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Abstract

Pulsed laser techniques have enormously improved the quality by which rate coefficients of individual steps in
free-radical polymerization may be measured. Pulsed laser initiated polymerization (PLP) in conjunction with
size-exclusion chromatography (SEC) yields the propagation rate coefficient, k,. The PLP-SEC-technique has been
applied to a wide variety of homopolymerizations and copolymerizations, either in bulk or in solution. In addition
to reporting kinetic data, experimental details of PLP, of SEC, and of the limitations associated with the accurate
determination of the MWD are discussed. The single pulse (SP)-PLP method, which combines PLP with time-
resolved NIR spectroscopy, allows for a very detailed insight into the termination rate coefficient, k,, for homo- and
copolymerizations. k, data are reported as a function of temperature, pressure, monomer conversion, solvent
concentration, and partly also of chain length. This review considers literature up to December 2000. © 2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction

In contrast to the enormous technical importance of free-radical polymerization, the detailed under-
standing of polymerization kinetics is rather incomplete. For most polymerization reactions, individual
rate coefficients, especially those concerning the propagation, k,, and termination, k, steps which,
together with initiation kinetics and initial concentrations, determine the monomer conversion vs.
time dependence, are not precisely known. This can be easily seen by inspection of the Polymer Hand-
book [1] where, even for ostensibly the same polymerization conditions, widely scattering rate coeffi-
cients are tabulated. Rate coefficients also need to be known in order to describe and to simulate the
polymer molecular weight (distribution), which in turn affects the properties of the polymeric material.

With the advent of pulsed-laser-assisted techniques, the unfavorable situation associated with the
limited knowledge of accurate rate coefficients k, and k; for free-radical polymerizations has enormously
improved. For most common monomers and also for several unusual ones, rate coefficients have become
available. The basic principle behind the eminent success of pulsed lasers being applied toward measuring
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Nomenclature

AA acrylic acid

AIBN azobisisobutyronitrile

AN acetonitrile

BA butyl acrylate

BMA butyl methacrylate

BzOH  benzyl alcohol

CO, carbon dioxide

CHMA cyclohexyl methacrylate
DA dodecyl acrylate

DDM n-dodecyl mercaptan
DMA dodecyl methacrylate
DMF dimethyl formamide
DMPA  2,2-dimethoxy-2-phenylacetophenone
DMSO  dimethyl sulfoxide
EHMA  2-ethylhexyl methacrylate
EMA ethyl methacrylate

EMK ethyl methyl ketone
EtOH ethanol

GMA glycidyl methacrylate
HAc acetic acid

HEMA  hydroxyethyl methacrylate
HPMA  2-hydroxypropyl methacrylate
iBMA  i-butyl methacrylate
iBoMA i-bornyl methacrylate
iDeMA  i-decyl methacrylate

MA methyl acrylate

MAA methacrylic acid

MAN methacrylonitrile

MeOH  methanol

MES mesitylene

MIB methyl isobutyrate

MMA methyl methacrylate
NIPAM N-isopropylacrylamide
NMP N-methyl pyrrolidinone
OAc n-octyl acetate

PAA poly(acrylic acid)

PCS p-chlorostyrene

PMA poly(methyl acrylate)
PMAA  poly(methacrylic acid)
PMMA  poly(methyl methacrylate)
PMOS  p-methoxystyrene
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PS polystyrene
PVAc poly(vinyl acetate)
S styrene

TOL toluene

TRIS 3-[tris(trimethylsilyloxy)silyl] propyl methacrylate
VAc vinyl acetate

VEOVA vinyl neo-decanoate

free-radical polymerization rate coefficients consists of the ease and the effectiveness by which UV laser
pulses of several nanoseconds duration may instantaneously create pre-selected free-radical concentra-
tions or generate free-radical concentration profiles. In principle, irradiation with a flash lamp [2] or,
especially for applications on heterogeneous systems, with an electron beam source [3,4] may also be
used to externally control free-radical polymerization. These techniques are, however, less easily
applied and the time-resolution of pulse-initiation by a flash lamp cannot compete with what can be
reached by using a UV laser. For this reason, the paper will only deal with pulsed laser techniques using
UV initiation mostly from an excimer laser source.

Two such methods are of particular importance: the PLP-SEC method uses pulsed-laser polymer-
ization (PLP) in conjunction with size-exclusion chromatographic (SEC) analysis of the polymeric
material. The pulsed laser light almost instantaneously creates an intense burst of free radicals. Varying
the laser pulse repetition rate allows for producing generations of primary free radicals at pre-selected
time intervals. The pulsing translates into a characteristic pattern of the molecular weight distribution
(MWD). Analysis of the MWD enables the unambiguous determination of the propagation rate coeffi-
cient, k,. Aspects of PLP along these lines were first put forward by Aleksandrov et al. [5]. It is, however,
the pioneering work of Olaj and coworkers [6,7] by which the application of pulsed laser techniques
toward k, measurement was demonstrated. In Section 2, the PLP-SEC method will be outlined and the
investigations into k, of homo- and copolymerizations will be reviewed.

Within the second method, polymerization induced by a single laser pulse (SP) is monitored via on-
line infrared or near-infrared spectroscopy with a time resolution of microseconds [8]. From the
measured trace of monomer conversion vs. time (after applying the laser pulse), the ratio of termination
to propagation rate coefficients, k/k,, is obtained which, together with k, from PLP-SEC, yields indi-
vidual &, values over extended ranges of monomer conversion. The aspects of this so-called SP—PLP
technique will be detailed in Section 3.

During recent years, single-pulse techniques in conjunction with the analysis of the resulting
polymer MWD have been developed and tested by Olaj et al. [9] and by deKock [10]. A review on
such studies which are directed toward measuring chain-length dependendent k; is given in Ref. [11].
These investigations are restricted to small initial conversions and thus will not be addressed in detail.
Aspects of measuring the chain-length dependence of k, via SP-PLP will be briefly outlined in
Section 3.7.

Although PLP-SEC experiments are primarily devoted to k, measurement, they also yield informa-
tion about k, [6,7,12—15] and about transfer rate coefficients [16]. These aspects will be briefly
mentioned in the final part of Section 2. Similarly, as will be shown in Section 3, the SP-PLP data,
in addition to providing k; values, contains information about k,. To extract the full informational
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content, it is recommendable to accompany PLP experiments by simulations [17]. The PrepicI®
program package [18] has been successfully applied for this purpose.

The majority of PLP experiments carried out so far are PLP—SEC studies into homopolymerizations
with several groups around the world being engaged in these efforts. SP—PLP studies, on the other hand,
have only been performed at Gottingen University. One reason for SP—PLP studies not being so wide-
spread is that this experiment is more difficult in that the (mostly rather small) monomer conversion
induced by a SP needs to be precisely detected under polymerization conditions with microsecond time
resolution. The PLP—SEC experiment is less demanding in that only the laser pulsing has to be carried
out under actual polymerization conditions whereas the analysis of polymer molecular weight may be
performed by SEC under standard conditions at any time after PLP. From both methods, PLP-SEC and
SP-PLP, a large amount of rate coefficient data has accumulated during recent years. It is the purpose of
this article to present an overview of these results.

2. PLP-SEC experiments directed toward the determination of propagation rate coefficients

After a brief consideration of the PLP—SEC experiment, propagation rate coefficient data determined
from this technique for free-radical homo- and copolymerizations will be given. The majority of this data
refers to bulk polymerizations, but &, in solution will also be addressed.

2.1. Experimental considerations

Within Section 2.1 experimental aspects of the PLP—SEC procedure will be outlined.

2.1.1. Pulsed-laser initiated polymerizations

In PLP experiments, an evenly spaced sequence of laser pulses, mostly at a UV wavelength, is applied
to a reaction system which contains monomer and a photoinitiator. Acetophenones or benzoin is most
frequently used as initiators. Azoinitiators should only be used in case of very slowly propagating
monomers as photodecomposition of the initiator may not be instantaneous [19]. The number of pulses
is chosen such as to yield a small initial monomer conversion, typically of 2—3%. The almost instanta-
neous production of a large amount of primary initiator-derived free radicals by each laser pulse causes
an enhanced termination probability for radicals from the preceding pulse(s) resulting in a periodically
changing radical concentration vs. time profile. This periodic variation in free-radical concentration, cg,
may lead to a structured MWD. At present, these MWDs are best determined from SEC. As an example,
Fig. 1 gives an MWD for poly(dodecyl acrylate) obtained from a PLP experiment at —4 °C and 200 bar
in the presence of 36 wt% CO,. The laser pulse repetition rate was 100 Hz. The MWD exhibits two
distinct maxima at log M = 4.8 and log M = 5.1 and an additional shoulder around log M = 5.2.

The propagation rate coefficient k;, is derived from the MWD according to Eq. (1)

L; = ikycmto i=1,2,3,... (1)

where L; and ?, are the number of propagation steps and the time interval between two successive laser
pulses, respectively, and cy is the monomer concentration. Higher-order inflection points, Ly, L3, Ly,...,
result from preferential termination of the propagating radicals generated at t = 0 by laser pulses applied
at times 21y, 3t, 4to,. .., respectively. A consensus has emerged that in general L; may be best identified with
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Fig. 1. MWD for poly(dodecyl acrylate) obtained at —4 °C, 200 bar, and a laser pulse repetition rate of 100 Hz in 36 wt% CO,
(full line) and corresponding first derivative plot of the MWD (dotted line).

the firstinflection point on the low molecular weight side of the MWD peak [20,21]. In practice, the inflection
point is determined as the maximum of the first derivative of the MWD curve, which is given as the dashed
line in Fig. 1. Four distinct maxima are clearly observed. They are assigned to L, L,, L3, and L.

As has been pointed out in papers published by the IUPAC Working Party Modeling of polymerization
kinetics and processes the PLP—SEC technique provides self-consistency checks for the determination of
reliable k; data [20-22]. For example, it has to be checked whether identical k;, values are obtained upon
variation of experimental parameters such as laser pulse repetition rate, photoinitiator concentration, and
laser pulse energy. The most important consistency check, however, is the occurrence of at least a secondary
inflection point (L, in Fig. 1) located at twice the molecular weight of the first inflection point. The
occurrence of higher-order inflection points clearly indicates that the MWD is determined by the
periodically changing radical concentration. Eq. (1) demonstrates the linear dependence of the characteristic
chain-length L, on £, the time between two successive laser pulses. If chain-stopping and chain-starting
events are not essentially controlled by laser pulsing, this correlation is lost. Thus in cases where chain-
transfer is significant or where the termination rate is very high, k; is not easily accessible from PLP—-SEC.

For monomers such as styrene and methacrylic acid esters, well structured MWDs, as presented in Fig. 1,
are obtained for a wide range of temperature, pressure, initiator concentrations, monomer concentrations,
and laser pulse repetition rates [20—22]. However, for several other monomers it has been proven difficult to
identify reaction conditions under which MWDs suitable for k,, determination may be obtained. Based on
simulations of PLP experiments, the origin of these difficulties will be illustrated below and suggestions
will be made under which reaction conditions k, might be available from PLP studies.

The shape of the MWD is determined by several rate coefficients, the primary radical concentration
(cOR) and time #,, which is given by f; = 1» ! where vy is the laser pulse repetition rate. The time
dependence of cg and the MWDs for different types of PLPs, as obtained from PREDICI® simulation,
are given in Figs. 2—4. The modeling is based on the following simplified reaction scheme

e Initiation
h
15 2R,

R, + MR,
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Fig. 2. Radical concentration—time profile (left) and resulting molecular weight distribution obtained from simulations with the
rate coefficients given for Case 1 in the text.

cR(®)

w(logM)

time log M

Fig. 3. Radical concentration—time profile (left) and resulting molecular weight distribution obtained from simulations with the
rate coefficients given for Case 2 in the text.

()

w(logh)

time log M

Fig. 4. Radical concentration—time profile (left) and resulting molecular weight distribution obtained from simulations with the
rate coefficients as given for Case 3 in the text.

e Propagation
kp
Rn +M— Rn+1
e Termination
ke
R, +R,—P, +P,
e Chain transfer to monomer
klr,M

R, + M'P, +R,

where I is the initiator, R; an initiator-derived radical, R, is a small radical with one monomeric unit at
the chain end, R, a radical of chain length n, M, the monomer, and P,, the polymer of chain length n.
ko, ki, and ki are the rate coefficients for propagation, termination and chain transfer to monomer,
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respectively. The simulations have been carried out for a concentration of the primary radical R; of
cOR =1x10 °mol 1! being generated by each laser pulse with the pulses being applied at a repetition
rate of 10 Hz. The simulations are based on the assumption that the formation of initiator-derived
radicals R; proceeds instantaneously as compared to the subsequent processes of the R; radicals. The
kinetic coefficients are: k; = k, = 600 1 mol 's 'and k, = 1 X 10" 1 mol ' s™!. The termination reac-
tion is considered to proceed only via disproportionation. It has been shown by simulation that the type
of termination reaction (recombination vs. disproportionation) and the size of the associated termination
rate coefficients do not disturb the PLP structure of the MWD [23]. Figs. 2—4 give the cg—? profiles and

the MWDs modeled for the following three cases:

Case 1 comprises the situation of monomers with propagation rate coefficients in the range of some
hundreds up to 10° 1 mol ' s ! and with low chain transfer to monomer rate coefficients, kv, Which,
e.g. occurs with styrene and methacrylates. The modeling results for Case 1 with k,\ = 0 are
presented in Fig. 2.

Case 2 considers systems where the rate coefficient of the chain-transfer to monomer reaction is high.
The modeling (Fig. 3) has been carried out with k. = 21 mol 's™ .

Case 3 describes the influence of the termination rate on the MWD. The simulations (Fig. 4) were
performed with the same set of coefficients as in Case 1, but with the termination rate coefficient being

increased by a factor of 20 to k;, = 2 X 10% 1mol s~

The ¢ vs. time f-profiles in Figs. 2 and 3 are the same since the chain-transfer reaction does not
influence free-radical concentration. However, the MWDs given on the right-hand-side (RHS) of the
figures exhibit clear differences. Whereas the MWD for Case 1 (Fig. 2) shows a distribution with two
distinct peaks, a uniform MWD is seen in Case 2 (Fig. 3). Due to the significance of the chain-transfer to
monomer reaction, the linear correlation between f, and the chain length of the propagating radical is
lost. As a result, reliable k, values cannot be determined if Case 2 applies.

The modeling results for high termination rate (Case 3) show clear differences as compared to Cases 1
and 2. The majority of radicals formed by one pulse are terminated before the subsequent pulse arrives.
As a consequence, the correlation of macroradical chain-length with 7, is lost. Due to the high termina-
tion rate, a very sharp, structureless MWD is obtained. k, values are not unambiguously accessible under
these conditions.

These examples demonstrate that reaction conditions for reliable k, determination from PLP-SEC
experiments have to be optimized. Strategies of finding adequate PLP conditions will be given in Sections
2.2.3 and 2.2.4, which refer to the more complicated acrylate and vinyl ester systems, respectively.

2.1.2. Size-exclusion chromatographic analysis of polymer from PLP

The determination of propagation rate coefficients from PLP—SEC requires the knowledge of absolute
MWDs. The accuracy of k, values is directly related to the quality of molecular weight analysis. In order
to derive absolute molecular weights, the following strategies were applied.

(1) Absolute detection. Optimum SEC calibration is established via well-characterized narrow poly-
dispersity standards of the polymer under investigation. This procedure is applied in the analysis of
polystyrene and poly(methyl methacrylate) (PMMA) samples [20,22]. However, for many systems,
especially for copolymers, well-characterized polymer standards are not available.

(2) Procedure via universal calibration. In cases where molecular weight standards for the particular
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polymer are not available, the PLP samples may be analyzed by using the principle of universal
calibration [24]: After calibrating the SEC set-up with either PS or PMMA standards, the MWD of
the polymer sample is calculated using a transformation procedure that requires two sets of Mark—
Houwink parameters: one for the polymer used for calibration and one for the polymer under investiga-
tion [25]. Thus, the accuracy of the derived k;, values strongly depends on the accuracy of the two sets of
Mark—Houwink parameters and special care has to be taken in determining these parameters. A detailed
discussion is given by Jackson et al. [26].

(3) Multi-detector SEC. Another direct determination of the MWD uses an SEC system with multiple
detectors, most commonly refractive index measurement in combination with on-line viscometry or on-
line light scattering. Such a set-up directly yields absolute polymer molecular weights. A more detailed
comparison of the two SEC calibration procedures is beyond the scope of this study. For a discussion of
the problems that may occur with this strategy, the reader is referred to the publications by the group of
Davis [27]. As compared to the direct SEC calibration methods as employed for styrene and MMA PLP
studies, additional calibration procedures are required for molecular weight analysis via methods 2
and 3. It is important to be aware that such extra steps enhance the uncertainty of k, measurements
via PLP-SEC.

(4) Polymer fractionation by SEC and MALDI analysis. In addition to the above described calibration
strategies, SEC may also be used to fractionate polymer samples, which are subsequently analyzed by
MALDI, thus providing absolute molecular weights. Due to the fractionation of the polymer, samples
with very narrow distributions are obtained and problems of MALDI analysis for broad polymers are
omitted [28]. This method has, however, not been extensively used so far.

The four methods of measuring absolute MWDs are applicable to homo- and copolymers. It should,
however, be noted that k; studies for copolymerizations require SEC calibration for each copolymer com-
position under investigation. The MALDI technique has already been used to characterize biopolymers [29].

There are other factors beyond SEC calibration, which influence the accuracy of measured k, data.
The type of MWD from which the inflection points are derived may also play a role. In most PLP-SEC
studies, the logarithmic MWD, w (log M), directly obtained from SEC analysis employing a mass
detector, is used to derive k,. As has been shown in Refs. [6,7], the position of inflection points may
be directly read from the w (log M) distribution. For most of the systems studied so far, the w (log M)
distribution provides more distinct inflection points than do the other distributions, such as the w(M)-
distribution or the number distribution, f{iM). An extensive theoretical study, on factors influencing the
quality of k, determination [17] revealed that the logarithmic MWD provides the most robust access to
the inflection points. This finding is based on modeling of PLP—SEC experiments for a range of pulsed
laser induced free-radical concentrations. In Ref. [17], it was shown that the position of the inflection
points on the w (log M)-distribution is less prone to experimental SEC broadening and thus &, data are
less affected.

It should be noted that at high concentrations of laser induced free-radicals, %, and thus at high
termination rate, under conditions of the so-called ‘high termination rate limit’ [30,31], the peak maxi-
mum of the MWD may be a better measure for L, the number of propagation steps between two
successive laser pulses. However, these high values of ¥ are difficult to achieve experimentally. In
addition, it is not easy to judge whether the high termination limit is truly operative. In acrylate
polymerizations, even by scanning % over a wide range, the ‘high termination rate limit’ could not
be reached [32].

For a detailed discussion of experimental details the reader is referred to Refs. [20-22].
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Table 1
Monomers subjected to PLP—SEC investigations
Monomer Variation Bulk/solvent Reference
T p
Styrene X X Bulk, BzOH, NMP, AN, DMF, MIB, [22,27,33-40]

toluene, anisole, benzene, DMSO,
bromobenzene, cyclohexane, MES, 1,2-
dichloroethane, acetonitrile, CO,

4-Methylstyrene X Bulk [35]
4-Fluorostyrene X Bulk [35]
4-Chlorostyrene X Bulk [35]
4-Bromostyrene X Bulk [35]
4-Methoxystyrene X Bulk [35]
MMA X X Bulk, BzZOH, NMP, AN, DMF, toluene, [20,27,34,36,38,39,41-45]
anisole, MIB, bromobenzene, benzene,
MES, 1,2-dichloroethane, cyclohexane,
DMSO, EMK, MeOH, EtOH, CO,
EMA X Bulk [21,27,46,47,67]
BMA X Bulk, 2-heptanone [21,25,27,46,48,67]
iBMA X Bulk [67]
EHMA X Bulk [67]
iDMA X Bulk [67]
DMA X Bulk, 2-heptanone, OAc [21,25,47,48,67]
BzMA X Bulk [27,68]
CHMA X Bulk, 2-heptanone, OAc [68,69]
iBoMA X Bulk [68]
HEMA X Bulk [69]
HPMA X Bulk [68]
GMA X Bulk [68,69]
TRIS X Bulk [49]
MAN X Bulk [50]
MAA X Bulk, MeOH, toluene, THF, HAc [51,52]
MA X Bulk, CO, [53-55]
BA X Bulk, THF, CO, [32,56,57]
EHA X Bulk [32]
DA X Bulk, CO, [54,55]
NIPAM X Water [58]
AA X Water [52,59]
VAc X Bulk, +-BuOH, CO, [53,60-62]
VEOVA X Bulk [63]
Chloroprene X Bulk [64]
1,3-Butadiene X Chlorobenzene [2]
Ethyl a-hydroxy Benzene, butanone, chlorobenzene, [65]
methacrylate chloroform, cyclohexane, ethanol,
dichloromethane, ethyl acetate, THF,
pentan-1-ol, propan-1-ol, toluene, xylene,
ethyl benzene
Dimethyl itaconate X Bulk [66]
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2.2. Propagation rate coefficients in homopolymerizations

Propagation rate coefficients have been determined for a large number of monomers applying the
PLP-SEC technique. To the best of our knowledge, Table 1 gives a compilation of all monomers, which
were studied with the PLP—SEC technique so far, with publications until December 2000 being con-
sidered. Table 1 indicates for which monomers a variation of temperature and pressure was performed.
In addition, the reaction medium, bulk or solution, is listed.

For a detailed discussion of the experimental data, the monomers are grouped into the following
categories: styrene and substituted styrenes, methacrylic acid esters, acrylic acid ester, vinyl esters,
olefins, and others. The results for these groups are discussed in Sections 2.2.1-2.2.6. In Section
2.2.7, a comparison of k, for monomers belonging to different families is given. For error estimates
of the rate coefficients and activation parameters the reader is referred to the cited original literature.

2.2.1. Styrene and substituted styrenes

The monomer which has most extensively been studied by the PLP-SEC technique is styrene. Critically
evaluated propagation rate coefficients for bulk polymerizations, so-called ‘benchmark values’, have been
compiled by the IUPAC Working Party Modeling of kinetics and processes of polymerization [22]. The
following Arrhenius equation for k, has been derived from k;, data originating from nine research groups:

styrene:  Ink, Imol™'s™)=17.57-3909T"' (K™") (-12°C<O<93°C) (2

with a pre-exponential factor of A = 4.27 X 10’ 1 mol ' s~ and activation energy of E, = 32.5 kJ mol .
Additionally, investigations into the pressure dependence of k, have been reported [33]. According to the
general expression for the activation volume AV* (Eq. (3)), AV (k,) for styrene at 30 °C has been found to be
—12.1 cm® mol !

dink _ AV* 3
dp  RT
With k, being given in the typical units of 1 mol ' s ™!, the activation volume shows a slight variation with
temperature, e.g. AV#(kp, 90°C) = —11.1 cm® mol . k, data of styrene homopolymerization from 30 to
90 °C and from ambient pressure to 2800 bar has been fitted to the following equation:
3748 0.202
1 1y _ —4
Ink, Imol " s ) =17.14 — 1.873 X 10 "p (bar) — T© + mp (bar) 4

It should be noted that with propagation rate coefficients being expressed as k,, which are in units of
kg mol ' s, the temperature dependence of the activation volumes AV#(k;) is less pronounced [33].

For several para-substituted styrenes, the temperature dependence of k, has been studied by PLP—
SEC [35]. Table 2 contains the ambient pressure &, values at 40 °C and the Arrhenius parameters for
these monomers. The entries refer to the notations in Eq. (5)

Ink, =InA — EA/RT (5)

k, values increase by more than a factor of two in going from p-methoxystyrene to p-bromostyrene,
with k;, for styrene being in between these two values. The activation energies for para-methylstyrene,
para-fluorostyrene, and para-chlorostyrene are not significantly different from the styrene value. For
para-bromostyrene and para-methoxystyrene slightly higher activation energies of about 34 kJ mol ™
are observed. However, as stated in Ref. [35], it is not possible to discriminate whether the substituent
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Table 3

Propagation rate coefficients at 50 °C, k, (50 °C), and Arrhenius parameters, A and E,, obtained for bulk homopolymerizations
of n-alkyl methacrylates at ambient pressure; @ interval indicates the temperature range in which the data has been measured
(Activation volumes AV* are measured at 30 °C)

Monomer A (Imol™!'s™)  Ey (kImol™") AV* (cm® mol™) k, (50°C) mol 's™') @ Interval (°C) Reference

MMA 2.67 x10° 22.4 -16.7° 648 —11t0 90 [20]
EMA 4.06 x 108 234 - 671 6.1 to 50 [21]
BMA 3.78 x 10° 229 —-16.5° 757 —20 to 90 [21]
DMA 2.50x 10° 21.0 -16.0° 995 9 to 90 [21]

# Determined at 30 °C [41].
® Determined at 30 °C [25)].

affects the activation energy or the frequency factor. This may partly be due to the narrow temperature
range (20-40 °C) employed in the experiments.

2.2.2. Methacrylic acid esters

Propagation rate coefficients for a series of n-alkyl methacrylates have been critically evaluated
[20,21]. The k, data for MMA, EMA, BMA, and DMA constitute benchmark value data sets. Table 3
contains the Arrhenius parameters for these monomers according to Eq. (5). The temperature range of
the PLP experiments, k, at 50 °C, and the activation volume AV#(kp) are also listed.

The data in Table 3 clearly show that &, increases with the size of the ester group. In going from the
methyl to the dodecyl ester, k;, is enhanced by a factor of 1.5. As has been discussed previously, it is not
possible to assign, on the basis of the presently available data, the observed trend of k, with ester length
to either the pre-exponential factor, A, to the activation energy, E,, or to both quantities [21].

Table 4

Propagation rate coefficients at 50 °C, k, (50 °C), and Arrhenius parameters, A and E,, obtained for bulk homopolymerizations
of methacrylates carrying branched alkyl, cyclic, or functional ester groups at ambient pressure; @ interval indicates the
temperature range in which the data has been measured. Activation volumes AV* are measured at 30 °C

Monomer AX 10 ¢ mol 's™) E, (kImol™") AV* (cm®mol™) k, (50°C) 1 mol 's™!) @ Interval (°C) Reference

iBMA 2.64 21.8 - 794 10 to 90 [67]
iDMA 2.19 20.8 - 959 10 to 90 [67]
EHMA 1.87 204 - 944 10 to 90 [67]
CHMA  4.88 22.3 -16.2° 1212 0to 90 [69]

3.76 21.5 1257 30 to 110 [68]
GMA 441 219 -15.0° 1273 —10 to 60 [69]

6.02 229 - 1118 30to 110 [68]
BzMA 3.61 21.5 - 1224 30 to 110 [68]

8.50 232 - 1510 6 to 47 [27]
iBoMA  4.28 22.5 - 1002 30to 110 [68]
HEMA 8.88 219 —15.8* 2563 —4t0 70 [69]
HPMA 3.51 20.8 - 1504 30to 110 [68]
TRIS 1.44 19.9 - 871 15 to 50 [49]

* Determined at 30 °C.
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Table 5

Propagation rate coefficients at 20 °C, k, (20 °C), Arrhenius parameters, A and E,, and activation volumes, AV* obtained for
bulk homopolymerizations of n-alkyl acrylates at ambient pressure; @ interval indicates the temperature range in which the
data has been measured, see text for further details

Monomer A X 10®(mol™'s™) E, & mol™) AV* (cm®mol™) ky, (20°C) mol 's™') @ Interval (°C) Reference

MA - - —11.7* - —28t0 —15  [54]
16.6 17.7 11 600 —19to 32 [53]
BA 15.8 17.3 - 13 100 —65to —7 [56]
0.74 9.6 - 14 200 5 to 30 (32]

18.1 17.4 - 14 400 —65 to 30 (32,561
EHA - - - 16 700 51025 [32]
DA 17.9¢ 17.0 —11.7¢ 16 700° —3t0 30 [54]
- - - 18 800 10 to 30 [32]

* Determined at —15 °C.

® Combined fit of experimental BA data from Refs. [32,56].

¢ Data determined at 100 bar and extrapolated to ambient pressure using the given AV*,
¢ Determined at 15 °C.

In addition to the n-alkyl methacrylates, also methacrylates with branched alkyl, cyclic or functional
ester groups were studied [67—69]. The results are contained in Table 4. For branched alkyl meth-
acrylates such as iso-butyl (iBMA), iso-decyl (iDeMA), and 2-ethylhexyl (EHMA) methacrylate the
temperature dependence was investigated. The two methacrylates with larger ester groups, iDeMA and
EHMA, have k, values that are very close to k, of dodecyl methacrylate. Interestingly, k, values
determined for iBMA are below the values for BMA and are very close to k, for EMA. The methacryl-
ates with cyclic ester groups such as benzyl (BzZMA), cyclohexyl (CHMA), and glycidyl methacrylate
(GMA) result in almost identical k, data, which are close to the DMA value. iso-Bornyl methacrylate
(iIBoMA) carrying a sterically demanding group has k, values close to those of the higher alkyl esters,
too. Monomers containing an OH-group such as 2-hydroxypropyl (HPMA) and hydroxyethyl (HEMA)
methacrylate show significantly higher k, than the other methacrylates studied so far. The agreement
between results provided by different groups is generally very good, with the exception of BZMA, where
the k;, values reported by Davis et al. [27] are approximately 25% below the Hutchinson et al. [68] data.
In view of the scattering associated with k, measurement via non-PLP-SEC experiments [1], even this
deviation may be considered as satisfactory agreement.

For several methacrylate monomers, the pressure dependence of k;, has been studied, too. The activation
volumes listed in Tables 3 and 4 are found to be in the narrow range between —15 and —17 cm® mol .

Most studies into k, of methacrylates were carried out in a temperature range where depropagation is
not operative, usually at @ =90 °C. PLP-SEC experiments at higher temperatures may be used to
derive depropagation rate coefficients as well as enthalpies and entropies of polymerization [48].

2.2.3. Acrylic acid esters

In contrast to the methacrylate monomers, only a few alkyl esters of acrylic acid have been studied by
the PLP-SEC technique. In addition, these investigations were restricted to temperatures up to 30 °C.
The results for methyl (MA), butyl (BA), dodecyl (DA), and ethylhexyl (EHA) acrylate are given in
Table 5. Arrhenius parameters, which have been derived from a narrow temperature range, are given in
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italics. As with the methacrylates, a clear increase of k, with ester size is observed: k, of DA is
approximately 50% higher than k, of MA. Although being associated with quite different Arrhenius
parameters, the k,, values of the two BA sets are close to each other in the overlapping temperature range.
Thus, the entire data set is subjected to a combined fit. The resulting activation energy of 17.4 kJ mol '
is very close to the values for MA and DA.

The pressure dependence of acrylate k, has also been investigated. One and the same value, AV* =
(—11.7 = 1.8) cm® mol ', is obtained as the activation volume for MA and DA (Table 5).

The following aspects have been put forward to explain why acrylate k, is difficult to obtain for
temperatures above 30 °C:

High chain-transfer to monomer and at the same time high propagation rate coefficients [32,54,70].
Chain-transfer to monomer events constitute a continuous source of small radicals, which may start
chain growth at any time. In addition, transfer serves as an effective chain-stopping process, which is
particularly relevant for high k, monomers. As a consequence of both effects, chain-transfer to monomer
destroys the correlation between £, and chain length. If the reaction conditions are changed such that the
transfer-induced chain-starting and chain-stopping events are reduced, e.g. by increasing the laser pulse
repetition rate [32] or by diluting the reaction system with a solvent that shows low chain-transfer
activity [44,57], MWDs with PLP structure may become accessible.

Chain-transfer to polymer. At the low polymer concentrations which are typical for PLP-SEC
experiments, intermolecular chain-transfer to polymer is not expected to play a major role, but it
must not be negligible. Inframolecular chain-transfer may however take place from the very beginning
of the polymerization reaction. The consequences of chain-transfer have not been studied in too much
detail so far. The group of Lovell studied BA and vinyl acetate polymerizations at 70 °C and found
significant contributions of chain transfer to polymer [71,72]. Extrapolation of that data to 30 °C
indicates that such effects should be negligible at 30 °C and low degrees of monomer conversion.

Measurement of absolute MWDs by SEC analysis. In addition to the SEC-calibration issues discussed
in Section 2.1.2, problems may arise from the degree of branching of the polymer under investigation.
This holds especially true for cases where linear standards are used for SEC calibration or the determi-
nation of Mark—Houwink constants is based on linear polymer samples. Since separation of polymer
samples is based on the differences in hydrodynamic volumes, no ‘true’ k, values may be deduced even
in cases where a clear PLP structure of the MWD is seen.

It should be noted that the branching tendency at high temperatures may lead to inadequate rate
coefficients if low temperature PLP-SEC derived k, values are extrapolated to high temperatures.
During the branching process secondary polymeric radicals are generated, which show much lower k,
values, since they are more stable than the regular propagating acrylate radicals [73-76].

2.2.4. Vinyl esters

Vinyl acetate (VAc) and vinyl neo-decanoate (VEOVA) have also been investigated via PLP—SEC.
As with the acrylates, both monomers require optimized reaction conditions in order to obtain MWDs,
which are suitable for k, estimates. Due to the high termination rate, with k; being above 10%1mol 's7 !,
successful PLP experiments on VAc require low initiator concentrations and/or short time delays
between two successive laser pulses [60]. At these reaction conditions, k, data for VEOVA become
accessible. The Arrhenius parameters of k,, according to Eq. (5) are listed in Table 6. For VAc, also the
variation of k, with pressure was studied. At 25 °C an activation volume of (—10.7 = 0.5) cm?® mol ! has

been estimated.
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Table 6

Arrhenius parameters, A and E,, activation volume, AV*, and propagation rate coefficients at 50 °C, k, (50 °C) at ambient
pressure, for bulk homopolymerizations of vinyl acetate (VAc) and vinyl neo-decanoate (VEOVA); O interval indicates the
temperature range in which the data has been measured

Monomer A X 10®(mol's™) E, (mol™) AV (cm®mol™) ky, (50°C) mol 's™') @ Interval (°C) Reference

VAc 10 19.8 - 6300 10 to 56 [53]
VAc 14.7 20.7 - 6625 10 to 60 [61]
VAc - - -10.7 - - [62]
VEOVA 204 22.2 - 5265 —21to 21 [63]
2.2.5. Olefins

2.2.5.1. Chloroprene. Bulk polymerizations of chloroprene were carried out in a temperature range
from 10 to 55 °C [64]. The following Arrhenius equation has been obtained:

Ink, (mol™'s™") =16.79 = 31997~ (K™")),  (10°C = §=55°C) (6)
with A = 1.95x 10" 1mol ' s™" and E, = 26.6 kJ mol . At 50 °C, a k, value of 978 Imol 's™" is

observed.

2.2.5.2. 1,3-Butadiene. The propagation rate coefficient for 1,3-butadiene polymerizations has been
determined for reactions in chlorobenzene in a temperature range from 30 to 60 °C [2]. The Arrhenius
equation reads

Ink, Imol™'s™") =1820—-42957"" (K™"),  (30°C = 6=60°C) 7
with A = 8.05% 10’ 1mol ' s™' and E, = 35.7 kJ mol .
2.2.5.3. Ethene. The propagation rate coefficient for the high-pressure ethene polymerization has not
been determined by PLP—SEC so far. The SP—PLP technique (Section 3) has, however, been success-

fully applied to derive both k,, and k, [77,78]. The following equation gives the pressure and temperature
dependence of k,:

Ink, 1 mol™" s™") = 16.75 — (4126 + 0.33p (bar))(T~' (K™")),
®)
(190 °C = 6 = 230 °C) and (1950 bar = p = 2900 bar)
Eq. (8) holds for monomer conversions up to at least 40%. The activation energy is E, = 34.3 kJ mol .

The high value of E, is due to the fact that the ethene double bond is not activated.

2.2.6. Miscellaneous

2.2.6.1. Methacrylonitrile. 'The propagation reaction of methacrylonitrile was studied between 10 and
60 °C [50]. Reactions carried out in bulk and in solutions of toluene and benzene did not show any
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Table 7
Overview on propagation rate coefficients at 30 °C, k, (30 °C), Arrhenius parameters, A and E,, and activation volumes, AV,
for various monomers

Monomer k, (30°C) Imol's™)  Ax10"(mol™'s™")  Ey(Imol™)  AV*(cm’mol™")
Ethene® 16° 1.88 34.3¢ —27
1,3-Butadiene 57 8.05 35.7 -
Styrene 106 4.3 32.5 —-11.7
Methacrylonitrile 20 0.27 29.7 -
Chloroprene 500 2.0 26.6 -
Dimethyl itaconate 11 0.020 249 -
Methacrylates (MMA— 390 to 900 0.19 to 0.60 20.2 t0 22.9 —16
HPMA)

Vinyl esters (VEOVA, VAc) 3000 to 4000 1.3t0 2.0 20.5 t0 22.2 —10.7
Acrylates (MA-DA) 15 000 to 24 000 1.6to 1.9 174 —-11.7

* k, derived from SP—PLP experiments.
® Formal ambient pressure value (see text).
¢ E, determined for pressures between 1950 and 2900 bar.

solvent effect. Thus, the entire data set was fit by one Arrhenius expression:
Ink, 1mol ' s™') = 14.81 — 3572(T"" (K™")) 9)

Eq. (9) is associated with a pre-exponential factor A of 2.69 X 10° 1 mol ' s~" and an activation energy
of 29.7 kJ mol '. This A value is close to the ones for monomers of the methacrylate family (Tables 3
and 4).

2.2.6.2. Itaconates. PLP—SEC experiments in bulk were performed for dimethyl itaconate (DMI) in a
temperature range from 20 to 50 °C [66]. The temperature dependence of k,, is described by the following
equation:

Ink, Imol™'s™") =1228 —2995(T"" (K™'))  (20°C = = 50°C) (10)

The k, value at 50 °C is 20 1 mol ' s ™', This value is one of the smallest kys determined so far by PLP—
SEC. Only for MAN has a similarly low value been deduced.

2.2.7. Comparison of monomer families

The Arrhenius parameters A and E, as well as k, at 30 °C of the monomers discussed in Sections
2.2.1-2.2.5 are summarized in Table 7. As far as they are available, activation volumes are also
included.

The monomers in Table 7 are given in the order of decreasing activation energies. The activation
energies determined for the acrylates and the methacrylates are around 17.5 and 22 kJ mol ', respec-
tively. The activation energies for styrene, vinyl acetate, butadiene, and dimethyl itaconate are £, =
32.5, 20, 35.7, and 24.9 kJ molfl, respectively.

Fig. 5 illustrates the temperature dependence of k, for a large series of monomers. The lower and
upper lines for the methacrylates represent k, of MMA and DMA, respectively. The lower and upper
lines in the acrylate family correspond to MA and DA, respectively. The dashed parts of the log k; lines
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Fig. 5. Temperature dependence of k,, at ambient pressure for a series of monomers. The upper and lower lines for the acrylates
and methacrylates refer to the dodecyl and the methyl ester, respectively. The dashed lines indicate extrapolated data.

for the acrylates account for the fact that k, values in these ranges have not been determined experi-
mentally. k, of ethene is also represented by a dashed line, since ambient pressure values for (gaseous)
ethene are not available. The data in Fig. 5 is the estimated ethene k;, for 51 bar, which is approximately
the critical pressure of ethene. It is evident that the variation of k;, within the family of the acrylates and
within the family of the methacrylates is very small as compared to the observed difference in k,,, of more
than four orders of magnitude, e.g. between DMI and DA. Fig. 5 visualizes that with the exception of
DMI, the activation energies are highest for monomers with low k; values.

Fig. 6 shows the pressure dependence of k, for acrylates, methacrylates, VAc and styrene. Again,
acrylates and methacrylates are represented by the limiting methyl and dodecyl ester systems. It is
clearly seen from Fig. 6 that the pressure dependence of k, for the methacrylates is more pronounced
than for the other monomers. This finding is explained by the higher steric demand of the transition state
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Fig. 6. Pressure dependence of k, at 30 °C for a series of monomers. The upper and lower lines for the acrylates and
methacrylates refer to the dodecyl and the methyl ester, respectively.



S. Beuermann, M. Buback / Prog. Polym. Sci. 27 (2002) 191-254 209

in methacrylate propagation [79]. The steric demand of the transition state is very similar for the
other monomers in Fig. 6. Each of these monomers has an a-hydrogen atom at the free-radical reaction
site. The transition state thus is less congested as with the methacrylates. The activation volume
is —16cm® mol~ ! for the methacrylates and between —10.7 and —11.7 cm® mol ™' for the other
monomers.

2.3. Propagation rate coefficients in copolymerizations

The essential problem of measuring reliable copolymerization propagation rate coefficients, kp copo, by
PLP-SEC relates to the requirement of SEC-calibration for each experimental copolymer composition.
As has been discussed in Section 2.1.2, this may be achieved via absolute calibration or by applying
universal calibration, which is the most frequently used method. In rare cases such as styrene—MMA
copolymerization, it has been found that the Mark—Houwink constants required for SEC-calibration may
be established by linear interpolation between the Mark—Houwink constants of the associated homo-
polymers [80].

2.3.1. Copolymerization models

A comprehensive survey on the mechanism of propagation steps in free-radical copolymerization has
recently been provided by Coote and Davis [81]. For a brief overview on the models used to describe
copolymerization propagation rate coefficients, k; .0, the reader is referred to Refs. [82,83]. Only a short
description will be given here.

The simplest model to represent ko, is the ‘terminal’ model (TM) in which it is assumed that
propagation reactivity is solely determined by the monomer molecule and by the terminal unit at the
free-radical chain end. The general expression for k, ¢op, reads

L N H2L R
PO (Fufilkpy) + (Fafalkn)

with f; being the mole fraction of monomer i in the feed and 7; = r;, the reactivity ratio, defined as r; =
kyiilkyij» where k; refers to the addition of monomer j to a free-radical terminating in a unit derived from
monomer i.

In their pioneering work, Fukuda et al. [84] demonstrated that the terminal model mostly fails to
describe copolymer compositions and propagation rates simultaneously. On the other hand, as has been
shown by Schweer [85], the terminal model allows for adequate separate fits of copolymer composition
and of k,copo (Eq. (11)) as a function of monomer feed composition. This procedure is, however,
associated with the unfavorable situation of providing two sets of ‘terminal’ reactivity ratios for a single
system. Fukuda et al. [84] recommended the use of ‘penultimate’ models in which both the terminal and
the penultimate units at the free-radical chain end are assumed to affect propagation kinetics. The
penultimate models, in addition to the terminal unit, also specify the monomeric unit in penultimate
position to the free-radical site. This extension increases the number of propagation rate coefficients,
kyijx» to eight. By rationing individual ks, four reactivity ratios, r;, and two radical reactivity ratios, s;,
are obtained:

— Py, _ piij _ Mpjii
Fij = o rijg= -, S = 12)

piij

an

Py
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As has been shown by Fukuda et al. [84], the terminal and penultimate reactivity ratios and propagation
rate coefficients are related by the following set of expressions:

_ it
”i—’fjirﬁfi_'_ﬁ (13)
- rifi tf; (14)

pii — "piii riiﬁ' +Jj'/si

Two such models have been considered, the ‘implicit penultimate unit effect (IPUE)’ [84] and the
‘explicit penultimate unit effect (EPUE)’ [86] model. Aspects of both models are detailed in Refs.
[81,83] and will not be reiterated here. The IPUE model assumes that both terminal and penultimate
units affect free-radical reactivity but selectivity is only determined by the terminal unit. Most of the
systems that have been studied so far are adequately described by the IPUE model in which it is assumed
that r\y = rp; = r; and ry, = rj, = r,. The IPUE model thus contains four parameters: ry, r,, s;, and s,.
It has been successfully applied toward simultaneously fitting copolymer composition and k; cop, as a
function of monomer feed composition.

Only for a very few systems has it appeared necessary to consider the full penultimate scheme with six
parameters: ryy, 121, 2, Fi2, 1, and s,. Within the EPUE model, it is assumed that the terminal and
penultimate units of the free radical affect both reactivity and selectivity. In Ref. [81], the discrimination
between IPUE and EPUE models is addressed in great detail and evidence from various types of
experiments and from molecular orbital calculations of reaction barriers and frequency factors of
associated reactions of small free radicals has been included into the discussion.

2.3.2. Experimental data for binary copolymerizations

The binary copolymerization systems studied by PLP—SEC so far are given in Table 8. The table lists
temperature 6, the best suited model, homopropagation coefficients k;; of both monomers, reactivity
ratios, and—if reported—radical reactivities.

Table 8 indicates that most systems are represented best by the IPUE model. Only for a few special
systems, does the terminal model provide a good description of both k; .., and copolymer composition.
The first such system is the copolymerization of MMA with perdeuterated MMA [87]. The two reactivity
ratios are found to be unity. It is not overly surprising that the terminal model nicely works in a
copolymerization system where the two monomers are practically identical. The same holds true for
copolymerizations of styrene with a substituted styrene or for copolymerizations of two substituted
styrenes [88—90]. With substituents in the para-position, steric hindrance or shielding of the radical site
is not expected to occur, since small groups such as methoxy or Cl are introduced. Thus, the observed
variation of K, ¢y, 18 due to the change in radical stability/monomer reactivity, which in many cases is
adequately represented by considering the terminal model.

kp.copo Of systems containing an acrylate and a methacrylate monomer have recently been studied
[83,91]. With MMA and BA or MA and DMA being the copolymerizing monomers, k., and
copolymer compositions are adequately described by the IPUE model. The IPUE and also the EPUE
model, however, fail to simultaneously represent the k;, ., and copolymer composition data for the DA—
MMA and the DA-DMA system, but k., of the two DA-containing systems is well fitted by the
terminal model [91]. These findings indicate that with DA being one of the comonomers, individual
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Table 8
Binary copolymerization systems studied by PLP—SEC. The table lists temperature 6, the best suited model, homopropagation
coefficients k;; of both monomers, reactivity ratios, and—if reported—radical reactivities, see text for further details

M, M, Model 0 °C)  kayn ko 7 I s K Reference
MMA d-MMA?* TM 25 270 342 1 1 - - [87]
S MeS ™ 27.7 112 0.62°  0.07 0.92 - - [88]
MOS S ™ 25¢ 52 86 0.82 1.12 - - [89]
Cl-S S IPUE 40 197 160 1.1 0.543 0.819 1.07 [90]
Cl-S MOS ™ 40° 175 94 1.04 0412 - - [90]
S MMA IPUE 25 89.8 299.2 0.523 046 0.30 0.80 [181]
S MMA IPUE 25 77.5 294 0.472 0.454 0.466 0.175 [182]
S MMA IPUE 50 246 631 0.48 0.42 0.31 2.1 [93]
S MMA IPUE 47.5 215 576 0.489  0.493 0.31 0.66 [183]
S EMA IPUE 25 78 258 0.62 0.35 0.62 0.21 [184]
S EMA IPUE 55 249 589 0.62 0.35 0.45 0.22 [184]
S BMA IPUE 25 78 274 0.72 0.45 0.56 0.63 [184]
S BMA IPUE 55 249 656 0.72 0.45 0.50 0.67 [184]
S DMA IPUE 25°¢ 78 776 0.57 0.45 0.33 0.26 [184]
S MEA ™ 30 110 20° 0.224 0.782 - - [82]
MOS MMA IPUE 25°¢ 52 300 0.32 0.29 0.36 0.60 [89]
BA MMA IPUE! 20 11 750° 294 0.40 2.15 0.43 1.98 [91]
BA MMA IPUE 60 33 870° 847 0.40 2.15 043 1.98 [83]
BA MMA IPUE 40" 35 541 1017 0.36 2.55 Ind. 1.9 [91]
MA DMA IPUE 40" 28 567 1607 0.23 2.57 0.05 1.9 [91]
DA MMA T™® 40° 39 813 1017 0.53 0.88 - - [91]
DA DMA TM® 40" 39 813 1607 0.21 0.88 — — [91]

* Perdeuterated MMA.

b k, for MEA cannot be determined due to depropagation; the given value is derived from the terminal model fit to the
experimental data.

¢ Polymerization in solution of toluene.

4 IPUE fit to the combined data set (20 and 60 °C) of kp.copo’kp (MMA).

¢ k, for BA is estimated to be 40 times higher than k, for MMA.

' 1000 bar.

¢ Terminal model fit to only the &, po data.

propagation rate coefficients are not adequately described by the consideration of only the terminal and
penultimate units at the free-radical chain end. It is suggested that the free-radical reactivity in these
systems may be influenced by pen-penultimate unit effects. The TM being applied to monomer and
copolymer composition data considers only ratios of individual propagation rate coefficients of free
radicals with the same penultimate unit and thereby seems to eliminate most of the impact of the
penultimate units. For this reason, the widely used ‘terminal model’ reactivity ratios resulting from
the Lewis—Mayo equation are reasonable and give meaningful kinetic quantities although penultimate
effects on the individual propagation rate coefficients are undoubtedly operative. For a detailed discus-
sion the reader is referred to Ref. [91].

With respect to the s-values given in Table 8, it should be noted that they are highly uncertain. As has
been discussed previously [83,91-93], the s-value referring to the addition of the monomer with the
higher k, value is often only poorly determined: for the acrylate—methacrylate systems 77, is close to
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unity, under which conditions s, and s, are strongly correlated. Secondly, if 7/kp;; > Fa/ky, (1: meth-
acrylate, 2: acrylate), the denominator in Eq. (11) is hardly affected by the second term which prevents
reliable estimates for s,. This is one of the reasons why trends in s-values are difficult to establish and
conclusions on k, .o, modeling are scarce. Nevertheless, listed s-values may be used to estimate kj, .o, as
a function of monomer feed composition, e.g. for calculating copolymerization rate. This procedure just
reverses the process by which the r; and s; values have been derived and thus is less sensitive to the
validity of the underlying model.

In addition to the binary systems, two ternary copolymerizations have been studied via the PLP—SEC
technique: styrene-MMA-MA [94] and p-methoxystyrene—styrene—MMA [95].

Besides the above mentioned terminal model and the penultimate unit models, Harwood suggested the
bootstrap model [96] to explain observations from copolymerizations in solution. Especially for systems
involving polar monomers, the partitioning of monomers between solvent and the domain of the growing
polymer radical should occur. Due to solubility aspects, the monomer feed composition in the vicinity of
the propagating chain-end may be different from the bulk monomer feed composition.

2.4. Solvent influence on propagation rate

It is well-known that a solvent may significantly affect the diffusion-controlled termination reaction
(Section 3.6) and thus k, may be strongly altered. For chemically controlled reactions, e.g. propagation in
free-radical polymerizations, no such strong solvent effect is expected. However, as has been reported,
moderate variations of k, result upon the addition of a solvent. Arguments for a solvent dependence of
propagation rate coefficients encompass influences originating from (1) polarity, (2) interaction between
polymer and solvent, (3) interaction between monomer and solvent, and (4) the complexation between
the propagating free radical and the solvent [97]. Other authors suggest that local monomer concentra-
tion effects may play a major role [96,98,99].

Early PLP-SEC investigations into the influence of solvents on the propagation rate coefficient in
free-radical homopolymerizations of MMA and styrene suggested that k;, is almost invariant toward the
type and the concentration of the solvent. Within several of these studies, however, solvents have been
used which are not too dissimilar from the monomer. Recently, more extended studies showed a
significant solvent effect on k, with a few conventional solvents and, in particular, with fluid and
supercritical carbon dioxide (scCO,). This data will be summarized and discussed in Sections 2.4.1
and 2.4.2.

2.4.1. Polymerizations in organic solvents

As for bulk polymerizations, the most widely studied monomers in solution polymerizations are
MMA and styrene. Olaj and Schndll-Bitai [38] reported k;, data at 25 °C for MMA and styrene homo-
and copolymerizations in a large number of solvents. For styrene, k, values are up to 12% below the
corresponding bulk value of k,, k, k. Only for polymerizations in cyclohexane was a larger change
observed: k, is increased by 21% as compared to the bulk value. In MMA polymerizations a decrease of
k, of at most 14% is observed for all solvents with the exception of DMF, for which k, is 7% higher than
ky bui- The copolymerization experiments showed an increase of k, in DMF and in cyclohexane of 15 and
25%, respectively. All other reported kj oy, data are within 6% of the bulk value. This is within the
limits of experimental accuracy for k, determination via PLP-SEC. In summary, mostly minor solvent
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effects are found. The enhancement of k; in the presence of the poor solvent cyclohexane was interpreted
as being due to local monomer concentrations being different from overall concentrations [38].

Investigations into solvent effects on k;, for styrene and MMA homopolymerizations in benzyl alcohol
by O’Driscoll et al. [39] and Zammit et al. [34] indicated a strong increase of k, with solvent concentra-
tion. Compared to the corresponding bulk values, k, of MMA increases by up to 74% and k,, of styrene by
up to 60% depending on the temperature. These effects are interpreted as being due to complex forma-
tion between the free-radical chain ends and solvent molecules. Zammit et al. [34] reported a solvent
effect on k, for MMA and styrene homopolymerizations in six additional solvents. For five solvents
(diethyl malonate, diethyl phthalate, bromobenzene, dimethyl sulfoxide, N-methyl pyrrolidinone) an
increase in k, was found as compared to k,,.. An enhancement of k, by 63% is seen for MMA
polymerizations in dimethyl sulfoxide (DMSO) at 26.5 °C. Polymerizations in chlorobenzene under
otherwise identical conditions resulted in a slight decrease of k, by about 7%. The latter variation is
within the typical accuracy of *10% estimated for k, data from PLP-SEC.

The propagation reaction of ethyl a-hydroxymethacrylate has been studied in a wide variety of
solvents: benzene, chlorobenzene, chloroform, cyclohexane, dichloromethane, ethanol, ethyl acetate,
ethyl benzene, pentan-1-ol, propan-1-ol, THF, toluene, and xylene [65]. In these solution polymeriza-
tions, the general trend of a decrease in k;, with increasing dielectric constant of the solvent is observed.
At monomer concentrations of around 2 mol 1~ and 25 °C, k, decreases from around 1800 1 mol 's7!
in xylene to around 600 1 mol ' s ' in THF and in ethanol. In addition, the temperature dependence of ky
has been investigated for three monomer concentrations in THF, toluene, and ethanol. The strongest
variation of activation energy with monomer concentration is observed for reactions in THF: E,
increases from 16.3 to 23.5 kJ mol ' for monomer/solvent ratios of 3:1 and 1:3, respectively. In ethanol,
E, increases from 14.6 to 20.7 kJ mol ' and in toluene from 16.1 to 19.8 kJ mol ! for monomer/solvent
ratios of 3:1 and 1:3, respectively. In case of high dilution, £, even approaches values that are typical for
methacrylate k,, whereas at higher monomer concentrations, E, is significantly lower, comparable to
acrylate E,. The solvents affect both the activation energy and the pre-exponential factor. The authors
[65] assume that the interactions between the monomer and the propagating radical in the transition state
are modified by the action of solvent.

An investigation [40] into solution polymerizations of styrene in N-dimethyl formamide (DMF) and
acetonitrile revealed a decrease of k, by up to 25 and 15%, respectively, in good agreement with the k,
data for styrene polymerizations in DMF reported in Ref. [38]. The observed reduction of k, is also
interpreted as being due to direct interaction of the solvent with the transition structure of the propaga-
tion step [40].

In contrast to the above summarized results for solution polymerizations of ethyl a-hydroxymeth-
acrylate [65], the k, data for styrene and MMA homopolymerizations in various solvents reported by
Olaj and Schnoll-Bitai do not show any correlation of &, with the dielectric constant [38]. Moreover, the
k, data for homopolymerizations of MMA and styrene in benzyl alcohol and in NMP show the opposite
trend: k, is increased in the presence of solvents, which have higher dielectric constants than the
monomers [34,39].

As part of a study into depropagation kinetics, the solvent influence on k, for methacrylate polymer-
izations has been studied for reactions in 2-heptanone and in n-octyl acetate at monomer concentrations
of 25 vol% [48]. For BMA only a slight increase of k,, by about 10%, has been observed for polymer-
ization in 2-heptanone at 90 °C, whereas no change in k, was seen at 30 °C. For DMA and CHMA
polymerizations in 2-heptanone and in n-octyl acetate, a stronger solvent effect was found: k, values of
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DMA are reduced by 26% at 90 °C and by 14% at 30 °C. For CHMA, the solvent influence is the largest
at 30 °C, where a reduction of 40% is found. No significant change of k, occurs at 90 °C. These relatively
small variations of k, in the presence of 2-heptanone and n-octyl acetate are not expected to be due to
specific interactions between solvent and monomer or between solvent and propagating radical. The
variations are supposed to be due to the local monomer concentrations, cy e, Within the vicinity of the
free-radical chain end being different from overall monomer concentration, cy. One way to distinguish
whether effects result from local monomer concentration or from a modification of interactions in the
transition state is by monitoring the temperature dependence of k,. In the latter case, Ex(k,) should be
affected, whereas Ex(k,) is not influenced, if only the effective (local) monomer concentration is varied.
A more detailed discussion of aspects associated with local monomer concentration will now be given.

2.4.2. Polymerizations in solutions of fluid CO,

In addition to liquid solvents such as water or conventional organic solvents, fluid CO, has been
chosen as a solvent for free-radical polymerization. Besides being an attractive new solvent for technical
applications, fluid and, in particular, supercritical CO, (scCO,) is also of interest with respect to mechan-
istic studies. Especially for studies into acrylate k,, the use of scCO, might be beneficial, as CO, does not
take part in chain-transfer reactions [100]. Further, CO, is not expected to form complexes with neither
the monomer nor with the macroradical or with the polymer. In addition, using CO, as the solvent
medium allows for investigations into the influence of solvent quality and thus chain geometry on the
propagation reaction. It is known that CO, is a rather poor solvent for polystyrene, polymethacrylates
and polyacrylates [101]. (Note: although CO, is a poor solvent for the polymers under investigation,
PLP-SEC experiments at low degrees of monomer conversion may be carried out in a homogeneous
phase.)

The first study into k, in CO, was by van Herk et al. [36]. These authors reported &, data for MMA and
styrene at 65 °C and 180 bar. At these conditions, no influence of CO, on k, was observed. An additional
study into the temperature dependence of k, for MMA polymerization in scCO, at 180 bar also showed
no effect of CO, on k, within experimental uncertainty [43].

However, PLP—SEC investigations [44] into the variation of k, with CO, concentration for homo-
polymerizations of MMA, at 30 °C/1000 bar, and BA, at —1 °C/1000 bar as well as at 11 °C/200 bar,
showed a significant reduction of k, compared to k,p,k. This is demonstrated in Fig. 7. In going from
bulk polymerization to solution polymerization with 60 wt% of CO,, k, is reduced by 40% for both
monomers. The discrepancy to the previous results for MMA polymerizations [36,43] is supposed to be
due to molecular weight, which has been much higher in the experiments described in Ref. [44].

Investigations into the temperature and pressure dependence of k, for BA polymerizations in CO,
showed that k, is always near 40% below the corresponding kpuk value. The activation energies and
activation volumes [57] are the same for the bulk and solution (in scCO,) polymerizations, which
suggests that the CO, influence on k, from PLP-SEC is not or not entirely a kinetic effect resulting
from changes in the activation barrier or in the steric requirements of the activated state.

Inspection of Eq. (1) indicates that only the product cyk, is obtained from the experimentally acces-
sible quantities L, (from SEC) and 7, (from the inverse of the laser pulse repetition rate). Thus, solvent
effects on the propagation rate may be due to changes of k;, of cy;, or to changes to both these quantities.
If one assumes k, to be invariant with CO, content, the experimental findings may reflect a deviation of
local monomer concentration at the free-radical site from the overall monomer concentration. This
deviation appears to be different for bulk and solution polymerizations. This effect may be due to
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Fig. 7. Variation of the relative propagation rate coefficient ky/k, puc With relative monomer concentration cy/cypux for MMA
(filled marker) and BA (open marker) polymerizations in CO,. Reproduced with permission from Macromol Chem Phys
1998;199:1209. © 1998 Wiley—VCH [44].

shielding of the free-radical chain-end [102], or to infrasegmental interactions within the propagating
radical. This view is in agreement with discussions on preferential solvation by Kuchanov and Russo
[103] and Kratochvil et al. [99]. The latter authors suggest that solvent quality determines local mono-
mer concentrations. Explanations for the solvent influence on copolymer composition by Harwood [96]
and Semchikov [98] are also based on arguments of this kind.

Interestingly, corresponding studies into styrene polymerizations revealed that k, values in bulk and in
solutions of scCO, are identical [37]. As the solvent quality of CO, for polystyrene is poor, the insensi-
tivity of k, toward the CO, environment suggests that solvent quality arguments alone cannot explain
variations of k, induced by CO,.

Further investigations were carried into k, for homopolymerizations of MA and DA in 40 wt% CO,. A
significant reduction of k, as compared to ki is seen. The reduction is larger for MA, by 40%, than for
DA, by 25% [55]. As for BA, the activation volumes and activation energies are identical for reactions in
CO,; and in bulk.

The experimental findings may be understood by considering a competition of the interaction of
polymer segments with (a) other polymer segments of the same macroradical and with (b) solvent
molecules, monomer and CO, in this particular case [55,57]. The type of interactions between CO,
and polymer segments carrying a polar group, e.g. PMMA has been investigated by Kazarian et al.
[104,105]. Strong intrasegmental interactions may reduce the local monomer concentration. In poly-
styrene, where dipolar interactions are absent, no reduction of local monomer concentration as compared
to overall concentration is expected. Interactions of polar segments should be particularly pronounced in
MA, and should be important in MMA and in BA. The smaller effect observed for DA, where k; in
solution is only by 25% below k;, i, may be understood by shielding effects of the large ester chain, by
which the extent of intrasegmental interaction is diminished. According to these arguments, CO, should
also decrease k, for vinyl acetate polymerization. k, values for VAc polymerizations in bulk and in
solution of CO, are, however, the same [62]. The reason behind this observation probably is that CO,
favorably interacts with the VAc-segments [106], which is reflected in a relatively good solubility of
poly(vinyl acetate) (PVAc) in scCO,. As compared to PVAc, the isomeric poly(methyl acrylate) has a
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much lower solubility in scCO,. This observation is consistent with ¢y, being smaller in MA poly-
merization as compared to VAc polymerizations, where ¢y, is close to the overall concentration. It
goes without saying that the same kind of effects is operative for other solution polymerizations.

In summary, the apparent solution k,, which results from the analysis of PLP-SEC data by
identifying cy with overall monomer concentration, may be different from k. in cases where
polar intersegmental interactions are operative and, at the same time, the interactions between
solvent molecules and polymer segments are clearly different from the ones between monomer
molecules and polymer segments. Depending on solvent quality, local monomer concentrations may
decrease or increase.

The arguments concerning local monomer concentration assume that &, in solution and in bulk is not
significantly different. This assumption seems to be fulfilled in systems where activation energies and
activation volumes are identical for bulk and solution polymerizations.

2.4.3. Water-soluble monomers: acrylic acid, methacrylic acid, and N-isopropylacrylamide

PLP-SEC investigations into polymerizations in aqueous phase have been carried out for methacrylic
acid (MAA), acrylic acid (AA), and N-isopropylacrylamide (NIPAM). In addition, the polymerization of
MAA has been studied in several organic solvents. The determination of k, for these monomers is not
only a challenge due to the difficulty in finding proper PLP conditions. The analysis of the polymeric
product by SEC poses quite some problems: poly(acrylic acid) (PAA) and poly(methacrylic acid)
(PMAA) cannot be directly analyzed via conventional SEC with THF as the eluent. Therefore, two
approaches have recently been pursued: (i) esterification of PAA to PMA and of PMAA to PMMA, and
subsequent MWD analysis via SEC with THF [51,52]. (ii) Direct analysis of PAA and PMAA with an
SEC set-up operated with an aqueous phase as the eluent [59]. Poly(NIPAM) samples were analyzed
using a special THF-based SEC technique [58,107].

The most extended data set is available for k, of MAA. The reactions were carried out in bulk and in
solution of water, DMSO, methanol, THF, toluene, acetic acid, and 2-propapanol. With the exception of
polymerizations carried out in aqueous phase, k, values did not show a strong dependence on the type
and concentration of the solvent. MAA polymerizations in water showed a strong enhancement of &,
with decreasing monomer concentration: e.g. k, at 25 °C increases from 605 to 3922 1 mol ' s ! upon
lowering the concentration from 9.34 mol 1™ to 1.71 mol 17" s ™', Table 9 gives k, values and Arrhenius
parameters for MAA polymerizations at 60 °C in solution of water, methanol and DMSO. In addition, &,
data at 60 °C for MAA polymerizations in toluene, THF, HAc, and 2-propanol are listed. The activation
energies, Ex(k,), obtained for the different solvents are in the range from 15.3 to 21.4 kJ mol . Compar-
ison of k, values determined at 60 °C, however, does not show a clear trend.

Acrylic acid polymerizations were carried out at various acid concentrations in water. The studies
revealed a decrease of k, with increasing monomer content [59]. The temperature variation of k, has
been studied for two monomer concentrations, 20 and 40 wt% AA so far. The resulting Arrhenius
equations read:

20wt% AA  Ink, Amol s =1634 — 144377 (K'!)) (23°C=6=250°C) (15)

40 wt% AA  Ink,(Imol 's™")=1599 — 1467(T"' (K™")) (23°C=9=285°C) (16)

The pre-exponential factors are 12.5 X 10° and 8.80 X 10° 1 mol ' s~ at 20 and 40 wt% acrylic acid in
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Table 9
Arrhenius parameters, A and E,, and propagation rate coefficients at 60 °C, k, (60 °C), for methacrylic acid polymerizations in
solution of the listed solvents; @ interval indicates the temperature range in which the data has been measured

Solvent AX10° Imol 's™h E, (kI mol™h k, (60°C) (1mol ' s™") O Interval (°C) Reference
Water” 1.72 15.3 6864 18-89 [52]
MeOH" 1.63 20.5 995 22-60 [52]
MeOH® 0.603 17.7 1012 20-60 [51]
DMSOP 34 21.4 1500 23-90 [52]
THF® - - 862 - [51]
HAc® - - 1040 - [51]
2-Propanol® - - 977 - [51]
Toluene® - - 1226 - [51]
Bulk - - 1179 - [51]
* 15 wt% MAA.

® 30 wt% MAA.
© 33 vol% MAA.

water, respectively. For both monomer concentrations, an activation energy of around 12 kJ mol ' is
obtained. This value is below the activation energy of 17 kJ mol ' observed in acrylate polymerizations.
A similar trend is seen in comparing MAA solution polymerizations in water with MMA bulk poly-
merizations. As can be seen from Table 9, the value for E4(k,) for aqueous MAA polymerization is
15.3 kI mol !, which has to be compared with E (k) = 22 kJ mol ™! for the methacrylates (Tables 3
and 4). It should be noted that the activation energies for MAA polymerizations in methanol and in
DMSO are closer to the typical values for methacrylate polymerizations.

For an aqueous solution containing 20 wt% AA, Lacik et al. [59] determined a k, value of
100 000 1 mol ' s ™! at 25 °C. This value, which has been determined by aqueous phase SEC, is signifi-
cantly higher than what would be expected from the data reported by Kuchta et al. [52]. The latter
authors used the esterification route. The discrepancy may indicate that the esterification procedure is
associated with some structural changes of the polymer. Such changes are not expected to occur in the
esterification of PMAA samples [59,108,109]. As a consequence, the quality of reported k,(MAA) data
should not be affected by the esterification procedure.

Aqueous phase polymerizations of NIPAM result in k; values, which also show a pronounced depen-
dence on monomer concentration: kj, increases significantly with decreasing monomer concentration.
For example, for NIPAM concentrations of 0.08 and 0.2 mol 1 ~' PLP—SEC experiments at 20 °C yield
k, values around 70 000 and 27 000 1 mol ' s7!, respectively.

2.5. Special applications of PLP-SEC

2.5.1. Chain-transfer rate coefficients

PLP-SEC experiments are not restricted toward the determination of propagation rate coefficients. If
the reaction conditions are suitably chosen, PLP-SEC may also provide easy access to transfer rate
coefficients, k,, preferably of k, for chain-transfer agents (CTA). As outlined in Section 2.1.1, the
determination of k, requires reaction conditions under which chain-transfer reactions contribute
only to a minor extent to the chain-stopping events and thus assure the validity of a linear
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correlation of the number of propagation steps between two successive laser pulses with the time
between these pulses. Depending on the monomer under investigation, high laser pulse repetition
rates may be necessary in order to suppress the influence of chain-transfer (compare Section 2.2.3 on k,
for acrylates). To derive &, from PLP—SEC, chain-transfer has to be the major chain-stopping mechan-
ism. This may be achieved by increasing the time between laser pulses and choosing a low initiator
concentration, which makes termination events less probable. As has been outlined by Hutchinson et al.
[16] these reaction conditions are contrary to the conditions applied to derive k. Thus, PLP-SEC allows
for the determination of either k, or k,. Simultaneous estimation of k, and k; is not feasible in a
conventional PLP-SEC experiment, but may be achieved by choosing a special sequence of pulses
(see below).

Combination of PLP with the chain-length distribution (CLD) method as introduced by Clay and
Gilbert [110] is especially attractive for deducing k.. In this method the logarithm of the number MWD,
fiM), is plotted vs. M. In contrast to the Mayo method, which relies on number average molecular
weight, My, derived from the complete polymer MWD, the CLD technique considers only a section of
the MWD at intermediate molecular weights. Thus problems, that may arise from an incomplete
separation of low molecular weight material, e.g. residual monomer, which affects My are excluded
or are minimized. In addition, problems resulting from difficulties in the accurate analysis of the high-
molecular-weight side of the MWD, due to a high-molecular-weight tail from spontaneous polymeriza-
tion, due to a lack of reliable calibration standards for very high molecular weight, or due to branching of
polymer as a result of transfer to polymer reactions, may be reduced or even eliminated. It has, however,
been shown that under favorable conditions the Mayo- and the CLD-method yield the same results
[111-113]. In these references, the proper selection of the molecular weight range for CLD analysis has
been addressed in detail.

PLP-SEC experiments were carried out to derive k,, for n-dodecyl mercaptan (DDM) being the CTA
in methacrylate and styrene homopolymerizations [16]. It has been shown that the transfer constant
Cy = ky/k, of DDM is identical for MMA, EMA, and BMA. In addition, between 20 and 80 °C a
temperature independent value of ki /k, = 0.68 = 0.02 has been measured. In styrene polymerizations
Cy; is by about a factor of 20 higher, k,/k, = (15.6 £ 0.2).

Recently k, for DDM and for a cobalt(Il)—porphyrin compound has been obtained in styrene and
MMA homo- and copolymerizations in bulk and in solution of CO, [114-116].

As mentioned earlier, by selecting special pulse sequencing, k, and k, may be derived from a single
PLP-SEC experiment [117]. Fig. 8 illustrates the procedure. Three laser pulses separated by a time
interval of 7 = vz ! are followed by an extended dark time #;. The packages of three pulses are sufficient
to create the PLP structure I, shown on the RHS of Fig. 8, which allows to deduce k,. Chain stopping
during the dark time period, 4, is dominated by chain transfer and yields the molecular weight contour II.
Analysis of the high-molecular-weight range II, e.g. by the CLD method, yields the transfer rate
coefficient. The feasibility of this so-called ‘railroad’ procedure for simultaneous k, and transfer rate
measurement has been shown by simulations [117].

2.5.2. Estimate of k, from PLP—SEC experiments

In addition to the determination of k, and k,;, PLP—SEC may also be used to estimate the termination
rate coefficient, k,, from an inspection of the entire MWD. Several groups [6,7,12] pointed out that
termination rate coefficients may be accessible from the MWD if additional information on overall
polymerization rate (or on pulse induced free-radical concentration) is available. Olaj and Schnoll-Bitai
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Fig. 8. Free-radical concentration, cg, generated during a ‘railroad’” experiment (left) and associated SEC trace, w(log M) vs.
log M, of the polymeric product (right). I and II indicate molecular weight regimes being controlled by pulse laser termination
and by chain transfer to monomer, respectively. Reproduced with permission from Macromol Theory Simul 1997;6:145.
© 1997 Wiley—VCH [117].

[7] were the first to show, via styrene PLP-experiments, that k, may be derived from Eq. (17) [118]
L koem(3 — 8)

t

Lwr 0 (17)
where 6 is the relative contribution of disproportionation to overall termination, Ly is the weight average
degree of polymerization, and ry is the overall polymerization rate (under pseudo-stationary conditions).
It was shown that this relation is valid for arbitrary types of pseudo-stationary polymerization [6] as far
as chain transfer is absent and k; is independent of chain length. The method is reliable, and if Ly is
calculated from an SEC trace, is almost insensitive toward axial broadening of SEC, as was confirmed by
PrepICI® simulation [119]. Difficulties in k, analysis via Eq. (17) may, however, result from spontaneous
polymerization [118], from polymerization subsequent to PLP, and from chain-transfer processes. These
reactions may give rise to high-molecular-weight material, which significantly influences Ly. To
partially circumvent such problems, the high-molecular-weight part of the MWD may be cut off or
may be suitably modified. This procedure obviously introduces some arbitrariness into k; analysis.

An alternative procedure of estimating k; from PLP—SEC data has been introduced by Limmel
[23,117]. Based on an adequate kinetic scheme, the entire MWD and the conversion of the PLP
experiment were simulated via Prepict®. The termination rate coefficient, k;, and the laser induced
free-radical concentration, cy, are obtained by fitting measured MWD and experimental conversion.
This procedure may be rather time consuming. In addition, problems associated with non-laser-induced
polymerization (that give rise to high-molecular-weight polymer) may interfere with this type of
analysis. To avoid such difficulties, Ldmmel suggested to consider the MWD trace only within the
range of the characteristic PLP structure. From the simulations, he recommended fitting the ratio of
areas, RA, under the number MWD curve, e.g. the area between the second and third point of inflection
divided by the area between the first and second point of inflection. k; and ¢ are obtained by fitting the
experimental RA and conversion data via PREDICI® or by adopting a lumping scheme [23,119]. It should
be noted that the application of this procedure requires 6, the contribution of disproportionation to
overall termination, and the extent of SEC axial broadening to be (at least approximately) known. The
fitting procedure according to the lumping scheme is easily and effectively performed.

As has been shown, for styrene polymerizations at 1000 bar and various temperatures [120], k, values
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deduced from PLP via one of the three independent procedures yields reasonable estimates of termina-
tion rate coefficients. It needs to be realized that the k; determinations from PLP-SEC are restricted to
situations of low monomer conversion. While k, stays constant over extended conversion ranges, k; is
diffusion controlled and has to be measured as a function of monomer conversion. PLP methods which
enable k; analysis up to higher conversion are illustrated in Section 3.

2.5.3. Polymerization in heterogeneous phase

Initiation by laser pulses as carried out in homogeneous systems is difficult in emulsion polymeriza-
tions, because the laser light is strongly scattered and efficient radical generation cannot be achieved.
Electrons, however, do not experience such kind of limitations and free radicals may be generated
periodically, allowing for k, determination in these systems. Pulsed-electron beams have turned out
to be an alternative means of modulating initiation and termination [3,4].

As has been discussed in Section 2.4, PLP-SEC experiments yield the product kycy;, from which local
monomer concentrations may be determined, if &, is known. This approach has been applied by van Herk
and colleagues to measure local monomer concentrations in microemulsions [121] and miniemulsions
[122], droplets and latex particles [3,123], and vesicle structures [124].

2.6. Assessment of the rate coefficients from PLP—-SEC

2.6.1. Conversion dependence of k,

PLP-SEC experiments are usually carried out at monomer conversions below 3%. The measured
coefficients should be applicable also at higher conversion, as propagation is a chemically controlled
process. However, experimental evidence for high-conversion k;, is scarce. ESR experiments for MMA
polymerizations proved that k, is unchanged at least up to 80% conversion [125-127]. Investigations
into ethene homopolymerization applying the SP-PLP technique (Section 3) showed a conversion
independent k;, up to about 50% monomer conversion [77,78]. SP-PLP investigations into butyl acrylate
polymerizations showed a constant k;, over an extended conversion range up to 80% [128]. For other
monomers, k, is expected to stay constant up to high degrees of monomer conversion, too. Especially in
solution polymerizations or in polymerizations to low molecular weight material no variation of k, with
conversion should occur.

2.6.2. Chain-length dependence of k,

Whereas it is now generally accepted that the termination rate coefficient is chain-length dependent
(Section 3.7), it is not yet clear whether and to which extent also the propagation rate coefficient may
vary with chain length. There seems to be no doubt about the very first propagation steps to be faster than
the reactions of longer radicals. Gridnev and Ittel [129] estimated the rate coefficients ky(1) and k,(2)
which refer to the first and the second propagation step, respectively. For homopolymerizations of MMA
and MAN at 60 °C, a strong variation of k;, for the very first propagation steps was observed.

MMA

ky(1) = 140001 mol ' s™'

ky(2) = 3600 1 mol ' s~

1

k

opLp = 843 1mol ' s~
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MAN

_ -1 -1
ky(1) =3401mol " s

1

k

p.PLP =551 1110171 s

k, pp refers to the k, value derived from PLP—SEC experiments. For MMA and MAN, k(1) is above the
literature value for k,prp by about one order of magnitude and by a factor of six, respectively. Kinetic
data for the addition of small radicals to monomers also indicate that k; is significantly higher in the very
initial period of chain growth [130].

Nitroxide trapping experiments reported by Moad et al. [131] yield addition rates of low-molecular-
weight radicals (resembling propagating radicals of chain length 1 and 2) to methyl acrylate at 60 °C. It
was observed that k(1) is in the range of 1.5-6.3 X 10°1mol ' s™! and ky(2) is approximately
1.4 % 10* 1 mol 's™'. These values are close to kopLp = 3.6 X 10* 1mol ' s™!, which is estimated
from PLP-SEC experiments for 60 °C (Table 5). This result shows that the large difference between
ko prp and k(1) or kp(2) that is seen for MMA and MAN must not occur with all monomers.

Modeling of styrene polymerizations by Deady et al. [12] revealed that the occurrence of very high
k(1) and k,(2) values does not affect the MWD significantly in systems, where k;, is relatively high. Only
for systems with very low propagation rate coefficients, such as methacrylonitrile, a slight influence of
high k,(1) and k,(2) on the MWD and thus on the determination of k,p;p may occur.

Olaj et al. [132] recently addressed the chain-length dependence of k,. Experimental data presented
for MMA and styrene homopolymerizations at 25 °C in bulk and in solution indicate a dependence of &,
on chain length. A variation of k, by up to 20% is observed. A stronger change of k;, is seen at shorter
chain lengths. At large chain lengths a plateau value is reached. With styrene the limiting value at high
radical chain-length is approximately 75 1 mol ' s~ for polymerizations in bulk and in toluene, and is
80 1 mol ' s~ " in cyclohexane, and 651 mol ' s ' in ethyl acetate. The finding of a decrease in k, with
radical chain length is suggested to be related to a progressive shielding of the active center by the
polymeric chain. Chain segments already incorporated into the propagating polymer radical displace
monomer molecules in the vicinity of the chain end resulting in a lower ‘apparent’ propagation rate
[132]. As has been discussed in Section 2.4.2, k, estimates via Eq. (1) assign the reduced propagation rate
to kp, since cyjoc (close to the radical chain end) is not precisely known.

2.7. Concluding remarks on k,

The PLP-SEC technique provides access to reliable k, data for free-radical homo- and copolymer-
izations. The resulting propagation rates are very helpful for modeling polymerization processes. The
solvent influence on k, and a potential chain-length dependence of k, are not yet fully understood. The
associated variations in k;, are mostly rather small. The solvent effect on propagation rate in most cases is less
than 25%. The currently available experimental data indicate that, with the exception of the very first
propagation steps, the variation of k, over an extended range of radical chain lengths is mostly below 20%.

3. SP-PLP experiments directed toward the determination of termination rate coefficients

After a brief introduction into the method (Section 3.1), k, data determined over extended ranges of
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monomer conversion will be presented in Section 3.2. The remainder of this chapter focuses on the
initial plateau region of (almost) constant k,, which is investigated for homopolymerizations (Section
3.3), and for copolymerizations (Section 3.4). The temperature and pressure dependence of copolymer-
ization k, is addressed in Section 3.5 and data for termination rate in solution are presented in Section 3.6.
The final Section 3.7 deals with the chain-length dependence of k;.

3.1. Method and experimental set-up

Other than the PLP—SEC procedure, which is carried out at low degrees of monomer conversion, the
SP-PLP experiment [8] may be performed during the entire course of a homogeneous free-radical
polymerization up to fairly high degrees of monomer conversion. The monomer conversion induced
by a SP, typically of about 20 ns width, is vibrational-spectroscopically measured with a time resolution
of 10 ws over a time range of milliseconds up to seconds, depending on the polymerization rate of the
particular monomer under investigation. Mostly the laser pulse is applied to a monomer—photoinitiator
system with the photoinitiator being chosen such that the primary concentration of photoinitiator-
derived free radicals, ¢, is almost instantaneously produced. In case of suitable molar absorptivity at
the UV excimer laser wavelength, the monomer may also be directly excited. In general, it is however
advantageous to use a photoinitiator and to carry out the laser irradiation in a spectral region where the
monomer is transparent. 2,2-dimethoxy-2-phenylacetophenone (DMPA) and azobisisobutyronitrile
(AIBN) have mostly been used as photoinitiators. They are dissociated by excimer laser irradiation at
351 nm (XeF line).

Fig. 9 shows one of the first such SP-PLP traces from the pioneering work of Schweer into the
kinetics of ethene high-pressure free-radical polymerization. A 248 nm (KrF) laser has been used to
induce polymerization at 230 °C and 2550 bar. Ethene has been directly excited, as no suitable photo-
initiator is available for such high temperatures. Plotted as a function of time #, after firing the laser at
t = 0, is the monomer conversion induced by the laser pulse. Actually, conversion has been monitored
by the increase of polymer absorption in the second overtone region of C—H stretching modes around
8250 cm ™' The time resolution of NIR spectroscopic measurement of polymer concentration is close to
6 s, which is about twice the time interval required for a single ethene addition step to take place at high
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0.00

ethene conversion / per cent

| | |
0 10 20
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Fig. 9. Monomer conversion vs. time profile measured during an SP—PLP experiment for an ethene polymerization at 190 °C,
2550 bar, and 9.5 wt% polyethylene [77,78].
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temperature and pressure. It should be noted that the SP, under perfect initiation conditions, creates a
narrow distribution of (living) free radicals with the degree of polymerization linearly increasing with
time ¢ unless chain transfer to monomer comes into play. Another important observation from Fig. 9 is
that the conversion per pulse is small, but may be measured with a high signal-to-noise quality. The
small conversion per pulse allows for a point-wise probing of the kinetics, which is particularly
important for k, that may significantly vary with conversion. The high conversion resolution of the
SP—PLP allows to map out the k, dependence on conversion by a series of successive SP—PLP experi-
ments. For example, the signal in Fig. 9 has been measured during an ethene polymerization after a
conversion of 9.5% had already been reached. The signal describes the conversion vs. time behavior of
the system after applying the laser pulse at 9.5% conversion and thus represents polymerization kinetics
in the range from 9.5 to 9.6% ethene conversions.

With the simplifying assumptions of (a) an instantaneous production of the initial free-radical concen-
tration, ck, of (b) chain-length independent propagation following the well-established rate law
(Eq. (18)), and of (c) termination also being chain-length independent and being adequately described
by the rate law (Eq. (19)) yields Eq. (20) which represents the time evolution of relative monomer
concentration within an SP-PLP experiment

d
% = —kyeyt (18)
d
% = — k2 (19)

em(?)
M

= (2k,cht + 1) /2 (20)

In the absence of any chain-length dependence of k; (and of k), fitting the experimental conversion vs.
time trace to Eq. (20) immediately yields ky/k, and kcp for the particular experiment. Whereas the
assumption that k, is chain-length independent, generally is a good one, the chain-length dependence
of k. cannot be ignored. As the chain-length varies with time, the rate coefficient which results from
fitting of the conversion vs. time trace to Eq. (20) should be referred to as (k). Within the SP-PLP
experiment, the free-radical chain-length increases linearly with time . As a consequence, termination
rate coefficients (i, i) referring to the reaction of two free radicals of more or less identical size may be
deduced from analysis of the conversion vs. time trace in different time regions after applying the laser
pulse. By adopting a suitable expression for the chain-length dependence of k,, mostly some power law
dependence, an equation similar to Eq. (20), but with chain-length dependent (CLD) k,, is obtained [78]
to which the experimental data may be fitted and the (model-dependent) exponent of a CLD k; be
deduced.

A model-free CLD k; may be derived from SP—PLP traces of very high signal-to-noise quality, as has
been suggested by deKock [10]. Unfortunately, the data quality, which is presently available, does not
afford for the associated second derivative analysis. As will be shown in Section 3.7, there are however
ways to measure CLD k even within extended regions of monomer conversion.

To summarize, the SP-PLP experiment is extremely versatile and powerful. Depending on the signal
quality that may be obtained for a given monomer and for given polymerization conditions, the
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Fig. 10. Time-resolved concentration vs. time profile calculated from Eq. (20) for MMA (dotted line) and MA (full line) SP-
PLP experiments at 40 °C, 1000 bar, and 2.5% polymer content. Reproduced with permission from Macromolecules
1998;31:3211. © 1998 American Chemical Society [133].

dependence of a chain-length averaged k, on monomer conversion may be mapped out and also infor-
mation about chain-length dependence of k, may be accessible.

As can be seen from Eq. (20), the degree of monomer conversion per laser pulse depends on k;, k, and
on primary radical concentration; cR Low k; and high k, are advantageous for obtaining an intense SP—
PLP signal. In order to illustrate this influence, two SP—PLP signals were calculated from Eq. (20) and
are plotted in Fig. 10 [133]. The signals refer to SP—-PLP experiments in the initial period of methyl
acrylate and methyl methacrylate homopolymerizations at 40 °C, 1000 bar and a primary free-radical
concentration, cOR, of 6 X 10~° mol 17!, The rate coefficients, kp and k,, that go into the calculation of the
conversion-time  profiles are:  k,(MA) = 245001 mol ! 1, k(MA)=1.1X% 103 T mol ' s7!
ky(MMA) = 902 1 mol ' s™" and & (MMA) = 2.5x 10 1 mol” 1 '. Upto 0.4 s, the MA concentration
decays by about 0.07%. By adding up a few (up to 10) individual SP PLP signals, Kurz [134] succeeded
to reliably measure such a conversion vs. time curve, although with an increased scattering as compared
to the calculated signal in Fig. 10. For dodecyl acrylate, with the rate coefficients under the same
conditions being: k, = 413001 mol ' s™" and k, = 2.47x 10° 1 mol ' s~!, the monomer conversion
induced by one pulse is much larger than with MA and exceeds 2%. The intense SP—PLP signal
observed with DA allows for the determination of k/k, from a ‘true’ (i.e. not averaged) single pulse
trace. The opposite holds for MMA (Fig. 10), where the monomer conversion induced per pulse is below
0.01% after 0.4 s. By co-adding a larger number (about 100) of individual SP—PLP signals, however,
even for such an unfavorable kinetic situation, useful ‘single pulse’ signals may be obtained [133].

Plotted in the upper part of Fig. 11 is the change in relative monomer concentration, em(/cy,
measured as a function of time ¢ for an MMA bulk polymerization at 40 °C and 1000 bar. The signal
results from co-adding 80 individual SP-PLP traces recorded within a total of 400 s. The kinetic
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Fig. 11. Monomer concentration vs. time trace measured during a methyl methacrylate polymerization at 40 °C and 1000 bar at
MMA conversions between 7.7 and 9.7%. The signal is obtained by co-adding 80 single pulse traces. The difference between
measured and fitted (Eq. (20)) data is illustrated by plotting the residuals (res) in the lower part of Fig. 11. Reproduced with
permission from Macromolecules 1998;31:3211. © 1998 American Chemical Society [133].

information in Fig. 11 refers to overall MMA conversions between 7.7 and 9.7%. MMA concentration is
determined with a time resolution of 60 ws via the NIR monomer absorption around 6170 cm™'. The
curve fitted to the data in Fig. 11 is obtained via Eq. (20). The quality of this fit is illustrated by the plot of
residuals in the lower part of Fig. 11. No systematic deviation between measured and fitted data can be
detected. The fit directly yields k/k,, from which, in conjunction with k, from PLP-SEC, k; is obtained.
The resulting MMA termination rate coefficients are assumed to be accurate within *=40%. As
is described in more detail in Ref. [133], it is within these limits of uncertainty that the data from
SP-PLP agree with the best available literature values deduced by other techniques. The situation
illustrated in Fig. 11 is close to a worst-case scenario. Interestingly, the signal quality improves at higher
degrees of monomer conversion because of the significant drop in k; associated with the onset of the gel
effect (Section 3.2). Feldermann succeeded to measure SP—PLP traces of good signal-to-noise quality
during MMA bulk polymerization at conversions above 30% [135].

Similar problems as with MMA are met in SP-PLP experiments on styrene. In situations where the
conversion induced by a SP is extremely small, a different type of pulsed laser experiment, the pulse
sequence (PS)—PLP technique, may be used [128,136—138]. The pseudo-stationary method which has
been detailed in Ref. [137] works as follows: the change in monomer concentration resulting from the



226 S. Beuermann, M. Buback / Prog. Polym. Sci. 27 (2002) 191-254

cg / (molL")
= conversion "ttt

Fig. 12. Free-radical concentration vs. time ¢ profile during a PS—PLP experiment, where a sequence of nine pulses at low pulse
repetition rate is embedded in between two sequences of high laser pulse repetition rate. Reproduced with permission from ACS
Symposium Series 685, 1998. p. 84. © 1998 American Chemical Society [120].

application of a known and large (usually between 100 and 1000) number of evenly spaced laser pulses
is spectroscopically measured by taking NIR spectra before and after irradiation of such a pulse
sequence. From this concentration difference, the conversion per pulse, Acy;, reached within the time
interval determined by the inverse of the selected pulse repetition rate, v, is accurately determined.

As is thoroughly discussed in Ref. [137], with k, and with the primary laser-induced free-radical
concentration (and thus initiation efficiency) being known from independent experiments, k, may be
directly obtained from Acy; measured at a given pulse repetition rate, v. Mostly this additional informa-
tion is not at hand. The preferred mode of carrying out the PS—PLP experiment under such conditions
thus is to apply pulse sequences of alternating pulse repetition rates, Vhign and vy,,,. This alternating PS—
PLP method yields ky/k as does the SP—PLP technique without, however, providing the other benefits of
the latter technique such as the measurement of time-resolved macromolecular growth with the potential
of studying chain-length dependent k. The PS—PLP technique, however, has advantages over the other
pseudo-stationary method, the traditional rotating-sector method, in that it is considerably less labor
intensive and, more importantly, in that it may be applied to measure the conversion dependence of k, up
to higher degrees of monomer conversion. Advantages with respect to the SP-PLP technique are that
PS—PLP is not associated with microsecond time-resolved measurement of monomer concentration and
that PS—PLP functions better for monomers of very low k,/k.. With the improvement of signal-to-noise
quality of the SP—PLP procedure, the importance of the PS—PLP method will, however, decay. Experi-
mental details about the PS—PLP procedure can be found in Refs. [137,138].

The free-radical concentration vs. time ¢ profile during a PS—PLP experiment is schematically given
in Fig. 12. A sequence of nine pulses applied at low pulse repetition rate is embedded in between two
sequences of high laser pulse repetition rate. As a dotted line, the time dependence of monomer
conversion is given. Spectroscopic measurements of monomer content are carried out before and
after applying a sequence of pulses.

A brief account of the experimental set-up used in SP-PLP studies (Fig. 13) will now be given.
The principal components are an excimer laser of about 20 ns pulse width (mostly operated on the XeF-
line at 351 nm), a tungsten halogen lamp (La, 75 W, general electric) powered by two batteries (12 V,
180 A/h), a BM 50 monochromator (B&M Spectronic) and a detector unit equipped with a fast InAs-
detector (Det) (EG & G, Judson) with a time resolution up to 2 ws. By means of UV mirrors (M), which
are transparent in the IR/NIR region, the laser pulses are directed through the high-pressure polymer-
ization cell (HC). A UV detector (D) positioned in front of the cell serves for measuring the intensity of
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Fig. 13. Experimental set-up for single pulse (SP)—pulsed-laser polymerization (PLP). For details see text.

each individual laser pulse. By means of a photo-shutter (S), individual pulses or a pre-selected number
of pulses may be applied. The IR/NIR probing light, by means of a CaF, lens (L1, f = 100 mm,
d =50 mm) is focused into the cylindrical optical high-pressure cell equipped with two sapphire
windows. A second CaF, lens (L1) of identical dimensions focuses the IR/NIR light after penetration
through the cell onto the lid of the monochromator where it is diffracted at an interference grating
(Bausch&Lomb, 76 mm X 76 mm, 600 mm ', blaze 1.6 mm, D = 4.1 nm mm_l). By means of an
ellipsoidal mirror (E), the NIR light is transmitted onto the fast NIR detector. A silicium filter F2
(Oriel, 1 mm, 1.05 wm, transmission in the 5000-9000 cm ™' region) ensures that only one grating
order hits the detector. The detector signal is digitized on a 12-bit transient recorder (ADAM TC
210-1, René Maurer AG) and transferred to a PC for further data processing.

The irreversible change in intensity of the NIR probing light associated with polymerization induced
by each preceding laser pulse is electronically compensated for the subsequent pulse. Prior to polymer-
ization, the monomers are distilled under reduced pressure in the presence of dry K,CO; to remove the
inhibitor and are treated by several freeze-and-thaw cycles to remove dissolved oxygen. The photo-
initiator, mostly DMPA, is added to yield initial DMPA concentrations typically of 5 X 10 mol 17"
The DMPA concentration may, however, be by about one order of magnitude below or above this value
(Section 3.7). The polymerizing mixture is mostly contained in an internal cell that is inserted into the
high-pressure optical cell [139]. UV-irradiation with the excimer laser is usually carried out at single
pulse energies of 2—3 mJ being incident on the sample. Monomer conversion is monitored with a time-
resolution of a few microseconds mostly at NIR wavenumbers characteristic of the monomer, around
6170 cm ™' After measuring several conversion vs. time traces, the optical cell is introduced into the
sample chamber of an IFS 88 Fourier transform IR/NIR spectrometer (Bruker) where the absolute
monomer concentration is checked by analysis in an extended NIR region, typically between 6100
and 6250 cm ', During each SP—PLP experiment, conversion vs. time traces are recorded until the
polymerizing system becomes inhomogeneous or the photoinitiator is consumed. More details about the
SP—PLP set-up, in particular about the electronic part, are contained in Kowollik’s PhD Thesis [140].

3.2. Termination rate studied over extended ranges of monomer conversion

By subsequent SP—PLP experiments being carried out during a free-radical polymerization, k/k, and
thus k, may be mapped out for an extended region of monomer conversion. A single SP-PLP trace
measured during an ethene polymerization at 9.5% conversion (or polyethylene content) has already
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Fig. 14. Rate parameter k,®; as a function of monomer conversion measured via SP—PLP during ethene homopolymerizations
at 230 °C and 2550 bar [77,78].

been shown in Fig. 9. The k; values resulting from a series of such individual experiments performed
during an ethene homopolymerization at 230 °C and 2550 bar are shown in Fig. 14. Actually the product
of k@, is plotted, with @, being the efficiency of photochemical free-radical production. @; is close to
unity.

The data which is from several independent ethene SP—PLP studies at 230 °C and 2550 bar reveals an
enormous change, by almost three orders of magnitude, in termination rate coefficient over the experi-
mental range up to about 75% ethene conversion. In view of this enormous effect, the conversion
dependence of k, will first be studied without taking any chain-length dependence of rate coefficients
into account. The k, values presented in Sections 3.2—3.6 should be referred to as chain-length averaged
termination rate coefficients. The (moderate) influence of free-radical chain length will be addressed in
Section 3.7.

k. of ethene free-radical polymerization decreases within the entire conversion range depicted in
Fig. 14. In the initial polymerization period the decrease is pronounced, thereafter is rather weak, before
another clear decrease occurs at conversions above 50%. Significant changes of k; with the degree of
monomer conversion have already been reported for MMA free-radical polymerization. Fig. 15 shows
the data of Sack-Kouloumbris and Meyerhoff for ambient pressure and 0 °C [141]. Such dependence has
also been found by Feldermann from SP—PLP experiments with his data, however, being restricted to
conversions below 50% [135]. Contrary to what is seen for ethene, with MMA a plateau region occurs at
low conversion. Above 35% MMA conversion, the shape of the k, vs. monomer conversion curve is very
close to the variation seen from the very beginning of ethene polymerization (Fig. 14). This similarity
suggests that common termination mechanisms are operative for both compounds. Data from PS—PLP
experiments into styrene bulk polymerization at 50 °C and 2800 bar [138] are given in Fig. 16. With
respect to the type of k, vs. monomer conversion dependence, this data also fits into the picture provided
by the ethene and MMA data in Figs. 14 and 15, respectively, with the initial plateau region being larger
than with MMA.

The initial plateau region may become even more extended. Particularly large ranges of constant,
conversion-independent ., are found in the bulk polymerization of (meth)acrylic esters where the ester
group is large, such as dodecyl acrylate (DA) and dodecyl methacrylate DMA. As is shown for the
acrylate family in Fig. 17, within the series MA, BA, and DA, the absolute value of k; in the initial
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Fig. 15. Conversion dependence of the termination rate coefficient k, for polymerizations of methyl methacrylate at ambient
pressure and 0 °C. Experimental data are from Ref. [142]. The line is fitted according to Eq. (21).

plateau region decreases whereas the extension this region of (almost) constant k, increases toward
higher monomer conversion. With BA, the plateau region is not perfectly flat as, e.g. with BMA
(Section 3.3). The reason for this is not yet clear, but may be specific for BA. The data in Fig. 17 is
from different sources: MA [142], BA [143], and DA [142] but always refers to 40 °C and 1000 bar.
The transitions from plateau-type behavior to regions where k; clearly and sometimes enormously

In k/(L-mol"-s™")
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0.1 02 03 04 05 06 07
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Fig. 16. Variation of the termination rate coefficient, k,, with monomer conversion in laser-induced bulk polymerizations of

styrene at 50 °C and 2800 bar. Data from three independent experiments are shown. The line represents the best fit according to
Eq. (21). Reproduced with permission from Macromol Chem Phys 1997;198:1455. © 1997 Wiley—VCH [138].
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Fig. 17. Variation of k, with monomer conversion for bulk polymerizations of MA, BA, and DA at 40 °C and 1000 bar
[142,143]. Reproduced with permission from Chemical synthesis using supercritical fluids, 1999, p. 326. © 1999 Wiley—
VCH [185].

drops upon further increasing monomer conversion, indicate transitions in the type of diffusion control
of the termination process. As has been discussed in detail in Ref. [144], the initial plateau region is
assigned to segmental diffusion, followed by translational diffusion. The subsequent weaker decrease in
k. is assigned to control by reaction diffusion where termination occurs via propagation. At the highest
conversions also propagation may run under diffusion control, which leads to a significant lowering of
reaction-diffusion controlled k;. All four mechanisms are seen with MMA, whereas for the other mono-
mers only part of these mechanisms plays a role. Nevertheless, a common systematic of the conversion
dependence of k; can be given [144]. The observed conversion dependence of k, on conversion, X, may
be reasonably fitted by Eq. (21)

1 n Crp(1 — X)

k= — — 21)
' kTS + /. k”(l)“D kp,é + nr/kg,D

ksp, ng, and k,, denote the rate coefficients of segmental diffusion, translational diffusion at zero
conversion, and propagation at low conversion, respectively. 1, = m/7q is the relative bulk viscosity
with 1, being the pure monomer viscosity at polymerization temperature 7 and pressure p. kg’D is the
(hypothetical) rate coefficient of diffusion-controlled propagation at zero conversion which is defined by
the following general expression for diffusion controlled k:

ky = (kpo + n/kop) (22)

Finally, Cyp in Eq. (23) is an empirical constant which relates the reaction-diffusion controlled termina-
tion rate coefficient, krp, to k, and to the fraction of unreacted monomer, 1 — X:

kt,RD = CRka(l - X) (23)

The first term on the RHS of Eq. (21) represents the joint contribution of translational (center-of-mass)
and of segmental diffusion to overall termination. Under conditions where segmental mobility controls
termination, which may be the case in the initial polymerization period where translational diffusion of
macroradicals is fast, k, is more or less constant and close to ksp. Toward higher conversion, the
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translation-diffusion (center-of-mass) contribution to the first term on the RHS of Eq. (21), ktp = k%D/ I,
becomes dominant due to the enormous increase in bulk viscosity (7,) with monomer conversion.

The second term on the RHS of Eq. (21) denotes the contribution of reaction diffusion to overall k.
This term differs from the corresponding one in Eq. (23) in that the general, conversion-dependent
expression for k, (Eq. (22)) is used. Under conditions where center-of-mass diffusion is largely hindered,
e.g. at high conversion, and with monomers of high k,, Eq. (23) may account for most of overall k. For
butyl acrylate bulk polymerization at moderate and high conversion, k gp/(ky(1 — X)), which is directly
obtained from k; = kgp, measured at different degrees of monomer conversion, and from k,, yields a
conversion-independent value which is identified with Crp (Eq. (23)) [120,128].

Eq. (21) is capable of representing the different types of experimental k, vs. monomer conversion
behavior. The lines in Figs. 14—16 have been obtained by fitting measured &, data to Eq. (21). This
equation has also been used to represent k; of ethene over an extended pressure, temperature, and
conversion region as is covered in technical high-pressure polymerization [77,78]. The remarkable
feature of the ethene SP-PLP experiments is that both parameters from fitting the conversion vs.
time traces to Eq. (20) are used for deriving kinetic parameters. According to the strategy outlined
in Refs. [77,78], and by adopting the quantum efficiency, @;, of free-radical formation after UV excita-
tion of pure ethene to be close to unity, both individual coefficients, k; and k;, are obtained from a single
SP—PLP experiment.

The rate expressions for k(7 p, X, n,) and for k(T p, X) of ethene are presented as Egs. (24) and (25),
respectively, where the zero conversion values of both rate coefficients, k. and kg are given by Eqs. (26)
and (27), respectively

0

1 _ k
k(T,p,X,m) = |0.832— +8.04 % 107%(1 — X) P KD (24)
un N k) .
1.13x 1010 "
kO
ko(T,p,m) = b (25)
kP

+
113 % 100 "

- —553 — 0.190p (bar)
K Qmol's™h) =811x10° exp( T®© ) (26)
- —4126 + 0.33p (bar)
0 1 1\ 7
ky Imol " s ") = 1.883 X 10 exp( T K ) 27

The procedure of estimating 7, is described in Ref. [78]. The variation with monomer conversion of k;
and of k, for 230 °C, 2550 bar is plotted in Fig. 18.

Eqgs. (24)—(27) turned out to adequately represent the kinetics of ethene free-radical homopolymer-
ization in rather extended ranges of 7, p, and X [145].

Although the model underlying Eq. (21) appears to properly describe the major effects associated with
the conversion dependence of &, it is definitely a crude model as, e.g. the chain-length dependence of k;
is not considered. Moreover, the molecular weight (distribution) of the polymer (from preceding
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Fig. 18. Variation of the termination and propagation rate coefficients, k; and k;, respectively, with monomer conversion for
ethene polymerizations at 230 °C and 2500 bar [77,78]. The lines represent best fits of Egs. (24) and (25) to the experimental
data obtained from SP—PLP.

polymerization), which strongly affects the viscosity of the reaction medium, is not explicitly taken into
account but is implicit in 7,, the relative viscosity, which is difficult to measure during the course of
polymerization reactions, in particular at elevated temperatures and pressures.

That macroradical chain-length affects &, may be easily demonstrated via PS—PLP experiments.
Shown in Fig. 19 is the conversion dependence of bulk MMA free-radical polymerization at 30 °C,
1000 bar studied by PS—PLP experiments carried out at two significantly different pulse repetition rates,
y=021s "' and v=135s" [146]. In the initial plateau region, k, is almost the same for the two
experiments with a weak indication of k, being slightly higher at v = 13.5s~ ' where chain length is
significantly smaller than in the » = 0.21 s~ experiment. (The difference in chain length may be easily
demonstrated by an accompanying PLP—SEC measurement). The plateau region is less extended at the
lower pulse repetition rate (0.21 s™'), as the higher molecular weight species produced under these
conditions get entangled at lower conversion and earlier enter into the gel effect region were center-of-
mass diffusion controls k. In the region were k, steeply decreases upon increasing conversion, enormous
differences in k; (at identical conversion) are seen. They are due to both differences in chain-length
dependence and to differences in bulk viscosity that are associated with the quite different sizes of the
polymeric material produced at the two repetition rates. The data in Fig. 19 clearly illustrates the ‘history
dependence’ of k.. The dynamics of the preceding polymerization (which is contained in the MWD and
in other properties of the polymer) influences the subsequent reaction and, in particular, affects diffusion-
controlled k.

A similar picture as shown for MMA polymerization (Fig. 19) has been obtained for styrene free-radical
polymerization. Fig. 20 shows the variation of k; for styrene at 50 °C, 2000 bar deduced from PS—PLP
studies at repetition rates of » = 0.9 and 13 s ' [138]. Again, the dependence of k, in the plateau region is
very small with, however, a clearer (than with MMA) indication of k, being enhanced toward larger pulse
repetition rate, that is toward smaller free-radical chain length. This effect will be addressed more closely
in Section 3.7. In the gel effect region, at monomer conversions above 20%, the impact of (free-radical and
polymer) chain length on &, is clearly seen, although it is less pronounced than with MMA. (It should be noted
that k, is given on a log, scale in Fig. 20, whereas in most other figures a log;, scale is used for k;.)
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Fig. 19. Variation of termination rate coefficient k, with monomer conversion in laser-induced MMA bulk polymerizations at
30 °C, 1000 bar carried out at laser pulse repetition rates » of 0.21 and 13.5 Hz; v stays constant within each experiment [146].
The lines are fitted according to Eq. (21). Reproduced with permission from Macromol Symp 1996;111:229. © 1996 Wiley—

VCH [79].

Figs. 19 and 20 demonstrate that the chain-length dependence is different in regions, which differ in
the mechanism of diffusion control of k.. Within the reaction-diffusion region a third type of chain-length
dependence of k, may be found. This region has however not been carefully explored so far. It may,
however, be assumed that, as k, is not (markedly) dependent on chain length, k gp should also be
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Fig. 20. Variation of termination rate coefficient k; with monomer conversion in laser-induced styrene bulk polymerizations at
50 °C, 2000 bar carried out at different laser pulse repetition rates, » = 0.9 and 13 Hz; v stays constant within each experiment
[138]. The lines are fitted according to Eq. (21). Reproduced with permission from Macromol Chem Phys 1997;198:1455.

© 1997 Wiley—VCH.
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insensitive toward chain length. On the other hand, the constant in the reaction-diffusion term, Cyp, may
vary with free-radical size. The termination kinetics may become rather complex toward elevated and
high conversion, where free-radical chain length and the dynamic properties of the reaction medium,
with particular impact coming from polymer microstructure, play an important role. As SP—PLP experi-
ments under such conditions have not yet been carried out, the remainder of this section will be restricted
to studies into k, within the initial polymerization region. With the exception of ethene and of butyl
acrylate polymerization, more or less extended plateau k; regions are found in the early polymerization
period. In Section 3.3, homo-termination rate coefficients of styrene and of (meth)acrylates will be
presented. Section 3.4 deals with copolymerization k, mostly of (meth)acrylate systems.

3.3. Homo-termination rate coefficients at low and moderate degrees of monomer conversion

With a very few exceptions, the pulsed laser induced studies into termination kinetics have been
carried out at elevated pressures, which brings a twofold advantage: k, is significantly enhanced with
pressure and k; is lowered. Thus, ky/k; strongly increases toward higher p, which is associated with a
largely improved signal-to-noise quality of the SP—PLP conversion vs. time traces. In most cases, both
the temperature dependence and the pressure dependence have been determined which allows estimates
of k; to be carried out for other temperatures and also for ambient pressure. All k, data of this section
refers to chain-length averaged termination rate coefficients.

3.3.1. Styrene

The termination rate coefficient of bulk styrene polymerization has been studied extensively via
the PS—PLP method [33]. Recently, also SP-PLP experiments were successfully carried out
[147], the results of which are in excellent agreement with the PS—PLP data. The temperature
dependence of the plateau k; which refers to the first 20% of bulk styrene polymerization is plotted for
various pressures in Fig. 21. Together with the data from PS—PLP (open symbols), several k; values from
chemically initiated polymerization (via thermal decomposition of 2,2’-azoisobutyronitrile) are
presented (full symbols) in Fig. 21. The data sets obtained by chemical and by photochemical initiation
closely fit to each other. The set of chain-length-averaged plateau k; values is adequately represented by
Eq. (28), which holds for conversions up to 20%, for temperatures between 30 and 90 °C, and pressures
up to 2800 bar. The formula should, however, also be applicable to estimates of k; at temperatures and
pressures slightly beyond the T and p ranges of the underlying experiments. It should be mentioned that a
slight curvature on the In &; vs. p correlations for constant temperature is seen [138], which corresponds
to a weakly pressure-dependent activation volume. In Eq. (28), this effect is accounted for by the
quadratic term in p

In k, (1 mol ' s 1) =20.785 — 1.050 X 10 *p (bar) + 5.2 X 10~ 8p?* (bar?)

753 0.1060
T®K) T K)

(bar) (28)

For 30°C, from the pressure dependence of k, (Eq. (3)), an activation volume of AV#(kt) =
(14 = 2.6) cm® mol ™! is derived. The activation energy of k. at ambient pressure is obtained to be:
Ex(k) = (8.9 + 3.2) kI mol '. Interestingly, both activation parameters are very close to activation
parameters calculated from the pressure and temperature dependence of the inverse of pure styrene
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Fig. 21. Temperature dependence of low conversion k, data for styrene bulk polymerizations at 250 and 2800 bar (as indicated);
open marker refer to k, determined via PS—PLP experiments and filled marker to k, derived from chemically initiated poly-
merizations [138]. Data refer to the initial plateau region of constant k; (for details see text). Reproduced with permission from
Macromol Chem Phys 1997;198:1455. © 1997 Wiley—VCH.

viscosity: AV (nsiy) = 14.6 cm® mol ! and E A(nsty) = 9.9 kI mol ™!, respectively. This agreement is
fully consistent with the view that segmental diffusion constitutes the rate determining step and that for a
given type of segments, e.g. the ones in polystyrene or in associated macroradicals, the temperature and
pressure dependence of k, is given by the (inverse of) monomer viscosity which essentially controls
segmental mobility inside the coil. It is important to note that it is not the bulk viscosity of the poly-
merizing medium which affects termination kinetics.

3.3.2. Alkyl acrylates

The termination kinetics of methyl acrylate and dodecyl acrylate has been extensively studied by Kurz
[134] and additional k, data for these monomers have been provided by Kowollik [140] and by
Kiilpmann [148]. Temperature and pressure dependent (chain-length-averaged) plateau k, values
for both substances are presented in Ref. [149]. Illustrated in Fig. 22 is the temperature dependence
of k, measured for both monomers at 1000 bar. The activation energies referring to 1000 bar are: (9 = 6)
kJ mol ! for MA and (4 + 5) kJ mol ' for DA with these values not being significantly different within
the rather extended limits of experimental accuracy

logk (Imol 's™") =948 — 4547 " (K™
(29)
(MA bulk polymerization at 1000 bar, 10 °C =< 6 = 50 °C)

logk (Imol 's™)=7.03 - 19971 (K™
(30)
(DA bulk polymerization at 1000 bar, 15 °C = 6 = 50 °C)

The pressure dependence of &, which has been measured for both monomers at 40 °C, is shown in
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Fig. 22. Temperature dependence of k, for homopolymerizations of MA and DA at 1000 bar derived from SP—PLP experiments
in the initial plateau region of constant k, (for details see text).

Fig. 23. The associated fitted lines are given as Eqs. (31) and (32) for MA and DA, respectively. It cannot
be excluded that also the variation of k, with p is slightly curved. It is in particular the DA data, which
provides some indications of such an effect. As the curvature is, however, not safely backed by the
experimental data (Fig. 23), pressure-independent activation volumes have been deduced from linear
fits of the log k, vs. p data. The resulting rate expressions for MA and DA are given as Egs. (31)
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Fig. 23. Pressure dependence of k, for homopolymerizations of MA and DA at 40 °C derived from SP—PLP experiments in the
initial plateau region of constant k, (for details see text); full symbols are from Ref. [148], open symbols from Ref. [134], and
half filled symbols from Ref. [140].
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and (32), respectively

log k, Imol 's™') = 8.42 — 3.34 x 10 *(p (bar))
(31)
(MA bulk polymerization at 40 °C, 100 bar =< p < 2500 bar)

log k, 1 mol ™' s™") = 6.82 — 3.48 x 10~ *(p (bar))
(32)
(DA bulk polymerization at 40 °C, 100 bar = p =< 2000 bar)

Egs. (31) and (32) are associated with activation volumes of (20 = 6) and (21 = 6) cm® mol !, respec-
tively.

Butyl acrylate (BA) differs in k, behavior from the other alkyl (meth)acrylates in that no perfect
plateau is seen in the initial polymerization period up to about 10% conversion. This has been illustrated
in Fig. 17 by k, data from SP—PLP measured at 40 °C, 1000 bar [143]. At monomer conversions between
10 and 20%, however, a plateau-type k, value seems to occur. Such plateau values have been determined
from SP—PLP for BA bulk polymerizations in an extended range of pressures and temperatures. The
resulting temperature dependence of k; (at 1000 bar) and the pressure dependence (at 40 °C) are given in
Egs. (33) and (34), respectively

log k, Imol ! s™!) = (8.41 = 0.477) — (292 = 144)T ' (K1)
(33)
(BA bulk polymerization, 1000 bar, 10 °C = @ = 60 °C)

log k, I mol ™' s™1) = (7.74 + 0.0066) — (2.66 * 0.487) X 10 *p (bar)
(34)
(BA bulk polymerization, 40 °C; 200 bar = p =< 2000 bar)

Egs. (33) and (34) are associated with an activation energy of (6 = 3) kJ mol ! and an activation volume
of (16 + 3) cm® mol ', respectively. The difference of BA k, vs. monomer conversion behavior as
compared to the dependencies seen with MA, DA, and also with the alkyl methacrylates, is not yet
fully understood. That specific effects are operative with BA is indicated by the k, data measured for BA
in solution of scCO, which show an appreciable increase with conversion in the initial conversion region
[143].

3.3.3. Alkyl methacrylates

Because of the problems with SP—PLP signal quality in methacrylate ; studies, only relatively few
pulsed-laser-assisted measurements have been carried out so far. An Arrhenius plot of k, for MMA at
1000 bar [133] is shown in Fig. 24.

The fitted line is represented by Eq. (35):

logk (Imol 's™) =833 -2917 1 (K™ (35

The activation energy (at 1000 bar) associated with Eq. (35) is Ez(k) = (5.6 = 2.6) kJ mol . Only two
SP-PLP data points, for 1000 and 1500 bar, are available for deriving an activation volume. The
resulting (approximate) value is: AV#(kt) =(15%95) cm® mol ™. It should be noted that both activation
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Fig. 24. Temperature dependence of k, for homopolymerizations of MMA at 1000 bar. Each data point is obtained as a mean
value over an initial polymerization range extending up to about 20% monomer conversion. Reproduced with permission from
Macromolecules 1998;31:3211. © 1998 American Chemical Society [133].

parameters are close to the corresponding data derived from PS—PLP investigations into styrene bulk
polymerization.

For BMA and DMA even less k, data from PLP is available. In Ref. [150], the numbers for ; at 40 °C,
1000 bar are given: log k, (1mol ' s ') = 6.70 (bulk BMA, [151]) and log k, Imol 's™ ') = 6.22
(bulk DMA, [140]). From this reference data at 40 °C, 1000 bar, bulk k; values for other pressures
may be estimated via the following activation volumes: AV#(kt) = 18 cm® mol ! for BMA [23] and
AV*(k) = 10.8 cm® mol ™! for DMA at 30 °C [140].

Obviously more data is required in order to allow for quantitative plateau k, data within extended
regions of temperature and pressure. That this plateau region may extend up to 30 and to 45% monomer
conversion in bulk free-radical polymerizations of BMA and DMA, respectively, has been demonstrated
by Bergert [152].

3.4. Termination rate coefficients in binary and ternary (meth)acrylate copolymerizations at low and
moderate degrees of monomer conversion

The initial plateau region of constant k, may be fairly extended, up to at least 40% monomer conver-
sion in DA and DMA bulk homopolymerizations, but is rather small, up to approximately 15% conver-
sion, in MMA bulk polymerization. The extension of this range is dependent on the specific reaction
conditions chosen for a particular polymerization.

In Fig. 25 termination and propagation rate coefficients of MA, DA, MMA, BMA, and DMA
homopolymerizations are given for 40 °C and 1000 bar on a double-log scale. High-pressure k, and &,
data is plotted as the entire set of SP—PLP experiments has been carried out under these conditions.

The family type behavior of &, (Section 2) is seen for the methacrylates and also for the acrylates. For
k, however, no such family type behavior occurs. &, of MA is by almost two orders of magnitude above k;
of DA. A significantly higher &, is also found for MMA as compared to DMA. Interestingly, the ks of the
two-dodecyl esters, DA and DMA, are more or less identical.

Copolymerization k, studies should be helpful for the understanding of the large differences in
homopolymerization k,. Moreover, copolymerizations are technically relevant reactions and any
improvement in the modeling of copolymerization k, behavior is important. Among the binary systems
that may be prepared from of the monomers contained in Fig. 25, the systems DA-MA and DA-DMA
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Fig. 25. Propagation rate coefficients k, and termination rate coefficients k; for several acrylates and methacrylates at 40 °C and
1000 bar, for which copolymerization studies will be reported. Reproduced with permission from Macromolecules
1999;32:1445. © 1999 American Chemical Society [142].

are of particular interest. The homopolymerization k,s of MA and DA are almost the same, whereas the
ks are significantly apart, by a factor of 55. With DA—DMA, on the other hand, the homo-ks are more or
less identical and the homo-k,s are clearly different. The copolymerization ks are deduced from SP—PLP
(kp/k)copo data that are combined with k.., from separate copolymerization PLP—SEC experiments
which were also carried out at 40 °C and 1000 bar (Section 2.3.2).

The resulting ki ..y, values are plotted together with the homopolymerization values in Fig. 26. The
correlation of log kicopo With fpa, the mole fraction of DA in the monomer mixture, closely fits to a
straight line. This result is not overly surprising for the DA-DMA system where the two homo-
termination rate coefficients are identical, but is noteworthy for DA-MA where the homo-ks differ
by almost two orders of magnitude.

As is demonstrated in Ref. [142], among the existing models for k.., which are presented and
discussed in the Fukuda et al. [153] paper, only the penultimate-type model given in Eq. (36) allows
for an adequate fit of the measured ki .y, data for both DA-MA and DA-DMA

0.5  _ 05 0.5 0.5 0.5
kicopo = ki1,11P11 T ko121P21 t k2 00P2 + kin10P 12 (36)

As with free-radical propagation in binary copolymerizations, in addition to the terminal unit, the
penultimate unit at the free-radical terminus is considered in modeling k... This approach has first
been used by Russo and Munari [154,155]. The &, penultimate model is associated with a significantly
enhanced number of individual termination rate coefficients. Given in Eq. (37) is the general expression
for penultimate model k., in binary copolymerizations

2 2 2 2
kt,copo = Z Z Z ZPiijlktij,kl (37)
=1 k=1 i=1 j=1

ki copo 1s composed of ten individual termination rate coefficients, k;y, which refer to the reaction of two
radicals with specified terminal units ij and kl/, respectively. The P;s and Pys indicate the relative
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Fig. 26. Termination rate coefficients (in the plateau region, see text) of DA—-MA and DA-DMA copolymerizations at 40 °C
and 1000 bar, plotted against the (initial) mole fraction of either MA or DMA, respectively. Reproduced with permission from
Macromolecules 1999;32:1445. © 1999 American Chemical Society [142].

populations of the four types of ‘penultimate’ free radicals, with chain ends ii, ij, jj, or ji. These
populations may be calculated from the propagation rate coefficients and reactivity ratios [156]. The
relatively large number of termination rate coefficients, k;y, is reduced by replacing the ‘unlike’
coefficients, ky; with ij being different from kI, by the associated coefficients for termination of
‘like’ radicals, ky;;; and kyq, via the geometric mean approximation (Eq. (38)):

kiju = (ktij,ijktkz,kz)o's (38)

Eq. (38) is the expression used by Fukuda et al. [153] whereas in Russo and Munari’s original paper an
additional factor of 2 is contained on the RHS of Eq. (38). It should be noted that geometric mean
expressions, such as Eq. (38), are used in gas kinetic studies to estimate cross-termination [157]. The
elimination of ‘unlike’ termination rate coefficients k;y by the ‘like’ ones, ky;; and ky,y reduces the
number of penultimate-unit termination rate coefficients from ten to four. Eq. (38) in conjunction with
Eq. (37) yields Eq. (36) which, as has already been pointed out, allows for a very satisfactory repre-
sentation of ko, in the DA-DMA and DA-MA systems.

The close-to-linear correlation of log ko, VS. f data observed for monomers belonging to the same
family, MA and DA, suggests to try corresponding plots for other systems. As is shown in Ref. [142],
the Ito and O’Driscoll ki, data for MMA-BMA and MMA-DMA at 30 °C and ambient pressure
[158], which were deduced from rotating sector experiments, indeed closely fit to linear log ki copo V8. f
relations.

The data in Fig. 26 together with the corresponding plots for MMA-BMA and MMA-DMA [142]
may suggest that k; .,,, might generally be accessible from homo-termination data via linear 1og & copo VS.
fcorrelations. That this is not the case, is clearly seen from data for several binary systems presented in
the Fukuda et al. [153] paper and has recently been demonstrated by Feldermann with SP—PLP experi-
ments carried out on the MA-DMA system [135,159].

Plotted in Fig. 27 is ki, for the MA-DMA and the MA-DA systems as a function of the
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Fig. 27. Termination rate coefficients (in the plateau region, see text) of MA-DA and MA-DMA copolymerizations at 40 °C
and 1000 bar, plotted against the (initial) mole fraction of MA [135,142].

MA mole fraction of the (initial) monomer mixture. The data refers to polymerization conditions
of 1000 bar and 40 °C. The two systems are interesting in that k., varies in between limiting
homo-termination rate coefficients of the same size. In clear contrast to the MA—-DA data which has
already been shown in Fig. 26, MA-DMA k., exhibits no linear log ki .., vs. f correlation. The reason
behind this is that, other than with the MA—DA system, the reactivity ratios of the MA—-DMA system
clearly differ from unity (rys = 0.38 and 4 = 2.07). As a consequence, the populations of the
different types of free radicals are not related to the monomer mole fraction in a simple way. Actually,
the fraction of free radicals with a DMA terminus is significantly higher than the DMA monomer mole
fraction which results in ki ..y, being shifted toward the lower homo-k; value of DMA. The penultimate-
type model (Eq. (36)) takes the actual populations properly into account and thus is capable of
fitting also the MA-DMA ki, data. Actually, the line through the MA-DMA data is a fit to
Eq. (36).

The underlying penultimate k.., model with the geometric mean approximation (Eq. (38)) being
used to eliminate the ‘unlike’ termination rate coefficients, k;jy, allows for a satisfactory fit of the
experimental material that is presently available for the initial plateau region of (meth)acrylate
copolymerizations. Arguments for the excellent representation of k.., data via Eq. (36) have been
considered in Ref. [142]. It certainly comes as a surprise that within the partly rather extended plateau
ki copo TEgIONS, UP to 50 or even more percent monomer conversion, termination rate of macroradicals
may be best fitted by a model that only considers the two terminal units of each of the reacting
monomers. The strongest argument in favor of such a k; penultimate model assigns control of
the termination reaction to steric (entropic) factors and thus to shielding effects at the free-radical
chain-end. Substituents on the terminal and on the penultimate unit should (primarily) contribute to
this shielding. Steric shielding would easily explain the trends seen in the homo-k;s of (meth)acrylates in
the initial plateau region (Fig. 25). k; should strongly increase in going from the dodecyl to the methyl
members in the (meth)acrylate families. Moreover, the dominant shielding effect which must be
expected to occur with the dodecyl monomers explains the minor difference in k, between DA and
DMA. The poor shielding conditions with the methyl members of both families give rise to a significant
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lowering of k, upon the addition of the a-methyl group, that is in going from MA to MMA. This is indeed
what Fig. 25 shows.

A particularly strong argument in favor of segmental reorientation under steric control by the substi-
tuents at the free-radical chain end being responsible for the plateau regions comes from the obvious
success of the geometric mean approximation in replacing termination rate coefficients of two radicals
with ‘unlike’ penultimate units by the corresponding ‘like’ coefficients (Eq. (38)). The successful
application of Eq. (36), of course, does not prove that it is definitely only the last two units on the
radical terminus which contribute to the shielding effect. It appears, however, that consideration of these
two units accounts for most of the effect.

The shielding argument also offers a convincing explanation for the plateau behavior of k; in
the initial conversion range where bulk viscosity and thus center-of-mass diffusion of macrora-
dicals significantly increase with conversion. It may also be easily understood that no such initial
plateau region of constant k; is seen with the ethene homopolymerization (Fig. 18). Steric effects
also explain why highly substituted monomers such as itaconates [160—162] and fumarates [163,164]
exhibit particularly low k. Finally, the steric argument is fully consistent with the observation made, e.g.
within the methacrylate family (Fig. 25) that toward larger steric hindrance the plateau region of
constant &, is enhanced.

The initial plateau region in bulk homopolymerizations thus appears to be best understood in terms of
segmental reorientation occurring in the intra-coil environment which primarily consists of the mono-
mer. This process, which controls termination at low and moderate degrees of monomer conversion in
bulk polymerizations of (meth)acrylates and of many other types of monomers, is insensitive toward
bulk viscosity, but may be affected by low molecular weight materials, in particular by solvent species.
Solvent materials may vary the intra-coil viscosity and, as a consequence, may influence segmental
mobility. The impact of solvent effects on the size of the plateau k, value is made particularly clear by
systematic studies of Fischer et al. [165] into MMA solution polymerizations. They showed that the
variation of solution viscosity, measured prior to polymerization, scales inversely with the size of the
plateau k, value. SP-PLP experiments in solution of supercritical CO, also reveal substantial solvent
effects on k; (Section 3.6).

With respect to modeling copolymerization k,, particular interest relates to the linear correlation of
log k; vs. the monomer mole fraction that has been observed for mixtures of monomers belonging to the
same family, e.g. both monomers are alkyl acrylates as in Fig. 26. The associated formula for & p, of
such binary copolymerizations reads

log kt,copo :fl log kt,l +f2 IOg kt,Z (39)

where k| and k., are the homo-termination rate coefficients of monomers 1 and 2, respectively (both
referring to 7 and p of the copolymerization experiment). As a further test of this remarkably simple
family type behavior of k.., SP-=PLP experiments have been carried out on the two ternary systems
MA-BA-DA and MMA-BMA-DMA with the investigations again being restricted to the initial
plateau region in which the same type of k-controlling mechanism should apply [150].

By analogy to Eq. (39), the following expression is assumed to hold for terpolymerization ki erpo

log kierpo = f1 10g ki + 2 log ki, + f3 log k3 (40)

where f| +f, +f; = 1 and k3 is the homo-termination rate coefficient of the third monomer.
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Fig. 28. Termination rate coefficients for two terpolymerizations of MMA, BMA, and DMA at 40 °C and 1000 bar plotted as a
function of overall monomer conversion. The initial methacrylate mole fractions, 1P, are given in the figure. Reproduced with
permission from Macromol Chem Phys 1999;200:1764. © 1999 Wiley—VCH [150].

Each of the two terpolymerizations is assumed to be close to ideal with no significant changes in
composition of the monomer mixture, at least not during the reaction up to overall monomer conversions
of about 30%. Another important advantage of these particular systems relates to the fact that the
terpolymerizing monomers exhibit a pronounced family type behavior of k, which allows for reasonable
estimates of terpolymerization k, via the IPUE model [150]. &, jerp, is required in order to calculate ki erpo
from (ki/ky)erpo Which is the primary experimental quantity from SP—PLP. Actually, for the estimate of
kp,terpo» the simplified IPUE model (which assumes r,r, to be close to s;s,) has been used twice. In a first
step, the monomers which are similar in ester chain-length, MA + BA and MMA + BMA, are coupled,
via the IPUE model, to generate a pseudo-monomer component that reflects the relative concentration of
these two monomers. Within a further IPUE procedure, this pseudo-monomer is combined with the third
monomer, DA or DMA, to yield k., for a pre-selected monomer mixture. In view of the large
differences in k, between the members of each family, the uncertainties associated with this estimate
of kp erpo Will not seriously affect the resulting terpolymerization k; values.

Shown in Fig. 28 are terpolymerization k, data for two monomer mixtures prepared from MMA,
BMA, and DMA at mole fractions of 0.250, 0.250, 0.500 (open circles) and 0.750, 0.125, 0.125 (open
squares), respectively [150]. The dashed lines are ki ey, data estimated from the very simple correlation
(Eq. (40)) which requires only the knowledge of homopolymerization ks and of the (initial) monomer
mole fractions, £, which to a good approximation hold for the entire plateau range. A very reasonable
agreement between predicted and measured, via SP-PLP, k; values is seen.

As is shown by a series of experiments in Ref. [150], & rpo Of ternary mixtures composed of MA, BA,
and DA may also be accurately predicted via Eq. (40) on the basis of known homo-k, values and
reactivity ratios. This observation has far-reaching consequences for the simulation of polymerization
kinetics in ternary free-radical polymerizations of monomers that belong to the same family. In copoly-
merization and terpolymerization systems where the binary reactivity ratios clearly differ from unity,
modeling has to be carried out via Eq. (36). The more or less linear log ki cop, Vs. f correlation will be



244 S. Beuermann, M. Buback / Prog. Polym. Sci. 27 (2002) 191-254

Jua
8.5 A 10
e 05
= 8,0M o 00
5 ogst
S S
2 70k B T
=
g 65k
%3 5
6.0
0.0030 0.0032 0.0034 0.0036

T1/K!

Fig. 29. Temperature dependence of the termination rate coefficient (in the plateau region, see text) for MA and DA homo- and
copolymerizations at 1000 bar.

restricted to systems where the mole fraction of monomer i, to a good approximation, scales with the
concentration of free radicals terminating in the associated unit i. The simple linear dependence is
probably due to the fact that both the steric crowding, which results from substituents at the free-radical
terminus, and the viscosity of the monomer mixture exhibit such a logarithmic dependence on mole
fractions.

To summarize, Eqs. (39) and (40) are very useful for estimating copolymerization and terpolymer-
ization k, of monomers with reactivity ratios close to unity as within the alkyl acrylate or the alkyl
methacrylate family. With the exception of the minor influences resulting from the chain-length depen-
dence of k;, the two equations account for the major impact of composition on ki cop, and on Ky erpo. It
needs to remembered that these predictions of &, are limited to the initial plateau region of bulk poly-
merizations which, however, may be fairly extended, e.g. up to 50% monomer conversion in systems
containing significant fractions of DA or of DMA.

3.5. Pressure and temperature dependence of copolymerization k,

Linear dependencies of log k; vs. monomer mole fraction that hold within individual monomer
families have been illustrated taking data for 40 °C and 1000 bar as an example. These simple (intra-
family) correlations also hold at other temperature and pressure conditions, as has been demonstrated by
Kiilpmann [148] with a series of MA—DA copolymerizations at temperatures between 10 and 40 °C and
pressures from 10 to 2000 bar. Results of this study are presented in Figs. 29 and 30. The dashed lines
represent estimates, via Eq. (39), of the copolymerization termination rate coefficient for fy;o = fpa =
0.5 from the associated homo-termination rate coefficients at identical 7" and p. The experimental K qp,
data measured for MA—DA copolymerizations (fy;4 = 0.5) at 1000 bar and several temperatures (full
symbols in Fig. 29) are in excellent agreement with the predicted numbers. The k., data at 40 °C and
pressure variation, shown in Fig. 30, are consistent with the finding from Fig. 29. The predicted ki cqpo
data are in reasonable agreement with the measured values.

Further SP—PLP studies into ko, at p and T variation should be carried out on monomer mixtures
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Fig. 30. Pressure dependence of the termination rate coefficient (in the plateau region, see text) for MA and DA homo- and
copolymerizations at 40 °C.

which do not belong to the same family. Moreover, such investigations should be extended to conversion
regions where, for one or for both monomers, mechanisms other than segmental diffusion control
termination rate.

3.6. Termination rate coefficients in solution

Because of the superior quality by which SP—PLP signals may be recorded for acrylate monomers, in
particular for DA, pulsed-laser induced studies into the solvent influence on k; have primarily been
carried out for acrylates. In order to detect potential solvent effects, the solvent should not be too similar
to the monomer. CO, perfectly meets this requirement in that it is an unusual solvent which, with respect
to polarity and viscosity, is significantly different from the acrylate monomers and from other conven-
tional solvents used in acrylate polymerization.

Fig. 31 shows the comparison of k; values which have been obtained in bulk and in solution (contain-
ing approximately 40 wt% CO,) homopolymerizations of MA and DA [166]. The k; data are only given
for the plateau region (of bulk polymerization), which with MA extends up to about 20%, but with DA
up to about 50%. Two interesting observations can be made from this data: (1) With MA practically no
difference in k, between bulk and solution data is seen whereas with DA the k, plateau data in scCO, are
by about a factor of eight above the bulk &, values. (2) The DA situation is interesting in that bulk
viscosity, which largely changes during the course of the reaction, does not affect bulk &, but the
addition of CO, significantly changes k.

The observations in Fig. 31 are at least qualitatively consistent with the arguments on diffusion control
of plateau k, by segmental diffusion which depends on intra-coil viscosity, on steric effects at the
free-radical terminus, and presumably also on the type of diffusing polymer segments. In case of DA, the
steric hindrance plays a major role. As a consequence, the lowering of intra-coil viscosity, by adding
CO,, enhances the collision frequency of chain ends of entangled macroradicals and thereby increases
termination rate. With MA, the impact of shielding effects on k, is less pronounced and a high(er)
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Fig. 31. Conversion dependence of k for bulk and solution (scCO,) polymerizations of MA (left) and DA (right) at 40 °C and
1000 bar. Open markers refer to reactions in 40 wt% of CO, and filled markers to the bulk experiments [166].

fraction of free-radical chain-end collisions will be successful in bulk polymerization. Thus the enhanced
mobility associated with the addition of CO, will not result in a significant enhancement of k..

For a quantitative description of the size of k,, dynamic information from independent sources, e.g. on
the viscosity of monomer—CO, mixtures, is required. Other than with the homopolymerizations, where
the intra-coil environment is made up essentially of the monomer and thus stays constant over an initial
conversion region, the composition of low molecular weight species changes in monomer—solvent
polymerizations. In cases where such a reaction-induced change is associated with a major variation
in viscosity, also k; may vary. In situations where CO, is the solvent and where viscosity contributes to k;
control, as with DA, the decrease in viscosity within the initial polymerization period should result in an
increase in k,. A very weak indication of such an effect may be contained in the data in Fig. 31, but cannot
be safely established. Comparison of the bulk and solution (in 46 wt% CO,) k, data of BA in Fig. 32
shows such an increase [143]. It is, however, by no means clear whether a change in viscosity of
the monomer—solvent mixture contributes to this behavior or whether the initial increase, which is
also (weakly) seen in bulk polymerization (Fig. 32), results from other effects which may be specific
for BA.

PS—PLP studies into MMA polymerization in solution of toluene and of 2-butanone [137] (also)
yield a linear dependence of log k, on monomer mole fraction. The observed variation in k, is small,
but is larger than expected from estimated changes in the viscosity of the monomer mixture. It may
not be ruled out that differences in free-radical chain-length may contribute to the measured small
effects.

3.7. Chain-length dependence of k,

Investigations into the chain-length dependence of termination rate coefficients are of fundamental
interest, but may also be of practical relevance with respect to a full understanding and accurate
modeling of free-radical polymerization processes. Several groups have addressed this issue during
recent years [167—174]. It is beyond the scope of this article to refer to the field in any detail. Excellent
surveys on the relevant literature have been provided by Litvinenko and Kaminsky [175] and recently
by deKock et al. [10,11]. SP-PLP experiments are particularly well suited for investigations into the
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Fig. 32. Conversion dependence of k, for BA polymerizations at 40 °C and 1000 bar. Open markers refer to reactions in 46 wt%
of CO, and filled markers to the bulk experiments [143].

chain-length dependence of k. The Olaj group [13,14] and also deKock [10] deduced detailed
information about k, from analysis of MWD obtained under polymerization conditions that are
close to single pulse initiation. Such MWD-based studies are not easily carried out at elevated degrees
of monomer conversion. It appeared interesting to apply the SP—PLP technique toward investigations
into k; as a function of chain-length (CL), as this method may be used up to higher degrees of monomer
conversion.

The time-resolved monomer conversion vs. time trace, measured after application of a laser single
pulse, reflects the reactions of an almost mono-disperse free-radical population, the CL of which
increases linearly with time 7. As has been noted above, this simple CL vs. time correlation is the
particularly attractive feature of an SP—PLP experiment. Due to non-synchronous propagation of indi-
vidual free radicals, the CL distribution is slightly (Poisson) broadened and, as a consequence of transfer
to monomer (and to polymer) reactions, the almost linear CL vs. ¢ correlation is lost at larger .

The model-free determination, via SP—PLP, of k, as a function of CL proceeds via second derivatives
of experimental cy(¢) data [10]. At present, the signal-to-noise quality of SP—PLP data is insufficient for
a reasonable estimate of such second derivatives. Thus, model expressions have been introduced to
account for a CL dependence of termination rate. Eq. (41) applies to termination of two free radicals,
each of chain length i (as in SP-PLP),

k(i, i) = 2k(1, l)ila 41)

where k(1,1) is the termination rate coefficient of two small free radicals and the exponent « represents
the extent of CL dependence. « has been reported to be close to 0.2 in the initial period of styrene
[13,14,171] and methyl methacrylate [13,14,171] polymerizations, but also somewhat higher values can
be found in the literature [10]. In his pioneering SP—PLP study, Schweer deduced an exponent of a =
0.2 £ 0.1 for the high-pressure, high-temperature ethene polymerization at monomer conversions of
about 10% [78].

During her SP-PLP studies into methyl and dodecyl acrylate bulk polymerization kinetics, Kurz
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Fig. 33. Relative monomer concentration vs. time trace of methyl acrylate homopolymerizations at 40 °C and 1000 bar carried
out at different levels of primary free-radical concentration (a—c) as given in the figure [176]. The full lines are obtained from
fitting the data to Eq. (20). For details see text. Reproduced with permission from Macromol Theory Simul 2000;9:442. © 2000
Wiley—VCH.

[134] observed that k, depends on %, the concentration of primary radicals generated by a SP. An
increase of k, with ¢y was seen upon either increasing photo-initiator concentration or laser pulse energy.
As a consequence of such an increase, the final degree of monomer conversion induced by a single pulse
decreases toward higher . Extended investigations into several monomer systems revealed that this
very surprising result is observed whenever DMPA (2,2-dimethoxy-2-phenylacetophenone) is used as
the photoinitiator in laser-induced free-radical polymerization [13,14,140,147,176].

The remarkable finding is illustrated in Fig. 33 by SP—PLP data measured at low monomer conver-
sions (of approximately 2%) in methyl acrylate (MA) homopolymerizations at 40 °C and 1000 bar [176].
The traces are from experiments at three levels of initial DMPA concentration, between 5 X 102 and
5% 10 *mol 17", The laser energy per pulse has additionally been varied, between 0.5 and 4.5 mJ, to
further enhance the range of initial free-radical concentration, which is between 2.1 X 10™* and
6.0 % 10" mol 1" ". The three SP—PLP experiments have been carried out at otherwise identical condi-
tions. As has been outlined in Ref. [176], the observed lowering of monomer conversion upon increasing
¢ cannot be explained by ideal SP—PLP kinetics. The puzzling behavior is related to the peculiarities of
photo-induced DMPA decomposition which has been studied in detail by Fischer et al. [177]. Among the
two free radicals produced from DMPA, PhCO" and Ph(OCH;),C’, without photochemical excitation, as
in the SP-PLP experiment after application of the laser, the latter radical is not capable of starting
macromolecular growth, but will be involved in termination reactions. The enhancement of DMPA
decomposition thus is associated with both an increase in propagating and in terminating (inhibiting)
free radicals. The chain-terminating potential of Ph(OCHj3),C" radicals may account for the observed
increase in k, toward higher DMPA decomposition rate.

Simulations via the program package PREDICI® demonstrate that implementing this assumption of two
types of primary free radicals, with only one of them being capable of reacting with a monomer
molecule, cannot explain the experimental observations unless, in addition, the termination rate coeffi-
cient is considered to be chain-length dependent. The same result has been obtained from a recent study
in which a reasonably reduced set of kinetic equations has been analytically solved [178]. The analysis
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shows that the crossing of the time-resolved SP—PLP signals (e.g. as shown in Fig. 33) occurs whenever
the two types of primary free radicals differ largely in their tendency to add to a monomer molecule and,
at the same time, the termination rate coefficient is chain-length dependent. This finding opens up a
novel route to deduce the CL dependence of k, from SP—PLP experiments. Using widely different photo-
initiator concentrations or laser pulse intensities in experiments with DMPA or with another initiator that
photo-decomposes into two primary free radicals of quite different reactivity toward the monomer,
provides monomer conversion vs. time curves from which, e.g. via PRepic1® modeling, the exponent
a for CL dependent k; may be deduced.

The novel procedure has been applied to several monomers [10,176]. Interestingly, two types
of CL dependence have been found, a rather weak one with styrene and with methyl meth-
acrylate, where « is approximately 0.15 £ 0.04, and a somewhat stronger one with methyl
acrylate and with dodecyl acrylate where o is around 0.32 = 0.04. A satisfactory explanation
for this difference in the extent of CL dependence of k; cannot yet be given. Khokhlov [179] pointed out
that for chemically controlled reactions of macromolecular species, the chain-length dependence
(according to Eq. (41)) of rate coefficients is adequately represented by an exponent of a = 0.16 in
case of reaction between functional groups at chain ends. The exponent is close to 0.28 in cases where
one reactive site is at a chain end and the other is situated somewhere along the chain of the other species.
For reaction between two species with both reactive sites being located somewhere along the chain,
the exponent is even further enhanced (« = 0.43). It cannot be ruled out that arguments along these
lines may also apply to termination in free-radical polymerizations where steric hindrance may lead
to some kind of chemical control instead of ‘simple’ diffusion control. Within such a picture, the
larger value of the exponent o observed with the acrylates might indicate significant chain transfer
activity in these materials. At present, however, no firm conclusion about such effects may be drawn
and further systematic studies are required to resolve the origin of the different extents of CL dependence
of k..

The exponent a deduced from the novel method for styrene and for MMA («a = 0.15 £ 0.04) is in
close agreement with literature values from experimental studies into « of styrene: 0.17 (Olaj [13,14]),
and 0.24 (Mahabadi [180]) and of MMA: 0.15. DeKock [10] reported « values for methyl acrylate, ethyl
acrylate, and butyl acrylate for separate ranges of free-radical chain length, from 6 to 10, 15 to 30, and 50
to 100. Only the « values reported for the latter range are suitable for comparison with the results from
SP—PLP. The a values determined by deKock are 0.35 = 0.05 for MA, 0.35 £ 0.03 for ethyl acrylate,
and 0.17 = 0.03 for butyl acrylate. They are in close agreement with the acrylate « values from the SP—
PLP studies carried out at different DMPA photo-initiator levels.

The presently available results indicate that the CLD of k; is relatively weak for styrene and MMA and
is stronger for MA and for other acrylates. All this data refers to the initial range of monomer conversion
which may, however, be fairly extended, e.g. with dodecyl acrylate. The novel type of SP—PLP experi-
ments, at substantial variation of DMPA concentration, have not yet been extended to higher conversion
in MMA and styrene homopolymerization where k, enormously decreases. It is of particular interest to
identify the type and extent of CL dependence of k, under conditions where center-of-mass diffusion is
rate controlling.

Once k; is known as a function of CL within wide ranges of polymerization conditions, the
detailed CL dependent ks have to be used in conjunction with the actual size distribution of free radicals
to estimate overall k; for comparison with the average k, values deduced from conventional kinetic
analysis.
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4. Conclusions

Pulsed laser techniques have enormously improved the quality by which rate coefficients of individual
steps in free-radical polymerization may be measured. The PLP—SEC method is applicable to a wide
variety of homopolymerizations and copolymerizations in homogeneous phase, either in bulk or in
solution, with the limitations being especially due to the accurate determination of the MWD, at least
in the region where the PLP structure occurs.

The SP-PLP method allows for a very detailed insight into homo- and copolymerization & as a
function of temperature, pressure, monomer conversion, solvent concentration, and partly also of chain
length. It appears to be a matter of priority to further enhance the signal quality of SP—PLP traces to
make the method even more widely applicable.
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