S,
(45)
2
(M), = Mm<.6ﬂ2§Q2 + RQ,(6 + 352RQ3)
S3 S3
LALLM
S,
2RQ, RQ, Z}ﬂ
x [ch + Tz + ﬁz("g;) (46)
where

RQZZch+PQ2 RQ32R0p+PQ3

The instantaneous molecular-weight distribution in the
polymer phase is similarly defined as:

r dpP,
W(’)szﬂ(Vz at> “n

Applying the steady-state hypothesis to equations (34)
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and (35), one has:

o 1 ’ R;, .
[R:1.= (1 + sz> (sz[M]z CMIR ]2>
[R*], Z’: i[P;],
[M1, 55 (1+ Syt

Substituting equation (48) into equation (27), one
obtains:

R
b _ RPZ{[<‘EZ +C, —QLX” + CM2>
V, dt V,IM1,/\R,,
1 R 1Y
+- Baylr— 1)<£ + CM2> }<r>
2 R,, 1+5,

le
+<T2 TG V2[M12>C

P Cr[P,]z} (49)

+(C,CM, + C,) 48)

)

= (1 +S2)r+1—i_

where C = (C,CM, + C,)/[M],.
Therefore, the instantaneous molecular-weight distri-
bution in the polymer phase can be expressed as:

W(r), = r{[(:z +C, Q1 ><& + CMZ)
V2[M]2 Rp2

1 R, Y 1Y
+ 5 Balr - 1)<sz + CM2> ](1 " S2>

+<rz+cp 9 >c

V,[M],

P,
Xig,lm);m C"[Pr:]z} (50)

Equations (30), (42)-(46), (49) and (50) allow one to
solve for instantaneous molecular-weight averages and
chain length distribution in the polymer phase.

The total instantaneous molecular weight and distribution

The above equations permit one to calculate instan-
taneous molecular-weight average and MWD for each
phase. The total instantaneous molecular-weight average
and MWD depend on quantity of polymer produced in
the different phases. The instantaneous mass fraction of
polymer can be calculated using instantaneous polymer-
ization rate in both phases, such as:

R .V
my —_ w7l (51)
R, Vi + RV,
my,=10-—m, (52)

Therefore, the total instantaneous molecular weight
and MWD can be expressed as a function of molecular
weight and MWD in both phases, that is:

= ! (53)
ml/(Mn)m + mZ/(Mn)p

Mw = ml(Mw)m + mZ(Mw)p (54)

M, =m, ) tom, ”;w)*’ M), (55)

W) = my W (P + maW(P), (56)

At high conversions (X > X;), polymerization proceeds
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in the polymer phase only. Therefore, the total instan-
taneous molecular-weight average and MWD are the
same as those in the polymer phase. Thus, equations
(53)—(56) are still valid for the conversion X more than
X; by setting m; =0 and m, =1.

Accumulated molecular-weight average and distribution

With the total instantaneous molecular-weight average
and MWD given in equations (53)—(56), one can find the
accumulated molecular-weight average and MWD by
either integration or differentiation. However, for a
two-phase polymerization system, the differentiation
method seems more convenient as it avoids integration
in two phases. Based on the definitions of molecular-
weight average, the relationships between accumulated
and instantaneous molecular-weight average and dis-
tribution are governed by the following differential
equations (when long chain branching is negligible):

d(X/M,)/dt = R,/ M, (57)
d(XM,)/dt =R M, (58)
d(X\¥/dt = R, M, M, (59)
M,=¥/M, (60)
where
Y= M2 jm r?W(r)dr and @ =R, W(r)
’ (61)
where
R,=dX/dt

The accumulated number-, weight- and Z-average
molecular weights and chain-length distribution can be
obtained by solving equations (57)-(61) using appro-
priate reactor operational conditions. These equations
are valid over the entire conversion range.

EXPERIMENTAL

PVC was made by suspension polymerization. The
detailed procedures for these polymerizations are given
in a previous publication’®. In this section, only details
of the molecular-weight measurements will be described.

Molecular-weight measurements of PVC have
been studied extensively by various methods'®—32. Gel
permeation chromatography (g.p.c.) is the most power-
ful analytical method providing the full molecular-
weight distribution as well as molecular-weight averages.
However, it is not an absolute method and must be
calibrated. Universal calibration after Grubisic et al.>?
is used by most authors2%31.40.41.47=51" Many
Mark—-Houwink constants for PVC in g.p.c. solvent
tetrahydrofuran (THF) and others have been pub-
lished?2©:21:24.26,31,32,40,42-46.52 " Unfortunately, the
values for the Mark—Houwink constants vary widely.
For PVC in THF, the values of Freeman et al.?° and
Bohdanecky et al.?® have been widely used in the
literature. Although the PVC samples were carefully
fractionated in these studies?®2®, there was appreciable
polydispersity, especially for higher molecular-weight
fractions used. Because of these uncertaintics, it was
decided to calibrate the g.p.c. using PVC weight-average
molecular weight measured by low-angle laser light
scattering (LALLS).
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LALLS measurements

A Chromatix KMX-6 low-angle laser light scattering
(LALLS) photometer, with a cell length of 15 mm and
a field stop of 0.2 corresponding to an average scattering
angle of 4.8°, was used for M,, measurements. THF was
used as a solvent. The concentration of PVC in the
solution was in the range of (0.5-5.0) x 10”3 gml~!. The
refractive index increment of PVC-THF solutions was
determined using a Chromatix KMX-16 laser differential
refractometer at 25°C and a wavelength of 632.8 nm. The
dn/dc was found to be 0.106 mlg~! for a PVC sample
synthesized at 50°C. This value is in agreement with data
in the literature!®#1->% and was used for all PVC sampiles,
as dn/dc is independent of molecular weight for high-
molecular-weight polymer>>.

GpC measurements

A Waters 150-C g.p.c. with differential refractometer
detector was used at 40°C with THF of h.p.l.c. (high-
performance liquid chromatography) grade as mobile
phase. Five columns (TSK) with the following specifica-
tions were used: G1000HS8, G2500HXL, G3000HXL,
G4000H8 and G7000HXL of exclusion limits 103,
2 x 10%, 6 x 10*, 4 x 10° and 4 x 108, respectively. The
flow rate was 1 mlmin~!. About 0.1 ml of PVC-THF
solutions containing about 0.1 wt% PVC were injected.

G.p.c. calibration

Calibration is an important issue for application of
g.p.c.’®%’. A computer search method for two para-
meters that are combinations of the Mark—Houwink
constants of polystyrene standards and the polymer
under study was suggested®® %%, Mori*® and Chiantore
et al.’® used two broad MWD samples and Schroder et
al.®®, more recently, used more than two samples to
calibrate g.p.c. In the present work, the arithmetic
method was modified to estimate the calibration para-
meters with 20 samples measured by LALLS.

Using universal calibration®®, one may write the
molecular-weight relationship between PVC and poly-
styrene (PS) standards as:

(MPVC)i = A(MPS)? (62)

K (1/1 +apyc)
A= <PS>
KPVC

Hence, weight-average molecular weight of PVC
sample i can be expressed as:

where
B 1 + apg

1+ Apyc

M, ;=4 J Fi()Mps(t)® dt (63)
V]

Here F;(¢) is the normalized g.p.c. response at retention

time t, and Mp(t) is the molecular weight of PS at

retention time ¢, which can be expressed as a third-degree

polynomial with regard to retention time.

If n weight-average molecular weights of PVC are
given, then the parameters A and B can be found using
a non-linear regression method based on the following
equations:

"o (MW,H 1 8 Fiv 1 (£)Mps(t)® dt
M, ; [ Fi(t)Mps(t)® dt

2
) =min (64)

i=1

S (M —4 J " R OMe0” dz)z —min  (65)

0

where M, ; are measured by LALLS and F;(t) and Mpg(t)
are measured by g.p.c.

Given A and B, the molecular-weight averages and
MWD can be calculated by routine procedures using
g.p.c. detector responses. This method does not require
prior knowledge of the specific Mark—Houwink con-
stants for both PS standards and PVC samples. In other
words, errors in Mark-Houwink constants of PS
standards and PVC will not affect the molecular-weight
calculation as long as A and B satisfy equations (64) and
(65). In addition, if the universal calibration method is
not valid, this method corrects for this potential error.

RESULTS AND DISCUSSION

Comparison of molecular weights measured by different
methods

It is well known that PVC molecules can form
aggregates in solution and this can cause large errors in
molecular-weight measurements even with good sol-
vents!9-20:22-28,35-42,46-49  Thege aggregates can
be disintegrated into single molecules by either
heat!®27:3847 or ultrasonic treatment'®3>. However,
for a wide range of molecular weights (23000-
165 000)*3~+%52 or commercial PVC3%37-39 there is no
evidence of aggregate formation. In the present work,
LALLS measurements of the highest molecular-weight
PVC synthesized at 40°C were unchanged after heating
the THF solution at 95°C for 1h. No anomalous
chromatograms were observed for the PVC samples
under study. Therefore, aggregation for PVC polymer-
ized above 40°C was considered negligible. This is in
agreement with Abdel-Alim et al.’s results for PVC made
by the bulk process®®.

Using molecular-weight averages measured by LALLS
and g.p.c. data, the parameters A and B in equations
(64) and (65) were estimated to be 1.74 and 0.931
respectively.

Mark-Houwink correlation for PS standards in THF
is given by:

[n)es = 1.47 x 107 *M37°? (66)

where Mps = (M,,/M,)"/%.

Equation (66) was obtained from the data given by
American Polymer Standards Corporation®!. According
to the definitions of A and B in equation (62) and
parameters in equation (66), one can obtain the Mark-
Houwink correlation for PVC-THF at 40°C as follows:

[1]eve = 5.30 x 107 MpyE® (67)

In the literature, intrinsic viscosity was correlated to
either M, or M,?"?*26, K,y is in the range (0.4-10) x
10™* and apyc in the range 0.7-0.9 for the PVC-THF
system at temperatures 20—-30°C. Therefore, the present
results shown as equation (67) seem reasonable. It should
be mentioned that the accuracy of equation (67) depends
on the accuracy of the parameters in equation (66) and
on the validity of universal calibration.

The weight-average molecular weights measured by
g.p.c. using parameters shown above are in excellent
agreement with those measured by LALLS as shown in
Figure 1. If Bohdanecky et al’s Mark—-Houwink con-
stants?® are used in the g.p.c. calibration, the measured
molecular weights are 20% lower than those measured
by LALLS as shown in Figure 1. From equation (62),
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Figure 1 Comparison of weight-average molecular weights measured
by different methods. (A, ) The present method; (B, o)
Kpve=1.5 x 1074, apyc = 0.77 (literature values?®)

one may see that Mark-Houwink correlation with M,
or M, may not be suitable for universal calibration.
Monodispersed molecular weight or root-mean-square
average molecular weights should be used for the
universal calibration. This was also demonstrated by
Kolinsky et al.?°.

Estimation of parameters in the present kinetic model

All of the kinetic parameters estimated in our rate
model in a previous publication'® should be valid in the
present model. The remaining parameters will be esti-
mated using molecular-weight information.

According to equations (18) and (32), the parameters
7; and f; can be expressed as:

'Q'iRpi ;—
kg M = 68
_ (I=ARy
iy )

where
K,=K, + K, and
A= _Rai (i=1,2)
Ky + Kiei
the fraction of bimolecular termination by dispropor-
tionation, which can be estimated with appropriate
molecular-weight information.

The overall rate constant for chain transfer to
monomer given in equations (19) and (33) involves five
elementary rate constants. K;,, should remain constant
in both phases, although each phase will have a different
value due to the difference in monomer concentrations,
at conversions less than X;. At high conversions (X > X;),
however, K, is not constant because of the decrease in
monomer concentration and the effect of diffusion-
controlled reactions. It is necessary to estimate all of the
parameters in order to obtain K ,. In commercial PVC,
the concentration of head-to-head structure is very low*”.
Hence, the propagation reaction by head-to-head radi-
cal'® may be negligible so that equation (33) can be
simplified to:

L+ (Ko/K5)IM],

(70

KfmZ
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which was also suggested by Hjertberg et al.!3. Hence,
one only has to estimate K, and K,/K to find K;,,,.

K, and K, are head-to-head and head-to-tail propaga-
tion rate constants respectively!®. At high conversions,
K, may become diffusion-controlled but its sensitivity to
environmental effect may not be as great as that for K ,.
However, the effect of diffusion control on K, can be
assumed to be the same as that on K,,. The reaction
involving the abstraction of a chlorine atom radical
should be chemically controlled over the entire conver-
sion range so that K; may be considered constant.
Therefore, K, and K,/K 5 can be expressed as a function
of free-volume fraction:

1 1
K, =K exp[— CH*<— — ):|
pr fof

X >X) (71)

1 1
K4 /Ks=(K4/Ks)y exp|: —B*<_ _ _>:|
pr fof

(X>Xy) (72)

where B* has been estimated in a previous publication®®.

Therefore, the unknown parameters include 4, K,
K,/Ks, CH*, C, and C, for molecular-weight calcula-
tions. These parameters were estimated by fitting the
present model with weight- and number-average molec-
ular weights simultaneously using a non-linear regression
technique. The interesting findings are as follows:

The parameter A shown in equations (68) and (69)
could vary from O to 1. It was found that the present
model cannot fit the weight- and number-average
molecular weights simultaneously if A>0. The best
fitting, however, can be achieved by setting A =0 as
shown in Figures 2—6. This suggests that bimolecular
termination of polymer radicals occurs exclusively by
combination during VCM polymerization. Razuvayev et
al.5? studied the termination mechanism in bulk and
suspension polymerization systems using “4C-labelled
initiator. They concluded that the average number of
end-groups per polymer molecule is between 0.19 and
0.40 but failed to distinguish between combination and
disproportionation due to significant chain transfer to
monomer. Park et al.®3 tried to reduce the importance
of chain transfer to monomer using very high initiator
levels in solution polymerization and concluded, based
on very limited data, that 25% of mutual termination
occurs by combination. At very high initiator levels,
termination with primary radicals may be significant.
Hence, Park et al’s results are open to question. In
kinetic modelling, this uncertainty exists in the literature.
Mickley et al.®* assumed that all of the termination was
by combination. Abdel-Alim et al.®> and more recently
Kelsall et al.!® assumed that all of the termination was
by disproportionation. This study is the first to estimate
A using molecular-weight information.

In the literature, CM is reported as a constant
independent of conversion under certain polymerization
temperatures. Figure 2 shows the effect of CM on
weight- and number-average molecular weight over the
entire conversion range. If CM is a constant over the
entire conversion range, M,, should increase significantly
and M, increase slightly at high conversions as shown
by the long-dashed curve B in Figure 2. To fit the
experimental data CM must increase with conversion for
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Figure 2 Effect of CM on the accumulated molecular-weight average
of PVC at high conversions at 50°C. Perkadox 16-W40 initiator with
[1]1=0.15 wt%. (A) M, measured by LALLS; ([J) M, measured by
g.p.c.; (O) M, measured by g.p.c. (A) Model with K., changing with
monomer concentration and free-volume fraction; (B) model with CM
as a constant; (C) model with K changing with [M], only

X > X;. If K, and K,/K; were constant and K;,,, only
affected by [M],, then CM would increase significantly
and, as a result, both M, and M, would decrease
dramatically as shown by the short-dashed curve C in
Figure 2. Therefore, it appears that CM increases slightly
at high conversions (X > X;) while K, and K,/K 5 should
decrease with conversion. Using equations (70)—(72) to
calculate K,,, the results are shown as a full curve in
Figure 2, which fits the experimental data well. These
measurements further confirm the mechanism of chain
transfer to monomer discussed in a previous publica-
tion'®. Decrease in molecular weight at high conver-
sions has been observed experimentally by many other
workers*!!'7'#, The effect of monomer concentration on
the rate constant of chain transfer to monomer has been
discussed by Hjertberg et al.'®. However, this study is
the first to estimate K, and K,/K 5 values and to measure
the effect of conversion on these parameters.

The fits of the present model with experimental
molecular-weight data over the entire conversion range
for a wide range of temperature are shown in Figures
3—6. One can see that the model fits the experimental
data well over the entire range of conversion and
temperatures studied. Molecular weight increases slightly
with conversion before X, then decreases gradually with
conversion after X;. Increase in M, and M, with
conversion at X < X; is due to increase in significance of
contribution of the polymer phase. At 60 and 70°C, the
model values are slightly lower than experimental data
at high conversion stage. Chain transfer to polymer may
be more significant at higher temperatures. The para-
meters estimated from the experimental data shown in
Figures 3—6 are plotted in Figures 7 and 8. All the
parameters are mild functions of temperature and can be
correlated with the following Arrhenius-type equations:

K, =5.55x 10*? exp(—9340/T) (lmol~'s™")

(73)

K./K s = 4260 exp(—3410/T) (Imol 1)
(74)
CH* = 1.28 x 10* exp(~3250/T) (75)
C,=8.31 x 10% exp(— 11 100/T) (76)

Cl = 6.48 x 1073 exp(—3320/T) (77)

With the parameters in equations (73)—(75), one can
estimate CM values at any conversion and temperature.
Typical values at 50°C are shown in Figure 9. One can
see that CM is a constant for X < X;, but CM in the
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Figure 3 Conversion dependence of accumulated molecular-weight
averages at 40°C. Perkadox 16-W40 initiator with [1] = 0.40 wt%. (A)
M, measured by LALLS; (0) M,, measured by g.p.c.; (O) M, measured
by g.p.c. ( ) Model

160 T T T T — T T T T T

Mn or Mw/1000

404 q

] 10 20 30 40 50 60 70 80 90 100
CONVERSION. 7

Figure 4 Conversion dependence of accumulated molecular-weight
averages at 50°C. Perkadox 16-W40 initiator with [I]=0.15 wt%.
(A) M, measured by LALLS; ([]) M, measured by g.p.c.; (O) M,

n

measured by g.p.c. (———) Model
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Figure 5 Conversion dependence of accumulated molecular-weight
averages at 60°C. Perkadox 16-W40 initiator with {I]=0.125 wt%.
(A) M, measured by LALLS; ([0]) M, measured by g.p.c.; (O) M,
measured by g.p.c. (———) Model
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Figure 6 Conversion dependence of accumulated molecular-weight
averages at 70°C. Azobisisobutyronitrile (AIBN) initiator with
[I]=0.15wt%. (A) M, measured by LALLS; ([J) M, measured by
g.p.c.; (O) M, measured by g.p.c. ( ) Model
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Figure 8 Temperature dependence of C, and C, for VCM
polymerization: (O) Cp, () C,

monomer phase is slightly smaller than that in the
polymer phase due to the difference in monomer
concentrations in these phases. CM in the polymer phase
increases significantly after X, because of the decreasing
monomer concentration and the increasing importance
of diffusion-controlled reactions. Some typical values of
CM before X; are shown in Table 1. CM values from the
literature are summarized in Table 2. All the data except
Burnett’s’ in Table 2 are in reasonable agreement at a
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given temperature. The small differences may be the resuit
of using different models for data interpretation and using
samples at different conversions. In fact, the present
results are in excellent agreement with the literature data.
The CM shown in Figure 9, for instance, represents all
the data at 50°C shown in Table 2. CM values in Table
2 estimated from solution polymerization are greater than
those in the monomer phase but very close to those in
the polymer phase shown in Table 1. This is not surprising
because the monomer concentrations in solution poly-
merization are always lower than those for the monomer
phase. In solution polymerization, the molecular weight
always increases with increase in monomer concentra-
tion®*®%71 This cannot be explained by the classical
mechanism of chain transfer to monomer during VCM

CM»1000
w

0 i L L e n L
o 10 20 30 40 50 60 70 80 90 100
CONVERSION, %

Figure 9 Conversion dependence of CM for VCM polymerization at

50°C. (———— ) CM in the monomer phase; ( ) CM in the polymer
phase
Table 1 Some typical values of CM for X < X;
CM x 10°

Monomer Polymer Polymerization
Temp. (°C)  phase phase type
40 0.314 0.508 suspension
50 0477 0.791 suspension
60 0.723 1.17 suspension
70 1.07 1.58 suspension
Table 2 CM values from the literature

Polymeriza-
Temp. tion
°C) CM x 103 type Refs.
6 0.171 bulk 4

20 0.32 bulk 65
25 0.385 bulk 4
30 0.63, 0.51, 0.625 bulk 5, 65, 66
40 0.710, 0.71 bulk 4,65
50 1.10, 1.05, 1.35, 0.85, 1.035 bulk 5, 65-68
60 1.48, 1.23 bulk 65, 67
70 5.71, 2.15, 2.38 bulk 5, 65, 66
25 0.32, 0.0657 solution 69, 70
40 5.0 solution 64
50 1.1, 0.64, 0.78 solution 3,67
55 0.122 solution 70
60 1.08, 1.28 solution 67
55 1.2+0.2, 1.30 emulsion 12, 13
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polymerization. However, according to the present
model, K;, will decrease with increasing monomer
concentration although other kinetic parameters remain
constant under homogeneous conditions; consequently,
the molecular weight increases.

C, and C, values for VCM polymerization have never
been reported in the literature. C, is in the range
107*-107°% and C, in the range 107°-1077 for the
temperature range used in this study (see Figure 8). These
values suggest that chain transfer to polymer is almost
insignificant for commercial VCM polymerization. This
is in agreement with the results for long-chain branch
measurements for commercial PVC!7. It is also
supported by weight- and number-average molecular-
weight results*5-7%3:72 i e weight- and number-average
molecular weight increases with conversion slightly at
X < X;. If C, were greater, the weight-average molecular
weight would increase significantly particularly at high
conversions. Using PVC dimers and trimers as model
PVC, Lim et al.”? estimated a C, of 5 x 10™* at 50°C,
which is one order of magnitude higher than the present
value.

Model evaluation

With the parameters estimated above, we are able to
evaluate further the present model and explain other
features of PVC molecular-weight development. Figures
10 and 117 show the relationships between instantaneous
and accumulated molecular-weight averages. The instan-
taneous molecular weight in the monomer phase is much
lower than that in the polymer phase although CM in
the polymer phase is higher. The reason is that the
termination rate constant is much higher in the monomer
phase. The total instantaneous molecular weight is close
to that in the polymer phase because the polymer phase
dominates the polymerization rate as has been shown
previously'®. The number- and weight-average molecular
weights are almost constant at X < X; due to the low
values of C, and C, and other factors are constant.
However, the total instantaneous number- and weight-
average molecular weights increase gradually due to
significant increase in polymerization rate in the polymer

00
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Figure 10 Conversion dependence of instantaneous and accumulated
number-average molecular weights at 50°C. Perkadox initiator with
[I]=0.15wt%. (Q) Experimental data. (A) Accumulated number-
average molecular weight; (B) instantaneous number-average molec-
ular weight in the monomer phase; (C) instantaneous number-average
molecular weight in the polymer phase; (D) the total instantaneous
number-average molecular weight
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Figure 11 Conversion dependence of instantaneous and accumulated
weight-average molecular weights at 50°C. Perkadox 16-W40 initiator
with [T] = 0.15 wt%. (A) Measured by LALLS; ((]) measured by g.p.c.
(A) Accumulated weight-average molecular weight; (B) instantaneous
weight-average molecular weight in the monomer phase; (C) instan-
taneous weight-average molecular weight in the polymer phase; (D) the
total instantaneous weight-average molecular weight
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Figure 12 Effect of initiator concentration on accumulated number-
and weight-average molecular weights at 50°C. Initiator: Perkadox
16-W40, conversion = 87%. (A) M, measured by LALLS; ((J) M,,
measured by g.p.c.; (O) M, measured by g.p.c. (———) Model

phase. The weight-average molecular weight increases
slightly because of the effect of chain transfer to polymer.
Therefore, the accumulated weight-average molecular
weight is slightly lower than the total instantaneous
weight-average molecular weight for X < X;. At higher
conversions, the instantaneous number- and weight-
average molecular weights decrease dramatically due to
increase in CM. However, the accumulated molecular-
weight averages decrease only slightly because of the
small amount of polymer produced at this conversion
level. These results are in agreement with Hamielec et
al’s™ prediction considering CM to be diffusion-
controlled and Hjertberg et al’s'® experimental re-
sults for polymerization at reduced monomer levels
(subsaturation pressure).

The effect of initiator concentration on accumulated
molecular-weight averages is shown in Figure 12. One
can see that the molecular weight decreases slightly with
increasing initiator concentration. Again, this result
confirms that chain transfer to monomer dominates
molecular-weight development. This is consistent with
Abdel-Alim et al.’> and Danusso et al.’s®® experimental
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Figure 13 Temperature dependence of accumulated molecular-weight
averages. Perkadox 16-W40 initiator with [I1]=0.175%. (v) M,
measured by g.p.c.; (A) M, measured by LALLS; ({J) M, measured
by g.p.c.; (O) M, measured by g.p.c. ( ) Model
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Figure 14 Conversion dependence of polydispersity at 50°C. (O) M,
measured by LALLS; (A) M, measured by g.p.c. ( ) Model

results. The present model predictions are in excellent
agreement with the experimental data.

Figure 13 shows the temperature dependence of M,,
M,, and M, at high conversions (~85%). The molecular
weight is very sensitive to polymerization temperature as
expected. This study provides for the first time
experimental measurements and predictions of M,, M,
and M, as a function of temperature and other reaction
variables. The model predictions are in satisfactory
agreement with the experimental data over a wide range
in temperature (see Figure 13).

Given M, and M,, one can calculate the polydispersity.
Most often, the polydispersity of commercial PVC is
between 2.0 and 2.5. Russo et al.* noticed that the
polydispersity of PVC increases with conversion at high
conversions. However, this phenomenon has never been
predicted quantitatively. Figure 14 shows a comparison
between model prediction and experimental data at 50°C.
One can see that the polydispersity increases with
conversion and varies in the range 1.7 to 2.5 over the
entire conversion range at 50°C. The polydispersity
increases slightly when X < X;, which can be attributed
to chain transfer to polymer in the polymer phase. At
X > X;, the polydispersity increases significantly, and this
can be explained as due to chain transfer to monomer
and polymer under diffusion-controlled reaction condi-
tions. The number-average molecular weight is indepen-
dent of chain transfer to polymer but very sensitive to
chain transfer to monomer and it decreases significantly
with increasing CM. On the other hand, the effect of
chain transfer to polymer on the weight-average
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molecular weight becomes more significant with
increasing conversion although the C, is very low; thus,
M,, decreasing with conversion is not as significant as
M,_. Consequently, the polydispersity increases signifi-
cantly at high conversions. The present model can
satisfactorily describe this phenomenon.

With the parameters estimated above, one can solve
equations (26), (49), (50) and (61) for MWD of PVC at
any conversion. However, it is not practicable to solve
equation (49) r times simultaneously at time ¢ for
concentration of polymer with chain length r. The last
two terms in equation (50) may be neglected because of
low C, and C, values. Thus, the solution of equation
(49) is not required for MWD. Figures 15-18 show the
MWD for conversion less than X; at 40, 50, 60 and 70°C
respectively. One can see that the present model
prediction is in excellent agreement with the experimental
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Figure 15 Accumulated molecular-weight distribution at conversion
62.7% (MW = 62.5r), temperature 40°C, Perkadox 16-W40 initiator
with [1] = 0.40 wt%, M, =91.8 x 103, M,, = 186.6 x 10°. (O) Experi-
mental data. ( ) Model
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Figure 16 Accumulated molecular-weight distribution at conversion
63.2% (MW =62.5r), temperature 50°C, Perkadox 16-W40 initiator
with [1] =0.15 wt%, M, =69.1 x 103, M, = 135.2 x 10*. (O) Experi-
mental data. ( ) Model
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Figure 17 Accumulated molecular-weight distribution at conversion
48.9% (MW = 62.5r), temperature 60°C, Perkadox 16-W40 initiator

with [1]=0.125 wt%, M, = 54.0 x 103, M, =91.1 x 10°. (Q) Experi-
mental data. ( ) Model
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Figure 18 Accumulated molecular-weight distribution at conversion
389% (MW =625r), temperature 70°C, AIBN initiator with
[1] =0.15 wt%, M, =40.4 x 103, M, = 66.9 x 10, (O) Experimental
data. ( ) Model
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Figure 19 Instantaneous and accumulated molecular-weight distribu-
tion at conversion 63.2% (MW = 62.5r), temperature 50°C.

(O) Experimental data. ( ) Accumulated MWD; (———— )
Instantaneous MWD in the monomer phase; (————) instantaneous
MWD in the polymer phase; (—--—--—) the total instantaneous

MWD. (Curves —— and —.— overlap)

data. All the distribution curves have similar shape
although the distribution shifts to lower molecular weight
with increasing polymerization temperature. Figure 19
further illustrates the contribution of each phase to the
accumulated MWD. The instantaneous distribution in
the monomer phase is narrower than that in the polymer
phase. This can be attributed to no chain transfer to
polymer and higher termination rate in the monomer
phase. However, the contribution of monomer phase to
the total MWD is very small because polymer is mainly
produced in the polymer phase at conversions as high
as 63.2%. In fact, the total instantaneous MWD is very
close to the instantaneous MWD in the polymer phase.
The total instantaneous MWD almost overlaps the
accumulated MWD for X < X;. However, the instant-
aneous MWD is quite different from the accumulated
MWD for X > X; as shown in Figures 20-23. One can
see that the instantaneous MWD shifts to lower
molecular weight because of increasing CM at
high conversion. The amount of this polymer produced
at this stage is relatively small. However, this
low-molecular-weight PVC may affect the quality of PVC
product significantly. For example, the thermal stability
of the low-molecular-weight polymer may be much lower.
This subject will, however, be discussed in a future
publication.

Little work has been done on MWD of PVC in the
literature®-*°, This study is the first to describe the MWD
of PVC both theoretically and experimentally.

From Figures 10-23, one can see that the parameters
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Figure 20 Instantaneous and accumulated molecular-weight distribu-
tion at conversion 88.3% (MW = 62.5r), temperature 40°C, Perkadox

16-W40 initiator with [I]=0.175wt%, M,=90.4x 103, M, =

192.8 x 10°. (Q) Experimental data. ( ) Accumulated MWD;

(———) instantaneous MWD
20 e T
LA )
18 l \
16 in
I, I
| 4
14 l
g 12 1\ A
S, i
kS !
S |
= 8 \
ol \‘ i
41 A \ 4
2 \
; 1‘0\ ILS 2‘0 2‘5 k[ 35 :l; 4‘5 50

MW/ 10000

Figure 21 Instantaneous and accumulated molecular-weight distribu-
tion at conversion 90.0% (MW = 62.5r), temperature 50°C, Perkadox
16-W40 initiator with [I]=0.15wt%, M, =572 x 103, M, =

136.9 x 10°. (O) Experimental data. (———) Accumulated MWD;
(——-—) instantaneous MWD
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Figure 22 Instantaneous and accumulated molecular-weight distribu-
tion at conversion 76.9% (MW = 62.5r), temperature 60°C, Perkadox

16-W40 initiator with [I]=0.125wt%, M, =504 x10% M, =

95.6 x 103, (O) Experimental data. (— ) Accumulated MI;D;
(— -) instantaneous MWD
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Figure 23 Instantaneous and accumulated molecular-weight distribu-
tion at conversion 80.5% (MW =62.5r), temperature 70°C, AIBN
initiator with [I]=0.15wt%, M,=34.7x10%, M, =66.2 x 103,
(O) Experimental data. ( ) Accumulated MWD; (———)
instantaneous MWD

estimated above are reasonable. The present model can
satisfactorily predict the molecular-weight development
of VCM polymerization over the entire conversion range.

CONCLUSIONS

A comprehensive model for molecular-weight develop-
ment during VCM polymerization has been developed.
The model was evaluated using comprehensive molec-
ular-weight average and distribution measurements by
LALLS and g.p.c.

The present model is in excellent agreement with
experimental rate and molecular-weight data over the
entire conversion range of commercial interest for
temperatures 40-70°C. The model can satisfactorily
describe the kinetic features of VCM polymerization
quantitatively, which include molecular-weight averages
and distribution as a function of conversion, initiator
concentration and polymerization temperature, and can
account for the contribution of each phase to the
molecular weight of the final polymer at the end of the
reactor batch.

Chain transfer to monomer (which involves several
elementary reactions) dominates molecular-weight de-
velopment. CM values differ for the two phases and
increase significantly for conversions above X;.

All the parameters estimated based on the present
experimental data are given as a function of temperature,
which can be used for PVC reactor simulations.
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NOMENCLATURE

a = Mark-Houwink constant
A = a parameter defined in equation (62)
B = a parameter defined in equation (62)
B* = free-volume factor used in K,/K equation
C = a parameter defined in equation (49)
CH* = free-volume factor used in K, equation
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[Cl*] = chlorine radical concentration (mol171)
CM = ratio of K, to K,
C, =ratio of K¢, to K,
C, =ratio of K¢, to K,
F(t) = normalized g.p.c. response, fraction
K = Mark—-Houwink constant
K 4. = radical desorption rate constant (s~ ')
K;, =chain transfer to monomer rate constant
(Imol~!s™1)
K, =chain transfer to polymer rate constant
(Imol~ts™ 1)
Ki,=CI" transfer to
(Imol~*s™1)
propagatlon rate constant (I mol~*s™!)
= Cl" propagation rate constant (I mol Ts~h
K = combination termination rate constant
(Imol~ts™ 1)
K,; = disproportionation termination rate constant
(Imoi~ts™ 1)
m = instantaneous mass fraction of polymer
[M] = concentration of monomer (mol1~1)
M, = instantaneous number-average molecular weight
M, = accumulated number-average molecular weight
M, = instantaneous weight-average molecular weight
M, = accumulated weight-average molecular weight
M, = instantaneous Z-average molecular weight
M, = accumulated Z-average molecular weight
PQ, = a parameter defined in equation (43)
PQ, = a parameter defined in equation (43)
P. = mole number of dead polymer with chain length
r
[P,] = concentration of dead polymer with chain length
r (moll™1) '
Q; = the ith moment of dead polymer distribution
r = polymer chain length
r, = the critical chain length to precipitate
[R*] = the total concentration of radicals (mol17™!)
R,,, = a parameter defined in equations (17) and (18)

polymer rate constant

R, = initiation rate (mol 17ts7™Y
R,=dX/dt, conversion fraction per unit tlme
R = polymerization rate in the i phase (mol 17 s71)

RQ2 = a parameter defined in equation (46)
RQ, = a parameter defined in equation (46)
R; = mole number of polymer radical with chain
length
[R;] = concentration of radical with chain length r
(moll™ 1)
S, = a parameter defined in equation (22)
S, = a parameter defined in equation (43)
t = time
T = absolute temperature (K)
V = volume of reaction system (1)
= free-volume fraction of polymer
fof = free-volume fraction of polymer at X;
W (r) = instantaneous weight fraction of dead polymer
with chain length r
W (r) = accumulated weight fraction of dead polymer
with chain length r
X = conversion, fraction
X; = critical conversion at which the monomer phase
is consumed
Y; = the ith moment of polymer radical distribution

Greek letters

B; = a parameter defined in equations (17), (18) and
(69)
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[#] = intrinsic viscosity (dl g~ ")

A; = a parameter defined in equations (68) and (69)

17, = a parameter defined in equations (17), (18) and
(68)

¥ = a function defined in equation (60)

Subscripts

1 = monomer phase
2 = polymer phase
m = monomer phase
p = polymer phase
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