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DETERMINATION OF KINETIC PARAMETERS
FROM GPC-DATA

Gert Miiller and FElisabeth Schroder

Department of Chemistry
Technical University
“Carl Schorlemmer” Leuna-Merseburg
4200 Merseburg
German Democratic Republic

ABSTRACT

The molecular weight distribution and its first
moments of selected polymers were experimentally
determined through GPC-investigations with additio-
nal molecular weight detection. In on-line operation
discontinuously functioning Ubbelohde-viscometer was
used for the determination of degree of polymerization
in dependence on elution volume.

The relation between the experimentally determined
values and relative kinetic parameters were derived
for some polymers prepared by radical mechanism. The
relative constants which determines the branching
structure in polymer can be now calculated.

From the investigated polymers the effect of che-
mical nature of monomer units for the branching for-
mation was determined.

INTRODUCTION

When the molecular weight distribution of a polymer
is determined by the conditions of synthesis (1), it

1245

Copyright © 1986 by Marcel Dekker, Inc. 0148-3919/86/0906-1245$3.50/0



16: 01 24 January 2011

Downl oaded At:

1246 MULLER AND SCHRODER

must be possible to use a measured distribution of the
degree of polymerization to draw conclusions concerning
elementary reactions having occurred in the system,
These correlations can be used for solving kinetic pro-
blems with respect to the reaction of polymer formation
provided that the accuracy of the method of determina-
tion is very high.

Due to the considerable progress in the methodical
development of high-resolving gel permeation chromato-
graphy (GPC) with detection of molecular weight, the
research workers concerned with high polymers today dis-
pose of a method of analysis meeting all demands with
respect to detection sensitivity, precision and repro-
ducibility which are necessary for obtaining exact data
on the frequency distribution of molecular weight.

Since separation by GPC, in consequence of the effec-
tive separation mechanism, proceeds according to the
hydrodynamic volume rather than the molecular weight,

a molecular weight detector has to be used additionally
in the evaluation of the elution curve with respect to
kinetic values, particularly in the investigation of
reactions leading to branch formation (2). This combi-
nation of detectors results in the fact that the pro-
blem of calibration, which is of exceptional importance
in the classical evaluation of GPC, becomes unimportant,
furthermore, the elution chromatogram can be corrected
by the axial dispersion function without any assumptions
being made (3). Thus, GPC is reduced to its original
application, i.e. the separation of macromolecules accor-
ding to their size. The error resulting from axial dis-
persion which is generally inherent in this method can
be exactly taken into consideration experimentally with-
out mathematical assumptions.,

Similar considerations apply to GPC investigations
using combined detection units for determining simul-
taneously the concentration and the structure of the
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eluate. This opens the field of the determination of he-
terogeneity for the research worker concerned with co-
polymer analysis. Apart from the well-known and widely
used procedures for determining the chemical composition
of copolymers in dependence on the elution volume by
combining two or more concentration detectors, one struc-
ture detector can be used to obtain information on the
step probability Pap in the chain (17). This, however,
requires that the dependence of the property of a struc-
tural unit located in the center of a selected chain
segment on its nearest neighbours be known. From the mea-
sured Pay the ratios of rate constants ra=kaa/kab and
rb=kbb/kba can be calculated, respectively, the mean
length of sequences (a or b) and the distributions of
sequences or sequence length. This field of work is still
in its initial stage; research work using ethylene-vinyl
acetate-copolymers shows however (30), that this is in
principle a promising way, although there are still many
partial problems which remain to be solved for each of
the system to be investigated.

In this contribution a new field of interesting appli-
cation of the modern high-resolving GPC has been repre-
gsented. It has been shown that how one can determine
independently without assumption of the structural for-
mation of the polymer the number- and the weight average
molecular weight from the chromatogram. It is possible
about the average values Mn and ﬁw to describe a relation
between the kinetic of the polymer formation reaction to
the microstructure in the given case the branching of the
polymers.

EXPERIMENTAL

The continuous determination of molecular weight in
the eluate directly at the end of the separating columns
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is at present carried out using viscosity and light
scatiering detectors (low angle laser light scattering-
detector). Viscoeity measurements can be carried out
continuously (4) and discontinuously (5 to 13) in on-

line operation with sufficient accuracy. The latter

method is not subjected to all points of the basic requi-
rements pointed out by Ouano (14), which must be met by a
molecular weight detector. However, if the measurement pro-
cedure is optimized using the experimental set-up des-
eribed in the literature (e.g. 10,11,12), reproducible
results are obtained which are confirmed by comparison
with absolutely measured mean values Mn and ﬁw‘ The ad-
vantage of the discontinuous measurement is the apparatus
set-up. As the measuring and the pumping system is not
directly connected with each other, the operation of the
viscometer is undisturbed and without being affected by

the smallest inhomogeneities in the flow rate of the eluent.

All ﬁn and ﬁw values which constitute the basis of
the feollowing calculations were determined’ using an Ubbe-
lohde-viscometer, modified according to the conception of
Scheinert (11), as a molecular weight detector. This va-
riant of apparatus is able to prevent deterioration of
time measurement by tailings of the solvent from the
syphon.

Tetrahydrofuran (THF) was used as solvent. Standard de-
viation for its hold-up in the viscometer was 8/1000 sec,
this meets the accuracy demands which in principle are
made for such viscosity measurements.

Elution curves were evaluated in the usual way des-
cribed in the literature (e.g. 5,10,11,12). The concentra-
tion profile was corrected for the axial dispersion accor-
ding to the procedure by Servotte et al (15,16). For poly-
mers having a narrow molecular weight distribution
(1,5<:ﬁw/ﬁn<j2) the correction procedures according to
Berger (3) should be preferred.

The molecular weight to be assigned to the elution vo-
lumes were calculated from the universal calibration
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equation (1) determined experimentally for polystyrene
standards in the range of molecular weights from

6 x 10° to 2 x 1O6 g/mol,
THF
lg [[VJ'M} o, = =0.15045 v_ + 14.889 (1)
25°¢

(5 Styragel columns with the exclusion limit 10-4, 10-5,
10'6, 10~7 ana 1078 m; the flow rate of eluent was

0.75 cm>/min)

Since the calibration relationship is linear (g(ve)/d(lgM)=
constant), the calculation of the mean values Mn and Mw is
considerably simplified (17). This is a favourable fact for
calculating the relative kinetic constants since the method
proposed does not relate the overall distribution but only
the first moments of the frequency distribution of the de-

gree of polymerization to the kinetic equations.

Relationships Between the Relative Reaction Constants
and the Values Obtainable from the Chromatographic Data

The correlation between the instantaneous degree of
polymerization P and the elementary reactions is known
for polymers produced by a radical mechanism. Thus, the
problem may be solved using the equations by Bamford
et al (18). For the present case, the relationship between
the time dependence of the degree of polymerization of
the value r -d(Pr)/dt- and the growing chain -d(P;)/dt—
ig first formulated. The differential equations obtained
in this way are transferred to the time dependence of the
O-th, 1-st and 2-nd moments of the frequency distribution
by multiplying by r" and summation over all r's, with the
equations (2) and (3) being introduced.

Q, => 1" P, (2) Y, =3>r" P, (3)

Using the boundary conditions which can be estimated for



16: 01 24 January 2011

Downl oaded At:

1250 MULLER AND SCHRODER

the present system, and assuming the steady-state prin-
ciple to be valid, the differential equation -d(Qn)/dM or
d(Qn)/dR— obtained can be solved analytically in some
cases ~ other cases require numerical integration.

The measured mean degrees of polymerzation are defined
by equations (4) and (5).

- Q, (M) Q,(R) - (a) (R)
P = g R it R (8) P 92___ Q

or = or
T Qo (R) Yoqmn Q(R)

(5)

Table 1 contains equations for calculating Qo(Mi, Q1(M)
and Q2(M) for some sequences of elementary reactions
occurring in the polymerization of vinyl monomers; these
reactions determine the instantaneous molecular weight
of the formed polymer. Inserting the measured ﬁn and ﬁw
and the selected equations for Q°,1.2(M) from Table 1

in equation (4) and (5) the desired relative reaction
constant can be calculated.

The equations for QO(R), Q1(R) and Q2(R) (Table 2)
were also derived under the assumption that dM/dt=0, as
they are of interest in the emulsion polymerization. In
emulsion polymerization, the equations of bulk polymeri-
zation can be used for description of the resulting
distribution of the degree of polymerization on condition
that chain transfer caused by a chain regulator added
(or by mondmer transfer) is sufficiently large, such that
all reactions leading to chain termination can be
neglected (20).

RESULTS AND DISCUSSION

The proposed concept for calculating relative ki-
netic constants related to the propagation constant kp,
such as kfm/kp (monomer transfer), kfr/kp (regulator
transfer), kfp/kp (polymer transfer), kﬂ /kp (chain double-
bond polymerization) and E;/kp (terminal double-bond
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polymerization) was tested and checked using products of
the emulsion polymerization of vinyl acetate, styrene and
butadiene with different conversions x. For the emulsion
polymerization in the region of constant overall rate of
polymerization, the polymerization time t can be set
equal to x, i.e., x=0 corresponds to t=0 and X=X, (xc=con-
version at which the separate monomer phase disappears)
correspond to t=tc, the values between the extremes can
be obtained from the time-conversion curves. This substi-
tution is necessary in order to give the possibility of
calculating the concentration of regulator R at point x
and the polymerization time t at the site of reaction,
respectively (cf. the boundary conditions listed in line
4 and 5 of Table 1 and in Table 2).

Examples for evaluating the measured elution curves
with respect to the frequency distribution of the molecu-
lar weight and hence the mean values ﬁn and ﬁw have been
presented in earlier works (21,22). For calculating the
above-mentioned relative constants, the equations from
Table 1 and 2 have been used, unless references indicating
other sources have been given.

Emulsion Polymerization of Vinyl Acetate

The polymerization of vinyl acetate has been exten-
sively studied from the view-point of the development of
the mean molecular weights with the conversion. Hence,
comparison of the calculated numerical values with those
p:blished in the literature (23) for kfm/kp' kfp/kp and
kp/kp is easily possible. Evaluation was carried out using
polyvinyl acetates obtained by the emulsion method at 70°C
in dependence on x.

Fig. 1 shows the result of the measurements ~ the mean
molecular weights ﬁn and ﬁw determined from the chromato-
grams. The solid curves were calculated using differential
equations applying to this system (Table 1 line 6). The
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TABLE 1a

Relationships between QO(M) and the relative reaction
constants (M=M(t); dM/dt= -k MY s Rr= initial rate;

p
Q1(M)=M°-M; x=(M°-M)/M°)

reactions deter- kinetic para- QO(M)
mining the degree meters to be
of polymerization calculated
M
- - : 1/2,, _o
PIORRERHOn s, Cfa” Kraf¥p  Crallorte(kymp)En g
termination by
disproportionation
propagation Cp. = ko /k Cp. (M _~M)
monomer transfer fm™ “fm""p fm™"o
M
propagation Co= ko /k Ce.R 1n 72
regulator transfer fr- fr'7p fr L
R=const.
C
M|“fr
propagation Cp.= ko /k R_-R {—j
regulator tranafer 1T LI P ° “olM
C
R=R,(1-x) °F
c
M{|“fr M
propagation Ce..= ko /k R_-R [—J + KU [1+1n = -
regulator t%ansfer fr- fr'7p o “olM ° My
C
= - fr = k!
R—Ro(1 x) R K = kp/kp
chain double-bond
polymerization .
M L]
propagation Cp.= k, /k c EM [— - M] K#1
monomer transfer, fm™ “fm"p fm| olM
polymer transfer, cf = kf /k 1-K*%
terminal double- ‘p *p p
bond polymerization K = kp/kp M
) -
Cop ¥ 1n 3 K=1

only propagation, Co = ko /k
monomer transfer, P p
polymer transfer «
or terminal double- K = k_/k
bond polymerization PP

solved in (1,19)
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TABLE 1b

Relationships between Q2(M) and the relative reaction

constants (same conditions ag in Table 1a)

reactions deter- Q2(M)
mining the degree
of polymerization _—
M
172 1+ 7250 g/
propagation, 20 ) |, Keglr) T (kygRp)
monomer transfer, c kfmZMo-Mi fm
termination by fm 1+ TE__§—71/2
disproportionation td7I
propagation, 2(M°-M)
monomer transfer .
fm
2 2
propagation, M0 - M
regulator transfer . R
R=const. fr

propagation,
regulator transfer

¢
R=R_(1-x) fr

propagation,

regulator transfer
C

R=R_(1-x) ¥,

chain double-bond
polymerization

we . M
Eo-ln T Cfr=2
(o}
1-C o Q
fr fr 2,2
da, _ . 2M M, (14K =)
aMm Cero

numerical integration; no particular

solution has been found for this Ricatti

type differential equation

(continued)
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Continuation of TABLE 1b

» (M _-D0) .
propagat%on, . 4o, _ . 2[1+K — [M+Cpr2+K (MO-M)]
monomer transfer .
polymer transfer: dx Cme + cfp(Mo'M)

terminal double~
bond polymerization numerical integration

only propagation, solved in (1,19)
monomer transfer,

polymer transfer

or terminal double-

bond polymerization

elementary reactions which mainly determine the degree
of polymerization have to be estimated individually for
each system from the course of the frequency distribution
of the molecular weight with the conversion.

In this special case, the differential equations can
be solved by numerical integration, hence the relative
constants can be determined only by approximation calcu-
lug, The calculated mean molecular weights can be fitted
to the measured molecular weights through the conversion
Ey inserting relative constants obtainable from the ﬁn and
M, values in the phase of constant overall rate of poly-
merization (dM/dt=0) according to (20) as starting values
for solving the system of differential equations and then
varying these constants (24)., This procedure is not so very
time-consuming. When the measured values agree with the ana-
lytical values, the relative constants of reactions monomer
transfer, polymer transfer and terminal double-bond poly-
merization are also fixed.

The differentigl equations used in this case were derived
with the simplifying assumption that the rate of chain ter-
mination is negligibly small as compared with the rate of
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TABLE 23
Relationships between QO(R) and the relative reaction con~
c R

_ . - . Do - fr, _ M 0
stants (M=const.; dR/dt= kerYo, R-Ro(1 t) 3 Q1(R)- E;}ln R—)
reactions deter- kinetic para- QO(R)
mining the degree meters to be
of polymerization calculated
propagation Cr.= ko /k R_-R
regulator t;ansfer fr fr'7p °

R 2

. KM o]
propagation Cp.= ko /k R,-R -~ =5~ [ln -—]
regulator tfansfer, fr- “fr'7p ° Ce R
chain double-bond K =k'/k r
polymerization pp

TABLE 2b

Relationships between Q,(R) and the relative reaction con-
stants (same conditions as in Table 2a)

reactions deter- Q(R)
mining the degree
of polymerization

propagation, EM? 1_1
regulator transfer c2 [R™R

fr °
propagation, 1 M
regulator transfer, 11 2K 1 i\] K
chain double-bond K[T/I' ts (g - ﬁq
polymerization Cep 70
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Fig. 1
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0 0.5 x 1.0

Development of the molecular weight with the
conversion x in the emulsion polymerization of
vinyl acetate

o measured values

— calculated course (equ. from Table 1 line 6)
»
xc=0.15; cfm' Cfp and K° cf. legend
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transfer to the monomer. The influence of chain termination
on the calculation of these relative constants is described
in (28).

Regulated Emulgion Polymerization of Styrene

This example is intended to demonstrate how the apparent
relative transfer constant to a chain regulator kfr/kp in
a simple polymerization system can be estimated. Dicycle-
hexylxanthogendisulfide was used as a regulator, the poly-
merization was carried out at 60°C. The regulator-monomer
ratio in the initial solution was 0.0167.

In the phase of constant overall rate of polymerization
(dM/dt=0), the reactions propagation and regulator trans-
fer are responsible for the instantaneous degree of poly-
merization, i.e. the equations of Table 2 line 1 provide
a sufficient description of this system. Assuming that in
the latex particle the same composition of regulator to
monomer is encountered as in the initial mixture, and
basing the calculation on the measured ﬁn and Mw values
(Pig. 2), the relative constant kfr/kp is 0,08. The con-
centration of monomer in the latex particle can be calcu-
lated according to (20) (density of monomer = 907.4 g/l;
density of polymer = 1020 g/1; t, = 0.55 and m = 104 g/mol).
If the assumption does not apply - the following example
will demonstrate that this indeed may be the case - the
value for kfr/kp will also change. However, the equations
for calculating these constants have the property that the
order of magnitude of the value kfr/kp does not change even
upon major variations in the regulator concentration at the
gite of reaction. For example, if the concentration of the
regulator at the site of reaction is diminished by one-half,
kfr/kp is found to be 0.16. The constant kfr/kp determined
in this way is of the order of magnitude to be expected for
dialkylxanthogendisulfides (with longer alkyl groups). It
is smaller by a factor of 10 than the value obtained in



16: 01 24 January 2011

Downl oaded At:

1258

17

15

13

Fig. 2

MULLER AND SCHRODER

= 4 -1
- Mn 10 / g-mol
4 o (o}
(o]
4
T T T T T 1 T T
0 0.5 X 1.0

Development of the molecular weight with the
conversion x in the regulated emulsion poly-
merization of styrene

0 measured values
— calculated course (equ, from Table 71 line 4
and Table 2 line 1)

Regulator: Dicyclohexylxanthogendisulfide
R/Minit. mixt.’ 0.0167; R,: 0.066 mol
Polymerization temp.: 60°C
x,=0.55; Cgy (e¢f. legend)
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butadiene polymerization with a comparable regulator. This
is due to the propagation constant k_ in styrene polymeri-
zation, which is higher by the same order of magnitude.

This problem does not occur in the regulated solution
or suspension polymerization of styrene. To calculate the
relative transfer constant kfr/kp in this case, the equa-
tions from Table 1 line 4 must be used. In contrast to
the emulsion polymerization, the true ratio of constants
is obtained rather than an apparent parameter which also
includes the ratio regulator:monomer concentration at the
site of reaction.

The phase of constant overall rate of polymerization
having been finished, the latex particles polymerize
according to the kinetic laws of bulk polymerization, and
R=R(t) and M=M(t) apply. Under these conditions - for con-
versions greater than tc - ﬁn and ﬁw are related to the
quotients of the sums of Q°,1’2(R) plus Q0’1,2(M), where
the first term up to tc and the second for M from t =M
to M have to be calculated. Q, A, 2(M) can be calculated
by the equations from Table 1 llne 4 with M being replaced
by M, (integration frequencies from M, to M), and R, being
replaced by R at the point t . Fig, 2 shows the course of
M and Mw over the conver31on, predicted analytically using
the determined constant, including the measured values. For
the gquotient Mw/ﬁn, a value of 2 is measured and calculated
up to the regions of greater conversions. The small increase
of this value if x> 0.7 and the absolute decrease of the
mean molecular weights are due to the decreasing monomer
concentration. These results are identical with the values
discussed in (26).

Regulated Emulsion Polymerization of Butadiene

The emulsion polymerization of dienes results in compli-
cated polymer structures, since apart from the transfer to
the regulator, it is mainly the reaction of the double-



16: 01 24 January 2011

Downl oaded At:

1260 MULLER AND SCHRODER

bond remaining in the monomer unit which determines the time
dependence of the degree of polymerization., When the relative
reaction constant kl')/kp (chain double-bond polymerization)
are known, however, precalculation of the molecular struc-
ture before the gel point is possible (22) - with all other
constants entering into the relationships being assumed to
be known.

The polymerization was carried out at 55°C using the
regulator dodecylxanthogendisulfide (DDXDS). Three experi-
mental series with different concentration ratios of regu-
lator:monomer in the initial mixture were evaluated, in
order to confirm the result of the calculation of ké/kp.

Obviously, the reactions propagation, regulator trans-
fer and chain double-bond polymerization are responsible
for the inatantaneous degree of polymerization; transfer
reactions to the polymer lead to stable allyl radicals
which do not readily undergo further reaction. Hence, in
the range of constant overall rate of polymerization
(dM/dt=0), the equations of Table 2 line 2 should apply to
the relationship between Mn or ﬁw and the kinetic constants.

The mean molecular weights at polymerization time t
which are to be inserted into the quotients of these re-
lationships (according to equation (4) and (5)) for calcu-
lating ké/kp were determined from the experimentally mea-
sured chromatograms and are plotted in Pig. 3. The solid
curves in the Figure were calculated using the optimal
values obtained for k'/kp and RO/M in the latex particles
in this way, kfr/kp was known from other measurements (27).
The numerical values are contained in the legend of Fig. 3.
Again, the monomer concentration can be calculated accor-
ding to (20) (density of monomer = 625 g/l; density of
polymer = 920 g/1; %, = 0.5 and mj = 54 g/mol).

The information obtained simultaneously about the RO/M
ratio at the site of reaction is interesting and is dis-
cussed in (22). The constant ké/kp, in the determined order
of magnitude of 2 x 10'3, explains why microgel containing
products are produced in the unregulated emulsion polymeri-
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15

10

1

= . -4 -
. Mw 10 / g -mol

0.1 0.3 t 0.5

Fig. 3 Development of the molecular weight with the
polymerization time t in the regulated emulsion
polymerization of butadiene

measured values: R/M,

®4-1073; o08-1073,

init. mixt. -3
01210

calculated course: curve 1 RO/M = 0.003

curve 2 RO/M = 0.0041 .. 0.0043

(equ. from Table 2 line 2)

Regulator: DDXDS; Polymerization temp.: 55°C
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zation of butadiene already after short polymerization
times.

In conversions greater than X, (in case that soluble
products are still formed) the equations of Table 1 line 5
may be treated as described in section -regulated emulsion
polymerization of styrene - if it is desired to include
these measured values (Mn and Mw) into the calculation of
the constants.

Further polymerizations which are interesting from an
industrial point of view can be evaluated according to this
procedure. For example, the value of the relative transfer
constant to the monomer in the suspension polymerization
of vinyl chloride at 50°C is obtained to be 1.4 x 10-3
(28) which is in good agreement with known literature data.
The calculations were carried out on the basis of a kine-
tic formalism which leads to the equations in Table 1
line 2. According to this procedure, the quotient ﬁw/ﬂn
can be expected to have a value of 2 even at high con-
versions. Deviations of up to ﬁw/ﬁn = 2.68 (29) found ex-
perimentally in batches with high conversions suggest se-~
condary reactions occurring in regions of high conversion.
A report on the estimation with respect to the order of
magnitude of the feasible reactions is given in (20).
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