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1 Abstract

Rate coefficients of propagation, k,, of termination, k;, and of intramolecular transfer-to-
polymer, kub, have been studied via pulsed-laser polymerization (PLP) methods for systems
with strong intermolecular interactions, such as hydrogen bonds, and for polymerizations with
two types of distinctly different radicals being present.

The propagation kinetics of methacrylic acid (MAA) and N-vinyl pyrrolidone (NVP) in
aqueous solution has been investigated by the PLP-SEC technique which combines PLP-
initiation with subsequent analysis of the produced polymer by size-exclusion
chromatography. The experimental conditions of monomer concentration, temperature,
pressure and degree of monomer ionization have been varied in wide ranges. The dependence
of k, on monomer-to-polymer conversion has been determined from PLP-SEC experiments
with pre-mixed polymer. The variation of k, may be adequately explained by the interaction
of solvent and monomer molecules with the transition state structure for propagation. The
termination rate coefficients of MAA and NVP have been studied by the SP-PLP-NIR method
in which the change in monomer concentration after single pulse (SP) initiation is monitored
via us time-resolved near infrared spectroscopy (NIR). The variations of k; with conversion
for different initial monomer concentrations reflect the diffusion-controlled character of the
termination step with & being governed by segmental, translational, and reaction diffusion.

In acrylate polymerization backbiting reactions may occur by which chain-end secondary
propagating radicals (SPR) are transformed into tertiary midchain radicals (MCR) via 1,5-
hydrogen shift. MCRs can react back to SPRs by monomer addition. The basic kinetic scheme
has to be extended for additional reactions steps, as SPR and MCR species show widely
different k, and k;, respectively. The impact of MCR formation on the applicability of the
experimental techniques for &, and k; determination, i.e. PLP-SEC and SP-PLP-NIR, was
investigated by PREDICI simulations. A novel experimental method has been developed by
which Ay, and the rate coefficient for monomer addition to the MCR, kpt, for butyl acrylate
(BA) have been determined from PLP-SEC experiments carried out under extended variation
of laser pulse repetition rates. Insights into the kinetics, especially of the termination reactivity
of secondary and tertiary acrylate radicals, have been obtained by measurements of full

electron spin resonance (ESR) spectra under stationary UV and pseudo-stationary PLP
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initiation, respectively, or by time-resolved monitoring of SPR and MCR concentrations after
application of a laser single pulse (SP-PLP-ESR). By the latter technique also chain-length-
dependent individual 4 values are accessible.

For acrylic acid (AA) polymerization in aqueous solution, the complexities associated with
strong solvent effects on the rate coefficients and with the pronounced MCR build-up add to
each other. Attempts were made to consider the resulting consequences for the kinetic data of

AA polymerization in aqueous solution published so far.
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2 Introduction

Synthetic polymers are extensively used in almost all technical fields today with applications
ranging from simple packaging material over furniture, clothes and automotive parts to high-
tech devices, e.g. for aerospace engineering and life sciences. This widespread distribution
makes modern life hardly imaginable without polymeric materials. Synthetic polymers stand
out due to their versatile and tunable physical properties and their inexpensive and raw
material saving production.

The age of commercial synthetic polymers started about 100 years ago by the work of
Baekeland,!"! however it were the pioneering investigations of Staudinger'” that form the
basis of the scientific fields of polymer chemistry and polymer physics; he discovered the
macromolecular chain structure consisting of chemically bonded monomeric units. Since
those early studies, polymer production grew rapidly and is nowadays one of the major fields
in chemical industry with a turnover in 2006 of about 26 bn € in Germany alone."

Polymers may be synthesized via polycondensation, catalytic, ionic or free-radical
polymerization (FRP). FRP is a robust and versatile technique which is employed to produce
e.g. poly(ethylene), poly(styrene), poly(acrylates), poly(methacrylates), and corresponding
copolymers as high-volume commodities. In conventional FRP the average lifetime of a
growing chain is typically below 1 s which makes it impossible to actively intervene during
chain growth. In controlled radical polymerization the lifetime of macroradicals is increased
to hours, days or even longer by suppression of irreversible radical termination reactions.
Since the breakthrough of such techniques in the 1990s, designing macromolecular
architecture by radical polymerization has become possible providing easy access to e.g.
blockcopolymers, star polymers and comb polymers.

The physical properties of polymeric materials are in principle governed by the composition
and microstructure of each single macromolecule within the ensemble of chains which form
the bulk material. Parameters describing such ensembles of macromolecules, beside others,
are the molecular weight distribution (MWD) and mean values, e.g., of the degree of short- or
long-chain branching. The microstructure of a macromolecule is established during the
polymerization process and is hence a result of the kinetics of the individual reaction steps

which occur during chain growth. To allow for strategic and rational design of new materials,

which is of great academic and industrial interest, two types of information are required: (i)
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the relation of microstructure and physical properties and (ii) the polymerization mechanism
together with the associated reaction rates.

Estimation of polymer structure has become feasible in the last decade via sophisticated
simulation programs by which not only the time-dependent change in concentration of the
reacting species but also full MWDs, branching levels and (copolymer) composition of the
formed polymer may be calculated. This development strengthens the need for accurate
mechanistic models and rate coefficients. However, due to the mostly rather complex
polymerization scheme these rate coefficients are not easily determined and are often not
known with sufficient accuracy to allow for satisfactory simulation results. To resolve these
problems, an [UPAC working party on “Modeling of Polymerization Kinetics and Processes”
has been founded which addresses existing dilemmas and collates benchmark values, mostly
for the propagation rate coefficient so far.l*™"]

The reaction rate in FRP is essentially governed by the rates of initiation, propagation, and
termination. The propagation reaction is chemically controlled up to high monomer-to-
polymer conversions."'® The magnitude of the propagation rate coefficient, k,, is determined
by the properties of the transition state structure (TS) for propagation and its interactions with
the solvent environment.'”*"" Thus, pronounced solvent effects on k, are expected for
systems in which strong, but different, monomer — monomer and monomer — solvent
interactions occur. The termination reaction is assumed to be diffusion controlled from low
conversions on which introduces an enormous complexity toward the description of this
reaction step, as the corresponding rate coefficient, &, may change dramatically with
monomer-to-polymer conversion, X, which is associated with an increase in solution
viscosity. Moreover, k; may depend on radical chain length, i, on macroradical mobility, on
the location of the radical within the chain, on the MWD of the background polymer matrix
and on solvent content and quality. Theoretical models have been proposed which are based
on the physical understanding of the diffusion-controlled nature of the termination step and

(2427] These models, however,

adequately describe the variation of k, with X1****! and with i
cannot be used to predict k; for unknown polymerization systems without some additional
experimental data.

Classical methods for investigations into the individual rate coefficients of propagation and
termination require the combination of results from experiments with stationary and

instationary radical concentration yielding the coupled parameters kt/kp2 and ki/k,,

respectively. Application of such techniques may however pose problems in cases where the
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(7]

radical chain length distributions significantly differ in both experiments'™ or side reactions

such as transfer-to-polymer'*!

occur. The situation has been largely improved by the
development of pulsed-laser polymerization (PLP) techniques about 20 years ago in which
chain growth is induced by application of short laser pulses to reaction mixtures containing a
photoinitiator. The propagation rate coefficient can be determined precisely by the PLP-SEC

method, put forward by Olaj and co-workers,[29’30]

in which PLP is combined with subsequent
analysis of the formed polymer by size-exclusion chromatography (SEC). The variation of the
termination rate coefficient with conversion is accessible by the SP-PLP-NIR technique,
introduced by Buback et al.,”'! in which the change in monomer concentration after single
pulse (SP) initiation is monitored via pus time-resolved near infrared (NIR) spectroscopy.
Recently a novel technique was designed in which £ is determined by direct tracing of radical
concentrations after SP initiation using time-resolved electron spin resonance spectroscopy
(ESR).”? This SP-PLP-ESR technique provides direct access to chain-length dependent k
values in conventional FRP."*7* However, the decrease of k toward increasing chain length
may also be detected by SP-PLP-NIR applied to systems in which macroradical chain length
is controllled by the addition of a reversible addition fragmentation transfer (RAFT)>¢
agent.”" ") Application of SP-PLP-NIR represents a significanty improvement compared to
the so-called RAFT-CLD-T technique!*” in which ; is determined from classical chemically
induced polymerizations.

Beside the problems introduced by conversion and chain-length dependent rate coefficients,
there are additional challenges with systems where two types of radicals with distinctly
different reactivities occur, as is known since long from ethylene polymerization. It is now
generally accepted'” that this difficulty also intervenes in acrylate polymerization where

secondary propagating radicals (SPRs) are transformed into tertiary midchain radicals

(MCRs) which propagate and terminate less rapidly than SPRs. This conclusion is based on

|[28.41-54 55-58]

experimenta I'and theoreticall evidence. The situation is further complicated by
the back transformation of MCRs into SPRs through monomer addition which results in a
dynamic interconversion between secondary and tertiary radicals by backbiting and MCR
propagation steps. To comprehensively describe acrylate polymerization, MCR formation and
the subsequent reaction pathways of tertiary radicals have to be implemented into the kinetic
scheme. Besides initiation, propagation and termination of SPRs, backbiting, propagation
from MCR position, and two additional termination steps need to be considered. For the

associated rate coefficients only rough estimates were available before 2007.147->!
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Water-soluble homopolymers and copolymers are of high technical importance because of
their wide-spread application in hydrogels, thickeners, viscosifiers, flocculants, membranes,
coatings, etc.””! Mostly, these polymers are obtained from FRP in aqueous solution. Water-
soluble monomers of particular technical relevance are acrylic acid (AA), methacrylic acid
(MAA), and N-vinyl pyrrolidone (NVP). Investigations into the free-radical rate coefficients
for polymerizations of these monomers in aqueous as well as organic solutions are scarce.!'”
Significant changes of the rate coefficients are expected as a consequence of the action of
hydrogen bonds between monomer, polymer, growing radicals, and water. The complexity
may be further enhanced in case that ionic interactions come into play. This requires the
additional consideration of the degree of ionization for monomer, polymer, and free-radical
species.

First studies into the kinetics of FRP in aqueous phase date back to the work of Katchalsky
and Blauer in the early 1950s.1°” In the 1970s and 1980s, polymerizations in aqueous solution

(61821 Only a few

were investigated mostly by Russian scientists, as reviewed by Gromov et al.
individual rate coefficients have been determined by combining stationary methods with the
instationary rotating sector technique. The quality of the so-obtained data may however be

63-65 .
[63-65] Dyring recent years,

rather insufficient and reported data exhibit an enormous scatter.
the PLP-SEC technique has been used extensively for k, measurements in aqueous phase and
reliable £k, values™™ became available for AA'*®) MAA,'® N-iso-propyl acrylamide
(NIPAm)!"® and acrylamide (AAm)."”" The implementation of aqueous-phase SEC into PLP-
SEC studies on water-soluble monomers®” brought a significant improvement of ke
determination, as molecular weight distributions of polymer samples from PLP could be
measured directly without the need for carrying out polymer modification reactions to
produce samples which may be subjected to SEC analysis in organic phase.!® Such polymer
modification may give rise to changes of the MWD and thus may result in unreliable &,
values.[*”]

The thesis in hand is mainly devoted to the propagation and termination kinetics in aqueous
solution polymerization of MAA (Chapters 6 and 8),'>7>") NVP (Chapters 7 and 9), and
AAP? studied via PLP-SEC and SP-PLP-NIR, respectively. MAA and NVP are perfectly
suited for systematic kinetic studies, as the produced polymers are well soluble in water and
in both cases no backbiting reactions occur which would necessitate the use of an extended

kinetic scheme. However, MCR formation has to be considered in AA polymerization as is

indicted by the problems™ > faced in PLP-SEC experiments at elevated
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52,66-69
temperatures[ ’ ],

Moreover MCR build up was directly demonstrated by ESR
spectroscopy.l*"! As already mentioned, the kinetic description of acrylate polymerization is
not even satisfactory adressed for polymerization in organic phase. Thus, new experimental
methods were developed which are based on both, PLP-SEC experiments under extended
variation of laser pulse repetition rate (Chapter 11)P***! and ESR spectroscopic measurements
under stationary, pseudo-stationary®” and instationary polymerization conditions
(Chapter 12). These techniques were first applied to polymerizations of acrylic acid esters,
mainly butyl acrylate (BA), in organic phase to prevent superposition with added complexity
met in aqueous-phase polymerization. The understanding of the general kinetic trends
observed in aqueous-solution polymerization of MAA and NVP is combined with the results

for BA polymerization and with theoretical arguments (Chapter 10) toward describing the £,
and k; data measured for AA (Chapter 13).
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3 Theoretical Background

There is a close interlink between the physical properties of a polymer and its molecular
weight distribution (MWD) and microstructure, respectively. As the microstructure of a
polymer results from the kinetics of the individual reaction steps during polymerization,
knowledge of the rate coefficients is an inevitable prerequisite for modeling MWDs and
production processes as well as for tailoring product characteristics by suitable selection of
reaction conditions and additives.

The basic kinetic description of a polymerization is the ideal polymerization scheme. This
scheme, however, needs to be extended by additional reaction steps which occur during
polymerization or by rate coefficients being dependent on conversion and radical chain length
to adequately describe real polymerizations.

In this chapter, the ideal polymerization scheme is outlined first. Subsequently, this scheme is
extended by introducing transfer reactions. The influence of conversion and chain length on
rate coefficients in free-radical polymerization is then described in detail. The mechanism of
reversible addition fragmentation chain transfer (RAFT) polymerization is briefly outlined. In

the last section, the basic concepts of size-exclusion chromatography are presented.

3.1 Ideal Polymerization Kinetics

Ideal polymerization kinetics is based on four assumptions:

* all reactions are irreversible

* monomeric species are only consumed in propagation steps

* all macroradicals show the same reactivity, irrespective of their chain length
* termination takes place only by disproportionation or bimolecular radical

combination

With these assumptions, the kinetic scheme of a free-radical polymerization can be
characterized by three fundamental steps: the formation of radicals, chain growth of these

radicals by propagation and termination of the radical chains.
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3.1.1 Initiation

Formation of radicals proceeds by thermal, chemical or photochemical activation of an

initiator or by direct excitation of the monomer.
[—“52R-

The rate of initiation in chemically initiated polymerization, vy, is given by:

_deg

dr

v, =2-k;-f-¢ (3-1)
where cg is the radical concentration, k4 is the initiator decomposition rate coefficient, ¢y is the
initiator concentration, and f'is the initiator efficiency which is the fraction of initiator-derived
radicals which actually start chain growth.

In case of photochemical initiated polymerization induced by short UV laser pulses (with a
typical pulse width of about 20 ns of the lasers used in this work) fired on the reaction mixture
containing initiator, monomer and perhaps solvent (pulsed laser polymerization, PLP), the
laser pulse instantaneously creates a significant amount of primary radicals. The formation of
radicals is fast in comparison to a subsequent termination or propagation step. The radical

concentration, which is generated by a single laser pulse, ¢g’, is given by:

cg=2-cp-”LVbS (3-2)

where @ is the primary quantum yield, 7, is the number of absorbed photons and V is the
irradiated volume. The primary quantum yield is the product of the laser efficiency, ¢, and the

initiator efficiency, f. According to Beer-Lambert's law, the number of absorbed photons may

be calculated by Eq. (3-3)

n, = g—i (1-10+") (3-3)

in which Ep is the energy of one laser pulse, £ the energy of one mole of photons at the laser
wavelength 4, ¢ the molar absorption coefficient of the initiator molecule at the laser

wavelength, ¢; the photoinitiator concentration, and / the optical path length.
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3.1.2 Propagation

During the propagation step a monomer molecule adds to a radical.
R, -+M—2 R, -
The change in monomer concentration can be expressed by the following rate law:

dey

@ - e (3-4)

with &, being the propagation rate coefficient and ¢y the monomer concentration.

3.1.3 Termination

The termination reaction proceeds either by disproportionation, which involves the transfer of
a B-hydrogen from one radical to another, or by combination, which is usually a simple head-

to-head coupling of the radicals.

R, +R;-—“ 5P +P,

R, +R;-—">P

i+]

The termination rate coefficient, 4, is the sum of the rate coefficients for disproportionation,
k4, and for combination, k.. In the termination step, the actual “dead” polymer is formed.

The rate of termination is of second order in the radical concentration, cg.

decg
dr

=2k -l (3-5)

It should be noted, that throughout this thesis, 4; refers to this [IUPAC-recommended notation
with the factor of two being included (see Eq. (3-5)).
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3.1.4 Integrated rate laws

Integration of Eq. (3-5) yields the expression for radical concentration at time ¢ after

application of the laser pulse:

cp (1) = [2~kt 'HLOJ (3-6)

Cr

Combination of Egs. (3-4) and (3-6) followed by integration results in Eq. (3-7) which
formula gives the time-dependent change in monomer concentration after single pulse

Initiation at 7 = 0:

@ ) B
cM(t=0)_(2 kel t+1) (3-7)

Unless chain transfer comes into play (see Chapter 3.2), the growth of the radicals in the dark
time period after laser pulse initiation is close to monodisperse (of Poisson type). The kinetic

chain length i may be calculated by Eq. (3-8) for any time after firing the laser pulse.
i=k, -cy-t (3-8)

In case of stationary polymerization, the rate of radical formation by initiator decomposition

(Eq. (3-1)) equals the one for radical loss by termination (Eq. (3-5)):
kd'cl'fzkt'clzz (3-9)

Combination of Egs. (3-4) and (3-9) yields the expression for the overall rate of

polymerization, Ry, in an ideal stationary polymerization:

de k
R=—2M=c, -—2./fk (3-10)
’ dr Vk,
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3.2 Transfer reactions

Ideal polymerization kinetics does not include side reactions in which the radical functionality
is transferred to another species. However, such reactions readily take place within many
polymerization systems and the corresponding kinetic schemes need to be enhanced by

radical transfer steps to allow for satisfactory modeling predictions.
R, +X— 5P 4+ X
X-+M—2x 5 R,

X is the species to which the radical functionality is transferred. X may be monomer, initiator,
polymer, solvent or an added chain-transfer agent (CTA). Transfer reactions reduce the
average molecular weight of the formed polymer (provided that X is a small molecule) by

introducing additional termination and initiation events. The rate of chain transfer is given by:

dey
dt

:_ktr,X "Cr " Cx (3-11)

where ki x is the rate coefficient of chain transfer to a species X of concentration cx. The
radical may subsequently initiate chain growth by adding a monomer molecule with the rate
coefficient k,x. Usually a lumped parameter, the transfer constant Ci x, is used to describe

transfer reactions:

k.
Cox =% (3-12)

p

Transfer reactions of particular relevance for the present study are outlined below.

3.2.1 Transfer to chain-transfer agents

CTAs are used in conventional FRP for controlling polymer molecular. Whereas catalytic
CTAs are not consumed during polymerization, non-catalytic CTAs are found as end-groups
of the polymer. Typical non-catalytic CTAs are mercaptanes such as dodecyl mercaptan

which easily forms sulfur-centered radicals by cleavage of the S-H bond.
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3.2.2 Transfer-to-monomer / -solvent

Transfer reactions may also occur in systems without special additives by transfer of the
radical functionality to a monomer or solvent molecule. Transfer-to-monomer has to be
considered to take place to some extent with all polymerization systems. Relatively high
transfer constants are found for allylic monomers and vinyl acetate and for some common

solvents, such as toluene and heptane.*”!

3.2.3 Transfer-to-polymer

Transfer-to-polymer proceeds by intra- or intermolecular abstraction of hydrogen atoms from
the macroradical or polymer backbone. This process differs from the above-mentioned
reactions in that with this transfer step the number of growing chains is not increased. Hence,
the average molecular weight of the obtained polymer is not intrinsically lowered by transfer
to polymer. However, short- and long-chain branches are introduced in the chains.

Transfer-to-polymer occurs at high rates when the chain-end propagating radical is less
stabilized as compared to the situation where the radical site is located at the polymer
backbone. This is known since long for ethylene polymerization but in recent years it became
evident that also for acrylate polymerization transfer-to-polymer has to be
considered****'>%] by which a secondary propagating radical (SPR) is transformed into a
tertiary “midchain” radical (MCR). Whereas the intermolecular step occurs at significant rate

761 intramolecular

only for high polymer contents, i.e. monomer-to-polymer conversions,
transfer-to-polymer via hydrogen abstraction, most likely via the transition state being a six-
membered ring, may readily occur from low conversions on. The latter reaction, often
referred to as backbiting, is depicted in Scheme 3-1 with kb, the backbiting rate coefficient.
Subsequent addition of monomer to the MCR creates a short-chain branch (SCB) in the
polymer and leads to reformation of a chain-end radical. The propagation rate coefficient for
monomer addition to the MCR, k', is significantly lower than for addition to the chain-end
SPR (denoted by kps).[45’48’51754]

Furthermore, the reactivity toward termination for MCRs is lower compared to the secondary

radical species. Thus, formation of tertiary radicals in acrylate polymerization not only creates
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branching points, but also considerably influences polymerization rates and necessitates the

use of extended reaction schemes.

SPR MCR
COOBu COOBu COOBu
COOBU _c
/CHZ\ /CHZ\ Y wwwwww— CH,—C
wwwwww——CH C CH k. |
| | bb /CH2
H  CHy > BuOOC—HC
HC? \
CH,
COOBu BUOOC—HC
t H
kp
SPR
COOBU
COOBu COOBu |
) H,C=C
wwwwwwi—CHy—C—CHy—C b
CHa H
BUOOC—HC
CH2
BUOOC—HC
H

Scheme 3-1: Formation of a midchain tertiary radical (MCR) by intramolecular chain
transfer of a chain-end secondary radical (SPR). Monomer addition to the new midchain
radical structure creates a short-chain branch in the polymer and leads to reformation of a
chain-end radical.

The relative concentrations of the two types of radicals, cspr and cycr, may be estimated by
assuming that a dynamic equilibrium has been reached and making a quasi-steady state
assumption on deper/dePY

CMcr _ Ky,

= (3-13)

t tt st
Cspr kp'CM+2'kt “Cper 20k, - Cpy

In Eq. (3-13), k" is the rate coefficient for termination of two midchain radicals, 4™ is the rate
coefficient for cross-termination of the two radical types. Other side reactions (i.e., B-scission
of tertiary radicals’”) and transfer-to-monomer) are assumed to be negligible. The fraction of

midchain radicals, xmcr, s hence given by:
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CMcr Ky,
Xyjon = = -
e Cspr 1 Crnicr k; ey t+2- kttt “Cyer T2 ktSt “Copp Ky G-19
The rate of polymerization for a system with SPRs and MCRs being present is:
Rp = (k; “Cyer T k; 'CSPR)' Cm = (k; “Xyer T k; '(1 ~ XMmcr )) Cm '(CMCR + CSPR) (3-15)

_ geff _ geff
_kp 'CM'(CMCR"'CSPR)_kp "Cy " Cr

where Egs. (3-4) and (3-15) lead to the definition of an effective propagation rate coefficient
for the two-radical system. Assuming that for MCRs the probability of propagation is much

higher than of termination (k,-cy >>2-k"-cycp +2-k" - Cypp in Eq. (3-13), the so-called

long-chain hypothesis);[28’45a55]
keff — ks _Lk;
p p 1+ M a6
kbb

which, as k,' << k,’, is transformed to:

kbb k;
VRl 3-1
k; M (k;ff ( 7)

A particularly useful relation between kpeff and the fraction of midchain radicals is derived for

the case of k, <<k - cgpp / Cyeg -
ks = (1= Xyer ) (3-18)

A comprehensive discussion of the impact of MCR formation on the kinetics of stationary,
pseudo-stationary and instationary polymerization is given in Chapter 10. Novel experimental
techniques directed toward the evaluation of k", kpeff, XMCR, kpt, and the individual termination

rate coefficients &> (termination of two SPRs), k", and k" are detailed in Chapters 11 and 12.
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3.3 Conversion dependence of rate coefficients in FRP

During the course of a polymerization reaction small unsaturated monomer molecules are
continuously transformed into saturated long-chain polymer molecules. This transformation
induces significant changes in the properties of the reaction mixture. The most obvious is the
orders of magnitude increase in viscosity, 77, for bulk polymerizations which decelerates
diffusive processes. Diffusion of reactants is the first stage of all bimolecular reactions, i.e.
propagation, termination and initiator re-combination, being followed by the actual chemical
reaction. An excellent review on the influence of diffusion limitations on polymerization

reactions recently appeared in ref.’™

3.3.1 Conversion dependence of propagation

The propagation reaction consists of two stages, the diffusion of macroradical and monomer
to reach sufficiently close proximity for the subsequent step, the actual chemical reaction. A

diffusion controlled rate coefficient, kp, may be expressed by the Smoluchowski equation””’

ky=4-m-N,-(D*+DP)-R. (3-19)

where N4 is Avogadro’s number, DsA and DSB are the diffusion coefficients of species A and
B, and Rc is the capture radius. The corresponding rate coefficient of the diffusive stage of
propagation (k, p) is thus proportional to the sum of the diffusion coefficients of monomer and
macroradical.

The individual diffusion coefficients may be approximated by the Stokes-Einstein-Equation

for the case of negligible ionic interactions

b kT

s = m (3-20)

with the Boltzmann constant kg, the absolute temperature 7, and the hydrodynamic radius of
the monomer or the macroradical of chain length i, r;, respectively. Thus, &, p ~ 7:(X)"" and

the absolute value of k,p 1s mainly governed by the diffusion coefficient of the smaller
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species, i.e. of the monomer. The relative viscosity of the reaction solution at monomer-to-

polymer conversion X, 74(X), is defined as

n(X)

o

1n,(X) = (3-21)

with the absolute viscosity at monomer-to-polymer conversion X, 7(X), and the viscosity at
zero conversion, 77y. According to the relations given above, k, p may be formulated as:

0
kyp

n(x)

(3-22)

where kp,DO denotes the diffusion controlled part of the propagation rate coefficient at X = 0.

When ko denotes the propagation rate coefficient without the contribution of diffusion,

overall k&, may be represented by the kinetic expression for a consecutive-type reaction:
r_r, v

I (3-23)

p kp,O kp,D

A significant lowering of &, due to the contribution of k,p in Eq. (3-23) is only expected for
very high viscosities as the actual chemical reaction is rather slow (ko). Thus, k, can be
assumed constant up to conversions of about 80 to 90 % from which on a pronounced drop of
the propagation rate may set in.*” Via ESR spectroscopy, this assumption has already been

Y8281 solymerization in non-polar

proven for styrene™ and methyl methacrylate (MMA
solutions.

It needs to be stressed that during solution polymerization not only the viscosity of the
reaction medium changes but also the solvent composition, as monomer, which actually is a
co-solvent, is continuously transformed into polymer. Hence, in systems for which
pronounced solvent effects on low-conversion k, are observed, k, may also change during
polymerization from initial conversions on.

A thorough presentation and discussion of mechanistic models for solvent effects on the

propagation rate is given in Chapters 6 and 7 together with the experimental results for &, of

MAA and NVP in water.
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3.3.2 Conversion dependence of initiator efficiency

Initiator decomposition as a unimolecular reaction is unlikely to be affected by the viscosity
of the reaction medium and should hence not change with conversion. After bond cleavage of
the initiator, the two primary radicals have to add to a monomer molecule for inducing
macroradical chain growth. In the time span between initiator decomposition and monomer
addition the primary radicals may undergo irreversible side reactions which lower the initiator
efficiency. This time span is significantly increased in case of diffusion controlled initiation
which may, analogous to k,, set in at high conversions at which also ¢y is low.

Experimental evidence for a pronounced decrease of f at high conversions has been obtained
from comparison of bulk and emulsion polymerization of MMA®! and by ESR

studies!®+86-881

3.3.3 Conversion dependence of termination

Bimolecular termination involves the fast chemical reaction of two radicals and is therefore
considered being diffusion controlled from zero per cent conversion on.'"! Consequently, &
scales with the diffusive mobility of the macroradicals which may strongly depend not only
on temperature and pressure, as do all rate coefficients, but also on factors like solvent
viscosity, monomer-to-polymer conversion, chain flexibility, dynamics of entanglements,
macroradical chain length, and molecular weight distribution of the surrounding polymer
matrix through which the radical has to diffuse. The diffusion coefficients and thus &; of
macroradicals are highly system specific and may vary over several orders of magnitude with
conversion or in between two monomer systems. The enormous complexity which is
introduced by the diffusion controlled nature of termination necessitates careful presentation
of all reaction conditions when reporting ; data to allow for comparability.[*"'!14]

The termination reaction of two macroradicals proceeds in a three stage mechanism which is
depicted in Scheme 3-2 and was introduced by Benson and North.[***"]

As 1s indicated in Scheme 3-2, both macroradicals first have to come into contact by
translational (centre-of-mass) diffusion (TD). Subsequently, the radical functionalities have to

come into close proximity for forming a radical-radical encounter pair by segmental diffusion

(SD). The third and final step is the chemical reaction (CR) proceeding either by combination
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or disproportionation. The individual rates of the two modes of termination do not manifest in
experiments from which k; is derived as far as they are not based on the analysis of the
produced polymer. However, for modeling molecular weight distributions this information is

of concern.

b, Jgﬁ b, L_i'.\bo R CPE}

\/jb
Scheme 3-2: Schematic view of the diffusion and reaction steps during termination of two
macroradicals. For details see text.

Analogous to the description of the propagation reaction in Chapter 3.3.1, the diffusion

controlled termination rate coefficient, k& p, may be expressed by:

=—F—F+— 3-24
kt,D kSD kTD kCR ( )

with the corresponding rate coefficients for SD, TD and CR. In accordance to Eq. (3-22),

which accounts for the TD control of &, ktp can be expressed as:

(3-25)

where kTDO is the translational diffusion rate coefficient at zero conversion.

The description above neglects the contribution of radical chain end motion by monomer
addition, a mechanism denoted as reaction diffusion (RD).**°"! This process may become
dominant in highly concentrated polymer solutions in which TD is very slow and most

22231 However, for highly

macroradicals are trapped in an environment of dead polymer.
cross-linked systems RD-control may already set in at low conversions.”” Radical mobility
via RD is proportional to the rate of propagation, i.e. to kycm or ky'(1-X). Thus, the reaction-

diffusion controlled termination rate coefficient, & rp, may be expressed by:
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krp = Crp -k, - (1= X) (3-26)

where Crp is the reaction-diffusion constant which is a measure for the efficiency of
termination via reaction diffusion. The magnitude of Cgrp is mainly determined by the
dynamics of the macroradical chain end and its location relative to the ultimate entanglement

mode.******! The termination rate coefficient, &, is given by:
ke =k + ko (3-27)

Implementation of Egs. (3-23) to (3-26) in Eq. (3-27) yields for the case of kcr >> ktp and
kCRZ

1 G (1-X)

k =
t k;];+77r(X)/k]9D k[;,(1)+77r(X)/k[()),D

(3-28)

Eq. (3-28) allows for an adequate representation of the conversion dependence of &; for most
polymerization systems.

The three modes of diffusion, i.e. SD, TD and RD, are not equally important over the entire
range of conversions. Thus, the k; variation may be subdivided into different conversion
regimes as 1s indicated in Figure 3-1, which shows the variation of & with monomer-to-
polymer conversion as is typically for some bulk methacrylate polymerizations. At low
conversions, k; remains almost constant. Such initial plateau regimes are indicative of SD
being the rate determining diffusion step. Increasing monomer conversion is associated with
an increase in bulk viscosity. As a consequence, TD may become rate determining which
manifests itself in an, in some cases, orders of magnitude decrease in k.. The strong decrease
of termination rate in this regime, often referred to as gel-effect or Norrish-Trommsdorf
effect,’** reflects the reduced translational mobility of the macroradicals at significantly
increasing bulk viscosity (see Eq. (3-25)). At even higher degrees of monomer conversion (40
to 70 % in Figure 3-1), the lowering of k& with X is less pronounced, an observation that
indicates that & runs under reaction diffusion control. The stronger decrease of k; at
conversions above 70 % is caused by the pronounced deceleration of propagation rate (see

Eq. (3-26)) at low monomer concentrations and perhaps even with diffusion controlled 4.
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Figure 3-1: Variation of & with monomer-to-polymer conversion according to Eq. (3-28).
Parameters are taken from ref.[*’!

It should be noted that the onset of the gel-effect and the magnitude of the decrease in A is
strongly dependent on solvent concentration””® and the MWD of the formed background
polymer.

Acrylate monomers are typically not featured by strong variations of k& with
conversion."'*"*®! For methyl acrylate (MA) and dodecyl acrylate (DA), SD control of the
low conversion k; was assumed. However, it was proposed that RD is dominant in the entire
conversion range for polymerization of butyl acrylate (BA).1**! This assumption was based on
experimental data showing a decrease of &; from low conversions on. In contrast, recent SP-
PLP-NIR data for BA showed a constant termination rate coefficient at low conversions
followed by a decrease in k setting in at X~ 30 %.”") Consequently, this data implies SD
control in the initial plateau range (followed by TD control) also of BA polymerization.
Additional evidence for termination control by SD is provided by results from studies into the
chain-length dependence of termination. This topic will be discussed in Chapters 13 and 14.
The reason why different types of A vs. X dependencies were measured for BA
polymerization is not yet clear. However, the more recent data, implying SD control, may be
considered more reliable as care was taken to reduce effects arising from chain-length

dependent termination (see Chapter 3.4.2) and MCR formation (see Chapter 10.4).””
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3.4 Chain-length dependence of rate coefficients in FRP

Macroradicals of widely different chain lengths are subject to propagation and termination
reactions during conventional polymerization. Thus, the rate coefficients discussed so far are
chain-length-averaged parameters and should correctly be denoted as <k,> and <k,
respectively. The magnitude of potential chain-length dependencies of &, and 4 is supposed to
be different, as the rates of the two reactions are controlled by different mechanisms, i.e.

chemical and diffusion control.

3.4.1 Chain-length dependence of propagation

The propagation reaction can be assumed to be chemically controlled up to high conversions
(see Chapter 3.3.1). Thus, the absolute value of k; is determined by the geometries, vibrational
frequencies, and energies of reactants and transition state (TS). Propagation rate coefficients
may be accessed by applying transition state theory, e.g., in conjunction with ab initio

1721 Such predictions indicate significantly higher &, values

[17]

quantum-chemical calculations.
for short radicals compared to long-chain ones as is supported by experimental
evidence!” "), Besides genuine kinetic effects, displacement of monomer by polymer in
vicinity of the radical chain end reducing the local monomer concentration and hence the
apparent k, was discussed.!'"? Tt is not yet clear to which extent ky, may vary with chain
length, whether strong effects are only seen for short chains (i < 10),1'%'* and which
functional form is most appropriate for describing the dependence of k, on chain

102,105-107

length! ], Recent simulations, however, indicate that even in case that the chain-length

dependence of k, does not exceed i ~ 10, strong macroscopic kinetic effects may be seen for

systems with degrees of polymerization up to 100.1'°¢11°]

3.4.2 Chain-length dependence of termination

It is generally accepted that the diffusion-controlled termination rate coefficient & depends on
chain lengths i and j of the terminating radicals resulting in individual k(i,j) values for each

combination of i and j. According to Eq. (3-20) the centre-of-mass diffusion coefficient is
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inversely proportional to the hydrodynamic radius of the macroradical. Thus, the velocity of
Fickian diffusion decreases toward increasing degree of polymerization of the terminating
radicals. Also the propability that the reactive sites collide during coil overlap decreases
toward higher i due to shielding effects.!*®!

For termination events between two radicals of different size, there are three commonly used
models: the harmonic mean (hm), the diffusion mean (dm) and the geometric mean (gm)
model, each representing a different weighting of the impact of the larger or the smaller

radical on the rate coefficient.['!! 1!

k(i.j)= kt(l,l)-(z.' " j (hm) (3-29)
1+ ]
k(. /) :%-kt(l,l)- (i + ) (dm) (3-30)

k(i) =k (L) (77 ) (em) (3-31)

k(1,1) denotes the rate coefficient for termination of two radicals with chain length unity and
a s the power law exponent describing the chain-length dependence of k..

In single pulse initiated polymerization, unless chain transfer comes into play, the growth of
radicals in the dark time after the laser pulse is close to monodisperse. Thus, termination
occurs between radicals of the same degree of polymerization which linearly increases with
time after the laser pulse according to Eq. (3-8). In such simplified case, Egs. (3-29) to (3-31)

reduce to:*”]

k(i) =k (1,1)-i7 (3-32)

The drawback of the above equations is that the power law does not account for changes in
termination mechanism during chain growth which thus may induce a variation in the
exponent a. Reviews on the wide range of existing models can be found in refs.!*”!'¥

The so-called composite model introduced by Smith et al.*” suggests that k(i,i) decreases
strongly at short chain lengths and in a less pronounced fashion at longer chain lengths, that

is, k&t may be described by two different exponents ¢ and ¢ for the short and long chain-
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length regime, respectively. The transition between these regimes occurs at the so-called

crossover chain length, i.. The dependence of k(i,i) on chain length may be expressed by:

k(i) =k (11)-7 i<ic (333
kt(i’i): kt(l’l)'iciaﬁa] i :kto i 1>l (3-34)

k? is the rate coefficient for termination of two (hypothetical) coiled radicals of chain length
unity whereas k«(1,1) represents the actual termination coefficient of two (non-coiled)
monomeric macroradicals as stated above.

In the short-chain regime, the center-of-mass diffusion velocity of the macroradicals is
relatively fast compared to the segmental mobility of the chains. Thus, termination only
occurs when the radical sites directly hit each other during collision of the entire
macroradicals as the contact time is not sufficiently long to allow for re-orientation of the
reactive centers. In this short contact (SC) regime, k(i,i) may consequently be described in
terms of the Smoluchowski equation (Eq. (3-19)) with a chain-length independent capture
radius. Within the composite model, as;= 0.5 has been proposed for dilute solution (low
degrees of monomer conversion).””! This value is based on measurements of center-of-mass

diffusion coefficients of small molecules of various sizes!''!

and on theoretical predictions on
the increase of hydrodynamic radius toward higher degrees of polymerization (see
Eq. (3-20)!" '] 1t should, however, be stressed that a value of 0.5 is predicted for flexible

chains and i—oo, where the macroradical radius is proportional to i, i.e. gaussian coils are

formed and not rod-like structures. According to the studies of Kirkwood et al.l''®!

o may be
predicted to approach unity for i—0, because random coils cannot form in the oligomeric
chain-length regime. Moreover, when excluded volume effects are considered, the
hydrodynamic radius should be proportional to about i*¢ even for long and flexible but self-

[119] According to Eq. (3-19), changes in R¢ with chain

avoiding chains as derived by Flory.
length may additionally contribute to the magnitude of «;. There is independent experimental
evidence that the capture radius slightly decreases toward increasing chain length due to
shielding of the radical functionality by polymer segments.!'*”! Such decrease in Rc would
result in an increase of «. Although ¢ values close to 0.5-0.6 were determined

[32-34,39,106,121-123]

experimentally the parameter is yet under debate and may be different for
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A[37.38] 39,124

different monomers. For B and dodecyl acrylate[ ] surprisingly high values, even
exceeding unity, were found for c.

As detailed obove, the center-of-mass diffusion coefficients of macroradicals decrease toward
increasing degree of polymerization. Thus, the contact time during collision increases with i
as the macroradicals not only approach each other more slowly but also need more time to
separate. The contact time may additionally be increased in case the macroradicals entangle.
The segmental mobility of the radical chains, however, can be assumed almost independent of
i. Consequently, the radical chain-ends may screen their surrounding during such a long
contact (LC) which may be expressed in terms of an increase in Rc. Thus, the increase of
hydrodynamic radius with chain length is exactly compensated by a growing capture radius
and a transition from a normal (center-of-mass) diffusion control in the SC range to so-called

mean-field kinetics>®

in the LC regime occurs at chain length i.. It needs to be stressed that
although contact time strongly increases with i, not every collision of macroradicals is
reactive in the LC regime. In fact, a chain-length dependence of 4; for long chains is induced
by the shielding of the radical sites by polymer segments which decreases termination
probability during coil overlap. An ¢ value of 0.16 was theoretically predicted by
Khokhlov,!"**! Olaj,l"*®! and O’Shaughnessy®*'?”! for chain end-end reaction based on the
dynamics of macromolecular coils. In case one or both reactive centers are located in the
middle of the chain, power law exponents of 0.27 and 0.43, respectively, are predicted.*!
This induces additional complexity into the description of the chain-length dependences of k™
and k", as the relative position of the radical functionality of an MCR formed by backbiting
changes with degree of polymerization. Thus, a gradual decrease of ¢ toward increasing
MCR chain length (between 0.27 and 0.16 for k' and 0.43 and 0.16 for kt“) is to be expected
and has very recently been verified by Frohlich et al.l'"**'*! The theoretical o; value of 0.16

32-34,37-40,121-138
[32-3437-40, J'and can be regarded as a good

has been confirmed in several experiments
approximation for the long-chain regime of macromolecular coils in which the radical center
is located on the terminal chain unit.

The center-of-mass diffusion control of 4 in the SC regime, which is rapidly passed during
chain growth, usually not significantly manifests itself in conventional low-conversion FRP.
Termination in the the LC regime, however, results in a macroscopical SD control of <k>
(see Figure 3-1).

The discussion above is only valid for low polymer concentrations and good solvents. It is

important to emphasize that the center-of-mass diffusion control of ki(i,i) in the low
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conversion SC regime and the TD control of <k>, which may occur at intermediate
monomer-to-polymer conversions (see Figure 3-1), are different processes although the
notations are sometimes used synonymous. In fact, significantly higher « values (up to 2) may
be obtained at high polymer concentrations where all chains are overlapping and <k> is
controlled by TD.[122123.137-1411 pryvided that RD controls ki, the variation of ky(i,i) should
reflect the chain-length dependence of &, and Crp under reaction conditions.

The variation of k(i,i) with chain length under the assumption of k(1,1) = 10° L-mol s,
a;=0.5, ¢=0.16, and i. = 50 is depicted in Figure 3-2. Indicated are the cross-over chain
length, i, and k° which results from back extrapolation of the long-chain regime to the
ordinate intercept. This value, which may significantly differ from k«(1,1), is determined in

case the short-chain regime (i < ic) cannot be measured within the experimental technique due

to insufficient time resolution.

9.0 44,(1,1)
8.5
8.6-
g4t
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log(k (i,) / (L'mol s ™))

7.8 1
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Figure 3-2: Change in k; as a function of radical chain length as predicted by the composite
model.

3.4.3 Rate laws for chain-length-dependent k;

To deduce chain-length-dependent termination rate coefficients from monomer or radical
concentration traces recorded after laser pulse initiation, the data have to be transformed from

the time domain into the chain-length domain. The kinetic chain length may be estimated
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from Eq. (3-8) for any time after laser pulse initiation under the assumption of chain-length
independent propagation and the absence of chain transfer. Thus, the average time span
required for one propagation step is (kp-cM)f1 which is also denoted as propagation time, f,.
Applying Eq. (3-8) yields the physically unrealistic result of i being below unity for very short
times after laser pulse initiation. This situation can be overcome by adding unity on the right-

hand-side of Eq. (3-8).

i=—+1 (3-35)
tp

After the time #,, a radical of chain length i=2 is formed by monomer addition. Thus,
Eq. (3-8) yields the number of propagation steps during a time period # whereas Eq. (3-35)
gives the actual chain length. Unfortunately, the implementation of Eq. (3-35) significantly
complicates integration of Eqgs. (3-4) and (3-5). However, the difference between Egs. (3-8)
and (3-35) is only significant at small chain lengths and short times, respectively, but becomes
negligible toward higher i.

In principle, the chain-length dependence of k& may be determined in a model independent

way, that is without assumping a particular k; vs. i correlation. The rate laws for the change in

radical or monomer concentration with time after the laser pulse read:?’”'**!
1 deg(2)
k(t)= —R
10 O (3-36)
d’cy, (¢
o | enl)-Ee)
k(6)=—2 | ——5——1 (3-37)
2 (ch (t))
dr

For evaluation of k(i,i), the first derivative of cr(?) or the first and second derivatives of cum(?)
are required. Thus, success or failure of the model independent methods is determined by
signal quality. It was demonstrated that the signal-to-noise ratio of cm(?) traces from SP-PLP-
NIR is too low for reasonable application of Eq. (3-37).""** Junkers showed that sufficiently
accurate cr(?) data for implementation into Eq. (3-36) may be obtained via SP-PLP-ESR.*7!
However, even in this case the radical concentration traces had to be fitted by arbitrary

functions to obtain a noise-free signal. Thus, also those results cannot be considered totally
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model independent as the results for k(7,i) dependent to some extent on the choice of the fit
function.
As detailed earlier, Eq. (3-6) may be used to evaluate <k from SP-PLP-ESR traces, usually

in its linearized from:

0

Cr  _ 0
CR(I)_1+2-<kt>-cR-r (3-38)

For termination of two macroradicals of identical size, k«(i,/) may be expressed according to
the power-law expression given in Eq. (3-32) with o and k(1,1) or o and k, respectively. As
i is related to time via Eq. (3-8), Eq. (3-32) has to be inserted into the differential form of the
rate law to derive a function for the decay in radical concentration in case of chain-length

dependent k. Combination of Egs. (3-5), (3-8), and (3-32) with subsequent integration yields:

-1
() [ 2-k(LD-cp-t™
= -t S +1 1<t _
cn { -« (3-39)
-1
cp (1) 2'kt0 'Clg 'tpwl -
= T +1 t>1t. _
& ( o (3-40)

Logarithmic versions of Egs. (3-39) and (3-40) may be applied to the data for evaluating the

transition between o, and a.

c? 2-k,(1,1)-cy -t

log ———1|=1lo Co2C R Py (1-a.) logt 1<t

g(ck(t) g - ( s) g (3-41)
c? 2.k @

lo R _Il=log ——R P |4(l-¢)-logt t>t.

g(cR o < T (1-e) log (3-42)

A plot of the left hand sides of Eqs. (3-41) and (3-42) against log ¢ yields, assuming ideal
composite-model behavior, two linear sections with the slopes (1—a) and (1—¢) intersecting
at 7, at which time the macroradicals are of chain length i.. From the corresponding y-axis
intercepts, ki(1,1) and kto are obtained.

As detailed above, description of chain length by Eq. (3-8) is not absolutely accurate. Smith
and Russell'"* derived the following expressions for cr(f) in the short-chain and long-chain

regime:
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2k (ke renf e 1)
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Egs. (3-43) and (3-44) require non-linear fitting of the radical concentration traces. The more
accurate evaluation of the short-chain regime via Eq. (3-43) yields significantly higher o
values than the linear regression of the same data set according to Eq. (3-41). However, fitting
Eq. (3-44) to the long-chain data is not very sensitive and sometimes even results in negative
o values. In such cases application of Eq. (3-42) is recommended."*"

In SP-PLP-NIR experiments the change in monomer concentration with time is traced from
which <k may be evaluated according to Eq. (3-7).The implementation of the power-law
dependency (Eq. (3-32)) for ki(i,i) is more complicated for the monomer concentration data
due to the required double integration of the differential rate equation. An integral expression

of the fit function is given by:"**

-1

e () 0 t 0 70 ! % )
—F——=l-cy -k, - ||2:cp -k, - ||—| de""+1| dr' -
CM(t=0) R 6[ R (‘)[[t” (3-45)

Eq. (3-45) yields k°, cg’ and o for the entire chain-length regime under investigation. In
principle, the more complex composite model may also be implemented in a general form of
Eq. (3-45). However, the fitting is not very sensitive toward changes in « at short times after

laser pulse initiation.!'*>!4

3.5 RAFT-polymerization

The enormous progress in controlled (living) radical polymerization, especially since the

middle of the 1990s, has revolutionized polymer synthesis as such techniques allow for the
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production of narrowly distributed polymers of defined chain length and macromolecular
architecture without loosing the robustness and flexibility of conventional FRP.

Most controlled radical polymerization methods (e.g. atom transfer radical polymerization,
ATRP!'*'*V and nitroxide-mediated polymerization, NMP!'*")) are based on the persistent

48] je. the generation of a dormant species which significantly reduces the

radical effect,[
concentration of (free—radical) growing chains and thus suppresses the termination reaction.
Monomer addition only takes place in the short time spans between the activation and
deactivation steps. However, the reversible addition fragmentation chain transfer (RAFT)

35.36 . . . [
353 relies on degenerative chain-transfer equilibria.

process
In a typical RAFT process, thiocarbonyl-thio-compounds, so-called RAFT agents, reversibly
react with the growing macroradicals. The RAFT mechanism, as depicted in Scheme 3-3,
consists of a pre- and a main equilibrium. In the pre-equilibrium, the initial RAFT agent () is
transformed into a macroRAFT agent (III) via an intermediate radical species (Ila), where P-
is a free radical and R is the so-called leaving group of the RAFT agent. The leaving group R-
can reinitiate polymerization and is thus converted into a growing chain. After consumption
of all initial RAFT agent (I), the molecular weight of all radicals present (and thus the
polymer content) is effectively controlled via the main equilibrium by equally distributing the

propagation probability over all growing chains.

pre-equilibrium

p. S S—R PSSR g, PB—S S
+ [— — R'
—_—— —_— +
kad,2

kfrag,l

(1)) (I1a) (I

main equilibrium

7 kfrag 7 7

(In

Scheme 3-3: Pre- and main equilibrium of the reversible addition fragmentation chain
transfer (RAFT) process.
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The reversible addition fragmentation equilibrium is superimposed on a conventional free-
radical polymerization process, which retains all its characteristic kinetic parameters. Ideally,
the chain-transfer process should be fast and the intermediate RAFT-adduct radical (II) should
be short-lived. Because of the rapid transfer of the growing macroradicals between their free
and dormant forms, living characteristics (i.e. a linear increase of molecular weight with
monomer-to-polymer conversion) are imparted on the polymerizing system. The pre- and
main equilibrium is governed by the addition and fragmentation rate coefficients, kaq.1, kfrag 1,
kad 2, Kfrag 2, and kad, kfrag respectively.!'*”!

The main equilibrium is usually described by an equilibrium constant K4, which is a measure

for the stability of the intermediate radical:

“ T (3-46)

Rate retardation

In an ideal RAFT process, addition and fragmentation are fast reactions compared to the chain
growth and the equilibrium constant should be low. In such cases, the concentration of
propagating radicals in the controlled process and in conventional FRP should be close to
identical. Thus, no significant differences in polymerization kinetics are to be expected.
However, extended induction periods and pronounced rate retardation compared to the
conventional FRP are frequently seen, especially when dithiobenzoate-type RAFT agents are
used. This observation may be explained by two mechanisms: (i) The rate of fragmentation
may be significantly lower than the rate of the addition reaction thus yielding a larger Kq. In
case K. is extremely large, radicals are stored in the intermediate radical species to a
significant amount thus reducing the average concentration of free radicals until a steady state
has been reached. By that, the overall polymerization rate would be reduced.'>*'*% (if)
Irreversible termination as an additional reaction pathway of the intermediate radical species
(I) or (Ila), respectively, leads to deceleration of the polymerization rate as well.!'*~'>"]
Potentially, the intermediate radical can cross-terminate with a propagating radical or self-
terminate with a radical of its own species. It should be noted that in case the stabilizing group
is an aromatic function where the radical functionality is delocalized, the termination product

can also be formed by coupling with the Z-group.!>®
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Both mechanisms may account for the experimentally observed rate retardation, however the

97,154,157,158
71541571581 and no products

proposed high K. values are in conflict with ESR measurements
of irreversible termination were found in the product of dithiobenzoate mediated
polymerization!*”). This dilemma was recently overcome by identifying a highly efficient
“missing step” reaction in which termination products of intermediate radicals are

decomposed by reaction with propagating radicals.['%'%!

Hybrid behavior

If propagation is relatively fast compared to the addition rate of propagating free radicals to
the RAFT agent, the RAFT equilibrium is not capable of controlling the molecular weight
from chain length unity on. In this case, the radicals undergo a limited number of propagation
steps before addition to a RAFT species and thus the linear increase of the molecular weight
with monomer conversion starts from a certain degree of polymerization on. This situation is

denoted as hybrid behavior.!'®!

3.6 Size-exclusion chromatography

The standard method for determination of polymer MWDs is size-exclusion chromatography
(SEC). In SEC, a solution of macromolecules is pressed through columns with highly porous
material at constant flow rates. The separation is based on the diffusion of polymer coils
between the mobile phase and the pores of the stationary phase. Low molecular weight
material, forming coils with small hydrodynamic radius, will spend more time in the pores
than polymer of higher molecular weight, therefore eluting more slowly through the column.
After separation, the relative concentration of the eluted chains can be detected by measuring
changes in, e.g., UV-absorption and refractive index (RI). The retention times are strongly
depending on the experimental conditions (polymer type, column packing, eluent). Thus, for
concentration-sensitive detectors a calibration curve is required which correlates elution
volume with molecular weight. The calibration curve can be constructed using polymeric
standard samples of known narrowly distributed molecular weight. However, calibration
standards are available only for a limited number of polymers. Without such standards,

molecular weight distributions may be estimated via the principle of universal calibration.!'*”
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For a given column assembly, a linear correlation between hydrodynamic volume, HV, and

molecular weight, M, is assumed to hold:!®"!

[n]- M

HV=
25-N, (3-47)

where [7] is the intrinsic viscosity and Ny Avogadro’s number. The most frequently used

correlation between intrinsic viscosity and molecular weight is given by the Mark-Houwink

[165,166]

relation which assumes linearity between log([ 77]) and log(#) according to:

[7]=K-M* (3-48)

with K and a being the so-called Mark-Houwink (MH) parameters. For most polymers, the

Mark-Houwink parameters are known and may be used for universal calibration.!"®”

Combination of Egs. (3-47) and (3-48) leads to the desired relation:
1 K,

l+a
log—t+—"log M, -
+a, ng I+a, &4 (3-49)

log M, = "

with the index 1 indicating the polymer used for calibration and the index 2 for the polymer of
interest. Thus, the calibration curve of log(M,) vs. elution volume can be recalculated for

polymer 2. In case MH parameters are not available for a certain polymer, alternative methods

employing mass sensitive detectors such as on-line viscometry!'®”

[168

or light-scattering
techniques'®® may be used to directly determine the molecular weight at a certain elution
volume. An SEC setup consisting of both mass sensitive detectors and a concentration
detector is often referred to as a triple detector setup by which the need for polymer standards

or MH parameters can be overcome.
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4 Materials and Instrumentation

4.1 Chemicals

4.1.1 Monomers

acrylic acid

s

Acrylic acid (AA, M=72.06 gmol™', Fluka, purum, > 99 % stabilized by hydroquinone
monomethyl ether) was used as received or dehibited by passing the monomer through a

column filled with inhibitor remover (Aldrich).

butyl acrylate

\)]\O/\/\

Butyl acrylate (BA, M=128.17 g:mol™', Fluka, purum, > 99 %, stabilized by hydroquinone
monomethyl ether) was dehibited by passing the monomer through a column filled with

inhibitor remover (Aldrich).

methacrylic acid

O

OH

Methacrylic acid (MAA, M=100.12 g-molfl, Fluka, purum, >99 %, stabilized by

hydroquinone monomethyl ether) was purified by distillation under reduced pressure.
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N-vinyl pyrrolidone
=
o
N-vinyl pyrrolidone (NVP, M= 111.16 grmol ™', Fluka, purum, > 97 % stabilized with N,N"-

di-sec-butyl-p-phenylenediamine) was used as received or purified by distillation under

reduced pressure.

4.1.2 Polymers

poly(acrylic acid)

Poly(acrylic acid) sodium salt (poly(NaAA), M, =16 000 gmol™', M, =18100 gmol ",
M, =12 800 g'mol™', Polymer Standards Service, Mainz) was dialyzed against an aqueous
solution of hydrochloric acid (pH=2) and subsequently against demineralized water to

transform poly(NaAA) into poly(AA).

poly(methacrylic acid)
Poly(methacrylic acid)  (poly(MAA), M, =170 000 grmol™', M, =370 000 g:mol’,
M, = 55000 g-molfl, Polysciences, Inc, lot# 547 827, 5 % water) was used as received.

poly(N-vinyl pyrrolidone)
Poly(N-vinyl pyrrolidone) (poly(NVP), M, =360 000 g'mol ™', M, =24 000 grmol ', Aldrich)
was used as received.

4.1.3 Saturated monomer analoga

The saturated monomer analoga have the same chemical structure as the corresponding

monomers, however without the olefinic double bond.



MATERIALS AND INSTRUMENTATION 37

propionic acid

Propionic acid (PA, M= 74.08 g-mol_l, Fluka, p.a., > 99.5 %) was used as received.

iso-butyric acid

Iso-butyric acid (IBA, M =88.11 g-mol_l, Fluka, p.a., > 99.5 %) was used as received.

N-ethyl pyrrolidone
N-ethyl pyrrolidone (NEP, M= 113.16 g-mol ™', Aldrich, p.a., > 99.5 %) was used as received.

4.1.4 Initiators

2-methyl-4’-(methylthio)-2-morpholinopropiophenone

AT

N

s

The  photoinitiator ~ 2-methyl-4-(methylthio)-2-morpholino-propiophenone ~ (MMMP,
M=279.40 g-mol ™!, Aldrich, > 98 %) was used without further purification.

2,2-dimethoxy-2-phenyl acetophenone
P
& 1T

The photoinitiator 2,2-dimethoxy-2-phenyl acetophenone (DMPA, M= 256.30 g'mol ',

Aldrich, > 99 %) was used without further purification.
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2-hydroxy-2methylpropiophenone
O

OH
The photoinitiator 2-hydroxy-2-methylpropiophenone (Darocur, M= 164.2 g'mol”', Aldrich,

> 97 %) was used without further purification.

2,2’-azobis (2-methylpropionamidine) dihydrochloride

HN
>?~NH2 HCI
N=N
H,N

2
NH HCI

The thermally decomposing initiator 2,2’-azobis (2-methylpropionamidine) dihydrochloride
(V50, M=271.19 g-molfl, Fluka, purum, > 98 %) was used as received.

4.1.5 Solvents

Demineralized water (taken from internal cycle), deuterium oxide (Deutero GmbH, 99.9 %),
toluene (Fluka, puriss, > 99.7 %), and tetrahydrofurane (THF, Roth, p.a., > 99.5 %) were

used without further purification.
4.1.6 Miscellaneous
S,S-bis(a, a’-dimethyl-a’’-acetic acid)-trithiocarbonate

HOOC I S I S | COOH
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The RAFT agent S,5-bis(e,a’-dimethyl-o’’-acetic acid)-trithiocarbonate ~ (TRITT,

M=282.40 g'mol ") was synthesized in accordance to the procedure described in ref.!'®”!

2,2,6,6-tetramethyl-1-piperidinyloxyl

e

e

The stable radical for ESR calibration 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO,

M=156.26 g'mol ™', Aldrich, > 99 %) was used without further purification.

hydroquinone and hydroquinone monomethyl ether

/
OH @)

OH OH

The inhibitors hydroquinone (HQ, Fluka,>99 %) and hydroquinone monomethyl ether
(MEHQ, Fluka, > 98 %) were used as received.

sodium hydroxide

Sodium hydroxide (Scharlau, p.a., > 99 %) was used as received.

sodium chloride

Sodium chloride (Merck, p.a., > 99.5 %) was used as received.

dialyzing tube
The dialyzing tube Spectra/Por® MWCO 2 000 (internal diameter 11.5 mm, Spectrum
Laboratories, Inc.) was used for removing small ions from polymer solutions. The membrane

was stored at 4 °C in an aqueous solution of 0.1 % sodium azide.
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4.2 High-pressure equipment

4.2.1 Optical high-pressure cell

The optical high-pressure cell used for spectroscopic investigations of pulsed-laser induced
homo- and copolymerizations under high-pressure conditions is illustrated in Scheme 4-1.The
cell is designed for pressures up to 3500 bar and temperatures up to 350 °C. The cylindrical
cell body and the sealing flanges are made of a nickel-based alloy of high ultimate tensile
strength (RGT 601, material No. 2.4668, Arbed Saarstahl). The length of the cell body is
100 mm and the outer and inner diameters are 80 and 22 mm, respectively. Four borings
perpendicular to the cylindrical axis allow for fitting high-pressure capillaries and a sheathed
thermocouple (6) directly into the sample volume. The cell is sealed at each end by a conical
ram (5) (material No. 2.4668, Arbed Saarstahl). The ram is pressed into the cell cone by the
flange (2) (material No. 2.4668, Arbed Saarstahl) which is fixed by six high-pressure bolts (1)
(material No. 2.4969). The optical path length may be varied by using different types of rams.
The experiments were performed using an internal cell (see Chapter 4.2.2). The rams were
chosen such that a path length of approximately 1-2 mm resulted, providing sufficient space
for fitting the internal cell between the two high-pressure windows. Each high-pressure
window (4) is fitted against the polished surface of a ram and held in place by a stainless steel
sealing cap. To compensate for surface area irregularities, about 12 pum thick Teflon foil is
placed between the polished surfaces of the window and the ram. This setup is self-sealing
under pressure according to the Poulter principle.!'’” The high-pressure optical windows used
in this work were made from synthetic sapphire crystals (diameter: 18 mm, height: 10 mm,
UV grade, Roditi, Union Carbide) produced by the Czochralski procedure. This material is
used because of its high transparency in the wavenumber range from 2 000 to 50 000 cm ™.
The optical transmission at the laser wavelength is not affected by laser irradiation or by
changing temperature. The optical high-pressure cell is mounted on a metal holder equipped
with a wooden grip for easy handling and fitting into the sample compartment of the FT-IR

spectrometer.
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(1) bolt (5) ram
(2) flange (6) sheathed thermocouple
(3) heating jacket (7) adjustable optical path length

(4) high pressure window

Scheme 4-1: Schematic view of the optical high-pressure cell used in the high-pressure
experiments.

4.2.2 Optical internal cell

The optical internal cell used in the kinetic investigations is depicted in Scheme 4-2. The cell
consists of a Teflon tube (1) (outer diameter 10 mm, inner diameter 9 mm, length ~12 mm)
which is closed on each side by a quartz window (2) (diameter 10 mm, thickness ~5 mm,
Haereus Quarzglas, INFRA-SIL 301). To ensure optimal sealing of the cell, the lateral
surfaces of the cylindrical quartz windows were polished using a diamond micrometer
suspension (4-8 micron, Mikrodiamant GmbH). Quartz was chosen as the window material
because it is transparent in the wavenumber range above 3000 cm ', thus allowing detection

in the desired NIR region. The sample volume (3) is contained between the two windows. The



42 MATERIALS AND INSTRUMENTATION

internal cell is fitted between the sapphire windows of the high-pressure cell and held in place
by a Teflon spacer.

To transfer the reaction solution into the internal cell, a quartz window is fitted into one end
of the Teflon tube, the mixture is introduced by a pipette before the second quartz window is
inserted. Care has to be taken that the cell is well sealed and that no gas bubbles are enclosed.
An excellent survey on the high-pressure techniques described within this section can be

found in ref.['’!

12 mm

Scheme 4-2: Schematic view of the optical internal cell used for kinetic investigations. (1)
Teflon tube; (2) SiO, window; (3) sample volume.

4.2.3 Heating and temperature control

The optical high-pressure cell is brought to temperature by two heating jackets consisting of a
brass matrix, into which a sheathed resistance heating wire (CGE-Asthom) is embedded. The
closely fitting jackets are mounted on each end of the cell body (see Scheme 4-2 entry (3)).
Temperature is measured via a sheathed thermocouple (nickel chromium against nickel,
CIA S250, CGE-Alsthom) and regulated by a PID-controller (Eurotherm 815).

For applying temperatures below 25 °C, special brass jackets were used through which

cooling liquid provided by a thermostat (Haake 001-4202 or Lauda RCS 6) can be passed.

4.2.4 Pressure generation and control

For the kinetic investigations, n-heptane served as the pressure transmitting medium and for

providing good heat transfer. The system is pressurized using a manually driven (’syringe”-

type) pressure generator (max. volume 12 cm’). Pressure is measured using a high-pressure
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precision manometer (Class 0.1, 0-4 kbar, Wiegand). The pressure-generating system is

depicted in Scheme 4-3.

s

—

(1) optical high-pressure cell (4) ’syringe”-type pressure generator m
(2) manometer (5) valve
(3) pressure medium n-heptane

Scheme 4-3: Schematic view of the pressure-generating system.

4.3 FT-IR/NIR spectrometer

Infrared and near infrared spectra were recorded on a Bruker IFS-88 Fourier-Transform
spectrometer. To accommodate the heated optical high-pressure cell, the sample chamber of
the spectrometer was enlarged (heightened) and fitted into a water-cooled cell holder (to
reduce heat transfer to the spectrometer parts). The chamber is permanently purged with
compressed water-free air. For the present work the optical configuration consisted of a
tungsten-halogen light source, a silicon-coated calcium fluoride beam splitter, and an InSb
detector. This configuration allows for optimal recording in the spectral range 4 000 to
10 000 cm™. Data acquisition and data processing were performed using the software OPUS

(Bruker). To allow for quantitative analysis of the spectra, the optical settings were chosen
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such that the absorbance did not exceed 0.8 in the wavenumber area of interest, thus ensuring

detector linearity.!'’

4.4 The PLP-SEC setup

4.4.1 Pulsed-laser polymerizations

Pulsed laser polymerizations were performed using an excimer laser with maximum laser
pulse repetition rate of 100 Hz (LPX 2101, Lambda Physik) operated on the 351 nm (XeF)
line. Incident laser energy was usually around 10 mJ per pulse. The laser beam was widened
and focused on the sample by two lenses. The monomer solutions were either charged into
QS165 cells (10 mm path length, Hellma-Worldwide) equipped with a jacket for temperature
control, QS110 cells (10 mm path length, Hellma-Worldwide), 21/SOG/2 cells (2 mm path
length, Starna), or into the internal cell of an optical high-pressure cell.

The pH values of the aqueous solutions were measured by a Metrohm 602 pH-meter
(Switzerland) prior to polymerization. Conductivities were determined by means of a
Metrohm Herisau E 527 conductometer.

Details on the experimental procedures used for the different monomer systems are provided

in Chapter 5.1.1.

4.4.2 Size-exclusion chromatography

For the thesis in hand, different SEC setups had to be used for measuring the MWDs of the
various types of polymer being produced. The THF-soluble polymers poly(BA), poly(MMA)
and poly(BMA) were analyzed with setup A in our lab. The MWDs of products from aqueous
phase polymerizations were kindly determined by Dr. I. Lacik and co-workers at the Polymer
Institute of the Slovak Academy of Science in Bratislava. Poly(AA) and poly(MAA) were
analyzed using an aqueous eluent on setup B, whereas poly(NVP) was measured in

dimethyl acetamide (DMAc) on setup C.
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setup A

The SEC analyses of poly(BA), poly(MMA), and poly(BMA) were performed at 35 °C with
THF as the eluent (1 mL'min~' flow rate) and toluene as flow rate marker on a system
composed of a Waters HPLC pump (Model 515), a JASCO AS-2055-plus autosampler, three
PSS SDV columns (5 pm particle size; 10°, 10° and 10 A pore sizes), and a Waters refractive
index detector (Model 2410). MWDs of poly(MMA) were determined by direct calibration
against narrowly distributed standards (M, =800 to 2 000 000 g'mol™', PSS, Mainz). For
poly(BA) and poly(BMA), the SEC setup was calibrated with polystyrene (PS) standards of
narrow polydispersity (M, =400 to 2 500 000 g'mol™', PSS, Mainz). The MWDs are adjusted
according to the principle of universal calibration using Mark-Houwink parameters for linear
poly(BA) (K =1.22-10"mL-g”"', a=0.700)""! and poly(BMA) (K =1.4810>mL-g",
a=0.664).""" Data acquisition and processing were carried out using the WinGPC software

(PSS, Mainz).

setup B

The aqueous-phase SEC setup for analyses of poly(AA) and poly(MAA) consisted of a
Waters in-line degasser, a Waters pump 515 equipped with a plunger washing kit, a Rheodyne
77251 injector, a guard and three Suprema columns (PSS, Mainz) of particle size 10 pym and
pore sizes of 100, 1000 and 3000 A (positioned in a Waters column heater module), and a
differential refractometer (Waters M2410). The measurements were performed at 60 °C using
demineralized water as the eluent which contained 0.1 mol-L™ Na,HPO,, to provide a pH
value of 9.0, and 200 ppm NaNjs. The poly(AA) and poly(MAA) samples were thus analyzed
as the corresponding sodium salts. The eluent was permanently stirred to avoid concentration
changes as a consequence of salt sedimentation. Ethylene glycol was used as the flow marker
to adjust eluent flow to a rate of 1 mL-min'. Calibration of the SEC setup was performed
with narrowly distributed poly(NaAA) and poly(NaMAA) standards (PSS, Mainz) of peak
molecular weights between 1 250 and 1 100 000 and 1 250 to 1 027 000 g-mol ', respectively.

Data acquisition and analysis were performed via the WinGPC"7.2 software (PSS, Mainz).

setup C
SEC analysis of the poly(NVP) was performed with the eluent dimethyl acetamide (DMAc)

containing 0.1 wt.% LiBr pumped trough a PSS GRAM 10 um guard column and three
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PSS GRAM 10 pm main columns with pore sizes of 100, 1000 and 3000 A at 45 °C
(instrumentation otherwise identical to setup B). The flow rate of 0.8 mL/min was controlled
by toluene as the flow rate marker. Non-availability of narrow poly(NVP) calibration
standards required the use of MALLS—RI (multi-angle laser light scattering—refractive index)
detection. A MALLS absolute detector PSS SLD 7000 (PSS, Mainz) in conjunction with the

(751 The values of the

differential refractometer provided absolute molecular weights.
refractive index increment, dn/dc, were determined on a Brice-Phoenix 2000-V differential
refractometer to be 0.093 ml-g™' and 0.165 ml-g™' for poly(NVP) and PS, respectively. These

d,mﬁ] from the values measured at 436 and 546 nm, for 633 nm which

numbers were estimate
is the wavelength at which the MALLS detector works. A narrow PS calibration standard of
M, =67 500 gmol' (PSS, Mainz) was used as the isorefractive standard. Effective
calibration was made using PS standards for the mass range 376 to 2 300 000 g'mol " (PSS,
Mainz). The factor which correlates the positions of primary and secondary points of
inflection (POI) of the MWDs obtained by absolute (MALLS—RI) detection and by effective
(RI detection) calibration was found to be: Mivarrs ri/ Mirr=1.53 £0.10 in the range of
molecular weights of poly(NVP) from 20 000 to 200 000 grmol . This correction factor was

used when the MALLS detector signal was insufficient for precise MWD analysis.

4.5 The SP-PLP-NIR setup

The experimental setup for the SP-PLP-NIRP!'7" experiments carried out within this work is
illustrated in Scheme 4-4. The XeF excimer laser pulses (Lextra 50, Lambda Physik) are
reflected by an UV mirror (M1) and passed through the optical axis of the sample cell (HPC).
A second UV (M2) mirror redirects the laser light to a beam stop (BS). The UV mirrors are
transparent in the infrared region (INFRASIL, ZnSe-coated). A photo-shutter (PS1) (Prontor,
magnetic-shutter E/40) can be used to select individual laser pulses. A tungsten-halogen lamp
(La) (General electric, 75 W) serves as a source of infrared and near infrared radiation. The
lamp is powered by a lead accumulator (12 V, 180 Ah, Varta) to achieve a noise-free signal.
A second photo-shutter (PS2), directly in front of the monochromator, is used to block the
analysis light for measuring the background detector signal without near infrared radiation.
Initiation processes provoked by UV light emitted by the tungsten-halogen lamp are
suppressed by a UV cut-off filter (F1) (RG 695). The analysis light is focused by a lens (L1)
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(CaF,, =100 mm, d = 50 mm) onto the sample contained in the optical high-pressure cell. A
second lens (L2) (CaF,, f= 100 mm, d =50 mm) focuses the analysis light onto the lid of a
monochromator (B&M Spectronik, BM 50, 0.5 m, /6.9). The light is diffracted by an
interference  grating (Bausch&Lomb, 76 mm x 76 mm, 600 1/mm, blaze 1.6 mm,
D =4.1 nm/mm) and redirected to a fast InAs-NIR-detector (D) (EG&G Judson; cooled by
liquid nitrogen) by an ellipsoidal mirror (EM) (Bruker Analytische Mefitechnik GmbH, /6,
/1 =200 mm, f, =40 mm). The monochromator is controlled by an Atari computer. A silicon
filter (F2) (Oriel, 1 mm, 1.05 um, transmission in the 5000 to 9000 cm ' range) ensures that
only one grating order hits the detector. The detector signal is recorded by a 16-bit transient
recorder (TR 1621-4, Fast ComTech) and transferred to a computer (IBM) for further
evaluation. For mechanical decoupling from external vibrations, e.g. of the building, the entire
setup is placed on a solid granite board, which is supported by rubber tubes. For details to the

electronic setup of SP-PLP-NIR are described elsewhere.!'™™

electronic connections

trigger excimer
laser - - - - optical path: laser
T e optical path: analysis light
1
l BS
i - 1
F2 PS’_ZJ | PSl ! Fl1
mono- | | | N— _______ M _______ W | |
/_LI_\
chromator I N M1 HPC yM2 I
L2 L1 La

transient PC AD
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Scheme 4-4: Experimental setup for the single pulse — pulsed laser polymerization — near-
infrared (SP-PLP-NIR) technique. The setup is described in detail within the text.
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4.6 The PLP-ESR setup

Electron spin resonance spectra were recorded on a Bruker Elexsys E-500 series cw-ESR
(continuous wave) spectrometer operating in the X-band (8 to 12 GHz). A field modulation
frequency of 100 kHz, modulation amplitudes between 1 and 5 G and microwave powers of 6
to 10 mW were used. Temperature control of the sample is achieved by purging the sample
cavity with nitrogen which can be heated to a pre-selected temperature in the range between

—100 °C and +80 °C by an ER 4131VT (Bruker) unit.

#Mmicrowave ﬂ

bridge

spectrometer laser
electronics 1{ ;i source

:Eﬁ
L [

PC

pulse generator

Scheme 4-5: Schematic view of the ESR-spectrometer setup in conjunction with the laser
light source for UV irradiation of the samples.

The resonator cavity is equipped with a grid to allow for irradiation of the sample with UV-
light at right angle. Recording of the primary data and control of the spectrometer settings was
done using the software XEPR (Bruker). The sample was irradiated either with short laser
pulses at 351 nm (XeF excimer laser, COMPex 102, Lambda Physik) or with continuous
illumination by a 500 W mercury UV-lamp (LAX 1450, Miiller Elektronik). The laser source
is placed 50 cm and the UV-lamp 20 cm from the cavity, respectively. The laser output
energy is typically around 50 mJ per pulse but can be varied from 0 up to 75 mJ per pulse

with respect to the particular experiment. The laser source and the spectrometer are
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synchronized using a Quantum Composers 9314 pulse generator (Scientific Instruments). The
maximum time resolution of data acquisition is 1.28 ms and 500 ns respectively, depending
on the type of acquisition board used (ADC signal channel or ADF fast digitizer acquisition
board with 12 bit resolution at constant 2 Msamples/s). A schematic view of the cw-ESR
spectrometer and the connections to the laser and the spectrometer controlling units is given

in Scheme 4-5.

4.7 Simulations

The kinetic model of BA polymerization was implemented into the simulation program
PREDICI (polyreaction distributions by countable system integration; CiT), version
6.22p.academic or 6.4.4 (on an Intel Celeron 1.8 GHz or Intel Centrino 1.3 GHz computer),
respectively. This program allows for integrating systems of countable differential equations
without any assumptions with respect to closure conditions and to calculate full MWDs.
Details about the mathematical procedures used in this program are contained in refs.!'*'*]
SEC broadening was introduced into the calculated MWD according to the method described
in ref.["*!

ESR spectra were simulated via WINEPR SimFonia Version 1.25 (Bruker Analytische
Messtechnik GmbH).
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S Experimental Procedures and Data Evaluation

5.1 The PLP-SEC Technique

The accuracy and reliability of &, values has considerably improved since the invention of the

[182,183

PLP-SEC technique.” Even though the basic idea is found in earlier references, Vit was

the development and experimental verification by Olaj et al.!*”!

that demonstrated the potential
of the technique.

In PLP-SEC experiments, a mixture of monomer, photoinitiator and, optionally, a solvent is
irradiated at pre-selected temperature and pressure with a sequence of laser pulses being
applied at constant laser pulse repetition rate (LPRR) that is with a constant time spacing, #,
in between successive pulses. The laser pulse almost instantaneously produces photoinitiator-
derived radicals which start chain growth by adding to a monomer molecule. Although
termination occurs at any time during the experiment, the large concentration of short radicals
produced by each laser pulse induces preferential chain stopping of macroradicals that have
started growth by initiation upon applying the preceding pulse(s). In an ideal PLP-SEC
experiment, multimodal molecular weight distributions (MWDs) are obtained with the
individual maxima resulting from preferential termination of macroradicals after integer
multiples of #,. The kinetic chain length, iy, reached during a growth time #y, is usually best
identified with the point of inflection on the low-molecular-weight side of the first PLP-
induced peak.””! For macroradicals which do not experience chain transfer or other side
reactions in the dark time period and which are terminated by the successive laser pulse, iy is

given by

iy =k ey 1, (5-1)

which is directly obtained from Eq. (3-8). The occurrence of additional inflection points in the
MWD at integer multiples of iy acts as an important internal consistency criterion for reliable
k, evaluation.’™ Further consistency criteria are that k, values are independent of initiator

concentration, laser pulse energy and LPRR.™ the PLP-SEC technique has been successfully

[16] (8]

applied to many monomers' ' and benchmark £, values have been published for styrene,

9,10,12,15 [13]

several alkyl methacrylates,' J'and butyl acrylate.
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However, for acrylate-type monomers at temperatures above 20 °C and LPRRs of and below
100 Hz no or only broadened PLP structures are obtained.!'>¢"-6%142173-1841951 1htramolecular
transfer-to-polymer (see Chapter 3.2.3) is now accepted as the mechanism responsible for this
peak broadening.!"*! A detailed discussion of the influence of backbiting on MWDs from PLP

is contained in Chapter 10.3.

5.1.1 Experimental procedures
5.1.1.1 PLP-SEC of non-ionized AA, MAA, and NVP in aqueous solution

According to the procedure used for AA,'"! a stock solution of DMPA or Darocur in
monomer was prepared, which was diluted with monomer, water and, optionally,
propionic acid (PA), iso-butyric acid (IBA) or N—ethyl pyrrolidone (NEP) to yield the desired
monomer, initiator, and additive concentrations. In case of solutions with pre-mixed
poly(AA), poly(MAA) or poly(NVP), the polymers were first dissolved in demineralized
water. The molar monomer concentrations at a particular polymerization temperature were
calculated from the reported density expressions for AA,°Y MAA, ) NVP " and water!'®”!

under the assumption of ideal mixing.

Pan/g-em” =1.0731-1.0826-107 (T /°C)-7.2379-107 -(T /°C)’ (52)

Paan/g-cm™ =1.0288-5.568-10-(T/°C)-1.1132-107 - (T /°C)’

+1.0041-107 (T /°C) (5-3)
Prve/ grem™ =1.0592-7.7772:10™ (T /°C) - 4.6649-107 - (T /°C}’ (5-4)
pwatcr /g : Cm% = 09999 + 23 109 . 1075 ' (T / OC)_ 544807 . 1076 . (T / OC)2 (5-5)

The monomer solution was transferred into a cuvette and purged with nitrogen for 2 to 4 min.
In case of high-pressure measurements, the reaction mixture was introduced into an internal

cell after deoxygenation. Prior to pulsing, the cuvette or high-pressure cell was thermostated
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for about 20 min. The number of pulses was selected such as to reach a monomer conversion
below 5 %. Post-polymerization was suppressed by pouring the mixture from PLP into a
sample vial containing MEHQ. Water, monomer, and saturated monomer analoga were
evaporated under high-vacuum at ambient temperature.

Polymer solutions containing NVP were dried by removal of the majority of water under high
vacuum at ambient temperature followed by addition of n-hexane to precipitate poly(NVP)
and extract residual NVP. After several addition and decanting steps with n-hexane,
poly(NVP) was dried under vacuum at room temperature to constant weight.

The degree of monomer conversion was determined gravimetrically for all monomer systems.

5.1.1.2 PLP-SEC of ionized MAA in aqueous solution

MAA and DMPA were weighted into a volumetric flask and neutralized under ice cooling
using 3 to 8 molar NaOH solutions to the pre-selected degree of ionization, ap. Subsequently,
the flask was filled up with demineralized water. Molar MAA concentrations were obtained
from the total mass and the volume of the particular solution. Values of ap>1.0 are
associated with an excess of NaOH with respect to the MAA content, e.g., ap = 1.1 denotes a
10 mol-% excess of NaOH over MAA. The sample preparation and PLP experiments were
otherwise identical to the procedure outlined in Chapter 5.1.1.1. However, the treatment of the
reaction mixtures after PLP differed in that sodium methacrylate, which would affect the
gravimetric conversion detection as well as the determination of the MWDs by SEC, had to
be removed by dialysis against demineralized water. It was verified by comparison of the
MWDs of dialyzed and non-dialyzed non-ionized poly(MAA) that this procedure leaves the
SEC traces unchanged.

5.1.1.3 PLP-SEC of BA

BA was deoxygenized by several freeze-pump and thaw cycles. DMPA or MMMP were
added to the monomer at concentrations of 5 to 16 mmol-L™" under an argon atmosphere and
the mixture was transferred to a cuvette. The PLP experiment and sample treatment after PLP

was identical to the procedure outlined in Chapter 5.1.1.1 with the exception that high laser
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energies (up to 30 mJ) and low pulse numbers were applied to reach monomer conversion of

about 0.5 %.

5.1.2 Data evaluation

Figure 5-1 depicts a typical MWD (full line) and the associated first derivate curve (dashed
line) as obtained from PLP experiments (20wt% MAA in water, oap=0.7,
compa = 2.7-107 mol-L™", 40 °C, LPRR =20 Hz). The MWD is well PLP-structured and
exhibits three points of inflection, thus fulfilling the internal consistency criterion for k,

evaluation.!™

w(log M)
d[w(log M)]/ d(log M)

Figure 5-1: MWD (full line) and the associated first derivate curve (dashed line) obtained
from PLP-induced polymerizations of 20 wt.% of MAA in water at ambient pressure, 40 °C,
a degree of monomer ionization of 0.7, an initiator concentration of
compa = 2.7-107 mol-Lfl, and a laser pulse repetition rate of 20 Hz.

The kinetic chain length, iy, is calculated by M; / Mmonomer (for AA and MAA, the molecular
mass of the corresponding sodium salts has to be used) and # =1/ LPRR. Thus, k, can be
assessed from Eq. (5-1) with ¢y being the arithmetic mean value of monomer concentration
before and after PLP. The treatment of MWDs obtained from PLP on solutions with pre-
mixed polymer is detailed in Chapter 6.2.
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5.2 Chemically initiated polymerizations

Analysis of the decrease of monomer concentration with time during chemically initiated
polymerization, detected e.g. via FT-NIR spectroscopy, allows for the determination of Iq/kp2
as a function of conversion according to Eq. (3-10) provided that the reaction obeys ideal
kinetics and kq:f'1s known. The actual initiator concentration cy is obtained from the integrated
form of the initiator decomposition rate law (Eq. (3-1)). Individual termination rate
coefficients may be calculated from combination of k/k,” with results from SP-PLP-NIR,

yielding k/k;,, or by implementing k;, from independent PLP-SEC experiments.

5.2.1 Experimental procedure

Monomer, initiator (V50), and water were mixed in a 5 ml flask and purged with nitrogen
under ice cooling for three minutes. The mixture was filled into the internal cell, which is
fitted into the stainless steel cell that has been pre-heated to the polymerization temperature.
After applying pressure, the stainless steel cell is immediately inserted into the sample
chamber of the FT-IR/NIR spectrometer and NIR spectra are taken in most cases every 60 s

and until conversion is complete.

5.2.2 Determination of monomer-to-polymer conversion

The decrease of monomer concentration, cy;, toward increasing conversion may be monitored
via NIR spectroscopy. It has become standard practice to use the first overtone of the C—H
stretching vibration at the olefinic double bond at about 6170 — 6200 cm ™' for quantitative
analysis.""”®'*"] This band is well suited for the analysis of monomer concentration, because it
is in most cases not overlapped by other vibration bands. To deduce overall monomer

conversion from the spectra, Beer-Lambert’s law (Eq. (5-6)) needs to be valid.

A(v)=1og(lij=g(v).cM y 56)

0
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It relates the absorbance 4 (at a specific wave number, V) to monomer concentration. In
Eq. (5-6), Iy is the light intensity entering the cell and 7 is the intensity of NIR light after
passing the sample and the optical windows. Monomer conversion, X, at time ¢ is calculated

by Eq. (5-8) via the integrated version of Beer-Lambert’s law, as given in Eq. (5-7):

Int= [A(P)d¥ = B-c,, -1 (5-7)
c Int(t)
X()=1-M =12

“ o Int, (5-8)

where B is the integrated molar absorptivity and ¢y is the initial monomer concentration.
Figure 5-2 depicts a series of FT-NIR spectra recorded during chemically induced
polymerization of 60 wt.% MAA in water at 50 °C and 2000 bar. The arrow indicates the
direction of absorbance change during polymerization. The pronounced background
absorption, provoked by H,O combination bands, hampers data evaluation as the baseline is
not horizontal. For correctly deducing MAA conversion, the spectrum for complete MAA
conversion was subtracted from each spectrum measured during polymerization.'”® The
resulting spectral series (see Figure 5-3) was evaluated by integration of the high-
wavenumber half-band between 6178 and 6400 cm™".

Using D,0 instead of H,O shifts the stretching modes of the solvent to lower wavenumbers
and thus reduces background absorbance which enhances signal-to-noise quality in SP-PLP-
NIR experiments.'”® Shown in Figure 5-4 are FT-NIR spectra recorded during SP-PLP
induced polymerization of 60 wt.% NVP in D,O at 40 °C and 2000 bar. The background
absorbance of the solvent is decreased as compared to the spectral series in Figure 5-2.
Furthermore, the calculation of monomer concentration is facilitated as subtraction of the full
conversion spectrum is not necessary. NVP concentrations were calculated by integration of
the high-wavenumber half-band against a horizontal base-line through the absorbance point at
6400 cm ™.

It is assumed that D,0O affects polymerization kinetics of water soluble monomers to the same
extent as H,O and H-D-exchange on the olefinic C-H bond is slow compared to
polymerization time.

The rate of polymerization during chemically initiated reaction was estimated from the first-

derivative curves of cy vs. # curves determined via ORIGING.1 with subsequent smoothing.
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Figure 5-2: Series of FT-NIR spectra recorded during chemically induced polymerization of
60 wt.% MAA in H,O at 50°C, 2000bar and an initiator concentration of
cvso = 2.7 mmol-L™!. The arrow indicates the direction of absorbance change during
polymerization.
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Figure 5-3: FT-NIR spectra deduced from the spectral series shown in Figure 5-2 by
subtraction of the spectrum for complete MAA conversion from each of the individual

absorbance spectra. The arrow indicates the direction of absorbance change during
polymerization.
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Figure 5-4: Series of FT-NIR spectra recorded during SP-PLP induced polymerization of
60wt.% NVP in D,O at 40°C, 2000bar and an initiator concentration of

compa = 1 mmol'L™". The arrow indicates the direction of absorbance change during
polymerization.

5.3 The SP-PLP-NIR technique

In SP-PLP-NIR, monomer conversion induced by a single laser pulse is monitored via in-line
near infrared (NIR) spectroscopy with a time resolution of microseconds.”") Among the
methods for deducing 4, the SP-PLP-NIR technique is recommended by the ITUPAC
Subcommittee on “Modeling polymerization kinetics and mechanism” as the most powerful,
although somewhat sophisticated and difficult method."'* Eq. (3-7) represents the time
evolution of relative monomer concentration within SP-PLP experiments. In the absence of
any chain-length dependence of k (and of k), fitting the experimental monomer concentration
vs. time trace to Eq. (3-7) yields kv/k, and kecr’. As ¢’ is not directly accessible from SP-
PLP-NIR measurements, the primary experimental quantity is ki/k,. From several successive
SP-PLP-NIR experiments carried out during a polymerization up to high degrees of monomer
conversion, X, with each of them providing one k/k;, value, k; may be determined as a function
of X, provided that k, is known for this conversion range. As the macroradical chain length

varies with time after the laser pulse, the rate coefficient which results from fitting of the
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conversion vs. time trace to Eq. (3-7) should be referred to as <k> (see Chapter 3.4.2). The

chain-length dependence of k; may be evaluated by fitting Eq. (3-45) to the cm(?) data.

5.3.1 Experimental procedure

The optical high-pressure cell, which at the beginning of an experiment contains an empty
internal cell with the quartz windows being in direct contact, is brought to reaction
temperature and pressure and a FT-NIR reference spectrum is recorded. Then the high voltage
value at the thyratron of the laser is calibrated against a joule meter (Gentec). The reaction
mixture containing monomer, photoinitiator, and, optionally, solvent or RAFT agent, is
deoxygenized by freeze-thaw and pump cycles or bubbling with nitrogen as detailed in
Chapter 5.1.1. Subsequently, the solution is transferred into an internal cell being then fitted
into the optical high-pressure cell. The assembly is brought to reaction conditions. An initial
FT-NIR spectrum is recorded and the monochromator employed in the SP-PLP-NIR setup is
set to the maximum of the absorbance band of the first overtone of the C-H stretching
vibration on the C=C bond (see Chapter 5.1.1). The initial intensity at zero per cent monomer
conversion, Jo(X = 0), is recorded via a custom C™ program.!'** The same program controls
the analog digital converter (ADC) board. In addition, the program records and compensates
the output voltage of the InAs detector before and after each series of laser pulses. Further
settings, as time resolution, number of signals to be co-added, etc. are controlled by the
software SBENCH (v. 4.55, FastComTec). The time resolution may be varied in between 2 us
and 1 ms. The maximum number of stored data points is 2'°. SBENCH records the time-
resolved data of the change in light intensity after applying the laser pulse and saves the
intensity data averaged over the selected amount of individual signals for further processing.
In regular intervals (typically every 5 % monomer conversion), FT-NIR spectra are recorded
over an extended wavenumber range to deduce overall monomer conversion. In principle, the
overall monomer conversion may be deduced from the NIR data obtained by the SP-PLP-NIR
InAs detector. These intensity data may yield X with a relatively large error as the IR-light
beam is refracted by the reaction solution to different extents during polymerization.
Moreover, with aqueous systems, in which a strong background absorbance of the solvent is
observed, conversion detection by SP-PLP-NIR alone is not feasible.!"”**) Within the FT-

NIR spectra a large wavelength region is integrated and background absorbances or baseline



60 EXPERIMENTAL PROCEDURES AND DATA EVALUATION

instabilities may be subtracted. Thus, monomer conversion determined from these spectra are
used to recalculate virtual Io(X' = 0) values for each series of SP-PLP traces to fit absolute
monomer conversion. The time-resolved data remain unaffected.!'”**°"! More details on the

setup and the method are given in the appendix of ref.!!**!

5.3.2 Calculation of monomer concentration traces

In SP-PLP-NIR, the decrease in monomer concentration after single pulse initiation is traced
via measurement of NIR intensity at the maximum position of the monomer peak at about
6180 cm™'. However, the analysis light is not monochromatic due to dispersion of the NIR

beam at the interference grating. Eq. (5-6) is thus transformed to

1()
log ;v Zo) 59
ACM(t):CM(Z)_CM = Eeff(AV)'l

where &, (AV) is the effective molar absorption coefficient in the wavenumber range AP

which is calculated from the FT-NIR spectrum recorded at zero per cent conversion according

to

(5-10)

with A, (A7) being the arithmetic mean absorbance in the corresponding wavenumber range.

5.4 The SP-PLP-ESR technique

Within SP-PLP-ESR, macroradical concentration after single pulse initiation is traced with
microsecond time resolution. The termination rate coefficient <k>> may be obtained by fitting
Eq. (3-6) or (3-38) to the experimental cr(¢) data. Moreover, SP-PLP-ESR provides more
direct and detailed access to ki(i,i) values, via Egs. (3-36) or (3-39) to (3-44), than does SP-
PLP-NIR (see Chapter 5.3) and allows for tracing of different types of radicals which may
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occur during polymerization. Thus, SP-PLP-ESR has to be considered as the more powerful
method for kinetic investigations. However, its applicability is limited to measurements on
non-polar solutions at ambient pressure without precise detection of monomer-to-polymer
conversion so far. The investigations detailed in Chapters 5.4.2 and 5.4.3 have been carried

out in cooperation with Johannes Barth. Part of the work already appeared in ref.[***!

5.4.1 Experimental procedure

The monomer and, if added, the solvent are purified and degassed by several freeze-pump and
thaw cycles. The photoinitiator is added under an argon atmosphere in a glove box and the
reaction solution (typically 0.1 to 0.2 mL) is filled with a syringe into ESR tubes of 5 mm
outer and 4 mm inner diameter. For highly polar solutions (e.g. BMA in bulk) ESR tubes of
3 mm outer and 2 mm inner diameter and sample volumes of 0.05 mL were used to allow for
tunability of the ESR spectrometer. The sample tubes are closed with a plastic cap, sealed
with PARAFILM, and carefully protected from ambient light to prevent pre-polymerization
before laser pulsing.

Calibration solutions of 10 to 10° mol'L™" of TEMPO in the corresponding monomer-
solvent-mixtures are prepared by stepwise dilution starting with about 10> mol-L™' TEMPO.
The spectrometer cavity is brought to reaction conditions and a TEMPO sample is placed into
the resonator. The correct alignment of the ESR tube in the cavity is illustrated in Scheme 5-1.
The ESR spectra for calibration with TEMPO are recorded at conversion times of 10.24 ms
and different receiver attenuations depending on radical concentration. Subsequently, the
TEMPO sample is replaced by a monomer-photoinitiator solution and an ESR spectrum under
laser pulse initiation of typically 20 Hz repetition rate is recorded with the same spectrometer
settings as used for the calibration spectra with the exception of the receiver attenuation. The
magnetic field associated with the maximum intensity of a characteristic line in the ESR
spectrum is identified for subsequent time-resolved tracing. Whereas full ESR spectra are
measured within the signal channel (SC), the variation of ESR intensity with time at fixed
magnetic field is detected by so called fast-scan coils and recorded with the fast digitizer
(FD). The laser and the spectrometer are synchronized via the pulse generator with a time
delay for firing the laser pulse of about 10 per cent of the entire recording time. To ensure

complete decay in radical concentration, a suitable dark time between two laser pulses is
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chosen. From the data recorded prior to the laser pulse, the offset in intensity is deduced, as
no radicals are present. To improve signal quality, usually 50 to 200 single traces are co-
added yielding one cr(?) curve. Monomer-to-polymer conversion was determined
gravimetrically after pouring the sample into a flask with hydroquinone and drying to

constant weight.

/ Sample tube

Laser illuminated

area

Grid

Scheme 5-1: Schematic view of the ESR cavity with sample tube.

For the purpose of calibration (see Chapter 5.4.2), several full ESR spectra are recorded under
laser pulsing at 20 Hz and various laser energy levels. Thus, different amounts of radicals are
produced within each experimental run. This data is required to correlate the double integral
of signal intensity (I[7) of the full ESR spectrum with signal intensity, 7, at a fixed magnetic
field.

The ESR intensities of the full spectra and the single pulse traces are finally scaled by the
applied scan numbers, accumulations per data point (see Chapter 5.4.3), and receiver gains.
Such scaling is required to achieve comparability of the intensity values which are given in

arbitrary units.
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5.4.2 Determination of radical concentrations

So far, direct determination of radical concentration is only accessible via electron spin
resonance spectroscopy. All other methods only yield estimates on cg mostly on the basis of
tracing monomer concentration. Such techniques are thus model dependent and considered
being less accurate.

For determination of absolute radical concentrations an individual calibration for each
combination of spectroscopical parameters (microwave power, modulation amplitude, time
constant, etc.), sample type (monomer-solvent-mixture, sample volume, type of ESR tube),
and temperature is required. Calibration with solutions of a stable radical, such as TEMPO, in
the corresponding monomer-solvent-mixtures under identical experimental conditions has
become standard practice.[***7-203:204

As with NMR spectroscopy, the integral of the ESR absorbance peaks is correlated with the
concentration of the traced species. In ESR, a dispersion spectrum, i.e. the first derivative of
absorption, is recorded. Thus, from the double integral of the full ESR spectra (J[7) of TEMPO
calibration samples with known cr the radical concentration of any other sample under
otherwise identical conditions may be calculated. In SP-PLP-ESR, the change in ESR
(dispersion) intensity at fixed magnetic field, Hy, is recorded. Thus, a correlation between
I(H,) and the corresponding ||/ of the full ESR spectrum is required. To determine the
concentration of one particular species in a system with several types of radicals (e.g. SPRs
and MCRs in acrylate polymerization), additionally the molar fraction of the radical of
interest with respect to overall radical concentration needs to be known.

The calibration procedure is detailed below on example of BA polymerization.

By PLP initiation with constant laser pulse repetition rate, a pseudo-stationary radical
concentration is created which is proportional to the double integral of its ESR dispersion

intensity.

cp=h- J.J.]SC (5-11)

The constant /; is determined from HISC measured via the SC for TEMPO calibration
solutions with known radical concentrations.
Depicted in Figure 5-5, by the black line, is an ESR spectrum of TEMPO (10 mol'L™" in a

mixture of 1.52 mol'L™" BA in toluene at 233 K) with the corresponding integral (light grey
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line) and double integral (dark grey line). The black squares are determined from [[/sc at
different TEMPO concentrations. As is to be expected from Eq.(5-11), the radical
concentration is proportional to the double integral of ESR intensity with the slope #4;.

Peak position and [[Isc are measured in the SC, Irp(Hy), however, is traced using the FD.

Thus, the sensitivities of both detection systems need to be correlated according to:

Ijlsc =h,- J.J‘[FD (5-12)

with the constant 4, being determined from measurements of ESR spectra of TEMPO

calibration samples via the SC and FD.

1.0x10™

8.0x10” -

6.0x10” -

Crempo / mol-L
]SC’ J.ISC’ IIISC

HISC / a.u.

Figure 5-5: Plot of TEMPO concentration in toluene against the corresponding double
integral of ESR dispersion intensity measured at 273 K (squares). A typical ESR spectrum of
TEMPO (full black line) is shown together with the corresponding integral (light grey line)
and double integral (grey line).

Shown in Figure 5-6 are the ESR spectra and the corresponding double integrals of TEMPO
(10° mol'L™" in a mixture of 1.52 mol-‘L™" BA in toluene at 295 K) measured via SC (grey
lines) and FD (black lines) detection. Peak positions in SC and FD closely overlap as far as
conversion times of and above 10.24 ms are used within the signal channel. Thus, the
standard procedure of measuring full ESR spectra for determination of Hy in the SC is
feasible. However, the sensitivity, i.e. [[1/ cg, in the SC is by about a factor of 2 above the

sensitivity in the FD with the factor being independent of temperature and radical



EXPERIMENTAL PROCEDURES AND DATA EVALUATION 65

concentration. The correlation between the double integral for SC and FD measurements,
respectively, is shown in Figure 5-7 for different concentrations of TEMPO. According to

Eq. (5-12), linear regression of the data in Figure 5-7 yields a straight line through the origin

with the slope #,.

fast digitizer signal channel
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L HIFD /a.u.
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Figure 5-6: ESR spectra and corresponding double integrals measured on a calibration
solution of TEMPO in toluene via signal-channel (grey lines) and fast-digitizer (black lines)

detection at 295 K.
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Figure 5-7: Plot of the double integral of ESR spectra measured in the signal channel versus
the corresponding double integral determined by the fast digitizer for calibration samples
with different TEMPO concentrations in toluene at 295 K. The insert shows an enlargement

for the two data points with low double integrals.
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Depicted in Figure 5-8 are the temperature dependences of the spectrometer sensitivities of
BA in toluene (1.52 mol'L™") and #-BMA in bulk, both measured in the SC by means of
TEMPO calibration solutions. The sensitivity for the BA in toluene solution (left hand side)
decreases toward higher temperatures between 233 K and 263 K, however for higher
temperatures, ﬂlsc / ctempo starts to increases again. In fact, the sensitivity at 345 K is above

the value at 233 K.
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Figure 5-8: Temperature dependence of spectrometer sensitivity determined for TEMPO
dissolved in 0.2 mL of a 1.52 molar solution of BA in toluene (left) and TEMPO in 0.05 mL
of n-BMA in bulk (right).

2051 and also in conflict with the

Such behavior is not expected from theoretical considerations!
change of sensitivity with temperature observed for TEMPO in n-BMA (see Figure 5-8, right
hand side) and as well as in pure toluene®?. According to the Boltzmann distribution, the
spectrometer sensitivity should continuously decrease toward increasing temperature as the
population difference between the spin levels in the magnetic field is reduced. In fact, the
roughly twofold increase in sensitivity between 333 and 243 K found within the n-BMA bulk
system is in close agreement with the theoretical expectations based on the applied microwave
frequency and the magnetic field at absorption. The origin of the sensitivity minimum
observed in the BA-toluene-TEMPO system is not understood so far. This effect may be

[206]

related to relaxation times™- or changes in dielectricity. However, a similar trend has also

207]

been seen with vinyl pivalate-heptane-TEMPO mixtures.! The above discussion

demonstrates the necessity of careful calibration for all experimental conditions. Finally, it is
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to be mentioned that the smaller sensitivity in case of »-BMA in bulk compared to BA in
toluene is due to the smaller sample volume and the higher polarity of the (solvent free)
methacrylate.

In SP-PLP-ESR, the change in ESR dispersion intensity at fixed magnetic field is traced.
Thus, a correlation between ﬂIFD and intensity Irp(Hy) is required. This calibration may be
accomplished based on the ESR spectra determined by the SC as the line shape is identical in
both detection systems. If the line width is independent of radical concentration, the

correlation reads
”Isc =h3,i ‘Isc(Hx,i) (5-13)

where /3 is a constant which is characteristic of the special type of radical and /sc(Hy;) is the
ESR dispersion intensity in the maximum of a well separated peak corresponding to radical

species 1.
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Figure 5-9: Correlation between double integral of the ESR spectrum with intensity in the
peak maximum (marked with the arrow) for polymerizations of 1.52 mol'L™" of BA in
toluene at 233 K initiated by PLP at different laser energies. The grey lines represent a
typical ESR spectrum and the corresponding integral and double integral recorded under
such conditions.

The value of /3 is determined from the slope of a plot of ”[sc versus Isc(Hy;) as depicted in

Figure 5-9 on example of BA polymerization in toluene at 233 K (for illustration /Isc, flsc, and
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[[Isc are included in grey). The ESR lines in the spectrum show pronounced oscillations which
reflect the change in radical concentration with time under pseudo-stationary conditions as
will be discussed in detail in Chapter 12.2. Such oscillations, however, hamper the
identification of /sc(Hy ;) for correlation to ﬂlsc and were thus smoothed by applying a Fourier
filter.

ESR spectra recorded during polymerization of acrylate monomers like BA reflect two types
of radicals. Hence, the molar fractions of each species at reaction temperature need to be
known which may be determined by spectra deconvolution.”*®?2%2%1 For such a procedure,
the spectra of the individual species are simulated based on the coupling constants and line
widths determined from ESR measurements at high and low temperatures where contributions
of the MCR and SPR, respectively, are dominant. The experimental spectrum is subsequently
fitted by superposition of different proportions of the simulated SPR and MCR contours. The
fractions of the different radical species, xycr and xspr, are obtained from the corresponding
weighting factors obtained from the fitting. The deconvolution procedure is schematically
illustrated in Figure 5-10 on example of a BA polymerization at 313 K. The SPR and MCR
simulations were scaled with accordance to the same radical concentration. The concentration

of species 1 may be determined from the overall radical concentration according to:

G =X Cr (5-14)

Shown in Figure 5-11 is the temperature dependence of the fraction of midchain radicals

48971 An increase of

during PLP-initiated polymerization of 1.52 mol'L™" of BA in toluene.
xmcr from nearly zero at 223 K to about 0.8 at 343 K is observed. Consequently, the ESR
spectrum at low temperatures is almost exclusively due to SPRs whereas at high temperature
mainly contributions of the tertiary radical are seen. The kinetic origin of the pronounced
decrease of xyicr toward lower polymerization temperatures is detailed in Chapter 12.3.

In systems with two types of radicals it is recommendable to first determine the radical-
specific correlation constants for species 1 and subsequently substitude the radical fractions

and introduce the ratios of the particular maximum intensities of the ESR lines to transfer the

calibration to species j. According to Eq. (5-13) the following relation is obtained:

hy; = Ml =hy (5-15)
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Figure 5-10: Schematic representation of the spectra deconvolution procedure on the example
of a polymerization of 1.52 mol'L™" of BA in toluene at 313 K. For details see text.
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Figure 5-11: Temperature dependence of the fraction of midchain radicals during
polymerization of 1.52 mol-L™" of BA in toluene. The values are taken from refs.[***”]
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Figure 5-12: Correlation between the ESR dispersion intensities at magnetic field positions
characteristic for the SPR and MCR species (polymerization of 1.52 mol'L™" of BA in
toluene at 295 K). The positions are identical to the ones marked in Figure 5-18.

The correlation between radical concentration and ESR dispersion intensity at the
characteristic peak maximum position measured within the FD is obtained by combination of

Egs. (5-11) to (5-15). For systems with one type of radical the correlation reads

cx(O)=hy -y by I (HN0) (5-16)
whereas

ca(O)=h by by, -x,- Lo (H ) (5-17)

ca(6)=hy by by -x, T (H ) (5-18)

is obtained for systems with two types of radicals. The molar fraction of radical j may be

calculated according to:

x=(1-x) (5-19)
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5.4.3 Interpretation of primary experimental data

It is of fundamental importance for correct kinetic analysis of primary experimental /rp(Hy)
versus ¢ traces to identify potential artefacts. Such artefacts may be related to time resolution,
to the influence of the laser pulse on ESR detection, or may result from overlap with other

radical species.

The influence of the laser pulse

In SP-PLP, initiator cleavage is induced by high-energy laser pulses which results in a short-
time response of the ESR detector as shown in Figure 5-13. The shape and magnitude of this
perturbation is independent of magnetic field position however its intensity decreases toward

lower laser energies.

I (H)/au

T 1 T T T T T T T
-0.001 0.000 0.001 0.002 0.003 0.004
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Figure 5-13: Perturbation of the laser pulse hitting the sample at #=0 (indicated by the
vertical dotted line) recorded at a magnetic field position beyond the range for carbon
centered radicals. Laser pulses were applied to a solution of 1.52 mol-L™" of BA in toluene at
295 K with a time resolution of 15 us per data point.

The perturbation of the laser shown in Figure 5-13 was measured at a magnetic field position
beyond the absorption range of the different radical species. The laser hits the sample at =0
which is indicated by the dotted line. The negative amplitude seems to start at # < 0. This may
be caused by the relatively low time resolution of ESR detection (see Figure 5-14). The time

resolution is the same as typically used for tracing SPRs during BA polymerization. Thus, the



72 EXPERIMENTAL PROCEDURES AND DATA EVALUATION

laser signal strongly affects the cg versus ¢ curves at short times after applying the laser pulse.
A time resolution being about two orders of magnitude lower was used for tracing the MCR
species. In such cases the perturbation of the laser is either not seen at all in the obtained SP-
PLP-ESR curves or only occurs as a single data point. Conclusively, for highly time-resolved
measurements it is recommended to use high initiator concentrations allowing for relatively
low laser energies and to not overinterpret the time range up to 0.5 ms after firing the

initiating laser pulse.

The influence of time resolution

Measurements using the FD are carried out with a conversion time of 500 ns, i.e. detection of
one intensity value takes 0.5 ps. In all cases 1024 data points are recorded which would result
in an overall recording time of only about 0.5 ms. Thus, n single intensity values were added
over the time interval n-500 ns to yield one data point for lower time resolution. If the change
in intensity is big compared to the time required for accumulation of one data point, the actual
variation of ESR intensity with time is distorted. This effect is illustrated in Figure 5-14 on
example of SPR traces of BA measured at different time resolutions (for details see captions).
Pronounced intensity changes are induced by the perturbation of the laser, monomer addition
to initiator-derived radicals and fast (bimolecular) termination at short times after the laser
pulse. The position and magnitude of the maximum in SPR concentration may only be
adequately captured by the highest time resolution for which even the disturbance in ESR
detection due to the laser pulse is obviously resolved showing up as a negative narrow
negative peak at short times. However, it cannot be ruled out that the absolute value in SPR
maximum concentration may still be slightly underestimated.

In cases were the changes in ESR intensity are small compared to the recording time, no
accumulation artefact should be observed. This is actually observed when tracing intensity for
the MCR as shown in Figure 5-15 where identical time resolutions as in Figure 5-14 were
used. MCR concentration slowly builds up by backbiting and decreases at much lower rate
than does SPR concentration. Thus, no accumulation artefact on cycr(f) is observed.

However, the perturbation of the laser can only be determined at the highest time resolution.
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Figure 5-14: Change in ESR intensity after laser pulse initiation at # = 0 at the magnetic field
position of a characteristic SPR line during polymerization of 1.52 mol-L™" of BA in toluene
at 295 K. Time resolutions of 15 us (black line), 1.5 ms (dark grey line) and 15 ms (light

grey line) were used.
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Figure 5-15: Change in ESR intensity after laser pulse initiation at # = 0 at the magnetic field
position of a characteristic MCR line during polymerization of 1.52 mol-L™" of BA in toluene
at 295 K. Time resolutions of 15 us (black line), 1.5 ms (dark grey line) and 15 ms (light

grey line) were used.
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The influence of primary initiator-derived radicals

Two carbon-centered radicals are formed by decomposition of MMMP (see Scheme 5-2)
which is the photoinitiator exclusively used within the ESR experiments of the thesis in hand.
In ESR, there is no pronounced chemical shift in between different types of carbon centered
radicals as it is observed in NMR techniques. All radicals in the spectrum appear at almost the
same magnetic center field but differ in coupling pattern. Thus, the ESR lines of initiator-
derived radicals may overlap to some extent with the propagating radical species to be traced.
It is to be expected that the influence of primary radicals on the single pulse curves has ceased
at 1 ms after the laser pulse as initiator-derived radicals rapidly add to monomer or terminate
at high rate.

Figure 5-16 depicts three full ESR spectra measured under PLP-initiation at 295 K by means
of single scans of 10.49 s duration. The upper spectrum (Figure 5-16a) was determined for
MMMP in toluene and shows two lines marked with X and Y. Line Y strongly oscillates with
the applied laser frequency which illustrates that the corresponding species is almost
instantaneously formed by the laser pulse however its concentration completely decreases
during dark time. For line X, only minor intensity changes upon laser pulsing are seen
indicating that there is a second species which is relatively long lived and reaches a pseudo-
stationary concentration. The double integral of the initiator-derived radicals in toluene is only
4% of J[I measured during polymerization of BA in toluene under otherwise identical
conditions, i.e. temperature, laser energy, and MMMP concentration. The error induced into
the calibration procedure should even be smaller than 4 % as the primary radicals may not
only be consumed by termination but also by addition to monomer. Thus, the contribution of
MMMP derived radicals to [[7 of ESR spectra of polymerizing systems can be neglected.

To exclude that line X or Y is due to the formation of benzyl radicals, an ESR spectrum of
MMMP in benzene under PLP-conditions was recorded (see Figure 5-16b). This spectrum
shows two lines at identical magnetic field position as band X and Y within the toluene
measurement. Thus, there is no significant formation of benzyl radicals under reaction
conditions. Line B, however, is strongly broadened in the spectrum for MMMP in benzene
implying that the corresponding radical species is interacting with the solvent. However, it
was excluded by recording ESR spectra of pure toluene under PLP-conditions that line X is
due to a solvent dependent interaction of the light source with the resonator cavity. The ESR
spectrum measured under laser pulsing on a MMMP-BA-toluene mixture is depicted for

comparison in Figure 5-16c. It is clearly seen that the spectrum of the initiator-derived
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radicals overlaps with the center region of the BA spectrum where the absorbance of the MCR

1s observed.

(a) MMMP in toluene y
(b) MMMP in benzene
X
(c) MMMP in BA / toluene
B A
20G
 —

Figure 5-16: ESR spectra recorded during laser pulsing with a pulse separation time of
0.05 s on solutions of MMMP in toluene (a), MMMP in benzene (b), and MMMP in a
mixture of 1.52 mol-L™" of BA in toluene (c) at 295 K.

The change in ESR intensity with time of lines A and B marked in Figure 5-16¢ was traced at
295 K in a mixture of MMMP in 1.52 mol'L™" of BA in toluene (black lines in Figure 5-17).
Those ESR lines are characteristic for the SPR and MCR species, respectively (see below in
Figure 5-18). The intensity traces of lines A and B are, however, resulting from an overlap of
contributions of the SPR and fragment Y (Figure 5-17A) or of the MCR and fragment X
(Figure 5-17B). This is indicated by the grey lines in Figure 5-17 where ESR intensity is
recorded at the same magnetic field positions as were the black lines. Thus, the center region
of the ESR spectrum where SPR and MCR intensities overlap with fragment Y and X,
respectively, should not be used for tracing radical concentrations.

Until now, lines X and Y cannot be assigned to individual fragments of MMMP. Future
studies may be devoted to elucidate the different radical structures, e.g. by ESI-MS
(electrospray ionization — mass spectrometry) measurements, and to determine the

corresponding termination rate coefficients via further SP-PLP-ESR experiments.
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Figure 5-17: Time evolution after single pulse initiation of relative ESR intensity in the
maxima of the lines marked with A and B in Figure 5-16¢ for MMMP in 1.52 mol'L™! of BA
in toluene (black lines) and for MMMP in pure toluene (grey lines) at 295 K.

Identification of suitable ESR lines for SP-PLP-ESR

ESR spectra recorded during BA polymerization consist of an overlap of a SPR and a MCR
spectrum. As both radicals show considerably different reactivities, two characteristic ESR
lines have to be identified which are not or at least not significantly affected by ESR intensity

of the other species.
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Figure 5-18 shows simulations of the SPR and MCR spectra. The arrows indicate the
magnetic field positions at which single pulse tracing was performed. SPR and MCR
concentrations where not measured via lines A and B for reasons detailed above. There is a
second well separated ESR line for the SPR at low magnetic field (left). This line was not
used for tracing cspr due to its low intensity which would result in minor signal to noise

quality of the single pulse curves.

Figure 5-18: Simulated ESR spectra of the SPR (black line) and MCR (grey line) species
occurring during acrylate polymerization. The magnetic field positions used for tracing
secondary and tertiary radical concentrations, respectively, are indicated with arrows.

5.5 Selection of experimental conditions

5.5.1 Photoinitiation

The evaluation of the chain-length dependence of the termination reaction by fitting time-
resolved data on monomer consumption or on the decay of radical concentration requires
accurate knowledge on the chain length of the propagating radicals at a given time after laser
initiation. Thus, an ideal photoinitiator for SP-PLP experiments has to fulfill the following

criteria:
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* The photoinitiator must decompose upon irradiation with excimer laser light. The XeF line

of 351nm is preferable, because most monomers do not absorb at this wavelength.

* Laser-induced photoinitiator decomposition must be fast as compared to the subsequent first

propagation step (that is below one microsecond).

* The efficiency of the initiator should be high, preferably close to unity, which means that all

photoinitiator-derived radicals start chain growth.

* Both radical fragments should be capable of rapidly initiating macromolecular growth at
similar rate, which ensures a close-to-monodisperse size distribution of growing radicals

unless chain transfer comes into play.

Such an ideal photoinitiator allows for the determination of the CLD of the termination rate
coefficient from a single SP-PLP experiment. A good survey on several photoinitiators and
their decomposition under UV irradiation has been given by Gruber.”'” Investigations by
Kiilpmann revealed that 2-methyl-4-(methylthio)-2-morpholino-propiophenone, MMMP, is a

close-to-ideal photoinitiator which rapidly decomposes into two propagating free-radical

[211,212] 213

species, as was confirmed by Vana et al. via ESI-MS studies.”"* The decomposition

products of the MMMP decay are shown in Scheme 5-2.

O
O/\ 0 O/ﬁ ‘
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P i _
MMMP R, R,

Scheme 5-2: Decomposition reaction of 2-Methyl-4-(methylthio)-2-morpholinopropio-
phenone (MMMP).

In the present work, MMMP was used within all SP-PLP-ESR experiments, as it allows for
close-to-monodisperse growth of radicals, ensuring that termination events take exclusively
place between radicals of almost the same size (within Poisson broadening). However,
MMMP could not be used for studies into aqueous monomer solutions because of its poor

solubility and side-reactions in protic solvents.["*2'¥]
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In the past, the photoinitiator 2-dimethoxy-2-phenylacetophenone (DMPA) has extensively

been used for SP-PLP-experiments,'**!"®!

although it does not fully meet the requirements
stated above. As depicted in Scheme 5-3, DMPA decomposes into two radical species, R; and
R, (see ref.*"! for details), which are distinctly different in their characteristics. Whereas the
benzoyl radical R, is highly efficient in adding to a monomer molecule, the acetyl radical R,
does not noticeably add to monomer in the dark-time period after the pulse, but may

recombine with radicals and thus behaves like an inhibitor. The difference in reactivity of the

two fragments originates from the stabilizing effect of the phenyl group, where the radical

0]
hv . 0
_— +
/O

DMPA R, R,

center is delocalized.

Scheme 5-3: Decomposition reaction of 2-dimethoxy-2-phenylacetophenone (DMPA).

1257 and has also

The poor initiating activity of R has first been described by Fischer et a
been demonstrated via MALDI and ESI experiments by the Davis group.*'**'”) In SP-PLP,
the simultaneous initiation and inhibition activity of the DMPA-derived species results in a
rather peculiar behavior: The monomer conversion vs. time traces measured at different initial
DMPA contents, but otherwise identical reaction conditions, intersect each other. This
behavior provides access to measuring the chain-length dependence of the termination rate
coefficient.!*"! At low radical concentrations the impact of the poorly initiating primary
radicals is, however, negligible and the resulting <k> values are close to true average
termination rate coefficients, although non-ideal initiator behavior is not contained in the
kinetic scheme used for data analysis.”'®! DMPA was used for SP-PLP-NIR studies into
polymerizations in aqueous solution within the thesis in hand. The required low free-radical
concentrations were ensured by suitably selecting initiator concentration and laser pulse
energy.

In PLP-SEC, the non-ideality of DMPA does not invalidate the experimental technique, as the

inhibiting fragment may only increase the amount of background (non-PLP) polymer.
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Nevertheless, mostly MMMP was used for experiments on BA. However, DMPA had to be
applied for MAA in water due to the arguments given above. In case of NVP, mostly Darocur

was employed because of its better solubility.

5.5.2 Reaction conditions

The SP-PLP-NIR technique allows for measurements in a wide temperature and pressure
range up to fairly high degrees of monomer conversion. The signal-to-noise ratio scales with
the conversion per pulse. Thus, high propagation rates and low termination rates are preferred.
As kp increases and k; decreases with pressure, experiments under high pressure conditions
allow for higher monomer consumption per pulse and hence for improved S/N quality. In
principle, the experimental setup is suitable for measurements in the range from 5 to 3000 bar.
A lower limit of 5 bars is required to ensure that the internal cell is properly fixed within the
high-pressure cell and to promote heat transfer. Increasing temperature also allows for better
S/N ratios in SP-PLP-NIR experiments. Effects as large as the ones induced by pressure
variation may however not be achieved. Therefore, most experiments have been performed at
40 to 60 °C. In principle, the lowest feasible temperature is slightly above 0 °C (at even lower
temperatures, condensing water on the high-pressure window surface hampers spectroscopic
investigations). The upper limit is given by the individual temperature at which the monomer
under investigation undergoes self-initiation or the photoinitiator may thermally decompose.
To be on the safe side, polymerization temperatures below 80 °C should be used. SP-PLP-
NIR experiments were usually carried out up to conversions at which the reaction mixture
turns heterogeneous.

The PLP-ESR technique so far only allows for measurements at ambient pressure. The
accessible temperature range is from about —100 to 80 °C. The lower limit is given by the
melting point of the reaction solution. The S/N ratio is dependent on (i) the amount of radicals
and (ii) the sensitivity of the ESR setup (see Chapter 5.4.2). High initial radical quantities are
achieved by using photoinitiator concentrations in the range 0.01 to 0.02 mol-L™" and large
sample volumes. The maximum volume is given by the laser-illuminated area as is depicted
in Scheme 5-1. However, in most cases, smaller volumes, of 0.05 to 0.2 mL, are used, as the
maximum amount of reaction solution is usually determined by sample polarity which affects

the resonator quality and thus the tunability of the ESR spectrometer. To reduce sample
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polarity, most experiments in this work have been carried out in toluene solution.
Furthermore, the pseudo-stationary radical concentration and thus the signal-to-noise quality
of the ESR spectra decreases toward increasing k.

A temperature range of 2 to 80 °C could be covered in PLP-SEC experiments on aqueous
solution polymerizations. Even lower temperatures, down to —10 °C, were accessible within
the BA experiments. Temperatures below 25 °C should be used for experiments on AA and
BA for reducing transfer-to-polymer reactivity (see Chapter 10.3). Furthermore, high LPRRs
(100 Hz) are preferable for obtaining well structured MWDs from experiments on acrylate
monomers. However, also low LPRRs were used in some cases with the intention of studying
transfer reactions. Experiments on ionized MAA were limited by the solubility of
sodium methacrylate being about 45 wt.% in pure water. LPRRs and initiator concentrations
(0.1 to 10 mmol-L™") were chosen such as to obtain well pronounced PLP-structures. Laser
pulse repetition rates of 10 to 40 Hz were typically used for experiments on MAA and NVP.
A suitable number of pulses had to be selected for each experimental condition to produce an
amount of polymer being sufficient for SEC analysis (typically not above 5 % monomer-to-
polymer conversion).

More details on the selection of experimental conditions are given together with the

experimental results the subsequent chapters.

5.6 Data fitting procedures

To derive kinetic parameters from integrated rate laws, the corresponding equations are fitted
to the time-resolved concentration data via non-linear curve fitting procedures by using a

numerical iteration algorithm (Levenberg-Marquardt)*'®*2!

in which the parameters are
refined by a least squares method. Fitting of SP-PLP-NIR traces was performed using the
software MATLAB 6.1, Release 12 (Mathworks). Configuration and global data fitting
parameters are given in the appendix of the PhD thesis of Junkers.””! All other regressions

were done using ORIGING.1 or ORIGIN7.0 (OriginLab).
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5.7 Error estimates

Pressure
The high-pressure precision manometer of class 0.1 offers an accuracy of 0.1 % of the

maximum pressure, resulting in an error of = 3 bar.

Temperature

In experiments using the high-pressure cell, measurement of the reaction temperature in the
direct vicinity of the sample volume is achieved via a sheathed thermocouple to better than
+ 0.3 K. The PID controller regulates the temperature within + 0.2 K. This results in an
accuracy of = 0.5 K.

In case cuvettes with a heating jacket are used an error of + 0.5 K is assumed. Temperature
accuracy should be lower when normal rectangular cells are employed. To limit temperature
changes during PLP, such cuvettes were only used in cases with short measurement times, i.e.
where pulse numbers were small and LPRRs were moderate or high. Temperature accuracy is
estimated to be £ 1 K.

Within the ESR technique, the PID controller regulates temperature within + 0.1 K.
Temperature is measured in the nitrogen gas flow with a thermocouple at the lower part of the
resonator cavity. To ensure complete temperature equilibration, all samples are positioned
into the gas flow up to 10 min prior to recording the spectra. The absolute error is thus

estimated to be + 1 K at most.

Concentrations

For preparing the reaction solutions, an analysis balance (Sartorius) with an accuracy of
+0.05 mg and volumetric flasks with an uncertainty in volume of 1% were used.
Concentrations were extrapolated to reaction conditions using reported density data. The

overall error is estimated to be below 3 %.

Monomer concentration from FT-NIR

The FT-IR/NIR spectrometer used in this work, with the optical configurations detailed in
Chapter 4.3, allows for quantitative evaluation of absorbances measured in the range from
0.02 to 0.8 absorbance units. The lower boundary is determined by the S/N ratio and the

upper limit by non-linearity of the detector. For absorbance in the above-mentioned range, the
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deviation due to non-linearity is less than 3 %.**'! Further errors are introduced by the
apodisation function and the mode of phase correction in the Fourier transformation step.
Uncertainties in the determination of the baseline result in an error of less than + 3 % for the
integrated absorbance (which is used for quantitative evaluation). Due to an imperfect
determination of the peak maximum, the uncertainty is raised to =5 % in the evaluation of

half-band integrals.

Error in k;

The accuracy of k deduced from SP-PLP-NIR and SP-PLP-ESR is highly dependent on
signal quality, complexity of polymerization scheme, and type of data evaluation. Thus, the
corresponding errors are given with the individual results. However, it is expected that the

error does not exceed + 50 % for most polymerizations under investigation in this work.

Error in k,

The error of the PLP-SEC measurements is composed of several errors: The error in monomer
concentration, the error induced by the SEC calibration procedure via Mark-Houwink
coefficients, and the errors induced by SEC broadening. These errors add up to a total of

* 15 % for the propagation rate coefficients of this work.
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6 Propagation Kinetics in Methacrylic Acid Polymerization

Polymerization in aqueous phase is of enormous technical relevance. Thus, there is an urgent
demand for reliable rate coefficients of free-radical polymerizations in aqueous solution. In
the past, aqueous-phase PLP-SEC experiments suffered from difficulties associated with
accurately measuring the MWD of water-soluble polymers.’®*’® Further problems resulted
from propagation in aqueous solution being very fast which is particularly true for AA.[67]
Moreover, transfer-to-polymer reactions may hamper PLP-SEC on AA as well as high sample
viscosities at elevated monomer concentrations. Hence, successful PLP-SEC experiments
were limited to temperature and monomer concentration ranges of 2 to 25°C and 1 to
40 wt.% in water, respectively.[®® Such restrictions are not met with MAA as this monomer is
not susceptible to transfer-to-polymer reactions, sample viscosity is no limiting factor and
macroradical chain length may be readily controlled by laser pulsing. Thus, &, for MAA may
be studied within wide ranges of both, temperature and monomer concentration. Such
investigations may allow for obtaining a fundamental mechanistic understanding of
propagation in aqueous phase.

Studies of Kuchta et al.’® already revealed a strong acceleration of ky toward lower cmaa.
During polymerization, monomer is continuously transformed into polymer reducing the ratio
of monomer to water within the reaction solution. Consequently, the question arises whether
k, for MAA polymerization in water is independent of conversion, as is usually assumed for

bulk systems,!'®

or increases toward higher conversion due to changes in solvent
composition.

Lacik et al.l} showed in their pioneering study that k, of AA may strongly depend on the
degree of monomer ionization, ap. Thus, k, of MAA may not only be studied within wide
ranges of temperature and monomer concentration but also ap is of particular interest.

The dependence of k, on MAA concentration in water and on temperature will be discussed in
Chapter 6.1. Subsequently, the variation of &, with conversion for non-ionized MAA will be
outlined (Chapter 6.2). The dependence of k, on ap for different monomer concentrations and
temperatures is shown and discussed in the last section (Chapter 6.3).

The studies detailed in this chapter were carried out in cooperation with Prof. Sabine
Beuermann, Dr. Silvia Kukuckova, Dr. Igor Lacik and Lucia Uciiova. Part of this work has

already been published in refs.[">"*7
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6.1 Propagation Kinetics of non-ionized MAA at low conversions

PLP-SEC experiments for determination of k, were carried out at MAA concentrations of
cmaa = 1, 2, 3, 5, 10, 15, 20, 30, 40, 45, 60, and 100 wt.% and at ambient temperature as well
as at 40, 60, and 80 °C. That the consistency criteria for reliable PLP-SEC experiments[g] were
met, was verified by using several initiator concentrations and by carrying out part of the PLP
experiments under variation of LPRR with all other PLP parameters being kept constant. The
number of applied laser pulses was varied such as to keep monomer conversion below 5 %.
Only within the PLP experiments at the lowest MAA concentrations, for cyaa between 1 and
3 wt.%, monomer conversion was allowed to be as large as 10 % to provide a sufficient
amount of polymer for SEC analysis.

Representative molecular weight distribution (MWD) curves and associated first-derivative
curves of poly(MAA) samples from PLP of MAA in aqueous solution are shown in
Figure 6-1 and Figure 6-2. The PLP structure is clearly seen which demonstrates that (i) the
PLP conditions have been sensibly chosen and (ii) aqueous-phase SEC is obviously capable
of resolving the PLP-induced structure of the MWD. Shown in Figure 6-1 are MWDs of
poly(MAA) samples obtained by PLP at 25 °C with an LPRR of 20 Hz for aqueous solutions
containing 5 and 40 wt.% MAA as well as for bulk MAA polymerization. Primary and
secondary POIs on the low molecular weight side of PLP-induced components contributing to
the MWD (full lines) are clearly identified from maxima in the associated first-derivative
curves (dotted lines). Figure 6-2A presents examples of MWDs measured on PLP-produced
poly(MAA) samples prepared at temperatures from 20 to 80 °C. The associated first-
derivative curves are plotted in Figure 6-2B. The data in Figure 6-2 refers to cyaa = 15 wt.%,
CDMPA = 2.10° mol-L! and to an LPRR of 20 Hz. Toward higher MAA concentration
(Figure 6-1) and toward higher temperature (Figure 6-2), the amount of high-molecular-
weight “back-ground” poly(MAA) increases. For the PLP conditions of Figure 6-1 and
Figure 6-2 this high-molecular-weight material, however, does not affect the quality by which
the inflection point positions may be determined.

The large body of k, data for non-ionized MAA in water is not shown for purpose of thesis
length but is collated in Tables1 to 3 in ref.’”? Within those tables, the excellent
reproducibility of k, measurements is illustrated by the various duplicate experiments.
Furthermore, the ratio of the molecular weights at the first and second POI, M,/M,, is always

close to 0.5 fulfilling an important consistency criterion for &, evaluation.™
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M 5 wt.% MAA

w(log M)
d[w(log M)]/ d(log M)

M, 40 wt.% MAA

w(log M)
d[w(log M)]/ d(log M)

]Wl 100 wt.% MAA

w(log M)
d[w(log M)]/ d(log M)

—
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log M

Figure 6-1: MWD (solid lines) and associated first-derivative curves (dashed lines) obtained
from polymerizations of MAA dissolved in water at two MAA concentrations and from bulk
MAA polymerization at 25 °C and an LPRR of 20 Hz.
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A " a ----20°C
AVAVATE ----= 40 °C
A —— 60°C

w(log M)

d[w(log M)]/ d(log M)

4.0 4.5 5.0 5.5 6.0 6.5
log M

Figure 6-2: Molecular weight distributions (A) and associated first-derivative curves (B)
obtained from PLP on 15wt.% MAA in aqueous solution at various polymerization
temperatures (cpmpa = 2-10° mol-L™, i = 20 Hz)

Plotted in Figure 6-3 is k;, as a function of cmaa for 25 °C. The extended concentration range
of the data illustrates the enormous advantage of studying MAA rather than AA propagation.
k, for AA in aqueous solution could only be measured up to about 40 wt.% of monomer in
water. The AA literature values'®® for k, are plotted in the insert to Figure 6-3. The maximum
in apparent k, which is found with AA aqueous-phase polymerization at monomer
concentrations between 1 and 3 wt.% is not seen with MAA. The origin of the peculiar £,
maximum in aqueous-phase polymerization at low AA concentrations is not yet fully
understood. It may reflect preferential solvation at low monomer concentrations in systems

with strong intermolecular interactions.”*! The different behavior at low monomer
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concentration of apparent k, for AA and MAA may be due to the fact that water is a better
solvent for poly(AA) than for poly(MAA).*>?*! Thus, an increased local monomer
concentration may occur in the vicinity of growing MAA macroradicals. Another explanation
for the maximum in apparent k, of AA may be that AA forms complexes with polymer
molecules and macroradicals, thus reducing the AA concentration that is available for
propagation, which effect may result in a lowering of apparent k,. As the amount of such
“adsorbed” monomer is small, this effect may only be detected at very small monomer
concentrations, as is the case with AA.[®) MAA may be less efficient in producing such
tightly adsorbed monomer layers. Alternative explanations for the &k, maximum assume the

2261 None of these “explanations” is fully

formation of self-assembled monomer structures.
convincing. The assumption that an “adsorbed” monomer layer is responsible for the
“maximum k, anomaly” at low AA contents, however, appears to be the most likely one. As

no maximum in k;, vs. cm occurs in low-concentration aqueous MAA solutions.
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Figure 6-3: Variation of k, with MAA concentration in aqueous solution at 25 °C. The insert
shows k, values for the aqueous phase polymerization of AA at 25 °C (values taken from
ref.[%)),

Toward higher monomer concentration, both MAA and AA show a pronounced drop in

apparent k. This strong effect is not or not significantly dependent on the absolute size of &,
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which differs for the two monomers by more than one order of magnitude, as can be seen
from the ordinate scales in Figure 6-3. The k, values, e.g., at 25 °C and at a monomer
concentration of 1.4 mol-'L™', are around 4 000 and 140 000 L'-mol s for MAA and AA,
respectively. The resulting ratio of apparent AA and MAA k, values is 35, which number is
close to the ratios observed for k, at ambient temperature of acrylate and methacrylate
monomers (with identical alkyl ester moiety) in the organic bulk phase.!'”
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Figure 6-4: Comparison of k, for MAA polymerization in aqueous phase with data reported
by Kuchta et al.® Variation of k, with MAA concentration at 25 °C (upper figure);

temperature dependence of &, for 15 wt.% MAA (lower figure).
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Before discussing the k, data in more detail, the values determined in this work have to be
compared with the earlier results by Kuchta et al.l®, who reported one data set for both the
dependence of k, on MAA concentration (at 25 °C) and the dependence of &, on temperature
(for cmaa = 15 wt.%). Figure 6-4 illustrates the excellent agreement of &, data from the two
sources, which is particularly pleasing, as Kuchta et al.® employed esterification of
poly(MAA) to poly(MMA) with subsequent conventional SEC analysis of the polymer using
THF as the eluent, whereas aqueous-phase SEC without preceding polymer modification has
been applied in the present study. The almost perfect agreement of the data demonstrates that
poly(MAA) esterification does not significantly affect the MWD, whereas changes of the
MWD occur in esterifying poly(AA), as has been shown in ref.!*’]. As all kp values within this
chapter have been determined according to the same procedure as used for measuring the data
in Figure 6-4, the agreement in Figure 6-4 suggests that the entire set of k, data may be
considered reliable. The full data set will now be discussed with particular emphasis on the
dependence of k&, on MAA monomer concentration and on polymerization temperature. One
example for each of these dependencies has already been reported in ref.°” (see Figure 6-4),
where however no attempt was made to provide a detailed kinetic interpretation.

The most striking feature of MAA £k, is the enormous reduction toward high cvaa. Within the
preceding study into aqueous-phase k, of acrylic acid, the range of monomer concentrations
was restricted.[®® It appeared justified to assign the observed variation in apparent ky up to
40 wt.% AA, by about a factor of three, primarily to changes in “local” monomer
concentration. The wide concentration range, from 1 wt.% up to bulk polymerization, that is
accessible in aqueous-phase polymerization of MAA, however, demonstrates that the
assumption of the “true” propagation rate coefficient, ki, being constant would require that
“local” monomer concentration differs from overall cyaa by up to a factor of ten. Such
enormous differences between “local” and overall monomer concentration are very unlikely,
as they would require MAA at low monomer concentrations to be almost exclusively located
in the immediate vicinity of polymeric species with these monomer-saturated macromolecules
and macroradical coils being contained in almost pure water. No reason is seen for such an
effect, as both MAA and water are capable of interacting via hydrogen bonds and thus are too
similar as to undergo any such poly(MAA)-induced separation in the liquid state. Specific
association of MAA to poly(MAA) would also be in conflict with the good solubility of
poly(MAA) in aqueous phase and it is hard to imagine, that any kind of de-mixing would

become dominant toward very low cmaa. Moreover, changes of k, resulting from specific
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interactions between poly(MAA) and MAA, which are not or not to a significant extent
occurring between poly(MAA) and water molecules, should give rise to differences in the
dependence of k;, on cmaa for different temperatures. This is obviously not what the measured
data tell, as can be seen from a comparison of apparent k, values for 25 and 80 °C. In
Figure 6-5, reduced propagation rate coefficients, kp/kpmax, (With kpmax referring to the k,
value extrapolated for cpyaa = 0) are plotted vs. cmaa. Within the region of the steep decrease
of kp, up to 5.11 mol-L™ (45 wt.% MAA), where data for both temperatures are available,
kp/kpmax for 25 and 80 °C may be adequately represented by a single line (dotted line in
Figure 6-5, which actually is an exponential function). This observation may be taken as a
strong argument against the occurrence of any significant selective enhancement of either
monomer or water in the immediate vicinity of poly(MAA) molecules or macroradicals.
Moreover, this finding is in conflict with assuming special types of association, e.g.
dimerization, of MAA molecules being responsible for the dramatic drop in apparent k;, upon

enhancing cyaa.
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Figure 6-5: Dependence of reduced propagation rate coefficients, kp/kpmax, (With kpmax
referring to the k, value extrapolated for a MAA concentration of zero) on overall MAA
concentration at 25 and 80 °C for MAA polymerization in aqueous phase (k,max values are
7600 L-mol s at 25 °C and 22 840 L-mol s at 80 °C).

To summarize the discussion on local vs. overall monomer concentration: Both quantities

may differ to some extent with this potential difference, however, being far too small to
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account for the variation seen with the primary experimental quantity k,-cm. Thus, to a good
approximation, cmjoc may be identified with ¢y, and the propagation rate coefficient is
significantly enhanced toward increasing MAA concentration, as a consequence of a genuine
kinetic effect.

A kinetic explanation for the dependence of k, on cmaa may assume, that the activation
energy, Ea(kp), varies as a function of water content. Via quantum-chemical calculations at
different levels of theory, Thickett and Gilbert"” recently demonstrated that the introduction
of a water solvent field lowers the activation energy for addition of AA to an “acrylic acid
radical” by about 10 kJ'mol' relative to the associated gas-phase value, whereas Eqy(ky) in a
toluene solvent field is not significantly different from the gas-phase value. One might argue,
that E.(kp) 1s also varied in MAA polymerizations, with the activation energy being smaller at
higher water content, thus enhancing &, toward lower cyvaa. This possibility cannot be tested
on the basis of the Thickett and Gilbert paper,!' as the solvent field of the acid monomer has
not been considered there. Inspection of the activation energies deduced from the apparent k,
data should, however, allow for the detection of a variation of E,(k,) with cmaa and thus with
water content.

The Arrhenius plots for different monomer concentrations are presented in Figure 6-6.
Depicted in the upper part (Figure 6-6A) are the k, data for MAA concentrations of and below
15 wt.%. Figure 6-6B shows k;, for MAA concentrations of and above 15 wt.% including k;
for bulk MAA polymerization. Also contained in Figure 6-6B are the bulk MAA £, values

reported by Beuermann et al.l'’*!

, which are in close agreement with the data of the present
study. The Arrhenius plots for the different MAA concentrations, in particular the ones for
cmaa of and above 5 wt.%, are more or less parallel lines, which says that E,(kp) is insensitive
toward MAA concentration. The observed variation of apparent k, with cyaa thus results
from changes in the pre-exponential factor, A(kp). Only at the lowest monomer concentrations,
below 5 wt.% MAA, the slope of the Arrhenius lines appears to be somewhat steeper. This
may indicate, that a weak “low-concentration anomaly”, as with AA, occurs also with MAA.
For AA in aqueous phase, the numbers deduced for E.(k,) at low monomer concentrations,
e.g. below 10 wt.%, are clearly above the activation energies obtained at higher cas.°® The
variation with cyaa of E,(kp), depicted in Figure 6-6A, is too weak as to allow for deducing

any firm conclusion on such a special behavior of apparent k, for MAA in highly dilute

aqueous solution. The subsequent discussion of Arrhenius parameters will be restricted to
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MAA concentrations between 5 and 100 wt.%, in which extended region k, drops by about

one order of magnitude.
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Figure 6-6: Arrhenius plots of k, for MAA polymerizations in aqueous solution at MAA

concentrations from 1 to 15 wt.% (Figure 6-6A) and from 15 to 100 wt.% (Figure 6-6B);
bulk polymerization data reported by Beuermann et al.!'’* are included in Figure 6-6B.

Plotted in Figure 6-7 are the 95 % joint confidence intervals (JCIs) associated with the
Arrhenius plots in Figure 6-6. The JCIs were estimated according to the procedure suggested
by van Herk assuming constant relative uncertainties of the individual data points.””*”) The
JCIs for the two correlated Arrhenius parameters, Eq(k,) and A(kp), have been constructed for

the MAA weight percentages (indicated by the number at each JCI) for which k&, data is
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available for at least three temperatures. The size of the individual JCIs reflects the number of
underlying k, data and the scatter of these data points. The JCI for MAA bulk polymerization
is rather extended which results from the fact that three types of data contribute to the
relatively small overall number of data points: data from PLP experiments at 10 Hz and at
20 Hz carried out within the present study and data from ref!'’¥. Irrespective of the
significant extension of some of the JCIs, the data in Figure 6-7 clearly supports the
observation from Figure 6-6, that the activation energy is more or less insensitive toward
MAA concentration, whereas the Arrhenius pre-exponential factor is strongly diminished

toward larger cvaa.
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Figure 6-7: 95 % Joint confidence intervals (JCIs) associated with the Arrhenius plots in

Figure 6-6 for k, of MAA in aqueous solution at different MAA weight percentages

(indicated by the numbers at the JCIs) and of MAA bulk polymerization. Confidence

intervals have been constructed only for MAA concentrations with k, being available for at
least three temperatures.

The activation energies and pre-exponentials listed for the individual MAA concentrations in
Table 6-1 were determined from fits to the logarithmic form of the Arrhenius equation. The
activation energy shows a minor, but non-systematic variation with MAA concentration. A
mean value of Ey(k,)=(152+0.8) k] ‘mol”' encompasses the entire set of individual
activation energies obtained in the extended range between dilute aqueous solution containing
5 wt.% MAA and MAA bulk polymerization. Within this range of MAA contents, the pre-
exponential, 4(k,), decreases by about one order of magnitude. Only A(k,) for 40 wt.% MAA



96 PROPAGATION KINETICS IN METHACRYLIC ACID POLYMERIZATION

in water seems to not fit in the series of pre-exponential factors. The low frequency factor is,
however, associated with a low E,(k;,) and the joint confidence ellipsoid for 40 wt.% MAA is
located between the JCIs for 30 and 45 wt.% of monomer (see Figure 6-7). Thus, the
Arrhenius parameters for 40 wt.% of MAA in water are, under consideration of experimental
error, in line with the observation of a monomer concentration independent activation energy

and a pre-exponential factor which decreases toward higher MAA content.

Table 6-1: Arrhenius parameters, Ea(kp) and A(k,), for k, of MAA in aqueous solution at
different concentrations and in bulk.

CMAA Eq(kp) A(kp) temperature

interval
(Wt.%) (kJ-mol ™) (10° L'mol s (°O)

5 15.8+0.3 3.64 20-80
15 145+04 1.33 20-90
20 14.6 +0.3 1.10 6 — 80
30 15.8+1.1 1.13 23 -80
40 14.0+0.5 0.43 20— 80
45 153+1.1 0.63 23 -80
60 153+0.5 0.48 15-60
100 16.1+1.6 0.38 25-60

The results in Figure 6-6 and Figure 6-7 together with the data in Table 6-1 unambiguously
show that a variation of E,(k,) with MAA content cannot be made responsible for the
enormous drop in k, toward higher cmaa. There is definitely no indication of any lowering in
activation energy toward smaller cyaa as would be required for assigning the observed
changes in k, to a variation in E,(kp). With reference to the analysis presented by Thickett and
Gilbert!'”! (for AA), one would assume very similar effects of MAA and of water solvent

fields on the activation energy of the MAA propagation rate coefficient.
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The preceding analysis demonstrates that the pronounced changes in k;, which accompany the
gradual replacement of an aqueous solvent environment by an MAA one have to be assigned
to effects operating on the pre-exponential factor. Although E,.(k,) and A(k,) are correlated
parameters, due to their simultaneous determination from experimental k, data measured at
various temperatures, they are independent physical quantities, which may be separately
accessed by transition state theory, e.g., in conjunction with ab initio quantum-chemical
calculations, as has been illustrated for propagation reactions in free-radical polymerization
by Heuts et al.'”! The pre-exponential is essentially determined by the geometry of the
rotating groups in the reactants and in the transition state (TS) and by the rotational potentials

of the relevant internal (hindered) motions in the TS,"”

(18]

as has been demonstrated for A(k,) by
Heuts et al.
Applying the knowledge from transition state theory to the &, data of MAA in bulk and in
aqueous phase leads to the conclusion, that replacing MAA by H,O modifies the environment
of the transition structure for addition of MAA to a poly(MAA) radical such that the chain-
end region experiences a higher degree of rotational freedom. Or, stated otherwise, gradually
replacing HO by MAA enhances the friction felt by the relevant degrees of freedom of the
transition structure for propagation. Along this line of arguments, it appears rewarding to
compare the Arrhenius parameters, FE.(kp) and A(ky), of MAA and MMA bulk

polymerizations:

Ea(ky) A(ky)
(kJ-mol ") (10° L'mol "s™")

MAA 16.1 0.38

MMAU6) 22.4 2.67

The numbers for E.(kp) demonstrate that MAA does not behave like a typical methacrylate
monomer, in that the activation energy is clearly below the corresponding MMA value. Ea(k;)
values in the range 21 to 23 kJ'mol ' are characteristic for the entire family of alkyl
methacrylates, but also for several functionalized and cyclic methacrylates.[16] The lower
Ey(ky) of MAA most likely results from effects of hydrogen-bonded interactions on the
reaction barrier of the propagation process. As Ea(k,) of MAA does not change upon replacing

MAA by H,O (see Table 6-1), hydrogen-bonded interactions with H,O molecules appear to
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have a similar effect on the reaction barrier as have MAA molecules. The change in Ey(k,)
seen in going from non-hydrogen-bonded systems, such as alkyl methacrylates, to a
hydrogen-bonded one, such as MAA polymerization, is consistent with the trend described in
ref.[""! for propagation of AA in an H,O and in a toluene environment.

As an even more remarkable feature, the comparison of Arrhenius parameters for MAA and
MMA reveals a large difference in the pre-exponential factors: A(k,) for MMA exceeds A(k,)
for MAA by about one order of magnitude, which is surprising in view of the fact that the two
monomers (and thus also the repeat units of the polymeric species) are of similar size. On the
other hand, the 4(k,) values obtained for MAA in dilute aqueous solution, e.g., in the 5 to
15 wt.% MAA region (see Table 6-1), are close to A(kp) for MMA. According to transition
state theory and with special emphasis on the rotational partition function of the TS structure,
this observation suggests that the relevant degrees of motion of the TS for MAA propagation
experience a reduced barrier to rotation in the dilute aqueous state as compared to bulk MAA
polymerization. It is interesting to note, that intermolecular interactions via hydrogen bonds to
either H,O or MAA affect the activation barrier for MAA propagation to approximately the
same extent, as is demonstrated by the similarity of E,(k,) for polymerization in bulk and in
aqueous solution, whereas the relevant rotational potentials of the TS are affected to very
different extents by an H,O and by an MAA environment. A higher barrier to internal
rotational motion of the TS structure for MAA propagation in an MAA environment is not
unexpected, as carboxylic acid moieties are strongly interacting. The enthalpy of formation of

d?*! to0 be as

the cyclic dimer of two MAA molecules has been IR-spectroscopically measure
high as 46.7 kJ'mol™" (in an environment of fluid ethene). This interaction energy exceeds the
one between MAA and H,O molecules. That the difference in interaction energies of the TS
structure for MAA propagation with either an H,O or an MAA environment affects A(k,) to
such an extent, is probably due to the fact that the relevant TS structure may include several
units at the macroradical terminus, e.g., penultimate, pen-penultimate and perhaps even
further units, which enhances the effect of hydrogen-bonded interactions on the rotational
barriers of the TS.

The similarity in A(k,) for MAA propagation in dilute aqueous solution and for MMA 1in bulk
polymerization (2.67-10° L-mol''s™"), with these two monomers being structurally close to
each other, is consistent with the results for AA obtained by Thickett and Gilbert,!"” if one

assumes a similar effect on 4(kp) of the two non hydrogen-bonded environments, toluene and

MMA. These authors reported A(k,) for AA propagation to be more or less the same in a
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water and in a toluene environment. The water environment thus appears to offer a similar
hindrance to internal rotational motion of the TS as does the MMA environment in MMA
bulk polymerization. As compared to bulk MAA polymerization, the water environment
provides enhanced internal rotational mobility to the TS structure for MAA propagation.

The number of repeat units at the macroradical terminus that contribute to the effect of
molecular environment on A(ky) i1s not known. This poses problems toward attempts of
quantitatively analyzing the effect of intermolecular interactions on A(kp) in terms of
transition state theory. We will therefore restrict ourselves to the qualitative statement, that the
stronger interactions between the TS for MAA propagation with an MAA environment as
compared to interactions of the TS with an H,O environment are the main reason behind the
enormous reduction in ., in moving from MAA polymerization in dilute aqueous solution to
MAA bulk polymerization.

Also the weak increase of A(ky) seen in bulk polymerization of both the acrylate and
methacrylate families upon increasing the size of the alkyl ester group may at least partly be
assigned to intermolecular interactions and their effect on TS rotational barriers. Longer alkyl
groups are capable of more effectively shielding the polar interactions of the carbonyl groups,
thereby reducing rotational barriers for the relevant motions of the TS structure for

(meth)acrylate propagation.

6.2 Conversion dependence of k, of non-ionized MAA

Intermolecular interaction of the transition state structure for MAA propagation with the
MAA-water solvent environment was shown to be responsible for the strong effects of MAA
concentration on k,. In view of these large changes in k, with MAA concentration, the
question arises whether and to which extent k, varies during polymerization to higher
conversion, which is also associated with large changes in MAA concentration. PLP-SEC
studies are restricted to the initial polymerization period up to a very few per cent conversion.
As propagation is considered to be chemically controlled, the low-conversion 4, values from
PLP-SEC, are assumed to stay constant up to high conversions and viscosities.®” Via ESR,
this assumption has already been proven for styrene!™ and methyl methacrylate!® ™

polymerization in non-polar solutions (see Chapter 3.3.1). Because of the large changes of &,

in aqueous solution of non-ionized MAA, this assumption cannot necessarily be adopted for
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MAA-water systems.
Preceding kinetic studies into the polymerization of AA in water-propionic acid mixtures!®®!
and into the polymerization of 2-acrylamido-2-methylpropane sulfonic acid (AMPS) up to

[198] provided some indication that k,

high degrees of monomer-to-polymer conversion
depends on the total concentration of carboxylic groups, which may be part of the monomer,
the polymer, or a carboxylic acid co-solvent, rather than only on monomer concentration. The
PLP-SEC-derived k, values for AA were lowered upon increasing the concentration of
propionic acid'® and k, for AMPS, as obtained from a combination of the SP-PLP-NIR
technique with chemically initiated polymerization, appeared to be independent of monomer
conversion.!"®!

In order to deduce PLP-SEC-based information on the dependence of k, on monomer
conversion, k, measurements for MAA 1n the presence of poly(MAA) and of iso-butyric acid
(IBA) have been carried out. The latter component represents the saturated analogue of MAA
and thus may be looked upon as the associated “polymer of chain length unity”. The PLP-
SEC experiments were performed at 25 °C and ambient pressure on aqueous MAA solutions
to which different amounts of poly(MAA) or of IBA have been added. The mixtures were
prepared such that the overall concentration of carboxylic acid, irrespective of the COOH
groups being part of the monomer, the polymer, or the iso-butyric acid, is fixed at 20 wt.%.

Within each PLP-SEC experiment, only a small fraction of the MAA is polymerized, such as
to obtain an amount of PLP-induced poly(MAA) which is sufficient for SEC analysis.

Aqueous-phase polymerization of MAA in the presence of IBA

Table 6-2 collates the experimental conditions and £k, values obtained for MAA
polymerization in aqueous phase with added IBA. The experiments have been carried out at
25°C and ambient pressure using an LPRR of 20 Hz, an initiator concentration of
compa =2 mmol'L™' and a constant overall acid concentration of 20 wt.%. The virtual
conversion, Xyirmal, has been estimated under the assumption that the added saturated acid,
IBA, has been produced by preceding polymerization of MAA. The PLP-induced conversion,
Xprp (in per cent), is always below 6 %. To account for changes in MAA concentration during
laser pulsing, the relevant monomer concentration in Table 6-2, cmaa, 1S calculated as the
arithmetic mean of MAA concentrations before and after PLP. Xyira 1S determined according

to Eq. (6-1):
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c X c
i o
Cyiaa T Crpa Cyaa 1 Crpa

The first term on the r.h.s. of Eq. (6-1) describes the virtual polymerization of MAA to IBA
whereas the second addend accounts for actual PLP-induced monomer-to-polymer
conversion. The first two entries in Table 6-2 refer to polymerizations without pre-mixed
IBA. Thus, Xyia thus is given by 50 per cent of the monomer conversion due to laser
pulsing, Xpp. The ratios of the peak positions of the first and second POI, and thus M;/M, in
Table 6-2, are mostly close to 0.5, indicating the reliability of &, determination. Only at the
highest virtual conversion, of about 75 %, the M;/M, ratio differs by more than 20 % from
0.5. Within part of these experiments at high IBA content, no second maximum in the first-
derivative curve of the MWD is seen, only a shoulder. The first POI of the MWD is
significantly reduced toward increasing Xiiral, 1.6. toward lower MAA concentration. The £,

values are however more or less independent of virtual conversion.

Table 6-2: Experimental details of PLP-induced polymerizations of MAA in aqueous
solution with IBA being added. The IBA content is expressed by a virtual conversion, Xyiryal,
which considers the amount of IBA as being produced from MAA by polymerization. The
overall concentration of MAA+IBA is 20 wt.% in all these experiments. PLP was performed
at 25 °C and ambient pressure using cpmvpa = 2 mmol-L " and an LPRR of 20 Hz.

Xvirtual CMAA number of Xprp M, M/M, ke
/% /molL ;ije”s /%  /gmol” /L-mol s
2.6 2.29 150 5.2 35890 0.50 2903
2.6 2.29 150 5.2 38370 0.50 3104
15.1 1.99 150 6.0 33 730 0.50 3133
15.1 1.99 150 6.0 33650 0.50 3126
13.3 2.04 75 1.9 32810 0.49 2983
13.3 2.04 75 1.9 34120 0.49 3102
13.2 2.04 50 1.6 33 810 0.49 3070
13.2 2.04 50 1.6 34120 0.50 3098
26.9 1.73 100 5.1 29920 0.50 3203
26.9 1.73 100 5.1 29 850 0.50 3195
26.2 1.73 70 33 29 040 0.49 3113
26.2 1.73 70 3.3 30 340 0.51 3252

26.0 1.73 45 2.6 29 440 0.51 3 144
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26.0 1.73 45 2.6 29 040 0.49 3101
38.0 1.46 40 1.6 25760 0.49 3277
38.0 1.46 40 1.6 25 650 0.49 3262
37.9 1.46 60 1.3 25 820 0.49 3280
37.9 1.46 60 1.3 25700 0.49 3265
50.4 1.17 40 1.4 21430 0.48 3400
504 1.17 40 1.4 20510 0.47 3255
50.6 1.16 60 24 20940 0.48 3339
50.6 1.16 60 24 20 650 0.49 3293
75.7 0.57 50 5.3 10 330 0.41 3348
75.7 0.57 50 5.3 10 140 0.40 3287
75.6 0.57 70 4.5 9 860 0.40 3184
75.6 0.57 70 4.5 10 020 0.39 3236
75.3 0.59 25 2.6 10 160 SH 3190
75.3 0.59 25 2.6 10 450 SH 3279

" The overtone position only shows up as a shoulder in the first-derivative of the MWD.

Aqueous-phase polymerization of MAA in the presence of poly(MAA)

Within the PLP-SEC experiments on non-ionized MAA in the presence of poly(MAA), the
determination of POIs, via the maxima of the associated first-derivative curves of the MWD,
is complicated by the pre-mixed polymer which obviously cannot be removed prior to SEC
analysis.

Figure 6-8 and Figure 6-9 depict MWDs (A) and the associated first-derivative curves (B) of
polymer samples obtained by PLP-induced polymerizations of 15 wt.% MAA dissolved in
water containing 5 wt.% of pre-mixed polymer and of 10 wt.% MAA dissolved in water
containing 10 wt.% of pre-mixed polymer, respectively. The full lines (a) represent the
polymer sample after PLP, whereas the dashed lines (b) are MWDs measured on the
commercial (pre-mixed) poly(MAA). Subtraction of MWD (b) from (a), which was carried
out via the WinGPC"7.20 software employed for SEC data acquisition and evaluation, yields
polymer trace (c) as the MWD of the PLP-produced sample. The MWD (c) in Figure 6-8
shows a typical PLP-type structure.
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Figure 6-8: Molecular weight distributions (MWD) (A) and associated first-derivative
curves (B) for samples from PLP-induced polymerization (at 25 °C and 40 Hz) of 15 wt.% of
MAA in aqueous solution containing 5 wt.% poly(MAA). The full line (a) refers to the
polymer sample from PLP-SEC, the dashed line (b) represents the pre-mixed poly(MAA),
and the dashed-dotted line (¢) is obtained by subtracting (b) from (a).

Also with the PLP-SEC data depicted in Figure 6-9, the PLP structure is better seen from
curve (c) obtained by the subtraction procedure. The improved detection of PLP-induced
structure from MWD curves after applying the subtraction procedure is also evidenced by the
first-derivative plots shown in Figure 6-8B and Figure 6-9B. In case of 50 % virtual
conversion (Figure 6-9), subtraction of the MWD for the pre-mixed polymer is necessary for

identification of the POls.



104 PROPAGATION KINETICS IN METHACRYLIC ACID POLYMERIZATION

w(log M)

d[w(log M)]/ d(log M)

log M

Figure 6-9: Molecular weight distributions (MWD) (A) and associated first-derivative
curves (B) for samples from PLP-induced polymerization (at 25 °C and 40 Hz) of 10 wt.%
methacrylic acid (MAA) in aqueous solution containing 10 wt.% poly(MAA). The full line
(a) refers to the polymer sample from PLP-SEC, the dashed line (b) represents the pre-mixed
poly(MAA), and the dashed-dotted line (¢) is obtained by subtracting (b) from (a).

Table 6-3 summarizes the experimental results for polymerizations of MAA in the presence of
pre-mixed poly(MAA) at 25°C and ambient pressure, an LPRR of 40 Hz, an initiator
concentration of ¢pywpa =2 mmol-L ™", and a constant overall acid concentration of 20 wt.%.
The LPRR of 40 Hz has been chosen to obtain PLP-produced polymer on the low molecular
weight side of the MWD for the pre-mixed poly(MAA). Subtraction of the MWD for the pre-

mixed polymer from the overall MWD measured on the sample from PLP allows for precisely
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detecting the M, and M, positions. The propagation rate coefficient clearly increases toward
higher degrees of (virtual) monomer conversion, by about a factor of 1.6 in going from 0 to
10 wt.% pre-mixed poly(MAA) at constant overall concentration of MAA units. This
behavior is in contrast to what has been observed in the experiments with pre-mixed IBA,

where no significant change of &, was seen.

Table 6-3: Experimental details of PLP-induced polymerizations of MAA in aqueous
solution with poly(MAA) being added. The overall concentration of MAA+poly(MAA) is
20 wt.% in all experiments. PLP was performed at 25 °C and ambient pressure using a
photoinitiator concentration of cpypa =2 mmol-L™" and an LPRR of 40 Hz.

Xvirtual CMAA number of M, M,/ M, ke
/% /mol'L™"  laser pulses  /g'mol™ /L-mol s
1.0 2.35 150 19 815 0.52 3120
1.0 2.35 150 20370 0.53 3208
1.7 2.35 300 20 464 0.53 3223
1.7 2.35 300 20 606 0.53 3245
26.9 1.76 150 18 967 0.52 3983
26.9 1.76 150 19 364 0.53 4 066
26.9 1.76 300 18 707 0.51 3928
27.5 1.76 300 18 793 0.52 3946
53.2 1.18 150 16 181 0.53 5096
53.6 1.18 300 15 740 0.51 4 958
53.6 1.18 300 16 144 0.52 5085

Discussion

The numbers in Table 6-2 and Table 6-3 demonstrate that under conditions of constant overall
acid concentration (20 wt.%), which closely corresponds to a constant overall content of (non-
ionized) carboxylic acid groups, the replacement of MAA monomer by IBA leaves k, of
MAA constant, whereas the replacement of MAA monomer by poly(MAA) enhances k. The
latter observation is consistent with the finding from PLP-SEC experiments on aqueous MAA
solutions (without any added carboxylic acid groups), that lowering the MAA content results
in a higher k, (see Chapter 6.1). The experimental findings are illustrated in Figure 6-10,

where k, of MAA is plotted vs. virtual MAA conversion for a constant overall acid
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concentration of 20 wt.%. This unusual way of representing k, solution data requires some
further explanation. The k, data for values of X, around 2 to 3 per cent (diamonds) are
from experiments on aqueous MAA solutions containing 20 wt.% MAA, but no added further
carboxylic acid groups (as are contained in IBA or in poly(MAA)). The associated value of
XNyirtual 18 thus given by 50 per cent of the MAA conversion brought upon by PLP.

The triangles refer to PLP-SEC experiments on aqueous MAA solutions with different
amounts of added IBA. The Xyira values around 75 % refer to experiments on 1 : 3 mixtures
of MAA : IBA at an overall concentration of 20 wt.% carboxylic acid (MAA +IBA). The
virtual conversion thus is made up of a conversion of MAA to an associated “polymer of
chain length unity” plus a small poly(MAA) production by PLP. Toward increasing IBA
content, k, slightly increases. This effect however occurs within the accuracy of PLP-SEC
measurements which is estimated to be + 15 per cent for this particular system.

The k, values of MAA measured in the presence of poly(MAA), indicated by the square
symbols, grow significantly with Xyira. Within this series of experiments, conversion during
an MAA polymerization in aqueous solution of MAA, is simulated by pre-mixing
poly(MAA) and by simultaneously lowering MAA monomer concentration of the solution
subjected to PLP such that the overall content of MAA units stays at 20 wt.%.

Also included in Figure 6-10, as circles, are propagation rate coefficients from Chapter 6.1 for
aqueous MAA solutions without added acid. These values are truly virtual in that they are
estimated for the hypothetical situation that conversion is only reflected in a reduction of
MAA monomer concentration without any polymeric MAA units being produced. Virtual
conversion was calculated such that the MAA to water ratio is identical to the one of a
reference experiment for an initial monomer concentration of 20 wt.% in which MAA is
actually transformed into polymeric MAA units. Thus, the virtual conversion for a PLP-SEC
experiments on an aqueous solution containing 10 wt.% MAA slightly exceeds 50 per cent, as
otherwise the MAA monomer to water weight ratio would be 1 : 9 instead of 1 : 8, which is
the ratio for a polymerization to 50 per cent conversion starting from an initial concentration
of 20 wt.% MAA. The three types of experiments, indicated by the triangles, squares, and
circles, have in common, that identical virtual conversion is associated with the same MAA to
water ratio. The circles demonstrate that the reduction in MAA concentration significantly

enhances k.



PROPAGATION KINETICS IN METHACRYLIC ACID POLYMERIZATION 107

© 20 wt.% MAA in water
7000 - . 8o
o MAA +poly(MAA) in water o
1A MAA +IBA in water 8
T:; 60004 © MAA in water at o
1 Copn <20 WL%
£ 5000 B
S ]
~=" 4000 - B
1 A A
30004 %--@--ﬁ --------------- a . ...
I I I I I
0 20 40 60 80 100
0
X:/imal / A)

Figure 6-10: Dependence of &, on Xyiruar for polymerizations of MAA in water at 25 °C and
ambient pressure. The diamond symbols refer to polymerization of MAA (20 wt.%) in
aqueous solution without any added carboxylic acid groups. The squares and the triangles
represent aqueous-phase polymerizations of MAA in the presence of poly(MAA) and IBA,
respectively, at an overall carboxylic acid concentration of 20 wt.%. The k, values indicated
by the circles refer to polymerization of MAA in aqueous solution at concentrations below
20 wt.% (for a more detailed explanation see text). The dotted line indicates the mean value
of low conversion k, at 20 wt.% MAA in aqueous solution.

The close agreement of the MAA k, values in the presence of poly(MAA) with the ones in
aqueous MAA solution of identical monomer concentration (without added carboxylic acid
groups, circles in Figure 6-10) indicates that polymeric MAA units do not contribute to
changes of k. As has been detailed in Chapter 6.1, the propagation rate coefficient of non-
ionized MAA in aqueous solution is strongly enhanced toward lower monomer concentration
due to weaker intermolecular interactions of the transition state structure with a molecular
environment in which carboxylic acid groups are replaced by water molecules. The lower
friction of internal rotational motion of the transition state structure in more dilute MAA
solution is associated with a higher pre-exponential factor. In an MAA-rich environment, on
the other hand, the strong hydrogen-bonded interactions between the carboxylic acid groups
lead to significant friction and to a lowering of the pre-exponential factor in the Arrhenius
expression for k,. IBA which is structurally rather close to MAA, obviously has a similar
effect on k, of MAA as has MAA itself. Thus, replacing MAA by IBA at constant overall acid

concentration has no significant influence on k,. That poly(MAA) has not the same effect on
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MAA k, as has IBA indicates that the addition of poly(MAA) is not felt at the reactive site,
which is the free-radical functionality of a growing macroradical. The free-radical site is
imbedded into the solvent-swollen macroradical coil, which is not or not to a significant
extent penetrated by another polymeric coil. Thus the solvent environment of the radical site
is not affected by adding polymer. As a consequence, also the effect of solvent friction on the
transition structure for propagation remains unchanged. On the other hand, changing the
reacting system by adding monomeric carboxylic acid, e.g. MAA or IBA, changes the solvent
quality and thus the microscopic environment within the coil. If the two acids are of similar
structure, as is the case with MAA and IBA, the k, value, to a first approximation, depends on
overall carboxylic acid concentration, but is insensitive toward the relative amounts of two
such acids.

These findings have particularly important consequences for the modeling of polymerization
kinetics in aqueous solution, where the concentration dependence of &, is pronounced. For an
estimate of the impact of carboxylic acid concentration on k, of MAA it needs primarily to be
considered whether the carboxylic acid groups (other than of the MAA monomer) are capable
of affecting the intra-coil environment of the radical site. Along these lines, k, of MAA may
have a specific chain-length dependence and may be affected by the MWD of produced
polymer, in particular by the amount of oligomeric products that may contribute to the intra-
coil environment of the growing macroradicals. If an MAA polymerization exclusively
produces high molecular weight material, only monomer concentration needs to be taken into
account for assessing k,. However, even long-chain polymer coils penetrate each other when
the polymer content in the reaction solution is high. Thus, under such conditions also high-

molecular-weight material may affect k.

6.3 Dependence of k, of MAA on monomer concentration and degree of

ionization

MAA is a weak acid and therefore practically non-ionized at its natural pH. An increase of pH
consequently results in deprotonation of the carboxylic acid group and may strongly influence

the rate of propagation and product properties. So far, PLP-SEC studies into k, of partially or
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fully ionized monomers are very limited. Lacik et al.'%’ reported an about ten-fold decrease of
kp from 111 000 L-mol™'s™! at ap=0 to 13 000 L-mol™'s™! at aop =1 for polymerization of
S5wt% AA in water at 6 °C. This observation was explained by electrostatic repulsion
between equally charged monomer molecules and growing macroradicals, which was
qualitatively in line with the pioneering kinetic studies for AA®*"! and MAA!®***"! reporting
an around ten-fold decrease in initial rate of polymerization between the non-ionized and
completely ionized monomers. The increase in propagation rate upon further addition of
NaOH to the solutions of fully ionized AA (k, =57 000 Lmol s at ap=1.)!" was
discussed based on the assumption of the “ion-pair concept” which assumes a shielding of
electrostatic repulsive interactions by Na' cations from the excess of NaOH.**2**! A study
into the polymerization kinetics of ionized AA at higher monomer concentrations (up to
37 wt.% AA) indicates that the polymerization rate becomes less dependent on ap upon
increasing cax. 2

It should be noted that the only available k, values for ionized MAA were 670 and
1950 L-mol "s™' for pH 8.6 and 13.6 at 23 °C and a monomer concentration of 0.92 mol-L™"
in water determined by the rotating sector technique.”*”!

The goal of this chapter is to show the dependence of k, on monomer concentration, on
temperature and on the degree of ionization of MAA for extending the description of kinetics
in aqueous phase by polymerization. The k, values were determined within the full range of
the degree of MAA ionization, for monomer concentrations of 5, 20 and 40 wt.% and in the

temperature range of 6 to 80 °C. The effect of added salt (NaCl) was studied for

polymerization of 5 wt.% MAA at ap between 0 and 1.

6.3.1 Specific features of the polymerization system

In this section, the major features of ionized systems and their possible effects on

polymerization kinetics are highlighted.

Electrostatic interactions, counterions and ionic strength. With increasing pH, and
consequently increasing degree of ionization of weak carboxylic acids, the propagation
reaction between monomer and growing radical chain-end is expected to be influenced by

electrostatic interactions among the ions in the polymerization system, i.e. carboxylate groups
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on ionized monomer and polymer as well as the associated counterions of the carboxylate
groups. These counterions screen the charges on the polyelectrolyte chain and reduce the
repulsive electrostatic interactions which are also responsible for stiffening and expansion of
polyelectrolyte chains.'***! The ionic strength of the polymerizing solution is predominantly
determined by the concentration of ionized monomer. At high ionic strengths, in the range of
10~ to 10° mol-L™", the pronounced screening of charges may lead to similar conformations
of polyelectrolyte and neutral polymer chains.'*****"! Since typical monomer concentrations in
FRP are in the range of 10° mol-L™", the polymerization of an ionized monomer at typical
degrees of ionization, i.e. ap > 0.1, proceeds at high ionic strengths in view of the chemistry
of polyelectrolytes. Consequently, a significant screening of the charges on the polyion chains
can be expected. Since monomer is consumed during polymerization, the ionic strength
decreases with conversion which may also influence the kinetics. This is, however, not of
concern in the low conversion studies of this chapter.

Solvent composition and preferential solvation. The increase in pH for a given monomer
concentration leads to an increased content of ionized monomer. The charged groups of

238] Thus, the ionization

polyelectrolyte chains are strongly interacting with water molecules.|
of polymer leads to changes in the local environment of the polymer chains due to preferential
solvation with water molecules. This may affect the composition of the environment of the TS
structure and, consequently, the propagation rate in aqueous solutions (see Chapter 6.1).
Electrochemical equilibrium. The acid-base characteristics of polymer and growing radical
chain-end may represent another complicating feature. As discussed for polymerization of a
partially ionized AA,'®! there is an exchange of protons and counterions between the
carboxylic groups of monomer and growing radical chain-end based on the different pK,
values of these carboxylic groups. The pK, value of a polymer chain depends on molar mass,
degree of ionization and ionic strength!””! and therefore may change with conversion and
even during the growth of a polymer chain.

Conformation. The conformation of ionized poly(MAA) and poly(AA) chains shows different
dependencies on ap.***** In case of poly(MAA), hydrophobic attractive interactions
(causing the lower critical solution temperature behavior of poly(MAA) in aqueous

2%}y compete with repulsive electrostatic interactions at degrees of polymer

solutions
ionization below 0.2 to 0.3. Thus, hydrophobic interactions may also influence the
propagation kinetics and potentially cause differences between polymerization of ionized

MAA and AA. lonic strength (concentration of ionized monomer) and solvent composition
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(ratio of non-ionized monomer and water) are additional factors influencing the chain
conformation due to changes in solvent quality.

Effective charge of a polymer chain. While for monomer molecules, the degree of ionization
equals to the degree of neutralization (monomer is fully dissociated), the effective charge on
the ionized poly(MAA) and poly(AA) chains is not identical to ap. This is not only due to
different pK, values and hence different degrees of ionization at the given pH (see, for
example, titration curves in Figure 1 of ref.[®)) but also due to the counterion condensation,
i.e. accumulation of counterions to the carboxylate groups in the vicinity or at the surface of
the polyion.****** For example, the maximum degree of ionization for poly(MAA) is ~ 0.36
in case of monovalent counterions and in the absence of salt.**”! Thus, poly(MAA) cannot
exhibit a higher effective charge and the intra- and intermolecular electrostatic interactions are

constant upon further increase of pH.**"!

In conclusion: The kinetic studies into the polymerization of ionized MAA at different op and
cmaa are related to the scientific field of polyelectrolyte effects. The factors hampering a more

precise specification of the polymerizing system are: (i) The concentration regimes'>>**"

are
changing from dilute to even concentrated regimes depending on conversion, initial monomer
concentration, degree of monomer ionization and molecular weight of the polymer. (ii) The
polymerization does not proceed in a well-defined solvent as used for studies of
polyelectrolytes for which usually aqueous solutions of defined ionic strength are applied. The
polymerization systems consist of mixtures of water, non-ionized MAA and ionized MAA
(determining the ionic strength). Both, the ratio and the amount of non-ionized and ionized
MAA, change during polymerization. (iii) The formed polymers are polydisperse while
usually the description polyelectrolytes rests on polyelectrolytes with well defined MWD.

The discussion above illustrates that the properties of polyelectrolytes change enormously
when investigating the dependence of &, on cmaa in the range of 5 to 40 wt.% and on ap in

the range of 0 to 1. These factors may strongly influence polymerization kinetics. In the next

sections, attempts are made to identify their impact on k, of ionized MAA.
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6.3.2 Propagation Kinetics of ionized MAA

MAA allows for k, measurements within wide ranges of ap, cmaa, and T without loosing PLP
structure of the MWDs. A typical MWD from PLP-induced polymerization of partially
ionized MAA has already been shown in Figure 5-1. Additional MWDs as well as details on
experimental conditions and resulting k, values for polymerizations of MAA in aqueous
solution at monomer concentrations of 5, 20 and 40 wt.%, temperatures of 6 to 80 °C and ap

(2] Care was taken that the consistency criteria for

of 0 to 1 will be provided elswhere.
reliable &, estimation were fulfilled with respect to the M,/M; ratio being close to 0.5 as well
as k, being independent of photoinitiator concentration, LPRR, number of pulses and
laboratory in which PLP was carried out (Géttingen or Bratislava).’®!

First, the data obtained for 5 wt.% MAA will be discussed in view of the previous work
regarding k, of ionized AA at 6 °C,1%) where a decrease by a factor of ten was obtained
between ap of 0 and 1. The decrease in &, between 5 wt.% of non-ionized and fully 1onized
MAA is also by about one order of magnitude as is illustrated in Figure 6-11. This figure
shows the variation of the reduced k;, values, expressed as k, / kp(ap = 0), with ap at different
temperatures. An overlap of the reduced &, values implies that complications due to the effect
of temperature on the various types of interactions (hydrogen-bonding, hydrophobic,
electrostatic) are not dominant in the propagation kinetics of MAA. Additionally, this overlap
suggests that the activation energy of the propagation rate coefficient, E.(kp), does not
significantly vary with ap. The Arrhenius parameters determined for different MAA
concentrations and degrees of ionization will be discussed at the end of this chapter.

Figure 6-11 also illustrates the close agreement between the reduced &, values for AA and
MAA at the common polymerization temperature of 6 °C. This agreement demonstrates that
the 35-fold difference between k;, of non-ionized AA and MAA (see ref.[®] and Chapter 6.1)
1s maintained also for their ionized forms. Moreover, it is shown that the different
conformational behavior of poly(AA) and poly(MAA) upon ionization in aqueous
solution**** does not significantly influence k, under the applied experimental conditions.
In the preceding paper on ionized AA, the question has been raised whether the time for
electrochemical equilibration (the exchange of proton and counterion between monomer and
growing polymer chain-end based on their different pK, values) is shorter than the time
required for the propagation step.[69] If this would be the case for polymerization of AA, the

competition between the rates of propagation and of electrochemical equilibration should be
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less pronounced for MAA, for which £k, is about 1.5 orders of magnitude lower. The overlap
of reduced k, values for AA and MAA in Figure 6-11 suggests that the electrochemical
equilibration is faster than one propagation step in polymerization of both, AA and MAA.

At first sight, the decrease in k, toward increasing ap leads to the conclusion that this effect
due the repulsive electrostatic interactions between the monomer and the radical chain-end as
proposed for AA.'") Thus, if repulsive interactions were dominant, screening of charges by
addition of a low molecular weight electrolyte, e.g. NaCl, should result in increased k, values
for partially and fully ionized MAA. Such experiments were carried out for 5 wt.% MAA
polymerized within the entire range of MAA ionization at 40 °C and NaCl concentrations of
0.35 and 0.70 mol-L™", respectively. Higher NaCl concentrations could not be used since this

would lead to phase separation.
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Figure 6-11: Dependence of the reduced propagation rate coefficients, k, / ky(ap = 0) on ap
of MAA and AA (data form ref.!®) for aqueous solution polymerizations at monomer
concentrations of 5 wt.% and different polymerization temperatures.

Figure 6-12 shows the comparison of the &, values for solutions containing NaCl with the
ones determined without added salt. The increase in ionic strength upon addition of NaCl
does not result in a significant effect on k, for polymerizations carried out at ap < 1. It cannot
be judged, based on the available data, whether the almost two-fold higher &, for ap =1 and
0.7 mol'L™" NaCl (1100 L-mol "s™") compared to kp in the absence of NaCl (680 L-mol s
reflects the proposed screening effect of the salt. Nevertheless, this set of experiments

indicates that the effect of added NaCl is much weaker than expected under the assumption
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that repulsive electrostatic interactions were dominanting k,. This is not that surprising after
realizing that already the polymerization of partially ionized MAA, i.e. in the absence of

added NaCl, proceeds at ionic strengths in the range of 10~ to 10° mol-'L™', which should

[235-237

effectively screen the charges on a polyelectrolyte chain. I This discussion suggests that

[60,229

the classical mechanism I proposed for polymerization of ionized AA and MAA in

aqueous solution (and adopted in ref.[®’) should be revised.
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Figure 6-12: Dependence of k, on oap for polymerizations of 5 wt.% MAA in water
(0.59 mol-L™") at 40 °C and in the presence of various concentrations of sodium chloride.

The PLP-SEC experiments into k, of 5 wt.% of partially and fully ionized MAA were
extended to monomer concentrations of 20 and 40 wt.%. Figure 6-13 shows the dependence
of the arithmetic mean k, values on the degree of monomer ionization for polymerizations of
5, 20 and 40 wt.% MAA in aqueous solution at temperatures of 6, 40 and 80 °C. At each
temperature, the same trend was observed for the variation of k, with ap at a certain cvaa. As
already presented in Figure 6-11, k;, decreases by a factor of ten between non-ionized and
fully ionized MAA for 5 wt.% of monomer in water. However, for cmaa of 20 wt.%, the k;,
values are almost constant up to ap = 0.7 and drop by a factor of three toward full monomer
ionization. Finally, &, appears to be totally independent of ap for 40 wt.% MAA. This finding

is remarkable in view of the classical picture!**”

of FRP of ionized monomers: Introducing
charges on the monomer as well as on the growing radicals does not lower &, due to repulsive

interactions.
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Figure 6-13: Dependence of &, on ap for polymerizations of 5 (circles), 20 (squares) and

40 wt.% (crosses) MAA in water at 6, 40 and 80 °C.
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The data from Figure 6-13 are re-plotted to Figure 6-14, which is the classical type of figure
for illustrating solvent effects in polymerization of water-soluble monomers.!'>6¢%70-73]
Figure 6-14 shows the dependence of k;, on cmaa for different degrees of MAA ionization and
temperatures. Two features emerge from Figure 6-14: (1) k, as a function of cyaa (left—to—
right): For the non-ionized form of MAA (see Chapter 6.1), the decrease in k, toward
increasing cvaa 1S diminished upon rising ap. Even the reversed case is observed for
polymerization of fully ionized MAA where k, increases toward higher cvaa (2) kp as a
Sfunction of ap (top—to—bottom): While for the low cyaa range (5 wt.% MAA) a pronounced
decrease in k, toward higher ap is observed, the span between the &, values narrows upon
increasing cmaa until &, becomes independent of ap at 40 wt.% of monomer. Figure 6-13 and
Figure 6-14 reveal that the mechanism of polymerization of ionized monomers in aqueous
solution exhibits special features with respect to the k, dependence on cvaa and ap, which
have not been reported in any FRP system so far.

Results shown for 5 wt.% of MAA in Figure 6-11 and Figure 6-12 point out that some of the
concerns regarding the complexity of the polymerization system do obviously not have a
major impact on the propagation kinetics. This holds true for electrostatic repulsive
interactions, ionic strength, electrochemical equilibration and hydrophobic interactions. It can
be assumed that these factors should not strongly affect &, also for 20 and 40 wt.% MAA.
This simplifies the description of polymerization kinetics as it is hard, if not impossible, to
correlate the obtained &, values to complex acid-base properties, polyelectrolyte effects and
electrochemical equilibration. Rather than that, the obtained rate coefficients and will be
discussed following genuine kinetics arguments.

After identifying the kinetic reasons of the monomer concentration dependence of k, for
polymerization of non-ionized MAA (see Chapter 6.1), it is straightforward to propose that
the same arguments apply to k, of partially and fully ionized MAA. This appears to be a
suitable approach when considering that the decrease in &, from non-ionized to fully ionized
MAA at low cmaa is of the same magnitude as the decrease in k, of non-ionized MAA
between highly diluted and bulk polymerization. The &, dependence on MAA concentration at
ap = 0 has been explained by stronger interactions between the TS for MAA propagation with
an MAA environment as compared to interactions of the TS with an HO environment. Any
contribution to either constraints or degrees of freedom of the TS structure will influence the

ky, values of MAA 1n the partially or fully ionized form. Several mechanisms can be proposed:
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a) Mechanisms to increase the friction to the internal rotations in the TS:

1.

Electrostatic attractive interactions between charged groups of growing radical
chain-end and counterions. Counterions condensed at the vicinity of a polyion can
attractively interact with charged monomer. Thus, the ionized macroradical chain-end
may interact with charged monomer through the counterions resulting in changes in
chain stiffness. This may result in a hindrance of the transitional modes and

consequently in decreased £k, values.!'”)

Electrostatic attractive interactions between growing radicals. This, at glance,
improbable situation can occur via the mechanism of so-called charge inversion by
which, polyanions may exhibit cationic character due to the overcharging.”>**** This
happens when more counterions are attached to the polyion surface (or its vicinity)
than are required for compensation of the surface charge. In this case, instead of
charge reduction due to shielding, it is possible to observe charge inversion and the

attractive interactions between polyions.

Hydrogen-bonded attractive interactions between growing radical chain-end and
monomer. In polymerization of the partially ionized MAA, similar to polymerization
of non-ionized MAA, hydrogen-bonded attractive interactions between the growing
radical chain-end and monomer occur (in different extent depending on ap and cyaa).
Even stronger hydrogen-bonded interactions between ionized MAA and poly(MAA)
chains (and also hydrogen-bonded interactions among partially ionized poly(MAA)
chains).[**"!

Electrostatic  repulsive interactions between charged polymer chains. These
interactions between the polyions should become important for polymerizations at
high monomer concentrations, which lead to poly(MAA) concentrations where the
chains come to contact (in and above the semidilute regime) as was recently proposed

for polymerization of AMPS in aqueous solution.!'*®

Hydrophobic interactions among methyl groups of poly(MAA). The hydrophobic
interactions are enhanced toward increased ionic strength and charge density on the

polymer chain which also should result in an increased friction in the TS.
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b) Mechanisms to decrease the friction to the internal rotations in the TS:

1. Solubilization of polyions. Charged polymer chains are better solubilized by water

(2381 The preferential solvation of polyions by

molecules than the non-charged ones.
water is expected to enhance the motion of the TS structure. Moreover, a reduced local
monomer concentration in the vicinity of the radical chain end may result in a

decrease in the (apparent) &, obtained via PLP-SEC.[®¥

2. MAA ionization decreases the content of non-ionized MAA. The increase in ap at a
given cyaa lowers the ratio of non-ionized MAA to water molecules, which should
reduce the hindrance to the transitional modes due to interactions of non-ionized MAA
with the TS structure.

3. Flexibility of polyions at increased ionic strength. The flexibility of the poly(MAA)

235]

chains increases toward higher ionic strength***! as a result of screened charges.

The individual contribution of the above proposed mechanisms to both, increase and decrease
of the constraints to the internal rotations in the TS structure, is impossible to be elaborated
based on the presented kinetic data. Assigning the large solvent effects in polymerization of
ionized MAA to the hindrance of internal rotational motion in the TS structure is in line with
the aqueous solution polymerization of non-ionized MAA (see Chapter 6.1) and NVP (see
Chapter 7.1). However, the increased polarity of the environment for the propagation step
toward higher ap may additionally affect the activation energy. In fact, E,(k;) is expected to
decrease upon introduction of charges to the polymerization system as it was observed in
polymerization of methacrylates in solution of ionic liquids.***>*! The effect of increased
polarity of the environment can additionally lower E.(kp), which are already decreased due to
hydrogen-bonding interactions as observed experimentally (see Chapter 6.1) and proposed by
quantum chemical calculations."” Moreover, changes in the distribution of electron density
within the reacting molecules may affect E.(kp). Thus, the observed dependence of &, on cmaa
and ap may possibly be attributed to both Ey(k,) as well as A(k,). To discriminate between
these effects, the Arrhenius parameters were evaluated from the k;, data at given cumaa and ap,
in case k, values were available for at least 3 different polymerization temperatures.

The Arrhenius-type plots for aqueous phase polymerizations of MAA at different cmaa and
op are shown in Figure 6-15 and the resulting Arrhenius parameters are summarized in

Table 6-4. Regarding the Arrhenius parameters for partially and fully ionized MAA, these
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data suggest that ionization introduces effects responsible for lowering of pre-exponential
factor as well as activation energy depending on the composition of the polymerization
system. For 5 wt.% MAA, the decrease in k, between ap =0 and ap = 0.7 seems to be caused
by a lowering of the pre-exponential factor. A decrease in both, E,(k,) and mainly A4(k,), leads
to the low k, for ap = 1. However, these Arrhenius parameters are based on relatively few £k,
data and A(k,) seems to be unreasonably low considering the pre-exponential factors for k, of
other monomers.'® Thus, the actual A(ky) and Ey(k,) values for 5 wt.% of fully ionized MAA
in water are probably higher than the ones reported in Table 6-4 (see also the extended JCI in
Figure 6-16). For 20 wt.% MAA, in spite of almost constant &, values between ap =0 and
op = 0.7 at different temperatures (see Figure 6-13), the Arrhenius parameters exhibit some
variation in both values in this ap range and no strong departure from these parameters is seen
for ap = 1. Nevertheless, the data indicates that it is primarily the pre-exponential factor
which changes with ap. For 40 wt.% of MAA, the k, values are almost independent of ap at
different temperatures. However, both Arrhenius parameters are decreasing toward increasing
ap. Since Ey(k,) and A(k,) are correlated quantities with the possibility of a compensation
effect, these data should not be overanalyzed and an adequate representation of the k, data is
obtained by a single linear fit (grey line) providing an activation energy of 12.9 kJ-mol ™.
Nevertheless, the properties of the polymerizing system change enormously upon ionization
and some impact on the Arrhenius parameters is expected. A slight decrease in E,(k,) values
by a few kJ-mol™' seems to be operative for the polymerization systems with higher ionic
strength, which corresponds to either high ap values at low cyaa (op =1 at 5 wt.% MAA
gives an ionic strength of 0.59 mol-L™") or low ap value at higher cyaa (ap = 0.3 at 20 wt.%
MAA gives an ionic strength of 0.72 mol-L™"). As discussed above, this reduced Eqy(ky) may
result from the effect of increased polarity of the polymerization system on the polarization of
the double bond.

The changes in A(k,) may be due to an increased hindrance to internal rotational motions in
the transition state structure toward higher ap. The A(k,) values for high levels of MAA
ionization reach the range of ~10° L-mol '-s™', which is close to the pre-exponential factor

1, -1
S

reported for dimethyl itaconate (~2:10° L-mol "'s™") where A(ky) 1s low most likely due to a

256
(25¢] However, the k, values are several orders of

strong steric hindrance in the transition state.
magnitude higher for MAA compared to those for dimethyl itaconate due to a significantly

lower Eq(kp).
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Figure 6-15: Arrhenius representations of k, for polymerizations of MAA concentration of 5,
20 and 40 wt.% in water at various degrees of monomer ionization. The associated
Arrhenius parameters are listed in Table 6-4. The grey line in the lowest figure represents a

linear fit to the combined data set.
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Table 6-4: Arrhenius parameters E, and 4 for k, of MAA polymerized in aqueous solution at
different monomer concentrations and various degrees of MAA ionization.

5 wt.% MAA 20 wt.% MAA 40 wt.% MAA

ap E, A4-107° E, 4-107° E, A4-107°
[kJ-mol™'] [L-mol s [kJ-mol™'] [L-mol 's7'] [kJ-mol™'] [L'mol s

0 15.8+£0.3 3.64 14.6£0.3 1.10 14.0£0.5 0.43
0.3 16.2+0.4 3.45 12.7£0.3 0.48 124+0.2 0.25
0.7 153109 1.61 126 £0.5 0.40 103£0.3 0.11
1.0 11.8+1.2 0.06 13.0£0.5 0.25 - -

The statistical significance of the variation of Arrhenius parameters is more appropriately
estimated from non-linear least-squares fitting.!”””! The resulting 95 % JCIs, obtained
assuming constant relative errors in k, and 7, are shown in Figure 6-16. The crosses indicate
the associated best estimates for Ea(k,) and A(k,). For most of the polymerization conditions,
the large data sets allowed for obtaining narrow and well separated JCIs. In principle, a
similar conclusion can be drawn from this data evaluation as from the Arrhenius fits.
Generally, the JCIs are shifting upon MAA ionization toward lower pre-exponential factors.
This is accompanied by some lowering of the activation energy which is particularly
pronounced for 5 and 40 wt.% of MAA.

However, compensation effects between E.(kp) and A(k,) may contribute to the observed
behavior of the Arrhenius parameters and the interpretation of JCIs should be made with
caution in spite of their narrowness. Moreover, it cannot be ruled out that systematic errors,
e.g. associated with the calculation of the density of ionized reaction solutions, may partially
induce the changes in E,(k,) and A(k,) for different cmaa and ap. Based on the available
kinetic data it would hence be too ambitious to attempt a detailed mechanistic interpretation
of the Arrhenius parameters. Further work is required, which may be directed toward studies
into dynamics and structure of these complex polymerization systems, to accompany the
kinetic analysis. Nevertheless, the information on the dependence of &, on the polymerization
conditions for polymerization of partially and fully ionized MAA provided by this work

represents a significant progress. It allows for determination of individual termination rate
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coefficients (by decoupling ki/k, or kt/kpz) which should allow kinetic modeling also for this

polymerization system.
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Figure 6-16: 95 % JCIs for aqueous phase polymerization of MAA at different monomer
concentrations and degrees of monomer ionization. The crosses represent the Arrhenius
parameters from non-linear least squares fitting of the k, data.
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7 Propagation Kinetics in N-Vinyl Pyrrolidone Polymerization

The effect of monomer concentration in water, of temperature, of monomer-to-polymer
conversion, and of the degree of ionization on &, for MAA was thoroughly discussed within
the previous chapter. It was shown for non-ionized MAA that hydrogen-bonded interactions
between the propagating MAA macroradical and an environment which, depending on the
particular MAA concentration, consists of different relative amounts of MAA and water
molecules, do not significantly affect the activation energy for propagation reaction, E,(k;),
but largely influence the pre-exponential factor, A(k,). The observed decrease in A(k,), by
about a factor of 10, in passing from dilute aqueous MAA solution to bulk MAA
polymerization, was assigned to the increased friction that the relevant degrees of rotational
motion of the transition state structure experience upon replacing H,O by MAA molecules
(Chapter 6.1). Moreover, PLP-SEC experiments on aqueous solutions of non-ionized MAA to
which poly(MAA) has been added demonstrated that &, is determined by the actual monomer
concentration and not by the overall content of MAA units (contained in both monomer and
polymer). Hence k, of MAA increases with monomer conversion during polymerization at
constant overall content of MAA moieties (Chapter 6.2). Polymerizations of MAA at different
degrees of 1onic dissociation revealed that ionization also strongly affects &, (Chapter 6.3).

It appeared to be of interest to see whether the picture that has evolved for MAA also applies
to propagation kinetics of other monomers in aqueous phase. NVP should be well suited for
this purpose, as the structure is completely different from the one of MAA. NVP bears no
hydrogen atom for interaction via hydrogen bonds, but has a large dipole moment, perhaps
even exceeding 4 Debye units, which is the dipole moment reported for N-methyl

(257) Strong dipolar interactions are expected to occur in both pure NVP and in

pyrrolidone.
NVP—water mixtures. In aqueous solutions also some hydrogen bonding may contribute to the
intermolecular interactions.”**#**! Moreover, in view of the technical importance of NVP

polymerization,**"!

the lack of reliable rate coefficients for this monomer appears to be
inadequate. The k;, values which were available so far, have been deduced by combining data
from chemically initiated and from photoinitiated polymerization. The resulting &, values are:
~1000L'mol "s”" for bulk polymerization at 20 °C*°"! and ~22000L-mol s for
5.5wt.% NVP in aqueous solution at 25 °C indicating similar effects of monomer

concentration on k, as observed for non-ionized MAA (see Chapter 6.1).12621
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The data shown in this chapter results from a collaborative work involving PLP
polymerization experiments carried out at the University of Gottingen, at Queen’s University
Kingston (Canada) and at the Polymer Institute of the Slovak Academy of Sciences in
Bratislava accompanied by SEC characterization of poly(NVP) samples in Bratislava. This
imparts, at least partially, a benchmark character to the obtained data.

As noted above, this work was carried out within an international cooperation project with
contributions from Dr. Dusan Chorvéat Jr, Prof. Robin A. Hutchinson, Dr. Igor Lacik, Dr.

Marek Stach, and Lina Tang. A manuscript has been prepared for publication.[263]

7.1 Dependence of k, of NVP on monomer concentration and

temperature

The pulsed-laser polymerizations were carried at NVP concentrations between 1.8 and
100 wt.% and temperatures between 2 and 60 °C using different PLP setups, two types of
photoinitiator, different initiator concentrations as well as LPRRs. Moreover, it was checked
whether the purity of NVP affects k.

Well-structured MWDs were obtained up to temperatures of 60 °C indicating that, unlike with

(3] intramolecular hydrogen transfer plays no major role in NVP radical

acrylate monomers,
polymerization. As compared to the ester moiety, the amide structure is less capable of
activating a-hydrogen atoms on the backbone of NVP macroradicals and of poly(NVP). As a
consequence, NVP behaves like the “classical” monomers subjected to PLP-SEC analysis, i.e.
like styrene or methacrylates.

The experimental conditions of the large set of PLP-SEC measurements are listed in the
upcoming publication.?* Tt was ensured that the IUPAC consistency criteria for reliable ky
measurement are fulfilled, i.e. Mi/M,=0.5 and k, is independent of photoinitiator
concentration and type, LPRR, and setup used for PLP."® The k, values obtained for the
different grades of NVP are more or less identical, although the different monomer qualities
differ in absorption at the laser wavelength. Blank PLP experiments without photoinitiator on
non-purified NVP showing significant laser light absorbance due to the stabilizing agent for

NVP resulted in no polymer formation even after applying 300 pulses at ambient temperature.

Hence, no special precaution needs to be taken for purifying NVP, contrary, e.g., to
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polymerization of N-vinyl carbazole where significant PLP-induced polymerization occurred
in the absence of photoinitiator.[264]

Plotted in Figure 7-1 are the experimental k, values (circles) as a function of NVP
concentration for 25 °C. The cross symbols in Figure 7-1 represent the arithmetic mean of k;
values determined for each set of independent &, measurements at a particular NVP content.
With the exception of the data for 10 wt.% NVP, the individual k&, values are very close to the
arithmetic mean value. Inspection of the data for 10 wt.% NVP reveals no systematic effect
on k; of either photoinitiator concentration, LPRR or the number of applied laser pulses, but
indicates an uncertainty of about + 15 % for &, determination. Such an uncertainty is typical
for PLP-SEC experiments. As can be seen from the entries in Figure 7-1, k, varies
enormously with the NVP content of the aqueous solution, from about 1 000 L-mol s for
bulk polymerization up to about 20 000 L-mol 's™' for an NVP concentration of 1.8 wt.%. A
similar strong effect has been seen with &, of non-ionized MAA in aqueous solution (see
Chapter 6.1). It should be noted that the two literature values (k, = 1 000 L-mol "s™" at 20 °C
in bulk and k, ~ 22 000 L-mol "™ for 0.5 mol-L™" NVP)**'***) are remarkably close to the
PLP-SEC data.
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Figure 7-1: Variation of k, with NVP concentration in aqueous solution at 25 °C (circles).
The crosses represent the arithmetic mean k, value for the individual NVP concentrations
under investigation.

Presented in Figure 7-2 are the monomer concentration dependencies of the reduced

propagation rate coefficients, kp/kpmax, for different temperatures. k, max refers to the k&, value
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obtained from extrapolation of k, data at identical temperature to zero NVP concentration.
The corresponding ky, max values are 16 793 L-mol s at 15 °C, 21 475 L-mol s ' at 25 °C,
30 154 L'mol "s' at 40°C, and 45212L-mol s' at 60°C. Within the limits of
experimental accuracy, the reduced propagation rate coefficients for the experimental
temperatures may be fitted by an expression with an exponential and a linear term in

monomer concentration, cnvp:

k
P =0.36+0.64-exp(—0.092 - (cyyp / Wt.%))—0.0031-(cryp / Wt.%) (7-1)

p,max

Absolute ky(cnvp,T) values may be estimated via an Arrhenius expression for kpmax with
activation energy Ea(kp) = 17.6 kJ ‘mol”' (obtained as the arithmetic mean of the Eq(ky) values

in Table 7-1, see below) and with frequency factor A(kp) =2.57- 10" L-mol *s7.
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Figure 7-2: Dependence of ky/kpmax on cnvp for polymerizations in aqueous solution at 15,
25, 40 and 60 °C. k; is the arithmetic mean k, value deduced from experiments at identical
NVP concentration and temperature and kp max s the &, value extrapolated toward cxvp = 0 at
the same polymerization temperature. The kpmax values are 16 793 L-mol s™" at 15 °C,
21475 L-mol "s™' at 25°C, 30 154 L-mol s ' at 40 °C and 45212 L-mol s ' at 60 °C.
The dashed line represents the fit (to the function given in the figure) of the reduced £,
values. The parameter values of the fitted function are: A =0.36, B =0.092 and C =0.0031.

That ky/k, max may be fitted exclusively as a function of cnvp, irrespective of temperature, 1s
equivalent to saying that E,(k,) is insensitive toward NVP concentration. This type of

behavior has also been observed for k, of MAA in aqueous solution. The pronounced
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variation of k, with cuaa has been identified as a genuine kinetic effect that primarily
influences the pre-exponential term, whereas attempts to assign the pronounced changes in
PLP-SEC-derived k, of MAA to specific local monomer concentrations at the free-radical site
or to monomer association, e.g., to dimer formation, turned out to be not successful (see

Chapter 6.1).

Table 7-1: E.(kp) and A(ky) estimated from linear fitting of the logarithm of &k, of NVP in
aqueous solutions of different NVP content and in bulk. The indicated uncertainties are
standard deviations.

o L) ) Tenal iforen extapolated
[wt.%] [kJmol '] [L-mol s™'] °C] temperatures [L-mol s 7']
5 16.0+14 58<10.1<17.6 15-60 4 16 060
10 15.7+0.5 59<7.0<84 15-60 4 12 662
40 183+ 14 4.8<83<14.6 2-60 6 5298
70 17.3+0.6 2.6<33<42 1055 5 3032
90 18.0£ 1.6 1.3<2.5<438 15-60 5 1768
100 20.1+£2.1 14<33<78 15-60 5 1013

In case of NVP, the limited number of data points, the relatively narrow temperature range,
from 15 to 60 °C, and the experimental uncertainty, do not allow for a firm decision whether
it is the pre-exponential factor or the activation energy, which changes, or whether both A(k,)
and FE.(k,) change. Presented in Table 7-1 are the results of linear Arrhenius fitting of &,
values measured on aqueous solutions differing in NVP content and on bulk NVP. The mean
values of k, estimated from each series of individual &, data obtained at identical cxvp and
identical polymerization temperature have been subjected to the fitting procedure. The
temperature range and the number of different temperature levels of the underlying
experiments are also listed in Table 7-1. The activation energy exhibits no systematic trend
toward increasing NVP concentration, although the activation energy for bulk NVP
polymerization appears to be slightly above E,(k,) for aqueous solution. The two parameters,

Eqy(ky) and A(kp), are correlated by the Arrhenius fitting procedure. Larger uncertainties in
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E,(ky) are associated with larger uncertainties in A(k;), as is illustrated by the second and third
columns in Table 7-1. The k, values for 25 °C, as estimated from the mean values of the
Arrhenius parameters for each NVP concentration, are given in the last column of Table 7-1.

They are in close agreement with the associated experimental values.

114 O 5wt.%NVP v 70 wt.% NVP
O 10 wt.% NVP <& 90 wt.% NVP
T A 40 wt.% NVP < 100 wt.% NVP

—_
o
1

l.SAI)

ln(kp / L-mol

) v T T T T T
0.0030 0.0032 0.0034 0.0036
T /K'
Figure 7-3: Arrhenius fits of the (averaged) propagation rate coefficients for NVP
polymerizations in aqueous solution between 5 and 90 wt.% of monomer and for bulk NVP

polymerization (full lines). The dashed lines represent Arrhenius fits to the same &, data set
assuming the activation energy to be constant at the mean value of Eu(kp) = 17.6 kJ ‘mol .

Shown in Figure 7-3 are the Arrhenius plots of k, for NVP in aqueous solution and bulk
polymerization. The arithmetic mean values of k, (deduced from k, data sets measured at
identical NVP concentration and polymerization temperature) were subjected to Arrhenius
fitting. The full lines illustrate the resulting fits. The dashed lines are obtained by Arrhenius
fitting under the assumption that a single (mean) activation energy, E,(k,) =17.6 kJ ‘mol ™,
applies to the entire data, irrespective of NVP concentration. Whether the bulk NVP data also
fit into this picture can not be safely established on the basis of the available experimental k;
values. The relatively close comparison of the full and dashed Arrhenius lines for NVP bulk
polymerization, however, indicates that using the mean value of activation energy,
Eq(ky) = 17.6 kJ-mol ™', allows for reasonable k, estimates for the entire NVP concentration

range, at least at the polymerization temperatures under investigation.
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It needs to be mentioned that the alternative procedure of trying to fit measured k&, by adopting
a single mean value of A(k,) and adjusting E,(kp) also affords for an adequate representation
of k, values measured in the experimental ranges of temperature and NVP concentration.
Plotted in Figure 7-4 are the 95 % JCIs!**"! of Eq(ky) and A(k;), as obtained from the entire k,
set. The JCIs indicate that both Arrhenius parameters may change with NVP concentration.
Even for bulk NVP polymerization, however, where E,(k,) appears to be above the activation
energy for polymerization in aqueous solution, k, may be estimated within experimental
accuracy from the Arrhenius expression which adopts a single value of activation energy,
Ey(ky) =17.6kJ ‘mol . Assigning the variations of k, with NVP concentration entirely to A(k)
allows for using the same physical concept as with non-ionized MAA to interpret the
variation with monomer concentration of &, in aqueous solution. First experiments on N-vinyl
formamide suggest that, also with this monomer, the variation of k, within an extended
monomer concentration and temperature range may be interpreted by changes of the pre-

exponential rather than of activation energy.*®”!
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Figure 7-4: 95 % joint confidence intervals (JCIs) for &, of NVP at different monomer
weight concentrations in water (indicated by the numbers at the JCIs) and of NVP in bulk.
The crosses represent the Arrhenius parameters from non-linear least squares fitting of the &,
data.

The results of fitting k;, for various NVP concentrations as a function of polymerization
temperature may be summarized: Although effects of NVP concentration in aqueous solution

on Ey(k,) may not be ruled out, it is not in conflict with experimental data to assign the
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observed large changes of k;, with cnvp entirely to A(kp). This behavior corresponds to the one
observed with non-ionized MAA.

Mlustrated in Figure 7-5 is the comparison of the dependence of reduced propagation rate
coefficient, ky/kpmax, On monomer concentration (at low degrees of initial monomer
conversion) for NVP and for non-ionized MAA. The dependencies are close to each other and
are more or less identical at monomer concentrations up to 20 wt.%. No full agreement is
expected, as the intermolecular forces in the NVP and MAA systems are rather different. It
should be recalled that even for one and the same monomer, as has been demonstrated for
MAA (see Chapter 6.3), variation of pH may completely change the dependence of ky/kp max
on monomer concentration and even gives rise to an increase in k, upon enhancing monomer

concentration in aqueous solutions of fully ionized MAA.

1.0
—— NVP
kp/kp,max =0.36 + 0.64-exp(-0.092-(c  ,/Wt.%))
0.8 1 - 0.0031-(c,,,/Wt.%)
----- MAA
. 0.6 kp/kp~max =0.09 +0.91-exp(-0.058(c,,, , / Wt.%))
<t
=% 0.4 N
0.2 e
00 I I I I
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Figure 7-5: Exponential fits of the variation with (initial) monomer concentration of reduced
propagation rate coefficient, ky/kp max, for polymerization in aqueous solution of NVP and of
non-ionized MAA (see Chapter 6.1). The underlying k, values are deduced from PLP-SEC
experiments and thus hold for low degrees of monomer-to-polymer conversion referring to
the widely differing initial monomer concentrations plotted on the abscissa.

The similarity of the dependence of k, on monomer concentration for NVP and for non-
ionized MAA provides further support for the same physical effect being operative in both
cases. According to transition state theory, the pre-exponential factor is essentially determined
by the geometry of the rotating groups in the reactants and by the rotational potentials of the

relevant internal (hindered) motions in the TS.!'” Large hindrance of rotational freedom is
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associated with a significant entropy penalty which results in a smaller 4(k,) value and thus in
smaller k,. Applying this knowledge to the k, data of MAA and NVP measured upon passing
from bulk to aqueous solution polymerization, leads to the conclusion that the gradual
replacement of monomer molecules by H,O molecules changes the environment of the TS
structure for addition of a monomer molecule to a macroradical such that the chain end
experiences a higher degree of rotational freedom. Thus the relevant degrees of freedom in the
TS for propagation experience less friction toward increasing water content resulting in an
increase of k, toward lower monomer concentration. Interestingly, the larger hindrance of
internal rotational mobility in the propagation TS structure for polymerization at high
monomer concentrations, including bulk polymerization, may be brought upon by both
hydrogen-bonded interactions, as with non-ionized MAA, and by strong dipolar interactions,
as with NVP. That dipolar interactions in NVP can induce an effect similar to the one of
hydrogen bonds in MAA is probably due to the size of the NVP dipole moment, zayp.>*® The
value znvp has not been reported so far. However, it appears likely that zavp even exceeds the
large dipole moment of N-methyl pyrrolidone, (NMP), which is zap =4.06 D.°7 The
reason behind such large dipole moments is seen in the participation of the nitrogen lone pair
electrons to resonance structures for NMP and NVP, as depicted in Scheme 7-1. The
assumption of zavp being even above unwp 1S based on the fact that the vinyl double bond
may enhance the contribution of the resonance structure with a positive charge on the nitrogen
and a negative charge on the oxygen atom because of the more extended delocalization
associated with these structures. The structures in Scheme 7-1 illustrate that the large dipole

moment occurs with NVP, with poly(NVP) and with NVP macroradicals.

o N-vinyl pyrrolidone
ICH2\II \l \l o

N-methyl pyrrolidone

| e
ey -~
Do G
Scheme 7-1: Resonance structures of N-vinyl pyrrolidone and N-methyl pyrrolidone,
respectively.
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The results for NVP and for MAA suggest that a significant decrease of k, toward higher
monomer concentration seems to be a general phenomenon with non-ionized water-soluble
monomers. The reason behind these large solvent effects on &, with hydrogen-bonded and
highly polar monomers in aqueous solution is due to the fact that the intermolecular
interactions between functional groups of the monomeric (and polymeric) species and a
molecular environment consisting either of monomer or of water are strong, but are different.
In principle, solvent effects on k, are generally occurring. Intermolecular interactions may,
however, be too weak as to give rise to easily detectable effects on k;, and mostly the polarities
of monomer and solvent will be close to each other, which results in very similar effects on
the hindrance to internal friction of the TS structure. It should be noted that, in bulk
polymerization, the monomer may be looked upon as a particular solvent. In solution
polymerizations, the solvent is frequently chosen such as to be not too dissimilar in polarity
from the monomer. Thus the differences in intermolecular interactions of TS structure with
molecular environment are not sufficiently pronounced as to give rise to clearly different k,
values. After the safe detection and understanding of the strong k, solvent effect in MAA
aqueous-solution polymerization, closer inspection of acrylate and methacrylate homo- and
copolymerizations®®” has revealed that basically the same entropy-related effects occur with
these monomers without water being present. These effects are however less pronounced and

require highly accurate PLP-SEC analyses.

7.2 Conversion dependence of k, for polymerization of NVP in water

The k;, data presented so far refer to polymerization at low degrees of NVP conversion, mostly
below 5 %, as is typical for investigations via PLP-SEC. For practical purposes, information
on k, up to much higher monomer conversions 1s required. For MAA, the situation of higher
conversion was simulated by the addition of either poly(MAA) or IBA which may be looked
upon as the limiting case of low-molecular-weight “polymer” (see Chapter 6.2). At these
virtual conversions to high and to low molecular weight polymer, PLP-SEC experiments were
carried out, each of them covering only a small conversion interval as is characteristic for
PLP-SEC studies. The results indicate that the effect on k; is brought upon by low-molecular-
weight components containing carboxylic acid moieties. MAA and IBA are part of the intra-

coil environment and thus may interact with the radical site embedded in such a coil.
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Carboxylic groups on poly(MAA) molecules, on the other hand, do not or not significantly
contribute to these interactions unless macroradical and polymeric coils are strongly
interpenetrating each other. In essence, the MAA study revealed that &, in aqueous solution
varies with the actual ratio of monomer to water concentrations in the system as far as high-
molecular-weight polymer is produced. This ratio depends on both the initial monomer
concentration and the monomer-to-polymer conversion.

A corresponding study was carried out for NVP polymerization at 25°C with N-
ethyl pyrrolidone, NEP, being the saturated analogue to NVP, and with two commercial
poly(NVP) samples of weight average molecular weights of 24 000 and 360 000 g-mol '
being used for simulating NVP conversion to high-molecular-weight material.

The reference system for the entire data set is the one in which 20 wt.% NVP are dissolved in
water without any additive. Different amounts of NEP and poly(NVP) are added to aqueous
NVP solutions such that the overall content of pyrrolidone moieties is 20 wt.%. The quantity
Xvirual has been selected for easier comparison of k, data determined in aqueous solution
without any additive to k, values measured in aqueous solution in the presence of either NEP
or poly(NVP) (see Chapter 6.2).

The resulting dependence of &, on virtual conversion is depicted in Figure 7-6. A close look at
the NVP k, data measured in the presence of NEP (diamonds) indicates that the &, values are
slightly above the ones measured at the same overall pyrrolidone content, but with only NVP
being present (dashed line). This observation might be explained by a smaller dipole moment
of NEP as compared to NVP (see the above discussion related to Scheme 7-1), which goes
with weaker intermolecular interactions, thus with a lower friction and a slightly higher &,.
Also contained in this figure are a few data points for polymerization in aqueous solution of
NVP at concentrations below 20 wt.% (without any additive). Within the concept of virtual
conversion, these data are treated as if the lower NVP concentration results from reaction to
poly(NVP) with the polymer however being removed from the solution as, e.g., in a
precipitation polymerization. The so-obtained k, vs. Xyima data points (squares) are close to
the ones obtained for NVP / poly(NVP) systems (circles and triangles) thus supporting the
view that only the pyrrolidone species which may access the interior of macroradical coils are
affecting k.

With respect to polymerization of NVP in aqueous solution up to high degrees of monomer
conversion, the information may be summarized follows: k, is determined by the actual ratio

of NVP to water and thus increases with the degree of NVP conversion. Replacing NVP by
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poly(NVP), on the other hand, significantly enhances k,. The polymer appears to be not
available at the site of the growing radical, an observation which is in full agreement with

what has been described for MAA within Chapter 6.2.
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Figure 7-6: Dependence of k, on Xyita for polymerizations of NVP in water at 25 °C,
CDarocur = 2 mmol-L ' and an LPRR of 30 Hz. The squares represent polymerizations of NVP
in water at different exvp < 20 wt.%. The k;, values indicated by the circles and triangles refer
to polymerizations of NVP in the presence of poly(NVP) of different molecular weight,
while the diamonds refer to polymerizations of NVP in the presence of NEP. X i was
calculated based on the conversion-dependent change in the ratio of NVP to water in
polymerizations of an initial monomer concentration (or overall acid concentration) of
20 wt.%. The dashed line indicates the mean value of low conversion k.

7.3 Dependence of k, on pH for polymerization of NVP in aqueous

solution

With MAA, the k;, values turned out to be strongly dependent on the p/ with this effect being
particularly pronounced at low monomer concentrations, where k, is decreased by about one
order of magnitude in passing from non-ionized to fully ionized MAA. This effect becomes
very weak at intermediate MAA concentrations and is even reversed at monomer
concentrations above 40 wt.% (see Chapter 6.3). Although no significant effect of pH is
expected to occur with NVP, as the molecule cannot dissociate, a series of experiments for

several NVP concentrations has been carried out to see, whether &, of NVP exhibits some
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sensitivity to pH. The early kinetic studies into NVP polymerization rate within the pH
interval 7 to 10 provided no indication of any pH effect.**” In the present study, pH was
varied from 3 to 11. This extended range encompasses pH situations as are met in

copolymerization reactions of NVP with comonomers exhibiting acid or base properties.
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Figure 7-7: k;, as a function of pH for polymerizations of NVP at 25 °C in aqueous phase at
monomer concentrations of 5, 40, 60 and 100 wt.% (plotted in the figure are the arithmetic
mean values deduced from polymerization experiments at identical NVP concentration and
temperature). The open symbols refer to polymerizations with the pH being adjusted either
by NaOH or acetic acid. The filled symbols refer to solutions prepared by using NVP as
received (from Fluka stabilized with N N'-di-sec-butyl-p-phenylenediamine) without
additionally adjusted pH. The dashed lines indicate the arithmetic mean k, values for each
initial NVP concentration.

The k, values for 5, 40, 60 and 100 wt.% of NVP in water were measured at 25 °C and
different pH. The obtained data are plotted in Figure 7-7 as the arithmetic mean of k;,
measured at identical NVP concentration. The open symbols refer to aqueous NVP solutions
with the pH being adjusted by using either sodium hydroxide or acetic acid. The filled
symbols represent data taken on solutions without adjusted pH. The pH of these aqueous NVP
solutions increases, between 5 to 100 wt.% from 6 up to 11, because NVP “as supplied” was
used which contained N,N'’-di-sec-butyl-p-phenylenediamine as the stabilizer. Higher NVP
content thus is correlated with a higher amine content which in turn results in a higher pH.
Figure 7-7 demonstrates that k, for the aqueous solution polymerizations of NVP is not

affected by pH in the interval from 3 to 11 over the entire cnvp range examined
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experimentally. NVP decomposes at acidic pH and higher temperature.”®® The experimental
ky data for low pH in Figure 7-7 may nevertheless be considered reliable, because of the short

time interval required for the experiment and the low polymerization temperature of 25 °C.
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8 Termination Kinetics in Methacrylic Acid Polymerization

MAA is perfectly suited for studies into the termination kinetics in aqueous solution, as PLP-
SEC, SP-PLP-NIR, and chemically initiated experiments may be carried out, which allows for
deducing k& from two independent sources, SP-PLP-NIR and chemically induced
polymerization, both in conjunction with literature evidence on k,. Moreover, MAA
polymerization kinetics is much simpler than the one of acrylate-type monomers, such as AA,
where inter- and intramolecular chain transfer results in the formation of MCRs which leads
to a rather complicated kinetic scheme with additional rate coefficients that are not easily
accessible (see Chapters 10 and 13).

SP-PLP-NIR experiments on aqueous MAA solutions with initial monomer concentrations of
3.50 mol'L™" and 7.09 mol'L™" (30 and 60 wt.% MAA, respectively) were carried out. To
obtain reasonable signal-to-noise quality of the SP-PLP-NIR experiment, a reaction pressure
of 2000 bar was used. As the compressibility of the polymerizing systems is rather low, there
is no reason to assume that high pressure affects the polymerization mechanism. Chemically
induced MAA polymerizations were also carried out at this high pressure. In both types of
experiments, SP-PLP-NIR and chemically initiated polymerizations, k; refers to a chain-
length-averaged quantity, which is made clear by denoting the primary experimental
quantities as <k>/k, and <kt>/kp2, respectively. It needs to be noted that the averaging of A
occurs over different radical distributions: In the instationary SP-PLP-NIR experiment,
termination occurs between radicals of almost identical size which linearly increases with
time after applying the laser pulse (unless chain transfer comes into play) whereas, in the
stationary chemically initiated polymerizations, termination occurs between radicals of
arbitrary size.!”"!!:1?826%]

The studies detailed in this chapter were carried out in cooperation with Prof. Sabine
Beuermann, Prof. Robin A. Hutchinson, Dr. Silvia Kukuckové and Dr. Igor Lacik. Part of this

work has already been published in refs.!”>*""!
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8.1 Generalized k, correlation

The primary experimental results of instationary SP-PLP-NIR experiments and stationary
chemically induced polymerizations are <k>/k;, and <kt>/kp2, respectively. Thus, estimation of
<k from those coupled parameters requires knowledge of the propagation rate coefficient at
reaction conditions, that is temperature, pressure, initial monomer concentration and
monomer-to-polymer conversion. To estimate k, for different experimental conditions, the k,
dependencies need to be fitted to appropriate functional forms. It was shown in Chapter 6.1
that the temperature dependence of k, is associated with an almost constant activation energy
(15.2 + 0.8 kJ'mol™") within wide ranges of monomer concentration, from 5 wt.% MAA in
water to bulk polymerization, which allows to introduce one single temperature dependent
parameter into the data fitting procedure. The propagation rate coefficient which was
extrapolated to infinitely low monomer concentrations in water, kp max, Was estimated to be:

p,max

3
k (T)/L-mol_l-s_l:3.5-106-exp(_1'83—10j

(T/K) (3-1)

The decrease of k, toward increasing initial monomer concentration was implemented by

fitting the experimental data to an exponential decay function which includes an offset
kp (Wl(\)/IAA’ T): kp,max ’ (A + (1 - A) ’ exp(— B- W;\)/IAA )) (8-2)

where wyaa' is the initial weight fraction of MAA in water and A and B are fit parameters.
The values of A and B were adjusted to match the curvature of the experimental data in a plot
of kp/kpmax versus wmaa'. The best representation of the experimental data was achieved for
A =0.08 and B = 5.3. The k, values for ambient-pressure polymerizations of MAA in water at
different polymerization temperatures are plotted against monomer weight fraction in
Figure 8-1. The lines are estimates according to Eq. (8-2) using the parameters given above.
The ordinate is plotted in logarithmic form in order to obtain a good visualization of the
excellent agreement of the experimental data with the simple fit function and one single set of

parameters A and B.
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kp /(L'mol s

Figure 8-1: Dependence of the &, on the initial weight fraction of monomer in water, Wamaa,
for polymerization of MAA in water at ambient pressure and different temperatures (data
from Chapter 6.1). The full lines are best fits of the experimental data to Eq. (8-2) with the
parameters A = 0.08 and B =5.3.

For additional implementation of the pressure dependence of k, data collected for
polymerizations of 10, 30 and 60 wt.% of MAA carried out at 25 °C and pressures ranging
from 1 to 2000 bar?’**""! were analyzed. Linear regression of the variation of In(k,) with
pressure, p, results in a monomer-concentration-dependent activation volume of
AV¢(kp =—(8.0+9.0wyan’) cm> mol™’.  The extrapolated activation volume of
~17.0 cm®>mol™" for 100 wt.% MAA (WMAAO =1) is close to AV¢(kp) =-16.7 cm>mol™
determined for MMA bulk polymerization at 30 °C.1*”%! The origin of the significant reduction
in the absolute value of AV¢(kp) toward lower MAA concentration in water is not yet clear.
The general dependence of k, on temperature, pressure, and initial weight fraction of

monomer in water reads:

k,(Woars T p)/ L-mol ™ -s7 = (2.8-10° +3.2-10° - exp(= 5.3 w,,))

oo 183:10°—(0.096+0.11-wi,, ) (p/bar) (8-3)
P (T/K)

This &, correlation refers to the weight fraction of MAA in the initial polymerization period,
where PLP-SEC experiments are generally performed. In order to estimate k, as a function of

monomer-to-polymer conversion, a series of PLP-SEC experiments has been carried out on
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systems with pre-mixed poly(MAA) (see Chapter 6.2). The resulting data reveals that it is
primarily the ratio of monomeric MAA to water which determines k,. Whether the MAA-in-
water concentration is varied by selecting different initial MAA contents or by consuming
monomer during polymerization plays no major role. Eq. (8-3) thus appears to be valid for
any MAA weight fraction, wyaa. Arbitrary wyaa may be expressed by the initial weight
fraction, wumaa', and the degree of monomer conversion, X, according to Eq. (8-4):

- Wl(\)/IAA'(l_X)

Whaa = =Wl X (3-4)
It should be noted that the MAA weight fraction, wyaa, in Eq. (8-4) is solely determined by
the actual monomer and water concentrations. Poly(MAA) material is not included in the
estimate of this weight fraction. As mentioned in Chapter 6.2, poly(MAA) may influence k; in
cases when the molecular weight is small or the polymer contents in the reaction mixture are
high. Combination of Egs. (8-3) and (8-4) yields Eq. (8-5), which may be applied for
estimating k, as a function of initial MAA concentration, of monomer conversion, of
temperature and of pressure. The so-obtained &, data were used to estimate <k> from the

primary experimental quantities, <k>/k;, and <kt>/kp2, deduced from instationary SP-PLP-NIR

experiments and stationary chemically induced polymerizations, respectively.

kp(WI?AAAaT,p,X)/L~m01’1 .g7!

0 J—
i3 ol 232820

=i, - X

0 -
1.83-10° —(0.096+ 0-LL: Wains '(I_X)J-(p/bar) (2
exp| - B TVED. §
(T/K)

8.2 Determination of <k> by SP-PLP-NIR

As an example of primary experimental data from SP-PLP-NIR, the upper part of Figure §-2
shows two MAA concentration vs. time traces obtained during the course of an experiment

with an initial MAA concentration of 60 wt.%. Relative monomer concentration is plotted vs.
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time ¢ after applying the laser pulse at #=0. Monomer conversion from preceding laser
pulsing was 6.1 % and 22.5 %, respectively. The horizontal pre-trigger region in Figure 8-2
demonstrates that polymerization induced by preceding pulses has ceased. At 0.04 s after
firing the laser pulse, relative MAA concentration, has decreased by about 0.11 % within the
SP-PLP-NIR experiment carried out at X=0.061, that is at a poly(MAA) fraction of
3.7 wt.%. At a later stage during the same polymerization reaction, at a polymer weight
fraction of 13.5 wt.% (X'=0.225), a single laser pulse induces a change in relative monomer

concentration by 0.15 % between 7 =0 and 0.04 s.

3.7 wt.% polymer
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Figure 8-2: Change in relative monomer concentration after applying an excimer laser pulse,
at =0, during a polymerization of 60 wt.% MAA in aqueous solution at 50 °C and 2000 bar
(A). At =0, when the laser pulse is applied, the poly(MAA) content from preceding
polymerization is 3.7 wt.% or 13.5wt.% (6.1 and 22.5% of monomer-to-polymer
conversion, respectively). Differences between measured data and the ones fitted to Eq. (3-7)
are illustrated by the plot of residuals (7es) in the lower part of the figure, where (B) and (C)
refer to experiments carried out at overall MAA conversions of 6.1 and 22.5 %, respectively.
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The concentration vs. time traces in Figure 8-2 were fitted to Eq. (3-7) which refers to ideal
single pulse kinetics. In systems where chain transfer is negligible, termination in SP-PLP
experiments occurs between two radicals of almost identical length i, where i increases
linearly with time ¢ after applying the laser pulse at 7 = 0. To indicate that termination kinetics
is chain-length dependent (see Chapter 3.4.2), k; in Eq. (3-7) has been replaced by <k>.

The fits to Eq. (3-7) of the measured MAA conversion vs. time data allow for an excellent
representation of the experimental data, as is also demonstrated by the plots of residuals in the
lower part of Figure 8-2. The time interval up to 0.04 s refers to the range in which chain
length i increases up to approximately 1000.°”) SP-PLP-NIR traces measured at the lower
MAA concentration of 30 wt.% are equally well fitted to Eq. (3-7). Thus, each of the two
signals in Figure 8-2A may be adequately represented by one <k> value, although a wide
range of radical chain lengths is covered within both monomer concentration vs. time traces.
As discussed elsewhere (see Chapter 5.5.1 and ref.!"®®)), the remarkable quality of the data fit
to Eq. (3-7) is not indicative of & being independent of chain length, but is a specific feature
of DMPA acting as the photoinitiator. There is partial compensation of the effects due to
chain length dependent & and to primary radical termination of the poorly initiating acetal

fragment.
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Figure 8-3: Dependence of <k on monomer conversion for polymerization of 60 wt.%
MAA in aqueous solution at 50 °C, 2000 bar and a photoinitiator concentration of
compa = 5-10° mol'L™". <k> was calculated from <ke>/k, by using the k, expression given in
Eq. (8-5).
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The variation of <k with monomer conversion, as obtained via fitting of SP-PLP-NIR traces
to Eq. (3-7) and implementing k, according to Eq. (8-5), is plotted in Figure 8-3 for an
aqueous-phase MAA polymerization at 50 °C and 2000 bar. The initial MAA concentration
was 60 wt.%. Data could be measured up to 70 % MAA conversion before the reaction
mixture turned heterogeneous. Within the experiment carried out on the solution with an
initial concentration of 30 wt.% MAA, even 90 % monomer conversion could be reached. In
the initial reaction period an approximately constant value of <k> is found. Above X = 0.20,
<k decreases significantly, by around one and a half orders of magnitude up to X' = 0.50.
Such significant changes of <k are typical for methacrylate monomers with small and
medium-size alkyl ester side chain, such as MMA!"****] and BMA.!"**]

The <k> vs. X dependence in Figure 8-3 may be understood by assuming control of
termination by segmental diffusion (SD), translational diffusion (TD), and reaction diffusion
(RD) (see Chapter 3.3.3). At low conversion, <k is determined by SD, which refers to the
orientational motion of two coiled macroradicals by which the radical functionalities approach
each other sufficiently closely to allow for immediate termination. Increasing monomer
conversion is associated with an increase in bulk viscosity. As a consequence, translational
(center-of-mass) diffusion may become rate determining. The data in Figure 8-3 indicate that
<k runs under control by TD at about X =0.20. The pronounced decrease in <k up to
X=0.50 reflects the reduced translational mobility of the macroradicals at significantly
increasing bulk viscosity. At even higher degrees of monomer conversion, the lowering of
<k with X is less pronounced, an observation that indicates that <k> becomes controlled by
reaction diffusion.”’! Control of <k> by reaction diffusion suggests that the motion of the
radical functionality essentially occurs via propagation steps of the dangling free-radical chain
end. Eq. (3-28) was introduced to model <k for polymerizations where SD, TD, and RD
control are operating (see Chapter 3.3.3).1**! This expression considers a diffusion control of
ky, which may set in at high conversions. Such diffusion limitation is not expected to occur
within the solution polymerizations of MAA studied within this work. Thus, the following

simplified expression may be used with k, varying with conversion as described by Eq. (8-5).

1
k =
k) kg +17,(X) Ky,

+ Cop - (1= X) -k, (8-6)

Plotted in Figure 8-4 are the <k values for polymerizations of 30 and 60 wt.% MAA in

water at 50 °C and 2000 bar which are obtained from <k>/k, using the k, correlation given in
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Eq. (8-5). For 30 wt.% MAA, the initial plateau value of <k is slightly above the one for
60 wt.% and extends up to higher degrees of monomer conversion. After passing the initial
plateau region, <k decreases significantly, by about 1.5 orders of magnitude between 20 and
50 % conversion with the 60 wt.% MAA system and by about 1 order of magnitude between
30 and 60 % conversion with the 30 wt.% MAA system. Toward even higher degrees of
monomer conversion, the decrease in <k> becomes less pronounced. This effect is clearly

seen with the polymerization of the 60 wt.% MAA solution.
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Figure 8-4: Conversion dependence of <k for polymerizations at 50 °C, 2000 bar and
initial MAA concentrations of 30 and 60 wt.% in water, respectively. <k was calculated
from <k>/k, by using the k, expression given in Eq. (8-5). The lines are fits of the
experimental data to Eq. (8-6). The associated parameter values are listed in Table 8-1.

Table 8-1: Model parameters used for fitting the experimental data in Figure 8-4 to Eq. (8-6).
The parameter values refer to MAA polymerization at 50 °C and 2000 bar. For further details
see text.

cman / wWt.% 30 60
ksp /L-mol s (9.3+0.2)-10° (6.5+0.2) -10°
Cy 12.8 + 0.4 21.2+0.7
k% / L-mol s 1.0-10° 1.0-10°

Crp 94+ 11 61 £7
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The lines in Figure 8-4 are representations of the experimental data by Eq.(8-6). The
associated parameter values are listed in Table 8-1. ksp is obtained as the value of
experimental <k> in the very initial polymerization period. krp’=1.0-10° L-mol s ' has
been adopted from studies into alkyl methacrylate termination rate which report monomer
concentration independent kTDO values of this order of magnitude.[%] The rate coefficient of
translation diffusion during polymerization, krp, is given by Eq. (3-25). Bulk viscosity
depends on the characteristics of each individual polymerization reaction, in particular on the
polymer content, that is on the degree of monomer conversion and on the type of polymer
produced, e.g., whether low-molecular or high-molecular weight material is formed. For most
polymerization systems information on relative viscosity, 7:(X), is not available. Within

preceding studies into bulk (meth)acrylate!®! and MMA solution polymerizations,”®

as a
rough approximation for modeling the conversion dependence of 7/(X), Eq. (8-7) has been

used:
Inp, =C, -X (8-7)

The parameter C, may be looked upon as an adjustable parameter, which essentially
determines the conversion dependence of <k under conditions where krp controls
termination rate. The C, parameters in Table 8-1 may be found from the slope of the straight
line which intersects the ordinate at log(krp’) and passes through the inflection point of the
sigmoidal log(<k>) vs. X curve, that is in the region where krp controls termination rate but
was simultaneously determined with Crp via fitting of <k data according to Eq. (8-6). The
so-obtained C,, values are 12.8 and 21.2 for the polymerizations of 30 and 60 wt.% MAA,
respectively. The roughly twofold higher value of C, at 60 wt.% MAA as compared to the
system with 30 wt.% MAA may be understood as being due to twice the amount of polymer
being present at identical monomer conversion. Linear extrapolation of C,, toward Wwamaa’ =0
yields a C, value close to zero which corresponds to constant 77(X) as is to be expected in the
hypothetical case of no monomer being present and thus no polymerization taking place. The
clear trend of decreasing C, toward lower monomer concentration has also been seen with
MMA solution polymerizations.”® Extrapolation of C, from this earlier study to zero
monomer content however does not yield C,, close to zero, which may be due to the rather

weak decrease of <k in the TD-controlled regime with MMA solution polymerizations and
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the associated significant error in deducing C,,. For bulk MAA polymerization a C,, value of
about 35 is estimated from the 30 and 60 wt.% data. This value is significantly above C,, =21

P61 The very pronounced increase of 7, with

as obtained for MMA bulk polymerization.
conversion for MAA bulk polymerization may be due to the action of strong hydrogen bonds
which are absent with MMA. Moreover, differences in molecular weight distribution of the
background polymer matrix may affect C,. It goes without saying that one individual C,
value cannot fully take into account both polymer content and polymer size distribution of the
reacting systems. It should further be noted that the size of C, is affected by the selection of
krp’. E.g., assuming k' at 60 wt.% MAA to differ from the associated value for 30 wt.%
MAA by the same factor as do the associated ksp values, yields an optimum fit of the <k> vs.
X data with C,, = 20.0 rather than with C,, = 21.2, as listed in Table 8-1.

The second adjustable parameter in the fitting procedure, the reaction diffusion constant, is
listed as the last entry in Table 8-1. For 60 wt.% MAA, Crp is obtained with a better
accuracy, as the reaction diffusion controlled region is more pronounced than for 30 wt.%
MAA. The Cgrp values in Table 8-1 are close to the numbers reported for MMA bulk
polymerization at 60 °C: Crp =76 at 1000 bar and Crp =50 at 2000 bar.”* That Crp for
polymerization of MAA in aqueous solution slightly decreases with increasing MAA
concentration is in line with the argument used to describe the dependence of k, on MAA
content (see Chapter 6.1). The stronger intermolecular hydrogen-bonded interactions at higher
MAA content should enhance both the friction experienced by the transition state for
propagation, which effect reduces kp, and the friction which the free-radical chain ends
experience during the reaction-diffusion process. A lower mobility of the macroradical chain-
end should result in a lower CRD.[23’198]

The parameters in Table 8-1 afford for an excellent representation of the experimental <k>
over a wide range of MAA conversion (Figure 8-4). This finding suggests that Eq. (8-6),
which has been used for fitting <k> of various monomers in both bulk and in organic

[16.22.23.138] i< applicable also toward radical polymerizations in aqueous solution. The

solvents,
variation of the parameters ksp and C, with solvent content seen in aqueous solution of MAA
is consistent with what has been observed, e.g., for MMA polymerized in solution of toluene.
The initial ksp plateau value is slightly enhanced toward lower monomer content whereas,
within the range of translational diffusion control, the <k> vs. X correlation is strongly

affected by the solvent content.”®
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Figure 8-5: Dependence of <k> on weight fraction of polymer, wyoymaa), for MAA
polymerizations at 50 °C, 2000 bar and initial monomer concentrations of 30 and 60 wt.%,
respectively. The lines are representations of the experimental data via Eq. (8-8) (full line for
30 wt.% MAA and dashed line for 60 wt.% MAA). The associated parameter values are
listed in the text.

As mentioned above, the increase of C,, toward higher initial monomer concentration may be
due to higher amounts of polymer being present at a given conversion. The approximately
twofold increase of C, between 30 and 60 wt.% MAA implies that, for estimating the
viscosity change during polymerization, a parameter C," should be used which scales with
polymer weight fraction wpoymaa) = wwmaa' - X. Thus a modified expression (Eq. (8-8)) may
be used for fitting the experimental <k> data measured on 30 and 60 wt.% MAA in aqueous
solution. As the variation of both ksp and Crp is minor as compared to the differences in
translational diffusion behavior, expressed by C,,, for both MAA contents a single mean value

of ksp and of Crp" has been used within the fitting procedure. Eq. (8-8) reads:

1
k)=
(k) U kg +exp(Cr-wh - X )/ k2,

+Crp - (1= X) -k, (8-8)

with the mean values: kSD* =7.9-10° L'mol_l-s_l, CRD* =77.5 and Cn* =39. The remarkably
good representation of the experimental <k> data (full line for 30 wt.% and dashed line for
60 wt.%) by Eq. (8-8) is illustrated by the plot of log<k:> vs. polymer weight fraction in

Figure 8-5. The data from experiments at initial MAA concentrations of 30 and 60 wt.%



150 TERMINATION KINETICS IN METHACRYLIC ACID POLYMERIZATION

almost sit on top of each other, which indicates the general type of <k behavior. For an even
more accurate representation of <k> within extended ranges of MAA concentration, the
experimental ksp and Crp values may be used for interpolation and extrapolation of ksp and

Crp data for a given MAA weight fraction.

8.3 Determination of <k> by chemically initiated polymerizations

Chemically initiated (CI) polymerization under steady-state conditions provides access to
<kt>/kp2 in case that the initiator decomposition rate coefficient, k4, and initiator efficiency, f,
or the product of both quantities, kqf, are known. Carrying out both CI and SP-PLP
experiments, with &, being available from PLP-SEC, allows for estimating <k as a function
of monomer conversion from the two independent experiments. The CI polymerizations for
MAA were performed at 50 °C, 2000 bar and at MAA contents of 30 and 60 wt.% in water as
were the SP-PLP-NIR experiments. Monomer conversion vs. reaction time, #, profiles
deduced from FT-NIR are depicted in Figure 8-6A for 30 wt.% MAA and in Figure 8-6B for
60 wt.% of monomer.

In most cases, duplicate experiments have been carried out. The agreement of polymerization
data from measurements under ostensibly the same conditions is rather satisfactory, in
particular in case of higher MAA concentration (Figure 8-6B) and of higher initiator
concentration. The reasons behind these observations are the better quality of NIR analysis at
higher MAA content and the lower impact of impurities at high levels of radical
concentration, respectively. A significant increase of the rate of polymerization, R, is seen
toward higher initiator concentration.

The kinetic data in Figure 8-6 were analyzed via the expression for steady-state
polymerization (Eq. (3-10)). The reported ambient-pressure decomposition rate coefficient of
V50 in aqueous solution at 50 °C, kg = 8.14:10° s™', has been adopted to hold for 2000 bar, as

731 polymerization rate,

has been the reported ambient-pressure initiator efficiency, f=1.!
R, =—dcw/dt, was estimated from first-derivative curves of cy vs. f traces determined via
ORIGIN 6.1 with subsequent smoothing. Plotted in Figure 8-7 are the <lq>/kp2 vs. X values
obtained, via Eq. (3-10), from R, of the chemically initiated polymerizations at 30 and
60 wt.% MAA in aqueous solution for 50 °C / 2000 bar and from the known values of £, kq4, ci

and cy. The data is plotted only up to 80 % monomer conversion, as the minor changes of
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cmaa With time at higher conversions induce a significant scatter for <kt>/kp2. As inhibition
may significantly affect <k:>/k,” in the early polymerization period, values for conversions
below 10 % were also ignored; the initiator consumed during this period is taken into account

in the estimation of <k>/k,” by Eq. (3-10).

1.0 4
o 0.8 1
2 i
<
S 0.6
=
S i
N
5 044
N
o) -1
§ Cyso = 2.7 mmol-L
s 024 _ -1
Cyso = 1.1 mmol-L
¢..=0.55mmol-L"
0.0 %— T T T T T = T T T
0 2000 4000 6000 8000 10000
t/s
1.0 4
o 0.8 1
2 i
Q
Y 0.6
S
S i
)
5 044
N
Q p
S
g 024 ,= 1.1 mmol-L"
A =0.55 mmol-L"
0.0 S : . : . | V50 . | :
0 2000 4000 6000 8000 10000
t/s

Figure 8-6: Monomer conversion vs. time plots for a chemically initiated polymerizations of
30 wt.% (A) and 60 wt.% (B) of MAA in aqueous solution at 50 °C and 2000 bar. The
primary initiator concentrations were 2.7, 1.1, and 0.55 mmol-L™" of V50, respectively. Open
and filled symbols refer to repeat experiments under ostensibly the same conditions.

A close overlap of the entire data set for polymerizations at 60 wt.% initial MAA

concentration is seen, whereas <kt>/kp2 for 30 wt.% MAA slightly increases toward lower
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V50 concentration. The origin of the increase in <kt>/kp2, by about half an order of magnitude
in passing from 2.7 to 0.55 mmol-L™" initiator, is not clear. Probably, a loss of initiator-
derived radicals due to inhibition results in a lower than expected radical concentration which,
by the evaluation procedure, translates into termination rate coefficients that are too large. For

both 30 and 60 wt.% MAA in aqueous solution, a pronounced decrease of the coupled

2. . .
parameter <k>/k," is seen toward higher conversions.
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Figure 8-7: Conversion dependence of <kt>/kp2 derived from chemically initiated
polymerizations of 30 wt.% (A) and 60 wt.% (B) MAA in aqueous solution at 50 °C, 2000 bar
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and with primary initiator concentrations of cyso = 2.7, 1.1, and 0.55 mmol-L".
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Figure 8-8 shows a comparison of <k> values for 30 wt.% (A) and 60 wt.% (B) MAA in
aqueous solution at 50 °C and 2000 bar as obtained from both stationary (open symbols) and
instationary (filled symbols) experiments. <k> was extracted from the two types of coupled
parameters via k, values estimated from Eq. (8-5). For 30 wt.% MAA, the <k> data from SP-
PLP-NIR fit into the range of <k values provided by the data from CI polymerizations
performed at different initiator concentrations. The <k data for aqueous solutions with an
initial MAA content of 60 wt.% demonstrate the satisfactory agreement of <k> data from SP-
PLP and from CI polymerization. A sigmoidal curvature cannot be clearly detected from the
<ke> vs. monomer conversion data obtained by CI polymerization. There is, however, a weak
indication with some of the 60 wt.% MAA data that the decrease of <k> with conversion
appears to be somewhat weaker in both the low and high conversion regions. The comparison
of stationary and instationary experiments suggests that the SP-PLP-NIR experiments allow
for a more detailed and accurate study into the termination kinetics than do the CI
polymerization experiments, e.g., the sigmoidal <k> vs. X curvature, which is what one
expects from a comparison with MMA polymerization data, can be clearly seen from SP-PLP
experiments. The enhanced scattering and the systematic shift with initiator concentration of
the <k data from CI polymerization may be due to an impact of inhibition and thus of
impurities on the kinetic data, which is not easily avoidable in CI polymerization, but can be
overcome by the intense laser pulsing where the first few pulses may have some cleaning
effect on the system. The chain-length distribution being broader in CI polymerizations may
give rise to some smoothing of <k> vs. X data. With the SP-PLP experiments, on the other
hand, the chain-length distribution is very narrow, which facilitates detection of conversion-
related effects on <k>.

In view of the various sources of error that should primarily effect CI polymerizations rather
than SP-PLP experiments, the agreement of absolute <k values obtained by the two methods
must be considered as very satisfactory. For an inspection of detailed effects associated with
the mode of diffusion control of ki, it appears recommendable to apply the SP-PLP-NIR
method rather than carrying out stationary CI polymerization experiments.

The satisfactory agreement of <k> values derived from chemically initiated polymerizations
and SP-PLP-NIR further indicates that combination of experimental <k>/k, and <kt>/kp2
values should yield reliable individual rate coefficients of propagation and termination for
MAA in aqueous solution. This is also illustrated by the <k data plotted as black and grey
symbols in Figure 8-9.
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Figure 8-8: Conversion dependence of <k> derived from chemically initiated
polymerizations of 30 wt.% (A) and 60 wt.% (B) MAA in aqueous solution at 50 °C, 2000 bar
and with V50 concentrations of 2.7, 1.1 and 0.55 mmol-L™" (open symbols). The <k data
from SP-PLP-NIR at identical monomer concentration are given as filled symbols. <k>
values are calculated from <lq>/lcp2 or <k&>/k, using the general k, expression given by
Eq. (8-5).

The values indicated in grey were calculated from <k>/k, via combination with the <kc>/k,
data from Figure 8-7 (conversion interval of 10 to 80 %). The agreement with the <k> values
which were evaluated by means of &, from Eq. (8-5) (black symbols) is adequate which in

turn also demonstrates the validity of the generalized k, correlation even for high monomer-
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to-polymer conversions. The procedure of combining <k>/k, and <kt>/kp2 has already been

used within a recent study into aqueous-solution polymerization of AMPS.!'**!
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Figure 8-9: Conversion dependence of <k for polymerizations at 50 °C, 2000 bar and
initial MAA concentrations of 30 and 60 wt.% in water, respectively. <k was calculated
from <k>/k, by using the k, expression given in Eq. (8-5) (black symbols) or from
combination with the <kt>/kp2 data from Figure 8-7 (grey symbols). The lines are
representations of the experimental data according to Eq. (8-6) with parameter values listed
in Table 8-1.
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9 Termination Kinetics in N-Vinyl Pyrrolidone Polymerization

It was shown in the previous chapter that non-ionized MAA behaves similar to MMA
concerning its termination reactivity with <4k being controlled by SD, TD and, at high
conversions, by RD. However, the range of experimental conditions for <k> measurements
via SP-PLP-NIR were rather limited.

NVP is a suitable candidate for further studies into the termination kinetics of water-soluble
monomers as poly(NVP) is well soluble in both, monomer and water. Thus, broad ranges of
monomer-to-polymer conversion may be covered even for bulk polymerizations of NVP.
NVP propagates faster than MAA at identical monomer concentration and temperature (see
Figure 6-3 and Figure 7-1) which is beneficial for the signal-to-noise quality of SP-PLP-NIR
experiments. Moreover, the observation of a PLP structure within MWDs obtained from PLP
experiments at temperatures of 60 °C and LPRRs of 20 Hz indicates that MCR formation
during NVP polymerization does not occur or only to a minor extent.

The conversion dependence of the chain-length-averaged termination rate coefficient <k at
40 °C and 2000 bar was measured for polymerizations of NVP in solution of D,O and
monomer concentrations of 20, 40, 60, and 80 wt.% as well as for NVP in bulk. Additional
experiments were carried out for NVP bulk polymerization at 40 °C and pressures of 1500,
1000 and 500 bars. High-pressure conditions were chosen to increase the monomer
conversion induced per pulse. Moreover, up to 40 single monomer concentration curves were
coadded to reduce scatter within the SP-PLP-NIR traces. As detailed earlier (see
Chapter 5.2.1), using D,0 instead of H,O reduces the background absorbance in the region of
the first overtone of the C—H stretching vibration at the olefinic double bond which enhances
signal-to-noise quality. It was shown in previous studies that neither k, (from PLP-SEC of
MAA)*" nor <k>/ky, (from SP-PLP-NIR of AMPS)!"® were significantly different for

polymerizations in H,O and DO, respectively.

9.1 Generalized k, correlation

For decoupling of <k> from <k>/k,, knowledge of the propagation rate coefficient at

identical reaction conditions is required. Figure 9-1 shows the variation of &, with initial NVP
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weight fraction for polymerizations of NVP in D,O at 40 °C and 2000 bar determined via
PLP-SEC. The data show an acceleration of &, toward lower NVP content as has already been
observed for ambient pressure conditions (see Figure 7-1). The k, values are well represented

by an expression of the same functional form as Eq. (7-1):

k,/L-mol ™" -s™' =64000-(0.33+0.67-exp(— 7.7 Wyyp ) — 0.27 - wyyp ) (9-1)

It was shown in Chapter 7.2 that k, increases toward higher monomer conversion for
polymerization of NVP in water. Implementing Eq. (8-4) yields the dependence of k, on
initial monomer weight fraction, wNVPO, and conversion for polymerizations of NVP in D,O at

40 °C and 2000 bar:

k,/L-mol™" s~ =
0 0 _
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Figure 9-1: Dependence of k, on cnyp for polymerizations of NVP in D,O at 40 °C and
2000 bar. The line represents the best fit of the experimental data by Eq. (9-1).
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9.2 Dependence of <k> on initial monomer concentration, monomer-to-

polymer conversion and pressure for polymerizations of NVP in D,0

Chain-length-averaged termination rate coefficients were obtained via fitting of SP-PLP-NIR
traces to Eq. (3-7) and implementing k, according to Eq. (9-2). The so-obtained variation of
<k with monomer-to-polymer conversion at 40 °C and 2000 bar for different initial
concentrations of NVP in D,0 is plotted in Figure 9-2. Duplicate experiments were carried
out for each initial monomer concentration. There is a good reproducibility of the <k> vs. X
data for all initial NVP contents as is illustrated by open and filled symbols of the same style.
Whereas DMPA had to be employed for polymerizations of NVP in solution of D,O (see
Chapter 5.5.1), the absence of acidic protons in NVP allows for using the ideal photoinitiator
MMMP under bulk conditions.”*'*! The good agreement between the <k> data obtained from
the DMPA and MMMP measurements (open and filled diamonds) illustrates that DMPA
concentration and laser energies were chosen sufficiently low to circumvent the non-ideality
effects of DMPA. Thus, the <k> values for polymerizations of NVP in D,O are also not
expected to be artificially increased by the use of DMPA.

The variation of <k with conversion for different initial NVP contents is very similar to the
one of non-ionized MAA in water (compare Figure 8-4 and Figure 9-2). At low conversions,
<ke> appears to be controlled by SD. This mechanism is associated with an almost constant
termination rate coefficient until TD control of <k sets in. The monomer-to-polymer
conversion at which the decrease in <k occurs is shifted to higher values toward lower initial
NVP concentration. The plateau range of <k> expands between zero and 10 % conversion for
the bulk system. However, <k> remains constant until X=20 % for polymerization of
60 wt.% of NVP in D,0. Toward even lower initial monomer concentrations, a TD control of
<k cannot be safely assigned to the data though there is an indication of a slight decrease in
<k for 40 wt.% of NVP in D,O from X=30 % on. The deceleration of <k> in the TD
controlled regime is more pronounced for the higher initial NVP contents as more polymeric
material is present at a given conversion. An indication of an RD control of <k is observed
with the 60 and 80 wt.% data for which SP-PLP-NIR traces could be measured up to 80 %

monomer-to-polymer conversion.
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Figure 9-2: Variation of <k> with monomer-to-polymer conversion for polymerizations of
NVP in D,O at 40 °C, 2000 bar and different initial monomer concentrations (indicated in
the figure). <k> was obtained by fitting of SP-PLP-NIR traces to Eq. (3-7) and implementing
kp according to Eq. (9-2).

The average low conversion <k, denoted as <ksp>, increases toward lower initial NVP
concentration as is illustrated in Figure 9-3. <ksp> for polymerization of 20 wt.% of NVP is
about 4 times higher than for the bulk system. The acceleration is slightly more pronounced
compared to solution polymerizations of MAA and MMA and may be explained by the higher
mobility of the macroradical chain ends in dilute aqueous solution which facilitates
termination via the segmental diffusion mechanism. This argumentation is similar to the
explanation for the acceleration of k, toward lower cnyp (see Chapter 7.1). <ksp> is almost
identical for polymerizations of 80 wt.% of NVP in D,O and NVP in bulk. However, the
decrease of <ksp> toward very high monomer contents has to level off, as linear extrapolation
of the <ksp> data from low cnyp would yield negative termination rate coefficients.

Plotted in Figure 9-4 are the <k> values for polymerizations of 40, 60 and 80 wt.% of NVP in
D,0 and for polymerization of NVP in bulk at 40 °C and 2000 bar. The lines represent fits of
the experimental data to Eq. (8-6). The conversion dependence at an initial monomer content
of 20 wt.% was not evaluated by Eq. (8-6), as <k does not significantly change within the
experimentally accessible conversion interval. The entire <k data set for 20 wt.% of NVP in
D,O is adequately described by an average termination rate coefficient of

(3.1£0.1)10" L'mol s\, For polymerizations of 40 wt.% NVP in D,O the reaction
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diffusion constant Crp was not adjusted as the RD controlled conversion regime was

obviously not reached.
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Figure 9-3: Variation of the arithmetic mean <k> value in the low conversion plateau range,

<ksp>, with initial monomer weight fraction for polymerizations of NVP in D,O and in bulk
at 40 °C and 2000 bar.
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Figure 9-4: Conversion dependence of <k> for NVP polymerizations in D,O and in bulk at
40 °C, 2000 bar and different initial monomer concentrations (indicated in the figure). The

lines are fits of the experimental data to Eq. (8-6). The associated parameter values are listed
in Table 9-1.
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It turned out that the <k> vs. X dependencies could not be adequately represented by
krp’ =10’ L-mol"s™" as has been used with MAA in Chapter 8.2. A significantly lower value
of 2:10° L-mol"-s™" was chosen in order to adequately describe the experimental data. The
origin of this difference is not yet clear. krp’ results from back extrapolation to zero
conversion of the TD-controlled regime where polymer and macroradical chains are
overlapping. Thus, krp’ cannot be simply related to solution viscosity at X=0 and
macroradical size as is implied by Egs. (3-19) and (3-20). Actually, the termination
mechanism in the TD controlled conversion range is not well understood until now and object
of current investigations.!'**'*

The parameter values obtained from fitting the experimental data in Figure 9-4 to Eq. (8-6)
are listed in Table 9-1. As outlined above, there is a weak increase of ksp toward lower
concentration of NVP in water. A pronounced RD controlled regime is only observed within
the 80 wt.% data (see Figure 9-4) for which high monomer-to-polymer conversions and, more
importantly, also high polymer contents were reached. Thus, the associated Crp value of 91 is
more reliable than the results for the 60 wt.% and 100 wt.% systems as is indicated by the
error margins. The reaction diffusion constant for 80 wt.% of NVP is in the same range, i.e.
between 50 and 100, as has been observed for MAA (see Table 8-1) and MMAP™
polymerization at 2000 bar. An increase of Crp toward lower monomer concentration in
water was seen for MAA and AMPS!"**]. Such a clear trend cannot be observed with the NVP
data which may be due the above-mentioned low sensitivities of the experimental <k> vs. X
dependencies toward Crp. Of particular interest is the dependence of C,, on initial monomer
concentration as discussed in Chapter 8.2 for aqueous solution polymerizations of MAA. C,
is about 15 for NVP bulk polymerization, which is well below C,, = 35 extrapolated for the
MAA bulk system (see Chapter 8.2). This observation may be mainly due to the absence of an
a-methyl group in NVP, as acrylic acid esters usually exhibit much weaker variations of k;
with conversion than the associated methacrylates.!"” Moreover, NVP is solely a hydrogen-

28291 whereas the carboxylic acid group of MAA acts as both, donor and

bond acceptor!
acceptor. The C,, value for MMA bulk polymerization of 21P% is much closer to the one for
NVP bulk polymerization. Strong influences of ester chain length on the extent of the k;
decrease in the TD-controlled regime have been observed for acrylate- and methacrylate-type
monomers. A long side chain acts as an internal solvent for the polymer backbone. Thus,
pronounced decelerations of k; with conversion are observed for MA and MMA whereas for

[

DA and DMA only minor variations are seen.”****"*! However, it needs to be stressed that
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the C, data for NVP should not be overinterpreted as C, and kTDO are to some extent
correlated quantities (see discussion to Table 8-1) reducing the accuracy and comparability of
the results. Moreover, the magnitude of C, strongly depends on the MWD of the background
polymer. Relatively small C,, values may be found when low molecular weight material is

formed during the polymerization process.

Table 9-1: Model parameters used for fitting the experimental data in Figure 9-4 to Eq. (8-6).
The parameter values refer to NVP polymerization at 40 °C and 2000 bar.

Wavp 0.4 0.6 0.8 1.0

ksp/Lmol's' (26+0.1)-10" (1.3+0.1):10° (6.8+0.2)-10° (7.3+0.3)-10°

Cy 2.5+0.5 8.5+0.5 126+0.3 14.9 + 0.4
k% /L-mol s 2.0-10° 2.0-10° 2.0-10° 2.0-10°
Crop 0 200 + 44 91+6 166 + 29

The dependence of the C,, values on initial NVP weight fraction in D,O (see Table 9-1) is
depicted in Figure 9-5. In agreement with the studies on MMA and MAA solution
polymerizations, a pronounced decrease of C, toward lower monomer concentration is
observed. C, is assumed to approach zero for infinite monomer dilution as detailed in
Chapter 8.2. The data at initial monomer concentrations of and above 60 wt.% in D,0O are
well represented by a linear fit through the origin as illustrated by the dashed line in
Figure 9-5. Such direct proportionality between C;, and initial monomer content has already
been assumed for deriving the generalized k; correlation for MAA (Eq. (8-8)). However, C,
for wavp = 0.4 significantly deviates from the full line in Figure 9-5. This discrepancy
indicates a sigmoidal decrease of C, toward increasing solvent content as illustrated by the

full line which represents a fit to the C,, data according to Eq. (9-3).

G, (ngp): eXp(A + B Wy +C- (WI?IVP)Z +D- (W§VP)3) (9-3)

The resulting parameter values are A =—6.438, B =29.59, C =-33.03, D = 12.59.
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In fact, recent studies into chemically initiated polymerizations of non-ionized MAA at
monomer concentrations of 30 to 10 wt.% in water revealed that the <k> vs. X profile is

almost independent of wya” at those rather low monomer contents and, consequently, Cyis
[277]

constant.

16
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0
0.0
0
WNVP

Figure 9-5: Dependence of the viscosity parameter C,, (see Eq. (8-7)) on initial NVP weight
fraction for polymerizations of NVP in bulk and solution of D,O at 40 °C and 2000 bar. The
associated values are contained in Table 9-1. The dashed line represents a linear fit to the C,
values for wnyp’ of 0.6 to 1 whereas the full line was obtained from regression of the entire
C,, data (see Eq. (9-3)). In both cases, the fit was imposed to pass the origin.

The proportionality between C,, and wNVpO for high WNVPO indicates that the <k> dependencies
for different initial monomer concentrations should converge when plotted against the weight
fraction of polymer which is produced by monomer conversion, wyoynve). However, the <k>
VS. Wpolynvp) data shown in Figure 9-6 are not overlapping in contrast to the corresponding
values for MAA depicted in Figure 8-5. This discrepancy is caused by the relatively strong
dependence of <ksp> on wnyp'. However, an almost perfect match of the <k data is obtained
when plotting reduced termination rate coefficients, i.e. <ke>/<ksp™>, against wyoynvp) as 18
shown in Figure 9-7. The close overlap indicates that a generalized <k correlation may be
used to describe the entire set of termination rate coefficients contained in Figure 9-2. The
associated correlation (Eq. (9-4)) is analogous to Eq. (8-8) however a dependence of ksp on

WNVPO according to the data in Table 9-1 has to be implemented.
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Figure 9-6: Dependence of the <k> on weight fraction of polymer, wpoynvp), for NVP
polymerizations in D,O and in bulk at 40 °C, 2000 bar and different initial monomer
concentrations (indicated in the figure).
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Figure 9-7: Dependence of the reduced termination rate coefficient, <k>/<ksp>, on weight
fraction of polymer, wpoynvpe), for NVP polymerizations in D,O and in bulk at 40 °C,
2000 bar and different initial monomer concentrations (indicated in the figure).
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Within Eq. (9-4), k, changes with WNVPO and X according to Eq. (9-2) and kTDO 1S constant at a
value of 2:10% L-mol™'-s™!. As the variation of Crp in Table 9-1 follows no systematic trend, a
constant CRD* of 100 is used. Cn* =15 is determined from the data for wxyp® of 0.6, 0.8 and
1.0. The change in kSD(wvao) as contained in Table 9-1 was fitted to a second order

polynomial:
gy (W0p )= 6.27-107 =1.23-10° - wlhyp +6.75-107 - (S | (9-5)

Figure 9-8A illustrates the good representation of the experimental <k> vs. X data for high
wnve. by Eq. (9-4) with the parameters given above. However, pronounced discrepancies are
seen for wNVp0=0.4, as in this case the actual C, strongly deviates from Cn*-wvao (see
Figure 9-5). An adequate representation of the entire <k is obtained when Cn*'WNVPO n
Eq. (9-4) is replaced by Eq. (9-3) which has been used for non-linear fitting of the C, values
in Figure 9-5. The good representation of the entire <k> collected in this work by Egs. (9-3)
to (9-5) is shown in Figure 9-8B.

The generalized &, and <k correlations given in Eqgs. (8-5) and (8-8) for MAA as well as
(9-2) and (9-4) for NVP are valuable modeling tools as they allow for easy estimation of
kinetic coefficients within the corresponding ranges of validity. Moreover, Egs. (8-8)
and (9-4) are based on a meaningful physical model. These correlations thus not only allow
for estimating <k> by interpolation but may also give reasonable results for extrapolation
beyond the experimentally covered range. This is the major advantage compared to empirical
surface functions which may better match the experimental <k> data however at the expense
of predictive power.

In industry, the radical polymerization of NVP is carried out under ambient pressure
conditions as the costs of using high pressure cannot be compensated by the increase in
turnover rate. Thus, knowledge of the activation volume of <k> is required for modeling
industrial processes. The pressure dependence of the coupled parameter <ksp>/k, for bulk
polymerization of NVP at 40 °C is depicted in Figure 9-9. Mean values of <k>/k, values for
the low-conversion plateau range of each SP-PLP-NIR measurement are given as circles.
Though the experimental data shows pronounced scatter, especially for the lower pressures,

the corresponding averages are highly reproducible.
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Figure 9-8: Dependence of <k on fractional conversion, X, for NVP polymerizations in D,O
and in bulk at 40 °C, 2000 bar and initial monomer concentrations as indicated in the figure.
The lines are representations of the experimental data via Eq. (9-4). The associated parameter
values are listed in the text.

The log(<ksp>/k,) vs. p data are well represented by a linear fit providing an activation
volume of AV+(<kSD>/kp) =25.9 cm>mol™". The k, data for NVP bulk polymerization is so
far limited to pressures of 1 and 2000 bar from which AV+(kp)=—11.3 cm’mol ™ is
estimated. This value is in the same activation volume range as measured during
polymerization of styrene, vinyl esters and acrylic acid esters.!®!
AV+(<kSD>) =14.6 cm*>mol™" is obtained from combination of AV+(<kSD>/kp) and AV+(kp).

The result for AV+(<kSD>) of NVP is close to previously determined activation volumes of

styrene (14 cm’mol™), BA (16 cm®mol™") and MMA (15 cm’mol™).!'" It goes without
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saying that the individual activation volumes are attributed by relatively high error margins as
they are based on k;, data for only 2 pressures. Moreover, AV+(kp) and AV+(<kSD>) may vary
with initial NVP content in aqueous solution. The pressure dependence of <ksp> was,
however, not studied for polymerizations of NVP in dilute solution due to the low signal-to-

noise quality at low p.
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Figure 9-9: Pressure dependence of the coupled parameter, <ksp>/k,, for bulk
polymerization of NVP at 40 °C.
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10 Midchain Radicals in Acrylate Polymerization

The influence of midchain radical formation on the polymerization kinetics, especially of
acrylate-type monomers, is currently a topic of eminent scientific interest as is evident from
the numerous studies published during recent years. A short introduction into this topic has
already been provided within the Theoretical Background section (see Chapter 3.2.3).

In this chapter, the impact of midchain radical formation on stationary, pseudo-stationary and
instationary polymerization will be detailed. Special emphasis will be devoted to the influence
of MCR build-up on the methods for &, and k; determination.

The studies into the influence of MCR build-up on the kinetics of pseudo-stationary
polymerization were partially carried out in cooperation with Prof. Robin A. Hutchinson and

Dr. Anatoly N. Nikitin. Aspects of this work already appeared in refs.”>**!

10.1 Acrylate polymerization scheme and basic Kkinetic equations

The basic mechanistic model of acrylate polymerization at temperatures below 80 °C is given
in Scheme 10-1. As the model is used to analyze low-conversion kinetic data, intermolecular
chain transfer-to-polymer is not included, nor is B-scission of tertiary radicals since the
mechanism has been found to be of negligible importance in this temperature regime.[**°!
The different reactivity of midchain (R;") and chain-end (R;%) radicals toward propagation and
termination is explicitly considered, and termination is assumed to take place exclusively by
combination.

As two types of radicals occur within acrylate polymerization, the differential rate law given

in Eq. (3-5) has to be subdivided into the individual SPR and MCR contributions:

dc
SPR _ t t
=V +kp “Cyp  Cper +ktr,M “Cym " Cmer

d (10-1)

ss 2 st
-2k, '(CSPR) —2-k; - Copp * Cper —Kop * Cspr

deyier

= kyy " Copr

de (10-2)

st tt 2 t t
=2k - Cpr - Cpicr — 27Ky '(CMCR) _kp “Cy Crcr — Ko Ont * COnicr
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Initial propagation step R,+M >R (1)
Propagation R +M SN RY, (i1)
Backbiting R; —f 3R! (iii)
Addition to midchain radical R!+M—2 R}, (+SCB) (iv)
Chain transfer-to-monomer R} +M LN P. +R] v)
R!+M —f2 5P 4 RS (vi)
Termination by combination R} +R] —5 5P, i (vii)
R{+R! 5P, (viii)
R{+R! —5 P (ix)

Scheme 10-1: Acrylate polymerization scheme for low monomer-to-polymer conversions
and temperatures below 80 °C.

The initiation rate, vi, equals 2-kq:f-c1 for chemically induced polymerizations. Including SPR-
MCR termination with the term 2-k*cspr-cmcr in Egs. (10-1) and (10-2) is not straight
forward. This notation has was chosen to provide comparability with the work of Nikitin and

Hutchinson. The change in overall radical concentration, i.e. of dcspr/d? + demcr/de, is given

by:

dcy
dt

=V —2-k’ '(CSPR =4k o cuer =2k (e ] (10-3)
As cr =cmcr t+ Cspr, XMCR = cMcr / (espr T emcr), and xspr = (1 —xmcr), Eq. (10-3) may be
transformed to:

dcy
dr

=v,—2- (CR )2 ) (ktss ) (1 _xMCR)z +h 2 (1 _xMCR)'xlvlcR"'kttt : (xMCR)z) (10-4)

This relation shows strong analogy to the differential rate law in Eq. (3-5). The termination
rate coefficient in acrylate polymerization may consequently be expressed in terms of an
effective k value (k™) which is weighted over the fractions of the reacting radical species

according to:
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ket =k '(1 ~XMcr )2 +h -2 (l _xMCR)'xMCR+ktu '(XMCR )2 (10-5)

Strictly speaking, the propagation rate coefficient should be expressed in an analogous

manner by:
k;ff = k; ' (1 ~XMmcr ) + k; “XMcr (10-6)

However, the second addend on the right hand side of Eq. (10-6) may be neglected in case of
ky® >> kpt and xycr being well below unity. The obtained result has already been derived

mathematically in Chapter 3.2.3 (see Eq. (3-18)).

10.2 Impact of midchain radical formation on the Kinetics of stationary

polymerization

A comprehensive description of stationary acrylate polymerization kinetics is contained in the
work of Nikitin and Hutchinson.”®>" This chapter briefly presents this topic in an intuitively
understandable way.

In a stationary radical polymerization, the rate of radical formation by initiation equals the
rate of radical loss by termination. Under such conditions, the rate of polymerization
(compare with Eq. (3-10)) may be expressed in terms of effective propagation and termination

rate coefficients according to:

dC keff
Ry=——"t=cy =" ki (10-7)

dr k"

The midchain radical fraction required for calculating /’cpeff and k" from Egs. (10-5) and
(10-6) may be estimated by Eq. (3-14), assuming dcmcr/d? =0, i.e. MCR concentration
reaches stationarity. Upon additionally including transfer-to-monomer reactions, the relation

reads:

Ky,
x =
e krt “Cm +kt[r,M Cy t 2'ktn “Cyer T Z’ktSt “Copr Ky, (10-8)
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Due to the two monomer-concentration dependent terms in the denominator of Eq. (10-8),
Xmcr increases toward lower cy. This introduces an inherent dependence of &, and 4" on
monomer concentration and thus on conversion as far as the individual k, and 4 values,
respectively, are not identical.

Significant simplifications are possible when the so-called long-chain hypothesis holds true,
1.e. that it is much more probable for an MCR to add to a monomer molecule than to terminate

or undergo transfer reactions:
t t t st
kp'CM >> ktr,M O+ 20k oyer T2k O (10-9)

Combination of Eq. (10-8) and inequality (10-9) yields:

I Ky,
MR T ey ko, (10-10)

p

Under the assumption that 4™ is the geometric mean of k™ and k", i.e. k™= (k" k")’ the

following expression for & is obtained from Eq. (10-5):
\/kteff =k '(l_xMCR)+ k' Xyer (10-11)

Implementing Egs. (3-18), (10-10), and (10-11) into Eq. (10-7) yields:

Jie &

[28

de k, c
Rp:_d_;vl:CM'—p'\/f'kd'cl' \/% f (10-12)
K

ss
kt
Cy T+

a relation previously derived by Nikitin and Hutchinson.””™ Eq. (10-12) illustrates the kinetic
origin behind the experimental observation of reaction orders in monomer concentration
exceeding unity in stationary acrylate polymerization (with the upper boundary value of two
reached for (k'Y/ke®)">-(kw/k,) >> cn). Nikitin and Hutchinson also derived more general
expressions removing e.g. the restrictions in terms of the mathematical relation between the
individual k values. Those relations were used to estimate k™, k™, and k" values from R, data

measured at different concentrations of BA in benzene !
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10.3 Impact of midchain radical formation on the Kinetics of pseudo-

stationary polymerization

The PLP-SEC technique introduced in Chapter 5.1 is a powerful experimental method for
determination of the propagation rate coefficient k,. Within this technique, a pseudo-
stationary radical concentration is produced by laser pulsing on the reaction solutions at
constant LPRR, f;. Significant difficulties arise when PLP-SEC is applied to acrylate-type
monomers at temperatures above 20 °C and LPRRs of and below 100 Hz. At such conditions
no or only broadened PLP structures are obtained.!'>¢7-%1421731847193] Thiq broadening has
been attributed to the action of intramolecular transfer to polymer.!'*>>>%7]

The influence of MCR formation on the MWDs of polymer produced by PLP has been

studied via PREDICI simulations on the basis of the reaction steps collected in Scheme 10-1.

The frequency factors and activation energies of the corresponding rate coefficients for BA

are listed in Table 10-1.

Table 10-1: Arrhenius parameters of the rate coefficients used for simulation of BA
polymerization

pre-exponential factor activation energy

L'mol™s ors™ kJ-mol™ references
kS 2.21-10 17.9 [13]
Ko 4.84-10 31.7 this work
k. 1.52:10° 28.9 this work
kS 2.9-10° 32.6 [278]
ks 6.70-10° 5.6 [16], [51]
K 1.37-10° 5.6 this work, [16], [51]
k" 9.0-10° 5.6 this work, [16], [51]

ki 2.0-10° 46.1 [56],[278]
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The complexity of chain-length-dependent termination is not considered, as it should have
negligible effect on the position and breadth of the main MWD peak which is controlled by
termination of radicals with lifetime #, by newly generated short-chain radicals. The Arrhenius
parameters for the rate coefficients of backbiting and monomer addition to midchain radical
are determined in this work by means of PLP-SEC measurements, as presented in Chapter 11.
The activation energies for the termination rate coefficients &>, &, and k" are chosen to be

the same as in ref.'®

, and the pre-exponential factors are calculated from the lumped rate
coefficients 2-k% (k") 2, 01 = 2-(k k™) (kun/ky)), and 0, = (k/ki™)-(kuw/ky) reported in ref.>!]

from analysis of stationary R, data at 50 °C.

100 Hz

w(log M)
d[w(log M)]/ d(log M)

w(log M)
d[w(log M)]/ d(log M)
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Figure 10-1: Simulated MWDs (left) and associated first-derivative curves (right) for PLP of
BA in bulk at 0 °C, cg” = 5-10"° mol-L ™", and different laser pulse repetition rates (indicated in
the figures). The dashed lines are for log M = 5. The vertical dotted lines have been estimated
according to Eq. (5-1) with k,’ from Table 10-1. Additional SEC broadening has not been
introduced. Rate coefficients for modeling are either identical or close to the ones collated in
Table 10-1.

Figure 10-1 presents simulated MWDs (l.h.s) and their associated first-derivative curves
(r.h.s.) for PLP of BA in bulk at 0 °C and different LPRRs. The rate coefficients used for
modeling are either identical to the literature values or close to the final values being
determined in the thesis in hand (see Table 10-1). Slight discrepancies are, however, not of
concern, as only general trends are discussed with Figure 10-1. Additional SEC broadening
was not introduced to allow for clear detection of the effects examined below.

For 100 Hz, a perfectly PLP-structured MWD is obtained, as is indicted by the three maxima
in the associated first-derivative curve. Thus, the important consistency criterion for £k,
evaluation is fulfilled."® The position of the first POI is close to the log M value estimated
according to Eq. (5-1) with k,’ from Table 10-1 (indicated by the vertical dotted line). Hence,
the first maximum in the derivative curve of the MWD seems characteristic for propagation of
SPRs with chain growth not being affected by MCR formation. At a lower LPRR of 49 Hz,
the position of the narrow peak in the MWD is shifted to higher molecular weight as expected
from Eq. (5-1). However, more material evolves on the low molecular weight side of the PLP

peak. The intensities of the overtones decrease and only one overtone maximum is observed
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in the first-derivative curve of the MWD. The distribution simulated for a LPRR of 31 Hz
shows that the narrow PLP peak, though decreasing in intensity, still provides precise access
to k,". As inspection of the first-derivative curve tells, there is no longer clear evidence of an
overtone maximum on the high molecular weight side of the narrow PLP peak to prove
consistency. However an additional broad maximum evolves on the low-molecular-weight
side. This maximum is due to the high amount of PLP-controlled polymer chains which
underwent backbiting and eventually re-initiation reactions, i.e. monomer addition to a MCR,
during dark time. The backbiting step itself may happen at any time between two laser pulses
and the resulting MCR formation decelerates chain growth as k,' is lower than k,’. Thus, the
emerging maximum in the first-derivative curve is broad and of lower molecular weight than
the narrow one being characteristic for &,". At a LPRR of 19 Hz, the MWD peak for SPR
propagation is of very small intensity and disappears toward even higher pulse-separation
times. The broad maximum at low molecular weight in the first-derivative curve is, however,
well pronounced. Inspection of the simulations for 10 and 5 Hz tells that the position of the
broad maximum shifts to higher molecular weights as LPRR is decreased. This shows that
molecular weight is controlled by laser pulsing even though the distributions are significantly
broadened not fulfilling the overtone criterion. However, such distributions must not be
considered meaningless as they contain valuable information about the transfer kinetics.
Finally, it is to be mentioned that the very broad maximum in the first-derivative curve of the
MWD simulated for 5 Hz is due to the high termination probability of radical chains in the
dark time period at low LPRRs. Hence, the position of this maximum is not controlled by
laser pulsing and k;, values must not be evaluated from such peak.

Careful analysis of an entire set of MWDs obtained from PLP of acrylate-type monomers at
different LPRRs is required to correctly assign the observed maxima in the first-derivative
curves. At intermediate LPRRs (see Figure 10-1, 31 Hz and 19 Hz) two k;, values may be
estimated from one single MWD. Whereas the narrow peak allows for estimating k,’, the
broad one at lower molecular weight provides access to an apparent &, value (k,"™") being
affected by transfer reaction. In their pioneering theoretical study, Nikitin et al.l>”! simulated
MWDs from PLP of BA at 20 °C and different LPRRs. They observed similar trends as
discussed above, i.e. a significant broadening of the MWD toward lower LPRR but without
loss of chain-length control by laser pulsing. However, no situations were mentioned in their

work where two k, values, k,’ and a lower £,"*", were evaluated from one MWD. This may be
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due to the choice of kinetic parameters (see Chapter 11) and the introduction of SEC
broadening.
The resulting dependency of £, on LPRR is depicted in Figure 10-2 (values taken from
ref.”*!). The k,"" values show a sigmoidal decrease toward lower LPRRs. For high LPRRs,
k,® is asymptotically reached as is to be expected from the discussion to Figure 10-1. A
pronounced drop of k,"" sets in at a LPRR of about 100 Hz. The limiting value approached
for low LPRRs is k,"".
In PLP, SPRs are formed by monomer addition to initiator-derived radicals shortly after laser
pulse application. Such SPR has an average lifetime of zgpr until it undergoes backbiting:
1
Tspr T (10-13)

bb

The lifetime of the thereby formed MCR is

1

Tyer =———
MCR t
k,-cy

(10-14)

until it is re-transformed into a SPR by monomer addition. The average number of backbiting

and re-initiation cycles during one dark-time period, n, is thus:"*"

1
nc=[i+ L (10-15)

-1
1 =
ky, Ky Cy } T (TSPR + TMCR)

The n. values calculated on the basis of the 4y, and kpt values given in ref.>> are plotted
together with &, in Figure 10-2 (full line). Comparison of n. and k,""" shows that for LPRRs
of 30 Hz and below, for which k," is close to k,°", the average number of backbiting and re-
initiation cycles is 3.5 and above. Consequently, sufficient frequency is reached that the k,""
value accounts for the slow-down of chain growth due to formation of the poorly propagating
MCRs. At the LPRR value where the pronounced drop of &, sets in (100 Hz), . is around
unity. Such value is insufficient to provide a reasonable estimate of kpeff as a big fraction of
the chains which form the broad PLP peak did not undergo MCR propagation so far.

The situation shown in Figure 10-2 opens up the possibility to estimate k," and kpEff values

from experimental dependencies of k,"* on LPRR. Moreover, implementation of &,° and k,*"

into Eq. (3-18) provides access to xycr. Provided that &y, is known, kpt may then be estimated
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from Eq. (10-10). PLP-controlled peaks are corresponding to radicals which are formed by
laser pulse initiation, survived the dark time period(s) and are terminated by a burst of new
radicals generated at a subsequent laser pulse. Radicals which terminate during the pulse-
separation time or which are formed by intermolecular transfer reactions only occur as
background polymer below the actual PLP peak. Thus, description of xpmcr by Eq. (10-10) 1s
valid for kpeff from PLP-SEC experiments as the long-chain hypothesis cannot be violated by

termination or intermolecular transfer reactions.
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Figure 10-2: Dependence of the apparent propagation rate coefficient on LPRR determined
from simulated MWDs for PLP of BA at 20 °C as reported in ref.”>! Horizontal dashed lines
indicate the &, and k,"" values. The full line indicates the associated average number of
backbiting and re-initiation cycles during one dark time period determined from Eq. (10-15).

PLP-SEC experiments under wide variation of LPRR are strongly recommended as they
contain valuable kinetic information. This approach has been experimentally explored by
Castignolles”®” for BA polymerization initiated by pulsed UV lamp radiation at 15 °C, under

1

which conditions k" was estimated to be about 4800 L-mol'-s™". PP

However, the k,
variation with LPRR was found to be not reproducible, as the pulse energy of the lamp was
not well stabilized. Thus Castignolles recommended application of the PLP technique. PLP-
SEC experiments under wide variation of LPRRs are detailed in Chapter 11 for BA and in
Chapter 13 for AA polymerization.
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As detailed above, MCR formation has been identified as the origin of the loss in PLP
structuring for MWDs obtained from PLP of acrylate-type monomers at elevated
temperatures. However, the dependence of the extent of peak broadening on ky, and &, has
not been properly described so far. Nikitin et al.”> pointed out that weakly PLP-structured
MWDs may be obtained from PLP at low LPRRs (providing access to kpeff) when monomer
addition to the MCR is fast. However, simulations with the parameter set collated in
Table 10-1 do not show formation of an overtone for PLP of BA at 20 °C and low LPRRs. A
particularly useful quantity for describing the effect of peak broadening during PLP of

acrylate monomers is 7.
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Figure 10-3: Simulated MWDs (left, black lines) and associated first-derivative curves (left,
grey lines) for PLP of BA in bulk at 50 °C, a LPRR of 50 Hz, 50 pulses, a primary radical
concentration of 1:10° mol-L™", and different numbers of backbiting and re-initiation cycles
during one dark-time period (indicated in the Figures). Other rate coefficients are chosen
according to Table 10-1 (ky, and k,' are varied). The vertical dashed and dotted lines have
been estimated according to Eq. (5-1) with k,° and k,°", respectively. The &, values were
determined from Eq. (10-6) in combination with Eq. (10-10). On the right hand side, the SPR
(black lines) and MCR (grey lines) MWDs at 0.02 s after application of the last laser pulse are
shown. Additional SEC broadening has not been introduced.

The left hand side of Figure 10-3 depicts simulated MWDs (black lines) and the associated
first-derivative curves (grey lines) for PLP of BA in bulk at 50 °C, a LPRR of 50 Hz, and
different magnitudes of ». (for details see caption to Figure 10-3). The right hand side of the
figure shows SPR (black lines) and MCR (grey lines) MWDs at 0.02 s after application of the
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last laser pulse. The rate coefficients for modeling are chosen according to Table 10-1 with Ay
and k,' being systematically varied. A n. value of zero denotes the situation of kyw, = 0 where
no MCRs are formed and k,° equals k,°". In such case a PLP-structured MWD is obtained as
is indicated by the three supporting overtones in the first-derivative curve. The MWD of the
SPRs at 0.02 s after the last laser pulse shows 4 narrow and well separated peaks which
correspond to macroradicals which started chain growth 0.02, 0.04, 0.06, and 0.08 s (¢, 2%,
310, 4:19) ago. A well structured MWD is obtained from termination of such narrowly

*T) as is indicated by the

distributed SPR peaks with small radicals providing access to &, (= k;
vertical dashed line on the left hand side of the figure. With the normal Ay, and kpt values of
Table 10-1, n. of about 2.8 results from Eq. (10-15). The corresponding MWD is broad and
structureless as is the associated first-derivative curve. Such shape is in agreement with
experimental experience for PLP-SEC under such conditions. The point of inflection is

*f (dotted line) being estimated

neither providing direct access to k, (dashed line) nor to &,
according to Eq. (10-6) in combination with Eq. (10-10). The MCR and SPR distributions
only show a weak shoulder being insufficient for producing a PLP-structured MWD. From
the integrals over the simulated MWDs of the secondary and tertiary radicals, xycr = 0.62 can
be estimated matching the value determined by Eq. (10-10). When both, ky, and k', are
increased by a factor of 10, n, is also raised by one order of magnitude to 28. However, xycr
stays the same as the rates of MCR formation by backbiting and MCR loss by monomer
addition are increased to the same extent. The constancy of xymcr is also reflected by the
integrals over the SPR and MCR distributions in Figure 10-3. Furthermore, kpeff is only
slightly increased compared to the case of n. = 2.8 as monomer addition to tertiary radicals is
still rather slow compared to SPR propagation. However, what has been changed is the back
and forth transformation velocity in the dynamic equilibrium between the SPR and MCR
species. The MCR is thus a relatively short lived species which, although being formed at
high rate, rapidly adds to a monomer. Chain growth between initiating and terminating pulses
by SPR propagation is therefore only shortly interrupted in a frequent and periodical way by
backbiting and re-initiation steps. This induces sufficient statistic frequency into the
backbiting and monomer addition cycles during the dark time period(s) to produce narrow and
thus structured SPR and MCR distributions. The 4, value obtained from the associated MWD
is consequently close to kpeff as overlap of the dotted line with the first POI illustrates. The
SPR and MCR distributions are similarly narrow as for the case without MCR formation

when n. is further raised to about 280 representing a polymerization to highly short-chain-
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branched polymer. Even 5 maxima are observed in the first-derivative curve of the MWD
being more than for n,=0. This results from the smaller termination reactivity of MCRs
compared to SPRs which decreases termination probability between macroradicals and short
initiator-derived radicals being formed by laser pulsing. Consequently, it is more likely for a
macroradical to pass several laser pulses before termination which generates high overtone
numbers. Even for such extremely increased k,' value used for simulating the last pair of
figures, propagation of SPRs is about tenfold faster than propagation of MCRs and the error
off

of expressing k,

about 15 %.

by Eq. (3-18) rather than the using correct expression (Eq. (10-6)) is only

The preceeding discussion illustrates that there are two strategies for obtaining structured
MWDs from PLP of acrylate-type monomers.

(i) The typically applied approach is to suppress MCR formation in the dark time period(s) by
using high LPRRs and low temperatures. The probability of a SPR chain to escape backbiting
during a time interval 7 can be derived from the corresponding integrated first order rate law.

Cspr (t) _ .
co (1= 0) =expl—hy 1) (10-16)

Eq. (10-16) is based upon the neglect of termination reactions and SPR formation by MCR
propagation or transfer-to-monomer of tertiary radicals. In principle, those prerequisites
strongly restrict the applicability of Eq. (10-16). When cspr(# =0) 1s the primary radical
concentration formed by laser-pulse initiation (cg’), cspr(f) describes the residual
concentration of growing macroradicals at time ¢ after the initiating laser pulse which escaped
backbiting reactions, cspr’. Assuming that both, SPRs and MCRs, are affected to the same
extent by termination, the fraction of radicals which survived one pulse-separation time

without undergoing backbiting compared to the overall radical concentration after 7, cr’", is

thus given by:
Copr | k
= =exp(=ky, 1) = exp| == (10-17)
Cr S

PLP-SEC experiments of BA at 0 °C and a LPRR of 100 Hz typically yield PLP-structured
MWDs allowing for k,’ estimation."” According to Eq. (10-17), 66 % of the radicals pass 7
without suffering to backbiting; 44 % and 28 % even pass 2:#, and 3+, respectively, without

undergoing intramolecular transfer. Such high fractions of SPRs are sufficient to allow for
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forming a PLP structure on top of a background of non-PLP-controlled polymer and chains
which suffered to backbiting. When increasing temperature to 50 °C, cspr’ / cr”" drops to 2.6
and 0.07 % after 7 and 27, respectively, which is obviously to low to be detected within the
MWD.

(ii) Another approach for obtaining PLP-structured MWDs 1is to select experimental
conditions which facilitate backbiting and monomer addition to the MCR during #y; a strategy
which, to the best of my knowledge, has not been suggested so far. Toward increasing
temperature, kyb, and k,' grow significantly due to their relatively high activation energies. The
n. value may be furthermore increased by selecting low LPRRs.

Systematic simulations were carried to identify experimental conditions being suitable for
testing approach (if).

Figure 10-4 shows simulated MWDs (left) and their associated first-derivative curves (right)
for PLP of BA at 100 °C, a primary radical concentrations of 10° mol-L™', and 9 pulses being
applied with different LPRRs (indicated in the figure). The average molecular weight
increases toward higher pulse-separation times indicating chain-length control by laser
pulsing; the MWDs and first-derivative curves are, however, rather broad and structureless.
The first POI for 50 and 20 Hz is well representing kpleff (see captions to Figure 10-4) as
overlap of the maxima in the first-derivative curves with the corresponding vertical lines
shows (see caption to Figure 10-4). The kpeff value estimated from the MWD simulated for
100 Hz would, however, be by a factor of 1.6 to high. The discrepancy may be overcome by
using higher primary radical concentrations and thus selecting so-called high-termination-
limit conditions.”™" At a ¢g” value of 10~ mol'L™", a good representation of the molecular
weight at the first POI in the MWD simulated for a LPRR of 100 Hz by kpeff is achieved
which is, however, on cost of the possibility to obtain the desired overtones (not shown for the
purpose of thesis length).

The SPR and MCR distributions at time 7 after the last laser pulse (not depicted) only show
slight structuring being insufficient to provoke PLP structures in the MWDs in Figure 10-4
though the corresponding 7. values are 6, 12, and 30 for the LPRRs of 100, 50, and 20 Hz,
respectively. The increasing importance of transfer-to-monomer reactions is most likely an

important factor contributing to additional broadening at high temperatures.
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Figure 10-4: Simulated MWDs (left) and associated first-derivative curves (right) for PLP of
BA in bulk at 100 °C, 9 pulses, a primary radical concentration of 1-10°® mol-L™", and
different LPRRs (indicated in the figure). Rate coefficients are chosen according to
Table 10-1. The vertical lines have been estimated according to Eq. (5-1) with kpfo
determined from Eq. (10-6) in combination with Eq. (10-10).

Depicted in Figure 10-5 are simulated MWDs and associated first-derivative curves (left) for
PLP of BA at 120 °C, an LPRR of 50 Hz, 19 pulses, and a primary radical concentration of
10° mol-L™". The upper figure (A) was simulated using the full kinetic scheme and figure B
was modeled upon the neglect of transfer-to-monomer reactions. The MWD in figure A is
broad and only a weak shoulder occurs at the high molecular weight side of the maximum in
the derivative curve. However, the MWD shown in figure B is PLP-structured as indicated by
the two POIs which appear as maxima in the first derivative curve. Inspection of the SPR and
MCR distributions at 0.02 s after application of the last laser pulse (see right hand side of
Figure 10-5) tells that two (figure A) or even three (figure B) maxima can be observed
corresponding to growth times of #y, 2-#y, and 31, respectively. However, the individual peaks
are broad and overlap to high extent. Nevertheless, the basis for obtaining PLP-structured
MWDs is significantly improved compared to the polymerization at 50 °C under otherwise
identical conditions (see Figure 10-3, n.=2.8). This indicates that at least the concept of
approach (ii) is valid though PLP-structured MWDs are probably not easily obtained from
experiments at high temperatures due to transfer-to-monomer reactions. Moreover, side

reactions which are not captured by the kinetic scheme used for simulating the MWDs in
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Figure 10-5 (B-scission of MCRs or self initiation reactions) may additionally hamper PLP-

SEC experiments at high temperatures.
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Figure 10-5: Simulated MWDs and their associated first-derivative curves (left) for PLP of
BA in bulk at 120 °C, a LPRR of 50 Hz, 19 pulses, and a primary radical concentration
of 110 mol'L™". Rate coefficients are chosen according to Table 10-1. Figure A was
simulated with the full kinetic scheme whereas in figure B transfer-to-monomer was
neglected. Shown on the right hand side are the corresponding MCR and SPR distributions at
0.02 s after application of the last laser pulse.

Figure 10-6 shows an experimental MWD (black line) and the associated first-derivative
curve (grey line) obtained from PLP-induced polymerization of BA in bulk at 100 °C,
ambient pressure, an MMMP concentration of 5 mmol-Lfl, an LPRR of 100 Hz, and 40
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applied laser pulses. The POI on the low molecular weight side of the MWD is well
representing the molecular weight estimated from Eq. (5-1) with kpeff determined from
Eq. (10-6) in combination with Eq. (10-10), as is demonstrated by the agreement between the
maximum of the first-derivative curve and the vertical dashed line. Moreover, there is a
shoulder at about twice the molecular weight of the maximum (indicated by an asterisk). This
shoulder may indicate an overtone which corresponds to a macroradical growth time of 2-#,.
However, comparison with MWDs obtained from PLP-induced polymerization at different
LPRRs but under ostensibly the same conditions (Figure 10-7) tells that chain length is not
efficiently controlled by laser pulsing as no or no significant shift of the MWD to higher
molecular weight is seen when LPRR is reduced. Thus, the MWD shown in Figure 10-6
cannot be used for l’cpeff evaluation as the consistency criterion of &, being independent of
LPRR is not met. For acrylate-type monomers, this consistency criterion can only be applied

within the limits of the characteristic frequency ranges for k,’ and kpeff, respectively.
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Figure 10-6: MWD (black line) and associated first-derivative curve (grey line) obtained
from PLP of BA in bulk at 100 °C, ambient pressure, a LPRR of 100 Hz, an initiator
concentration of eyvimp = 5 mmol-L_l, and with 40 pulses being applied. The vertical line has
been estimated according to Eq. (5-1) with kpeff determined from Eq. (10-6) in combination
with Eq. (10-10).
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Figure 10-7: MWDs obtained from PLP-induced polymerization of BA in bulk at 100 °C,
ambient pressure, an initiator concentration of cyvmp = 5 mmol-L_l, 40 pulses, and different
LPRRs as indicated in the figure.

It has already been pointed out in the discussion of Figure 10-4 and Figure 10-5 that PLP-
structured MWDs may not be easily obtained from PLP of BA at high temperatures.
Propagation rate coefficients are usually featured by negative activation volumes.!"" It is thus
expected that k,' increases toward higher pressure which should, in principle, result in more
narrow SPR and MCR distributions as ». increases. Hence, some additional PLP-SEC
experiments were carried out under high-pressure conditions. As an example, MWDs
obtained from PLP-induced polymerizations of BA at 80 °C, 2000 bar, an LPRR of 100 Hz
and different initiator types and concentrations (indicated in the figure) are depicted in
Figure 10-8. The relatively low temperature and high LPRR were chosen to suppress
intermolecular transfer and B-scission reactions. All distributions show a pronounced high-
molecular-weight peak or shoulder which is, however, not due to a real kinetic effect but
caused by the exclusion limit of the SEC setup. The low molecular weight part of the MWD is
broad and structureless as are the distributions from experiments at 1000 bar (not shown for
purpose of thesis length). Consequently, the MWDs obtained from PLP at high pressure do

not afford for reliable &, evaluation.
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Figure 10-8: MWDs obtained from PLP-induced polymerization of BA in bulk at 80 °C,
2000 bar, a LPRR of 100 Hz, pulse numbers between 20 and 7 and different initiator types
and concentrations as indicated in the figure.

The loss of chain-length control within the experiments at high temperature may be associated
with SEC broadening, transfer-to-monomer reactions, and additional reaction pathways not
being included in the kinetic scheme used for simulation. Such side reactions are self-
initiation of the monomer, thermal or photochemical (by ambient light) decomposition of

initiator, and pB-cleavage of MCRs.

10.4 Impact of midchain radical formation on the kinetics of instationary

polymerization

Instationary radical concentrations are created in SP-PLP-NIR and SP-PLP-ESR by applying
short laser single pulses to the reaction solution. From those methods, <k or even k(i,i)
values may be determined. However, significant difficulties are introduced when acrylate-
type monomers are studied by single pulse techniques as will be shown below.

In SP-PLP, a laser pulse creates a high concentration of initiator-derived radicals which
rapidly add to monomer and thereby form SPRs. Those secondary radicals may subsequently

undergo backbiting eventually followed by re-initiation reactions establishing a certain MCR
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fraction. The advantage of highly time resolved instationary methods is thus that the
relaxation into the equilibrium ratio between SPR and MCR concentrations may be detected
which should allow for estimating individual Ay, and kpt values. When radical concentrations
are stationary, as e.g. during chemically induced polymerization after passing the initial
transient period, xymcr values are reached which can be expressed by Eq. (10-8). Plotting
(1—=xmcr)/xMcr VS. ¢m yields only the lumped parameter kpt/kbb as does the analysis of R,
measured at different ¢y (see discussion to Table 10-1).

Integrated rate laws describing the change in SPR and MCR concentration after single pulse
initiation may only be derived from a very simplified model for acrylate polymerization.**"
The following restrictions have to be made: (i) chain-length dependencies of the kinetic
coefficients are ignored, (ii) transfer-to-monomer and intermolecular transfer-to-polymer
reactions are neglected, and (iif) k™, k' and k" are chosen to be identical (denoted as ;). The

corresponding differential equations for the change in SPR and MCR concentration read:

de

dStPR :VI +k; -CM 'CMCR —Z-kt .(CSPR)Z —kt ‘CSPR .CMCR _kbb .CSPR (10-18)
deycr A

dr =k~ Copr =K, ~ Copr - Cuier =2k~ (Cyicr) —ky - Cy  Cucr (10-19)

The sum of the radical concentrations at time ¢ after the initiating laser pulse is given by an

expression being analogous to Eq. (3-6):

0
C
Cspr T Cmcr = 1+2-kR-CO 7 (10-20)
t"Cr

According to Egs. (10-18) to (10-20), integrated rate laws for the variation in SPR and MCR

concentration after single pulse initiation can be derived as:1**"
0 t
Cr Ky, ky e t
Con = . . +expl—\k,, +k -c\ )t 10-21
T2k el t) (ke thEen) | K pl-llw + ;- )1 (10-21)
0
Cr Ky, t
Co = . l—expl—\k,, +k -c,)t 10-22
MR 142k, el 1) (kbb+k;-cM)[ Pl b+ -c.)-1) (10-22)
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Though expressions (10-21) and (10-22) are rather simple and may be used for non-linear
curve fitting of experimental cspr and cycr traces, restriction (iii) is definitely not valid as will
be shown in the following chapters and is already contained in Table 10-1.

A more reasonable simplification of the acrylate model would be to assume that termination
takes place exclusively between secondary radicals. This restriction should not induce major
errors unless xpcr is high. However, the simple expression (10-20) cannot be easily used to
account for selective SPR-SPR termination. Implementation of an effective termination rate
coefficient & = & (1—xmcr)” into Eq. (10-20) is not feasible as k" changes with time after
the laser pulse as does xymcr. Thus, integration over radical concentration and time of
complicated differential rate laws is required which is not easily processed. Moreover,
implementation of, at least, a composite power law model for k(i,i) (see Chapter 3.4.2) is
hence required to adequately describe the experimental SPR and MCR curves as k(i,i) largely
depends on chain length. Due to the enormous complexity of the system, kinetic parameters
may only be extracted from SPR and MCR concentration traces by iterative parameter
refinement of a comprehensive simulation model aimed at overlapping experimental and
simulated data. This approach will be detailed in Chapter 12 on hand of SP-PLP-ESR traces
recorded during polymerization of BA in toluene.

Conclusively, secondary and tertiary radical concentration versus time traces measured under
single pulse conditions contain a wealth of kinetic information including ky, and k,' values and
may moreover provide access to individual &(i,i) values, at least for SPR-SPR and SPR-MCR
termination (MCR-MCR termination is negligible unless xycr is close to unity). This
information, however, may not easily be extracted from the experimental data.

There are no previous SP-PLP-ESR investigations into the polymerization kinetics of
acrylate-type monomers with the exception of a single MCR trace being depicted in the
closing remarks section of the PhD thesis of Junkers.””) However, SP-PLP-NIR has been used
for extensive studies into the homo- and copolymerization kinetics of AA ™ and alkyl
acrylates (see e.g. ref.l'""! and the citations therein) in bulk or solution. Within those studies,
only an overall k value was determined without splitting into k™, k™ and k. The & values
were usually estimated as chain-length averaged quantities from the exponent ki/k, of
Eq. (3-7) via implementing k, from separate PLP-SEC experiments. However, those k;, values
were exclusively determined at low temperatures and high LPRRs thus reflecting &," and not
koo™, To account at least for the conversion induced decrease of k,™", in recent studies the

following relation for k, was used:**7%:270]
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k, =k -(1-Xx)" (10-23)

where @ is the reaction order in monomer concentration determined from stationary
polymerization methods. It has already pointed been out by Junkers®”! that an additional term
should be included in Eq. (10-23) accounting for the differences between &’ and kpeff at low
conversion. During polymerization of acrylate-type monomers, @ may exceed unity as is
evident from the last factor on the right hand side of Eq. (10-12). However, the non-ideality of
acrylate polymerization is not expressed in a mathematically correct way by a reaction order
in cv as Eq. (10-12) shows, i.e. @ is expected to change with cy. Furthermore, the reaction

I but also in &, as @ is a mathematical tool

order in cy not only accounts for changes in k,
for linearizing R, vs. cu dependencies providing access to a constant kps-(ktss)_o's. Actually,
treating SP-PLP-NIR data with &, from Eq. (10-23) is not valid as @ was calculated for
kp-(kt)_o'5 and not for kp-(kt)_l. Moreover, o is determined from low conversion experiments.
Hence, a conversion dependence of k,™(k*) " is not even directly accessible from R, vs. X
data determined via chemically induced polymerization, as a dependence of the individual 4
values on X induces changes in w.

To summarize, implementing k,” into the primary experimental data from SP-PLP-NIR leads
to k values with unclear physical meaning. Treating the data with &, from Eq. (10-23) is
preferable, as conversion induced changes in k,°" are at least to some extent considered.
However, using o for instationary experiments is not fully correct and the resulting & vs. X
dependencies get distorted. Moreover, additional complications may arise from the finite time
required for equilibration between the SPR and MCR species especially at low ¢y were the re-
initiation frequency is small as will be detailed below.

An extreme acceleration of k& from SP-PLP-NIR toward lower monomer concentration was
observed for AA polymerization in aqueous solution.”’”! The <k¢> values for 5 wt.% of AA in
D,0 at 25 °C and 2000 bar are about 2:10° L-mol 's™' being higher than typical values for
k«(1,1) of alkyl acrylates under ostensibly the same conditions.”®**! The AA k data were thus
not considered reliable. PREDICI simulations of SP-PLP-NIR traces were carried out on the
basis of the chemical reaction steps collated in Scheme 10-1 with the rate coefficients of
Table 10-1. Chain-length dependent termination was not included to prevent superposition

with the effects arising from MCR formation. Most simulations were carried out for 25 °C,
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ambient pressure and different monomer concentrations to match the conditions where most
of the AA k data was collected. A time interval of 0 <7< 0.1 s being typical for SP-PLP-NIR
experiments was chosen for the simulations.

Figure 10-9 depicts simulated SP-PLP-NIR traces for BA polymerization at various monomer
concentrations (indicated in the figure). In case &y, equals zero (full black line), the change in
relative monomer concentration with time after single pulse initiation is independent of initial
BA content. This is agreement with Eq.(3-7) which was derived based on ideal
polymerization kinetics. According to this expression, the shape of the em(?) / em(f = 0) traces
only depends on &, kp, and cr’. The traces simulated for different monomer concentrations
under consideration of MCR formation strongly deviate from each other from 0.01 s on. The
monomer conversions reached after passing 0.1 s increase toward higher monomer
concentration. This is easily understood based on the fact that chain growth primarily
proceeds via propagation of SPRs and, according to Eq. (10-10), the SPR content increases
toward higher MCR propagation frequency (k,cv) which is proportional to cy. The
differences in curvature become significant only after a certain MCR concentration has been
formed by backbiting, i.e. after passing the first 0.01 s. It is, however, at first glance, puzzling
that even higher final conversions (after e.g. 1 s; not shown in Figure 10-9) may be reached
for simulations including intramolecular transfer as compared to estimates for Ay, = 0. It is
thus worth to study the corresponding changes in SPR (upper figure) and MCR (lower figure)
concentrations being depicted in Figure 10-10. The upper figure shows that for short times
after the laser pulse the decrease in SPR concentration is more pronounced in case of MCR
build up, as backbiting, in addition to termination, provides another source of SPR loss. At
longer times, however, the curves may intersect with the simulation of the transfer-free
system. The origin behind this observation is that the radical functionality is protected from
fast bimolecular SPR-SPR termination when stored in MCR position. Those MCRs may
subsequently provide a certain flux of SPRs formed by monomer addition. The final
monomer-to-polymer conversions are thus governed by the complex counterplay between
reduction of termination rate and deceleration of chain growth which are dependent on cy,
R’ ko', ky'y kowy k¢, K, and k", In the hypothetical case, where k™ and k" are zero, ks is high,
and ky,-cv is low, enormous final monomer conversions, easily exceeding 10 %, may be
induced by a single laser pulse due to the low but steady flux of SPRs. This is in strong
analogy to simulations of RAFT polymerizations for SP conditions under consideration of

slow fragmentation (see Chapter 3.5).1°"!
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Figure 10-9: Simulated variation of relative monomer concentration after applying a single
laser pulse, at =0, for different BA concentrations at 25 °C and ambient pressure with a
primary radical concentration of 5-10°° mol-L™". The rate coefficients are chosen according to
Table 10-1. The shape of the traces simulated for &y, = 0 is independent of BA concentration.

All MCR concentration curves simulated for different cyv (see lower part of Figure 10-10)
increase with time at a similar slope which is governed by cspr-kvp. At longer times after the
pulse they start to deviate from each other primarily due to the different re-initiation
frequencies. The maximum in cymcr is formed when the rate of MCR formation by backbiting
equals the sum of the rates of MCR loss by termination and propagation to SPRs. The
corresponding MCR fraction at the position of the maximum may be expressed by Eq. (10-8)
as the restriction deycr / df = 0 fulfilled. At long times after the laser pulse, when cycr and
cspr are low, the impact of termination on xycr can be neglected and the midchain radical
fraction reaches the value predicted by Eq. (10-10). The differences in the slopes of the
decrease in cmcr are due to different amounts of SPR being formed by MCR propagation.
Toward higher SPR concentrations, not only the rate of cross termination increases but also
the rate of SPR-SPR termination. This causes an indirect loss of tertiary radical concentration

as the MCR back-formation by intramolecular transfer is reduced.
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Figure 10-10: Simulated variation of SPR (upper figure) and MCR (lower figure)
concentration after applying a single laser pulse, at =0, for different BA concentrations
(indicated in the figures) at 25 °C and ambient pressure with a primary radical concentration
of 5-107° mol-L™". The rate coefficients are chosen according to Table 10-1. The shape of the

SPR traces simulated for &y, = 0 1s independent of BA concentration.

In the next step, the monomer concentration traces shown in Figure 10-9 were fitted to

Eq. (3-7). The input value of k> was perfectly retrieved from the simulations for &y, = 0 when

kpS is used to decouple ki/k,. However, a strong increase of ki/k, toward lower cy is obtained

from the simulations which include transfer. The resulting dependences of the apparent

termination rate coefficient, 4", on ¢y are plotted in Figure 10-11 where the circles were
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determined by decoupling via k,” and for the triangles kpeff was used. The full line is
representing k" being estimated according to Egs. (10-5) and (10-10). xycr at 7 mol-L™" of
BA is about 60 % resulting in a kteff value being close to k™. Toward lower monomer
concentration, k" decreases to k" as xycr grows to unity. It goes without saying that
changing monomer concentration between 7 mol-L™" and zero reflects a bulk polymerization
to complete conversion. The 4" values determined via &, are close to k™ at monomer
concentrations of and above 3 mol-L™' whereas a pronounced increase of k™" is seen toward

eff

lower cm. These k™ values for low ¢y differ from & by more than two orders of magnitude

for BA concentrations below 1 mol'L™". The close agreement between &** and kT at high ¢y
must be considered coincidental. In case k™" is evaluated using kpeff, the resulting k™" values

are close to k°T

at high cv and decrease toward lower monomer concentrations. At very low
BA concentrations, however, still a discrepancy of almost one order of magnitude is seen

it
between ™" and k"
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Figure 10-11: Variation of &* with BA concentration obtained from fitting the monomer
concentration traces shown in Figure 10-9 to Eq. (3-7). k™" was calculated from k/k, by
implementing &, (squares) or kpeff (triangles) from Egs. (10-6) and (10-10). The full line
representing k°" was estimated according to Egs. (10-5) and (10-10). The dashed lines are
indicating k%, k", and k"

It was thoroughly discussed for pseudo-stationary polymerization that not only the ratio of Ay
to kp-cum (and thus xycr) may be of relevance, but also the equilibration velocity between SPR

and MCR. As can be clearly seen, especially for the traces at low monomer concentration in
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Figure 10-9, a slow backbiting rate induces a kink in the monomer concentration traces which
separates the non-equilibrated regime at short times from the equilibrated range at longer
times after the pulse. The influence of the non-equilibrated regime on the monomer
concentration traces may, however, be reduced by significantly increasing ky, and k"
Figure 10-12 shows the simulated change in relative monomer concentration with time after
single pulse initiation with both, kb and k', being increased by a factor of 100 but with
ostensibly the same parameters as used for the traces in Figure 10-9. It is clearly seen that the
em(?) / em(t = 0) curves deviate from each other from short times on as is to be expected for
high equilibration velocities. Higher final conversions than for the &y, = 0 case are reached for
all initial BA concentrations. This is caused by a very efficient protection of radicals, by MCR
formation, from fast SPR-SPR termination which is particularly pronounced at short time

after the pulse due to its bimolecular nature (see upper part of Figure 10-10).
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Figure 10-12: Simulated variation of relative monomer concentration after applying a single
laser pulse, at =0, for different BA concentrations at 25 °C and ambient pressure with a
primary radical concentration of 5-10°° mol-L™". The rate coefficients are chosen according to
Table 10-1 with exception that Ay, and kpt are increased by a factor of 100.

The traces depicted in Figure 10-12 were fitted to Eq. (3-7) for obtaining ki/k, as a function of
monomer concentration. The agreement between the experimental curves and their
representations by Eq. (3-7) is largely improved compared to the traces shown in Figure 10-9
as the influence of the non-equilibrated section is almost absent. The results for 4" evaluated

by decoupling k/k, with k,’ (circles) and /’cpeff (triangles), respectively, are shown in
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Figure 10-13 together with the predicted change of k" (black full line). The 4™ values
evaluated using k,"" perfectly match the & curve at high cy and only minor deviations are
seen for low cy. This observation also results from fast equilibration which allows for
describing the curves with effective propagation and termination rate coefficients from times
shortly after the initiating pulse on. Moreover, it is more likely for an MCR to propagate than
to terminate due to the relatively high re-initiation frequency. Thus, xmcr may be well
expressed by Eq. (10-10) even at rather high radical concentrations (the long-chain hypothesis
is fulfilled). Although the A" values evaluated via k,” show only minor variations toward

lower cy, they cannot be attributed to an individual termination rate coefficient, such as e.g.
ktSS
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Figure 10-13: Variation of k" with BA concentration obtained from fitting the monomer
concentration traces shown in Figure 10-12 to Eq. (3-7). &™" was calculated from k/k, by
implementing k,° (squares) or &,”" (triangles) from Egs. (10-6) and (10-10). The full line
representing k" was estimated according to Egs. (10-5) and (10-10). The dashed lines are
indicating k%, k", and &".

It was shown above that equilibration velocity between SPR and MCR species plays a crucial
for evaluating k" especially at low cy and high conversions, respectively. It is thus
recommendable to perform SP-PLP-NIR experiments under conditions where k, and kpt-cM
are high, i.e. at high temperatures and monomer concentrations. Moreover, k,' may be

significantly increased by applying high pressure conditions whereas no strong influence of
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pressure on the unimolecular backbiting step is expected. Fortunately, most SP-PLP-NIR
experiments on alkyl acrylates were conducted as bulk polymerizations at temperatures
between 40 and 60 °C and pressures of 1000 to 2000 bar. Nevertheless, a strong discrepancy
between k" and k™ (evaluated using k,°") may persist at low monomer concentrations in the
system. This is illustrated in Figure 10-14 showing the variation of A™" with monomer
concentration as being evaluated from cm(7) / em(? = 0) curves which were simulated for 50 °C
using the rate coefficients collated in Table 10-1. Though SPR-MCR equilibration should be
faster as compared to the simulations for 25 °C, the disagreement between 4" evaluated via
kpeff and the prediction for k" is even more pronounced at low monomer concentrations
(compare to Figure 10-13). This illustrates the enormous kinetic complexity of the acrylate

polymerization systems.
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Figure 10-14: Variation of k™" with BA concentration obtained from fitting simulated
monomer concentration vs. time traces for BA polymerization at 50 °C (cg” = 5-10"° mol-L™",
other coefficients chosen according to Table 10-1) to Eq. (3-7). k""" was calculated from ky/k,
by implementing &, (squares) or /’cpeff (triangles) from Egs. (10-6) and (10-10). The full line
representing k" was estimated according to Egs. (10-5) and (10-10). The dashed lines are
indicating &>, k", and k.

Even in case precise k(X)) values are determined from SP-PLP-NIR, it will be rather
difficult to discriminate between effects which are due to conversion induced changes in the
(diffusion controlled) individual k; values (see Chapter 3.3.3) and changes in k" caused by a

different weighting of &%, k" and k" (see Eq.(10-5)). Nevertheless, inspection of



200 MIDCHAIN RADICALS IN ACRYLATE POLYMERIZATION

Figure 10-14 tells that k" changes by less than a factor of 3 between 0 and 70 % monomer-
to-polymer conversion when starting under bulk conditions; a decrease easily being hidden
below the orders of magnitude changes & which in may occur in the TD-controlled regime
(compare to Figure 3-1). Moreover, the difference between k" and k™ (using k%)
determined in previous SP-PLP-NIR studies on bulk polymerizations of alkyl acrylates at low
conversions is assumed to be about a factor of 3 or below.

Individual k; values, at least & and &, may be estimated from analysis of well resolved SP-
PLP-NIR traces measured under slow equilibration conditions. However, such analysis
requires knowledge of Ay, and kpt for reduction of fit parameters and may be further
complicated by superposition of effects arising from backbiting and the chain-length
dependence of each termination rate coefficient, respectively.

It was discussed that intramolecular transfer-to-polymer may strongly distort SP-PLP-NIR
traces. However, in previous studies!*>'*" Eq. (3-45) was used to evaluate & and ¢ from

I already pointed out that

single cwm(?) / em(t=0) curves (see Chapter 3.4.3). Junkers®’
problems may arise when applying this procedure to acrylate-type monomers. Unexpected
high values of ¢ in the range of 0.4 were experimentally found for DA polymerization

[135

already at low monomer- to-polymer conversions.!">” The variation of ¢ and k" obtained

from fitting the simulated SP-PLP-NIR traces depicted in Figure 10-9 to Eq. (3-45) is shown

in Figure 10-15. The parameters were evaluated using k,* (A) or k"

(B). In both cases, ¢ is
about 0.3 at high ¢y and slightly decreases toward lower monomer content. It is to be stressed
that those o values do not reflect an actual chain-length dependence of 4; as only chain-length
independent k; values were implemented in the model. In fact they are fully artificial results of
MCR formation. Moreover, the slight decrease of ¢ toward lower monomer concentration
does not indicate that the single pulse traces are more ideal but is associated with a strongly
reduced quality of the fits under such conditions. Actually, for BA concentrations below
2 mol-L™" the fitting procedure fails at all. Whereas ¢ is almost insensitive toward using ky or
kpeff, k" strongly depends on the choice of the propagation rate coefficient. The effect is
similar as discussed for & on hand of Figure 10-11. However, the & values are higher than
the corresponding k**® data. This is caused by the applied back-extrapolation to 7= 0, i.e. into
the non-equilibrated range where £ (via k') is even higher than 4™ due to mutual action of

SPR-SPR termination and backbiting.
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Figure 10-15: Dependence of apparent power-law parameters ¢ (squares) and &’ (circles) on
BA concentration obtained from fitting the monomer concentration traces shown in

Figure 10-9 to Eq. (3-45) using &, (A) or k&,"" (B) from Eqs. (10-6) and (10-10).

As k may only change at short times after the pulse, where & is not yet established, o
should be close to zero in case of fast equilibration. This result is indeed obtained when fitting
the simulated traces shown in Figure 10-12 to Eq. (3-45). The corresponding monomer
concentration dependences of ¢ and & are shown in Figure 10-16. The power-law exponent
o is well below 0.1 for monomer concentrations higher than 2 mol-L™" and very close to zero
for bulk conditions. A pronounced acceleration of ¢ is only seen for very low cv. Whereas ¢
is almost insensitive toward the choice of k,’ (A) or kpeff (B), k closely resembles the
associated monomer concentration dependencies of k™" depicted in Figure 10-13.

As already mentioned above, particularly high ¢ values determined by analysis of SP-PLP-
NIR traces were found for DA whereas the low conversion data of MA and BA closely
resemble the theoretical expectations and results determined by other techniques.!'*” This
implies that the DA data is strongly affected by the non-equilibrated range which may be due
to its relatively low monomer concentration even in case of bulk polymerizations. Moreover,
the pronounced acceleration of & provoked by dilution of DA with supercritical carbon
dioxide!'® may at least partially be caused by the influence of MCR build up. It is likely that a
concentration range was reached in which k" evaluated via &, even increases toward lower
cum though the actual & decreases (see circles in Figure 10-11 and Figure 10-14). A potential

conversion dependence of the individual & values may also be masked by such effects.
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Figure 10-16: Dependence of apparent power-law parameters ¢ (squares) and & (circles) on
BA concentration obtained from fitting the monomer concentration traces shown in
Figure 10-12 to Eq. (3-45) using k,° (A) or k" (B) from Egs. (10-6) and (10-10).

The investigations detailed in this section illustrate that MCR formation strongly hampers the
analysis of SP-PLP-NIR traces measured during polymerization of acrylate-type monomers.
In particular a slow equilibration of SPRs and MCRs at short times after application of the
laser pulse may result in a pronounced overestimation of 4;. It is thus recommended to select
experimental conditions such that a constant xycr is rapidly established, i.e. conditions where
both, kb and ky-cm, are high. Consequently, SP-PLP-NIR experiments for acrylate-type
monomers should be carried out at high temperatures, pressures and monomer concentrations.
However, the last restriction is not only violated for polymerizations in dilute solution (see
Chapter 13.2 and the discussion therein) but also for acrylic acid esters with long side chains
(like DA) and for all acrylates at high monomer-to-polymer conversions. As illustrated in
Figure 10-13, a good estimate for k" may be obtained from SP-PLP-NIR traces in case the
SPR-MCR equilibration is fast and kpeff is known. Thus, literature data for k; from SP-PLP-
NIR experiments conducted under the above suggested reaction conditions can be easily re-
evaluated by multiplication with k,*"/k".

Although a refined evaluation of the SP-PLP-NIR data is possible, even the so-obtained
effective termination rate coefficients are highly system specific, as kT s governed by xmcr
(see Eq. (10-5)) which itself depends on radical concentration (see Eq. (10-8)). Thus, it is
recommended to use the SP-PLP-ESR technique for studies into acrylate type monomers as

with this experimental approach SPR and MCR concentration traces after single pulse
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initiation become available providing access to chain-length-dependent individual termination

rate coefficients as well as detailed insights into the transfer kinetics (see Chapter 12).
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11 Determination of Rate Coefficients for Acrylate Systems

by PLP-SEC

It was shown in the previous chapter that polymerization of acrylate-type monomers may be
strongly affected by MCR formation. It was illustrated that not only the ratio of ku, to cvkp' is
of concern but also the magnitude of the individual rate coefficients. Some previous efforts
have been made toward the evaluation of ky, and k,' for BA. Firstly, a measure of quaternary
carbons via ?’C-NMR has been used to determine kv applying the expression for branching

level (BL):*"

kbb

BL=—"w
K- oy + ey, (11-1)

The so-obtained Arrhenius parameters are: Eu(kop) =29.8 kJ -mol™! and A(kep) = 43110 s7!
(The values reported here are recalculated from the BL data in ref!*”! using the TUPAC
values!"”! for ky' in Eq. (11-1)). xmcr in the BA system has been measured by ESR under PLP
conditions by Willemse et al.,*"!

and monomer addition to the MCR estimated as AE, = E,(kvp) — Ea(kpt) = 18.8 kJ-mol™". This

with the difference in activation energies between backbiting

value is surprising, as it suggests, in conjunction with the above-mentioned value of
E.(kvy) =29.8 kI -mol_l, that the activation energy for monomer addition to MCRs, Ea(kpt), 18
only 11 kJ'mol™", a value much lower than the 34 kJ-mol™' measured for polymerization of the
butyl acrylate dimer (BAD).”*”! The origin behind these contradictory observations will be
detailed in Chapter 12.3. Ref.1*’ provides an upper bound estimate of 68 L-mol '-s™" for k, at
50 °C, about 400 times lower than the value of k,”.""!

The simulations detailed in Chapter 10.3 as well as the work of Nikitin et al.>>*"! show that
the MWDs from PLP may yield valuable information, even if the growing radicals are
subjected to backbiting events during the dark-time period. The apparent propagation rate
coefficient, k,"", varies with LPRR between two limiting values. At high repetition rate, k,""
provides a measure for k,°, as the chains associated with the inflection point do not undergo
any backbiting events between pulses.!'’’ As LPRR is decreased, a greater fraction of chains
undergo backbiting in the time between pulses; the slow re-initiation of these MCRs back to

SPRs by monomer addition shifts the inflection point to a lower value (k,"" <k,"). As LPRR
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is decreased even further, a chain has the opportunity to undergo several backbiting and re-

. ff
PP provides a measure of k,", defined by

initiation cycles in the dark time, such that k;
Eq. (10-6) in combination with Eq. (10-10).

In this chapter, a novel experimental technique for determination of ky, and kpt will be
introduced and applied to BA polymerization. This method is based on PLP-SEC experiments
conducted under wide variation of LPRR. The work presented in this chapter was carried out
in cooperation with Dr. Anatoly N. Nikitin and Prof. Robin A. Hutchinson. Part of these

investigations have already been published in ref.">”

11.1 Experimental and simulated MWDs for PLP of BA

Though the simulations indicate the above described variation of &,"™ with LPRR, it is not
trivial to reproduce this experimentally.’*””! With the exception of the BA data shown below,
such sigmoidal decrease in k,""" toward lower LPRR was only reported for polymerization of
9.6 wt.% of non-ionized AA in water at 6 °C (see ref."* and Chapter 13). The kinetics of AA
polymerization in the aqueous solution is complicated by the variation of rate coefficients

with AA concentration/®’~%27%]

and the non-availability of estimates on individual 4 values.
Therefore, the BA system was chosen for investigating the feasibility of determining kinetic
coefficients from the variation in &, with LPRR.

Experimental conditions had to be carefully selected for obtaining successful PLP-SEC

experiments:

a low number of pulses was used to reduce broadening of the MWD due to

initiator consumption (changes in initial radical concentration) and monomer

conversion (changes in monomer concentration)

— a large sample volume was chosen to produce an amount of polymer being
sufficient for SEC analysis even at rather low monomer-to-polymer conversions

— the reaction mixture was protected from ambient light to minimize formation of
background polymer not produced by PLP

— the optical setup was carefully aligned to minimize non-uniform irradiation of the

sample cell
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— high initiator concentrations and laser energies were used, to approach the high

[280]

termination rate conditions*" " and to ensure chain-length control by laser pulsing

The MWDs obtained from PLP-SEC experiments of BA in bulk at 20 °C and various LPRRs

are shown in Figure 11-1A together with the associated first-derivative curves (Figure 11-1B).
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d[w(log M)]/ d(log M)
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Figure 11-1: Experimental MWDs (A) and associated first-derivative curves (B) produced
by PLP of BA at 20 °C and different LPRRs, /. (as indicated in the figure).

The features of the distributions and their derivative curves are in accord with earlier
experimental observations.!'**'*¥! For the higher LPRRs (fi =100 and 62 Hz), the MWDs

satisfy the main criterion of the PLP-SEC method for determining &,": second inflection points
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are clearly observed in the first-derivative plots.”®! Further lowering of LPRR results in
MWDs without clear PLP structure. The experimental MWDs perfectly reflect the effects
discussed by means of Figure 10-1. The sharp peak observed in the MWDs generated at
LPRRs of 100 and 62 Hz is the result of termination of secondary radicals that have survived
to (0.01 or 0.016 s). A fraction of the radicals undergoes intramolecular transfer-to-polymer
during this time interval. However, a sufficient fraction of radicals grow exclusively by chain-
end propagation without undergoing backbiting during 7, thus producing a characteristic PLP
structure. Lowering LPRR to 39 Hz and below results in a greater fraction of radicals which
undergo backbiting prior to the arrival of the subsequent laser pulse. As monomer addition to
these MCRs is slow, the linear relationship between chain length and pulse separation time
(see Eq. (5-1)) is lost. The MWDs are broadened and contain no PLP structure. Thus, the
IUPAC consistency criteria for determination of k, by PLP-SEC is not met. Nevertheless,
these MWDs should not be considered meaningless, as has been shown in Chapter 10.3.
Figure 11-2 presents the MWDs simulated for bulk BA polymerizations at 20 °C, with LPRRs
chosen to be identical to the ones of the experiments given in Figure 11-1 and the rate
coefficients being the ones specified in Table 10-1. The additional parameters required for
simulation are the concentration of radicals produced per laser pulse, ¢g’ = 6.5-10"° mol-L ™",
and the dispersion parameter used to represent SEC broadening of the MWD, bo=0.04. The
evaluation of these parameters is described below. The calculated distributions in Figure 11-2
capture the features of the experimental distributions and their first-derivative curves very
well. As observed experimentally, the simulated distributions exhibit no PLP structure at
repetition rates of 39 Hz and below. At the same time, these distributions still shift to higher
MWs with the increase of pulse separation time. The peak provides a measure of k,""
evaluated by applying the standard PLP-SEC methodology, i.e. by using the inflection point
on the low-molecular weight side of the peak.

Close examination of Figure 11-1 and Figure 11-2 reveals that the first-derivative curve
obtained at 62 Hz contains a broader maximum followed by a sharper peak. Another
experimental example is shown in Figure 11-3, where both experimental (full line) and
simulated (dashed line) MWDs (A) of BA polymerization at 20 °C with a LPRR of 49 Hz
show two peaks in the first-derivative curves (B). The origin of this observation has already
been discussed by means of Figure 10-1. The broad maximum arises from the termination of
radicals that have undergone backbiting and the narrow one results from termination of SPRs

that have escaped backbiting. The POI at higher molecular weight provides access to k,’
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whereas the &, value calculated from the broad POI accounts for the slowing down of chain
growth by MCR formation. Thus, even such subtle effects which are hardly detectable in the
simulated distribution can be reproduced experimentally. However, the situation of
simultaneous occurrence of a broad and a narrow maximum is only seen at intermediate
LPRRs; higher LPRRs give distributions that have a sharper primary inflection point (and
sometimes also a secondary inflection point), and lower LPRRs give distributions with

broader first-derivative curves having a single inflection point.

w(logM)

d[w(log M)]/ d(log M)

4.0 4.5 5.0 5.5 6.0 6.5
log M

Figure 11-2: Simulated MWDs (A) and associated first-derivative curves (B) produced by
PLP of BA at 20°C and different LPRRs, fi. The MWDs are calculated for

em=7.02mol'L™", cg”=6.5-10° mol-L"! and bo= 0.04. Other rate coefficients are chosen
according to Table 10-1.
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experimental A

————— simulated /

w(logM)
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Figure 11-3: Experimental (full line) and simulated (dashed line) MWDs (A) and associated
first-derivative curves (B) produced by PLP of BA at 20 °C at a LPRR of 49 Hz. The
simulated MWD has been calculated for cp=7.02 mol-Lfl, R’=6.5-10°mol'L™" and
bo=0.04. The other rate coefficients are chosen according to Table 10-1.

The variation of k," with LPRR for BA polymerization at 20 °C has been evaluated from
simulated MWDs. As long as it is detectable, the narrow peak in the first-derivative curve,
which is associated with SPRs that escaped backbiting, was used to calculate k,"*". The results
presented in Figure 11-4 are calculated for primary radical concentrations of ¢g’=1.0-10"
(squares) and 1.0-10° mol-L™" (circles), with the other rate coefficients as given in

Table 10-1. The values of k,"" vary between two limiting values that are relatively insensitive



DETERMINATION OF RATE COEFFICIENTS FOR ACRYLATE SYSTEMS BY PLP-SEC 211

to the input value of cr”. At high repetition rates, k,"” is close to the k,° value used within the
model. This result is expected, as the peak is formed by the termination of SPRs that have not
been subjected to backbiting. The slight offset between k,"" and the input value of &, for
cr”=1.0-10" mol-L™" is because the system is approaching the high termination limit, where
the maximum of the MWD peak is a better measure of iy than the POI, as discussed
elsewhere.”*! At low LPRRs, k"™ approaches a constant value which is close to k,°", as
calculated by Eq. (10-6) in combination with Eq. (10-10). Between these two plateau values,
k,™*P decreases toward lower LPRR with a sigmoidal shape. The steepness of the decline is,
however, affected by the concentration of radicals generated per pulse. The LPRR at which a
sharp decrease in &, is observed is denoted by fo. This repetition rate is also the lowest
LPRR at which the sharp peak in the first-derivative curve associated with k," is seen. The
features of the curve in Figure 11-4 provide the basis for the procedures for evaluating

individual rate coefficients.
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Figure 11-4: Variation of k,"™ with LPRR as obtained from simulated MWDs for PLP of
BA at 20°C. The modeling has been calculated for cy=7.02 mol'L™, bo=0.04,
cr”=1.0-10° (o) and 1.0-107 (o) mol-L™", respectively. The other rate coefficients are
chosen according to Table 10-1. Horizontal dashed lines indicate the input values of k,’
(upper) and kpeff (lower) calculated by Eq. (10-6) in combination with Eq. (10-10).
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11.2 Evaluation of k,, kpeff and kpt

The decrease of LPRR results in a broadening of the PLP-generated MWD as the fraction of
chains that undergo intramolecular chain transfer increases, and a sharp decrease in k,""
occurs at fy. The fraction of SPRs that survived one pulse separation time without undergoing
backbiting to overall radical concentration at 7, is given by Eq. (10-17). If this fraction is too
low (LPRR less than fy), an insufficient population of polymer molecules are formed to
produce a sharp peak in MWD (and in the first-derivative plot). The lowest SPR fraction, xyin,
that still allows for the observation of the sharp peak in the first-derivative curve associated

with k,’ can be assumed to be independent of the particular polymerization conditions:

=S 0] exp(— @J = const. (11-2)
e (1=1y) Jo

The simulation results shown in Figure 11-4 indicate that f; is indeed not sensitive to cg’, such

that it is possible to conclude that kyy is directly proportional to fy:
ky, = ay - fo (11-3)

This expression can be used to determine the absolute value of Ay, from the dependency of
k,"*® on repetition rate, provided that the value of the proportionality constant a, that relates

1
and

kb to fo may be determined. In Figure 11-4, for example, the input value for &y, is 109 s~
the critical repetition rate is 49 Hz; thus the value of g, is evaluated to be 2.22.

To further confirm the validity of Eq. (11-3), values of f; have been evaluated by simulation
of distributions calculated for different temperatures. The corresponding values of a,
determined according to Eq. (11-3) are shown in Figure 11-5, with the values of Ay, being
calculated from the Arrhenius dependence in Table 10-1. The value of a, is indeed seen to be
constant, with a value of 2.16 £ 0.03. Further simulations indicate that the value is dependent
on the amount of SEC broadening that occurs. For the same input value of &y, fo shifts to a
lower value as the broadening parameter bo is decreased (and the MWDs become sharper),
such that the value of the proportionality constant g, increases. Therefore the value of bo

must be determined experimentally in order to relate f) to kw,. Finally it is to be stressed that

a, may to some extent also depend on the rate coefficients used for modeling. For very
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particular parameter combinations the outlined procedure for &y, determination may even fail
at all. However, this is only the case when rather unrealistic rate coefficients are chosen for
modeling.**!! Thus, the presented approach for measuring ks, does not require knowledge of
any other rate coefficient as long as the parameters for simulation are in reasonable ranges.

It is seen in Figure 11-4 that, although the values of k,"" at low LPRRs approach a constant
value close to the simulation input value for kpeff, there is an offset by as much as 30 %. At
these low LPRRs, a larger fraction of the radicals terminate before the next pulse arrives,
compared to a system at high LPRR. This increases the relative offset between k,*** and k,*"
compared to that between &, and k,". In addition, the peak formed from termination of
radicals that are subjected to backbiting is broader compared to the peak formed as a result of
termination of SPRs that have escaped intramolecular transfer-to-polymer. Thus, the
associated POI in the MWD systematically underpredicts kpeff. The magnitude of the offset
depends on ¢’ and on the extent of broadening. An iterative approach has been developed to

eff

estimate k,"" (and thus k), as will be detailed with the experimental results in Chapter 11.4.
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Figure 11-5: The proportionality constant a, determined for different temperatures according
to Eq. (11-3), with values of f, determined from simulated MWDs for BA polymerization at
different LPRRs using the rate coefficients in Table 10-1, with cRO =1.0-10° mol-L™" and
bo=0.04.
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11.3 Evaluation of cg’ and bo

MWDs generated by PLP can exhibit broadening for numerous reasons. Many of them are
related to experimental conditions during pulsing: radical concentrations may vary spatially or
with the number of pulses because of initiator consumption, laser attenuation, non-uniform

(2831 As mentioned previously, every attempt was made to

irradiation, and/or inhibition.
minimize these experimental broadening effects. In addition, natural broadening occurs due to
the stochastic nature of FRP, and also results from dispersion effects during molecular weight
separation in the SEC columns. As can be seen from experiments (Figure 11-1) and via
simulation (Figure 11-2), the narrowest MWD peaks are obtained at higher LPRRs. Thus, it is
these distributions that are selected for estimating the value of bo. The width Ajgemn of the
peak at some height /4 < hyax, Where sy 1s the maximum height of the peak, is considered.
This value of 4 should be selected large enough such that Ajgemn is measured for the narrow
peak associated with the termination of chain-end radicals controlled by the laser pulsing, as
this width is mainly dependent on Poisson broadening, kinetic broadening (due to termination
not occurring instantaneously at #), and instrumental broadening. The value of bo is then
estimated by obtaining the best match between the experimental and simulated widths Ajogm p,
as illustrated in Figure 11-6 for BA pulsed at 49 Hz and —10 °C. The measured and simulated
(with dispersion parameter ho = 0.049) MWDs are normalized such that the ordinates of the
peak maxima for both distributions are equal to unity. Within one series of experiments
carried out at the same initiator concentration and pulse energy, the values of ho estimated for
different distributions are close to each other. In addition, the value is not particularly
sensitive to the choice of /4; the value of ho changes only from 0.048 to 0.050 as 4 is
decreased from 0.95 to 0.55.

The sharp MWD peak results from termination of SPRs and thus is also influenced by the rate
of termination, in particular by short-long termination. The termination rate coefficients &,
k™ and k" values are assumed to be known (see Table 10-1); only the value for cg’ must be
estimated in order to characterize the termination event fully. In addition, the determination of
cr’ is important for the procedure used to evaluate k" and k' values. The fitting of
experimental MWDs to estimate rate coefficients is well established. Moad et al.***! were the
first to use the MWDs produced by PLP to estimate k with known values of cg’. Here the

opposite is done, the experimental MWDs are used to estimate cg’ assuming that the values of
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k*, k' and k" are known. The mode of termination is chosen to be predominantly by
combination being in accordance with the recent observation that the distribution immediately
before and after the termination-controlled peak have similar heights for PLP-generated
MWDs obtained at conditions close to the high-termination-rate limit when termination

285

occurs predominately by combination.”®) Figure 11-6 presents the result of fitting the

measured MWD.
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Figure 11-6: Experimental (solid line) and simulated (dashed line) MWDs for PLP of BA at
—-10°C and an LPRR of 49 Hz. The simulated MWD has been calculated for

em=17.26 mol-L_l, cRO =1.0-10° mol-L™" and ho= 0.049. Other rate coefficients are chosen
according to Table 10-1.

According to this simulation, the best value of cr’ is found to be 1.0-10 mol-L™'. MWDs
calculated for cg’=28.0-10° and 1.25-10° mol-L™" are compared to the same experimental
MWD in Figure 11-7. Though the distribution of macromolecules before the peak is well
fitted for the MWD calculated using cg’=8.0-10"° mol-L™", the shoulder after the peak
deviates clearly from the one in the experimental MWD. The distribution before the peak for
MWD calculated with cRO =1.25-10° mol-L™" deviates considerably from the one in the
experiment. Therefore the intermediate value ¢g’=1.0-10" mol-L™ (Figure 11-6) is chosen
as the best value to reproduce the experimental MWD. Note that the estimate of the peak
width (Aiemn) and thus bo are relatively insensitive to cr’, such that both parameters can be

determined simultaneously from fitting.
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Lod ¢, =1.25:10"mol-L”"
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Figure 11-7: Experimental (solid line) and simulated (dashed and dotted lines) MWDs for
PLP of BA at —10 °C and an LPRR of 49 Hz. The simulated MWD has been calculated for

em =726 mol'L™', bo=0.049 and cg’ as indicated. The other rate coefficients are chosen
according to Table 10-1.

11.4 Analysis of experimental MWDs

The measured dependencies of &, on LPRR for BA at temperatures of —10, 0, 10, 20 and
30 °C are presented in Figure 11-8. The results of two series of PLP experiments are shown at
temperatures of 10 and 30 °C. The horizontal dashed lines in each plot indicate the input
values of k,” and kpeff, respectively. The kpeff value was calculated using Egs. (10-6) and
(10-10) with the Arrhenius parameters for ks, and &, estimated within this PLP-SEC study.

The k,"™ values obtained at high LPRRs are slightly lower than the [UPAC &, values but in
all cases within 20 %. This difference is also seen in the simulation results shown as
Figure 11-4 for cr’=1.0-10"° mol-L™". Under these high termination rate limit conditions, it
has been shown that the inflection point can underestimate the true experimental value.**"! At
0 °C, a lower value of cg’, 3.0-10° mol-L™", is estimated, and the measured k,*P value is in

excellent agreement with the [UPAC k," value.
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Figure 11-8: The dependency of k,"™ on LPRR obtained by PLP-SEC experiments for BA at
—10, 0, 10, 20 and 30 °C as indicated in the figure. At temperatures of 10 and 30 °C, the
results of two series of experiments are shown (by circles and squares). The horizontal dashed
lines indicate the TUPAC value of k,* and the estimated value of k,°, respectively. k,"" was
determined on basis of the Arrhenius parameters for Ay, and kpt which were finally obtained

within this chapter (see Table 10-1).
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The remaining task is to estimate 4y, and kpeff (and thus k;) from the experimental MWDs and

k,"*? values. This has been accomplished as follows:

(i)

(if)

(iii)

(iv)
(v)

(vi)

(vii)

MWDs for different LPRRs are calculated based on an initial guess of the rate
coefficients as well as of cg’ and bo (assuming bo=0.04). a, is determined via
Eq. (11-3) by means of the fy values from the simulated distributions and the input
value of kup, respectively.

Using this preliminary g, in combination with the experimental f value, a first
estimate for kyyp 1s obtained from Eq. (11-3).

According to the simulation results of Figure 11-4, the values for kpeff are expected to
be higher than k,* at low repetition rates. An initial guess for k,*" is made based upon
the experimental results in Figure 11-8. The values 2600, 3700, 4700, 5600,
6850 L-mol "-s' have been chosen at temperatures —10, 0, 10, 20 and 30 °C,
respectively.

Eq. (3-17) is then used to evaluate k,' values.

These first estimates for Ay, and kpt are applied to update the individual termination
rate coefficients from ref.”!! (see discussion to Table 10-1) and to simulate MWDs.
Values of bo and ¢g’ are estimated for each series of experiments by fitting simulated
distributions to the MWDs measured at high repetition rates, as described in Chapter
11.3.

These values for o and cg” are used to update the kyy estimates by passing through
step (i) and (ii) again. The k' data is re-evaluated using Eq. (3-17) and the refined
values.

The estimate for kpeff at each temperature is refined by simulating MWDs obtained at
low LPRRs, using the predetermined values of bo and cg’. The aim of these
simulations is to determine the difference A between the input value of k,°" and the
value of k,™" for the lowest LPRRs examined experimentally. This procedure is
illustrated in Figure 11-9A for the set of experiments at —10 °C. Within this figure,
k™ represents the value of k™ determined from the simulated MWDs. The
difference has been calculated for five LPRRs; at the lowest value (3 Hz) Acs is
estimated to be 655 L-mols”'. The variation in £, with LPRR rate is well

described by an exponential function in which a, b, and ¢ are constants:
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cf,
K™ =ag+b-exp| —

(11-4)

(viii) Eq.(11-4) is suitable to describe the difference between k,** and k" for the

(ix)

experimental data. The non-linear least-squares fitting of the experimental points at

~10 °C by Eq. (11-4) results in k,"*"(L-mol"s™") = 1802 + 152.3 - exp(0.206 - f/ Hz).

The fit to the data is also shown in Figure 11-9B. At the lowest LPRR of 3 Hz, the

apparent propagation rate coefficient equals 2084 L-mol ''s™'. Therefore the corrected

value for kpeff is calculated as (kp‘”‘p’0 + Aegr) = 2739 L-mol s 7"

With the so-obtained kpeff value, the final value k,' is determined from Eq. (3-17).

It should be stressed that the finally estimated kpeff values do not differ greatly from the

corresponding initial guess and were within 5 % of the final converged values in all cases.

Therefore, there was no need to re-estimate the values of bo and cRO which to some extent

depend on the choice of ku, &, and the individual k; values (see step (V)).
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Figure 11-9: Methodology for evaluation of &, by considering the variation in &, with
LPRR for fi <10 Hz, illustrated for PLP-SEC experiments on BA at —10 °C. The lines
indicate the best fit of the simulated (A) and experimental (B) data using an exponential
function, as described in the text.
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Table 11-1: Values of parameters and rate coefficients estimated from the experimental
dependency of k,"” on LPRR measured by PLP-SEC for BA.

°C mol- L™ Hz 57! Lmol's? Lmol s
-10 0.051 1.0-107 15 1.67 25.1 2739 2.7
0 0.039 3.0-10°¢ 19 2.16 41.0 3727 4.7
10 0.040  7.0-10°° 31 2.16 67.0 4776 7.3
93.5-10°°
20 0.040 6.5-107° 49 2.16 105.8 5802 10.6
30 0.040 1.0-107 79 2.16 170.6 7193 15.9
925107
% For data set shown by squares in Figure 11-8
7 1 K
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Figure 11-10: Arrhenius plot of 4y, for BA. The solid line represents the best fit of
experimental data obtained in this work (0). The dashed line represents the best fit of

experimental data (e) taken from re

f [47]

Table 11-1 summarizes the final set of parameters and rate coefficients estimated from the

experimental data. Recall that the reported values for £, are proportional to ky,, with the

proportionality constant being dependent on SEC broadening. For the distributions between 0
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and 30 °C, bois found to be close to the value of 0.04, resulting in an estimate for a, of 2.16
according to simulation. At —10 °C, the distributions are well fit with bo=0.051, and an q,
value of 1.67 is estimated. Thus, &y, values have been estimated at each temperature according
to Eq. (11-3). The Arrhenius plot is shown in Figure 11-10. The associated values of pre-
exponential factor and activation energy are A(kw,) = (4.84+0.29)-10" s and
Ea(kwy) = (31.7 £ 2.5) kI'mol ™', respectively.

The Arrhenius plot of &, is shown in Figure 11-11. The associated values of pre-exponential
factor ~and  activation  energy are  A(k,)=(1.52+0.14) 10°L'mol s and
E.(k") = (28.9 £ 3.2) kJ-mol ', respectively.
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Figure 11-11: Arrhenius plot of k,' for BA. The line represents the best fit of experimental
data.

11.5 Comparison of ky, and kpt estimates with literature data

The Arrhenius parameters for Ay, obtained in this work (E,(kp,) =31.7kJ ‘mol™" and
A(ky,) = 4.84:10" ™) are not significantly different from the ones determined by Plessis et
al.l"! (Ey(k) = 29.8 kJ'mol ™ and A(ky) =4.31-10" s7") via >C-NMR analysis of quaternary

carbon atoms. The kup, values of the present work are by about a factor of two below the ones
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reported from Plessis et al. (see Figure 11-10). Although the experimental data in ref.!*”!
provide a more direct measure of kpb, the NMR signal-to-noise ratio may cause an appreciable
scatter of the data, as can be seen from Figure 11-10. Interestingly, the Ay, data from the two
independent experiments appears to be in closer agreement at the higher temperatures (see
Figure 11-10), where the S/N ratio of the NMR measurements should be higher because of a
larger content of quaternary carbon atoms. It should further be noted that the variation of &,™"
with LPRR, in particular the strong decrease at the repetition rate f;, as observed in our
experiments, may not be simulated via the literature ky, data. Furthermore, the Plessis et al. Ay
data cannot represent the sharp PLP peak found in BA polymerization experiments at 60 °C
using an LPRR of 200 Hz.!"*! Simulation via the Arrhenius parameters obtained in this work,
on the other hand, can predict this peak. Despite these differences, the agreement between the
literature kyp, values and the ones from the present study must be considered as satisfactory.
The temperature dependence of the rate coefficient of monomer addition to an MCR (k") is
best described by an activation energy of 28.9 kJ'mol™'. This value differs substantially from
the activation energy that can be inferred from the PLP-ESR results reported by Willemse et
al.*) However, the origin of this apparent discrepancy will be discussed in Chapter 12.3. An
upper bound of &, may be estimated by examining BA addition to a BMA radical. While
located on a tertiary carbon, this radical is not as hindered as the MCR that results from
backbiting (compare Scheme 11-1a with Scheme 3-1). An approximate limiting value is
estimated via the simplifying terminal model approach for copolymerization as follows:

k
k' /L-mol”.s"'=—2EMA (11-5)

P rBMA,BA
where rgma pa 18 the reactivity ratio for relative addition rate coefficients of BMA and BA to
the BMA radical, and kppma is the BMA homopropagation rate coefficient. As has been

2%7] the terminal model may be used for deducing approximate ky values for

shown recently,!
acrylate-methacrylate copolymerizations with the two monomers having the same type of
alkyl ester moiety. The IUPAC-recommended Arrhenius coefficients!'” for the latter are
A(kp,BI\AA)=3.78-106 L-mol s and Eq(kp,Bma) =22.9 kJ'mol_l; and the reactivity ratio is

taken from literature as:

remasa = 0.827 exp (282.1.7/K ™) (11-6)
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The latter expression actually is from a study of BA copolymerization with MMA,**% but
was found to provide a good representation of the BMA-BA system.**” Thus:

k' /Lmol™s'=4.610exp (-3036-7"/K™) (11-7)

p.upper
which corresponds to an activation energy of 25.2 kJ-mol™" and a value of 145 L-mol '-s™' for
k! at 20 °C.

p,upper

Scheme 11-1: Reactions that provide upper and lower limiting estimates for BA addition to
an acrylate MCR (shown as Scheme 3-1): a) BA addition to a BMA radical; b) BAD addition
to the associated MCR. See text for further discussion.

(@)
BMA radical BA BA radical
COOBU COOBU GOOBu  GOOBM
wwwwww—CH,—C' 4+ H,C=C ——>  wwwwww—CH,—C—CH,—C'
k |
CHj CHj H
(b)
BA dimer radical BA dimer BA dimer radical
COOBu COOBu COOBu COOBu
WVWVWWVV\—CHz—C' + H2C:(|: —_— NN\MMM/\M/‘—CHZ_T_CHZ_?-
Hzé H2C H2C Hzc
CH2 CH2 CH2 CH2
BuOOC BuOOC BuOOC BuOOC

The midchain radical structure of BA is similar to that formed by polymerization of BAD.
Thus, the polymerization behavior of the dimer species of BA may provide a lower bound
estimate for kpt; although the radical structure is similar, the addition of bulky BAD to the
radical may be hindered compared to addition of BA monomer (compare Scheme 11-1b to
Scheme 3-1). Miiller studied the propagation of BAD using the PLP-SEC technique and fit

the following Arrhenius expression to the data:'***!
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t -1 ~1 _
kp,lower/L'mOI 'S _kp,dimer

/L-mol s =9.31-10°exp (—4065-T"'/K ™) (11-8)

which corresponds to an activation energy of 33.8 kJ-mol ™" and a value of 8.8 L-mol™":s™" for

t
k p,lower

at 20 °C. k," determined in this work has an activation energy (28.9 kJ .mol ") between

these two limiting values, with the absolute rate coefficient (k, = 10.8 L-mol s at 20 °C)

also intermediate, but much closer to the value for BAD polymerization.
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12 Determination of Rate Coefficients for Acrylate Systems by SP-
PLP-ESR

The impact of MCR build-up on the kinetics of acrylate polymerization was thoroughly
discussed in Chapter 10. It was shown that individual &, k™ and k" values may not be easily
determined via SP-PLP-NIR as tracing of monomer conversion after single pulse initiation
only provides indirect access to termination rate coefficients. Though the individual &; values
which were determined from analysis of R, data for different cy had proven to describe
MWDs from PLP very well (see Chapter 11), the obtained k*, k™ and k" values are only
chain-length-averaged quantities.”">*! It was outlined in Chapter 3.4.2 that &, strongly
depends on the degree of polymerization of the terminating radicals. Thus, a significant
improvement of modeling capability may be obtained with chain-length dependent 4 values
being available for simulation. Moreover, additional experimental evidence for &y, and kpt
would be valuable, as the PLP-SEC technique detailed in the previous chapter requires
significant modeling support.

A particularly direct way of studying structurally different radicals is ESR spectroscopy. In
fact, it was an ESR study by Gilbert et al.”*'! which first showed the simultaneous occurrence
of SPRs and MCRs during acrylate polymerization. In ESR, the double integral of the
dispersion spectra are proportional to the radical concentrations. However, determination of
separate SPR and MCR concentrations for acrylate systems is not trivial as the associated
individual spectra partially overlap. The experimental ESR spectra thus need to be
deconvoluted as has been briefly outlined in Chapter 5.4.2. Spectra deconvolution yields xycr
values for the particular reaction conditions containing kinetic information on the termination
and transfer kinetics in the polymerizing system.

Particularly valuable information should be accessible from simultaneous time-resolved
measurements of both, secondary and tertiary radical concentrations. Detailed insights into
transfer kinetics and into individual &(i,i) values for acrylate polymerizations may be assessed
from cmcr and cspr traces recorded after SP initiation. Such traces may be obtained by SP-
PLP-ESR, a technique which was so far exclusively used for systems with one type of

macroradical.F22*+?7142%] However, via the calibration procedure detailed in Chapter 5.4.2,
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this technique may also be applied to polymerization reactions where two structurally
different macroradicals occur.

In the first sections of this chapter, ESR spectra measured for BA polymerization under
stationary and pseudo-stationary conditions are discussed and evaluated. The major part is
devoted to the analysis of SPR and MCR concentration traces detected via SP-PLP-ESR.

The investigations detailed in this chapter have been carried out in cooperation with with
Johannes Barth, Dr. Thomas Junkers, Dr. Tatiana Sergeeva, and Thomas Theis. Part of the

work has already been published in refs.>**%2*%

12.1 The ESR spectrum of alkyl acrylates

The unpaired electrons of the SPR and MCR are located in different chemical environments.
Thus the associated ESR spectra are dissimilar. The line splitting of the SPR may be
explained by coupling of the unpaired electron with an a-hydrogen atom and a pair of
equivalent f~hydrogen atoms with the corresponding hyperfine coupling constants for BA of
e =23.5G (1 H) and o115=20.4 G (2 H)."’! For the MCR species coupling with two pairs
of Bhydrogen atoms may be assumed with ayp =10.9 G (2 H) and aup =164 G (2 H).1*!
The coupling constants were determined from low and high temperature ESR spectra which
are dominated by the SPR and MCR species, respectively. The measured spectra and the
assigned hyperfine coupling constants are in close agreement with the ones reported by
Kajiwara for tert-BA.*** The simulated ESR spectra of the secondary and tertiary radicals are
shown in Figure 12-1 with line widths of 4 G (black line) and 0.5 G (grey line). The line
width of ESR spectra depends on the reaction conditions and spectroscopic parameters such
as scanning rate. In the experimental studies of this work, rather broad lines were measured
similar to the ones indicated in black. Due to the pronounced broadening, the SPR-6-line
spectrum reduces to 4 lines and instead of a 9-line spectrum for the MCR only 7 lines are
seen. Those broad simulated spectra may be used to deconvolute experimental spectra as
outlined in Chapter 5.4.2. Sergeeva has recently shown that the agreement between simulated
and experimental ESR spectra is significantly increased by introduction of small contributions
of a 3-line spectrum (anp=27 G (2 H)) being indicated as MCR 2 in Figure 12-1.2%1 Such

pattern implies that a radical species is present in which the electron spin couples with two
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identical protons. This species is probably an MCR which has been formed via inter- or
intramolecular transfer-to-polymer to random position along the polymer backbone (denoted

2 . . . .
97982081y By such reactions, tertiary macroradicals are formed in

as MCR 2 in previous studies!
which the electron spin is located between two long polymeric arms rather than one arm just
being an SCB as for the MCR created via 1-5-hydrogen shift. Coupling occurs with only two

41,289

out of four hydrogen atoms for MCR 2.1 ] Such situation may be met when rotations

around the C-C bonds are strongly hindered by the long polymeric side chains. This may fix
two of the protons in perpendicular position to the rotation axis of the p,-orbital of the

unpaired electron resulting in a coupling constant of zero.

SN
W %

W
o

el e Ve
g

P

Figure 12-1: Simulated ESR spectra of the SPR, MCR and MCR 2 as indicated in the figure.
The associated hyperfine coupling constants are given in the text. For simulation of the
spectra line widths of 4 G (black) or 0.5 G (gray) were used.

(41.289] \inder which

A dominant 3-line spectrum was found within cross-linking polymerization
conditions rotational restriction should become important. However, also Yamada and
coworkers obtained 3-line spectra during conventional polymerization of acrylate-type

monomers.****] Moreover, Yamada et al. reported a different coupling pattern for the SPR
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as the one described above. They attributed different coupling constants to each of the /-
hydrogen atoms.

Matsumoto and Giese!**”)

obtained a 16-line spectrum for a monomeric MA radical which
they attributed to identical o, and asp values but with additional small line splitting due to
the j~hydrogen atoms of the ester group. Based on their assignment, it is possible to obtain a
simulated SPR spectrum which is practically identical to the one shown in Figure 12-1 when
pronounced line broadening is introduced (see Figure 12-2). In fact, coupling with j~hydrogen
atoms was also experimentally observed during polymerization of methacrylate monomers

when slow scanning rates were used.>*>**!

Figure 12-2: Simulated ESR spectra of the SPR. The hyperfine coupling constants are
o1, =20.77 G (1 H), asp=20.77 G (2 H), and au,= 1.45 G (3 H) as reported in ref.**"! For
simulation of the spectra line widths of 4 G (black) or 0.5 G (gray) were used.

It was furthermore shown that hyperfine coupling constants may change with radical chain-
length. This may cause broadened ESR spectra under conventional, i.e., not controlled
polymerization conditions where macroradicals of different length occur./**!

The discussion above illustrates that the shape of the ESR spectra for SPR and MCR may
strongly depend on experimental conditions such as temperature, radical chain length,
solution viscosity, polymer content, and degree of cross-linking but spectroscopic parameters

like scanning rate, microwave power and modulation amplitude seem equally important.

Moreover, even for spectra of similar shape, different coupling mechanisms were proposed.
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Though this situation is not very satisfactory, only the correct assignment of ESR bands to the
SPR and MCR species is relevant for the kinetic investigations detailed in the thesis in hand.
The SPR and MCR spectra shown in Figure 12-1 are unambiguously assigned by low and
high temperature measurements and the MCR 2 spectrum is most likely due to tertiary
macroradicals. A particularly simple method for identifying SPR and MCR lines in
superimposed ESR spectra was recently introduced by Buback et al.’* and is detailed on

example of BA polymerization in the next section.

12.2 PLP labeling of SPRs and MCRs in ESR analysis

ESR spectroscopy is well suited for analysis of different types of radicals. Contributions of
SPRs and MCRs to the resulting ESR spectra may, however, not easily be separated because
of (partial) band overlap. It was shown that the spectra measured at intermediate temperatures
may be well expressed by a superposition of simulated SPR and MCR spectra with the

coupling constants being determined from experimental spectra measured at low and high

temperatures, respectively.[*”)

|~ ~———— ]
UV-ESR

20 Hz PLP-ESR WMW

NN
|~ N

! ! I ' I ' I
3360 3380 3337 3338 3339
B/G B/G

10 Hz PLP-ESR

5 Hz PLP-ESR

! !
3320 3340

Figure 12-3: ESR spectra recorded during polymerization of 1.52 mol'L™" BA in toluene.
The spectra were recorded at 0 °C under continuous illumination (UV) and under PLP
conditions at different LPRRs (5, 10, and 20 Hz, as indicated in the figure).
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Figure 12-4: Simulated SPR (grey line) and MCR (black line) concentration traces for PLP-
induced polymerization of 1.52 mol'L™" BA in toluene at 0 °C, an LPRR of 20 Hz, and
primary radical concentrations of cg’=10"mol-L™". The rate coefficients collated in
Table 10-1 were used for modeling.

A simple approach for labeling different types of structurally and kinetically different
macroradicals has been presented for dodecyl acrylate (DA) solution polymerization®* and is
shown in Figure 12-3 taking ESR spectra measured during a BA polymerization in toluene
(1.52 mol'L™") at 0 °C as an example. The scan rate was 10 G's . For the upper spectrum
(UV-ESR), polymerization was induced by continuous illumination with a UV lamp. The
spectrum consists of several rather broad and smooth lines which cannot directly be assigned
to particular radical species. The other ESR spectra in Figure 12-3 are scanned under pulsed
laser initiation. They are composed of two types of ESR lines, with and without pronounced
oscillation. There are four lines exhibiting oscillations whereas, e.g., the center line around
3350 G exhibits only minor intensity variations. The oscillating ESR lines are due to SPRs.
Laser pulsing produces a burst of initiator-derived radicals which add to monomer and form
SPRs. The SPRs may subsequently undergo termination or transformation to MCRs via
backbiting. That the oscillations are due to laser pulsing is evident from the enlargement on
the r.h.s. of Figure 12-3. The magnetic field domain can be transformed into a time domain
based on the applied scanning rate. Thus, the peaks for 20, 10 and 5 Hz are spaced by 0.05,

0.1 and 0.2 s which exactly matches the associated pulse separation times. The fact that the
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MCR lines (see, e.g., the central region) reflect laser pulsing to a much smaller extent directly
shows that, under the above described reaction conditions, backbiting of SPRs, propagation
from MCRs, and termination of MCRs are slow processes compared to termination of SPRs.

To illustrate the above discussion, the SPR (grey line) and MCR (black line) concentration
traces for polymerization of 1.52 mol-L™" BA in toluene at 0 °C under PLP-initiation of 20 Hz

(cr’= 110" mol-L™") were simulated via PREDICI and shown in Figure 12-4.

20 Hz PLP-ESR

15 Hz PLP-ESR

10 Hz PLP-ESR

Z

] v ] v ] v ] v ] v
3320 3340 3360 3380 3348 3349 3350
B/G B/G

Figure 12-5: ESR spectra recorded during polymerization of 1.52 mol-'L™' BA in toluene
at 72 °C and under PLP conditions at different LPRRs (20, 15, and 10 Hz, as indicated).

Though MCR build up is relatively slow compared to formation of SPRs, pseuo-stationarity
of MCR concentration is already reached after firing four to five laser pulses. However, after
passing the initial transient period, only minor variations in MCR concentration are seen upon
laser pulsing. eumcr periodically changes between about 9:107 and 1.1-107° mol-L™". However,
cspr increases to almost 107 mol-L™! directly after the laser pulse but decreases to less than
1107 mol-L™" during the pulse-separation time. Those strong variations in SPR concentration
are also reflected in Figure 12-3 whereas no or only minor oscillations are seen for the MCR.

Pronounced changes in MCR concentration may be observed when temperature is
significantly increased. Under such conditions, the rates of MCR formation by backbiting and
MCR loss by termination are strongly increased. This is illustrated in Figure 12-5 where ESR
spectra recorded during PLP-induced polymerization of BA (1.52 mol-L™" in toluene) at 72 °C
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are shown. It can be seen that cycr oscillates with the applied LPRR within the spectra. SPR
lines, however, cannot be clearly identified in Figure 12-5. This may be due to the extremely
fast loss of the primary SPR concentrations by backbiting and termination which cannot be

resolved with the applied scanning rate.

12.3 Evaluation of midchain radical fractions determined during

stationary and pseudo-stationary polymerization

The temperature dependence of xycr under PLP-conditions was object of several studies by
the Buback group.[**"?*2%] However, the results were in several perspectives curious as will
be discussed for the BA system.

Figure 12-6 shows the experimentally obtained temperature dependence of xymcr for PLP-
induced polymerization of BA in toluene at an LPRR of 20 Hz and different monomer

49’97]). xmcr 1S strongly increased toward higher

concentrations (data is taken from refs.|
temperature from a value close to zero at —50 °C to about 0.8 at 70 °C. Thus, for low
temperatures almost no tertiary radicals are seen in the ESR spectrum whereas at high T less
than 20 % of the radicals are SPRs. Such strong temperature dependence is at first glance
surprising considering that, according to Table 10-1, E(kw) and Eu(k,) differ by only about
3 kJ'mol™'. This suggests a minor temperature dependence of xycr expressed by Eq. (10-10).
Moreover, from Eq. (10-10) a pronounced monomer concentration dependence of xmycr 1S
expected as the re-initiation frequency scales with cy. However, the data in Figure 12-6
closely overlap though wide ranges of monomer concentration are covered.

To overcome this dilemma, Willemse et al.l* proposed a monomer-complexed transitional
MCR species which adds to the monomer with the frequency kpt*. Definition of such

unimolecular propagation step removes the monomer concentration dependence from

Eq. (10-10):

x _ Ky
ex = (12-)

The pseudo-stationary SPR and MCR concentration profiles were simulated for identical

reaction conditions as used within the experimental studies on BA. The primary radical
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concentration was estimated to be 10> mol-L™"; a value which is typical for PLP-ESR (see
Chapter 12.4). An example for simulated SPR and MCR traces under pseudo-stationary PLP
conditions has already been shown in Figure 12-4. The cspr and cmcr curves obtained for
different monomer concentrations and temperatures were integrated over time to obtain a
measure for the average radical concentration. From the associated integrals, xmcr is

calculated according to:

J.CMCR ()
XMcrR = 12-2
ICMCR () + J.CSPR (1) ( )
1.0
i o
Q
0.8 , &
o &
0.6 R
X
: 7o
=044 v .
o o cBA=0.10 mol-L
A v ¢, =050molL"
0.2 4 o -
o o ¢, = 1.52 mol'L
(o] — gt
oV A Cyp = 2.53 mol-L
0.0 T T T T T
-60 -40 -20 0 20 40 60 80
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Figure 12-6: Temperature dependence of xycr during PLP-induced (20 Hz) polymerization
of BA in toluene at different monomer concentrations as indicated in the figure. Data is taken
from refs.! 7}

The so-obtained simulated temperature dependencies of xycr for PLP-induced polymerization
of BA at different monomer concentrations are depicted in Figure 12-7. It is clearly seen that
xmcr strongly depends on temperature and the curves simulated for different cga converge
toward low 7. Pronounced monomer concentration dependencies of xycr are only observed
for high temperatures. Experimental high temperature xycr data for low cy is limited to a
single data point for 0.1 mol'L™" of BA which is, however, indeed well above the values

measured for monomer concentrations of 1.52 and 2.53 mol'L™" (see Figure 12-6). The reason
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behind those observations is that derivation of Egs. (10-10) and (12-1) rests on two major
assumptions which are the stationarity of cmcr and, more importantly, the fulfillment of the
long-chain hypothesis. Both restrictions are not met with the PLP-ESR measurements. cycr 1S
not stationary but pseudo-stationary and at low temperatures the major loss reaction of MCRs
is termination rather than monomer addition. At a temperature of —50 °C and a monomer
concentration of 1.5 mol-L™', the average lifetime of an MCR before it adds to monomer is
more than 2.5s (according to Eq. (10-14)). However, termination of MCRs can still be
assumed fast as the activation energies for k™ and k" are low and the radical concentrations
are relatively high under PLP-conditions. Thus, even in case that the stationarity assumption
was fulfilled, xmcr at low 7' should be described by Eq. (10-8) and not by Eq. (10-10).
Conclusively, at high temperatures xycr 1s controlled by monomer addition to the MCR and
thus the MCR content depends on cy. Toward lower 7, a termination control of xycr sets in
causing a pronounced decrease in MCR fraction and a monomer concentration independence

of xmcr at very low temperatures.
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Figure 12-7: Simulated temperature dependence of xyicr for PLP-induced polymerization of
BA in toluene with an LPRR of 20Hz, ¢g’=10"mol-L™", and different monomer
concentrations as indicated in the figure. The rate coefficients for modeling were chosen
according to Table 10-1.

A comparison of experimental (open symbols) and simulated (filled symbols) xmcr data is
shown in Figure 12-8 for BA concentrations of 2.53 (left) and 1.52 mol-L™" (right). This

figure illustrates that not only qualitative but also close quantitative agreement between
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experiment and simulation is obtained, especially for the higher BA concentration. Almost
perfectly overlapping data may for example be achieved when the pre-exponential factor of
k" is increased by about 1.5 within the simulations. However, such minor discrepancies may
also be explained by problems in experimental xycr determination. Strong oscillations of SPR
lines as shown in Figure 12-3 may result in an underestimation of MCR fraction within the
deconvolution procedure. The close agreement between experiment and simulation provides
strong evidence for the accuracy of the rate coefficients collated in Table 10-1. xycr values
estimated from Eq. (10-10) are included as full lines in Figure 12-8. Whereas those xmcr
values are close to the simulated and experimental data at high temperatures, they strongly
diverge toward lower 7. This again illustrates that xycr is controlled by termination at low
temperatures and Eq. (10-10) is only valid at high temperatures and high ¢y which, however,

are the technically relevant conditions.
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Figure 12-8: Comparison between experimental (open symbols) and simulated (full symbols)

temperature dependencies of xycr for 2.53 (left) and 1.52 mol-L™" (right) of BA in toluene

(data is taken from Figure 12-6 and Figure 12-7). The full line was estimated using
Eq. (10-10) with the ky, and &, values from Table 10-1.

In previous studies, the experimental xycr data was evaluated by Arrhenius plotting of

t* [4 2 .
ke [A99798.208] The result from a corresponding

xM(;R-(l—xM(;R)_1 to obtain the activation of kyy/
plot to the entire BA data set shown in Figure 12-6 is Ea(kbb/kpt*) = 18.8 kJ-mol™".***"! This
outcome is in conflict with the difference in the activation energies of &y, and l’cpt according to
Table 10-1 which is below 3 kJ'mol™'. Moreover, assuming that E,(kw) is about 30 kJ ‘mol ",

as determined from the particularly direct method of branching level measurements,'*” the
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high Eu(ksp/k,") value implies that E,(k," )=~ 12kJ-mol™". This value is well below all

16]

activation energies reported so far for monomer addition to tertiary macroradicals!'® and may

be obtained only for very special systems like secondary radical propagation of AA in dilute

[67.881 However, the above described discrepancies only result from the

aqueous solution
invalidity of Eq. (12-1). Linear fitting of In(xmcr/(1-xmcr)) vs. T ! should correctly yield
Ea(kon/ (k- onrt 2k encr 2k -csprtkiem-em)).  Figure 12-9  shows an  Arrhenius plot of
xl\/ICR-(l—xl\/ICR)_1 of midchain radical fractions which were simulated for PLP-induced
polymerization of 1.52 mol-L™' BA. The full line represents a linear fit to the entire data set.
The obtained activation energy of 21 kJ-mol™" is in good agreement to the literature result of
18.8 kI'mol™". Exclusive regression of the two data points for the highest temperatures
(dashed line) yields an activation energy of 9 kJ-mol™" indicating propagation control of xyicr
with minor contribution of termination. From fitting of the two data points at the lowest
temperatures (dotted line), an activation energy of 29 kJ'mol™" is obtained which illustrates
that termination controls xycr. It has to be noted that Junkers?®”! already pointed out that low
Ea(kbb/kpt*) values are obtained from exclusive regression of the high temperature data

however without providing an explanation for this observation.

29 kJ-mol'
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Figure 12-9: Arrhenius plot of xMCR-(l—xMCR)_l from simulated midchain radical fractions
for PLP-induced polymerization of 1.52mol'L™" of BA in toluene (fi =20Hz and
cr”= 10" mol-L™"). The full line represents a linear fit to the entire data set whereas the
dotted and dashed lines result from linear regression of the two data points at the lowest and
highest temperatures, respectively.
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Though PLP techniques usually afford for more detailed insights into kinetics than stationary
methods, xmcr values measured under stationary conditions are easier to evaluate. Under such
conditions, demcr/dz = 0 is fulfilled and thus Eq. (10-8) can directly be applied. Moreover, the
ESR spectra are relatively smooth and no oscillations of SPR lines are seen (see Figure 12-3)
allowing for precise determination of xycr via deconvolution.

Sergeeva determined MCR fractions for polymerizations of BA and DA in toluene induced by

continuous illumination via a UV lamp.*"”!

As an example, Figure 12-10 shows the
experimentally obtained temperature dependence of xycr (open circles) for polymerization of
1.52 mol-L™! of BA in toluene. As noted above, the xycr(7) curve may be described by
Eq. (10-8) but cmcr and cspr are required for using this expression. However, these two
quantities can be expressed by cmcr = cr'xmcr and cspr = cr'(1—xmcr). The overall radical
concentration may be determined from the experimental ESR spectra via calibration against
TEMPO spectra (see Chapter 5.4.2). For cm, the arithmetic mean monomer concentration
before and after UV irradiation is used. This removes all unknown quantities from Eq. (10-8)
and allows for solving this expression for xycr. The so-obtained predicted MCR fraction
(using the rate coefficients from Table 10-1) is depicted in Figure 12-10 as filled circles.
There is astonishingly good agreement between experimental and predicted data illustrating
the validity of Eq. (10-8) and the predictive power of the set of rate coefficients collated in
Table 10-1. The temperature dependence of xymcr obtained from Eq. (10-10) is also included
in Figure 12-10 to demonstrate again that this expression may only be used for high
temperatures.

It has already been mentioned that xyicr is controlled by termination at very low temperatures.
Under such conditions transfer-to-monomer of the MCR can be neglected. MCR-MCR
termination should also not significantly contribute to the loss of tertiary radicals as cmcr 1S
relatively low and & is well above k. Based on those assumptions, Eq. (10-8) may be
simplified and solved for &*.

Koy = Ko - Xnicr — k}: “Cym " XMcr

kst :l
2 Cr " *mcr '(1 - xMCR)

(12-3)

Via Eq. (12-3), kS may be estimated from experimental xycr, cr, and ¢y values for low

temperature polymerization conditions provided that kw and k, are known; an approach

which is currently explored.**”!
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Figure 12-10: Experimental (open circles) temperature dependence of xycr for stationary
UV-induced polymerization of 1.52 mol-L™" of BA in toluene.** The filled circles were

estimated according to Eq. (10-8) and the full line was assessed from Eq. (10-10) both with
the rate coefficients collated in Table 10-1.

12.4 SP-PLP-ESR of BA

SP-PLP-ESR is until now the most powerful experimental technique for kinetic investigations
into acrylate systems, as it allows for obtaining ky, and k,' as well as chain-length dependent
individual 4 values from a single experiment. However, application of SP-PLP-ESR is not
trivial, as the calibration procedure is rather complex (see Chapter 5.4.2) and several
experimental artefacts may occur which hamper tracing of cspr and cycr (see Chapter 5.4.3).
The experimentally accessible range for time-resolved measurements of both, SPR and MCR
concentration, is 0 °C to 60 °C. At even lower temperatures, signal-to-noise quality of the
MCR traces becomes to low whereas at temperatures above 60 °C, the SPR lines in the full
ESR spectra are no longer sufficiently resolved for accurate identification of the maximum
position (Hyspr) used for tracing cspr. In the first part of this chapter, experimental SPR and
MCR concentration curves for polymerization of BA are discussed. Subsequently, the general
data evaluation procedure is outlined followed by the presentation of the results for the kinetic

coefficients.
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12.4.1 SPR and MCR concentration traces after single pulse initiation

The shape of cspr(?) and cmcr(?) curves has already been briefly discussed for the simulations
shown in Figure 10-10 and, indirectly, within Chapter 12.2 by means of the full ESR spectra
measured under PLP conditions. The time evolution of SPR concentration after single pulse
initiation at 7 = 0 for polymerization of BA in toluene (1.52 mol-L™") is shown in Figure 12-11
for different temperatures. SPRs are formed by monomer addition to initiator-derived radicals
with the associated rate coefficient, &i. As k; is generally assumed to be even well above &, and
cmM 1s not close to zero, the maximum in cspr 1s reached shortly after the laser pulse. The steep
increase in SPR concentration cannot be adequately resolved by SP-PLP-ESR, so far.
Moreover, the laser signal (see Figure 5-13 and accompanying discussion) may strongly
distort the SPR traces at short times after the laser pulse as can be seen from the of double
maxima in the 273 and 333 K curves. Such cgpr(?) shape cannot be explained by a genuine
kinetic effect. The maximum SPR concentration is almost independent of temperature as
identical initiator concentrations and similar laser energies were used. The subsequent
decrease in cspr 1s caused by termination and backbiting reactions, respectively. The dominant
reaction at relatively short times after the pulse is SPR-SPR termination, as secondary radical
concentration is very high and k* is well above k. SPR-MCR termination may only get
significant at high temperatures and longer times after applying the pulse (> 0.01 s) when a
considerable MCR concentration has been formed. Due to the chain-length dependence of &
and the different reaction orders in SPR concentration of termination and backbiting, the
influence of intramolecular transfer-to-polymer on cgspr(?) is negligible shortly after the laser
pulse but becomes more and more important toward longer times. The impact of SPR loss via
backbiting is more pronounced at high temperatures as E,(kw,) is well above E (k™) (see
Table 10-1). Finally, it needs to be emphasized that the variation in signal-to-noise quality for
the SPR traces in Figure 12-11 is due to the temperature dependence of spectrometer
sensitivity (see Figure 5-8) as well as differences in the accumulations per data point and

numbers of single trace co-additions (see Chapter 5.4.1).
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Figure 12-11: Variation of SPR concentration with time after SP initiation for
polymerization of 1.52 mol-L™"' BA in toluene at 0, 30, and 60 °C (as indicated in the figure).
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Figure 12-12: Variation of MCR concentration with time after SP-initiation for
polymerization of 1.52 mol'L™" of BA in toluene at 0, 30, and 60 °C (as indicated in the

figure). The curve for 0 °C was measured at a lower time resolution compared to the traces at
higher temperatures.

Figure 12-12 shows MCR traces measured during SP-PLP-induced polymerization of BA
(1.52 mol'L™ in toluene) at 0, 30 and 60 °C. The slope of of the cycr(?) curves during MCR

build up increases toward higher temperature as kp, grows. The maximum MCR concentration
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strongly depends on temperature. Whereas only 5 % of the SPRs are transformed into MCRs
at 0 °C, 25 % of the secondary radicals undergo intramolecular transfer-to-polymer rather
than termination at 60 °C. This is, as mentioned above, due to the strong acceleration of kyp
toward higher 7 whereas k; increases only to a minor extent. Comparison of Figure 12-12 with
Figure 12-11 illustrates the enormous persistence of the MCR species compared to SPRs
which is mainly caused by its low termination reactivity (see &, &, and k" in Table 10-1).
The maximum in cmcr(?) 1s reached when the rate of MCR formation by backbiting equals the
sum of the rates of MCR loss by SPR-MCR termination, MCR-MCR termination and
monomer addition to the tertiary radical. At relatively short times after the laser pulse SPR-
MCR termination is dominant. However, as cspr rapidly decreases with time (see
Figure 12-11) the impact of MCR-MCR termination and re-initiation reactions on the shape
of cymcr(?) increases toward higher 7. The more pronounced decrease in MCR concentration at
higher temperatures illustrates the increase in k™, k" and k,' toward higher T but is also

partially due to the bimolecular nature of the termination step.

12.4.2 Strategy for Kkinetic analysis of cspr(?) and cvcr(?) curves

The time evolution of SPR and MCR concentration after single pulse initiation was
qualitatively discussed in the previous chapter. However, extraction of kinetic coefficients
from these curves is not easily accomplished as already outlined in Chapter 10.4. The
approach used in the thesis in hand was to separate termination and transfer kinetics. This was
achieved by measuring cspr(f) at low temperatures, i.e. at —40 °C. At this temperature
backbiting is almost completely suppressed as is evident from xycr under PLP conditions
being below 10 % (see Figure 12-6). In case of SP-PLP initiation, the influence of MCR
formation should be even less pronounced, as there is no slow build-up of a pseudo-stationary
tertiary radical concentration. The secondary radical concentration curves measured at —40 °C
are evaluated by plotting log(cr”/cspr—1) vs. log(f). According to Egs. (3-41) and (3-42), two
linear regimes should be observed in such figure with the transition occurring at 7, (see
Chapter 3.4.3). By linear fitting of the two ranges, o and &*(1,1) as well as ¢ and & are
obtained. As discussed in Chapter 3.4.3, the chain-length dependence of 4; is not accurately
assessed from the double-log plot but from non-linear curve fitting of the radical

concentration traces to Egs. (3-43) and (3-44). However, it turned out that regression of the
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experimental data with Eq. (3-44) is rather insensitive and may result in even negative ¢
values.”™ Thus, ¢ and 7. were determined from the double-log plot. The cspr(7) data was
subsequently cut at z. and o as well as k(1,1) were evaluated by fitting the short-chain data
to Eq. (3-43).

The so-obtained o, a1 and i, values were assumed to be independent of temperature. This
hypothesis is reasonable because of the clear physical meaning behind these parameters (see
Chapter 3.4.2). o describes the increase in hydrodynamic radius toward higher chain length.
Chain stiffness is expected to decrease toward higher temperature which may facilitate coiling
and thus results in a decrease of a. This effect is, however, assumed to be negligible. ¢ is
governed by the shielding of the radical functionalities by polymeric chain segments within
long-lived contact pairs. This parameter mainly depends on excluded volume effects which
are governed by solvent quality.'*®! Also for ¢ no pronounced temperature dependence is thus
anticipated. i. is the chain length at which the transition between the short contact and long
contact regime occurs. In other words, macroradicals start to entangle and form long-lived
contact pairs from a chain length of i; on. Thus, i. is mainly governed by the dynamics of
entanglement and disentanglement which should both be affected to similar extend by
temperature resulting in an almost constant 7.

The experimental cspr(?) and cmcr(?) curves at temperatures between 0 and 60 °C were
iteratively fitted by a comprehensive PREDICI model which explicitly accounts for the chain-
length dependence of k* and k* but is ostensibly identical to the one used within the previous
chapters. The adjustable parameters within the model were &*(1,1), &*(1,1), kup, k,', and R’
The other rate coefficients were chosen according to Table 10-1 with the exception of k;
which was assumed to be 5-k,". The set of &, o and i, determined at low T was used to
describe the chain-length dependence of & with &(1,1) being the remaining fit-parameter.
Within a previous data treatment, SPR-MCR termination was evaluated using o =0.5,
o1=0.27 and i.=20 with k*(1,1) as adjustable parameter.**” However, it appears more
reasonable to apply the same «a; and i. values as were used for describing &:*°(i,i) because both
composite-model parameters are not expected to be significantly dependent on the position of
the radical functionality within the chain. Moreover, ¢ is expected to decrease from 0.27 to

[26,128,129

0.16 toward increasing degree of polymerization. ) Thus, an average value of 0.22 was

implemented in the model rather than ¢ = 0.27.
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MCR-MCR termination does not significantly affect the SP-PLP-ESR traces for the reaction
conditions examined within the thesis in hand. Thus, the chain-length-independent k"
contained in Table 10-1 was adopted for the model.

To finalize, the parameters which were adjusted by comparing experimental and simulated
SPR and MCR traces are limited to cr’, &5(1,1), &5'(1,1), kyp, and k,'. This simplification
allows for obtaining a one-to-one solution for the kinetic coefficients. cspr(?) is particularly
sensitive to the choice of cRO and k°(1,1). These two parameters were determined from the
SPR trace using an estimate for k*(1,1), kb, and k,". In the second step, the preliminary results
for cr” and &%(1,1) were adopted in the model and cycr(7) was simulated under refinement of
kft(l,l), ko, and kpt. These coefficients were subsequently used to re-evaluate the SPR trace
for obtaining enhanced accuracy in &(1,1) and cg” et cetera. Thus, final £*(1,1) and cg° as
well as &'(1,1), kw, and k,' values were obtained from cyclic refinement of the parameters on

the basis of the experimental cspr(?) and cmcr(?) curves.

12.4.3 Termination Kinetics of BA at low temperatures

Figure 12-13 shows an ESR spectrum scanned during PLP-induced polymerization of BA in
toluene at —40 °C. The spectrum is mainly due to SPRs with the fraction of MCRs being
below 10 %, as can be seen from the weak line around 3350 G. The SPR lines which strongly
oscillate with the applied LPRR are in close agreement with the associated simulated spectra
shown in Figure 12-1 and Figure 12-2, respectively.

The evaluation of an SPR trace via a log(cr”/cspr—1) vs. log(f) plot is exemplarily shown in
Figure 12-14 for polymerization of 1.52 mol-'L™" BA in toluene at —40 °C. The data points at
very short times (circles, segment I) were not used for regression as in this time region the
approximation i = ky,'cmet 1s not valid (see Chapter 3.4.3) and the data may additionally be
affected by the influence of the laser pulse and initiator-derived radicals (see Chapter 5.4.3).
Linear regression of the short-chain (crosses, segment II) and long-chain regime (crosses,
segment [V) results in o = 0.56 and o1 = 0.25. From the crossing point of the two straight
lines, i =30+ 8 is obtained according to Eq. (3-8). The chain-length range of 25 <i <50
(circles, segment III) where the transition between the slopes (1—as) and (1—a) occurs was

omitted from linear regression.
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Figure 12-13: ESR spectrum recorded during PLP-induced polymerization of BA
(1.52 mol-L™" in toluene) at —40 °C and an LPRR of 20 Hz.
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Figure 12-14: Analysis of BA-SPR traces according to Egs. (3-41) and (3-42). SP-PLP-ESR
was carried out for polymerization of 1.52 mol-'L™" of BA in toluene at —40 °C. Data at very
short times (corresponding to i < 3) indicated by the circles were not used for regression.

Figure 12-15 shows the refined analysis of the short-chain regime of the SPR trace from
Figure 12-14. The regression according to Eq. (3-43) within the entire time interval of

0<t<t yields & =0.85 and &*(1,1) = 1.65-10° L-mol "s". Only the very first one or two
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data points were omitted, as they refer to the increase of the cgspr(?) curve which is not
captured by Eq. (3-43). The higher power-law exponent compared to the evaluation by
Eq. (3-41) results from the more accurate description of the chain length as detailed in
Chapter 3.4.3. Regression of the long-chain regime by Eq. (3-44) did not result in reasonable

values for o.
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Figure 12-15: Analysis of the short-chain regime of the SPR trace from Figure 12-14
according to Eq. (3-43).

The SPR traces measured during SP-PLP experiments of BA (1.52 mol'L™" in toluene) at
temperatures above —40 °C were also analyzed by Eq. (3-43). The so-obtained temperature
dependence of o is shown as squares in Figure 12-16. A pronounced decrease of ¢ toward
higher temperature is observed from 0 °C on. Also included in Figure 12-16 are the results
from fitting simulated SPR traces to Eq. (3-43). The simulations were carried out using the
final set of kinetic parameters collated in Table 12-1. Thus, a constant ¢ of 0.85 was applied
within all simulations. Nevertheless, a very similar decrease of the (apparent) power-law
exponent toward higher 7 is obtained from the simulated data when evaluation according to
Eq. (3-43) is processed. This indicates that the experimentally observed drop in ¢ is mainly
or even solely due to the influence of MCR build-up on the SPR traces. SPR loss by

backbiting was not included in the derivation of Eq. (3-43). This process results in an
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apparent increase of k™ at longer times after the laser pulse thus reducing . Moreover, the
good overlap of experimental and simulated data in Figure 12-16 up to 40 °C illustrates the
accuracy of the final converged rate coefficients. It is also demonstrated that the influence of
backbiting on ¢ determination at —40 °C is absolutely negligible.

It needs to be noted that the ¢, from SP-PLP-ESR is well below o, = 1.24 obtained via SP-
PLP-NIR-RAFT for BA.”® The potential origin of this difference will be discussed in
Chapter 13.3.
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Figure 12-16: Temperature dependence of o obtained from analysis of the short-chain
regime by Eq. (3-43). The circles indicate experimental o values for polymerization of
1.52 mol'L™" BA in toluene. The squares were obtained from fitting simulated SPR traces.
The simulations were carried out using the kinetic coefficients collated in Table 12-1. A
temperature independent ¢ of 0.85 was thus applied (indicated by the dotted line).

It is not self-evident that also ¢ 1s obtained with high accuracy from fitting experimental SPR
traces recorded at low 7 to Eq. (3-42). It was pointed out by Buback et al.*¥ that application
of Eq. (3-42) leads to an overestimation of ¢1. Moreover, though the influence of backbiting is
relatively small at short times after the pulse, it becomes increasingly important toward longer
times due to its unimolecular nature. Figure 12-17 shows an experimental cspr(?) curve
recorded during polymerization of BA (1.52 mol-'L™" in toluene). Also included are simulated
SPR traces which were modeled by means of the final converged kinetic parameters collated
in Table 12-1. The curve indicated by the thick full line was simulated with the full kinetic

scheme whereas, for the dotted line, ki, = 0 was used. It was assumed for the simulation that
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g was not 0.25 as determined experimentally but set to 0.16, as theoretically proposed. It is
clearly seen that the simulation without MCR build up overestimates cspr at longer times after
the laser pulse. However, perfect agreement between experiment and simulation is obtained
when the full kinetic scheme is used. Accordingly, the simulation of cspr(?) With g =0.25
under consideration of MCR formation should yield an underestimation of SPR concentration
in the long-chain regime. Thus, &g = 0.16 was adopted for the simulations of the SPR and

MCR traces at temperatures between 0 and 60 °C.
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Figure 12-17: Comparison between simulated and experimental SPR (thin full line) traces
for polymerization of BA at —40 °C. The rate coefficients collated in Table 12-1 were used

for modeling. Simulations were carried out with the full kinetic scheme (thick full line) and
for kv, = 0 (dashed line).

12.4.4 Termination and transfer Kinetics of BA between 0 and 60 °C

As outlined in Chapter 12.4.2, the termination and transfer kinetics of BA polymerization at 0
to 60 °C was analyzed via iterative parameter refinement within a comprehensive PREDICI
model aimed at overlapping experimental and simulated SPR and MCR traces. The
composite-model parameters for k(i,i) of o =0.85, oy =0.16, and i. = 30 were assumed to
be constant. It goes without saying that cg” and k> (1,1) can be determined with good accuracy
from cspr(?). ¢’ is estimated from extrapolation of the decreasing part of the SPR trace to

t=0. k>°(1,1) is subsequently adjusted to fit the curvature of SPR concentration vs. time,
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mainly at relatively short times after the pulse before backbiting becomes dominant. &*(1,1),
kvp, and kpt are assessed from the MCR trace. The cmcr(?) curves are particularly sensitive
toward kyp, and & (1,1) at relatively short times after the laser pulse, that is up to about 0.2 s.
The influence of k,', or more precisely the ratio of kb to k', becomes more important toward
longer times after SP initiation. An illustration of the sensitivity of parameter estimation from
cmcr(?) curves is contained in the diploma thesis of Barth.[?%!

The change in SPR and MCR concentration after single pulse initiation for polymerization of
1.52 mol:'L™" of BA in toluene at 30 °C is shown in Figure 12-18. The grey lines are kinetic

fits to the experimental data which were obtained as detailed above. The simulations afford

for an excellent representation of both traces with a single set of kinetic parameters.
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Figure 12-18: Change in secondary propagating radical (SPR) and midchain radical (MCR)
concentration after single pulse initiation at time #=0 (black lines) monitored by time-
resolved ESR spectroscopy during polymerization of 1.52 mol-'L™" BA in toluene at 30 °C.
The grey lines represent kinetic simulations of the data (see text).

The temperature dependence of & (1,1) for polymerization of 1.52 mol'L™" of BA in toluene
is shown in Figure 12-19. The corresponding Arrhenius parameters are
E(kS(1,1) = (8.4£0.7) kJmol™"  and  A(k¥(1,1)) = (1.3£0.4)-10"° L'mol "s™".  The
temperature dependence of the termination rate of two monomeric radicals should be entirely

governed by 77_1(7) as R. and ry; can be assumed constant (see Egs. (3-19) and (3-20)). In
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fact, the temperature dependence of the fluidity of toluene, which is the main component of
the reaction solution, may be expressed in terms of an activation energy of
8.9 kJ-mol " ."**?%] Thus, the result for Eu(k*(1,1)) is in excellent agreement with the
theoretically expected value based on the center-of-mass diffusion controlled nature of
primary radical termination. A thorough discussion of the termination rate kinetics of acrylate

and methacrylate monomers is given in Chapter 14.
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Figure 12-19: Temperature dependence of &*(1,1) for polymerization of 1.52 mol'L™" of BA
in toluene.
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Figure 12-20: Temperature dependence of k*(1,1) for polymerization of 1.52 mol-L™' of BA
in toluene.
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The variation of k(1,1) with temperature for polymerization of 1.52 mol'L™" of BA in
toluene 1s depicted in Figure 12-20. The corresponding Arrhenius parameters are
E.(k&'(1,1)) = (6.6+0.2) kI'mol ™" and A(k(1,1)) = (4.2+0.6):10° L-mol '-s™". As expected for a
center-of-mass diffusion controlled rate coefficient, E,(k'(1,1)) is again relatively close to
EJn"). The k(1,1) values are less than a factor of 2 below the 4 (1,1) data shown
Figure 12-19. However, a more pronounced difference between k*(i,i) and k’(i,i) is
established for longer chain lengths due to the higher ¢ for SPR-MCR termination.
Furthermore, it needs to be stressed that k(1,1) is a hypothetical quantity as MCRs cannot be
formed via backbiting, i.e. via 1,5-hydrogen shift, for chain lengths below 4.!%**]

Figure 12-21 shows the Arrhenius-type plots of Ay, for polymerization of BA determined via
SP-PLP-ESR (filled circles, full line) and via PLP-SEC under wide variation of LPRRs (open
circles, dashed line), respectively. Both data sets, obtained from different experimental
approaches, closely overlap which provides strong evidence for the high accuracy of both
techniques. Moreover, this at least partially imparts benchmark character to the Ay, data. The
Arrhenius  parameters from SP-PLP-ESR  of  Eu(ky) = (34.7£0.8) kJ'mol™"  and
A(kwy) = (1.6£0.7)-10% s are consequently close to the ones collated in Table 10-1. Linear
fitting of the combined In(kys) vs. T~ data results in E(kuy) = (33.3£0.7) kJ'mol™" and
A(ke) = (9.342.9)-10" s™'. The associated 95 % joint confidence ellipsoid is depicted in lower
part of Figure 12-21.
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Figure 12-21: Arrhenius-type plot of &y, for polymerization of BA determined via SP-PLP-
ESR (filled circles, full line) as well as via PLP-SEC under wide variation of LPRRs (open
circles, dashed line). The 95 % JCI associated with the combined 4, data for polymerization
BA at ambient pressure is depicted in the lower part.

The temperature dependencies of k,' for polymerization of BA determined via SP-PLP-ESR
(filled triangles, full line) and via PLP-SEC (open triangles, dashed line) are shown in
Figure 12-22. The activation energy assessed by SP-PLP-ESR (E,(k,") = (28.3+1.7) kJ -mol ™)
is, under consideration of experimental error, identical to the one from the PLP-SEC studies
detailed in Chapter 11 (see Table 10-1). However, the pre-exponential factor of
A(ky) = (9.246.3)-10° L'-mol "s™' is slightly lower though still within the margins of
uncertainty. This results from an average difference between the experimental k,' from the
two techniques of about 30 %. The reason for this discrepancy is not clear but may for
example be related to SEC calibration or to uncertainties in conversion detection (and thus to
cm) within the SP-PLP-ESR studies. It is not possible to judge which experimental technique
allows for better k, evaluation, as both approaches have some shortcomings. Fitting the
combined k,' data with a constant average activation energy of Eu(k,) = 28.6 kJ -mol ™" yields
A(ky) =1.17-10° L-mol "5,

The final set of kinetic coefficients determined via SP-PLP-ESR on solutions of 1.52 mol-L™
BA in toluene is collated in the upper part of Table 12-1. This data, together with the

coefficients in the lower part of Table 12-1, allows for excellent representation of the
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experimental cspr(?) and cymcr(?) traces measured at temperatures of 0 to 60 °C. Moreover, kyp
and k,' were determined by two independent experimental approaches which, as mentioned
above, imparts partial benchmark character to this data though the rate coefficients were
collected within the same research group. The Arrhenius parameters from the combined sets
of kinetic coefficients are contained in Table 12-2 and may nevertheless be considered highly

reliable.
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Figure 12-22: Arrhenius-type plot of k,' for polymerization of BA determined by SP-PLP-
ESR (filled triangles, full line) as well as PLP-SEC under wide variation of LPRRs (open
triangles, dashed line).

Table 12-1: Collection of kinetic parameters determined for polymerization of BA in toluene
via SP-PLP-ESR. The lower part of the table collates further coefficients used for simulating
the SPR and MCR traces (estimated or taken from Table 10-1).

composite model pre-exponential factor activation energy
parameter L-mol s ors™ kJ-mol™
as(k™) 0.85 - _
ai(ki™) 0.16 - -
ie(ke™) 30 - _

k(1,1) - 1.3-10"° 8.4
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kS(1,1) - 4.2:10° 6.6
ko - 1.6-10° 34.7
k' - 9.2:10° 28.3

(k™) 0.85 — _

ai(k™) 0.22 _ _

io(k™) 30 — _
<> - 9.0-10° 5.6
k' - 2.21-10 17.9
ki - 1.11-10% 17.9
ks ng - 2.9-10° 32.6
ki = 2.0-10° 46.1

Table 12-2: Arrhenius parameters of ky, and k,' for BA polymerization from combined data
of independent experimental approaches.

pre-exponential factor activation energy _
o B B techniques
L'-mol "-s™ ors kJ-mol
107 SP-PLP-ESR and
kb 9.3-10 333 PLP-SEC
it 1.2-10° 8.6 SP-PLP-ESR and
p . .

PLP-SEC
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13 Kinetics of Acrylic Acid Polymerization

Products from homo- and copolymerizations of AA in aqueous solution are of eminent
technical importance. Thus, there is urgent need for establishing a comprehensive mechanistic
description of AA polymerization based on kinetic rate laws with accurate coefficients.
However, the kinetics of AA polymerization in aqueous solution is extremely complex as

[41,52

there is simultaneous occurrence of MCR formation via backbiting!*'~? and strong solvent

effects on the individual rate coefficients®” **""]

. Consequently, it is recommendable to
separate influences from MCR build-up and solvent effects based on the knowledge obtained
from studies into systems showing just one of the two features.

The influence of aqueous solvent composition on the propagation and termination kinetics of
MAA and NVP (which are both not susceptible to backbiting reactions) was discussed in
Chapters 6 to 9. It was shown that k;, for the non-ionized monomers strongly increases toward
higher solvent content. This observation is in agreement with results from PLP-SEC on AA!®!
which were carried out at high LPRRs. The so-obtained &, values should hence be close to
ko', as was shown by simulation of PLP for BA (see ref.l"*] and Chapter 10.3). Moreover, it
has been found that &, for both, aqueous MAA and NVP polymerization, increases toward
higher degrees of monomer-to-polymer conversion due to changes in the solvent composition
of the intra-coil environment for propagation. Recent investigations into the propagation
kinetics of AA polymerization in aqueous solution with pre-mixed poly(AA) or propionic
acid showed that also k," of non-ionized AA increases toward higher Xyirua, provided that
long-chain polymer is formed."*”"!

Not only the propagation, but also the termination kinetics of MAA and NVP is strongly
dependent on monomer concentration in water. The solvent effects are very similar to the
ones observed for non-aqueous solution polymerizations (see Chapters 8 and 9 as well as
ref.’®)), i.e. the solvent content strongly affects k; in the TD-controlled regime whereas only a
moderate acceleration of <ksp> toward lower monomer concentration is seen. However, the
chain-length-averaged low-conversion A values determined by Kukuckova showed a
pronounced increase toward lower initial AA concentration in water.!’"!

The theoretical considerations in Chapters 10.3 and 10.4 illustrated that not only PLP-SEC is
influenced by MCR formation but also SP-PLP-NIR which has been used for studying k; of
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AA. Tt was shown that 4™ calculated by implementing k,” into k/k, may strongly
overestimate the actual k" and even k*. This effect is reduced when &,"" is used. k,°" may be
deduced from k," provided that xycr is known. The fraction of MCRs may be obtained from
PLP-SEC experiments conducted under a wide variation of LPRRs (see Chapter 11).
However, even with implementation of k,°", the & values still exceed k" especially at low
temperatures and low monomer concentrations.

In principle, SP-PLP-ESR should represent the perfect tool for studies into termination and
transfer kinetics of AA. However, such experiments are strongly hampered by the high
polymerization rate of AA in water and, more importantly, the strong solution polarity which
significantly reduces ESR sensitivity.

Chain-length-dependent termination rate coefficients for AA polymerization may be
determined by SP-PLP-NIR-RAFT, a technique which has previously been successfully
applied for studying k(i,i) of acrylic acid esters.”’ !

In the first sections of this chapter, PLP-SEC experiments on AA polymerization under
variation of LPRR are outlined. The so-obtained xycr and kbb/kpt data are subsequently used
for re-evaluation of <k*"> for AA polymerization. In the last section, SP-PLP-NIR-RAFT
data for polymerization of 40 wt.% AA in water at 40 °C and 2000 bar are presented and
discussed.

The investigations detailed in this chapter have been partially carried out in cooperation with
Dr. Igor Lacik and Dr. Silvia Kukuckova. Aspects of the work have been published in

refs.[52’270]

13.1 Determination of xycr and kb,[,/kpt by PLP-SEC experiments

The polymerization of 1.35 mol-L™" AA in aqueous solution has been investigated at 6 °C via
PLP-SEC using a wide range of LPRRs. The so-obtained dependence of &, on LPRR is
illustrated by the semi-log plot in Figure 13-1. In perfect agreement with the prediction by
Nikitin et al.”*! and the corresponding BA data presented in Chapter 11, a sigmoidal decrease
of &, toward lower LPRR is seen. In the range of LPRRs from 100 to 60 Hz, £, is
diminished by about 10 %. At LPRRs below 60 Hz, a more than twofold decrease of &, is
observed until, at approximately 30 Hz, k,""" starts to level off again. The limiting values at

high and low LPRRs are assigned to k,” and kpeff, respectively. The upper dashed line in
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Figure 13-1 reflects the arithmetic mean of the two data points for 100 Hz and the lower
dashed line is determined by the arithmetic mean of the data for 10 and 20 Hz. The k" value
resulting from the upper dashed line is 99 750 L-mol"s™' which number is in close agreement
with k, values determined for similar AA concentrations in aqueous solution at 6 °C. The

1

literature values are reported to be 91750 L'mol s for an AA concentration of

1.54 mol-L ™" and 110 000 L-mol 's! for an AA concentration of 0.7 mol-L~".[¢*

! is obtained from the 10 and

The effective propagation rate coefficient of 34 490 L-mol s
20 Hz data. Implementing the so-obtained &, and kpeff values into Eq. (3-18) yields
Xmcr = 65 £ 3 % as the fraction of MCRs under the selected polymerization conditions.

Upon neglecting the change in MCR concentration due to termination and chain transfer,
xmcr may be expressed by Eq. (10-10). As detailed in Chapter 10.3, ignoring termination
during the dark-time period in between two laser pulses should not invalidate Eq. (10-10), as
the termination product will show up as a low molecular weight shoulder of the PLP peak,

whereas kpeff is obtained from the high molecular weight range of the SEC trace.
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Figure 13-1: Dependence of k,™ on LPRR for PLP-induced polymerizations of
1.35 mol:'L™" AA in aqueous solution at 6 °C and ambient pressure. The dashed lines indicate
the limiting values of /’cpeff and kpSPR, respectively.

Rearrangement of Eq. (10-10) yields the simple expression given in Eq. (13-1), which allows

for deducing the coupled parameter kyy/k,":
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ﬁ_ Xpcr c
T M (13-1)

1= Xycr

For an average concentration of 1.284 mol'L™" acrylic acid (which takes AA conversion
during PLP into account) in aqueous solution at 6 °C and ambient pressure, the coupled
parameter is kyp/ky,' = 2.4 £ 0.3 mol-L™".

Knowledge of ho would be required for estimation of individual &y, and k,' values according
to the procedure detailed in Chapter 11. However, &%, k™ and k" need to be known for
evaluation of bovia comparison of experimental and simulated MWDs. As these rate

coefficients are so far not accessible for AA, no separate ky, and kpt values were determined

from the dependence of &, on LPRR.

13.2 Re-consideration of <k"**> data for AA polymerization in water

Kukuckova studied the termination kinetics of AA polymerization in water within wide
ranges of experimental conditions via SP-PLP-NIR.*”! However, the obtained <k> data
showed a strong acceleration of termination rate toward lower initial AA concentration. In
fact, the <k> wvalues for Swt% of AA in D,O at 25°C and 2000 bar are about
2:10° L'mol "'s™" which is higher than typical values for k(1,1) of alkyl acrylates under
ostensibly the same conditions and may even be close to the diffusion limit.***"]

A huge set of <k*™> data was collected for polymerizations of AA at 25 °C, ambient pressure

2701 The dependence of <k™"> on fractional

and initial AA concentrations of 10 to 60 wt.%.!
conversion for polymerization of AA in water at 25 °C, 50 bar and different initial monomer
concentrations is shown in Figure 13-2. The relatively low temperature of 25 °C was selected
as up to this temperature k, data from PLP-SEC could be obtained. A pressure of 50 bar was
used to fix the internal cell within the high pressure cell and to promote heat transfer. The
differences in the kinetic coefficients for 50 bar and ambient pressure are assumed to be
negligible.'®! <k*> in Figure 13-2A was calculated by decoupling k/k, via a conversion
independent k,° from PLP-SEC which, however, changes with initial monomer content in

water. The so-obtained average <k"""> data increase by a factor of 36 between initial AA

concentrations of 60 and 10 wt.% as well as by a factor of 13 between 60 and 20 wt.% of
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monomer in water. This acceleration strongly exceeds the monomer-concentration induced
changes in <ksp> observed for MAA and NVP. In fact, an increase of <ksp> by less than a
factor of 2.5 between 60 and 20 wt.% of NVP in D,O was found. The termination rate data
was re-evaluated by implementing estimates of kpeff from Eq. (3-18) with the changes in &’
and xycr With initial monomer concentration and conversion being explicitly considered. The
generalized k," correlation was obtained in an analogous way as Eq. (8-5) for MAA and

Eq. (9-2) for NVP, i.e. via fitting the kps VS. wAAO data from ref.[%®

with subsequent
introduction of the relation was = waa’(1-X)/(1-waa"-X). The dependence of xycr on initial
AA concentration and conversion was estimated using the single kbb/kpt value determined
within Chapter 13.1. The coupled parameter was extrapolated to 25°C using
Eqy(kun'ky') = Ea(kb) — Ea(ky) with the associated activation energies for BA polymerization

(see Table 12-2). xpmcr can finally be estimated from a transformed version of Eq. (10-10)

KoY
Xnmcr :(1+k_p'cAAj (13-2)

bb

with
Can = (1= X)X, (13-3)

It needs to be emphasized that the calculation of kpeff from Eq. (3-18) in combination with
Egs. (13-2) and (13-3) is based on the rough assumption of a monomer concentration
independence of ku/k,'. The re-evaluated <k™™> values are depicted in Figure 13-2B. The
termination rate coefficients are strongly reduced compared to the ones in Figure 13-2A,
especially for the low initial monomer concentrations where xycr is high. For example, the
average <k™"> value for an initial AA content of 10 wt.% is diminished by about half an
order of magnitude. The difference between <k™"> for 20 and 60 wt.% decreased to a factor
of 9 which is, however, still much higher than observed for MAA and NVP. This effect may
be caused by a slow equilibration velocity between the SPR and MCR species resulting in an
artificial increase of <k""> especially for systems with low monomer contents (see Chapter

10.4).
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Figure 13-2: Dependence of <k> on fractional conversion for polymerization of AA in
water at 25 °C, 50 bar and different initial monomer contents (as indicated in the figure).
<k{""> was calculated from k/k, by implementing a conversion independent &, as within the
thesis of Kukuckova?"” (A) or a conversion dependent kpeff (B) (for details see text).

The conversion dependencies of <k*"*> for different initial AA concentrations are similar for
the data in Figure 13-2A and Figure 13-2B which is due to the partial compensation of the
increase in xymcr toward higher conversions by the acceleration of k. The variation of <k""*>
with X, especially at high initial monomer concentrations, is quite curious. There is, e.g., an
increase of <k™"> between X = 0.4 and X = 0.6 within the 40 wt.% data. Such acceleration of

k: 1s unlikely to be a genuine kinetic effect considering the diffusion controlled nature of the
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termination reaction and the continuous increase of solution viscosity toward higher degrees
of monomer-to-polymer conversion. As an origin of this observation, not only slow MCR
build up and its impact on SP-PLP-NIR traces has to be considered but also problems
concerning the homogeneity of the reaction solution. However, the influence of both effects
may be significantly reduced by using higher temperatures and high-pressure conditions (see
Chapter 10.4).

The conversion dependence of <k™> for polymerization of AA in water at 40 °C, 2000 bar
and different initial monomer concentrations is depicted in Figure 13-3 (data taken from
ref.”’"). The termination rate coefficients were calculated using conversion-independent ky'
values. The <k"> data in Figure 13-3 shows considerably less scatter than the data in
Figure 13-2. Moreover, <k™"> dependencies are much better behaved, i.e. <k*"*> is almost
constant for 20 wt.% of AA or slightly decreases toward increasing conversion for higher
initial monomer contents. This observation may be explained by an RD control of & which,

however, would result in unrealistically high Crp values for low initial AA concentrations.
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Figure 13-3: Dependence of <k™"> on fractional conversion for polymerization of AA in
water at 40 °C, 2000 bar and different initial monomer contents (as indicated in the figure).
<k{*> was calculated from ki/k, by implementing a conversion independent k,*.*""!

It appears more reasonable to assume, in accordance to alkyl acrylate polymerization, an SD
control followed by a weakly pronounced gel effect (see Chapter 3.3.3). Some additional
evidence for the latter hypothesis is given in Chapter 13.3. In Figure 13-3, the difference in
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the average low conversion <k*"> values for 20 and 60 wt.% of AA in water is only by a
factor of 7.5 (compared to 13 in Figure 13-2A) which may even be further reduced by
applying kpeff. However, kpeff data for AA polymerizations at 2000 bar are so far not
accessible.

To finalize, the high-pressure k; data for AA polymerization in water must be considered more
accurate than the values obtained for ambient-pressure conditions and may provide more
detailed insights into the termination kinetics. However, the knowledge of xmcr under
reaction conditions, i.e. temperature, pressure, initial monomer conversion, and monomer-to-

polymer conversion, is urgently required for correct treatment of the primary ki/k, data.

13.3 Chain-length-dependent termination in AA polymerization

The RAFT process may be used for controlling the chain length of growing macroradicals, by
which studies into chain-length-dependent termination become feasible even for short chain
lengths."*” Through the addition of a RAFT agent to the polymerizing system, a correlation
between X and molecular weight of the growing radicals may be established without affecting
the propagating radical concentration. The SP-PLP-NIR-RAFT method takes advantage of the
fact that, under RAFT control, the pulsed-laser induced chain growth of the macroradical
ensemble is almost negligible during the time period of some hundred microseconds, which is
typical for an SP experiment. Hence, chain-length independent kinetics may be applied for
analysis of the monomer concentration vs. time traces. The experimental cy(?)/cm(z=0)
curves are fitted to Eq. (3-7), yielding the ratio ki/k,, from which & can be deduced by
implementing k, from independent PLP-SEC experiments. k; as a function of monomer
conversion can be transformed into chain-length dependent 4; values, due to the controlled
characteristics of RAFT polymerization, which provides a correlation of fractional monomer
conversion, X, and chain length, 7, of the living polymer according to Eq. (13-4).58
Cu

i=—f— X+l (13-4)

O * CraFT
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e is the monomer concentration at X=0, ¢ is the number of RAFT agent leaving groups
(i.e. two in the case of trithiocarbonate-type RAFT agents) and crarr is the initial RAFT
agent concentration.

The instationary SP-PLP-NIR-RAFT technique has several advantages in comparison to

(37.38] (/) The method is well suited for determining 4; in the short-chain

stationary methods.
length regime, because there is no requirement for stationary radical concentration, which
needs to be reached in thermally initiated stationary polymerizations before fully reliable 4;
data can be obtained. (if) Neither the initiator decomposition rate coefficient, k4, nor the
initiator efficiency, f, are required to extract rate coefficients from the instationary
polymerization experiments. (iii) Uncertainties introduced by k, are affecting & data to a
smaller extent, because ki/k, is determined in SP-PLP, whereas kt/kp2 is the primary
experimental result in stationary polymerization methods. (iv) The instationary SP-PLP-NIR-
RAFT technique has proven to be a more robust method for 4(i,i/) determination compared to
the stationary RAFT-CLD-T*! approach, i.e. the resulting termination rate coefficients are
less dependent on the magnitudes of k,4 and kfrag.[gﬂ

SP-PLP-NIR-RAFT has successfully been applied in MA, BA and DA bulk

37391 demonstrating the improved accuracy of the determined parameters

polymerizations,
compared to RAFT-CLD-T and providing evidence for a composite-model type behavior of
k«(i,i). The objective of the study detailed in this chapter is to broaden the picture of
termination during acrylate polymerization by measuring chain-length-dependent termination
rate coefficients for polymerization of 40 wt.% AA in water at 40 °C and 2000 bar. The
elevated pressure was used to improve system homogeneity, accelerate SPR-MCR
equilibration and increase the ratio of propagation to termination rate which is beneficial for
signal-to-noise quality in SP-PLP-NIR. Furthermore, elevated pressure applied to RAFT
polymerization compensates for potential side reactions that may broaden the chain-length
distribution.”*” In previous SP-PLP-NIR-RAFT studies S-S’-bis(methyl-2-propionate)-
trithiocarbonate (BMPT) has been used as mediating agent.”’°! However, due to insolubility
of BMPT in aqueous solutions, the acidic RAFT agent S,S-bis(a,a’-dimethyl-a’’-
acetic acid)-trithiocarbonate (TRITT) was applied which also fulfills the requirements for SP-
PLP-NIR-RAFT:P" (i) TRITT exhibits a low absorbance at the wavelength of the initiating
XeF excimer laser and hence does not decompose upon irradiation. (i7) Trithiocarbonates have
been reported to exhibit less pronounced rate retardation than dithiobenzoates and phenyl

dithioacetates.**! (iii) AA polymerization proceeds under well controlled conditions, i.e. with
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a direct proportionality between number average molecular weight and conversion (see
further below).

In order to quantify the chain-length dependence of k;, the primary experimental data, i.e. ki/k;,
vs. X, has to be transformed from the conversion into the chain-length domain via Eq. (13-4).
To check for the applicability of Eq. (13-4), calibration samples of poly(AA) were produced
by SP-PLP initiated RAFT polymerization at 40 °C and 2000 bar with reaction being stopped
at different degrees of monomer-to-polymer conversion. The experimentally obtained number

average molecular weights, M,, were recalculated into macroradical chain lengths by:

MM
= (13-5)
o-M,,

Mg and My are the molecular weights of the RAFT group and one monomer unit within the
living polymer, respectively. For the system under investigation, i.e. a TRITT-mediated AA
polymerization, Mgg =108 gmol™', My =94 g'mol”' (molecular weight of NaAA), and
o= 2. The experimentally obtained dependencies of i on X for the two different RAFT agent
concentrations of this study are depicted in Figure 13-4 together with the associated
polydispersity indices, PDI. The absence of a hybrid effect (see Chapter 3.5) allows for
accessing even the short-chain regime by SP-PLP-NIR-RAFT. Additionally, there is good
agreement between the measured data and the ones predicted by Eq. (13-4) which are
indicated by the dashed lines. The overlap of the experimental data with Eq. (13-4) is
excellent for the high RAFT agent concentration. At the low TRITT concentration, however,
some discrepancies are seen which may be caused by higher amounts of dead polymeric
material contributing to Mn[z%] but may also result from inaccuracies in cRAFTO determination.
The empirical linear fits to the experimental data (full lines) were thus used for performing the
transformation from monomer conversion to chain length. The low PDI values in the TRITT-
mediated AA polymerizations provide additional evidence for a successful RAFT control. For
crrerr = 1.2:107 mol-L™" and high conversions, PDIs in the range of 1.2 are reached which is
not possible in conventional FRP where PDI = 1.5 is the lower bound. Moreover the narrow
MWDs obtained at high conversions indicate that there is no pronounced intermolecular
transfer-to-polymer during AA polymerization at 40 °C and 2000 bar, as such reactions may

give rise to multimodal MWDs and increased numbers of active RAFT-moieties per chain.’®
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Figure 13-4: Dependence of chain length, i, of the macroradical which is expelled from the
macroRAFT agent on monomer conversion, X, for SP-PLP induced RAFT polymerizations
of 40 wt.% AA in water at 40 °C and 2000 bar using TRITT as the mediating agent. Also
included are the polydispersities, PDI, of the poly(AA) MWDs. The full lines are linear fits

to the 7 vs. X and the dashed lines are estimated

according to Eq. (13-4).
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The magnitude of this effect has recently been found to strongly decrease within the series
DA > BA > MA."% Consequently, AA seems to fit in this family-type behavior concerning
intermolecular transfer-to-polymer.

The dependence of ki/k, on fractional conversion for RAFT mediated polymerization of
40 wt.% AA in water at 40 °C and 2000 bar is shown in Figure 13-5. The different TRITT
concentrations, 1.2:10 mol-L™" and 4-10~ mol-L™", are indicated by open and filled symbols.
No individual 4 values were calculated due to the non-availability of accurate k,”" data. It has
been found from SP-PLP-NIR investigations under ostensibly the same reaction conditions
that the chain-length averaged k; in conventional polymerization is almost constant up to
monomer conversions of about 30 % followed by a marginal decrease (see stars in
Figure 13-3). This data suggests that k; values from RAFT polymerization obtained at
monomer conversions below 30 % are not significantly affected by monomer-to-polymer
conversion and that effects on k; in this region may safely be attributed to the chain-length
dependence of 4;. In fact, monomer conversion effects on the SP-PLP-NIR-RAFT data should
even be negligible up to higher X as polymer of relatively low molecular weight is formed and

thus higher polymer contents are required to provoke the onset of the gel effect.
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Figure 13-5: Dependence of k/k, on fractional conversion determined via SP-PLP-NIR-
RAFT for polymerization of 40 wt.% AA in water at 40 °C and 2000 bar. TRITT
concentrations of 1.2:107> mol-L™" (filled symbols) and 4-10~ mol:'L™" (open symbols) were
used. Individual experimental runs are marked by different symbol styles.



KINETICS OF ACRYLIC ACID POLYMERIZATION 267

The k/k;, data for the higher RAFT agent concentration (filled symbols), and thus shorter
chain lengths, is almost constant between 20 and 80 % conversion whereas some decrease of
ki/k, for conversions above 70 % is seen within the data indicated by the open symbols.
Hence, for crrirr = 4-10 mol-L™, only data up to 60 % monomer-to-polymer conversion
were employed for deducing the chain-length dependence of k.

The k/k, plot obtained by transforming the dependence on monomer conversion into a chain-
length dependence is depicted in Figure 13-6. The overlap of the log(k/k,) data from
measurements at different TRITT concentrations is satisfactory (compare open and filled
symbols). This figure provides the opportunity to extract quantitative information on the
chain-length dependence of ki/k,, i.e. the slopes as and a for the respective chain-length
regimes, the crossover chain length i. as well as the ordinate intercept k/ky(1,1). As pointed
out above, at elevated monomer conversions (corresponding to log(7) > 2.5) the chain-length
dependent ki/k, data is strongly decreasing, as k; becomes affected by monomer conversion
and runs into TD control. The ki/k, values for log(i) >2.5 are thus omitted from further
evaluation. For log(i) <2.5, two distinct regimes can be observed, in which log(k/k,)
decreases linearly with different respective slopes. The observed slopes are the exponents —as

for the short- chain-length regime, with i < i, in Eq. (13-6)

AN N
)= ()i (13-6)

p p

and the exponent —a; in Eq. (13-7) describing the long-chain-length regime, with i > i..

ko, N k R

k. (l,l) . (1,1) i i k. i (13-7)
Note that Eqs. (13-6) and (13-7) are modified versions of Eqs. (3-33) and (3-34). In case k, is
independent of conversion and chain-length, the slopes s and ¢ in Figure 13-6 are identical
to the ones expressed by Eqs. (3-33) and (3-34) and log(ki(1,1)) is obtained by adding log(k;)
to the y-axis intercept of the linear fit to the short-chain regime. It has previously been shown
that accounting for the conversion-induced change in kpeff, by implementing an apparent
reaction order in monomer concentration (see Eq. (10-23)), does not significantly change the

results for o, and oq.[3 g Moreover, the decrease in kpeff toward higher conversion, resulting

from an increase in xycr, should at least partially be compensated by a growing k,°(X) within
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the AA system. Thus, the o and oy values obtained from the linear fits to the log(ki/k,) vs.
log(7) data should also well describe the change in k(i,i) according to Egs. (3-33) and (3-34).

lo g(kt/kp)

log(i)

Figure 13-6: log(ki/k;,) vs. log(i) for a polymerization of 40 wt.% AA in water at 40 °C and
2000 bar obtained from SP-PLP-NIR-RAFT measurements at TRITT concentrations of
1.2:102 mol-L™" (filled symbols) and 4107 mol-L™" (open symbols). The full grey lines
represent linear fits to the respective short- and long-chain regimes according to Egs. (13-6)
and (13-7). The grey dashed line was estimated for i, = 30 and o5 = 0.85.

The results from linear fitting to the short- and long chain regimes in Figure 13-6 are
os = 1.96, o =0.25, ic=30 and log(ki/kp(1,1)) =4.8. Consequently,
log(k*(1,1)/ L'-mol"s™") = 10.0 is obtained via k," =165 000 L-mol"-s™" which has been

(2701 Whereas ¢ and i are in the expected

estimated for the corresponding reaction conditions.
range, & and k"(1,1) are unusually high.

In order to provide a broader picture of the chain-length-dependent termination behavior of
acrylate polymerization, the key parameters of this work are presented in Table 13-1 together
with the data that have been obtained earlier for the MA, BA and DA systems via SP-PLP-
NIR-RAFT. &(1,1) for AA was extrapolated to the experimental conditions used for studies
into the alkyl acrylates, i.e. to 60 °C and 1000 bar. The comparison tells that &*"’(1,1) of AA
is indeed unrealistically high and appears to even exceed the diffusion limit. The viscosity of
the aqueous AA mixture is expected to be higher than the one of BA in bulk. Thus, ki(1,1) for
AA in water should even be lower than k(1,1) for BA according to Egs. (3-19) and (3-20).

The reason for this discrepancy might be connected with an influence of MCR formation on
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the magnitude &""(1,1) which, however, should not be very pronounced for short chain
lengths. It appears more likely that strong RAFT specific effects affect ki(1,1). The correlated
value ¢ of 1.96 is very high, not only in comparison to MA, BA and DA, but also from a
theoretical point of view. As outlined in Chapter 3.4.2, the hydrodynamic radius increases at
most linearly toward higher chain lengths, i.e. r;is proportional to i~'. Thus, a strong
reduction of the capture radius Rc toward increasing i would be required to explain ¢ values
which significantly exceed unity. However, independent experiments showed only minor

11200 This discussion is further supported by the resulting value of

changes of Rc with i.
as = 0.85 for k™ of BA determined via SP-PLP-ESR (see Chapter 12.4.4). This value is well
below the associated o obtained by SP-PLP-NIR-RAFT. Thus, besides the influence of MCR
formation, there may be some inhibition effect, introduced by the RAFT agent, which
increases k; for short chain-lengths. Moreover, the influence of monomer conversion on the
center-of-mass diffusion controlled k(i,i) values may affect the short-chain data. The huge
difference between the experimental k(i,i) data with o = 1.96 and the more realistic value of
0.85 1is illustrated by the full and dashed grey lines. For the latter case, a much more
reasonable &*P(1,1) value of 7.6:10° L-mol™"s™" (for 60 °C and 1000 bar) is obtained.

In principle, further validation of the short-chain ki(7,i) data for AA is required. To improve
the accuracy in this regime, higher RAFT agent concentrations need to be used which is,
however, impeded by the weak solubility of TRITT in aqueous AA mixtures.

The values found for i, decrease in the series of AA, MA, BA, and DA. According to the
composite model, k(i,i) for small chain lengths is assumed to be governed by center-of-mass
diffusion, which may be described by the Smoluchowski equation predicting proportionality
between the termination rate coefficient and the diffusion coefficient. At larger chain lengths
when the macroradicals start to form long-lived contact pairs, k«(i,i) is determined by the
intramolecular shielding of the radical center by surrounding polymer segments. The
crossover between these two regimes occurs at i.. Since DA is the largest monomer with the
highest viscosity, the associated macroradicals diffuse rather slowly and may get entangled
from relatively short chain lengths on. This is indeed indicated by the small i, for DA in
Table 13-1. It should be noted that in systems with polymer main chains of greater stiffness
than with acrylates, the i, values were found to be larger. E.g., for dodecyl methacrylate, i.
was found to be 50,** which is significantly above the DA value of 20. This finding is in full

agreement with the understanding that acrylates form more flexible coils than methacrylates.
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The values found for a; (see Table 13-1) seem to slightly decrease toward longer ester chain.
In this long-chain regime, k: is governed by the radical encounter probability upon coil
overlap. The associated exponent a; has been predicted to be close to 0.16!*'2>!2%] for chain
end-end reaction in a good solvent. For the encounter between a midchain and a chain-end
radical an o, value of 0.27 is predicted. The observed exponents between 0.20 and 0.26 may

hence be indicative of MCRs being involved in the termination with SPRs to some extent.

Table 13-1: Chain-length dependency parameters of the termination rate coefficient in AA,
MA, BA and DA bulk polymerization determined via SP-PLP-NIR-RAFT.

AA MAP?! BAPY DAY

k*(1,1)/Lmol s 2.6:101°@ 1.3-10° 1.0-10° 2.0-10°
o 1.96 0.78 1.24 1.12
o 0.25 0.26 0.22 0.20
ic 30 30 27 20

@ extrapolated to 60 °C and 1000 bar

Comparing results from SP-PLP-NIR-RAFT for acrylate-type monomers is not without
difficulties due to problems associated with MCR formation and possible influences of the
RAFT agent on termination kinetics. Nevertheless, the data comparison indicates that the
composite-model parameters of AA to some extent fit into the picture previously obtained for
its alkyl esters. Thus, it is straightforward to assume that the same types of termination
mechanisms are operative for AA, i.e. a center-of-mass diffusion control for short chains and

an SD control for longer chain lengths.
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14 General Aspects of Termination Kinetics in Free-Radical

Polymerization

A huge amount of chain-length-dependent and chain-length-averaged termination rate data
has been collected so far, primarily for acrylate- and methacrylate-type monomers. It is
instructive to discuss the data based on the rate-controlling diffusion steps in order to test and
broaden the mechanistic understanding. As detailed in Chapter 13, low conversion ki(i,i)
values and the associated composite-model parameters obtained via SP-PLP-ESR may be
considered more accurate than data from RAFT techniques, i.e. from SP-PLP-NIR-RAFT and
RAFT-CLD-T, respectively. Thus, the discussion of the k(1,1), as, o4 and i, values primarily
rests on SP-PLP-ESR data for methacrylic acid esters”**”) and BA (Chapter 12.4.4). For
chain-length-averaged termination rate coefficients, <k> vs. X data from SP-PLP-NIR for
acrylate- and methacrylate-type monomers will be considered.

Table 14-1 summarizes the composite-model parameters o, a, i and k(1,1) for n-BMA,[297]
-BMA,* MMA,"*! DMA,®" and BA (Chapter 12.4.4). The MMA data was obtained via
RAFT-CLD-T whereas the other values are from SP-PLP-ESR. The composite-model
parameters for BA refer to SPR-SPR termination, i.e. to & °(i,i). The k(1,1) values are given
for a polymerization temperature of 0 °C.

The power-law exponent for the long-chain regime, ¢, is found to be almost the same for all
monomers contained in Table 14-1. The parameter values are always sufficiently close to the
theoretical prediction of 0.16 for SD controlled termination in good solvents.**!*>!261 Olaj
and Vana observed a drop of ¢ from about 0.18 at 20 °C to ~0.10 at 70 °C for styrene
polymerization, which they attributed to a decrease in solvent quality toward increasing
temperature.[135] However, constant ¢y values were determined in a recent SP-PLP-ESR work
on #- and -BMA™®7 though a temperature interval of even 90 K was covered.

The crossover chain length i characterizes the radical size from which on two radicals may
get entangled and thus experience a significantly enhanced contact time as compared to the
short contact times with radicals of chain lengths i < i.. As stiff macroradicals are less capable
of forming entanglements, i. should be mainly governed by chain flexibility. Moreover,
flexible macroradicals screen their surrounding more efficiently and long-chain behavior

should be reached from shorter chain lengths on. The major effect on chain flexibility results
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from the type of chain segments. E.g., methacrylates are of significantly lower chain
flexibility than acrylates, as is indicated by the higher glass transition temperatures of
poly(methacrylates) as compared to associated poly(acrylates). Within the methacrylate
family, a higher i, is anticipated for monomers with bulky ester groups. According to this
argument, the crossover chain length for --BMA, i; = 70, exceeds the one for n-BMA, i, = 50,
reflecting the higher steric demand of an ters-butyl group as compared to an n-butyl group.
Higher chain flexibility is also indicated by the propagation rate coefficient under otherwise
identical reaction conditions which is larger for n-BMA than for fert-BMA. The chain-
flexibility argument with propagation rate comes into play via the hindrance of internal
rotational motion of the transition structure for propagation, as is discussed elsewhere (see
Chapter 6.1 and ref.l"**!). The crossover chain length of DMA, i, = 50, is identical to the one
measured for n-BMA which indicates that chain stiffness is essentially determined by the type
of side-chain segments which sit next to the backbone. Alternatively, the similarity of i, for
DMA and n-BMA may be understood by assuming that the reduction in flexibility associated
with the large dodecyl side chain is compensated by the fluidizing action of this longer alkyl
moiety which serves as some kind of “internal” solvent. Relatively large crossover chain
lengths, of about i, = 90, have been found for two methacrylates with cyclic ester groups,
CHMA and BzMA.*¥ The cyclic ester groups thus induce enhanced chain stiffness. That the
i values for CHMA and BzMA even exceed the one for ~-BMA may serve as an indication of
significant mutual interactions of the cyclic moieties during segmental re-orientation of the
associated polymeric chains. The crossover chain lengths of methacrylate monomers increase
along the series: n-alkyl < sec-alky < fert-alkyl < cyclic. The i, value of MMA is significantly
above the other values in Table 14-1. It should be noted that the i, data for MMA was
obtained via RAFT-CLD-T and may thus be considered less accurate.

It needs to be tested whether the sequence above applies also to other families, e.g., to the
acrylates. So far, three n-alkyl esters have been studied. As is to be expected from the chain-
flexibility argument, the i. values for MA,””’ BAP* and DAP?! polymerization are
significantly below the ones for alkyl methacrylates. They range from 20 to 30 with the
lowest number (i ~ 20) being found for DA, the monomer with the largest alkyl ester side
chain, and vice versa (i ~ 30 for MA). This finding supports the argument that a large alkyl
ester group acts as an “internal” solvent and enhances the flexibility of the polymeric chain.
The magnitudes of k(1,1) and o are governed by the velocity of center-of-mass diffusion of

small radicals. A center-of-mass diffusion controlled rate coefficient, kp, may be described by
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the Smoluchowski equation (see Eq. (3-19)) in combination with diffusion coefficients from
the Stokes-Einstein equation (see Eq. (3-20)). As discussed within the previous chapter,
Egs. (3-19) and (3-20) illustrate that no chain-length dependence of & is expected when Rc
and r,; grow to the same extent with chain length. Quenching experiments on polystyrene,!'*"!
however, revealed that Rc is almost independent of the degree of polymerization in the short-
chain regime. Thus, the chain-length dependence of k(i,i) is governed by Dy(i). At infinite
dilution the center-of-mass diffusion coefficient should progress according to Dy(i) o i for
ideal random coils!"''"® (which are formed in 0 solvents) and according to Dy(i) oc i *® when
excluded volume effects are considered.!''”! The exponents determined for methacrylate-type
monomers are in good agreement with the predicted value of 0.6. It should further be noted
that the chain-length dependence of the diffusion coefficient has also been directly measured
for n-BMA oligomers in solution of monomeric n-BMA resulting in the relation Dy(i) oc i
with the exponent almost exactly matching the ¢ value in Table 14-1.1%!

The maximum reaction rate is usually given by the so-called diffusion limit. From
combination of Egs. (3-19) and (3-20), A&™(1,1)=4-R-T/(3-n) is obtained under the

£ yields

assumption that Rc =2-7;. Implementation of monomer viscosities from re
k™*(1,1) ~3-10° L-mol "-s™" for termination in n-BMA and -BMA at 0 °C. The diffusion
limiting value exceeds ki(1,1) by more than one order of magnitude. This difference reflects
that the capture radius for the termination reaction is governed by the dimension of the
reactive center bearing the unpaired electron and not by the entire molecule, i.e. 5 >> Rc. To
compare k«(1,1) values for polymerizations of different monomers, scaling with monomer
(solution) viscosity and with hydrodynamic radius is instructive. Thus, relative monomer
viscosities and hydrodynamic radii are also contained Table 14-1. The values were scaled
with respect to n-BMA as this is the monomer with the most recent and probably also most
accurate SP-PLP-ESR data. Viscosity data was sometimes not available for 0 °C. Thus,
several viscosity ratios in Table 14-1 originate from higher temperatures. Moreover, the

hydrodynamic radii of -BMA and BA were estimated to be close to 7s,.sma. The thereby

introduced errors are assumed to be negligible.
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Table 14-1: Comparison of the k(1,1) values obtained for bulk polymerizations of alkyl
methacrylates and BA in toluene at 0 °C. Also contained are i., as, o, relative viscosities as
well as relative hydrodynamic monomer radii (compared to n-BMA). The relative capture
radii were calculated based on the ki(1,1), 7 and r,; data (for details see text).

n-BMA +-BMA MMA” DMA BA"
o 0.65 0.56 0.65 0.64 0.85
a 0.2 0.2 0.15 0.18 0.16
ic 50 70 100 50 30
L-]?rg(l)i}l)-s/_l 1.3-10° 9.1-107 4.7-10°° 1.1-107 3.2:10°
Ek(fﬂopl) / 10.1 10.9 - - 8.4
1/ fnBMa 1 1 0.6 4.4 0.6
7o | FsnBMA 1 ~19 0.6 1.8 ~19
Rc/ Reasya 1 ~0.7 ~1.3 0.6 ~15
ref. [29[71]3, ?2]’99] [13%9[92]97]’ [122],[299]  [34],[299] | this work

Y ky(i,i) data from RAFT-CLD-T

b ki(i,i) data for SPR-SPR termination

° k«(1,1) was determined for 80 °C and extrapolated to 0 °C via E,(k(1,1)) =10 kJ .mol™

9 hydrodynamic radii were interpolated according to the number of atoms in the monomer

Scaling of the k(1,1) values with monomer viscosity and hydrodynamic radius according to
Egs. (3-19) and (3-20) yields the ratio of the capture radii shown in bold in Table 14-1.
Whereas k(1,1) differs by about one order of magnitude between DMA and the butyl
methacrylates, it turns out that the capture radii are very similar, i.e. the differences in &(1,1)
are predominantly caused by dissimilar monomer viscosities and hydrodynamic radii. The

similar k(1,1) values of the isomers n-BMA and -BMA illustrate that minor structural
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differences do not significantly affect the center-of-mass diffusion controlled reaction
between the monomeric radicals but may become important when longer chains are formed
(see below). The slight increase of Rc in the series DMA < BMA < MMA may not be
considered significant in view of the accuracy of k(1,1) determination via SP-PLP-ESR and
RAFT-CLD-T, respectively. Nevertheless, this result may reflects some increased shielding of
the radical center by larger ester groups. Thus, strong family-type behavior for k(1,1) of
methacrylic acid esters is found when representing k(1,1) as a function of monomer viscosity
and size. The slightly higher Rc obtained for 4°(1,1) may be caused by the absence of an a-
methyl group within the acrylate monomers which potentially results in a better availability of
the radical site for termination.

Additional support for the simple description of k(1,1) by Egs. (3-19) and (3-20) is provided
by the associated activation energies. The E,(ki«(1,1)) values for polymerization of »n- and #-
BMA in bulk as well as of BA in solution of toluene (see Table 14-1) closely resemble the
temperature dependence of solution fluidity, i.e. Ey(z ").l'¥%1%%2%]

It is important to note that the discussion above is limited to low conversion data.
Significantly higher « values (up to 2) may be obtained in the presence of high polymer
concentrations where <k¢> is controlled by TD.!'?%!12137141 Thyg it is a matter of priority to
extend the SP-PLP-ESR studies into the chain-length dependence of termination to high
polymer concentration conditions. These investigations may provide a deeper understanding
of both, the chain-length and the conversion dependence of k;.

A comparison of the low-conversion chain-length-averaged termination rate coefficients,
<ksp>, for bulk polymerizations of different alkyl methacrylates obtained via SP-PLP-NIR is
provided in Table 14-2. The data was extrapolated to 40 °C and 2000 bar using the activation
volumes given in the respective references. When £; is controlled by segmental diffusion, the
magnitude of the termination rate coefficient is governed by the probability of two
macroradicals forming a contact pair and the rate of segmental motion during contact (see e.g.
ref.?)). The first effect, which may be interpreted by an equilibrium constant, is mainly
dependent on the rates of entanglement and disentanglement as well as on the dimension of
the entangled region. Thus, this parameter is primarily governed by excluded volume effects.
The second term, i.e. the segmental mobility, depends on chain architecture, chain structure
and interchain effects. Consequently, not only 4i(1,1) but also <ksp> should be scaled with
bulk viscosity to obtain comparable results. In fact, the so-obtained ksp: 77:(7vmma) ' values are

rather similar for the n-alkyl methacrylates collated in Table 14-2. However, the scaled
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termination rate coefficient for ~-BMA is significantly lower. This discrepancy is caused by
the fact that bulk viscosity only accounts for the mobility of free monomer molecules but not
for the ones which are fixed in a polymeric chain. Thus, chain stiffness induced by the bulky
t-butyl group contributes to an additional reduction of the efficiency of termination via the SD
mechanism. This is reflected by the higher i. of ~-BMA compared to n-BMA in Table 14-1

but equivalently results in a lower & for --BMA..

Table 14-2: Comparison of the low-conversion chain-length-averaged termination rate
coefficients, <ksp>, for bulk polymerizations of different alkyl methacrylates obtained via SP-
PLP-NIR. The data was extrapolated to reaction conditions of 40 °C and 2000 bar. Also
contained are relative viscosities (compared to MMA) and scaled <ksp> values (for details see
text).

MMA n-BMA -BMA DMA
<ksp>/10° L'mol"-s™! 14 5.5 2.1 1.1
7 =1/ Tvma 1 1.7 1.7 7.3
<ksp>1 /10° L-mol s 14 9.4 3.6 8.0
ref. [16],[299] [138] [138] [16],[299]

The remaining tasks are to incorporate the <ksp> data from SP-PLP-NIR of alkyl acrylates as
well as for polymerization of AA and MAA in water into this picture. A collection of &, and
<ksp> values for bulk polymerization of several alkyl acrylates and alkyl methacrylates at
40 °C and 2000 bar is given in Figure 14-1.'%"% The kp, values for the acrylate type
monomers refer to k,". The apparent <ksp> values for MA, BA and DA in Figure 14-1A were
obtained from implementing k," into k/k,. Figure 14-1B also includes the individual &, &
and k" values for BA polymerization from Table 10-1 extrapolated to the above mentioned
reaction conditions. Note that k™, k™ and k" are also chain-length-averaged quantities. The
change in <ksp> within the alkyl methacrylate family has already been discussed in
connection with Table 14-2. A similar qualitative trend, i.e. an increase in <kgp> toward

shorter ester chain length, is observed for the alkyl acrylates in Figure 14-1A. Comparison
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between alkyl acrylates and alkyl methacrylates reveals strong differences in <ksp>,
especially between MA and MMA. However, as detailed in Chapter 10.4, the <ksp> data for
MA, BA and DA are highly fictitious in cases where they result from implementation of &’

into ki/k,.
5.0
- |
DA m
~ 45 BA MA
S
£ 4.0-
2
= DMA
& 3.5 . n-BMA
n u -
-BMA MMA A
3.0 T T v T T v T v
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Figure 14-1: Collection of propagation rate coefficients, k,, and (low conversion) chain
length averaged termination rate coefficients, <ksp>, for bulk polymerization of several alkyl
acrylates and alkyl methacrylates at 40 °C and 2000 bar.'*"**! The ky values for the acrylate
type monomers refer to k,". The apparent <ksp> values for MA, BA and DA in Figure 14-1A
were obtained from implementing k,’ into k/k,. Figure 14-1B includes the individual &%, &
and k" values for BA from Table 10-1.
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Thus, it is more conclusive to compare the individual k%, k™ and k" values for BA with the #-
BMA data. k> of BA is well above <ksp> for n-BMA reflecting the more efficient
termination via the SD mechanism for acrylates due to the higher chain flexibility. This effect
is also reflected in the considerably lower i. for BA compared to n-BMA. However, & is
close to <ksp> of n-BMA though the BA chains should still show the same flexibility.
However, the enhanced shielding of the radical site within the MCR hampers termination.
This effect is even more pronounced for MCR-MCR termination for which a very low k; is
found. The influence of shielding induces a difference between k* and k" of a factor of 75
whereas <ksp> for n-BMA and -BMA differ by less than factor of 3. Thus, the shielding

effect must be considered to be dominant when comparing different monomer families.

5.5 200 020
= 504 6 o060
'T('n 1a u -
'g 4.5-DA BA MA
2
~ 4.0+
:%g ®2(0
20 040 MAA
= 35, ~BMA 60
| n
DMA®  BMA MmBA
30 T T T ] v T v 1
6.0 6.5 7.0 7.5 8.0

log(<k >/ (L'mol s ™))

Figure 14-2: Collection of k, and <ksp> for bulk polymerization at 40 °C and 2000 bar of
several alkyl acrylates and alkyl methacrylates including AA and MAA in water with the
indicated monomer concentrations in wt.%.!"*'** The AA data was obtained by extrapolation
of the <k"""> values in Figure 13-2A (black points) and Figure 13-2B (grey points). The &,
values for the acrylate-type monomers refer to k,". The apparent <ksp> values for MA, BA
and DA were obtained from implementing k"’ into ky/k,.

In Figure 14-2, the k, and <ksp> values for polymerizations of AA and MAA in water are
added to the data already presented in Figure 14-1A. The associated monomer concentrations
in wt.% are indicated in the figure. The AA data was obtained by extrapolation of the <k*">
values in Figure 13-2A (black points) and Figure 13-2B (grey points), i.e. the values are based

on polymerizations at 25 °C and 50 bar. The mechanistic origin of the increase of the
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propagation rate coefficients toward lower AA and MAA concentrations has already been
discussed in Chapter 6.1. The extrapolated <ksp> for bulk polymerization of MAA is slightly
below the associated value for n-BMA. Thus, the termination rate coefficient of pure MAA is
quite low and not above <ksp> of MMA as may be expected from the increase in termination
rate within the series DMA < BMA < MMA. However, the viscosity of MAA is relatively
high and exceeds the one of BMA by a factor of 1.5. Thus, the extrapolated <ksp>'77 value
for MAA bulk polymerization of about 11-10° L-mol™"-s™" would perfectly fit into the n-
alkyl methacrylate data (see Table 14-2). The increase of <ksp> toward lower monomer MAA
concentration in water may reflect higher macroradical flexibility (see Chapter 8.2).

As mentioned previously, care must be taken when discussing the (apparent) <ksp> data for
the acrylate-type monomers. It is unreasonable to assign the strong acceleration of <ksp>
toward lower AA concentration in water to increased chain flexibility. As emphasized in the
previous chapter, the AA termination rate data, especially at low monomer concentrations,
must be considered highly fictitious. Improved evaluation procedures are urgently required

for which, however, knowledge of individual k, and k, values is obligatory.
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15 Closing Remarks

In this work, the propagation and termination kinetics of MAA and NVP in aqueous solution
were studied via PLP-SEC and SP-PLP-NIR, respectively. It is a matter of priority to use
these rate coefficients for modeling rate of polymerization and MWD data from batch

polymerizations of MAAP"

and NVP in aqueous solution. Valuable information on the
predictive power of the rate coefficients and on the reaction steps not considered so far, e.g.
transfer-to-monomer, may be obtained from the comparison of simulated and experimental
results. Furthermore, the SP-PLP-NIR and PLP-SEC studies may be extended to other

technically relevant water-soluble monomers.”*****"]

The propagation kinetics for
polymerization of water soluble monomers in non-aqueous solvents may be studied to
broaden the current mechanistic picture. Moreover, the copolymerization kinetics in aqueous
solution is of eminent scientific and industrial interest.

The polymerization kinetics of AA in aqueous solution is far from trivial due to the
simultaneous occurrence of strong solvent effects on kinetic coefficients and MCR build-up
by backbiting. As detailed in Chapter 13, ky, and k,' values for the experimental conditions
used for SP-PLP-NIR are urgently required for re-consideration of the experimental data.
Thus, further PLP-SEC experiments under a wide variation of LPRRs (see Chapter 13.1) may
be carried out, at least for estimating kbb/kpt. Also individual Ay, and kpt values may be
assessed from this technique for which, however, large simulation efforts are required (see
Chapter 11). ku, data for AA polymerization may alternatively be obtained by revisiting the
determination of branching levels via *C-NMR.[*”! The most appealing feature of this
technique is the directness by which ky, is determined (see Eq.(11-1)). However, long
measurement times at NMR-spectrometers with high magnetic field strengths are required to
obtain sufficient signal-to-noise quality of the spectra. Moreover, additional uncertainties are
introduced by the Fourier transformation procedure, especially in terms of the phase
correction. In case ky, and kpt data for AA is available, the SP-PLP-NIR traces may be re-
evaluated based on an improved kinetic model from which at least separate <k>> and <k’
values should be accessible.

In principle, the perfect method for studies into the termination and transfer kinetics of
acrylate-type monomers is tracing of cspr(#) and cycr(?) via SP-PLP-ESR as introduced for

BA polymerization (see Chapter 12). However, this technique is not easily applied to aqueous
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solution polymerizations of AA primarily due to the high polarity of the reacting system.
Further studies should be devoted to additional acrylic acid esters, especially to MA and DA
in order to reveal the effect of ester chain length on Ay, kpt and the individual termination rate
coefficients.

A considerable increase in time resolution of SP-PLP-ESR has recently been achieved!'*
which allows for studying fast terminating species. Thus, the SP-PLP-ESR investigations may
be extended to monomers like styrene, MMA and vinyl acetate. However, full ESR spectra,
required for the purpose of calibration and identification of Hy, are not easily measured with
high scanning rates due to the low pseudo-stationary radical concentration under PLP-
conditions. This limitation may be overcome by initiating polymerization via a continuous
UV-lamp.

It was shown in Figure 5-16 and Figure 5-17 that twvo MMMP fragments with distinctly
different termination rates are formed upon laser irradiation. The structure of those fragments
may be determined via ESI-MS. Moreover, the associated rate coefficients of primary radical
termination may be obtained from SP-PLP-ESR measurements on monomer-free solutions.

So far, the SP-PLP-ESR technique is so far limited to studies at low monomer-to-polymer
conversions. However, it is of eminent scientific interest to study the chain-length dependence
of termination at conversions where <k is controlled by TD. This is may be achieved by pre-
mixing of polymer or via thermally induced pre-polymerization followed by the actual SP-
PLP experiment./**!!

SP-PLP-ESR studies may also be used for copolymerization systems (consisting of monomer
A and B). The full ESR spectrum measured under copolymerization conditions is supposed to
result from an overlap of two individual ESR spectra of macroradical chain ends of A- and B-
type, respectively, as long range hyperfine coupling should be negligible. Due to the fast
exchange of the terminal units via cross-propagation, identical cgr(?) traces may be obtained
from each line in the ESR spectrum providing access to an effective termination rate
coefficient, & °.

Although SP-PLP-ESR is an extremely versatile experimental technique, only overall
termination rate coefficients (i.e. the sum of the rate coefficient for disproportionation, kg4,
and the rate coefficient for combination, k) can be obtained. However, the mode of
termination may be determined from PLP-SEC experiments conducted under high termination
rate limit conditions.”®! Investigations into the temperature and pressure dependence the

mode of termination during MMA and BMA polymerization are currently underway.”"”
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Moreover, the approach of applying PLP-SEC experiments to the determination of backbiting

rate coefficients (see Chapter 11) may be generalized and used for measuring any kind of

transfer coefficient, e.g. the one of transfer to a chain-transfer agent.”*”’
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16 Glossary of Abbreviations

A absorbance

a Mark-Houwink parameter

o power-law coefficient describing the chain-length dependence of k;
AA acrylic acid

oD degree of monomer ionization

on coupling constant (with a hydrogen atom)

Al(ky) (Arrhenius) pre-exponential factor of coefficient £

o o in the long chain-length regime

AMPS 2-acrylamido-2-methylpropane sulfonic acid

ap proportionality constant that relates Ay, to fo

Ol o.in the short chain-length regime

ATRP atom transfer radical polymerization

B integrated molar absorbtivity

BA butyl acrylate

BAD butyl acrylate dimer

BL branching level

BMA butyl methacrylate

bo dispersion parameter used to represent SEC broadening
Gy viscosity parameter according to Eq. (8-7)

CI chemically initiated

CLD-T chain length dependent termination

CR chemical reaction

Crp reaction diffusion constant

CspR’ residual concentration of growing macroradicals at time ¢ after the

initiating laser pulse which escaped backbiting reactions

CTA chain-transfer agent
Cirx transfer constant
Cx concentration of substance x

Cx initial concentration of substance x
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DA dodecyl acrylate
Darocur 2-hydroxy-2-methylpropiophenone
Aetr difference between the input value of kpeff and the value of k,"™ for the
lowest LPRRs examined experimentally
AlogM width of a peak in the molecular weight distribution at height 4 < /iy,
where /i,y 1s the maximum height of the peak
DMA dodecyl methacrylate
DMPA 2,2-dimethoxy-2-phenyl acetophenone
Dy diffusion coefficient
£ molar absorption coefficient
Ea(ky) activation energy of coefficient A
Ey energy of one mole of photons at wavelength 1
Ep energy of one laser pulse
ESI-MS electrospray ionization — mass spectrometry
ESR electron spin resonance
Eq. equation
@ primary quantum yield
f initiator efficiency
Jfo laser pulse repetition rate at which the sharp decrease in the apparent
propagation rate coefficient occurs
FD fast digitizer
o laser pulse repetition rate (coefficient)
FRP free-radical polymerization
FT Fourier transformation
n viscosity
[7] intrinsic viscosity
o viscosity at zero conversion
hy, ho, hs, hy calibration constants in SP-PLP-ESR
1 relative viscosity
HQ hydroquinone
HYV hydrodynamic volume
Hy fixed magnetic field position used for time-resolved ESR experiments
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I

I, ]
Iy
IBA

intensity

radical chain length

starting intensity

iso-butyric acid

cross-over chain length according to the composite model

joint confidence interval

Mark-Houwink parameter

addition rate coefficient of propagating radicals to RAFT agents
Boltzmann constant

backbiting rate coefficient

rate coefficient of a chemical reaction

initiator decomposition rate coefficient

RAFT equilibrium constant

fragmentation rate coefficient of RAFT intermediates

rate coefficient of monomer addition to initiator derived radicals
propagation rate coefficient

propagation rate coefficient without the contribution of diffusion

rate coefficient of the diffusive stage of propagation

diffusion controlled part of the propagation rate coefficient zero
conversion

propagation rate coefficient of secondary propagating radicals
propagation rate of midchain radicals

unimolecular propagation rate coefficient for monomer-complexed
midchain radicals

apparent propagation rate coefficient determined from simulated
molecular weight distributions

effective propagation rate coefficient

propagation rate coefficient extrapolated to a monomer concentration of
Zero

rate coefficient of monomer addition to species X

rate coefficient of segmental diffusion

arithmetic mean chain-length averaged termination rate coefficient in

the low conversion plateau range
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(GLOSSARY OF ABBREVATIONS

ki
<ke>
K
k(1,1)

ktapp

ktcopo

ko
kip
kia
krp
et

k(i 0)
k(i)
kirD

ktr,X
k SS
t
k st
t

it
/

LC regime
M

LPRR

My, M,

MA
MAA
MEHQ
MH
MMA
MMMP

termination rate coefficient

chain-length averaged termination rate coefficient

termination rate coefficient of (hypothetical) coiled monomeric radicals
termination rate coefficient of radicals of chain length unity
apparent termination rate coefficient

rate coefficient for termination by combination

effective termination rate coefficient in a copolymerization

rate coefficient of translational diffusion

diffusion controlled termination rate coefficient

rate coefficient for termination by disproportionation
translational diffusion rate coefficient at zero conversion
effective termination rate coefficient

termination rate coefficient of radicals of identical chain length i
termination rate coefficient of radicals of size i and j

reaction diffusion controlled termination rate coefficient

rate coefficient of chain transfer to a species X

termination rate coefficient of two secondary propagating radicals
termination rate coefficient of a secondary propagating radical and a
midchain radical

termination rate coefficient of a two midchain radicals

optical path length

long contact regime

molecular weight

laser pulse repetition rate

molecular weight at the first / second point of inflection of the
molecular weight distribution

methyl acrylate

methacrylic acid

hydroquinone monomethyl ether

Mark-Houwink

methyl methacrylate
2-methyl-4-(methylthio)-2-morpholino-propiophenone

number average molecular weight
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MWD molecular weight distribution

1% wave number

Na Avogadro’s number

e number of backbiting and re-initiation cycles during one dark-time
period

NEP N-ethyl pyrrolidone

NIR near infrared

NMP N-methyl pyrrolidone

NMR nuclear magnetic resonance

NVP N-vinyl pyrrolidone

p pressure

PA propionic acid

PDI polydispersity index

PLP pulsed laser polymerization

POI point of inflection

poly(X) polymer of monomer X

R leaving group of the RAFT agent

RAFT reversible addition fragmentation transfer (polymerization)

Rc capture radius

RD reaction diffusion

res residual

RI refractive index

Rp rate of polymerization

Xy reactivity ratio

o number of RAFT agent leaving groups

SC signal channel

SC regime short contact regime

SD segmental diffusion

SEC size exclusion chromatography

SP single pulse

T temperature

t time

to pulse separation time
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th propagation time

TD translational diffusion

TEMPO 2,2,6,6-tertramethyl-1-piperidinyloxyl

THF tertrahydrofurane

TMCR lifetime of a midchain radical until it undergoes monomer addition

TRITT S,S8-bis(a,a’ -dimethyl-’’-acetic acid)-trithiocarbonate

TS transition state

TSPR lifetime of a secondary propagating radical until it undergoes backbiting

UV unltra violet

V50 2,2’-azobis (2-methylpropionamidine) dihydrochloride

AV¢(kx) activation volume of coefficient &,

U rate of initiation

@ reaction order in monomer concentration determined from stationary
polymerization methods

Wx weight fraction of substance X

wXO initial weight fraction of substance X

X monomer-to-polymer conversion

Xi molar fraction of species 1

Xmin lowest secondary propagating radical fraction that allows for
observation of the sharp peak in the first-derivative curve of the
molecular weight distribution

Xoirtual virtual monomer-to-polymer conversion

Z stabilizing group of the RAFT agent
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