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"In many cases it is true to say that the 
kinetics and chemistry of the reactions involved 
[in radical polymerization] have been as 
completely elucidated […] and there is not much 
to be written or discovered about such processes" 

Melville in High Polymers Series on the Mechanism of Polymer 
Reactions, 3th Edition,1954; cited from Ref.

13  
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Summary 

The radical polymerization kinetics of non-ionized and fully-ionized 
monomers in organic and aqueous solution was investigated by SP–PLP–
EPR, i.e., highly time-resolved single-pulse–pulsed-laser–polymerization 
(SP–PLP) in conjunction with electron paramagnetic resonance (EPR) 
spectroscopy. 

Dicumyl peroxide as the photoinitiator allowed for investigations into 
the chain-length dependence of the termination rate coefficient, kt, of 
styrene bulk polymerization. The Composite Model perfectly represents the 
chain-length-dependence of kt for styrene and for all other monomers 
studied within the present investigation. The temperature dependence of 
the termination rate coefficient of two monomeric radicals, kt(1,1), scales 
with inverse viscosity, η−1, of the reaction mixture prior to polymerization. 
The product kt(1,1)∙η thus turns out to be a temperature-independent 
quantity for non-ionized radicals, which allows for estimates of kt(1,1) on 
the basis of easily accessible viscosity data.  

The impact of monomer concentration and temperature on the 
termination kinetics of charged radicals, as studied for fully-ionized 
methacrylic acid (NaMAA) at 5 wt.% and 10 wt.% monomer, is distinctly 
different. The measured activation energy, EA(kt(1,1)), is far below EA(η−1) 
and kt(1,1) for the more viscous solution at 10 wt.% NaMAA is higher than 
at 5 wt.%. This effect is assigned to the action of counter ions which is also 
seen with quaternary ammonium trimethylaminoethyl acrylate chloride 
(TMAEA) radicals. 
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A novel SP–PLP–EPR method has been developed for investigation into 
the propagation kinetics of slowly terminating radicals. The integral over 
radical concentration measured after applying a single laser pulse is related 
to the separately measured monomer-to-polymer conversion per laser 
pulse thus providing the propagating rate coefficient, kp. The technique is 
illustrated for the fully-ionized methacrylate trimethylaminoethyl 
methacrylate chloride (TMAEMA) and the reliability is checked by 
investigations into di(n-butyl) itaconate (DBI) bulk polymerization. For the 
acrylate-type TMAEA radicals, the remarkably low value of the pre-
exponential factor, A(kp), demonstrates the large entropy penalty 
associated with the formation of the transition state for propagation due to 
the restricted internal mobility induced by the charged side group. The 
bulky side groups in DBI cause a similar mobility restriction. 

First evidence for mid-chain radicals (MCRs) formed from end-chain 
radicals (SPRs) by the backbiting process was provided for TMAEA and 
acrylamide (AAm) polymerizations via the EPR spectra recorded during 
stationary polymerization. AAm exhibits a molar fraction of MCRs, xMCR, 
which is significantly lower than with butyl acrylate polymerization. The 
analysis of MCR concentration vs time profiles reveals the relatively high 
activation energy for the rate coefficient of backbiting, kbb, as the main 
reason behind the low value of xMCR. The MCR propagation and the cross-
termination kinetics of SPRs and MCRs of AAm are similar to the 
associated values for acrylates. Although kbb is similarly low, significantly 
higher numbers for xMCR are found in TMAEA polymerization, which is 
due to the small rate coefficients of MCR propagation, kp

t, and of SPR-MCR 
cross-termination, kt

st(1,1), in the case of fully-ionized species. The 
comprehensive kinetic picture obtained for TMAEA and AAm homo-
polymerizations underlines the enormous potential of the SP–PLP–EPR 
technique. 
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1  

Introduction and Motivation 

Every year, several hundred million tons of synthetic polymer are 
produced worldwide and this market continues to grow.1 Since the 
pioneering studies of Baekeland and Staudinger,2–4 synthetic polymers are 
appreciated for their tuneable properties. Polymers such as polyethylene, 
polypropylene, poly(vinyl chloride) and polyurethane are mainly used for 
automotive parts, in textiles, as packaging, building and construction 
materials.1 Beside these mass products, materials from polymerization of 
acrylamide, fully-ionized (meth)acrylic acid and from the quaternary 
ammonium salts trimethylaminoethyl (meth)acrylate chloride are 
employed in many special applications, e.g., as flocculants in water 
treatment and oil recovery, as film-forming agents, for coatings, 
emulsifiers, gels, superabsorbents and for chemical analysis.5–12  

The homo- and copolymers are mainly produced by conventional 
radical polymerization on an industrial scale because of the high tolerance 
of this type of polymerization toward solvents, monomer functionality and 
impurity. In this context, the radical polymerization in aqueous solution is 
especially attractive due to the environmentally friendly and inexpensive 
solvent. 

The polymer properties are largely determined by the microstructure 
of the macromolecules, i.e., monomer composition, topology, functionality, 
molecular mass distribution (MMD) and tacticity. The microstructure in 
turn depends on the kinetics of the individual reaction steps occurring 
during polymerization (microstructure as "frozen" kinetics). The accurate 
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knowledge of the kinetics of the elementary reaction steps is thus 
mandatory for the understanding of radical polymerization and for the 
simulation and optimization of technical processes and product properties. 
Detailed investigations into radical polymerization kinetics is of both 
fundamental academic and industrial interest. The accuracy of the 
obtained kinetic data was rather low for many years.13 The situation has 
however enormously improved by the advent of pulsed-laser-
polymerization (PLP) techniques.14 Since the pioneering work of Olaj and 
colleagues in 1987,15,16 size-exclusion chromatography (SEC) has been used 
to analyse the structured MMD of polymer produced after applying a 
sequence of evenly spaced laser pulses applied to a monomer-
photoinitiator solution. From the position of characteristic masses, at 
inflection points and maxima, respectively, the propagation rate 
coefficient, kp, is obtained.17,18 A detailed kinetic picture of propagation in 
aqueous-solution polymerizations is so far only available for non-ionized 
monomers, e.g., for acrylic acid19–23, methacrylic acid19,20,24–26, 
acrylamide27–29, N-isopropyl acrylamide30, methylated acrylamides31, 
1−vinylpyrrolidin−2−one32 and for N−vinyl formamide33. Beside some 
sulfobetaines,34 only a few reliable kp values for ionic (salt-like) monomers 
have been reported for ionized methacrylic acid.35 The difficulties in kp 
determination of fully-ionized monomers are due to the loss of PLP-
structured MMD because of a low termination rates between two 
subsequent laser pulses.36  

The instantaneous initiation by a single laser pulse (SP) enables the 
measurement of the lumped rate constant kp/<kt> by the online 
monitoring of monomer consumption via time-resolved near-infrared 
(NIR) spectroscopy (SP–PLP–NIR). With kp being known from PLP–SEC, 
chain-length-averaged kt, <kt>, can be deduced.14,19 However, the chain-
length dependency (CLD) of kt cannot be resolved by this technique and, 
in addition, no information about transfer reactions is obtained by this 
technique.  

It is therefore desirable to observe the active species in radical 
polymerization, i.e., the radicals, directly by electron paramagnetic 
resonance (EPR) spectroscopy. This strategy is unrivalled for identification 
and monitoring of paramagnetic species, e.g., of radicals, in organic and 
aqueous solution. After applying the single laser pulse to a monomer-
photoinitiator mixture (SP–PLP–EPR), the highly time-resolved EPR 
detection of radical concentration allows for the quantitative investigation 
of systems with more than one type of propagating radicals, as with 
acrylates.10,11 The secondary propagating radials (SPR) and the tertiary 
midchain (MCR) radicals, which are formed from SPRs by intramolecular 
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transfer (backbiting), exhibit clearly different EPR spectra.10,11 For these 
systems, SP–PLP–EPR provides access to the rate coefficients of 
backbiting, kbb, and of propagation from MCRs, kp

t. Such rate coefficients 
are of enormous relevance for polymerization kinetics, since SPRs and 
MCRs differ significantly in kp. The knowledge about the important 
backbiting reaction is however very limited and is essentially restricted to 
butyl acrylate polymerization in bulk and in toluene solution and to the 
aqueous-solution polymerization of acrylic acid.37–39  

The SP–PLP–EPR technique allows for instantaneous initiation by a 
laser single pulse which guarantees a narrow MMD of propagating 
radicals. Since these narrowly distributed radicals grow linearly with the 
time after applying the laser pulse, termination occurs exclusively between 
radicals of more or less identical size making SP–PLP–EPR a unique tool 
for the investigation of chain-length dependent termination (CLDT). 
Depending on the photoinitiator – monomer system, common initiators,40 
may not always provide instantaneous initiation, as is the case with 
styrene. The CLD of kt is not just of academic interest but also important 
for the control of radical polymerization processes on an industrial scale. 
Moreover, the reliable determination of transfer rate coefficients, e.g., kbb 
and kp

t, requires highly accurate termination rate coefficients, including 
the chain-length dependency of kt. CLDT has been reported for 
polymerization in organic environments.41–43 In aqueous solution only the 
termination of radicals of relatively small size was investigated with non-
ionized methacrylic acid.44 For non-ionized and fully-ionized acrylic acid 
in aqueous solution, the CLDT measured for acrylates in organic phase 
was adopted.38,39  

 

 

This thesis presents an in-depth investigation into the kinetics of 
radical polymerization in organic and aqueous solution by the SP–PLP–
EPR technique. On the basis of careful selection of a photoinitiator, CLDT 
of styrene bulk polymerization could be measured.  

In the area of aqueous-solution polymerization, the first detailed 
kinetic analysis of acrylamide polymerization is provided. EPR spectra 
recorded under stationary conditions allow for the unambiguous detection 
of mid-chain radicals formed by backbiting. The analysis of SPR and MCR 
concentration vs time profiles from SP–PLP–EPR provides access to a 
comprehensive set of rate coefficients, including chain-length dependent 
kt, kbb and kp

t.  
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For the first time, the CLD termination kinetics of a charged monomer, 
i.e., of fully-ionized methacrylic acid, has been investigated as a function of 
temperature and monomer concentration. Investigations into the kinetics 
of further ionic monomers, e.g., of quaternary ammonium salts, suffer 
from the lack of reliable kp data. A novel SP–PLP–EPR-based method is 
presented which allows for deducing both kp and CLD kt from a single 
(EPR) radical concentration vs time profile. The method is outlined for the 
methacrylate trimethylaminoethyl methacrylate chloride. The obtained 
insight into propagation and termination kinetics is used for the 
comprehensive kinetic study of the acrylate-type monomer 
trimethylaminoethyl acrylate chloride. As with acrylamide, also the 
intramolecular transfer is investigated. The results for fully-ionized and 
non-ionized monomers are compared, as are the effects of aqueous and 
organic solvent environments.  
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2  

Theoretical Background 

2.1 Ideal Polymerization Kinetics 

The basic kinetic description of conventional radical polymerization 
(CRP) rests upon the scheme of "ideal" polymerization which comprises 
the following assumptions: 

 

1. All reaction steps are irreversible. 
2. Monomer is exclusively consumed by propagation. 
3. All radicals exhibit identical reactivity irrespective of chain length 

and degree of monomer-to-polymer conversion. 
4. Termination takes place by recombination and disproportionation. 
5. All primary radicals are generated by initiator decomposition and 

are consumed by initiation. 
 

Using these assumptions, the fundamental reaction steps of radical 
polymerization can be defined by the following trisection. 

2.1.1 Initiator Decomposition and Initiation of Chain-growth 

Radical polymerization requires the formation of primary radicals, •I , 
which are able to initiate chain growth by addition of a monomer 
molecule. They are usually formed by homolysis of thermolabile 
compounds, by photolysis of photoinitiators, by redox initiation or by self-
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initiation as with styrene polymerization.45 The related rate coefficient of 
decomposition is kd. 

 
 

The rate of decomposition is given by 

 

2Id

I 2
d

d
cfk

t

c
⋅⋅⋅= , ( 2.1) 

 

with cI being the primary radical concentration and f the initiator 
efficiency which describes the fraction of initiator-derived radicals starting 
chain growth. The efficiency is assumed to be unity for ideal 
polymerization conditions but is usually smaller in real systems due to side 
reactions and to recombination of primary radicals (cage effect). A decrease 
of f is observed for bulk polymerizations when the fractional monomer-to-
polymer conversion gets close to unity.46 

The subsequent addition of a monomer molecule, M, to primary 
radicals initiates the polymerization by the formation a monomeric radical, 
R1. 

 

 
 

For suitable initiators, this reaction step is assumed to occur 
instantaneously and to be significantly faster than propagation. Initiation 
is therefore not considered for the overall kinetic description.47 

 

IMi

1R

d

d
cck

t

c
⋅⋅=  ( 2.2) 

 

2.1.2 Propagation 

The term chain propagation describes the addition of a monomer 
molecule to the growing chain, Ri .  
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With kp being the propagation rate coefficient the following rate law is 
obtained. 

RMp

M

d

d
cck

t

c
⋅⋅−=  ( 2.3) 

 

2.1.3 Termination 

Termination of chain growth proceeds either by combination which 
results in a head-head coupling, Pi+j, or by disproportionation which 
comprises the transfer of a β-H-atom and formation of a saturated and an 
unsaturated "dead" macromolecule, Pi and Pj. 

 

 
 

Since combination and disproportionation are parallel reactions, the 
termination rate coefficient, kt, is the sum of the rate coefficients for 
combination, ktc, and disproportionation, ktd. 

 

The associated termination rate, 

 

2

Rt

R 2
d

d
ck

t

c
⋅⋅−= , ( 2.4) 

 

is second order in cR and follows the IUPAC-recommendation with the 
factor 2 being included and applied throughout this thesis.17,48 

 

2.1.4 Steady-state Polymerization Rate 

Under stationary conditions, i.e., dcR/dt = 0, the rate of radical 
formation equals the termination rate: 

2

RtId
2 ckckf ⋅⋅=⋅⋅  ( 2.5) 
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The combination of eqs ( 2.3) and ( 2.5) yields an expression for the 
overall polymerization rate, Rp, 

 

t

Id

Mp

M

p
d

d

k

ckf
ck

t

c
R

⋅⋅
⋅⋅=−= , ( 2.6) 

 

which is first order in cM and kp but exhibits a fractional reaction order of 
0.5 for kt, kd, f and cI. The reaction order in cM, often separately denoted 
with ω, was found to be ω >1 in polymerizations where intramolecular 
transfer reactions occur.49 

 

2.2 Transfer Reactions 

Side reactions such as transfer steps are not included in the ideal 
polymerization scheme but are important for many polymerizations. The 
transfer reactions may be subdivided in intra- and intermolecular transfer 
reactions. In the latter case, the radical functionality is transferred to 
another species being a monomer, a solvent, an initiator molecule, to 
"dead" macromolecules or to an added chain-transfer agent (CTA). The 
accompanied stopping of chain growth is used for controlling the molar 
mass of macromolecules by adding CTAs. The intermolecular transfer is 
described in detail in the literature.45 

 

2.2.1 The Backbiting Reaction 

Intramolecular transfer refers to the H-abstraction from the same 
macroradical which process, in contrast to intermolecular chain transfer, 
does not stop chain growth of the particular macroradical. However, the 
microstructure is altered in that short-chain branching is induced. The 
transfer step (called backbiting) proceeds via a six-membered ring 
structure  with the radical functionality being transferred to the third side-
group moiety counted from the chain end by a concerted [1,5]-H-shift 
reaction with the backbiting rate coefficient kbb.  
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Figure  2.1: Backbiting reaction by a [1,5]-H-shift via a six-membered 
transition state (tagged by ‡) transferring a secondary propagating end-
chain radical (SPR) into a tertiary mid-chain radical (MCR).The side 
group is denoted by R. The corresponding rate coefficient for backbiting 
is kbb.  

 

The secondary propagating end-chain radical (SPR) is hence converted 
into a tertiary mid-chain radical (MCR) which is accompanied by an 
increase in radical stability and makes backbiting an enthalpy-driven 
reaction (Figure  2.1).49,50 Some entropic contribution might be relevant 
since the radical functionality can be transferred subsequently to inner 
positions of the backbone by further backbiting steps.51 An indication for 
MCR formation is even given for highly mesomeric stabilized styryl 
macroradicals at high temperatures, i.e., from 260 to 343 °C.52,53 
Simulations demonstrate that, since no gain in radical stability is obtained, 
the consecutive transfer, e.g., the [5,9]-shift, is hundred times slower than 
the [1,5]-shift which in turn is preferred over other theoretical backbiting 
steps, e.g., over the [1,3]-, [1,7]- and [1,11]-shift.54 

Although Kajiwara et al. have shown by EPR studies with radical 
precursors that backbiting is an irreversible reaction,55,56 SPRs can be 
regenerated, i.e., by the addition of a monomer to the MCR, (MCR 
propagation). Moreover, termination steps between SPRs and MCRs (SPR-
MCR cross-termination) as well as between two MCRs, (MCR homo-
termination) may occur during polymerization. The underlying reaction 
scheme is given in Figure  5.7. As the MCR structure differs significantly 
from the one of the SPR, it is evident that the presence of MCRs affects the 
overall polymerization kinetics strongly.57–59 The conversion vs time 
profiles of acrylate polymerizations exhibit a monomer concentration 
dependency which is well above the ideal value of unity, i.e., ω ≤ 1.8,60–63 
and the polymerization rates are retarded compared to simulations based 
exclusively upon end-chain radical kinetics. The reason behind this 
retardation is the reduced reactivity of MCRs compared to SPRs. 
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2.2.2 The Impact of Backbiting on Polymerization Kinetics 

A detailed description of the mathematical framework for including 
the impact of backbiting into the steady-state polymerization kinetics can 
be found in Ref.64–68 A brief and intuitive presentation of the basic 
relationships is given here. In what follows, rate coefficients with the 
superscript "t" refer to MCRs with the radical functionality at the tertiary 
carbon atom while "s" denotes a radical functionality at the chain-end of 
SPRs. The MCR propagation rate coefficient, kp

t, is several orders of 
magnitude lower than the one for SPRs, kp

s.19,37 Thus, an increase of MCRs 
in radical polymerization is equivalent to a reduction of the effective rate 
coefficient of propagation, kp

eff, according to eq ( 2.7),21,69 

 

MCR

t

pMCR

s

p

eff

p
)1( xkxkk ⋅+−⋅=

, ( 2.7) 

 

where xMCR denotes the molar MCR fraction (eq ( 2.8)) given by the 
concentrations of MCRs, cMCR, and of SPRs, cSPR.21,69 

 

SPRMCR

MCR

MCR
cc

c
x

+
=  ( 2.8) 

 

With kp
t << kp

s and xMCR << 1, the right-hand side term of eq ( 2.7) can 
be ignored and eq ( 2.9) is obtained. 

 

)1(
MCR

s

p

eff

p
xkk −⋅=  ( 2.9) 

 

An analogous expression may be given for MCR termination kinetics 
when SPR-SPR, MCR-MCR and SPR-MCR termination are considered with 
kt

ss, kt
tt and kt

st , respectively (eq ( 2.10)). 

 

( )2

MCR

tt

tMCRMCR

st

t

2

MCR

ss

t

eff

t
)1()1( xkxxkxkk ⋅+⋅−⋅+−⋅=  ( 2.10) 

 

For butyl acrylate polymerization in toluene, the termination rate 
coefficients differ only by approximately a factor of kt

ss / kt
st ≈ 3 and 

kt
ss / kt

tt ≈ 7 at 60 °C, respectively, being well below the ratio observed for 
kp

s / kp
t.37,70 Assuming stationary MCR concentration, i.e., dcMCR/dt = 0, and 
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MCR degradation to occur exclusively by MCR propagation (long-chain-
approximation), an intuitive expression for xMCR is obtained (eq ( 2.11)). At 
high overall radical concentrations, as with EPR measurements, SPR-MCR 
cross-termination gets important and eq ( 2.11) has to be replaced by 
eq ( 2.12). 

 

M

t

pbb

bb

MCR
ckk

k
x

⋅+
=  ( 2.11) 

 

SPR

st

tM

t

pbb

bb

MCR
ckckk

k
x

⋅+⋅+
=  ( 2.12) 

 

According to these equations, xMCR depends on monomer 
concentration and thus a conversion dependence for kp

eff and kt
eff is 

obvious. In addition, the conversion dependence of kp
s (and maybe also of 

kp
t) has to be considered which is especially true for aqueous-phase 

polymerizations.19,24,26,35,71–73 The degree of complexity is further increased 
when β-scission of MCRs comes into play at higher temperatures and 
macromonomers with terminal double bonds are formed.49,65,68,74 

Interpreting kp and kt as "effective" quantities, eq ( 2.5) may be written 
as 

 

eff

t

Id

M

eff

p

M

p
d

d

k

ckf
ck

t

c
R

⋅⋅
⋅⋅=−= . ( 2.13) 

 

The origin behind ω > 1 found with acrylate polymerizations can be 
illustrated by assuming that kt

st is the geometric mean of kt
ss and kt

tt, i.e., 

kt
st = tt

tt
kk

ss + , which yields eq ( 2.14). 

 

( )
MCR

tt

tMCR

ss

t

eff

t
)1( xkxkk ⋅+−⋅=  ( 2.14) 

 

Implementing the eqs ( 2.8), ( 2.9) and ( 2.14) in eq ( 2.13), the following 
expression for the polymerization rate under stationary conditions is 
obtained. 
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The upper limit of 2 is reached for ω, if 
Mt

p

bb

ss

t

t c
k

k

k

k
tt

>>⋅ .64,66 In other 

words, the addition of monomer to a polymerization in which MCRs are 
present causes a higher MCR propagation rate which reduces xMCR and 
thus enhances kp

eff . As a consequence, Rp increases disproportionally with 
cM , i.e., ω > 1. 

2.3 Diffusion Dependence of Rate Coefficients in 
CRP 

For each bimolecular reaction, the mutual approach of the reactants by 
diffusion is the basic step. During polymerization, small monomers are 
transformed into large macromolecules which goes along with a 
significant change in the properties of the reaction mixture. The increase 
in dynamic viscosity, η, perhaps the most obvious change, can amount to 
several orders of magnitude and may induce a conversion dependence for 
kp, kt and for the initiator efficiency, f. The individual self-diffusion 
coefficient, D

1, may be approximated by the Stokes-Einstein equation 
(eq ( 2.16) with kB as the Boltzmann constant, the hydrodynamic radius, r1, 
and the absolute temperature, T. 

 

η⋅⋅⋅
⋅

=
1

B1

π6 r

Tk
D  ( 2.16) 

 

According to this fundamental relationship, the increase in viscosity is 
accompanied by a decrease in molecular mobility. Reactions for which the 
diffusion of the reactants is the rate-determining step are called diffusion 
controlled and the associated rate coefficient can be expressed by the 
Smoluchowski equation (eq ( 2.17).75  
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c
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1

AAD
)(π4 RDDNk ⋅+⋅⋅⋅=  ( 2.17) 

 

Here, NA is the Avogadro constant and Rc is the capture radius. Thus, 
the rate of diffusion-controlled reactions is reduced upon increasing 
monomer-to-polymer conversion, X, whereas so-called chemically 
controlled processes, such as propagation, may become diffusion 
controlled at higher X. The importance of diffusion control can be seen by 
the fact that many tags have been created which relate to the diffusion 
control of termination (gel or Trommsdorf effect), initiation (cage effect), 
and of propagation (glass effect).46 A comprehensive review about diffusion 
control can be found in Ref.46 It is important to mention that the viscosity 
of the reaction mixture, η, (macroscopic viscosity) and the effective 
microviscosity which applies to the macroradicals are identical only in the 
initial (polymer-free) period. At low conversion, kt stays more or less 
constant, whereas η increases significantly with conversion.44 

2.3.1 Diffusion Control of Propagation 

In principle, also the propagation reaction requires the mutual 
diffusion of monomer and macroradical. Because of the enormous 
concentration of monomer as compared to radicals, which is especially 
true for bulk polymerizations, monomer is ubiquitous and no center-of-
mass diffusion is required. Only at very high conversions, above 80 %, a 
decrease in kp (glass effect) may occur, in particular in cases where the 
polymerization is carried out at temperatures below the glass-transition 
temperature. In order to describe the change of η with X, η(X), relative 
viscosity, ηrel, is defined with respect to the initial viscosity η0 (eq ( 2.18)). 

 

( )
0

)(
η

η
η

X
=X

rel
 ( 2.18) 

 

The diffusive contribution to kp may thus be expressed by 

 

)(
rel

p

p
X

k
k

η
=

X, , ( 2.19) 
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with kp being the propagation rate coefficient deduced from PLP–SEC at 
low conversion. At high conversion, the decay of kp is difficult to be 
observed since the decrease in initiator efficiency may occur 
simultaneously. The conversion dependence of kp can be described by 

 

Xp,pp

111

kkk
+= . ( 2.20) 

 

2.3.2 Diffusion Control of Initiation 

After homolytic bond cleavage, the primary radicals from initiator 
decomposition have to leave the solvent cage. At high viscosity, the rate of 
this diffusion-controlled process is reduced and the recombination of 
primary radicals is favored over initiation. The decrease of initiator 
efficiency, f, is called the cage effect. 

 
Figure  2.2: Qualitative comparison of the relative decrease of 
propagation rate coefficient, kp, (glass effect) and of initiator efficiency, f, 
(cage effect) upon increasing monomer-to-polymer conversion, X, 
according to Ref.46 
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2.3.3 Diffusion Control of Termination 

Since the early days of polymerization reaction kinetics, the diffusion 
control of termination was obvious for the following grounds:46 

1. kt was found to be inversely proportional to η. 
2. The Smoluchowski equation (eq ( 2.17)) allows for an accurate 

description of the termination of small radicals.76–78 
3. kt decreases with increasing pressure.46 

The latter point implies a positive activation volume which is against 
the observation made with chemically controlled processes. The 
temperature and pressure dependences arise from the correlation with 
viscosity. 

The Mechanism of Termination 

A detailed kinetic scheme of the termination process was first 
described by Benson and North (Figure  2.3). They considered three 
individual steps.79,80 Direct contact of two macroradicals is provided by 
translational (center-of-mass) diffusion (TD) in a first step. Subsequently, 
the two radical functionalities on the entangled macroradicals have to 
approach each other by segmental diffusion (SD) forming a radical 
encounter pair. The final step is the actual chemical reaction (CR). 

 

 
Figure  2.3: Illustration of the elementary reaction steps for termination 
of two macroradicals (see text).79,80 

 

Conversion Dependence of Termination 

The three modes of termination control relate to different conversion 
regimes during a polymerization at low and moderate conversion 
(Figure  2.4). As the chemical reaction is extremely fast, CR is not rate 
controlling. It turns out that at moderate and high degrees of monomer 
conversion, reaction diffusion (RD) needs to be included as another 
termination mechanism. RD refers to the process of two radicals 
approaching each other by propagation steps. At very high conversion, RD 
may be delayed by diffusion control of propagation. 
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Figure  2.4: Qualitative illustration of conversion dependence of the 
propagation and termination rate coefficient, kp and kt, with respect to 
the four termination modes (I – IV) as described in the text. The sigmoid 
decay of kt refers to a bulk polymerization of methyl methacrylate at 
50 °C.46  

 

Starting from an SD- controlled plateau in region I, where kt exhibits at 
best minor changes with X, a significant steep decrease occurs under TD 
control (II) (gel effect) until the reaction diffusion (RD) dominates (III). The 
decrease in kt upon passing from region I to III is accompanied by a 
significant increase in radical concentration which in turn causes a 
massive acceleration of polymerization. At higher conversion but prior to 
the potential onset of the glass effect,81 the macroradical motion becomes 
very slow such that the radical chain end diffuses by propagation steps 
(RD).82 For highly cross-linked macromonomers, RD may even occur at 
lower conversion.83 The decrease of kt in region III is less pronounced than 
with region II since propagation becomes diffusion controlled only at very 
high conversion (IV) (glass effect). 

According to this scheme, the termination rate coefficient may be 
expressed by a model introduced by Buback:82 
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Analogous to the description of the conversion dependence for kp 
(eq ( 2.19)) the translational diffusion controlled rate coefficient, kTD, is 
given by  

 

)(
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0

TD

TD
X

k
k

η
= , ( 2.22) 

 

with ktD
0 being the (hypothetical) TD rate coefficient at X = 0. Since 

propagation leads to termination in case of RD, kRD is proportional to kp 
(eq ( 2.23)). 

 

( )X−⋅⋅=⋅⋅= 1
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Here, cM
0 is the initial monomer concentration and CRD is the reaction-

diffusion constant describing the efficiency of termination by RD. 

Thus 

RDt,

RTDSD

t 111
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( 2.24) 

 

which leads to 
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( 2.25) 

 

Eq ( 2.25) allows for an accurate description of the conversion 
dependence of kt for the systems studied so far. It should however by 
mentioned that, depending on the monomer under investigation, the 
relevance of the individual termination mechanisms may be quite different 
which affects the overall appearance of the kt vs X correlations.  
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2.4 Chain-length Dependency of Rate Coefficients 
in CRP 

In what follows, the impact of chain length, i, on kp and kt is discussed. 
As termination is diffusion-controlled, the impact of chain length is much 
larger on kt than on kp, which is chemically controlled. 

Macroradicals of different size coexist during polymerization and are 
subjected to propagation and termination. The propagation and 
termination rate coefficients mentioned so far were chain-length averaged 
quantities, which should be correctly denoted as <kp> and <kt>. 

2.4.1 Chain-length Dependency of Propagation  

As described in Section  2.3.1, propagation can be looked upon as a 
conversion-independent process up to very high conversion. The chain-
length dependency of chemically controlled propagation may be 
interpreted in terms of the Transition State Theory (TST).84–88 A detailed 
discussion is given in Ref.87 Simulations suggest that, due to the increase in 
chain length, the internal mobility in the transition state structure is 
restricted which leads to a decrease in the entropy-driven pre-exponential, 
A(kp), thus lowering kp. The monomeric kp, kp(1), may exceed the limiting 
value for long chains, kp, as determined by PLP–SEC, by up to one order of 
magnitude. The decrease in kp(i) with increasing chain length is restricted 
to the very initial growth period up to about i = 10. As a consequence, 
propagation is adequately described by the long-chain value kp and the 
notation <kp> is omitted. On the basis of experimental studies,87 the 
following expression is proposed for chain-length dependent propagation 
(CLDP). 
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whereby the extent of the kp reduction is given by C1. 
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The characteristic chain length i1/2 may be interpreted as a "half-life" 
quantity in terms of first-order kinetics. E.g., at i1/2+1, kp

i−kp has half the 
value of kp

1−kp.87 Thus i1/2 is indicative of the chain-length range being 
effected by CLDP. 

2.4.2 Chain-length Dependency of Termination 

Since termination is a diffusion controlled process, it is comes as no 
surprise that radicals diffuse and hence terminate slower upon increasing 
chain length. Consequently, the chain-length dependence (CLD) of kt 
reflects the impact of i on the self-diffusion coefficient, D, i.e., D ~ i−α, 
which is indeed true for very short radicals where center-of-mass-
diffusion is be dominating.89 The exponent α, which is above zero, reflects 
the extent of chain growth on D. The situation is however more complex 
in that long-chain radicals exhibit another chain-length dependence, i.e., 
another power-law exponent. 

The Composite Model by Smith, Russell and Heuts 

According to Figure  2.4, the SD is the rate determining step in the 
initial period of the polymerization. The statement is however only true 
for large radicals. For two radicals at very small size, the TD is the 
dominating diffusion mode since the entanglement of two radicals which 
is necessary for SD, requires larger chain lengths. The CLDT of small 
radicals in the initial polymerization period is therefore expressed by a 
power-law expression (eq ( 2.28)) which is based on a TD approach with α 
being identified as the exponent in D ~ i−α

 The termination rate coefficient 
of two radicals of identical size is kt(i,i) with kt(1,1) referring to the 
termination of two monomeric radicals. 

 
α

ik=ii,k
−

⋅(1,1))(
tt  ( 2.28) 

 

Above a critical chain length, the two growing radicals may entangle 
upon the formation of an encounter-pair and the SD becomes dominant. 
The transition from TD (center-of-mass diffusion, short-chain regime) to 
CD (long-chain regime) was taken into account by the so-called Composite 
Model introduced by Smith, Russell and Heuts (eq ( 2.29)).90 According to 
this fundamental expression, the two regimes are separated by the 
crossover chain length, ic, and the CLDT is described by two exponents, αs 

and αl, for the short-chain and long-chain regime, respectively. The 
composite-model behavior is widely accepted and so far no exception from 
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this general type of composite-model behavior has been reported. A 
comprehensive description of CLDT can be found in Ref.89 
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The quantity kt
0 is the rate coefficient for termination of two 

(hypothetical) coiled radicals of chain length unity. The range of 
experimentally determined numbers for ic extends from above one 
hundred, i.e., for ethyl hexyl methacrylate, ic(EHMA) = (270± 30),91 methyl 
methacrylate, ic (MMA) = 100,92 and vinyl pivalate, ic (VPi) = 110 ± 30,42 
over the medium ic values for butyl acrylate, ic (BA) = 65 ± 20,41 to 
relatively small values as reported for vinyl acetate, ic (VAc ) = 20 ± 1042, 
and methyl acrylate polymerization, ic (MA) = 35 ± 10. Only for 
methacrylates, a temperature dependency of ic has been observed which 
might be due to the strong hindrance toward internal rotation of the 
macroradicals induced by the α-methyl group (see Appendices).91 

In the short-chain regime, kt(1,1) may accurately be described by the 
Smoluchowski equation (eq ( 2.30)) with Rc being the chain-length 
independent capture radius and Pspin being the spin factor.  
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Under the assumption that the Stokes-Einstein equation (eq ( 2.16)) 
holds for the self-diffusion coefficients of monomeric radicals and 
DA

1 = DB
1, the following expression is obtained with Pspin = 0.25.78,93  
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For spherical radicals, Rc is the sum of the hydrodynamic radii, i.e., 
Rc = 2·r1 which results in the so-called diffusion limit (eq ( 2.24)) 
determining the theoretical maximum of kt(1,1) at given temperature and 
viscosity. 
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Figure  2.5: Chain-length dependency of kt according to the Composite 
Model with kt(1,1) = 1.0·109 L·mol−1

·s−1, αs = 0.60, ic = 30 and αl = 0.16. 
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This expression suggests a fundamental relationship between kt(1,1) 
and η, i.e, kt(1,1) ∝ η

−1, meaning that kt(1,1) scales with fluidity. As a 
consequence, the activation energies for both quantities should be similar. 

 Depending on the structure of the macroradicals (random coil vs rod-
like coil), αs values are expected to be in the range of 0.5 up to 1.0,41,90,94,95 
whereas the theory of coil dynamics predicts an αl for two large 
macroradicals with the radical functionality at the chain-end to be 0.16.96–

98 In case that the radical functionalities of one or both species are located 
at a position along the backbone, numbers of αl are predicted to be 0.27 
and 0.43, respectively.96 Thus, the CLDT in the long-chain regime will be 
different for SPR and MCR homo-termination. An increase in αl from 0.16 
to 0.27 for kt

st (SPR-MCR cross-termination) as well as to 0.43 for kt
tt (MCR 

homo-termination) is expected and was verified by investigations of 
Fröhlich et al.

99 The change in kt(i,i) is depicted in Figure  2.5 for typical 
composite-model parameters.100 
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Termination of Radicals Differing in Size 

The Composite Model refers to termination between radicals of 
identical i. Under stationary conditions, however, radicals with different 
chain lengths occur. Three models have been proposed to estimate kt(i,j) 
for the termination of two radicals of sizes i and j: the geometric mean 
model (gm), the diffusion mean model (dm) and the harmonic mean model 
(hm).89,101,102 The models differ in the weighting of the chain lengths. For 
example, the dm model rests on the Smoluchowski equation in that the 
self-diffusion coefficients of both species add to each other, 
D(i,j) = D(i,i)+D(j,j).89 Thus, the dm model might be seen as an arithmetic 
mean model. 
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It is evident that for i = j, kt(i,i) = kt(1,1)·i−αs is recovered for each 
model. The situation for termination between radicals of different size is 
unsatisfactory as is highlighted in Ref.89 since the reported experimental 
data do not allow to distinguish between the three models. For αs < 1 , the 
order kt(i,j) (GM) > kt(i,j) (DM) > kt(i,j) (HM) is obtained.  

2.5 Resolving CLDT by the SP–PLP–EPR 
Technique 

The SP–PLP–EPR method is perfectly suited for studying CLDT, as i of 
the radicals increases with time t after applying the laser pulse according 
to eq ( 2.36) where kp is the propagation rate coefficient and cM is the actual 
monomer concentration. The instantaneous initiation of chain growth 
ensures a narrow molar mass distribution (Poisson-type) and hence 
termination occurs exclusively between radicals of more or less identical 
size which yields kt(i,i). 
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tck=i ⋅⋅
Mp  ( 2.36) 

 

In order to deduce the composite-model parameters from radical 
concentration vs time profiles, the time domain has to be transformed into 
the chain-length domain. The combination of eq ( 2.4) with the expressions 
for the Composite Model (eq ( 2.29)) and eq ( 2.36), after integration, yields 
eq ( 2.37) and eq ( 2.38) for the short-chain and long-chain regime, 
respectively, with cR

0 being the primary radical concentration after 
applying the laser pulse. 
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The propagation time, tp, is given by (cM·kp)−1. The logarithmic forms of 
eqs (2.36) and (2.37) are eq ( 2.39) and eq ( 2.40), respectively. According to 
these two latter equations, the composite-model parameters αs, ic and αl 
are deduced by plotting log(cR

0/cR(t)−1) vs log(t): Two linear sections with 
the slopes (1−α) are obtained, which intersect at ic. 
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The chain length for t→0 is not adequately represented by eq ( 2.36) for 
single-pulsed experiments. Smith and Russell therefore proposed an 
alternative expression, based on eq ( 2.41).103 
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According to eq ( 2.41) the EPR data should be analyzed by eq ( 2.42) 
and eq ( 2.43), respectively. 
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Since the analysis of the EPR data for long radical chains via eq ( 2.43) 
is not very sensitive toward αl, application of eq ( 2.40) is recommended for 

deducing αl and ic.
104 The required relative radical concentration, cR

0/cR(t), 
is given by the relative EPR signal intensity, I 

0/I(t), which is directly 
obtained from the SP–PLP–EPR experiment without any calibration 
procedure being necessary. The detailed procedure of deducing the entire 
set of composite-model parameters is illustrated for styrene bulk 
polymerization in Section  4.2. 

2.6 Photoinitiators for the SP–PLP–EPR Technique 

The central paradigm of laser-single-pulsed techniques is the linearity 
between delay time and chain length according to eq ( 2.36) and ( 2.41), 
respectively. The criterion of narrowly distributed molar masses of the 
growing radicals leads to the following requirements for a "suitable" 
photoinitiator.  

1. The UV absorption of the photoinitiator should be high at 
351 nm, which is the laser wavelength. 

2. The thermal stability should be high at the applied 
temperature. 

3. The initiator efficiency should be close to unity. 
4. The initiation of the initiator-derived primary radicals should 

be fast compared to propagation.. 
5. The photoinitiator-derived radicals should exhibit more or less 

identical reactivity. 
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Investigations by Buback and Külpmann indicate that α-methyl-4-
(methylmercapto)-α-morpholinopropiophenone (MMMP) is perfectly 
suited for acrylates.40 Vana et al. extended the application of MMMP to 
itaconates. MMMP is the major initiator for electrophilic monomers in 
organic systems.105 For aqueous solutions, Darocur® is used. With more 
nucleophilic monomers such as vinyl esters, the reactivity of the MMMP-
derived primary radicals (Figure  2.6) is too low. 

 

 
 

Figure  2.6: Photolysis of MMMP releasing the primary radicals R1 and 
R2. 

 

As a consequence, the typical quartet-structured hyperfine coupling 
patters as expected for vinylic end-chain radicals could not be observed 
with vinyl acetate (VAc). Instead, the formation of a radical-adduct has 
been observed as illustrated in Figure  2.7.42,106 

 

 
Figure  2.7: Radical adduct formation for MMMP as proposed in VAc 
polymerization.42,106 Reproduced with permission from Kattner, H.; 
Buback, M. Macromol. Chem. Phys. 2014, 215, 1180–1191. Copyright 
2016, Wiley-VCH.  
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After careful testing of several photoinitiators, dicumyl peroxide (DCP) 
has been identified as the best option for SP–PLP–EPR experiments on 
vinyl acetate and similar monomers.106 In addition to the favorable 
symmetric structure, the high reactivity of the oxygen-centered primary 
radicals constitutes the important signature of this photinitiator. The half-
life is sufficiently large to allow for measurements at temperatures as high 
as 120 °C.42,106 Since the vinyl moiety in both vinyl esters and in styrene is 
non-activated, the poor success of investigations into the CLDT of styrene 
polymerization by SP–PLP–EPR, is obviously due to MMMP being no 
perfect initiator for this monomer for which DCP should be better suited. 
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3  

Experimental 

3.1 Chemicals  

3.1.1 Monomer 

Styrene 

 

Non-deuterated styrene (Sty-H8, 
M = 104.15 g·mol−1, purum, ≥99%, Aldrich) and 
per-deuterated styrene (Sty-d8, M = 112.20, 99.5 
atom % D, over molecular sieve 3 Å, ABCR) 
were purified by passing through a column 
filled with aluminum oxide (Brockmann 
Number 1, grade 507-C-I, neutral).  

 

Di (n-butyl) itaconate 

 

Di (n-butyl) itaconate (DBI, IUPAC: dibutyl 2-
methylidenebutanedioate, M = 242.31 g∙mol−1, 
purum, ≥99% Sigma Aldrich) was cleaned by 
passing through a column filled with inhibitor 
remover (Sigma). 

 



 3  Experimental 

28 
 

Acrylamide 

 

Acrylamide (AAm, IUPAC: prop-2-enamide, Fluka, 
purum, ≥98.0%, stabilized with Cu2+ , 
M = 71.08 g·mol−1 ) was recrystallized from acetone 
dried under reduced pressure and stored at −21 °C . 

Sodium methacrylate  

 

Sodium methacrylate (NaMAA, IUPAC: sodium 2-
methylprop-2-enoate, 99 %, M = 108.07 g·mol−1, 
Sigma Aldrich) was used as received. 

Trimethylaminoethyl methacrylate chloride 

 

Trimethylaminoethyl methacrylate 
chloride (TMAEMA, IUPAC: 2-
(methacryloyloxy)-N, N, N-trimethy-
lethan-1-aminium chloride, 
M = 207.69 g·mol−1, 80 wt.% in H2O, 
600 ppm monomethyl ether 
hydroquinone as inhibitor, Sigma-
Aldrich, , Sigma Aldrich) was used as 
received. 

Trimethylaminoethyl acrylate chloride 

 

Trimethylaminoethyl acrylate 
chloride (TMAEA, IUPAC: 2-
(acryloyloxy)-N, N, N-trimethyl-
ethan-1-aminium chloride, 
M = 193.67 g·mol−1, 80 wt.% in H2O, 
600 ppm monomethyl ether 
hydroquinone as inhibitor, Sigma 
Aldrich) was used as received. 
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3.1.2 Initiators 

 
Figure  3.1: UV initiators used for SP–PLP–EPR measurements. For the 
abbreviations see text. The position of primary homolytic bond cleavage 
is indicated by the red line. 

 

The initiators used for the time-resolved EPR measurements are 
presented in Figure  3.1. The position of primary homolytic bond cleavage 
is indicated by the red line. All initiators were used as received. For 
polymerizations in organic phase, i.e., with styrene and DBI, dicumyl 
peroxide (DCP, IUPAC: 2-(2-phenylpropan-2-ylperoxy)propan-2-
ylbenzene, M = 207.37 g·mol−1, 98 %, Aldrich) and MMMP (IUPAC: α-
methyl-4(methylmercapto)-α-morpholinopropiophenone, 
M = 279.40 g·mol−1, 98 %, Aldrich) were used, respectively, while Darocur® 
(IUPAC: 2-hydroxy-2-methyl-1-phenylpropan-1-one, M = 164.20 g·mol−1, 
97%, Aldrich) was chosen for the aqueous-solution polymerizations. 

For chemically-initiated polymerizations, which were performed by 
Patrick Drawe, the thermal initiator VA-86 (2,2'-Azobis[2-methyl-N-(2-
hydroxyethyl)propionamide], > 98 %, M = 288.35 g·mol−1, Wako) was used 
as received.107 

3.1.3 Stable Radical Species 

The stable radical species 2,2,6,6-tetramethyl-1-piperidinyloxyl 
(TEMPO, M = 156.26 g·mol−1, 99 %, Aldrich,) and 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPOL, M = 172.24 g·mol−1, 97 %, Aldrich,) 
were used for EPR calibration of the setup for organic and aqueous 
solution, respectively. 
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Figure  3.2: Stable radical species used for EPR calibration of the setup 
used for organic (TEMPO) and aqueous (TEMPOL) solution. 

3.1.4 Purification of Water 

Experiments in aqueous solution were performed with ultra-pure 
water (type 1, Milli-Q 

®) by purifying demineralized water with the 
Millipore Simplicity® UV (Merck Millipore) operating at a resistance of 
18.2 MΩ·cm at 25 °C with a Millipore SimpliPak® 2, a Millipore final 
particle filter (0.05 µm) and a Millipore UV lamp (185 nm). 

3.2 The SP–PLP–EPR Technique 

3.2.1 The Setup 

Most of the experimental features have already been published in 
Ref.43,108,109  

The EPR measurements were performed on a Bruker EPR CW/ 
transient spectrometer system Elexsys-II 500T operating in the X-band 
region (∼9.85 GHz) equipped with an ER 41122SHQE-LC cavity with 
cooling plates (Bruker) and synchronized with a XeF laser (LPX 210 iCC, 
Lambda Physik) by a Quantum Composers 9314 pulse generator (Scientific 
Instruments) (Figure  3.3). In case of stationary measurements a mercury-
arc lamp (LAX 1450/SH2/5,500W, Müller) was used. The cavity has a grid 
through which the sample is irradiated (Figure  3.4). The spectrometer 
consists of a microwave bridge containing a microwave source and a 
detector, a console for electronic data processing and two tunable 
magnets. The magnets, the console and the cavity are cooled by an 
internal cooling circuit. The theoretical operating temperature range 
extends from 100 K to 600 K using the cavity mentioned above. A 
temperature control of ±0.05 K was provided by an ER 4131VT control unit 
(Bruker) by purging the cavity with nitrogen.  
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Figure  3.3: Schematic view of the experimental SP–PLP–EPR setup 
consisting of spectrometer, laser, console and the cavity which is shown 
in Figure  3.4. For the more detailed description see text. Reproduced with 
permission from Buback, M. ; Schroeder, H.; Kattner, H. Macromolecules 
2016, 49, 3193–3213, Copyright 2016, American Chemical Society. 

 

 
Figure  3.4: Schematic illustration of the cavity used within the 
presented studies. For a more detailed description see text. Reproduced 
with permission from Buback, M.; Schroeder, H.; Kattner, H. 
Macromolecules 2016, 49, 3193–3213, Copyright 2016, American 
Chemical Society. 
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3.2.2 EPR Sample Tubes and Cells 

The EPR tubes and flat cells consisted of synthetic quartz (Suprasil®) 
characterized by high purity, optical homogeneity and high UV 
transmission in the range between 200 and 100 nm with high resistance 
against discoloration.110 The choice of the sample tubes and cells depends 
strongly on the polarity of the system due to dielectric loss and is 
particularly critical for EPR measurements in aqueous solution for which 
flat cells have been chosen.  

 

 
 

Figure  3.5: Field distribution in a TE011 cylindrical cavity as used for the 
experiments. The ideal orientation of the flat cell for enhanced S/N 
quality is indicated by the red hashed lines. Figure was partially adopted 
with permission from Ref.110  

 

The geometry of the flat cell has to be suitable for the shape of the 
stationary mode formed inside the cavity (see Figure  3.5) in order to 
ensure a maximum interaction of the sample with the magnetic field 
component while minimizing the interaction with the electric field 
component.110 The ideal orientation of the flat cell is illustrated by the 
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dashed lines in Figure  3.5. The cell is placed perpendicularly with respect 
to the grid which guarantees homogeneous irradiation of the sample. The 
orientation must be taken into account even with measurements for which 
no irradiation is intended. For a so-called TE011 mode formed with the used 
ER 41122SHQE-LC cavity shown in Figure  3.5 , a flat cell (Suprasil TE102 
Aqueous Cell, sample volume 100 µL, Rototec-Spintec) is recommended 
and was used.110–112 Measurements in organic solution were performed 
using of cylindrical EPR tubes (Wilmad) with either an outer diameter 
(o.d.) of 3 mm and an inner diameter (i.d.) of 2 mm (for styrene) or with 
5 mm o.d. and 4 mm i.d. (for DBI). 

3.2.3 Sample Preparation  

Solvents, cleaned liquid monomers and Darocur® were degassed by 
several pump–freeze–thaw cycles under the exclusion of visible light with 
aluminum foil. Solid components, e.g., solid monomer and photoinitiator, 
were added under an argon atmosphere in a glove box. The samples were 
filled into the EPR tubes and flat cells, respectively, which were closed 
with a cap, sealed with Parafilm® and used immediately after preparation.  

Measurements for styrene and DBI refer to bulk polymerizations while 
investigations into aqueous-solution polymerizations were performed with 
the monomer contents listed in Table  3.1. 

 

Table  3.1: Monomer contents in weight percent, wt.%, and molar 
concentration, c, at 25 °C used for SP–PLP–EPR investigations. The 
weight percent refers to the monomer-solvent mixture.  

 

 AAm TMAEMA TMAEA NaMAA 

wt.% 10 20 20 10 20 5 10 

c / mol·L
−1 

(25 °C) 
1.42 2.85 0.98 0.52 1.06 0.49 0.98 

Organic Solution 

Organic samples (0.35 mL), i.e., styrene and DBI in bulk, were filled 
into the EPR tubes by using an Eppendorf pipette (100/1000 µL, VMR). 
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Aqueous Solution 

Volumes of 100 µL were filled into the EPR flat cells in case of aqueous 
solutions by using a MicroliterTM syringe (50 µL, Hamilton) after 
inserting the lower Telflon® plug. 

Samples of TMAEA and TMAEMA 

The huge amounts of monomethyl ether hydroquinone acting as 
inhibitor may be considered as a factor of uncertainty in SP–PLP–EPR 
investigations into aqueous-solution polymerization of TMAEA and 
TMAEMA. The inhibitor is usually consumed within the fist laser pulse. 
The monomer-to-polymer conversion related to this first pulse was less 
than 2 % for aqueous-solution polymerization of TMAEA (20 wt.%) at 
80 °C.  

3.2.4 Experimental Procedure 

The samples were placed into the cavity as described above. Since the 
EPR spectrometer is a reflection spectrometer, the setup parameters, e.g., 
resonance frequency, signal phase, etc., have to be adjusted so that prior to 
the experiment no microwave energy is reflected to the microwave bridge 
containing the detector diode (critical coupling).111 The quality of the 
critical coupling is quantified by the Q-factor which is defined as the ratio 
of stored and dissipated energy in the cavity (eq ( 3.1)). 

 

ν
ν
∆Energy dissipated

Energystored
res==Q  ( 3.1) 

 

The Q-factor can easily be derived from the shape of the resonance dip 
which is the absolute minimum in a diagram of detector diode current, I, 
vs microwave frequency, ν, as illustrated in Figure  3.6. According to 
eq ( 3.1), the Q-factor is the ratio of the width at half height, ∆ν, and νres 
being the resonance frequency. The Q-factor should not be below 800 
(lower limit) for receiving EPR signals intensity in good quality. 
Quantitative measurements should be performed with Q-values above 
1200 as is the case for the studies presented in this thesis. 

The experimental EPR parameters were chosen carefully in order to 
ensure a good signal-to-noise (S/N) quality. The modulation amplitude was 
set to 3 G with a modulation frequency of 100 kHz. For measurements in 
aqueous solution a receiver gain of 84 and an attenuation of 13 dB were 
selected.  
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Figure  3.6: Schematic view of resonance dip, i.e., the absolute minimum 
in a diagram of diode current, I, vs microwave frequency, ν. The 
resonance frequency, νres, and the width at half height, ∆ν, allow for an 
easy deduction of the Q-factor according to eq ( 3.1).111 

 

The microwave power was close to 10 mW. In organic solution, the 
receiver gain and the attenuation were reduced to 60 and 26 dB, 
respectively, with a microwave power at approximately 3.2 mW. 

Prior to the actual SP–PLP–EPR experiment, a spectrum under 
stationary or pseudo-stationary conditions was recorded. For measuring 
the stationary spectra the UV mercury-arc lamp was used whereas pulsed-
laser initiation with a constant pulse-repetition rate (p.r.r.) was applied for 
pseudo-stationary measurements. The spectra were recorded under 
conditions as close as possible to the time-resolved experiments. The 
typical sweep time was 5.12 s with a conversion time of 5.24 ms at 1024 
data points. Depending on monomer and temperature, the monomer-to-
polymer conversion changes slightly during measurements of the spectra 
which may affect polarity and changes the diode current. In this particular 
case, the diode current was readjusted manually to the initial value of 
200 µA during the experiment. The variation in diode current is 
proportional to the monomer-to-polymer conversion and is more 
pronounced for highly polar monomers. In order to enhance the S/N ratio, 
several individual EPR spectra were co-added.  
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Mostly, enhanced EPR signal quality is achieved at low temperatures, 
e.g., up to −65°C for vinyl ester polymerization,42 due to the Boltzmann 
distribution. Such low temperatures are not accessible with aqueous 
monomer solutions. The melting points for aqueous solutions used within 
this work are about −5°C. The S/N quality usually decreases with aqueous 
solutions toward temperatures from 20 °C to 40 °C ("valley of tears") but 
increases again at higher temperatures. The reason behind this effect is the 
significant decrease in dielectric constant of water with increasing 
temperature which allows for a higher signal intensity due to the 
reduction of dielectric loss.113 

The single-pulsed EPR measurements were usually run at magnetic 
field positions related to the highest signal intensity. It was carefully 
checked whether the radical concentration vs time profiles are affected by 
the monomer-to-polymer conversion, i.e., during the application of an 
increasing number of laser pulses.  

3.2.5 Calibration Procedure  

During SP–PLP–EPR experiments, signal intensity is recorded which 
has to be "converted" into absolute radical concentration. To do so, a two 
step procedure has been applied. The principle is illustrated in Figure  3.7. 

 

 
 

Figure  3.7: Illustration of the two-step procedure used for EPR signal 
calibration along with the corresponding calibration constants h1 and h2. 
Reproduced with permission from Kattner, H.; Buback, M. Macromol. 
Symp. 2013, 333, 11-23, Copyright 2013 Wiley-VCH. 

 

The EPR spectra show the first derivative of the absorption signal. 
Thus the double integral, in what follows denoted as ∬I(Bx), is proportional 
to the absolute stationary radical concentration, cR(t), according to eq ( 3.2) 
with h1 being the proportionality coefficient related to the experimental 
conditions of the experiment, e.g., temperature, concentration and EPR 
parameters.  
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Figure  3.8: Correlation between the spectral double integral, ∬I(Bx), and 
absolute radical concentration for a dilution series of stable radical 
species (black triangles). The associated linear fit (red) provides h1 as the 
slope according to eq ( 3.2). The spectrum (blue) as well as the 
corresponding first integral ∫I(Bx) (grey) and ∬I(Bx) (black) relate to the 
1.4 mol·L−1 solution of TEMPO as radical species in bulk DBI at 303 K.  

 

The value of h1 may also change with small structural deviations of the 
handmade flat cells which make an individual calibration for each flat cell 
necessary. 

 

∫∫⋅= )()(
X1 R

BIhtc  ( 3.2) 

 

The EPR spectra for a dilution series of a stable radical species are 
recorded under experimental conditions being as close as possible to the 
polymerization conditions. The double integration is exemplarily shown in 
Figure  3.8. The determined ∬I(Bx) is correlated with cR(t) (black triangles) 
yielding a linear relationship with h1 being the slop of the related linear fit 
(red line). 
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In a second step, ∬I(Bx) of the EPR spectrum for the investigated 
radical species is correlated with the corresponding maximum in band 
intensity, I(Bx), at which the intensity is monitored during the SP–PLP–
EPR experiment. 

According to eq ( 3.3), the proportional coefficient h2 is deduced as 
slope from the related linear fitting (see Figure  3.9).  
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Figure  3.9: Correlation between the intensity at the band maximum, 
I(Bx), indicated by the arrow and the related double integral, ∬I(Bx), with 
respect to the EPR spectrum of the species under investigation, i.e., the 
propagating DBI radical in bulk polymerization (black triangles) in this 
case. The linear fit (red) provides h2 as the slope according to eq ( 3.3). 
The underlying EPR spectrum, the first integral ∫I(Bx) and ∬I(Bx) are 
shown as blue, grey and black line, respectively. The spectrum was 
recorded under identical condition as with the TEMPO spectrum shown 
in Figure  3.8.  
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The combination of eq ( 3.2) and eq ( 3.3) yields eq ( 3.4) which correlates 
signal intensity I(Bx) at the peak maximum to absolute radical 
concentration.  

 

)()(
X2 1 R

BIhhtc ⋅⋅=  ( 3.4) 

 

3.2.6 Kinetic Simulations and Data Analysis 

The so-obtained radical concentration vs time profiles were either 
analyzed in the light of analytic expressions as stated in related parts of 
the main text or by the numerical simulation package PREDICI®. It should 
be noted that the IUPAC-recommended form of the termination rate law, 
dcR/dt = −2 kt·cR

2 , has been used throughout this thesis.17,48 

3.3 Determination of Monomer-to-Polymer 
Conversion  

The monomer-to-polymer conversion was either determined by 
Fourier-transform near-infrared (FT-NIR) spectroscopy or gravimetrically 
as outlined in Ref.108,114 

Parts of this section have already been published in Ref.108,114 

Aqueous Solution 

For aqueous-solutions polymerizations, i.e., for TMAEMA and TMAEA 
polymerization in D2O, the monomer-to-polymer conversion was 
determined by a (FT)-NIR spectrometer (Bruker Optik, IFS 88) equipped 
with a tungsten halogen lamp (Gilway Technical Lamp, L7417A, 12 V, 
50 W), a silicon-coated calcium difluoride beam splitter (model T8401) and 
a liquid-nitrogen-cooled InSb detector (InfraRed Associates, model D413). 
The flat cell was placed into a sample holder and a zero-conversion 
spectrum was recorded at ambient temperature (22 °C) shown for 
TMAEMA in Figure  3.10. After pulsing, the FT-NIR measurements were 
repeated to measure the degree of monomer-to-polymer conversion by 
integration, between 6250 and 6100 cm−1, i.e., of the first overtone of the 
antisymmetric C-H stretching mode of the methylidene group with band 
maximum at 6183 cm−1. For integration, the software OPUS (Version 
6.0.72, method B) was used.  
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Figure  3.10: FT–NIR absorbance spectrum of TMAEMA (20 wt.% in 
D2O) recorded prior (red) and after (blue) applying a sequence of 10 laser 
pulses. Integration of the absorbance band around between 6100 cm–1 
and 6250 cm–1, which is assigned to the first overtone of the 
antisymmetric C-H stretching mode of the methylidene group, yields the 
monomer-to-polymer conversion, i.e., 0.207 in this case. The inset shows 
the entire spectrum with the region of interest being framed.  

 

The impact of NIR band overlap is minimized by subtraction of a 
reference spectra and by using D2O rather than H2O as the solvent. It is 
not to be expected that the kinetics of polymerization in D2O differs 
significantly from the one in H2O solution under otherwise identical 
experimental conditions.108,115 The procedure is in principle identical for 
determination of conversion vs time profiles under stationary conditions 
provided by Patrick Drawe. The experimental aspects are described in 
detail elsewhere.107 

Organic Solution 

Polymerizations in organic solution, i.e., during styrene and DBI bulk 
polymerization, allow for a gravimetric determination of monomer-to-
polymer conversion (Satorius Balance CPA3245) due to the high vapor 
pressure. After a series of laser pulses the contents of the EPR tube were 
filled in a previously weighed aluminum shell and the monomer 



 3.5  Simulation and Fitting of the EPR Spectra 

41 
 

evaporated under ambient pressure in the dark followed by reweighting 
the shell including the residual polymer. In order to enhance the accuracy 
of the gravimetrical analysis, polymer produced within three experiments 
carried out under identical conditions has been combined. 

3.4 Density and Viscosity Measurement 

The density and the dynamic viscosity measurements were performed 
on a density meter system DPR 2000 (Anton Paar) and a viscosity meter 
AMVn (Anton Paar, 1569), respectively. 

3.5 Simulation and Fitting of the EPR Spectra 

The recorded EPR Spectra were simulated and fitted using MATLAB® 
in conjunction with the software package Easyspin®. The basic script, 
which has to be adapted for the individual spectrum, is part of the 
Appendices section and allows for detailed and precise determination of 
the hyperfine coupling constants (hfcc) and the relative molar fraction of 
coexisting radical species and conformers, respectively. The script also 
provides different fitting algorithms, e.g., genetic algorithm, Monte Carlo, 
Levenberg/Marquardt and Nelder/Mead simplex, and different scaling 
methods of experimental and simulated spectra. The strategies applied for 
complex spectra in which different types of radicals and conformers 
coexist, are described in the main text for each system. 
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4  

Termination Kinetics in Styrene Bulk 
Polymerizationi 

During the last decade, the SP–PLP–EPR technique has successfully be 
applied to investigations into termination and transfer kinetics of 
itaconate116 acrylate-type37–39,41,70 and methacrylate-type117–119 radicals 
under different experimental conditions. However, styrene, the archetype 
monomer, evaded investigation by this technique so far. No reliable EPR 
spectra could be observed with pulsed-laser initiation. EPR investigations 
into vinyl acetate and vinyl pivalate revealed that the photoinitiator 
MMMP which has been recommended for the monomer classes mentioned 
above40,105 is unsuitable for relatively nucleophilic monomers such as 
styrene. By comparative studies with different types of initiators DCP 
could be identifies as initiator of choice.42 It appears to be a matter of 
priority to accurately determine the composite-model parameters for 
styrene. In view of the importance of styrene radical polymerization, the 
knowledge about the termination kinetics of this monomer is scarce. The 
Russell group120 has provided the most recent report on styrene 
termination, in which the existing literature has been reviewed. When 

 
 

i Reproduced with permission from Kattner, H.; Buback, M. Macromolecules 2015, 48, 309–315, 
Copyright 2015, American Chemical Society. 
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applied to styrene, even the SP−PLP−EPR technique runs into problems, 
which are associated with the unfavorable combination of low propagation 
and high termination rate. It goes without saying that investigations into 
CLDT require substantial propagation. With styrene, studies into CLDT 
become difficult, as the laser-pulse-induced radical concentration decays to 
a low level before larger chain lengths have been reached. At 25 °C, the 
propagation rate coefficient of styrene is below the kp of methyl acrylate, 
vinyl acetate, and methyl methacrylate by a factor of 154, 40, and 3.8, 
respectively. In order to reach a reasonable chain size within the time 
window of 0.01 s, which has to be selected for time-resolved EPR detection 
of the rapidly terminating radicals, SP−PLP−EPR experiments on bulk 
styrene have been carried at temperatures up to 135 °C, where a maximum 
chain length of imax ≈ 236 may be reached. Measurements at further 
enhanced temperature run into difficulties because of significant styrene 
self-initiation. Because of the rapid consumption of radicals, high S/N 
quality of the EPR analysis is of key importance. Thus, the favorable effect 
already used in our preceding study into vinyl acetate42 has been applied, 
and the fully deuterated monomer, Sty-d8, has been subjected to EPR 
analysis, which allows for reaching radical chain lengths beyond ic under 
acceptable signal quality for quantitative EPR analysis.  

Beside the kinetic investigation into the termination kinetics of 
styrene, this section also serves the purpose of exemplarily illustrating the 
deduction of composite-model parameters by analytic expressions which 
have been introduced in Section  2.1. Furthermore, the importance of CLDT 
for understanding termination kinetics under different experimental 
conditions is shortly underlined by a general analysis of radical structure 
and its impact on diffusion controlled processes. 

4.1 The EPR Spectrum of Styryl Radicals 

In contrast to chain-end radicals of vinylic monomers, such as 
acrylates,37,121 vinyl esters42,122–124, and itaconates,116 styryl-H8 radicals 
exhibit a relatively complicated but characteristic hyperfine coupling (hfc) 
pattern due to the delocalization of radical functionality over the aromatic 
ring (Figure  4.1). The measured spectrum is in close agreement with 
literature and is adequately fitted via the hyperfine coupling constants 
(hfcc), a, listed in Table  4.1, which are insensitive toward temperature in 
the region under investigation, i.e., between 73 and 135 °C.125,126 The 
quality of the single-pulsed measurements is impaired, as overall EPR 
intensity is spread over a multitude of peaks with Sty-H8.  

 



 4.1  The EPR Spectrum of Styryl Radicals 

45 
 

Sty-d8

20 G

Sty-H8

 exp.

 sim.

 
 

Figure  4.1: EPR spectra of Sty-H8 and of Sty-d8 at 85 °C with DCP 
(9.0∙10−2 mol L−1) acting as the photoinitiator under continuous 
irradiation with a mercury-arc lamp. The simulation (▬) of the Sty-H8 
spectrum was achieved under the assumption of a delocalized unpaired 
electron. Radical concentration was close to 3·10–7 mol∙L–1 in both cases. 
The magnetic field positions used within the time-resolved SP–PLP–EPR 
experiments are indicated by the arrows. 

 

 

Table  4.1: Hyperfine coupling constants a for Sty-H8 radicals in styrene 
bulk homopolymerization as obtained from fitting of the experimental 
spectra, e.g., of the one in Figure  4.1. 

 

nuclei a / G 

1Hα 17.6 

2Hβ 16.3 

2Hortho 5.2 

2Hmeta 1.7 

1Hpara 5.3 
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Therefore, fully deuterated styrene, Sty-d8, has been studied, where 
the EPR intensity of the styryl radical is more or less condensed into a 
singlet band (Figure  4.1). The reason behind this simplification is the 
lower, by a factor of 0.154, gyromagnetic ratio, γ, of deuterium compared 
to hydrogen.42,127 With respect to the termination kinetics, Sty-d8 is 
expected to behave as does Sty-H8, because the impact of deuteration on 
diffusion-controlled termination should be negligible.128 Although no clear 
dynamic isotope effect has been observed for MMA and VAc bulk 
homopolymerizations,42,117 the assumption of a negligible isotope effect on 
termination will be experimentally verified for styrene (see below).  

4.2 Chain-Length Dependent Termination of 
Styryl Radicals 

Single-pulse measurements were performed at the magnetic field 
positions indicated by the arrows in Figure  4.1. To enhance the signal-to-
noise ratio of the radical concentration vs time traces, about 10 individual 
traces were co-added. Monomer-to-polymer conversion was checked 
gravimetrically to ensure that polymerization occurs in the initial range up 
to 9 per cent monomer conversion. The radical concentration vs time 
traces at the lowest and highest experimental temperature are close to 
each other (Figure  4.2). This surprising result is due to some compensation 
of the effect of temperature on kp and kt: The decay of radical 
concentration by termination should be enhanced toward higher 
temperature, but is partially reduced at the same time, due to the 
prediction of the Composite Model, as the terminating radicals are of 
larger size within an identical time interval because of higher kp. The 
activation energy of kp, i.e., EA = 32.5 kJ∙mol−1,19,129,130 is significantly 
higher than with acrylates131–133, methacrylates134,135 and vinyl 
esters124,136,137 for which no such compensation has been observed.41,42,117,118

 

The similarity of radical concentration vs time profiles of different 
temperatures appears to be indicative of CLDT and highlights the 
necessity of analyzing termination kinetics in detail. The similarity of 
radical concentration vs time profiles is however also affected by kt(1,1), 
kp, αs, αl, ic. 
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Figure  4.2: Normalized EPR intensity vs time traces measured for non-
deuterated styrene, Sty-H8, at the lowest (▬) and the highest 
temperature of the present study (▬) with DCP (9.0∙10−2 mol L−1) being 
used as the photoinitiator. About 10 individual traces were co-added to 
enhance the SP–PLP–EPR signal-to-noise ratio. EPR intensity vs time 
traces were recorded at the magnetic field position indicated in 
Figure  4.1. The initial radical concentrations were 6.7∙10–6 mol∙L–1 in 
both cases.  

 

In order to determine the composite-model parameters from SP–PLP–
EPR data on the basis of analytic expressions, a two-step procedure has 
been used. In a first step, the parameters ic and αl were deduced from the 
linear correlation according to eq ( 2.40) where 0

Rc  refers to the initial 

radical concentration at t = 0. The time required for a single propagation 
step to occur is referred to as tp = (kp∙cM)−1. Eq ( 2.40) is derived on the basis 
of assuming i to be given by i = kp∙cM∙t (eq ( 2.36)). 
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Figure  4.3: Relative radical concentration vs time traces for Sty-H8 (▬) 
and Sty-d8 (▬) at 100 °C with DCP (9.0∙10−2 mol L−1) acting as the 
photoinitiator. Both traces have been deduced from co-adding the same 
number of (19) pulses. Initial radical concentration was close to 3.5∙10–4 
mol∙L–1 in both cases. 

 

The slope of the straight line fitted to the experimental data for large 
chain lengths, i.e., large times t after pulsing, yields (1−αl) and the 
intersection point of the straight line fits for small and large radicals 
determines the size of ic. It should be noted that the composite-model 
parameters αl, ic (and also αs) are deduced from relative radical 
concentrations, cR

0/cR(t), which may be directly taken from the measured 
EPR single-pulsed signal without requiring any calibration for absolute 
radical concentration at this point. Bulk monomer concentration, cM, and 
kp at the experimental temperature are available from literature.19,120,138,139 
Due to the enhanced S/N ratio (Figure  4.3) ic has exclusively been deduced 
from Sty-d8 experiments. According to Clouet and Chaffanjon,140 the 
propagation rate coefficient of fully deuterated styrene is by a factor of 1.2 
above kp(Sty-H8). The bulk density of Sty-d8 at 100 °C is by 7 per cent 
above the one of Sty-H8. Both effects were included into the analysis.  
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Figure  4.4: Double-log plot of the SP–PLP–EPR data measured for Sty-
d8 at 120 °C according to eq ( 2.40). Analysis of the long-chain regime at 
high t yields αl. ic is obtained from the intersection of the straight lines 
fitted to the data at low and high radical chain length. 

 

The resulting impact on the composite-model parameters of styrene is 
however small and occurs within the limits of experimental accuracy, as is 
indicated by the close agreement of the relative radical concentration vs 
time profiles in Figure  4.3. The interception of the two straight-lines in 
Figure  4.4 occurs at ic(Sty-d8) = 30 ± 10 for 120 and 135 °C. This value 
slightly exceeds ic ≈ 18, as reported by Johnston-Hall and Monteiro,141 but 
is in perfect agreement with the value of ic ≈ 30 subsequently published by 
the same authors.95 These two literature values were determined by the 
RAFT–CLDT–technique which takes advantage of chain-growth control 
by reversible addition–fragmentation chain transfer (RAFT) 
polymerization. This approach requires stationary conditions (thermal 
initiation) and the accurate knowledge of initiation and transfer (RAFT) 
kinetics as well as the precise measurement of overall polymerization rate. 
The crossover chain length of styrene is significantly below the ones of 
methyl methacrylate, ic (MMA) = 100,92 and vinyl pivalate, 
ic (VPi) = 110 ± 30,42, but is close to the numbers for vinyl acetate,42 
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ic (VAc ) = 20 ± 10 and methyl acrylate,41 ic (MA) = 35 ± 10) and is not too 
far off the number for butyl acrylate,41 ic (BA) = 65 ± 20. No detailed 
understanding of the dependence of crossover chain length on monomer 
structure has emerged so far. Chain-flexibility might be one important 
factor controlling ic as higher flexibility should favor the entanglement of 
two macroradical chains, which is considered to be the initializing step for 
the transition from center-of-mass to segmental diffusion as this glass-
transition temperature, however, should not be stressed in this respect as 
this quantity refers to solid polymer. Interestingly, the size of the alkyl 
side chain has an opposite effect on ic in the acrylate and methacrylate 
families. Toward larger size of the alkyl side chain, the crossover chain 
length increases for acrylates41 and vinyl esters42, but decreases (from a 
higher ic level) for methacrylates.104,117 A tentative explanation of this 
finding may be that long alkyl side chains solubilize the stiffer 
methacrylate backbone structure and thus lower ic, whereas they reduce 
the mobility of the flexible acrylate structure and thus enhance ic. Unless a 
mechanistic understanding and thus a prediction of ic has been reached, ic 
needs to be experimentally determined and should be treated as an 
empirical quantity.37,41,117,118 

The power-law exponent associated with the straight-line fit 
(Figure  4.4) for long-chain radicals, αl = 0.16 ± 0.05, is in perfect agreement 
with the experimental values reported for other monomers95,141 and with 
the exponent which theory predicts for termination of two long chain-end 
radicals.96–98,142 The insensitivity of ic and αl toward temperature, which is 
evidenced by the experiments, has also been found for other 
monomers.42,104,117  

As described earlier, the correlation eq ( 2.36) underlying eq ( 2.40), is 
not valid in the very early time period after applying the laser pulse. As an 
adequate expression for the region t→0, Smith and Russell103 introduced 
eq ( 2.41) which, results in eq ( 2.42). 
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Fitting the EPR data taken at t < t(ic) according to eq ( 2.42) yields the 
exponent αs together with the product kt(1,1)∙cR

0. As the initial radical 
concentration, cR

0, is known from calibration, kt(1,1) is directly accessible 
from kt(1,1)∙cR

0. 
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Figure  4.5: Fitting of the SP–PLP–EPR data for deducing αs and kt(1,1) 
for Sty-d8 homopolymerization at 85 °C. The underlying data set is 
identical to the one shown in Figure  4.4 but has been restricted to the 
short chain regime, i.e., i < ic. The solid line represents the best fit 
according to eq ( 2.42) with αs = 0.47 and kt(1,1) = 9.0∙108 L∙mol−1 s−1. The 
dashed lines, which were estimated for identical kt(1,1) but different αs, 
may be considered as lower and upper bounds for αs. 

 

Shown in Figure  4.5 are the results for the fitting of the time-resolved 
EPR traces for Sty-d8 at 85 °C according to eq ( 2.42). The analysis was 
restricted to EPR data taken at chain lengths below ic. Neither for Sty-H8 
nor for Sty-d8, individual αs exhibits any systematic variation with 
temperature. Moreover, the arithmetic mean values: αs = 0.53 ± 0.05 for 
Sty-H8 and αs = 0.49 ± 0.05 for Sty-d8 agree within the limits of 
experimental accuracy. The mean value of αs = 0.51 ± 0.05, represented by 
the dashed line in Figure  4.6, is deduced as the temperature-independent 
power-law exponent for termination of short-chain radicals, i < ic, in 
styrene homopolymerization. The αs value is not affected by deuteration.  
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Figure  4.6: Individual values (symbols) deduced for the short-chain 
exponent, αs, according to eq ( 2.42) for Sty-H8 and Sty-d8 at 
polymerization temperatures from 73 to 135 °C. The symbol X indicates 
that two data points are sitting exactly on top of each other. 

 

The insensitivity of αs toward both deuteration and temperature has 
also been found for MMA (between 5 °C and 50 °C) and VAc (between 
−65 °C and 5 °C).42,117 Figure  4.6 is not indicative of any need for using 
deuterated styrene, however, as Figure  4.3 tells, deuteration is required to 
reach high signal-to-noise quality al large t, which corresponds to long 
radical chain lengths. The αs value for styrene is in close agreement with 
the number from RAFT-CLDT investigations, i.e,. αs = 0.53,141 and agrees 
with the power-law exponent measured for the chain-length dependency 
of the styrene self-diffusion coefficient Di, αD = 0.51 ± 0.13.143. The power-
law exponent for short-chain styryl radicals is below the associated 
numbers for MMA, αs = 0.65,117 for VPi, αs = 0.67,42 and for MA, αs = 0.80,41 
but agrees within experimental accuracy with the αs values reported for 
VAc, αs = 0.57,42 and for di-(n-butyl) itaconate, αs = 0.50.116 This finding is 
consistent with literature,89,141 in which styrene is listed among the 
monomers with lowest αs.  
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Figure  4.7: Arrhenius-type plot of the rate coefficient for termination of 
two monomeric radicals, kt(1,1), for Sty-H8 and Sty-d8 
homopolymerizations at low degrees of monomer conversion. The 
dashed line represents the diffusion limit of kt(1,1) for styrene as 
estimated via the separately measured value of 
EA(η−1) = 10.4 ± 0.1 kJ∙mol−1

. 

 

As described earlier, the rate coefficient for termination of two radicals 
both of chain length unity, kt(1,1), may be interpreted in terms of the 
Smoluchowski expression (eq ( 3.4)) assuming termination of short chains 
(i < ic) to be dominated by center-of-mass diffusion. With the monomeric 
self-diffusion coefficient, D

1, obeying the Stokes-Einstein equation 
(eq ( 2.16)) and r1 being the hydrodynamic radius of the monomer, kt(1,1) 
scales with fluidity, η−1, i.e., the inverse viscosity, kt(1,1) ∝ η−1. The 
activation energy for termination of two monomeric radicals, EA(kt(1,1)), 
should thus be essentially given by the activation energy of fluidity, 
EA(η−1), as seen from eq ( 4.1) with Rc as the capture radius.  
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Molecular mobility is reduced by deuteration, as the associated 
increase in viscosity results in a lower diffusion coefficient. Holz et al.

128 
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showed that this dynamic isotope effect is small for molecules of relatively 
high molar mass, such as benzene and dimethyl formamide. From the 
molar mass ratio of M(Sty-H8)/M(Sty-d8), the lowering of kt(1,1) is 
estimated to be below 6 %, i.e., occurs within the limits of accuracy of our 
kt(1,1) measurement. The results of corresponding estimates for fully 
deuterated and non-deuterated VAc and VPi are in line with the results 
from the associated SP–PLP–EPR experiments.42 From the experimental 
kt(1,1)(Sty-d8) and kt(1,1)(Sty-H8) values, which are in close agreement 
(Figure  4.7), the following Arrhenius relation is obtained: 

 

ln(kt(1,1)(Sty)/L∙mol−1∙s−1) = 23.7 − 1117/(T / K).  

 

Depending on temperature, experimental kt(1,1) is between 20 and 50 
per cent below the diffusion limited value estimated under the assumption 
that each encounter of two monomeric radicals results in a termination 
event. Mathematically, the estimation requires Rc = 2∙r1, PSpin = 0.25, and 
the Stokes-Einstein equation (eq ( 2.16)) to hold for D

1. The activation 
energy, EA(kt(1,1)) = 9 ± 1 kJ∙mol−1, is close to EA(η−1) = 10.4 ± 0.1 kJ∙mol−1, 
which value has been determined from independent viscosity 
measurements on styrene containing DCP of the concentration as used in 
the SP–PLP–EPR experiments (see Appendices).  

4.3 Relevance of Chain-Length Dependent 
Termination 

The relevance of taking chain-length dependent termination into 
account may be illustrated by a comparison of the SP–PLP–EPR results 
with data from both chemically initiated polymerization and from SP–PLP 
experiments carried out in conjunction with the time-resolved 
measurement of monomer consumption by near-infrared spectroscopy 
(SP–PLP–NIR). Chain-length averaged kt values, <kt>, from SP–PLP–NIR 
yield <kt>(Sty)/<kt>(MMA) = 2.0 for 90 °C and ambient pressure for an 
activation volume of 14.5 cm3∙mol−1 of both monomers.19,144,145 In contrast, 
the SP–PLP–EPR measurements result in kt(1,1)(Sty)/kt(1,1)(MMA) = 0.7 
for the same temperature. This seeming contradiction may be resolved by 
considering the average chain length associated with the SP–PLP–NIR 
data for the two monomers, deduced from the same time interval (0.15 s) 
after laser pulsing.  
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Figure  4.8: Decay of the rate coefficient for termination of two radicals 
at identical chain length i, kt(i,i) in styrene (Sty) and methyl 
methacrylate (MMA) bulk polymerization at 90 °C according to their 
composite-model parameters (see text). The figure servers the purpose of 
illustrating the seeming contradiction found for kt ratios between MMA 
and Sty deduced from different types of experiments.  

 

Within 0.15 s,19,144 chain growth at 90 °C occurs up to a maximum 
chain length of imax(Sty) = 1092 and of imax(MMA) = 2120, respectively. 
Based on estimated average chain lengths of <i>(Sty) = 500 and 
<i>(MMA) = 1000 and on the composite-model parameters for both 
monomers, with αs = 0.65, ic = 100, αl = 0.16 for MMA,95,117 an adjusted 
ratio of about kt(500,500)(Sty)/kt(1000,1000)(MMA) = 2.2 is found, which 
number is in close agreement with the above-cited ratio of 
<kt>(Sty)/<kt>(MMA) from SP–PLP–NIR experiments averaged over the 
same time period, i.e., of 0.15 s. The detailed analysis of termination 
behavior thus requires propagation rate and chain-length dependence of 
termination, as given by the composite-model parameters, to be properly 
taken into account. The higher kp value of MMA results in larger radicals 
which in conjunction with higher ic and αs, reduce termination rate and 
contribute to the bulk polymerization rate of MMA being above the one of 
styrene under stationary conditions at 80 °C.120 This effect on kt(i,i)  is 
illustrated in Figure  4.8 and is also true for chemically initiated 
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polymerizations in which chain lengths far above ic are expected. It 
appears to be a matter of principle that a direct comparison of <kt> data 
for different monomers should as the consequence be restricted to 
monomers which are not that different in absolute kp values and 
composite-model parameters.  

The all invasive impact of CLDT on <kt> from chemically initiated 
polymerizations might be further highlighted if the temperature 
dependence of <kt>, i.e., the Arrhenius activation energy EA(<kt>), is 
considered. Taylor et al. measured <kt

exp> for chemically initiated bulk 
polymerization of styrene120 under steady-state conditions, i.e., in the 
presence of a broad distribution of chain lengths, between 40 °C and 90 °C. 
Important kinetic quantities such as <kt> and the number average degree 
of polymerization might be correlated with the power-law expression for 
chain-length dependent kt by Mahabadi146 and by Olaj and his group.147,148 
On the basis of this early work, eq ( 4.2) has been proposed for deducing 
chain-length averaged <kt> from chain-length dependent kt(i,i) =kt

0
·i

–αl 
with kt

0 being defined in eq ( 2.29)89,90,120. The equation in this form rests on 
the assumption that only the long-chain regime, i.e., i <ic has to be 
considered in chemically initiated polymerizations which might be true 
due to the larger i values of the terminating radicals under typical the 
experimental conditions.120 The simultaneous impact of initiation, 
propagation and termination on chain length has been taken into account 
by this expression. The symbol Г in eq ( 4.2) denotes the gamma function. 
The efficiency of initiation, f, the rate coefficient for decomposition of the 
thermal initiator, kd, as well as the initiator concentration, cI, are available 
from Ref.120 

 

l2
l2

lMp

0

tId

2

l

0

t

CLDT

t
2

24

2

2
Γ

α
α

αα

−

⋅
−





















−
⋅

⋅

⋅⋅⋅⋅
⋅





















−
⋅=><

ck

kckf
kk  ( 4.2) 

 

Figure  4.9 illustrates the remarkable agreement of <kt
CLDT> with 

experimental <kt
exp> from stationary polymerization. <kt

CLDT> is only by 
about 18 per cent below <kt

exp> in the temperature range 40 to 90 °C with 
the experiments covering the range up to 15 % monomer conversion. This 
minor discrepancy may in part be due to the calculation via eq ( 4.2) being 
entirely based on parameters for the long-chain regime, but neglect small 
radicals of i < ic, for which kt(i,i) is higher than predicted by the specific 
power-law expression underlying eq ( 4.2). Thus <kt

CLDT> may slightly 
underestimate <kt>.  
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Via PREDICI® simulation, the Composite Model may be used in a 
second approach with all four parameters: kt(1,1), αs, ic, and αl for an 
estimate of a Composite Model kt average, <kt

PREDICI>, which turns out 
(Figure  4.9) to be very close to <kt

CLDT>. The <kt
exp> is slightly above 

<kt
PREDICI> as the impact of small radial termination is also ignored within 

the PREDICI® estimate. The PREDICI® procedure is specified in the 
Appendices section. It should be noted that the activation energy resulting 
from the estimate via eq ( 4.2), EA(<kt

CLDT>) = 15.3 kJ∙mol−1, is significantly 
above EA(kt(1,1)), but is close to the experimental value: 
EA(<kt

exp>) = 14.3 kJ∙mol−1. The activation energy associated with the 
PREDICI® based estimate, EA(<kt

PREDICI>) = 14.8 kJ∙mol−1, is in very 
satisfying agreement with EA(<kt

exp>). The discrepancy between EA(<kt>) 
and EA(kt(1,1)) might be seen from eq ( 4.3) which is derived from eq ( 4.2) 
and correlates EA(<kt>) with EA(kp), EA(kt(1,1)) and the activation energy of 
the effective initiator decay, EA(fkd).

120 Since EA(fkd) is usually far higher 
than EA(kp), EA(<kt>) exceeds EA(kt(1,1)) for chemically initiated 
polymerizations. This relationship reflects that a faster initiator decay at 
higher temperature leads to higher radical concentrations and thus to 
shorter chains of terminating radicals being tantamount to a higher value 
of <kt>. Note that for αl = 0 , EA(<kt>) equals EA(kt(1,1)).120 
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The close agreement of <kt
CLDT> and <kt

exp> suggests that the data 
from the SP–PLP–EPR experiments and the ones from conventional 
steady-state polymerization are both reliable. It appears recommendable to 
use the kt(i,i) data from SP–PLP–EPR whenever CLDT needs to be 
explicitly taken into account, whereas <kt

exp> provides an adequate 
description of conventional chain-length averaged termination kinetics. 
Obviously, kt(i,i) constitutes the suitable set of rate coefficients for 
representation of termination with reversible deactivation polymerization 
of styrene, where growing radicals of more or less identical size react with 
each other.  
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Figure  4.9: Arrhenius-type plot of experimental <kt
exp

> and calculated 
chain-length averaged <kt

CLDT
> for chemically initiated styrene 

homopolymerization at 90 °C; <kt
CLDT

> has been deduced from the EPR-
derived composite-model parameters for long-chain radicals via eq ( 4.2), 
whereas the <kt

PREDICI> data are from PREDICI simulation including the 
entire set of the four composite-model parameters. The experimental 
values, <kt

exp
>, are from Ref.120  

4.4 Radical Structure and Reactivity in 
Termination Processes 

In addition to describing temperature dependence of kt(1,1), eq ( 4.1) 
also allows for a systematic analysis of the structure-reactivity correlation 
since the absolute number of the product of kt(1,1) and η, kt(1,1)·η, depends 
on the ratio of Rc and r1 (eq ( 4.4)).  
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Figure  4.10: Product of kt(1,1) and η, kt(1,1)·η, according to eq ( 4.4) for 
deuterated (Sty-d8) and non-deuterated  styrene (Sty-H8) as well as for 
vinyl acetate (VAc) and vinyl pivalate (VPi) at the experimental 
temperatures. The quantities refer to bulk polymerizations investigated 
by SP–PLP–EPR. Data for VAc and VPi were taken from Ref.42 The 
number of monomers is restricted to three due reasons of clarity but 
might be extended to further monomers as seen in Table  4.2. Mean 
values are indicated by dashed lines. The slight changes in kt(1,1)·η as a 
function of temperature appear to be due to experimental uncertainty. 

 

Analysis of kt(1,1) data in terms of eq ( 4.4) holds for different 
temperatures since EA(kt(1,1)) ≈ EA(η), as is illustrated for several 
monomers in Figure  4.10. The values for kt(1,1)·η, are listed in Table  4.2 
along with further monomers which allows for a general discussion. As is 
illustrated by the upper four entries in Table  4.2, almost the same value of 
kt(1,1)·η is obtained for styrene, vinyl acetate and for the "first" (methyl 
ester) members of the acrylate and methacrylate families. The data refer to 
80 °C and thus include extrapolations for some monomers, as the related 
SP–PLP–EPR measurements have not been carried out at that temperature. 
The close agreement of the four entries suggests that, with these small 
radicals, most of the diffusional encounters result in reaction. As the 
activation energies of kt(1,1) and of fluidity are close to each other, the 
product kt(1,1)·η should not be sensitive toward temperature.  
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Table  4.2: Comparison of kt(1,1)·η for bulk polymerizations of several 
monomers. The activation energies required for extrapolation to 80 °C 
were taken from the cited literature. The kt(1,1) values are exclusively 
from SP–PLP–EPR investigations. MMA = methyl methacrylate, VAc = 
vinyl acetate, MA = methyl acrylate, VPi = vinyl pivalate, Sty = styrene, 
BMA = butyl methacrylate, and DBI = dibutyl itaconate. The numbers 
given for DBI in italics indicate higher uncertainty. 

 

  kt
1,1

 (80 °C) 
/ L∙mol

−1
∙s

−1
∙10

9
 

η (80 °C) 
/ mPa∙s 

kt(1,1) η (80 °C) / 
L∙mPa∙mol

−1
∙10

8
 

Ref. 

1 VAc (1.5 ± 0.3) 0.24 3.6 42 

2 MMA (1.1 ± 0.3) 0.34149 3.7 117 

3 MA (1.2 ± 0.3) 0.31 3.7 41 

4 Sty (0.83 ± 0.05) 0.39 3.2 
this 

work 

5 VPi (0.41 ± 0.05) 0.33 1.4 42 

6 tert-
BMA 

(0.3 ± 0.1) 0.45118,150 1.3 118 

7 DBI (0.09 ± 0.01)a) 1.32 0.12 116 
a)extrapolated from the reported kt

0 value at 45 °C via EA(kt
0) = 27.6 kJ·mol−1 and 

estimated with ic= 100, αs = 0.5, and αl = 0.16.  

 
Toward larger side group of the radicals, kt(1,1)·η should decrease due 

to an enhancement of both hydrodynamic radius and shielding of the 
radical site which appears to a reduction of the Rc/r1 ratio. This is indeed 
what the entries 5 and 6 in Table  4.2 suggest.It is interesting to note that 
the replacement of a methyl group by a tert-butyl moiety, i.e., passing from 
vinyl acetate to vinyl pivalate (VPi) and from MMA to tert-butyl 
methacrylate (tert-BMA) results in almost the same decrease in kt(1,1)·η. It 
comes as no surprise that larger shielding as in the case of dibutyl 
itaconate (DBI) gives rise to an even stronger reduction of kt(1,1)·η. This 
can be seen from entry 7. The number for DBI rests on a rough 
extrapolation of reported data since the analysis introduced with styrene 
has not been performed with DBI so far.116 As will be shown in 
Section  6.2.3, the true number for kt(1,1)·η is even smaller. It should be 
noted that similar values for kt(1,1)·η are found for monomeric radicals in 
aqueous solution of acrylic acid and methacrylic acid. The scaling of kt(1,1) 
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with viscosity can perhaps be used to estimate kt(1,1) for other 
temperatures and monomer contents and even for novel, unexplored 
systems with radicals of similar size  

This finding plays a role for aqueous-solution polymerization of 
acrylamide in which investigations into the termination kinetics of end-
chain radicals are impeded by intramolecular transfer process, i.e., 
backbiting. 
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5  

 

Termination and Transfer Kinetics of 
Acrylamide in Aqueous Solutionii 

Radical polymerization in aqueous solution is attractive because of the 
environmentally friendly and inexpensive solvent. The so-produced water-
soluble polymers find widespread applications in water treatment, for 
paints, adhesives and cosmetics. Poly(acrylamide) has the ability of 
absorbing large amounts of water.6,8 Despite the importance, the level of 
kinetic knowledge about the polymerization of acrylamide (AAm) is 
limited. Investigations mainly focused on overall polymerization rates so 
far.151–157 Ishige and Hamielec reported a "non-classic" dependency of 
polymerization rate on monomer concentration in that the partial reaction 
order with respect to monomer concentration, ω, slightly exceeds unity 
and reaches values up to ω ≤ 1.2,155 which might be indicative of side-
reactions such as backbiting (see Section  2.2.1). However the number 
reported for AAm is significantly below the ones for acrylate 

 
 

ii Reproduced with permission from Kattner, H.; Buback, M. Macromolecules 2015, 48, 7410–7419. 
Copyright 2015, American Chemical Society, and from Kattner, H.; Buback, M. Macromol. Rapid 
Commun. 2015, 36, 2186. Copyright 2015, Wiley-VCH. 
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polymerizations, ω ≤ 1.8,60–63 in which backbiting occurs. It should be 
noted that for vinyl acetate (VAc), where backbiting is absent,42 an ω value 
of (1.17 ± 0.05) has been found which has been assigned to the chain-
length dependence of termination.158 In 2005, Seabrook succeed in the 
determination of chain-length averaged kt data.157 The propagation 
kinetics was investigated by several groups via PLP–SEC in the early 
1990's.27,28,159 The latest data set on kp was published in 2016 by Lacík et 
al.

29 However, simulations of monomer-to-polymer conversion vs time 
profiles for chemically initiated polymerization of AAm based on the 
reported values however failed.160 The simulations neglected backbiting, 
since no indication for short-chain branching was found by NMR 
spectroscopy160,161 and no variation of kp with laser pulse repetition rate 
was observed in PLP–SEC measurements as with acrylates.69 It goes 
without saying that EPR provides an easy access to this field since SPRs 
and MCRs can be distinguished by their hyperfine coupling (hfc) pattern. 
No EPR spectra of AAm have been reported in literature so far due to the 
very challenging experimental conditions associated with the highly polar 
solvent water. 

It is evident that, besides an impact on polymer structure (short-chain 
branching), the presence of MCRs strongly affects the overall 
polymerization kinetics.57–59 The prediction of backbiting for certain 
monomers is still challenging. In the past, even the IUPAC-
recommanded14,18,130 method for kp

s determination, PLP–SEC, failed for 
acrylates at moderate temperatures due to lack of knowledge that 
backbiting occurs.132,162,163 The concept of backbiting was introduced in 
1953 by Roedel50 for ethylene polymerization and was in the beginning 
considered to be unimportant for acrylate-type polymerization due to the 
higher stability of acrylate SPRs.49,163 Decades passed until the importance 
of backbiting was widely accepted for acrylate polymerizations.49 Until 
now, data for backbiting are restricted to acrylate-type monomers37 
including acrylic acid (AA)38 and sodium acrylate (NaAA)39. The 
argumentation in terms of radical stability for predicting backbiting is not 
generally valid as has been shown by the EPR investigations into the 
highly unstable VAc radicals.42 Answering the question if and to which 
extent backbiting occurs in radical polymerization is crucial for further 
kinetic investigations.  

This Section deals with the first evidence for backbiting in aqueous-
solution homopolymerization of a N-vinyl amide, i.e., AAm, for 10 wt.% 
and 20 wt.% monomer content relating at 25 °C to concentrations of 1.40 
and 2.85 mol·L−1, respectively. Because of the low signal-to-noise ratio, up 
to 600 individual SP–PLP–EPR traces and up to 300 individual spectra had 
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to be co-added for each temperature and monomer concentration to obtain 
a good signal quality. It is the goal of this Section to provide a 
comprehensive data set of termination and transfer kinetics for AAm.  

In what follows, rate coefficients with the superscript "t" refer to MCRs 
with the radical functionality at the tertiary carbon atom while "s" denotes 
a radical functionality at the chain-end of SPRs. 

5.1 The EPR Spectrum in AAm Polymerization 

The EPR spectra were recorded with a sweep time of 5.12 s. Monomer-
to-polymer conversion was kept rather low, i.e., up to 12 % at 0 °C and up 
to 20 % at 98 °C, to avoid conversion-related effects on the spectra.164 
Hence, the EPR spectra refer to the initial conversion regime of AAm 
homopolymerization. Monomer conversion was checked by the NIR 
spectra recorded immediately after applying a sequence of laser pulses. No 
significant changes in hfc pattern and in the fraction of radicals were 
observed in a small number of experiments carried out up to 80 % 
monomer conversion. Shown in Figure  5.1a is the 4-line EPR spectrum 
recorded at –5 °C which is assigned to the propagating AAm macroradical. 
The same type of hfc pattern for end-chain radicals was reported for 
acrylate and acrylate-derived chain-end radicals, e.g., for BA121,165,166, 
ionized39 (NaAA) and non-ionized39 acrylic acid (AA) and vinyl acetate 
(VAc).42,122 This hfc pattern is characteristic of the coupling of the 
unpaired electron with one α-proton and two equivalent β-methylene 
protons. The hfc constants of the AAm macroradical, a(α-H) = 20.6 G and 
a(β-H) = 18.5 G, are close to the ones reported for BA, AA, NaAA and VAc 
propagating radicals.38,39,42,122,165,166 In principle, the SPR spectrum should 
occur as a doublet of triplets, i.e., a 6-line spectrum, but is condensed to a 
phenotypical quartet (4-line spectrum) due to line broadening. Although 
SPRs are the by far dominant species, as will be shown further below, 
MCRs are present to about 3 % even at –5 °C.  

5.1.1 Simulation of EPR Spectra in the Presence of MCRs 

The occurrence of backbiting and hence the presence of MCRs 
becomes obvious upon increasing temperature (Figure  5.1b). The 
characteristic hfc pattern, which makes MCRs easily distinguishable from 
SPRs, arises from the difference in chemical environment of the radical 
functionality after the [1,5]-H-shift reaction. The unpaired electron at the 
tertiary carbon atom couples with two pairs of non-equivalent protons 
which results in a triplet of triplets (tt, 9-line spectrum).124,165–168  
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Figure  5.1: EPR spectra recorded during a homopolymerization of AAm 
(10 wt.% in aqueous solution) and associated fits (red) for different 
temperatures (a-c). Radicals were produced by stationary UV irradiation 
of the photoinitiator Darocur® (2.2∙10−2 mol∙L−1). Bands dominated by a 
specific radical species are labeled as SPR or MCR. Spectrum (d) 
illustrates the situation of neglecting SPR contributions in the simulation 
of the high-temperature EPR spectrum. EPR components showing major 
differences between simulated and measured bands are indicated by an 
asterisk (*).  

 

Line broadening reduces the tt to a 7-line multiplet. The MCR hfc 
constants (see Table  5.1) derived from fitting the EPR spectra, 
a(β ‐ H1) = 9.6 G and a(β - H2) = 14.7 G, are again in close agreement with 
the associated literature data for acrylates.121,165,166 The inner peak of this 
multiplet is characteristic of MCRs and allows for the detection of these 
tertiary radicals even in minor concentrations, as is the case at low 
temperatures. At higher temperatures, MCRs are dominant (Figure  5.1c) 
and SPRs show up as weak shoulders on the outer peaks.  
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Table  5.1: Hyperfine coupling constants of SPRs and MCRs in AAm 
polymerization deduced from the experimental spectra taken in aqueous 
solution at the indicated temperatures. 

 

radical θ /°C a(H) / G a(H) / G 

SPR –5 20.6 (1H, α-H) 18.5 (2H, β-H) 

MCR +100 9.6 (2H, β-H1) 14.7 (2H, β-H2) 

 

Nevertheless, even for the highest experimental temperature, the 
intensity of the central MCR-dominated peaks could not be perfectly fitted 
without taking contributions from SPR bands into account (Figure  5.1d). In 
contrast to the EPR spectra reported for acrylates, e.g., BA165,167–169, phenyl 
acrylate170, cyclohexyl acrylate171 , dodecyl acrylate166 and ethylhexyl 
acrylate169, no contribution from an additional 3-line MCR spectrum has to 
be considered for the simulation of the EPR spectra for AAm. MCR triplet 
components appear to be related to a conformer of reduced rotational 
freedom around the Cα-Cβ bond, which is more likely to occur with 
monomers bearing sterically demanding121,165,167 or charged39 side groups, 
and being contained in viscous media171 or at low temperature121,165. The 
difference in the hfc constants of the two β-proton pairs in the 7-line MCR 
spectrum reported for BA at –40 °C, a(β - H1) = 7.0 G and 
a(β ‐ H2) = 20.0 G, is lowered toward increasing temperature and thus 
toward higher chain flexibility, resulting in a(β - H1) = 11.2 G and 
a(β ‐ H2) = 16.3 G at +60 °C.121 Since the size of a(β - H) is related to the 
dihedral angle, Θ, between the single-occupied p-orbital and the σ-orbital 
of the Cβ - H bond, according to the Heller-McConnel equation (eq ( 5.1)), 
the absence of any temperature dependence of a(β - H) with AAm 
macroradicals further suggests an essentially unhindered internal rotation 
around the Cα -Cβ - H bond in the backbone.  

 

( ) )(cos)( 2 Θβ ⋅=− HAHa  ( 5.1) 

 

In eq ( 5.1), A(H) denotes a proportionality constant with the highest 
value of a for Θ = 0°. Because of the symmetry of the p-orbital, only angles 
between 0° and 90° are relevant.172 Assuming an ideal bond angle of 120° 
between the two β-methylene protons in the Newman projection of the 
MCR, dihedral angles of, Θβ1 =63.4° and Θβ2 =56.6°are obtained with 
A(H)= 48.2 G. 
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5.1.2 Fraction of Mid-chain Radicals under Stationary 
Conditions 

For fitting the overall EPR spectrum, a two-step procedure was 
applied. First, the hfc constants of SPRs and MCRs were deduced from the 
experimental spectra taken at the highest and at the lowest temperature 
where either MCRs or SPRs are dominant (see Table  5.1). Within the 
second step, the molar fraction of MCRs, xMCR, according to eq ( 5.2), was 
determined for each temperature from the deconvoluted SPR and MCR 
spectra deduced from fitting the overall EPR spectrum via the Levenberg–
Marquardt algorithm. The double integrals of the so-obtained individual 
components are proportional to the associated SPR and MCR 
concentrations, respectively, and thus yield the molar fraction of MCRs, 
xMCR: 

∫∫∫∫
∫∫

+
=

MCRSPR

MCR

MCR
II

I
x

 

( 5.2) 

 

During the fitting procedure, higher weight was imposed on the inner 
EPR peaks to enhance the accuracy of xMCR determination. Different 
algorithms, i.e., the Genetic Algorithm , the Nelder-Mead Algorithm, 
Monte Carlo, and a slight variation of the hfc constants and of the Landé 
factor were applied to estimate the uncertainty of xMCR, which is mainly 
due to noise and increases toward lower relative concentration. The 
numbers for xMCR of AAm (circles in Figure  5.2) are accurate within ± 2 % 
between 25 and 75 °C and within ± 4 % toward lower and higher 
temperatures.  

Also plotted in Figure  5.2 are reported literature data of xMCR for BA 
polymerized in a 1.5 M solution of toluene (triangles).121 At identical 
temperature, the MCR content of an AAm polymerization in aqueous 
solution is far below the values reported for BA. At –5 °C, the 
concentration of MCRs is almost negligible with AAm, whereas 40 percent 
of the total radical concentration is MCRs in BA solution polymerization at 
the same temperature. The differences in xMCR between AAm and BA are 
largest at around 20 °C and become smaller toward higher temperature 
where xMCR of both monomers approach values above 0.8. The data in 
Figure  5.2 demonstrates that significant and even dominant amounts of 
MCRs occur even in AAm polymerization once the reaction temperature is 
sufficiently high.  
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Figure  5.2: Molar fraction of mid-chain radicals, xMCR, deduced from 
fitting the experimental EPR spectra (circles) recorded during 
polymerization of AAm (10 wt.%) in aqueous solution between −5  and 
+100 °C. The values of xMCR are identical for 20 wt.%. For comparison, 
reported experimental values of xMCR for BA polymerization (1.52 M in 
toluene)121 are included (triangles). The dashed line illustrates xMCR of BA 
calculated assuming the long-chain approximation, i.e., eq ( 2.11), to be 
valid. The rate coefficients required for this estimate were taken from 
Ref.37 

 

A sigmoidal dependence of xMCR on temperature is seen with both 
AAm and BA. At least for BA, the strong increase of xMCR at intermediate 
temperatures is not easily understood on the basis of eq ( 2.11), as the 
activation energies of backbiting and of MCR propagation differ only by 
6.4 kJ∙mol−1.37  

 

M

t
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MCR
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( 2.11) 
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Eq ( 2.11) which assumes that MCRs react exclusively by propagation, 
yields the dashed line in Figure  5.2 for the temperature dependence of xMCR 
in BA polymerization. The large discrepancy between estimated and 
measured xMCR tells that termination plays an increasingly important role 
in BA polymerization toward lower temperatures. As a consequence, 
eq ( 2.11) has to be replaced by eq ( 2.12), which considers SPR-MCR cross-
termination with the rate coefficient <kt

st>. The brackets indicate that 
<kt

st> is implemented as chain-length averaged quantity. 

 

SPR

st

tM

t

pbb

bb

MCR
ckckk

k
x

⋅><+⋅+
=  ( 2.12) 

 

The essential reason behind the important role of SPR-MCR 
termination in BA polymerization is the low activation energy of cross-
termination, EA(kt

st) = 6.6 kJ∙mol−1, which is much smaller than the 
activation energy of MCR propagation: EA(kp

t) = 28.3 kJ∙mol−1. Whereas 
the rates of these two reactions are close to each other at the highest 
experimental temperature of 100 °C, SPR-MCR cross-termination rate 
exceeds the one of propagation from MCRs by about one order of 
magnitude at 0 °C as is seen from extrapolation of the individual reaction 
rates for SPR-MCR termination and MCR propagation for these two 
limiting temperatures.37,173 

Using the large body of kinetic information available for BA, it has 
been shown173 that eq ( 2.12) allows for an excellent representation of the 
dependence of xMCR on polymerization temperature for BA in toluene 
solution with <kt

st> as the chain-length averaged kt values for SPR-MCR 
cross-termination. The pronounced sigmoidal shape of xMCR vs T 
correlation suggests that eq ( 2.12) needs to be applied also toward AAm 
polymerization in aqueous solution. It appears to be a matter of priority to 
carry out SP–PLP–EPR experiments for obtaining a comprehensive kinetic 
picture of AAm radical polymerization.  
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5.2 Termination and Transfer Kinetics of AAm 

To improve signal-to-noise quality in SP–PLP–EPR experiments, up to 
600 individual EPR signals of radical concentration vs time were co-added. 
Monomer-to-polymer conversion was checked by NIR spectroscopy after 
each series of laser pulses. The conversion was below 12% at the higher 
temperatures, of 75 and 95 °C, and was below 8% at –5 °C. No variation of 
concentration vs time profiles toward higher conversion could be 
observed. 

Time-resolved EPR detection of SPR and MCR concentration requires 
separate band positions for each of the two types of radicals. It is known 
from the shown EPR spectra under stationary AAm polymerization 
conditions that the spectrum of SPRs is heavily overlapped by MCR bands. 
The resulting problem may be overcome by a two-step procedure. First, 
SP–PLP–EPR measurements were performed at around the lowest 
temperature where the system is still in the liquid state, i.e., at –5 °C, and 
almost all radicals are SPRs. An EPR spectrum recorded at –5 °C on an 
aqueous solution containing 10 wt.% AAm is shown on the left-hand side 
of Figure  5.3. Time-resolved studies at the magnetic field position 
indicated by the arrow allow for measuring CLD termination of SPRs. The 
so-obtained composite-model parameters for SPR termination were 
implemented into PREDICI® and used within a second step for the analysis 
of the MCR concentration vs time profiles recorded at higher 
polymerization temperatures, between 75 and 95 °C. The MCR 
concentration may be accurately determined by EPR in the presence of 
SPRs, as the central EPR component is exclusively due to MCRs.174 This 
situation is illustrated on the r.h.s. of Figure  5.3 by an EPR spectrum of an 
aqueous solution with 10 wt.% AAm at 75 °C. The (simulated) EPR 
contribution of SPRs is represented by the red line. At the central magnetic 
field position, indicated by the arrow, SPRs do not contribute to the EPR 
spectrum. Time-resolved studies into MCR kinetics at temperatures below 
75 °C have not been carried out, as the concentration of MCRs becomes too 
low to afford good S/N quality. 
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Figure  5.3: EPR spectra recorded during radical polymerizations of 
AAm (10 wt.%) in aqueous solution under stationary UV irradiation at –5 
and 75 °C with Darocur® (2.2 10−2 mol·L−1) as the photoinitiator. The 
magnetic field positions used for SP–PLP–EPR investigations into time-
resolved SPR and MCR concentrations are indicated by the arrows. The 
dashed line illustrates the baseline. The EPR signal for SPRs (red) has 
been estimated from the hyperfine coupling constants in Table  5.1 which 
turned out to be insensitive toward temperature.  

 

5.2.1 Homo-termination Kinetics of End-chain Radicals 

Illustrated in Figure  5.4 is the time-resolved SPR concentration after 
applying a laser pulse at t = 0 for an AAm polymerization at 10 wt.% and 
−5 °C. The trace results from co-addition of 600 individual SP–PLP–EPR 
measurements up to a monomer-to-polymer conversion of 8%. The decay 
of SPR concentration is due to SPR-SPR termination. The time t after laser 
pulsing is linearly related to the chain length i according to eq ( 2.41) which 
allows for an analysis of SPR homo-termination in the light of a CLDT. 
The related composite-model parameters are derived from the trace in 
Figure  5.3 by the same procedure as demonstrated with the styryl radicals 
in homopolmyerization of styrene (see Section  4), i.e., by plotting of 
relative radical concentration as shown in Figure  5.5 and Figure  5.6. The 
so-obtained numbers for αs, αl and ic are listed in Table  5.2 together with 
kt

ss(1,1) for the two AAm concentrations under investigation. 
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Figure  5.4: Time-resolved concentration of SPRs in AAm 
homopolymerization, 10 wt.% in aqueous solution, as obtained from the 
SP–PLP–EPR experiments at –5 °C. At this relatively low temperature, 
SPRs are more or less exclusively present. The laser pulse was applied at 
t = 0 to generate an initial SPR concentration, cSPR

0, close to 
2.7∙10−5 mol∙L−1. 

 

Because of the structural similarities, it comes as no surprise that the 
values of ic(AAm, 10 wt.%) = 30 ± 10 and of ic(AAm, 20 wt.%) = 35 ± 10 are 
close to the associated numbers reported for methyl acrylate, 
ic(MA) = 35 ± 10, and vinyl acetate, ic(VAc) = 20 ± 10, bulk 
polymerizations.41,42,95 The value for styrene bulk polymerization is of 
similar size, ic(Sty) = 30 ± 10. The exponents αs = 0.53 ± 0.05 and 
al = 0.15 ± 0.03 for 10 wt.% AAm and αs = 0.50 ± 0.05 and αl = 0.17 ± 0.03 
for 20 wt.% AAm, respectively, meet the expectations from 
theory.90,94,96,98,143,175 These numbers are close to the ones reported for 
acrylates,41 methacrylates,117,118 vinyl acetate42 and styrene. That the 
composite-model parameters αs, αl and ic are insensitive toward 
temperature has been found for several monomers in organic41,42,95,100,117 as 
well as in aqueous solution.44 Moreover, this finding has been successfully 
adopted within SP–PLP–EPR investigations into radical polymerizations of 
non-ionized acrylic acid.38,176  
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Figure  5.5: Double-log plot according to eq ( 2.40) for 10 wt.% AAm 
polymerized in aqueous solution at –5 °C. This plot serves the purpose of 
estimating ic and αl (see text) listed in Table  5.2. 

 

Hence, αs, αl and ic of AAm were used for modeling SPR-SPR 
termination in AAm polymerizations at higher temperatures, where MCRs 
are additionally present. The fourth composite-model parameter, kt

ss(1,1), 
varies with monomer concentration (Table  5.2) and, according to the 
concept of diffusion-controlled termination,46,95,177,178 also with 
temperature. Changes in kt

ss(1,1) may be correlated via the Smoluchowski 
and Stokes-Einstein equations and scaled by the initial fluidity, η−1, of the 
reaction medium, i.e., at zero conversion prior to 
polymerization.41,42,46,100,118 Upon passing from 20wt.% to 10 wt.% AAm in 
aqueous solution at −5 °C, experimental kt

ss(1,1) increases by a factor of 1.4 
(Table  5.2) and initial fluidity is enhanced by a factor of 1.3.  

The correlation between kt
ss(1,1) and η−1 allows for predictions of 

kt
ss(1,1) at other temperatures via EA(η −1), the experimentally accessible 

activation energy of inverse viscosity (fluidity).8-10,14,16,23,24,28 The fluidities 
of reaction mixtures were determined between 20 °C and 60 °C for aqueous 
solutions containing 10 wt.% and 20 wt.% AAm (see Appendices). 



 5.2  Termination and Transfer Kinetics of AAm 

75 
 

0.0 0.5 1.0

0

2

4

6
(c

0 R
/c

R
(t

 )
 −

1)

t / ms

−5°C

0 10 20 30
i

k
ss

t
(1,1)⋅c

0

SPR
 = 3510 s

−1

α
s
 = 0.53 ± 0.05 

1

 

Figure  5.6: Plot of time-resolved SPR data at −5 °C for 10 wt.% AAm in 
aqueous solution in order to derive αs and kt

ss(1,1) according to eq ( 2.42). 
The fitting parameters were αs as well as the product of kt

ss(1,1) and the 
initial SPR concentration, cSPR

0, which is known via the calibration 
procedure (see Figure  5.4).  

 

 

Table  5.2: Composite-model parameters derived from SP–PLP–EPR 
measurements at –5 °C for 10 and 20 wt.% AAm in aqueous solution. 

 

 
AAm 

(10 wt.%/H2O) 

AAm 

(20 wt.%/H2O) 

αs 0.53 ± 0.05 0.50 ± 0.05 

αl 0.15 ± 0.03 0.17 ± 0.03 

ic 30 ± 10 35 ± 10 

kt
ss

(1,1)/10
7 L∙mol

−1
∙s

−1
 13.0 ± 0.8 9.8 ± 0.5 
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The measured viscosities yield: EA(η −1) = (17.8 ± 0.1) kJ∙mol−1 for 
10 wt.% AAm as well as EA(η −1) = (19.0 ± 0.1) kJ∙mol−1 for 20 wt.% AAm. 
The accuracy of the viscosity measurements is far higher than the one of 
kt

ss(1,1) determination. On the basis of absolute kt
ss(1,1) from SP–PLP–EPR 

experiments at –5°C, the following Arrhenius expressions result from 
identifying EA(η−1) with EA(kt

ss(1,1)).  
 

kt
ss(1,1)/ (L∙mol−1∙s−1) = 3.9∙1011∙ exp(−2138/T(K))          

for 10 wt.% AAm in aqueous solution 

 

kt
ss(1,1) /(L∙mol−1∙s−1) = 5.0∙1011∙ exp(−2289/T(K))          

for 20 wt.% AAm in aqueous solution 

 

 

Table  5.3: Comparison of kt(1,1)·η for bulk polymerizations of several 
monomers. Table  4.2 was extended by AAm but restricted to the third 
column with kt(1,1)(80 °C)·η(80 °C) due to reasons of clarity. The 
activation energies required for extrapolation to 80 °C were taken from 
the cited literature. MMA = methyl methacrylate, VAc = vinyl acetate, 
MA = methyl acrylate, VPi = vinyl pivalate, Sty = styrene, BMA = butyl 
methacrylate, and DBI = dibutyl itaconate. Unless otherwise state, values 
refer to bulk polymerization. For more details, see Table  4.2. 

 

 
Monomer System kt(1,1)(80 °C)∙η (80 °C) 

/ L∙mPa∙mol
−1

∙10
8
 

Ref. 

1 AAm (10 wt.%/H2O) 3.3 this work 

2 AAm (20 wt.%/H2O) 3.2 this work 

4 Sty 3.2 this work 

5 VAc 3.6 42 

6 MMA 3.7 117 

7 MA 3.7 41 

8 VPi 1.4 42 

9 tert-BMA 1.3 118 

10 DBI 0.12 116 
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According to these expressions, kt
ss(1,1) for 10 wt.% AAm is by 15% and 

kt
ss(1,1) for 20 wt.% AAm is by 21% below the so-called diffusion limiting 

values which refer to the maximum termination rate coefficient according 
to the Smoluchowski model.46,100 The analysis of kt(1,1) in terms of the 
Smoluchowski and Stokes-Einstein equations as introduced in Section  4 
allows for an extension of Table  4.2 (see Table  5.3). The comparison shows 
that AAm fits perfectly into the line of monomers bearing the "smallest" 
side groups within the homologous series of small radicals. The finding 
underlines the diffusion control character of termination in AAm 
homopolymerization. 

5.2.2 Transfer and Cross-termination Kinetics 

The midchain radical kinetics was studied by SP–PLP–EPR between 
75 and 95 °C, where MCRs are the dominant radical species. The measured 
MCR concentration vs time profiles were fitted by PREDICI® on the basis 
of the reaction steps listed in Figure  5.7. 

 

Figure  5.7: Reaction steps implemented into the PREDICI® model for 
fitting MCR concentration vs time profiles deduced from SP–PLP–EPR 
experiments between 75 and 95 °C. The composite-model parameters for 
SPR homo-termination, αs, αl, and ic, were adopted for cross-termination 
from the low-temperature experiments described above. 

 

Reaction Step Reaction Ref. 

laser induced  

initiation 
 

see text 

SPR propagation 
 

Lacík et al.
29 

SPR-SPR homo-
termination  

this work 

backbiting 
 

this work 

MCR propagation 
 

this work 

SPR-MCR (cross-) 
termination  

this work 
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The laser-induced decomposition of Darocur® was assumed to be much 
faster than a single SPR propagation step.47 The rate coefficient for 
addition of a monomer molecule to the photoinitiator-derived primary 
radical, ki, was estimated from ki = 104∙kp

s, to ensure rapid initiation and to 
exclude an impact of initiation on the monomer concentration vs t 
profile.47,179,180 The propagation rate coefficient, kp

s, including its 
dependence on AAm concentration in aqueous solution, was taken from 
literature.29 SPR termination was estimated via the composite-model 
parameters deduced from the experiments at –5°C with only kt

ss(1,1) being 
adjusted, by the correlation through fluidity, to the actual polymerization 
temperature. Backbiting was treated as independent of chain length with 
the restriction of at least three monomer units being required for MCR 
formation by a [1,5]-H-shift reaction. Even at high temperatures, no 
indication for β-scission was found. MCR propagation kinetics was 
assumed to exhibit the same dependency on monomer concentration as 
kp

s, but to differ in absolute value. The associated rate coefficient, kp
t, was 

expressed by kp
t = a∙kp

s, with a being a fit parameter for each temperature. 
As reported by Fröhlich et al., the composite-model parameters may differ 
for SPRs and MCRs.99 PREDICI® simulations using different values for αs, 
αl and ic of MCRs, however, showed no significant impact on the fitting 
result. Thus the MCR-SPR cross-termination rate coefficient, kt

st, was 
implemented by kt

st(1,1) = b∙kt
ss(1,1) with the chain-length dependence 

being entirely contained in kt
ss(1,1). Note that kt

st(1,1) and kt
tt(1,1), the 

MCR homo-termination rate coefficient, are hypothetical quantities 
introduced for applying the Composite Model. PREDICI® simulations 
revealed that even extensive variation of the kt

tt(1,1) has only a negligible 
impact on the MCR concentration vs time traces within the range of 
polymerization conditions under investigation (see Appendices). The 
situation is different for chemically initiated polymerizations at 
temperatures at which the molar fraction of MCRs is very high. A similar 
conclusion had been reached for AA homopolymerizations.38 Hence, the 
experimental MCR concentration vs time traces were fitted only for the 
rate coefficients kbb, kp

t, and kt
st(1,1). Within a first step, the measured 

maximum MCR concentration after applying the laser pulse, cMCR
max, was 

fitted for kbb. Within the second step, a, i.e., kp
t, and b, i.e., kt

st, were fitted 
to the measured decay in MCR concentration after passing the maximum 
MCR concentration. Finally, all three rate coefficients were simultaneously 
fitted. Note that a "typical" MCR concentration vs time profile exhibits 
specific regions which are sensitive toward one out of the rate coefficients 
mentioned above. 
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Sensitivity of MCR Concentration vs Time Profiles toward 
Transfer- and Termination Kinetics 

It goes without saying that MCR formation by backbiting, and 
degradation by MCR propagation and cross-termination, can easily be 
separated by fitting the experimental MCR concentration vs time profiles. 
It comes as no surprise that the rate of backbiting, i.e., dcMCR/dt = kbb·cSPR, 
determines cMCR

max, i.e., the maximum MCR concentration after applying 
the laser pulse. Since kt

ss(1,1) and thus cSPR are usually known from prior 
experiments, i.e., for AAm and BA, kbb is easily accessible by fitting 
cMCR

max.  

 

 
Figure  5.8: The simulated MCR concentration vs time profile for AAm 
polymerization (10 wt.% / H2O) at 95 °C (blue line) is identical to the one 
shown in Figure  5.9. The figure serves the purpose of illustrating the 
sensitivity of MCR concentration vs time profiles toward backbiting, 
MCR propagation and SPR-MCR cross-termination. The corresponding 
rate coefficients, i.e., kbb, kp

t and kt
st(1,1), are depicted. kt

ss(1,1) might be 
known from prior investigations. The regions dominated by one out of 
these three steps are colored. The dashed red line represents the fitting 
upon increasing kt

st(1,1) and kbb but constant kp
t such that the MCR 

maximum is correctly reproduced. The resulting fit is of poorer quality. 
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The decay of MCR concentration, on the other side, is given by the 
competition between MCR propagation and SPR-MCR cross-termination. 
The latter one is more pronounced at high radical concentrations while kp

t 
usually becomes apparent at higher delay times at which MCR-SPR cross-
termination may be neglected due to the low SPR concentration. Thus, SP–
PLP–EPR allows for distinction between these processes and hence for a 
precise determination of kp

t and kt
st(1,1) as illustrated exemplarily for AAm 

(10 wt.% / H2O) at 95 °C in Figure  5.8. It is obvious that the formation and 
degradation of MCRs occur simultaneously during the whole reaction 
time. The colored regions in Figure  5.8 are related to the ones in which 
one process might be dominant. The simultaneousness of MCR formation 
and degradation results in a slight interdependency of the determined rate 
coefficients induced by the fitting procedure, e.g., a higher value for 
kt

st(1,1) would lead to a higher number of kbb in order to compensate the 
faster degradation process. However, a higher kt

st(1,1) would also change 
the shape of the MCR concentration vs time profile yielding a poorer fit of 
the experimental profile as demonstrated by the dashed red line in 
Figure  5.8. In case of both SPR and MCR concentration vs time profiles can 
be measured, the uncertainty in the rate coefficients may be further 
reduced.  

Results from PREDICI
®
 fitting 

Shown in Figure  5.9 are time-resolved MCR concentrations measured 
after applying a laser pulse at 75 and 95 °C. The two profiles differ in 
cMCR

max, and in the time required for reaching this maximum. That MCRs 
are not produced instantaneously, but by a consecutive reaction, as 
visualized by adding the simulated SPR concentration profile to the 
measured and fitted MCR traces for 95 °C (Figure  5.10). Shown in 
Figure  5.11 are the Arrhenius plots of kbb for temperatures between 75 and 
95 °C at both AAm concentrations, 10 and 20 wt.%. The uncertainty of the 
kbb data has been estimated by varying, during PREDICI fitting, the pulse-
induced primary radical concentration within the reasonable range of ±20 
percent in order to taking the noise into account. 
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Figure  5.9: Measured and simulated MCR concentration vs time profiles 
after applying a laser pulse at t = 0 during an AAm polymerizations (10 
wt.%) in aqueous solution at 75 and 95 °C. Included into the figure are 
the associated PREDICI® fits.  

 

The individual Arrhenius-line in Figure  5.11 fits for each concentration 
are represented by the dashed lines corresponding to activation energies 
and pre-exponentials of: EA(kbb, 10 wt.%) = (48.8 ± 0.7) kJ∙mol−1 with 
A(kbb, 10 wt.%) = (3.4 ± 0.6) 109 s−1 for the lower as well as 
EA(kbb, 20 wt.%) = (49.6 ± 0.8) kJ∙mol−1 along with 
A(kbb, 20 wt.%) = (3.9 ± 0.8)·109

·s−1 for the highest AAm content, 
respectively. As both Arrhenius parameters agree within the limits of 
experimental accuracy, kbb was treated as being independent of AAm 
concentration in the 10 wt.% to 20 wt.% AAm range and adequately 
represented by: 

 

kbb / s
−1= 3.7·109

·exp(−5893/T(K)   

(red line (Figure  5.11) for 10 to 20 wt.% AAm) 
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Figure  5.10: Simulated SPR concentration vs t profile together with the 
experimental and fitted MCR profile for 10 wt.% AAm in aqueous 
solution at 95 °C. The simulation of SPR concentration is based on both 
the composite-model parameters determined at –5°C and the rate 
coefficients from PREDICI® fitting of the MCR trace (see text). The MCR 
trace is identical to the one for 95 °C in Figure  5.9. 

 

AAm exhibits a remarkably high activation energy of backbiting as 
compared to non-ionized AA, NaAA and to BA (1.5M in toluene), but a 
higher pre-exponential which however only partially compensates the 
impact of the higher activation energy ending up in a lower absolute 
kbb(AAm) (see Table  5.4). As can be seen from kbb for the reference 
temperature of 50 °C, absolute kbb is by about one order of magnitude 
below the associated values for AA in dilute aqueous solution and for 
butyl acrylate (BA) in toluene solution and is lower than kbb in fully 
ionized AA (NaAA) polymerization. This low kbb is responsible for the 
relatively small fraction of MCRs observed in stationary EPR experiments 
into AAm as compared to BA and AA polymerization. The reason behind 
the different Arrhenius parameters is not yet fully understood. The higher 
pre-exponential for AAm is entropic in origin and might result from the 
weaker restriction to intramolecular mobility in AAm (see Simulation of 
EPR Spectra in the Presence of MCRs, p. 67). 
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Figure  5.11: Arrhenius plot of the backbiting rate coefficient, kbb, for 
10 and 20 wt.% AAm between 75 and 95 °C. The rate coefficients were 
determined by PREDICI® fitting of cMCR vs t traces. The individual linear 
regressions for the two AAm concentrations are indicated by the dashed 
lines. The red line represents the joined fit.  

 

 

Table  5.4: Comparison of the rate coefficients for backbiting of various 
monomers in aqueous or in organic solution. 

 

kbb EA(kbb)/ 
kJ∙mol

−1
 

A(kbb)/ 10
8
 

s
−1

 
kbb (50 °C) 

/ s
−1

 
Ref. 

AAm (10 wt.%,  

20 wt.% / H2O) 
(49 ± 2) (37 ± 7) 44 

this 
work 

AA (20 wt.% / H2O) (38 ± 3) (10 ± 2) 705 
a)

 176 

NaAA (20 wt.% / 
H2O) 

(26 ± 2) (0.22 ± 0.09) 160 39 

BA (1.5 M / toluene) (35 ± 2) (0.48 ± 0.07) 393 37 

a) determined by 13C-NMR technique. Italicized numbers indicate a higher uncertainty. 
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Figure  5.12: Resonance structures of acrylates and AAm at mid-chain 
position which may be relevant for the backbiting reaction. The dashed 
arrows indicate the inductive effects of side-group moieties which are 
less pronounced for AAm than with acrylates. 

 

As mentioned earlier, the MCR spectra of AAm could only be fitted by 
neglecting contributions from a triplet species related to a hindered 
conformer which supports the assumption of a weaker entropy penalty 
accompanying the formation of the cyclic transition state (TS) structure 
for backbiting yielding a higher A(kbb) than with acrylates. 

The situation is more complex for the enthalpy-driven EA(kbb). Beside 
the ring-strain of the six-membered structure and interactions with the 
solvent also electronic effects on the TS may occur. Amides differ from 
acrylates in terms of internal stabilization effects within their side-groups 
(Figure  5.12).  

The higher internal resonance stabilization within the nitrogen-
containing amide moiety leads to a higher electron density of the Cα–H 
bond in AAm than in the acrylates which goes along with a higher bond 
dissociation energy and hence a higher activation energy of Cα–H bond 
scission. This argument may also hold for the "non-activated" vinyl acetate 
(VAc) radical for which the effect of higher bond dissociation energy, 
suppressing backbiting, should be even stronger. Indeed, no MCRs could 
be detected in VAc bulk polymerization by EPR investigation in a broad 
temperature range,42 although the VAc radicals exhibit a remarkably high 
chain flexibility which should facilitate the formation of six-membered 
ring structures.181  
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Figure  5.13: Resonance MCR structures of acrylates and AAm. 

 

In addition to the different EA(kbb) values, the resonance structures of 
MCRs for acrylates and AAm may explain the differences in A(kbb). As 
illustrated in Figure  5.13, the associated MCR structures exhibit some 
double-bond character which is more pronounced with the acrylate 
radical. Assuming that the resonance structures in Figure  5.13 permit 
conclusions about the TS structures, the stronger double-bond character 
with acrylate MCRs reduces the intramolecular mobility in the TS and thus 
lowers the corresponding entropy-driven A(kbb) of acrylates. The effect 
may also account for the higher internal friction observed in the MCR EPR 
spectrum of BA as compared to AAm.121 

Extrapolation of the Arrhenius expression to –5 °C results in 
kbb = 1.0 s−1, which corresponds to a half-life, ln 2/kbb, for SPRs of 0.7 s. 
This time interval is far above the half-life given by the rapid termination 
of SPRs (see Figure  5.4). This estimate provides further support for 
ignoring contributions of MCRs at this low temperature and for analyzing 
the experimental radical decay entirely in terms of SPR termination. 

The second parameter deduced from fitting the SP–PLP–EPR 
experiments is the rate coefficient of MCR propagation, kp

t. As can be seen 
from Figure  5.14, no clear effect of monomer concentration was detected. 
For several water-soluble monomers an increase of kp

s toward higher 
dilution has been reported.22,24–26,33,182,183 This effect, which appears to be 
characteristic of an aqueous environment, is understood in terms of 
transition-state theory (TST) as being entropy-driven with water as the 
solvent providing less friction to internal rotational motions of the TS 
structure than provided by the highly dipolar environment in bulk 
polymerization.73,183,184 
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Figure  5.14: Arrhenius plot of the rate coefficients of MCR propagation, 
kp

t, for 10 and 20 wt.% AAm in aqueous solution between 75  and 95 °C. 
The full red line represents the joined fit for both concentrations. The 
rate coefficients were determined by PREDICI® fitting of the cMCR vs t 
traces from SP–PLP–EPR experiments.  

 

With methacrylic acid (MAA), kp
s at 25 °C increases by one order of 

magnitude from bulk to high dilution in an aqueous environment and by 
50 % from 20 wt.% to 10 wt.% MAA.24,26,183 The effect is similar to 
N‐vinylpyrrolidone,182,183 but less pronounced for other monomers, e.g., 
N‐vinyl formamide.33,182 For methacrylamide, an increase in kp

s by 32 
percent has been observed in passing from 20 wt.% to 10 wt.% monomer 
content in aqueous solution.31 Since SPR and MCR propagation are subject 
to the same effects of molecular environment, kp

t may reflect the same 
dependence on monomer concentration as does kp

s. Lacík et al.
29 observed 

a weak dependence of kp
s(AAm): At 75 °C, kp

s for 10 wt.% AAm is by 8 % 
above kp

s for 20 wt.%, which is within the limits of experimental accuracy.  

Table  5.5: Comparison of the rate coefficients for MCR propagation, kp
t, 

at 50 °C and of Arrhenius parameters for various monomers in aqueous 
and in organic phase.  
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kp
t
 EA(kp

t
)/ 

kJ∙mol
−1

 
A(kp

t
)/ 10

6
∙s

−1
 

kp
t
 (50 °C) / 

L∙mol
−1

∙s
−1

 
Ref. 

AAm (10 wt.%,  

20 wt.% / H2O) 
(30 ± 2) (1.4 ± 0.2) 20 

this 
work 

AA (20 wt.% / H2O) (33 ± 3) (14 ± 4) 56 176 

NaAA  

(20 wt.% / H2O) 
(23 ± 3) (0.06 ± 0.01) 14 39 

BA (1.5 M / 
toluene) 

(28 ± 2) (0.9 ± 0.2) 25 37 

Italicized numbers indicate a higher uncertainty. 

 

Thus, a single Arrhenius expression has been fitted to the kp
t data for 

10 and 20 wt.% AAm in aqueous solution: 

 

kp
t / (L∙mol−1∙s−1) = 1.4∙106∙ exp(−3608/T(K))               

for 10 and 20 wt.% AAm 

 

Table  5.5 shows that kp
t of AAm polymerization is much closer to the 

associated numbers for AA and BA than are the backbiting rate 
coefficients of these monomers. The kp

t/kp
s ratio for AAm, e.g., at 50 °C is 

3.5∙10−4, which is not too dissimilar from BA in 1.5 M in toluene, 
kp

t/kp
s = 9.1∙10−4.19,22,29 The higher A(kp

t) for AAm compared to BA may 
reflect the higher internal mobility of AAm in the TS structure for 
propagation.29 The finding is in line with the higher A(kp

s) found for AAm 
compared to A(kp

s) of BA and other acrylates.19,29,131 A mean ratio for 
10 wt.% and 20 wt.% AAm of A(kp

t)/A(kp
s) = 0.02 is slightly smaller than 

the corresponding number for BA, i.e., A(kp
t)/A(kp

s) = 0.05, indicating that 
the relative reduction of internal mobility in the TS between SPRs and 
MCRs is higher for more flexible radicals. The kinetic data for AA in 
aqueous solution are of incomparable quality and thus are not compared 
to the rate coefficients for the other systems but are listed due to reasons 
of completeness. A comparison with NaAA suffers from the lack of reliable 
kp

s data for this monomer.  

In contrast to kp
t and kbb, AAm concentration has a clear effect on the 

rate coefficient of cross-termination, kt
st(1,1), as shown in Table  5.6. The 

activation energy, EA(kt
st(1,1)), obtained by fitting the experimental kt

st(1,1) 
data is slightly higher for 20 wt.% AAm than for 10 wt.%, which is in 
agreement with the trend of the measured viscosities, i.e., 
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EA(η−1) = 19.0 ± 0.1 kJ∙mol−1  and EA(η−1) = 17.8 ± 0.1 kJ∙mol−1 for 20 wt.% 
and 10 wt.%, respectively. The mean ratio of kt

st(1,1) for the two AAm 
concentrations in the range of 75 to 95 °C is almost identical to the ratio of 
the associated fluidities, 

 

,4.13.1
wt.%)20(

wt.%)10(

wt.%)20)(1,1(

wt.%)10)(1,1(
1

1

st

t

st

t −≈≈
−

−

η
η

k

k
 

 

which underlines the diffusion-controlled character of cross-
termination in AAm homopolymerization and the applicability of the 
combined Smoluchowski and Stokes-Einstein modelling (eq ( 2.31)) for 
small radicals. The Arrhenius expressions associated with the lines for 
kt

st(1,1) in Figure  5.15 read: 

 

kt
st(1,1) / (L∙mol−1∙s−1) = 1.2∙1011∙ exp(−2237/T(K))         for 10 wt.% AAm 

kt
st(1,1) / (L∙mol−1∙s−1) = 2.1∙1011∙ exp(−2550/T(K))         for 20 wt.% AAm 

 

The Arrhenius parameters collected in Table  5.6 indicate that kt
st(1,1) 

and kt
ss(1,1) differ such that the activation energy for kt

st(1,1) is slightly 
higher than for kt

ss(1,1), whereas the pre-exponentials show the opposite 
trend. To summarize these results on the termination kinetics: The kt

st(1,1) 
data were obtained by PREDICI® fitting of the measured MCR 
concentration vs time traces with kt

ss(1,1) for 10 and 20 wt.% AAm as 
measured at –5 °C being introduced as an input parameter (extrapolated to 
the actual polymerization temperature via EA(η−1). Each MCR 
concentration vs t trace yields kt

st(1,1) for the specific temperature and 
AAm concentration. Within the temperature and concentration range 
under investigation, the ratio of SPR-MCR cross-termination to SPR homo-
termination rate coefficients is found to be in the narrow range: 
kt

st(1,1)/kt
ss(1,1) = 0.25 ± 0.05, which appears to be an important and useful 

result. This difference by a factor of about four is assigned to enhanced 
shielding of the radical functionality in case of termination with a tertiary 
radical being involved. 
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Figure  5.15: Arrhenius plot of the rate coefficient for MCR-SPR cross-
termination, kt

st(1,1), at 10  and 20 wt.% AAm in aqueous solution 
between 75 and 95 °C. The rate coefficients were determined by 
PREDICI® fitting of the cMCR vs t traces from SP–PLP–EPR experiments.  

 

 

Table  5.6: Comparison of Arrhenius parameters for the rate coefficients 
of homo-termination, kt

ss(1,1), and cross-termination, kt
st(1,1), in the 

aqueous-solution polymerization of 10 and 20 wt.% AAm. 

 

 EA / kJ∙mol
−1

 A / 10
11

∙L∙mol
−1

∙s
−1

 

 10 wt.% 

kt
ss

(1,1) 17.8 ± 0.1 3.9 ± 0.3 

kt
st

(1,1) 18.6 ± 0.3 1.2 ± 0.2 

 20 wt.% 

kt
ss

(1,1) 19.0 ± 0.1 5.0 ± 0.3 

kt
st

(1,1) 21.2 ± 0.3 2.1 ± 0.2 
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Table  5.7: Cross-termination rate coefficients, kt
st(1,1), for several 

monomers at 50 °C. 

 

kt
st

(1,1) 
kt

st
(1,1) (50 °C)/  

10
8 L∙mol

−1
∙s

−1
 

Ref. 

AAm (10 wt.% / H2O) 1.2  this work 

AAm (20 wt.% / H2O) 0.8 this work 

BA (1.5 M / toluene) 3.6 37 
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Figure  5.16:  MCR fraction, xMCR, of total radical concentration derived 
from the EPR spectra recorded during stationary UV irradiation of AAm 
(10 wt.% in aqueous solution). The full line is estimated from eq ( 2.12) 
using the entire set of rate coefficients determined in the present study. 
The dashed part of the line indicates that these xMCR values below 75 °C 
are based on kbb, kp

t and <kt
st> values extrapolated along the Arrhenius 

expressions presented above.  

 



 5.2  Termination and Transfer Kinetics of AAm 

91 
 

 

As seen for kp
t, AAm also does not differ significantly from BA in 

cross-termination rate coefficient. Listed in Table  5.7 are the kt
st(1,1) values 

for 50 °C. The modest differences in both kp
t and in kt

st(1,1) indicate that 
the far lower MCR fraction previously reported for AAm in aqueous 
solution under stationary polymerization conditions is essentially due to 
the lower backbiting rate coefficient, kbb. The relatively small fraction of 
MCRs with AAm is plotted as a function of temperature in Figure  5.16. 
The full line is estimated from eq ( 2.12) using the entire set of rate 
coefficients determined in the present study with <kt

st
> as chain-length 

averaged quantity of cross-termination estimated from kt
st(1,1) via 

eq ( 2.29) for an average chain length of 1000. Absolute cSPR values at the 
polymerization conditions underlying the experiments in Figure  5.16 are 
listed as part of the Appendices section. 

In view of the uncertainty associated with deducing individual rate 
coefficients from SP–PLP–EPR data, the agreement of estimated and 
measured xMCR is a strong argument in favor of the quality of the MCR-
related rate coefficients from SP–PLP–EPR studies. The Arrhenius 
expressions presented for kbb, kp

t, and kt
st(1,1) appear to afford reasonable 

estimates of these coefficients even beyond the temperature range in 
which the underlying SP–PLP–EPR experiments have been performed. 
The set of rate coefficients from SP–PLP–EPR together with kp

s from the 
PLP–SEC experiments29 allows for the modeling of AAm kinetics and 
product properties in an extended range of experimental conditions for 
chemically initiated polymerization, i.e., under stationary conditions, as 
have been performed by Calista Preusser.160,161 The (very) satisfactory 
agreement between experiment and simulation in her study might be seen 
as verification for the presented comprehensive description of termination 
and transfer kinetics of AAm polymerization provided by SP–PLP–EPR. 
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6  

 

Novel Access to the Rate Coefficient of 
Propagationiii 

Despite the increasing importance of radical polymerization in 
aqueous solution, the knowledge about the kinetics of (salt-like) ionic 
monomers is surprisingly limited which is particularly true for kp. 
Studying polymerization kinetics of ionic species mainly suffered from the 
lack of reliable kp data. While a reliable set of kp values for several 
polymerizations of non-ionized water-soluble monomers was established 
within the last years, e.g., for acrylic acid19–23, methacrylic acid19,20,24–26, 
AAm27–29, N-isopropyl acrylamide30, methylated acrylamides31, 
1‐vinylpyrrolidin-2-one32 and for N-vinyl formamide33, the investigations 
into kp of fully-ionized monomers are scarce. Lacík et al. published kp data 
for sodium acrylate72 and sodium methacrylate35, i.e., for fully-ionized 
acrylic and methacrylic acid by using the pulsed laser polymerization – 
size-exclusion chromatography (PLP–SEC) technique which has been 

 
 

iii Reproduced with permission from Kattner, H.; Drawe, P.; Buback, M. Macromol. Chem. Phys. 2015, 
216, 1737–1745. Copyright 2015, Wiley-VCH, and from Kattner, H.; Buback, M.; Macromolecules 2016, 
49, 3716-3722. Copyright 2016, American Chemical Society. Simulations on PLP–SEC and chemically 
initiated polymerizations were performed by Patrick Drawe.107
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introduced by Olaj and colleagues15,16 and is known as the IUPAC-
recommended method for accurate determination of individual kp data.17,18 
The studies into fully ionized monomers are difficult because of the the 
reduced quality of PLP induced molar-mass distributions. The detailed 
discussion of the PLP–SEC characteristics is beyond the scope of this work 
and the reader is referred to the literature.18,19,36 Shortly spoken, PLP–SEC 
rests on the assumption that, by a sequence of evenly spaced laser pulses, 
the polymeric chain length is determined by the time between two 
subsequent UV laser pulses, t0. This principle implies a) the linearity 
between chain length and t0 and b) that initiation and preferential 
termination occurs immediately after the laser pulse. It goes without 
saying that a moderate if not high rate coefficient of termination is 
indispensable for generation of PLP-structured molar-mass distributions 
and that transfer reactions, which scramble the linearity between t0 and 
chain length, should be absent or unimportant.36 Neutralization, i.e., 
ionization, of side groups of acrylic acid and methacrylic acid reduces kt by 
several orders of magnitude38,44,119 which makes PLP–SEC with fully-
ionized monomers challenging. It is the aim of this section to provide a 
novel technique for reliable kp determination which is particularly suitable 
for slowly terminating radicals. The proposed method differs from the 
established procedure of kp determination from stationary EPR 
measurements.122,185 These stationary experiments, which are performed 
over a wider conversion range, suffer from the disadvantage that the 
microwave energy stored in the cavity and thus signal intensity may vary 
due to changes in dielectricity of the sample which may in turn affect the 
accuracy of kp determination. E.g., methyl methacrylate (MMA) 
homopolymerization up to high conversion is accompanied by an increase 
in EPR signal intensity by a factor of three.124,186,187 The presented novel 
instationary method may be applied in the initial polymerization period 
and thus under conditions, for which EPR calibration is more easily and 
accurately carried out.  

The method is introduced for the aqueous-solution polymerization of 
the salt trimethylaminoethyl methacrylate chloride (TMAEMA)108 at 60 °C 
(proof of principle) and will be validated by the investigations into bulk 
polymerization of non-ionized but slowly terminating di(n-butyl) itaconate 
for which kp data are reported.  

Since the novel kp approach rests on the SP–PLP–EPR technique, both 
kp and kt will be derived simultaneously but independently from a single 
experiment. 
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6.1 Proof of Principle: Propagation Kinetics of 
TMAEMA 

Shown in Figure  6.1 is the EPR spectrum of propagating TMAEMA 
radicals for 20 wt.% monomer in D2O at 60 °C recorded under pulsed-laser 
irradiation with a pulse-repetition rate (p.r.r.) of 20 Hz. Usually and as seen 
with AAm polymerizations, EPR measurements in highly polar solvents 
such as D2O suffer from poor S/N quality due to the dielectric loss of 
microwave energy.38,39,44 The signal quality for TMAEMA is however well 
above the one of radicals in organic solvents because of the high radical 
concentration of 2.63·10−5 mol·L−1.37,42,100,118,121,124,185  

 

60°C
 experiment

 simulation

 

 
20 G

 

Figure  6.1: Comparison of experimental and simulated EPR spectra for 
TMAEMA (20 wt.% in D2O) polymerization at 60 °C. The spectrum was 
recorded within 5.12 s under pulsed-laser initiation at a p.r.r. of 20 Hz. 
The quasi-stationary radical concentration was 2.63∙10−5 mol∙L−1. The 
magnetic field position used for time-resolved single-pulsed experiments 
is indicated by the arrow. Simulation of the spectrum was carried out 
with the hyperfine coupling constants listed in Table  6.1. The initial 
Darocur® concentration was chosen to be 1.1·10−2 mol·L−1. 

 



 6  Novel Access to the Rate Coefficient of Propagation 

96 
 

6.1.1 The EPR Spectrum in TMAEMA Polymerization 

The simulation (red line in Figure  6.1) was obtained by assuming, as a 
characteristic feature of methacrylate (end-chain) radicals, the hindered 
rotation around the Cα-Cβ bond.55,164,188–193 This phenomenon rests on the 
same principles as already introduced for MCRs in AAm polymerization 
for which the rotation around the Cβ-Cβ bond is hindered. According to 
the Heller-McConnel equation (eq ( 5.1)),172 non-equivalent hfcc, of the two 
β-protons, a(β-H), are associated with preferred dihedral angles Θ and Θ ' 
of the conformers with the lowest potential energy (Table  6.1).164 
Interestingly, the entire spectrum can be simulated under the assumption 
of a single conformer at any temperature with constant hfcc as illustrated 
in Figure  6.2.  

 

 

Table  6.1: Hyperfine coupling constants, a, for TMAEMA radicals as 
deduced from fitting the EPR spectrum in Figure  6.1. 

 

nuclei a / G 

3H (α-CH3) 19.6 

1H (β-H1) 11.7 

1H (β-H2) 8.1 
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 95 °C

 60 °C

 30 °C

20 G

 
Figure  6.2: Comparison of EPR spectra of TMAEMA (20 wt.% in D2O) 
for different temperatures under otherwise identical experimental 
conditions. The spectrum for 60 °C is identical to the one presented in 
Figure  6.1. The figure serves the purpose of illustrating the invariance of 
TMAEMA spectra toward temperature between 30 °C and 95 °C. 

 

The invariance in hfcc and hfc pattern along with the apparent 
existence of a single conformer might be explained with a symmetric 
potential energy diagram with two conformations yielding an identical hfc 
pattern as illustrated schematically in Figure  6.3. The conformers are 
shown with their dihedral angles in Newman projections for different 
internal rotational angles τ. Such a diagram as proposed for MMA radicals 
in bulk polymerization adequately describes the hfc pattern of the 
TMAEMA radicals.164 
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Figure  6.3: Potential energy diagram for TMAEMA radicals as proposed 
for MMA in the literature.164 The schematic diagram rests on plausibility 
arguments (see text). The internal rotational angle, τ, as well as the 
dihedral angles θ and θ ' were adapted for TMAEMA according to the 
Heller-McConnel equation. The two stable conformers are included in 
their Newman projections. The corresponding viewpoint is indicated in 
the chemical structure exposed above.  

 

Under the assumption of a bond angle between the two β-methylene 
protons of 120° in their Newman projection, dihedral angles of Θ = 62.8° 
and Θ ' = 57.2° are obtained with A = 39.8 G. The conformer assignment is 
not absolutely necessary for the application of the SP–PLP–EPR method. 
Nevertheless, it is considered as relevant to understand the origin of the 
hfc pattern. 

6.1.2 SP–PLP–EPR Investigations into TMAEMA Kinetics 

The time-resolved single-pulsed experiments were performed at the 
magnetic field position with the highest intensity indicated by the arrow 
in Figure  6.1. The resulting radical concentration vs time profile essentially 
reflects termination, as side reactions, e.g., the backbiting step, can be 
ignored for TMAEMA being a methacrylate.  
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Figure  6.4: Time-resolved absolute radical concentration of TMAEMA 
radicals after applying a single laser pulse at t = 0 on the monomer 
solution in D2O at 60 °C; the trace was measured at the magnetic field 
position indicated by the arrow in Figure  6.1. The chain-length averaged 
termination rate coefficient, <kt>, was obtained by PREDICI® fitting. The 
initial Darocur® concentration was chosen to be 1.1·10−2 mol·L−1. 

 

PREDICI® fitting of the trace in Figure  6.4 yields the chain-length-
averaged termination rate coefficient, <kt>. The so-obtained mean value of 
<kt> = 8.9·105

 L·mol−1
·s−1 is significantly below <kt> reported for other 

monomers (see Table  6.2). These reference <kt> values in Table  6.2 were 
obtained from the experimental composite-model parameters using the 
Mahabadi-Olaj equation (eq ( 4.2)),146–148 which allows to estimate <kt> for 
a distribution of radical sizes on the basis of CLDT.100,120 
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Table  6.2: Comparison of chain-length averaged termination rate 
coefficients, <kt>, for selected monomers in organic and in aqueous 
solution at 60 °C. The numbers were obtained by the Mahabadi-Olaj 
equation (eq ( 4.2)).146–148 The other parameters required for this estimate, 
i.e., the kp values and composite-model parameters are known; the initial 
initiator concentration of 5.5∙10−4 mol∙L−1 and the decomposition rate 
coefficient, kd = 6.12∙10−6 s−1, were selected to be the same for all studies; 
kp of sodium acrylate (NaAA) at 60 °C needed according to eq ( 4.2) was 
estimated from the value for non-ionized acrylic acid divided by a factor 
of 8, which difference has been found experimentally at 6 °C.72 The rate 
coefficients exclusively refer to chain-end radicals. MAA = methacrylic 
acid. 

 

60 °C <kt> /10
5
·L·mol

−1
·s

−1
 Ref. 

TMAEMA (20 wt.% in D2O) (8.9 ± 0.4) this work 

Sty (bulk) 635 100 

VAc (bulk) 638 19,42,194,195 

MMA (bulk) 219 19,117 

NaAA (20 wt.% in H2O) 76 39,72 

AAm (10 wt.% in H2O) 207 this work and 29 

AA (10 wt.% in H2O) 1012 23,38 

MAA (10 wt.% in H2O) 520 26,35,44 
The italic number for AA indicates a higher uncertainty. 

 

 

The low <kt> value of TMAEMA should be primarily due to the 
(positive) charge sitting close to the reactive site of the two radicals. Also 
with fully ionized sodium acrylate (NaAA) (Table  6.2), <kt> is relatively 
low.39 Under such slow-termination conditions, the PLP–SEC experiment 
runs into difficulties.36 They may be overcome by the novel EPR-based 
strategy which will now be illustrated.  

Propagation Kinetics of TMAEMA Polymerization 

The propagation rate coefficient, kp, is derived from the same 
concentration vs time profile as used for <kt> determination. The only 
piece of required additional information is the knowledge of monomer-to-
polymer conversion, X, induced by the single pulse.  



 6.1  Proof of Principle: Propagation Kinetics of TMAEMA 

101 
 

0 1 2 3
0.0

0.5

1.0

1.5

k
p
= 3.5⋅103 L⋅mol−1⋅s−1 

c R
 /

 1
0−5

⋅m
o
l⋅L

−1

t / s

  exp. data 

ttc d)(
0

∫
∞

R

 

Figure  6.5: Integration of the time-resolved radical concentration of 
TMAEMA radicals (20 wt.% in D2O) at 60 °C with Darocur® 
(1.1·10−2 mol·L−1) acting as the photoinitiator. The hatched area below 
the curve corresponds to the integral in eq ( 6.1). The radical 
concentration vs time profile is identical to the one presented in 
Figure  6.4.  

 

The integrated rate law for polymerization relates X to the integral of 
radical concentration, cR, over time t (eq ( 6.1)). 

 

ttck
X

d)(
1

1
ln

0
Rp ∫⋅=








−

∞

 ( 6.1) 

 

The integral ttc d)(
0

R∫
∞

 is given by the area under the radical 

concentration vs time profile as illustrated in Figure  6.5. Assuming chain-
length independent kp, this area yields kp upon knowing the conversion X. 
The analysis for kp via eq ( 6.1) needs no assumptions other than the chain-
length dependency of kp does not take effect, i.e., kp is independent of time 
after the laser pulse, the propagation process is irreversible and the 
measured monomer conversion being entirely due to the growth of the 
observed type of radical. This latter requirement is fulfilled in the case of 
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methacrylate-type and styrene-type100,122 radicals as well as for vinyl 
esters42, where backbiting does not take place and only one type of 
radicals will be present.21,49,196–198 With monomers that undergo backbiting, 
the method may be restricted to cases where the time-resolved 
concentration of chain-end radicals may be accurately monitored and the 
contribution to monomer conversion of mid-chain radicals is negligible in 
good approximation.37,38 This might be the case with NaAA 
polymerization.39 If the contribution of MCR propagation to the overall 
monomer conversion gets important, e.g., if the MCR fraction is high, 
PREDICI® fitting procedures need to be used. Here, the value for X has to 
be reproduced on the basis of a model which includes all relevant reactions 
with kp

s as the only fitting parameter (see Section  8.2). 

 

Table  6.3: Determination of the propagation rate coefficient, kp, for 
TMAEMA (20 wt.% in D2O) at 60 °C via eq ( 6.1). For each sample, 
monomer-to-polymer conversion, X, after single-pulse initiation was 
measured four times upon minor variation of the vertical position of the 
sample in the sample holder. This variation does not affect X. 

 

Sample 
conversion 
X after 10 

pulses 

X / 
pulse 

∫ cR (t) d t/ 
mol∙L

−1
∙s 10

−6
 

kp / 
L∙mol

−1
∙s

−1·10
3
 

1 

0.184 0.0184 5.26 3.54 

0.184 0.0184 5.26 3.54 

0.184 0.0184 5.26 3.54 

0.184 0.0184 5.26 3.54 

2 

0.207 0.0207 5.96 3.52 

0.207 0.0207 5.96 3.53 

0.208 0.0208 5.96 3.51 

0.206 0.0206 5.96 3.51 

3 

0.179 0.0179 5.23 3.46 

0.179 0.0179 5.23 3.45 

0.177 0.0177 5.23 3.41 

0.177 0.0177 5.23 3.41 

    3.50 
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Table  6.4: Comparison of measured rate coefficients of propagation, kp, 
for selected monomers in an organic and in an aqueous environment at 
60 °C. The rate coefficients exclusively refer to chain-end radicals. 
NaMAA = sodium methacrylate 

 

60 °C kp /10
3
∙L∙mol

−1
∙s

−1
 Ref. 

TMAEMA (20 wt.% in D2O) (3.5 ± 0.3) this work 

Sty (bulk) 0.3 19 

VAc (bulk) 8.3 19 

MMA (bulk) 0.8 9 

AA (10 wt.% in H2O) 160 23 

MAA (10 wt.% in H2O) 9.0 26,35 

NaMAA (10 wt.% in H2O) 1.6 26,35 

 

As described in Section  3.3, monomer conversion, X, may be 
determined by FT–NIR spectroscopy via the first overtone of the 
antisymmetric C-H stretching mode of the methylidene group. The so-
obtained conversions per laser pulse are listed in Table  6.3 for three SP–
PLP–EPR experiments carried out on TMAEMA (20 wt.% in D2O) at 60 °C. 

In very close agreement, the three experiments at 60 °C (Table  6.3) 
result in kp = (3.5 ± 0.3) 103 L∙mol−1∙s−1 for 20 wt.% TMAEMA in solution of 
D2O. This number is compared to a selection of literature kp values in 
Table  6.4. Interestingly, kp for 20 wt.% TMAEMA in aqueous solution is in 
between the corresponding numbers for styrene, methyl methacrylate and 
vinyl acetate bulk radical homopolymerizations. Comparison with kp of 
other monomers in aqueous solution shows that the TMAEMA value is 
close to kp of fully ionized sodium methacrylate (10 wt.% in H2O). This 
sodium methacrylate kp is almost a factor of six below the associated kp of 
non-ionized MAA and by two orders of magnitude below the kp value of 
non-ionized acrylic acid (10 wt.% in H2O). The effects seen with the 
aqueous solutions are understood by the significant lowering of kp upon 
full ionization and by the lowering in passing from an acrylate to a 
methacrylate monomer.  
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Figure  6.6: Comparison of experimental and simulated conversion, X, vs 
time traces for chemically initiated TMAEMA (20 wt.% in D2O) 
polymerization at 60 °C with VA-086, cVA-86 = 9.57 mmol∙L−1, acting as 
the thermal initiator. The simulation is based on ideal polymerization 
kinetics with the kp and <kt> data being taken from the SP–PLP–EPR 
experiment presented above. The experiment was performed by Patrick 
Drawe.107,108 

 

Both changes largely enhance the friction to internal rotational motion 
in the transition state for propagation and thus reduce the pre-exponential 
for entropic reasons.19,26,35,71,73,199 An additional effect of ionization on the 
activation energy may not be excluded. 

Reliability of Deduced kp and <kt> Value 

As no kp value for TMAEMA has been published so far, the reliability 
of the number from SP–PLP–EPR has been checked by carrying out a 
chemically initiated polymerization for 20 wt.% TMAEMA in D2O at 60 °C 
with VA-086 acting as the thermal initiator at an initial concentration of 
9.57 mmol·L−1. These experiments were performed by Patrick Drawe and 
the experimental details are described elsewhere.107  



 6.1  Proof of Principle: Propagation Kinetics of TMAEMA 

105 
 

3 4 5 6

-4

-2

0

2

 25 Hz

 50 Hz

 100 Hz

 500 Hz

d
 W

lo
g

(M
)/ 

d
 (

lo
g
(M

))

log(M / g·mol
–1

)

c
0

R
= 10

−6
mol⋅L

−1
 

 

Figure  6.7: Simulated first-derivative curves of MMDs for samples from 
PLP–SEC experiments on 20 wt.% TMAEMA in D2O at 60 °C carried out 
at different laser pulse repetition rates. The radical concentration 
induced by the first pulse, cR

0, was chosen to be cR
0 = 1.0·10−6 mol∙L−1. 

The rate coefficients kp and <kt> were taken from the SP–PLP–EPR 
experiment of this study. Simulation provided by Patrick Drawe.107,108 

 

The measured conversion vs time trace is compared with the data 
simulated by the PREDICI®  program on the basis of the above kp and <kt> 
values from SP–PLP–EPR. For this simulation, ideal polymerization 
kinetics was assumed to apply.  

The effective rate coefficient of initiator decomposition was taken 
from literature:200,201

 kd f (60°C) = 2.6·10−7 s−1, where f is the initiator 
efficiency and kd the decomposition rate coefficient. The almost perfect 
agreement between experiment and simulation over the entire range of 
monomer conversion (Figure  6.6) is indicative of the quality of the rate 
coefficients from SP–PLP–EPR measurements. The close comparison 
further suggests that, for TMAEMA (20 wt.%) polymerization in D2O at 
60 °C, the coefficients kp and <kt> do not significantly depend on monomer 
conversion. Moreover, the reported numbers for kp and kt have been 
verified by independent SP–PLP–NIR experiments.108 In contrast to SP–
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PLP–EPR technique, within SP–PLP–EPR kp and <kt> are determined 
independently from each other.  

With kp and <kt> being known, the MMD of PLP–SEC samples may be 
simulated via PREDICI®. These estimates have been carried out for p.r.r. of 
25, 50, 100 and 500 Hz, using a pulse-induced primary radical 
concentration of cR

0 = 1.0·10−6 mol·L−1. Hydrodynamic SEC broadening due 
to the SEC columns was included into the simulation by a broadening 
function that is described in detail elsewhere202 with the broadening 
parameters: σ = 0.172 mL and τ = 0.279 mL. The results in Figure  6.7 
demonstrate that even at 25 Hz the PLP-induced structure on the MMD is 
too poor as to allow for accurate kp measurements. Toward higher p.r.r. 
this situation becomes even worse. The data thus indicates that p.r.r. far 
below 25 Hz are required for reliable kp determination via PLP–SEC. 
According to eq ( 2.36) and eq ( 2.41), kp correlates the time t after pulsing to 
radical chain length.  

Resolving CLDT for TMAEMA at 60 °C 

As a consequence, by analysis of the radical concentration vs time data 
in Figure  6.4, the kp value from SP–PLP–EPR also provides chain-length 
dependent kt values. Because of the relatively low <kt>/kp ratio only a few 
data points can be assigned to the short-chain regime as is seen from the 
double logarithmic plotting according to eq ( 2.40) (Figure  6.8). The small 
number of data points related to i < ic with the small number for αl may 
explain the adequate fitting of concentration vs time profile with chain-
length averaged kt in Figure  6.4. Thus, the composite-model parameters 
αs = 0.65 ± 0.09, αl = 0.18 ± 0.03, and ic = 45 ± 25 are deduced, however, 

with a higher uncertainty for αs and ic than usually seen for this data. The 
number for kt(1,1) is easily accessible by fitting the concentration vs time 
profile shown in Figure  6.4 using PREDICI®. Because of the small number 
of data points for low i, the analysis according to eq ( 2.42) for 
determination of kt(1,1)·cR

0 cannot be applied. Therefore, the Composite 
Model with αs, αl, and ic has been implemented into the PREDICI® model 
with kt(1,1) being the only fitting parameter (see Figure  6.9).  

The so-obtained value being kt(1,1) = (1.2 ± 0.2)·107
 L·mol·s−1 for 60 °C 

is again well below the reported ones for the tabulated monomers (see 
Table  6.5). The quality of the PREDICI® fitting is identical to the one from 
Figure  6.4 providing an equivalent and consistent description of TMAEMA 
by the Composite Model.  
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Figure  6.8: Double-log plot of relative radical concentration for 
TMAEMA polymerization (20wt.% in D2O) at 60 °C in order to derive the 
composite-model parameters αs, αl and ic. 

 

Variation of αs and ic within the range of reported uncertainty 
produces minor changes in the determined kt(1,1), i.e., ± 13 %, which is 
already included in kt(1,1) being accurate within ± 20 %. Note that the 
quality of the fit is reduced by changing αs and ic.The obtained power-law 
exponents are in good agreement with theory and with the reported 
numbers for other monomers.90,94,96,98,143,175 The crossover chain length is 
well below the number for methyl methacrylate, i.e., ic = 100, but is in the 
region found for n-butyl methacrylate,118 acrylates,41 styrene,100 vinyl 
acetate42 and AAm109. Hence, one may conclude that beside the very low 
value for kt(1,1) at least for TMAEMA (20 wt.% in D2O) at 60 °C no further 
impact of ionization on CLDT is observed. 
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Figure  6.9: PREDICI® fitting of radical concentration of TMAEMA 
radicals at 60 °C with kp as the only fitting parameters. The residual 
composite-model parameters were taken as deduced from Figure  6.8. 
The best fit which provides kt(1,1) is presented as blue line. The accuracy 
of the determined composite-model parameters is exemplarily illustrated 
by changing ic (red line) and αs (green line) from ic = 45 to ic = 70 and 
from αs = 0.65 to αs = 0.56 respectively (see text). 

 

 
 

Table  6.5: Comparison of the termination rate coefficients kt(1,1) for 
selected monomers in organic and in aqueous solution at 60 °C. The rate 
coefficients exclusively refer to chain-end radicals. 

 

60 °C kt(1,1) /10
7
·L·mol

−1
·s

−1
 Ref. 

TMAEMA (20 wt.% in D2O) (1.2 ± 0.2) this work 

Sty (bulk) 69 this work 

VAc (bulk) 123 42 

MMA (bulk) 90 117 

AAm (10 wt.% in H2O) 63 this work 

MAA (10 wt.% in H2O) 118 41 
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6.2 Validation: Propagation and Termination in 
DBI Bulk Polymerization 

As illustrated with TMAEMA, the time-resolved SP–PLP–EPR 
technique constitutes a valuable tool for simultaneous determination of 
polymerization rate coefficients, i.e., from a single radical concentration vs 
time profile. For validation of the novel kp approach, a system with slowly 
terminating radicals has been chosen for which reliable kp data is already 
available: the bulk polymerization of di-(n-butyl) itaconate (DBI). 

6.2.1 The EPR Spectrum in DBI Bulk Polymerization 

The black line in Figure  6.10 represents the experimental spectrum of 
radicals occurring during DBI bulk polymerization at 45 °C under laser-
pulse-periodic initiation using a p.r.r. of 20 Hz. The spectrum is in perfect 
agreement with the reported one.185,203 The red line represents the 
associated fit obtained with the hfcc for two equivalent pairs of β-
methylene protons: a(2H, H-β1) = 20.5 G and a(2H, H-β2) = 16.8 G. As with 
other monomers bearing bulky side groups, e.g., methacrylates or mid-
chain radicals, internal rotation around the C-C σ-bond of the backbone is 
hindered with the two methylene protons being symmetrically fixed with 
respect to the singly occupied p-orbital, while the two methylene protons 
of the side chain rotate freely yielding an averaged hfcc. This situation 
results in a characteristic EPR spectrum according to the Heller-McConnel 
equation (eq ( 5.1)).122,164,172 The assignment of the hfcc to the two types of 
methylene groups is however not fully clear.203 Other than with 
methacrylate radicals and mid-chain-radicals in acrylate polymerizations, 
the EPR spectrum of DBI radicals in bulk polymerization refers to a single 
conformer in the investigated temperature range with the hfcc being 
insensitive toward temperature which is similar to what is known from 
polymerization of TMAEMA in aqueous solution and suggests an 
comparable potential energy diagram as with TMAEMA radicals.  
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Figure  6.10: Experimental (black) and fitted (red) EPR spectrum for bulk 
polymerization of DBI at 45 °C under pseudo-stationary PLP conditions 
applying a repetition rate of 20 Hz. The arrow indicates the magnetic 
field position used for the SP–PLP–EPR experiments. The structural 
formula illustrates the two pairs of equivalent CH2 groups, one pair on 
the backbone and the other pair in the side chain. 

 

6.2.2 Propagation Kinetics of DBI 

The SP–PLP–EPR measurements were run at the magnetic field 
position indicated by the arrow in Figure  6.10. Illustrated in Figure  6.11 is 
the decay in absolute radical concentration of DBI radicals at 30 °C after 
applying a laser pulse at t = 0. As with TMAEMA the decay is exclusively 
due to termination which allows for determination of kp according to 
eq ( 5.1) by determining the monomer-to-polymer conversion, X, and the 
integral over radical concentration (hatched red area). X may be accurately 
determined after laser pulsing by gravimetry. Because of low kp and hence 
low conversion induced by a single laser pulse, several pulses were applied 
and the individual radical concentration vs time profiles were co-added. It 
was checked that the decay in radical concentration with time does not 
depend on the number of applied pulses. In order to enhance the accuracy 
of the gravimetric analysis, polymer produced within three experiments 
carried out under identical conditions has been combined.  
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Figure  6.11: Decay of absolute radical concentration after applying a 
laser pulse at t = 0 during a DBI bulk polymerization at 30 °C with 
MMMP (4.1·10–2 mol·L–1) acting as the photoinitiator. The red hatched 
area corresponds to the integral in eq ( 6.1). The radical concentration vs 
time profile results from the co-addition of 81 laser single pulses, which 
were recorded at a time resolution of 10 µs with a delay of 30 s between 
successive laser pulses.  

 

Overall monomer conversion, Xov, measured after applying several 
pulses, divided by the number of pulses, yields XSP, the monomer 
conversion per (single) pulse. Because of the slow chain growth and the 
associated small conversion, the monomer consumption induced by the 
initiation step, i.e., the addition of the primary photoinitiator-derived 
radical to a DBI molecule, needs to be taken into account. As the initial 
concentration of DBI radicals at time zero, cR

0, is known by EPR 
calibration, an equimolar amount of DBI monomer has been subtracted 
from XSP to yield the relevant number for X, which refers to the decay in 
DBI radical concentration per laser pulse according to eq ( 6.1). The 
experimental parameters, the primary results and the obtained kp values 
are summarized in Table  6.6. 
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Table  6.6: Rate coefficients of propagation, kp, from SP–PLP–EPR 
experiments on the bulk polymerization of DBI at several temperatures, 
θ. Tabulated is the measured overall monomer-to-polymer conversion, 
Xov, the associated conversion per laser single pulse, XSP, and the 
monomer-to-polymer conversion X obtained from XSP under 
consideration of the amount of DBI required for the production of the 
initial DBI radical. The number for X together with the measured 

integral ttc d)(
0

R∫
∞

 yields the propagation rate coefficient, kp, (see text).  

 

θ / °C 
Xov / 
10

−3
 

no. of 
pulses 

XSP / 
10

−5
 

X / 
10

−5
 

∫ cR (t) d t/ 
mol∙L

−1
∙s 

10
−6

 

kp / 
L∙mol

−1
∙s

−1
 

30 

1.72 14 12.32 11.38 16.3 6.98 

3.45 81 4.26 3.73 5.5 6.79 

5.66 73 7.75 6.96 10.1 6.86 

5.88 76 7.74 7.10 10.2 6.94 

40 
8.14 55 14.80 13.87 15.3 9.06 

3.07 43 7.13 6.60 7.3 9.05 

45 

6.74 46 14.66 13.57 13.7 9.93 

4.04 52 7.77 7.30 7.2 10.07 

6.33 49 12.93 12.42 11.5 10.79 

3.33 43 7.75 7.28 6.6 10.96 

50 

5.81 41 14.18 14.08 10.1 13.99 

6.33 56 11.30 10.19 8.7 11.70 

8.61 49 17.57 16.49 13.8 11.93 

4.82 56 8.61 7.54 7.2 10.48 

60 

2.93 35 8.36 7.90 4.9 15.97 

1.36 33 4.12 3.78 2.5 14.87 

1.70 55 3.09 2.80 1.9 14.42 

5.19 29 17.91 16.80 10.0 16.79 

 

 

The individual experiments for each temperature yield kp data which 
scatter by less than 10 percent around the arithmetic mean value, with the 
exception of the data for 50 °C, where the scatter approaches 17 percent. 
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The mean values of kp are plotted in Figure  6.12 with the error bars 
estimated from the maximum deviation of kp from the associated mean 
value. The activation energy and the pre-exponential deduced from the 
Arrhenius line are: EA(kp) = (22.6 ± 0.5) kJ∙mol−1 and 
A(kp) = (5.4 ± 1.1)∙104 L∙mol−1∙s−1, respectively. This data is close to the 
numbers reported by Szablan et al. from multi-pulse PLP–SEC 
experiments,204 resulting in the almost perfect agreement in Figure  6.12 of 
the Arrhenius lines from the two investigations, thus providing strong 
evidence for the reliability of the two fully independent strategies for kp 
measurement. The Arrhenius expression deduced from the SP–PLP–EPR 
experiments reads 

 

ln(kp / (L∙mol−1∙s−1)) = 10.9 − 2726 (T−1/K−1),      

 

and holds for the experimental range up to 60 °C. Toward higher 
temperature, depropagation may lead to lower apparent kp.204 
Extrapolation to 0 °C yields kp = 2.5 L∙mol−1∙s−1 which is in almost perfect 
agreement with an earlier reported experimental value of 2.4 L∙mol−1∙s−1.116 
The activation energy is in the typical region of methacrylates which is 
due to the structural similarities of the propagating radicals.19 The pre-
exponential, A(kp), of DBI is by several orders of magnitude below the 
numbers for acrylates,19 vinyl esters124,137,194 and styrene129,130 which, e.g., 
are A(kp) = 1.66∙107 L∙mol−1∙s−1  for methyl acrylate, 
A(kp) = 1.47∙107 L∙mol−1∙s−1  for vinyl acetate, and 
A(kp) = 4.27∙107 L∙mol−1∙s−1 for styrene bulk polymerization. The low A(kp) 
of DBI demonstrates the large entropy penalty of the transition state 
structure for propagation due to restricted internal rotational mobility 
around the radical–monomer bond because of the bulky side groups.19  
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Figure  6.12: Arrhenius plot for kp of DBI bulk polymerizations between 
30 and 60 °C. The mean values of kp deduced from several independent 
SP–PLP–EPR experiments at each polymerization temperature are fitted 
by the full red Arrhenius line. The associated literature data reported by 
Szablan et al.

204 are represented by the dashed line. 

 

The kp values from the novel SP–PLP–EPR experiment are estimated to 
be accurate within ± 15 %. This uncertainty includes the effect of small 
radicals, up to about i = 5 ‐ 10, which may propagate faster than long-
chain radicals. As the maximum chain lengths within our studies are 384 
and 528 for 30 and 60 °C, respectively, the impact of the higher kp for very 
small radicals,87 does not significantly affect the measured kp values. They 
may be looked upon as typical long-chain kp data. The maximum chain 
lengths were calculated according to eq ( 2.41) at the time the radical 
concentration reaches the baseline.  

 

6.2.3 Termination Kinetics of DBI 

Within the time range covered by the SP–PLP–EPR experiment, chain 
lengths above i = 300 are reached, which are considered to be sufficiently 
long to allow for the analysis of CLDT. The early SP–PLP–EPR work into 
CLDT of DBI was on the basis of the simplified expression, i.e., eq ( 2.36).116 
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Figure  6.13: Determination of composite-model parameters for a DBI 
bulk polymerization at 50 °C according to eq ( 2.40) (l.h.s.) and eq ( 2.42) 
(r.h.s.). The analysis provides αs, αl, ic and kt(1,1) ∙ cR

0
. With the initial 

radical concentration, cR
0, being known from calibration, kt(1,1) is 

directly accessible. The underlying radical concentration vs time data is 
identical to the ones used for kp determination, but is restricted to the 
range i < ic for the linear plot (r.h.s.).  

 

The composite-model parameters for the temperature range 30 to 60 °C 
were determined by the introduced two-step procedure illustrated for 
50 °C in Figure  6.13. The so-obtained quantities αs, ic and αl are plotted in 
Figure  6.14. No temperature dependence is seen for αs and αl. The 
temperature-averaged values αs = (0.57 ± 0.05) and αl = (0.17 ± 0.08) are as 
expected from theory.90,94,96,98,143,175 The crossover chain length 
ic = (45 ± 10) is identical with ic(TMAEMA) and hence well below the one 
found for methyl methacrylate, ic(MMA) = 100,117 as well as for vinyl 
pivalate, ic(VPi) = 110 ± 30.42 It is close to the numbers for vinyl acetate, 
ic(VAc) = 20 ± 10,42 methyl acrylate, ic(MA) = 35 ± 10,41 and for styrene, 
ic(Sty) = 30 ± 10,100 and is slightly below the butyl acrylate value of 
ic(BA) = 65 ± 20.37 During our earlier EPR investigations into CLD kt, an 
ic value of about 45 has been found,116 which is in perfect agreement with 
the number from the present study, underlining the reliability of data 
obtained from SP–PLP–EPR.  
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Figure  6.14: Composite-model parameters αs, αl and ic  for DBI bulk 
polymerization between 30 and 50 °C derived from SP–PLP–EPR data via 
eq ( 2.40) and to eq ( 2.42) (see Figure  6.13). 

 

The activation energy for kt(1,1) deduced from the DBI data presented 
in Figure  6.15, EA(kt(1,1)) = 19.8 kJ∙mol−1, is close to the activation energy 
of the fluidity of DBI: EA(η−1) = 20.5 ± 0.3 kJ∙mol−1. The experimental kt(1,1) 
values which obey the relationship 

 

ln(kt(1,1)/ L∙mol−1∙s−1) = 21.6 − 2381·(T 
−1 /K−1) 

 

are however far below the numbers estimated for the diffusion limit, i.e., 
from eq ( 2.32). This lower values for kt(1,1) points at the strong steric 
impact, which makes a high fraction of encounters between radicals 
inefficient for termination. 
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Figure  6.15: Arrhenius-type plots of the rate coefficient for termination 
of two monomeric radicals, kt(1,1), in DBI homopolymerization. The 
dashed line represents the diffusion-controlled limiting value of kt(1,1) 
estimated from kt(1,1) = 1/3 ∙ RT/(η(T )) (eq ( 2.31)) via the separately 
measured value of EA(η−1) = 20.5 ± 0.3 kJ mol−1. 

 

As detailed in Sections  4 and  5, the combined quantity kt(1,1) ∙ η allows 
for an analysis of termination kinetics in terms of structural properties of 
the monomeric radical. The experimental kt(1,1) ∙ η values, with kt(1,1) 
from SP–PLP–EPR and η from viscosity measurements, are summarized 
for a series of monomers at 80 °C in Table  6.7. Because of the similarity of 
the activation energies of kt(1,1) and of fluidity, the numbers should, to a 
good approximation, also apply to other polymerization temperatures. For 
the smallest members of the acrylate and methacrylate families, i.e., for 
methyl acrylate and methyl methacrylate, as well as for vinyl acetate, 
acrylamide, methacrylic acid and styrene, this product is in the range of 
kt(1,1)(80 °C) ∙ η(80 °C) = (3.4 ± 0.3) ∙ 108 L∙mPa∙mol−1 and is by less than a 
factor of approximately 2 below the diffusion-controlled value. This value 
holds irrespective of termination taking place in bulk or in aqueous 
solution at different weight percentages. This remarkable agreement of 
kt

1,1 ∙ η values is indicative of diffusion-controlled termination in the initial 
polymerization period in case of similar ratios of Rc to r1 of these small 



 6  Novel Access to the Rate Coefficient of Propagation 

118 
 

monomeric radicals. Upon increasing bulkiness, e.g., in passing to vinyl 
pivalate and to tert-butyl methacrylate, kt

1,1 ∙ η is reduced by about a factor 
of three to kt(1,1)(80 °C) ∙ η(80 °C) = (1.35 ± 0.30) ∙ 108 L∙mPa∙mol−1, which 
indicates an enhanced shielding of the radical functionality that may be 
expressed in terms of a lower value for the ratio Rc/r1.

109 With the results 
from this work, the product for DBI is further reduced, to 
kt(1,1)(80 °C) ∙ η(80 °C) = (0.04 ± 0.01) ∙ 108 L∙mPa∙mol−1 thus pointing at the 
enormous shielding effect in case of termination of two DBI radicals.  

 

Table  6.7: Comparison of kt(1,1)·η values for bulk polymerizations of 
several monomers. Compared to Table  5.3 and Table  4.2 the line for DBI 
has been updated and numbers for SPRs and MCRs of butyl acrylate (BA, 
entry 5 and 12) have been included. Unless otherwise state, the values 
refer to bulk polymerization and homo-termination of end-chain 
radicals, i.e., kt

ss(1,1), respectively. For more details, see text and 
Table  4.2. 

 

 
Monomer System kt(1,1)(80 °C)∙η (80 °C) 

/ L∙mPa∙mol
−1

∙10
8
 

Ref. 

1 AAm (10 wt.%/H2O) 3.3 this work 

2 AAm (20 wt.%/H2O) 3.2 this work 

3 Sty 3.2 this work 

4 BA 3.3 41 

5 VAc 3.6 42 

6 MMA 3.7 117 

7 MA 3.7 41 

8 VPi 1.4 42 

9 tert-BMA 1.3 118 

10 DBI 0.04 this work 

11 BA (kt
tt(1,1))a) 0.07 70 

a) Homo-termination of mid-chain radicals 
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Figure  6.16: Comparison of the structures of mid-chain radicals in 
n‐butyl acrylate polymerization and of DBI radicals, which illustrates the 
structural similarities of these two radical species.  

 

Midchain radicals (MCRs), as are occurring in acrylate and acrylamide 
polymerization due to intramolecular [1,5]-H-transfer (backbiting) 
processes of secondary chain-end radicals, also exhibit a significant steric 
crowding close to the site of the tertiary radical functionality. The 
structure of the BA MCR is given in Figure  6.16 together with the one for 
the DBI radical. The termination rate coefficient for such MCRs, kt

tt, has 
been measured for the polymerization of butyl acrylate in toluene 
(1.5 M).70 For the BA midchain radical kt

tt(1,1) ∙ η  has been found to be 
around 0.07·108

 L∙mPa∙mol−1 at 80°C (entry 12 in Table  6.7). It goes without 
saying that the coefficient kt

tt(1,1) refers to a hypothetical MCR of chain 
length unity, which should be looked upon as a composite-model 
parameter. The term kt

tt(1,1) ∙ η turns out to be rather similar for both the 
DBI radical and for a butyl acrylate MCR and may allow for transferring 
kinetic data from DBI radicals to MCR-homo-termination in acrylate or 
even acrylamide polymerization, which are not easily obtained otherwise.  

6.3 Closing Remarks 

The novel SP–PLP–EPR-based method is suitable for investigating the 
propagation kinetics and is complementary to PLP–SEC for systems close 
the low-termination limit. The reliability of the deduced kp values depends 
on the EPR signal quality and on the accuracy of conversion 
determination. If only one radical species is present in the system, the 
following aspects should be considered for reliable kp data. 

1.)  The S/N quality of the final radical concentration vs time profile, 
 i.e., after co-addition of several individual traces, should be as
 high as with DBI and TMAEMA. 

2.)  The illumination of the sample should be complete in order to 
 avoid dilution effects in the cell which may result in an 
 underestimation of kp. This criterion is fulfilled with the used EPR 
 setup. 
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3.)  At an initial radical concentration of 10 −5 mol·L−1, the conversion 
 induced by the addition of primary radicals to monomer should be 
 taken into account when the monomer-to-polymer conversion per 
 pulse is below 1 %. 

 

As stated earlier, the data analysis is more difficult if two propagating 
radicals coexist during the polymerization as with TMAEA polymerization 
(Section  8) for which high fractions of MCRs were observed. In this 
particular case, the assignment of conversion to one radical species is 
challenging. The EPR data and the conversion should be analysed by using 
a PREDICI® model which includes the entire set of relevant rate 
coefficients (Section  8).  
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7  

 

Termination Kinetics of Sodium Methacrylate 

The investigations into CLDT carried out so far refer to 
polymerizations of non-ionized radicals in organic phase or in aqueous 
solution. The previously presented studies into the aqueous-solution 
polymerization of trimethylaminoethyl methacrylate chloride (TMAEMA) 
suggested that termination rate of equally charged macroradicals should be 
by a few order of magnitude below the one of non-ionized radicals.108  

The present investigation aims at providing a comprehensive set of 
kinetic data for the CLDT of fully-ionized radicals. Sodium methacrylate 
(NaMAA) was chosen as the fully ionized monomer for this first study in 
concentrations of 5 wt.% and 10 wt.%. The propagation kinetics of NaMAA 
has already been reported by Lacík and coworkers.35 

7.1 The EPR Spectrum in NaMAA Polymerization 

The experimental EPR spectrum for 10 wt.% of NaMAA in H2O at 60 °C 
is given in Figure  7.1 along with the associated simulation. The spectrum is 
entirely due to propagating tertiary radicals205,206 and has to be interpreted 
in terms of the coexistence of conformers.190 The presence of energetically 
favoured conformers stabilized by hindered internal rotation around the 
Cα-Cβ single bond in the backbone is indicated by the simulation using the 
individual spectra of the two conformers (blue and green) shown in the 
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lower part of Figure 7.1. The overall simulation presented in red results 
from co-addition of the individual spectra with 61% of conformer A and 
39% of conformer B. The two conformers differ in dihedral angle, θ, and in 
the hyperfine coupling constants (hfcc), a(H), of the β-methylene protons, 
a(β‐H), according to the Heller-McConnel equation (eq ( 5.1)).172,190,191 The 
proportionality factor, A, i.e., the maximum value for a(β-H) at θ = 0°, may 
be estimated from the averaged hfcc for the equivalent α-methyl protons, 
i.e., A(β-H) = 2∙a(α-H)).164 The numbers for the three equivalent methyl 
protons and for the two non-equivalent β-methylene protons were 
determined by simulation and are listed in Table  7.1 for the highest and 
lowest temperature under investigation. No temperature dependence of 
a(H) is observed whereas the fraction of conformer A decreases slightly 
from 61 to 54 percent upon lowering the temperature from 60 to 5 °C which 
indicates a higher potential energy for conformer A compared to 
conformer B.190 The decrease in the fraction of conformer A is equivalent 
to a decrease of relative intensity of the inner eight lines, indicated by 
asterisk symbols (*) in Figure  7.1, which are exclusively due to conformer 
A. The hfcc and the relative amounts of the two conformers do not vary 
significantly at monomer contents of 5 and 10 wt.%. The proportionality 
factor, A(β-H)  = 43.2 G, allows for an estimation of the dihedral angles for 
the two conformers, θ  and θ', which slightly deviate, by about 4°, from the 
ideal angle of 120° between the two β-methylene protons (Table  7.1). The 
occurrence of 16 overall lines along with 8 inner lines (16/8-system) has not 
been observed with methyl methacrylate radicals (13/9-system) but with 
the non-ionized methacrylic acid (MAA) and tert-butyl methacrylate.189,191 
The reported hfcc for MAA, i.e., a(3H, α-H) = 22.3 G, a(1H, β-H) = 17.9 G 
and a(1H, β-H) = 7.3 G, are in close agreement with the ones for conformer 
A (Table  7.1) indicating a more symmetric position of the β-methylene 
protons for MAA toward the single-occupied p-orbital.206  
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Figure  7.1: Experimental (black line) and simulated (red line) EPR 
spectra of propagating NaMAA radicals of 10 wt.% monomer in aqueous 
solution at 60 °C. The spectra were recorded under stationary UV 
irradiation with Darocur® (2.1 mmol·L−1) as the initiator. The EPR 
spectrum is assigned to the two conformers A (blue) and B (green) 
contributing to the overall simulated spectrum (red) to 61 and 39 percent, 
respectively. The hfcc used for the simulations of the overall spectrum 
are listed in Table  7.1. The magnetic field position used for the SP–PLP–
EPR experiments is indicated by the arrow. The eight inner lines which 
are exclusively due to conformer A are indicated by the asterisk 
symbols (*). 

 

Table  7.1: Hyperfine coupling constants a(H) deduced from the 
experimental EPR spectra of propagating NaMAA radicals (Figure  7.1) for 
the lowest and the highest temperature under investigation. 

 

 Conformer A Conformer B 

a (H) / G 
21.6 

(3H,Hα) 

17.3 

(1H,Hβ1) 

6.8 

(1H,Hβ2)
 

25.3 

(1H,Hβ1) 

0.2 

(1H,Hβ2) 

θ /  ° 
freely 

rotating 
50.7 63.5 40.0 84.5 
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7.2 SP–PLP–EPR Investigations into the 
Termination Kinetics 

7.2.1 Time-resolved EPR Profiles 

The arrow in Figure  7.1 indicates the magnetic field position used for 
the SP–PLP–EPR study. The concentration vs time trace of NaMAA 
radicals as obtained by a SP–PLP–EPR experiment are shown in Figure  7.2 
for three temperatures and initial monomer concentrations of 5 wt.% and 
10 wt.%. The impact of monomer-to-polymer conversion was found to be 
negligible. Because of the low solubility of Darocur® in solution of NaMAA, 
the radical concentration after the laser pulse is lower by a factor of two 
compared with TMAEMA polymerization (Section 6.1.2) and thus the 
conversion after a sequence of laser pulse was too low to be accurately 
determined. Up to 30 individual profiles had to be co-added in order to 
enhance the signal quality. The so-obtained data reveals three remarkable 
trends which have not been reported for non-ionized monomers, at least 
not to a comparable extent. First, the radical life-time exceeds the one of 
non-ionized radicals, which is typically around a few milliseconds, by 
several orders of magnitudes.42,100,117 Similar observations have been made 
with TMAEMA radicals in aqueous solution. They were attributed to 
electrostatic repulsion during the termination process.108 Second, no 
variation of termination rate with temperature is seen which, at first 
glance, appears to be counter-intuitive for diffusion-controlled termination. 
This similarity indicates the importance of CLD termination with NaMAA 
polymerization. The enhancement of diffusivity upon increasing 
temperature is, at least partially, compensated by the larger chain length 
associated with the higher propagation rate at increased temperature. Note 
that in Figure  7.2, the chain lengths of the radicals at a given time vary 
between the different profiles due to temperature.  
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Figure  7.2: Absolute radical concentration vs time profiles for NaMAA 
radicals at three temperatures for 5  and 10 wt.% monomer. The data for 
278 K were not included into the figure due to reasons of clarity. 

 

Third, the direct comparison of primary data for 5 and 10 wt.% 
monomer (Figure  7.3) reveals a higher termination rate for the more 
viscous system which is in contrast to what has been reported for non-
ionized radicals where kt(1,1) was observed to scale with fluidity, i.e., with 
inverse viscosity.109 The viscosity of an aqueous solution containing 
10 wt.% NaMAA exceeds the one of a solution with 5 wt.% NaMAA by 20 
percent (see Appendices). Because of higher monomer concentration and 
enhanced kp upon increasing NaMAA concentration, as reported by Lacík 
and coworkers for NaMAA concentrations below 20 wt.%, larger 
macroradicals are produced at 10 wt.% monomer. Thus CLD termination 
would offer no explanation for the higher kt at higher NaMAA 
concentration.  
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Figure  7.3: Comparison of absolute radical concentration vs time profiles 
measured during SP–PLP–EPR experiments on NaMAA at 5 and 10 wt.% 
monomer in aqueous solution at 333 K. The profiles are already 
contained among the ones shown in Figure  7.2. The purpose of this figure 
is to highlight the unexpected effect of monomer concentration on the 
termination kinetics of NaMAA in aqueous solution. 

 

7.2.2 Analysis of Termination Kinetics 

The linear correlation of time after laser pulsing with the chain length 
of propagating radicals (eq ( 2.36) and eq ( 2.41)) enables an analysis of the 
SP–PLP–EPR traces for CLD kt on the basis of the Composite Model. The 
four parameters of this model are deduced by a two-step procedure as 
described for styryl radicals in Section  4.2. First, the crossover chain length 
ic and the power-law exponent αl are determined from a double-log plot of 
the EPR-derived relative radical concentrations measured as a function of 
time t after pulsing, according to eq ( 2.40). This plot is shown in Figure  7.4. 
The slope of the straight-line fit at large t yields (1–αl) and thus αl. The 
chain length at the intersection of the two straight directly provides the 
crossover chain length ic.

41,100,116  
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Figure  7.4: Double-log plot of relative radical concentration for NaMAA 
(10 wt.%) polymerization in aqueous solution at 21 °C and 60 °C. The 
intersection point of the two fitted lines and the slope to the straight line 
for large chain lengths yields the composite-model parameters ic and αl, 
respectively.  

 

This kind of data treatment yields no values for ic and αl of 5 wt.% 
NaMAA solutions as is shown in Figure  7.5 for the highest temperature 
under investigation, i.e., 60 °C, and thus for the largest chain lengths. Only 
a single line may be fitted to the data for chain lengths up to 297 at 333 K 
which allows for no accurate measurement of ic and αs. The exponent 
deduced from the fit suggests that only the short-chain region has been 
investigated. The reason may be due to the fact that only a smaller chain-
length region is observed at the lower monomer concentration compared to 
10 wt.% which makes the determination of ic more difficult. Moreover, the 
structure of the macroradicals at 5 wt.% might be more "rode-like" because 
of the lower counter-ion concentration in the solution. However, no 
indication for different degrees of internal mobility are observed in the EPR 
spectra for the lowest and the highest measurable monomer 
concentrations, i.e., 5  and 10 wt.%, between 5 and 60 °C. The addition of 
small amounts of sodium chloride, which might enhance chain flexibility, 
could not be tested because of a break-down of critical coupling. 
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Figure  7.5: Double-log plot of relative radical concentration for NaMAA 
(5 wt.%) polymerization in aqueous solution at 60 °C. No intersection 
point and hence no values for ic and αl are observed at this monomer 
content. The number of ic found with 10 wt.% is denoted. The regime 
under investigation can be assigned to short chains, i.e., to i < ic, as 
indicated by ic = 80. 

 

Within the early time regime at chain lengths below ic, eq ( 2.41) 
provides a more adequate description than eq ( 2.36).103 Thus eq ( 2.42) is the 
preferable option for deducing αs and kt(1,1)∙cR

0.41 The fit of the 
experimental data for chain lengths below ic is shown for 10 wt.% NaMAA 
at 60 °C in Figure  7.6.  
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Figure  7.6: Plot of relative radical concentration for NaMAA (10 wt.%) 
polymerization in aqueous solution at 60 °C according to eq ( 2.42). 

 

No calibration is required for the plots in Figure  7.4 to Figure  7.6 as EPR 
signal intensity is proportional to radical concentration. The initial radical 
concentration, cR

0, needs, however, to be known for deducing kt(1,1) from 
kt(1,1)∙cR

0. 

Illustrated in Figure  7.7 are the composite-model exponents for the 
experimental temperature range. No variation with temperature is 
observed for either αs or αl. The arithmetic mean value is found to be: 
αl = 0.18 ± 0.05 for 10 wt.% NaMAA. The power-law exponents for small 
chain lengths are: αs (5 wt.%) = 0.62 ± 0.05 and αs (10 wt.%) = 0.56 ± 0.05. In 
view of the experimental uncertainty it appears justified to determine an 
overall power-law exponents for the two NaMAA concentrations under 
investigation: αs = 0.59 ± 0.08 which together with αl (10 wt.%) fully meet 
the expectations from theory and are both close to the numbers measured 
for non-ionized radicals with the radical functionality being located at the 
chain-end.41,95  
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Figure  7.7: Composite-model exponents for the short-chain regime, αs, 
and for the long-chain regime, αl, for the entire range of experimental 
temperatures and NaMAA concentrations. The arithmetic mean values of 
the exponent αs measured at the two monomer concentrations of 5 and 
10 wt.% in aqueous solution is represented by the black line. 

 

Also with ic, no dependence on polymerization temperature may be 
detected for 10 wt.% NaMAA (Figure 7.8). The mean value of ic turns out to 
be 80 ± 10. To the best of our knowledge, no ic values for fully-ionized 
radical species have been reported so far. The number for NaMAA is below 
the one reported for methyl methacrylate, ic(MMA) = 100,207 but is above 
the numbers for TMAEMA, ic(TMAEMA) = 45 ± 25 (Section  6.1.2), vinyl 
acetate, ic(VAc) = 20 ± 10,42,41 as well as for methyl acrylate, 
ic(MA) = 35 ± 10117 and styrene, ic(Sty) = 30 ± 10.100 Earlier SP–PLP–EPR 
investigations into the kinetics of non-ionized methacrylic acid (MAA) in 
aqueous solution did not yield ic values. For these investigations ic (MMA) 
was adopted for MAA.44  
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Figure  7.8: Individual and arithmetic mean values (full line) of ic for 
10 wt.% NaMAA determined for the polymerization temperatures under 
investigation. 

 

NaMAA differs from MAA by a lower termination rate which allows 
for an accurate determination of ic. Wittenberg et al. performed batch 
polymerizations with 30 wt.% MAA and estimated ic = 68, which is not that 
dissimilar from the number for NaMAA, obtained under chain-length 
control by 2-mercaptoethanol.208 

The obtained rate coefficients of termination for two monomeric 
radicals are illustrated by the Arrhenius plot in Figure  7.9. The associated 
Arrhenius expressions read  

 

ln (kt(1,1)/L∙mol−1∙s−1) = 19.1 – 999 ∙ (T −1/ K−1)                 

for 5 wt.% NaMAA in aqueous solution 

 

and 

 

ln (kt(1,1)/L∙mol−1∙s−1) = 20.4 – 1049 ∙ (T −1/ K−1)               

for 10 wt.% NaMAA in aqueous solution. 
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Figure  7.9: Arrhenius plot of kt(1,1) for 5 and 10 wt.% along with the 
Smoluchowski diffusion limit calculated on the basis of 
kt(1,1) = 1/3∙R∙T∙η−1 via the separately measured activation energy of 
fluidity for 10 wt.%, EA(η−1) = 20.3 kJ∙mol−1. 

 

The activation energies for both monomer concentrations are close to 
each other: EA(kt(1,1)) = 8.7 kJ∙mol−1 for 10 wt.% and 
EA(kt(1,1)) = 8.4 kJ∙mol−1 for 5 wt.%, which is well below the associated 
activation energies of fluidity, EA(η−1) = 20.3 kJ∙mol−1 and 
EA(η−1) = 19.4 kJ∙mol−1 at 10 and 5 wt.% NaMAA. The assumption that 
EA(η−1) = EA(kt(1,1)) which has been suggested to be a universal relationship 
for termination of non-ionized species in organic and aqueous phase (see 
Sections  4.4,  5.2 and  6.2.3) does not hold for NaMAA between 5 and 
10 wt.%.109 Moreover, the relatively low activation energies for both kp and 
kt(1,1) give rise to the similarity of radical concentration vs time profiles 
from SP–PLP–EPR shown above. The absolute values of kt(1,1) for 5  and 
10 wt.% demonstrate that the higher termination rate for the more viscous 
system, i.e., 10 wt.%, is not an artefact resulting from CLD kt. The values for 
both concentrations differ in total by approximately a factor of 3 while 
fluidity varies by about 20 % in the opposite direction (see Appendices). In 
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comparison to non-ionized species, kt(1,1) of NaMAA is reduced by several 
orders of magnitude. In particular, compared to 10 wt.% of non-ionized 
MAA in aqueous solution, kt(1,1) of 10 wt.% NaMAA is lower by two orders 
of magnitude at 333 K while with "hindered" di(n-butyl) itaconate radicals 
in bulk DBI polymerization, kt(1,1) is higher by a factor of 17 (see 
Section  6.2.3). Note that EA(kt(1,1)) for DBI and MAA with around 
20 kJ∙mol−1 are far higher than for NaMAA. Thus the differences in kt(1,1) 
between these monomers vary with temperature, but kt(1,1) of NaMAA 
stays in between these kt(1,1) values of the non-ionized species under 
typical polymerization temperatures.  

Taking all these findings into account, one may conclude that 
termination of NaMAA radicals may not be easily understood in terms of 
"classical" diffusion control with respect to what is known from non-
ionized radicals. Describing the low activation energies of monomeric 
radical termination, intermolecular electrostatic interactions should be 
considered as dominant. It goes without saying that termination between 
two equally charged species, i.e., the MAA−-radicals, has to be mediated by 
counter ions to ensure the encounter event and thus enable the termination 
process. It is assumed that in order to accomplish the mediating role, the 
ions have to be located in the immediate vicinity of the radicals.209 In 
aqueous solution the situation is complex in that a dynamic equilibrium of 
different types of ions may be assumed which can be described to some 
extent by the simplified scheme (Figure  7.10) containing three species , i.e., 
contact-ion pairs, solvent-separated and free ions.  

The species differ in terms of ion distances and hence in the strength of 
electrostatic interactions. It is obvious that termination is more likely for 
the electronically neutral contact-ion pair than for the free ions which, in 
terms of the Smoluchowski equation (eq ( 2.31)), may be assigned to an 
enhanced capture radius and a lower hydrodynamic radius for the counter-
ion pair. On the other hand, the free ions provide large electric 
conductivity. Thus, the equilibrium constant, K, according to Figure  7.10 
may be determined by conductivity measurements. The experiments by P. 
Drawe for acrylic acid indicate that increasing temperature in the range 
from 5 to 60 °C favours the formation of free ions.107,209 As a consequence, 
the low EA(kt(1,1)) is the result of the competition between self-diffusion 
and the ion dissociation with a related activation energy and enthalpy of 
EA(η−1) ≈ 20 kJ∙mol−1 and ∆H(K) = (15 ± 3) kJ∙mol−1, respectively.107

 The 
addition of salt shifts the equilibrium toward the contact-ion pairs and thus 
enhances kt(1,1) which may in principle be experimentally tested. As 
mentioned above, the addition of small amounts of sodium chloride causes 
a break-down of critical coupling and thus impedes EPR measurements.  
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Figure  7.10: Illustration of the proposed dynamic equilibrium in aqueous 
solution of a weak electrolyte, e.g, NaMAA, between different species: 
contact-ion pairs, solvent-separated and free ions. For a more detailed 
description see text. 

 

The addition of monomer, i.e., upon passing from 5 to 10 wt.% NaMAA, 
shifts the equilibrium, as additional sodium chloride does which is seen 
from the higher termination rate in 10 wt.% NaMAA polymerization. It 
might be interesting to see whether the observed effect of monomer 
concentration is also seen with strong electrolytes, e.g., 2-acrylamido-2-
methylpropanesulfonic acid (AMPS), for which only a negligible fraction of 
counter-ion pairs are present.115 

7.3 Diffusion-controlled Termination of fully-
ionized Radicals 

If steric effects are absent, the termination kinetics of radicals may be 
interpreted in the light of the Smoluchowski-Stokes-Einstein equation 
(eq ( 2.32)). The so-obtained expression for the diffusion limit defines the 
highest possible value for kt since termination is assumed whenever two 
spherical radicals encounter. This expression may thus be valid for radical 
atoms which can be characterized by a radial-symmetric distribution of 
spin density.  

 

η⋅
⋅

=
3

)1,1(
t

TR
k  ( 2.32) 

 

Eq ( 2.32) highlights the discussed fundamental correlation between 
kt(1,1) and viscosity, i.e., kt (1,1)·η ≈ const, meaning that viscosity 
determines the changes in kt(1,1), e.g., upon varying monomer content and 
temperature. The finding that kt(1,1) scales with η−1 and not with T·η

−1 (see 
Figure  4.10) might be due to the fact that Stokes-Einstein equation is not 
strictly valid since the radius of the radical is not significantly higher than 
the radius of the solvent molecules.93  
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For substituted non-ionized radicals, a shielding of the radical 
functionality is observed which reduces the probability for termination. As 
could be shown in Figure  4.7, Figure  6.15 and Table  5.3, the impact of side 
groups reduces kt(1,1) systematically by a constant factor, i.e., kt(1,1)·η  
remains constant. Thus the impact of shielding is temperature independent 
and may be expressed by the ratio of capture radius and hydrodynamic 
radius, Rc/r1, taking into account that only a fraction of the hydrodynamic 
radius is effective for termination. 
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For fully-ionized NaMAA radicals, lower kt(1,1) values are observed as 
with non-ionized species. In addition, the empirical kt(1,1)·η relation breaks 
down, although the diffusion of fully-ionized radicals obeys the Stokes-
Einstein relationship to the same extent as non-ionized species do.210,211 
The observed deviation from the classic termination behavior, i.e., 
EA(kt(1,1)) < EA(η−1) and kt(1,1) (10 wt.%) > kt(1,1) (5 wt.%), might be 
understood in terms of a modified Smoluchowski-Stokes-Einstein equation. 
Since Rc and r1 may change simultaneously with temperature and monomer 
content in the fully-ionized case, Rc/r1 should be replaced by a single 
quantity f being the microfriction

78,93 of termination reaction which is 1 for 
the diffusion limit, e.g., for spherical radicals, yielding eq ( 2.32) and should 
be higher but still temperature independent for non-ionized species. For 
ionized species the electrostatic interactions are captured by f >>1 with f 
being a function of the dielectric constant of the solvent, εsol, the charge of 
the radical and of the counter ion, zrad and zCI, and for weak electrolytes of 
the equilibrium constant, K. Thus f is a temperature dependent for fully-
ionized radical species (eq  ( 7.1)). 
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For 5 and 10 wt.% NaMAA, the following expressions for f are obtained 
from the difference between the measured and the diffusion-limited values 
(eq ( 2.32)): 
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ln(f ) = 10.0 – 1646 ∙ (T −1/ K−1)                                 (5 wt.% NaMAA) 

 

ln(f ) = 7.8 – 1492 ∙ (T −1/ K−1)                                  (10 wt.% NaMAA) 

 

In the light of the discussion in Section  7.3 it comes as no surprise that 
the associated activation energies, i.e., EA(f ) = 13.7 kJ·mol−1 for 5 wt.% 
NaMAA and EA(f ) = 13.2 kJ·mol−1 for 10 wt.% NaMAA, are close to 
∆H(K) = (15 ± 3) kJ∙mol−1. It is obvious that a similar behavior, i.e., 
EA(kt(1,1)) ≠ EA(η−1), should be observed with other weak electrolytes. In 
case of MCRs being present, f should be lower for MCRs than with SPRs.  

The direct comparison of kt(1,1) data between different types of 
radicals, e.g., between acrylate and methacrylate radicals, allows in 
principle for investigating the impact of radical structure on termination. 
However, such a comparison is only expedient if the compared systems 
exhibit similar viscosities. Since η may change significantly within a 
homologous series of monomers, it is advisable to use the presented 
quantity kt(1,1)·η, as long as the precondition EA(kt(1,1)) ≈ EA(η−1) holds. 
The description in terms of microfriction is considered to be universally 
applicable, i.e., for fully-ionized species with EA(kt(1,1)) ≠ EA(η−1) as well as 
for the non-ionized case. The analysis of kt(1,1) data via eq (7.1) in further 
studies of fully-ionized species may facilitate the systematic discussion of 
steric effects in termination processes and may thus allow for the estimate 
of kt(1,1) on the basis of easily accessible viscosity data.  
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8  

 

Propagation, Termination and Transfer 
Kinetics of TMAEA 

The beauty and power of the SP–PLP–EPR technique in radical 
polymerization rests on the ability of monitoring the active species, i.e., the 
radicals, with high time resolution. It comes as no surprise that in principle 
all information being necessary for a comprehensive description of 
polymerization kinetics is included in the recorded concentration vs time 
profiles. Within this thesis, the full spectrum of SP–PLP–EPR applications, 
i.e., chain-length dependent termination, transfer and for the first time also 
propagation kinetics, are demonstrated. So far, the investigation into 
transfer kinetics was restricted to systems with kp data being known. It is 
obvious that the deduction of the entire set of rate coefficients including 
kp

s from EPR data is the next step. It is the aim of this section to provide 
the rate coefficients of termination, backbiting, MCR and SPR propagation 
for aqueous-solution polymerization of TMAEA (20 wt.%) between 0 °C 
and 90 °C. The impact of monomer concentration on polymerization 
kinetics will be investigated by measurements of 10 wt.% TMAEA in 
aqueous solution at 50 °C. The kp determination by the novel SP–PLP–EPR 
approach was restricted to systems with only one radical species being 
present. The assignment of monomer-to-polymer conversion which is 
necessary for deducing kp is however difficult if two propagating radical 
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species coexist, as is the case for TMAEA polymerization. The problem 
may be overcome by analyzing the data with PREDICI®.  

Although of industrial importance, e.g., for co-polymerizations with 
acrylamide,212 no rate coefficients are available for TMAEA homo-
polymerization which may be due to the low terminations rate and 
intramolecular transfer (backbiting) impeding PLP–SEC investigations so 
far. 

8.1 The EPR Spectrum in TMAEA Polymerization 

Figure  8.1 shows the EPR spectra for TMAEA polymerization (20 wt.%) 
in aqueous solution at 21 and 95 °C recorded under pseudo-stationary 
conditions with a p.r.r. of 20 Hz which allows for an easy labeling of 
magnetic field positions assigned to fast terminating end-chain radicals 
(SPRs) and slowly terminating mid-chain radicals (MCRs). Bands due to 
SPRs at 21 °C (Figure  8.1, l.h.s.) reflect the applied p.r.r. as highlighted in 
the framed area due to the laser-induced oscillation in SPR concentration 
whereas the termination rate of MCRs is usually too small for a significant 
decay in MCR concentration within the time scale between two subsequent 
laser pulses. The effect of oscillating SPR concentration is less pronounced 
at lower SPR fractions, e.g., at higher temperatures, as illustrated by the 
spectrum for 95 °C (Figure  8.1, r.h.s.) where the SPR contribution to the 
spectrum is negligible. The positions assigned to SPRs correlate with a 
quartet hfc pattern of a(3H) = 20.6 G. In order to ensure an accurate 
determination of molar MCR fractions, xMCR, the experiments were carried 
out under stationary UV irradiation. Two experimental spectra including 
the associated simulations are given for 0 and 80 °C in Figure  8.2. The 
simulations reveal a significant contribution of mid-chain radicals even at 
low temperatures. In agreement with polymerizations of TMAEMA in 
aqueous solution, a remarkably high S/N quality is achieved which is due 
to the very high overall radical concentration of 1.38·10−4 mol·L−1 (0 °C) and 
1.93·10−4 mol·L−1 (80 °C), respectively. The experimental determination of 
monomer-to-polymer conversion which relates to the applied sweep time 
of 5.12 s turned out to be difficult due to the long life-time of TMAEA 
radicals (see below). Estimates based on an effective rate coefficient of 
propagation according to eq ( 2.7) yield numbers for monomer-to-polymer 
conversion of 60 % and 45 % for the lowest and the highest temperature 
under investigation, respectively. EPR spectra recorded with either a lower 
monomer concentration, i.e., 10 wt.%, or a higher sweep time, i.e., yielding 
higher conversion, but under otherwise identical experimental conditions, 
did not show any variation in hfc pattern or composition of the spectra. 
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Thus the impact of conversion on the EPR spectra can be considered as 
negligible for the presented spectra. The detailed understanding of EPR 
spectra is essential for systems with two or more species coexisting during 
polymerizations in order to ensure a correct band assignment due to a 
complicate band overlap.  

8.1.1 Simulation of EPR Spectra in the Presence of MCRs 

The simulations of experimental spectra were successful under the 
assumption of two MCR conformers yielding different hfc patterns 
(Table  8.1). One MCR conformer, in what follows denoted as MCR3, is a 
common species in acrylate MCR spectra and results in a triplet hfc 
pattern.165,167–169  

The fraction of MCR3 which decreases from 0.15 at −5 °C to 0.07 at 
95 °C turned out to be well below the fractions reported for butyl acrylate 
(in bulk and toluene) or for non-ionized acrylic acid polymerizations in 
aqueous solution.39,165,167–169,206 

95 °C

 

 

p.r.r. = 20 Hz

SPR
SPR

SPR

21 °Cp.r.r. = 20 Hz

 

20 G

19.33 Hz

SPR

  

 

 
Figure  8.1: EPR spectra recorded during aqueous-solution 
polymerization of TMAEA (20 wt.%) at 21 and 95 °C under pseudo-
stationary conditions with a p.r.r. of 20 Hz and with Darocur® 
(1.9∙10−2 mol∙L−1) acting as the photoinitiator. The magnetic field 
positions dominated by SPRs (red, l.h.s.) reflect the applied p.r.r. (framed 
area) which is not observed at lower SPR fractions, e.g., at 95 °C (r.h.s.). 
The underlying quartet SPR spectrum refers to a(3H) = 20.6 G. 
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The second MCR conformer (MCR5) exhibits a strong temperature 
dependence of the hfcc (Table  8.1) which has not been observed with the 
MCR3 conformer. While at lower temperatures, the MCR5 spectrum is 
adequately assigned to a hfc of four non-equivalent β-methylene-protons 
yielding a 16 line hfc pattern, the MCR spectrum at higher temperatures is 
assigned to two pairs of non-equivalent β-methylene-protons (9 lines) 
indicating that, according to Heller-McConnel equation (eq ( 5.1)), the 
dihedral angles in the MCR5 conformer change significantly with 
temperature. For the simulation, line broadening has to be taken into 
account which reduces the hfc patterns of the MCR5 species to a 
phenotypical quintet as shown in Figure  8.4 below. Although the co-
existence of two MCR conformers has also been reported for other acrylate 
polymerizations165,167–169, the situation for TMAEA is different in that the 
MCR5 conformer at low temperature has not been observed with acrylate 
polymerization in organic and aqueous solution so far while, toward 
higher temperature, the MCR hfc pattern becomes similar the one reported 
for BA (1.5 M in toluene) between −40 °C and 60 °C.121 The temperature 
dependence of the hfcc indicates a significant change in MCR 
conformation of TMAEA which is perhaps due to the charged side group 
and to the associated intra- and intermolecular interactions.  

 

Table  8.1: Hyperfine coupling constants (hfcc), a(H), for end-chain (SPR) 
and mid-chain radicals (MCR) deduced from fitting of experimental 
overall EPR spectra recorded during TMAEA (20 wt.%) polymerization in 
aqueous solution at the denoted temperatures. Two different MCR 
conformers, MCR3 and MCR5, are necessary for an adequate fitting (see 
text). The hfcc are identical for aqueous-solution polymerization of 
10 wt.% TMAEA. 

 

radical θ /°C a(H) / G 

SPR −5 to +95 20.6 (3H, α-H) 

MCR3 −5 to +95 27.4 (2H, β-H) 

MCR5 −5 
24.0 (1H, β-H) 3.5 (1H, β-H) 

15.8 (1H, β-H) 8.2 (1H, β-H) 

MCR5 95 16.6 (2H, β-H) 11.0 (2H, β-H) 
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= 0.07 ± 0.02
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= 0.90 ± 0.04
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x
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Figure  8.2: EPR spectra recorded during aqueous-solution 
polymerization of TMAEA (20 wt.%) at 0 and 80 °C. The spectra refer to a 
sweep time of 5.12 s and stationary UV irradiation with Darocur® 
(1.9∙10−2 mol∙L−1) acting as the photoinitiator. The simulations 
represented by the red lines reveal a high overall MCR fraction, xMCR, 
and the co-existence of two MCR conformers denoted as MCR3 and 
MCR5. 

 

 

Under the assumption that according to Heller-McConnel equation 
(eq ( 5.1)) A(β-H) = 2·a(α-H), dihedral angles of Θ = 35.2° for the MCR3 

species and Θ = 40,2° (a(β-H) = 24.0 G), Θ = 72.9° (a(β-H) = 3.5 G), Θ = 51.7° 
(a(β-H) = 15.8 G) as well as Θ = 63.5° (a(β-H) = 8.2 G) result for the MCR5 
species at −5 °C whereas at 95 °C numbers of Θ = 50.5° (a(β-H) = 16.6 G) 
and Θ = 58.8° (a(β-H) = 11.0 G) are obtained. 
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8.1.2 Fraction of Mid-chain Radicals under Stationary 
Conditions 

The molar fractions of MCRs, xMCR, which were deduced by fitting the 
experimental EPR spectra are shown from −5 to +95 °C in Figure  8.3. The 
numbers of xMCR for TMAEA (20 wt.%) are significantly higher than with 
BA and AAm. This finding in conjunction with the high absolute radical 
concentration indicates that MCR propagation rather than termination is 
the dominant degradation pathway for MCRs in TMAEA polymerizations 
even at low temperatures and high radical concentrations. The xMCR values 
should be adequately reproduced by eq ( 2.12). 

 

-60 -40 -20 0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

 

 AAm (10 wt.% / H
2
O)

 BA (1.52 M / toluene)

 TMAEA (20 wt.% / H
2
O)

x M
C

R

θ / °C
 

Figure  8.3: Molar fraction of mid-chain radicals, xMCR, deduced from 
fitting the experimental EPR spectra recorded during polymerization of 
TMAEA (20 wt.%) in aqueous solution between −5  and +95 °C. The 
values of xMCR are identical for solutions containing 10 wt.% TMAEA. For 
comparison, reported experimental values of xMCR for BA polymerization 
(1.52 M in toluene)121 and AAm (10 wt.%) are included.  
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8.1.3 Band Assignment used with the SP–PLP–EPR Experiment 

In contrast to investigations into the termination and transfer kinetics 
of AAm (Section  5), the overlap of individual signal bands allows for 
simultaneously monitoring both SPRs and MCRs as illustrated for the two 
MCR5 hfc patterns in Figure  8.4. The magnetic field position for the SPR 
monitoring in both spectra is identical which ensures an accurate 
determination of SPR concentration irrespective of variations in the MCR5 
spectrum with changing temperature. It goes without saying that the 
magnetic field positions used for SPR monitoring in Figure  8.4 agrees with 
the positions related to the oscillation of SPR concentration shown in 
Figure  8.1. 

0 °C 80 °C

20 G

SPR

MCR

 

 

SPR

MCR

 
Figure  8.4: Simulated SPR and MCR5 spectra for 0 and 80 °C as deduced 
from fitting of experimental spectra shown in Figure  8.2 and according to 
the hfcc is listed in Table  8.1. The positions used for SPR and MCR 
monitoring are labelled. The baseline included as the red horizontal line 
in order to illustrate the negligible contribution of MCR band intensity at 
magnetic field positions used for SPR monitoring in SP–PLP–EPR 
investigations.  
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8.2 Basic Strategy and Data Analysis 

The analysis of SPR and MCR concentration vs time profiles for 
TMAEA polymerization rests on the PREDICI® model introduced for AAm 
polymerizations in Section  5.2.2 with the single but important difference 
that no data for kp

s is available. The knowledge of kp
s however is essential 

for an accurate determination of termination, i.e., in the light of chain-
length dependency, and also for MCR propagation. The determination of kp 
from SP–PLP–EPR was introduced in Section  6. The presented method 
which rests on the correlation of integrated radical concentration with 
monomer-to-polymer conversion is easily applied if only one radical 
species is present. In case of high concentrations of MCRs as in TMAEA 
polymerization, the strategy presented in this section is advisable since the 
conversion which relates to the MCR propagation is taken into account. 

 
 

Figure  8.5: Illustration of the basic strategy for data analysis applied for 
TMAEA polymerization (see text). The fitting of radical concentration vs 
time profiles (l.h.s.) by PREDICI® allows for an accurate determination of 
kt

ss(1,1), kt
st(1,1), kbb, and kp

t but requires a reliable kp
s value which may 

be determined from monomer-to-polymer conversion by the FT–NIR 
technique (r.h.s). The iterative fitting of radical concentration vs time 
profiles and monomer-to-polymer conversion provides a consistent set of 
rate coefficients. 

 

In order to determine reliable rate coefficients, an iterative two-step 
procedure was applied (Figure  8.5). Starting from an estimated kp

s value of 
240,000 L∙mol−1∙s−1, the radical concentration vs time profiles were fitted 
yielding kt

ss(1,1), kt
st(1,1), kbb and kp

t as the only fitting parameters. As with 
investigations into the polymerization of AAm, kt

ss(1,1) and kt
st(1,1) refer to 
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an identical set of composite-model parameters, i.e., αs = 0.65 ± 0.09, 

αl = 0.18 ± 0.03 and ic = 45 ± 25 which were adopted from TMAEMA 
polymerization (Section  6). The composite-model parameters were treated 
as temperature independent. Variation within the reported limits of 
uncertainty did not show any significant impact on the determined rate 
coefficients, i.e., kt

ss(1,1), kt
st(1,1), kbb, and kp

t. In the second step, the 
measured monomer-to-polymer conversion per single laser pulse was used 
to adjust kp

s via the PREDICI® modelling. The conversion was determined 
directly after the SP–PLP–EPR experiment as illustrated in Section  3.3. The 
so-obtained new number for kp

s was re-implemented into the PREDICI® 
model and the next generation of kt

ss(1,1), kt
st(1,1), kbb and kp

t values was 
determined followed by another estimation of kp

s. The procedure was 
repeated until a consistent set of all five rate coefficients was achieved. The 
monomer-to-polymer conversion induced by the MCR propagation is 
considered within the PREDICI® model. 

8.3 Results from PREDICI Fitting 

The SP–PLP–EPR investigations were performed with a 20 wt.% 
solution of TMAEA in D2O between 0 °C and 90 °C. The lifetime of MCRs 
and SPRs is orders of magnitude above the ones known from SP–PLP–EPR 
investigations into acrylate and AAm polymerizations (see Section  5.2). 
Moreover, the SPR concentration (Figure  8.6, l.h.s.) approaches a (quasi-) 
stationary concentration at high delay times which is highlighted by the 
dashed baseline and may be understood as a permanent "regeneration" of 
SPRs by MCR propagation indicating that cross-termination is less 
important for MCR degradation in TMAEA polymerization than with 
acrylate and AAm polymerizations. This conclusion is further supported 
by Figure  8.7 which illustrates the impact of monomer-to-polymer 
conversion on MCR concentration vs time profiles. Toward higher 
conversion, i.e., lower monomer concentration, the rate of MCR 
propagation decreases until termination is the single remaining reaction 
pathway. 
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Figure  8.6: Measured and fitted SPR (l.h.s.) and MCR (r.h.s.) 
concentration vs time profiles after applying a single laser pulse at t = 0 
during TMAEA polymerizations (20 wt.% / D2O) at 50 °C. The baseline 
for the SPR trace is indicated by the dashed line. 

 

The conversion dependence of the radical decay can be neglected with 
the SPR concentration vs time profiles in TMAEA polymerization and was 
not observed with MCR traces in BA, AA and AAm polymerizations, i.e., 
with polymerizations in which cross-termination is definitely of high 
importance. The rapidly decreasing monomer concentration within the 
first laser pulse, which was used for data analysis, is (automatically) taken 
into account by the PREDICI® model via the adjusted kp

s value (see above). 
Unfortunately, analysis of the MCR traces for high conversion, which in 
principle allow for determination of kt

tt(1,1), are not trivial since the 
calibration of the EPR signal setup breaks down when polarity changes 
with conversion. If the calibration used for the first MCR trace is applied 
and only termination is considered for the MCR decay a chain-length 
averaged <kt

tt> = 9.3·102 L·mol−1
·s−1 is obtained which is significantly lower 

than corresponding numbers for cross-termination being around 
<kt

st> = 2.1·104 L·mol−1
·s−1 at 50 °C (see below). The extremely low <kt

tt>  is 
of high uncertainty, because the generation of MCRs by H‐abstraction 
from dead macromolecular chains by primary photoinitiator-derived 
radicals cannot be excluded at high conversion.  
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Figure  8.7: Normalized MCR traces measured upon applying several 
laser pulses and hence reaching different degrees of monomer-to-
polymer conversion in TMAEA polymerization (20 wt.% / D2O). The 
numbers refer to conversion after complete decay of the radical 
concentration. The illustrated impact of conversion was not observed 
with SPRs traces and may be indicative of the dominating role of MCR 
propagation for the MCR decay in aqueous-solution polymerization of 
TMAEA.  

 

Nevertheless, the MCR homo-termination rate might be seen as very 
low even in the initial polymerization period. It comes as no surprise that 
MCR homo-termination is negligible in SP–PLP–EPR investigations into 
TMAEA polymerizations. Moreover, no indications for β-scission and 
depropagation were found. 

 

8.3.1 Termination and Transfer Kinetics of TMAEA Radicals 

The numbers for kbb deduced from the SPR and MCR concentration vs 
time profiles between 0 and 90 °C are shown in the Arrhenius plot in 
Figure  8.8. No significant variation of kbb with monomer content between 
10 and 20 wt.% TMAEA is observed at 50 °C. The numbers for 20 wt.% are 
adequately represented by the relationship 
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kbb / s
−1= 7.1·109

·exp(−5846·(T
 −1/K −1))                               (for 20 wt.%), 

 

which is associated with an activation energy of EA(kbb) = (48 ± 2) kJ·mol−1 
and a pre-exponential factor of A(kbb) = (7.1 ± 0.5)·109 s−1 being close to the 
corresponding Arrhenius parameters of AAm polymerization (Table  8.2). 
Although A(kbb) of TMAEA is higher than with other acrylates, a similar 
kbb at 50 °C is obtained due to the higher EA(kbb). Compared to non-ionized 
acrylic acid (AA), A(kbb) of TMAEA is higher by a factor of seven and be 
even more than two orders of magnitude higher compared to fully-ionized 
AA (NaAA). Taking AA as a reference, EA(kbb) differs by approximately 
10 kJ·mol−1 for TMAEA and NaAA in reported directions. An detailed 
interpretation of TMAEA kbb data on the basis of the listed parameters in 
Table  8.2 turns out to be difficult due to the large structural differences 
between TMAEA and the tabulated monomers.  

 

Table  8.2: Comparison of the rate coefficients for backbiting, kbb, at 
50 °C and related Arrhenius parameters of various monomers in aqueous 
or in organic solution. 

 

kbb 
EA(kbb)/ 
kJ∙mol

−1
 

A(kbb)/ 

10
8
∙s

−1
 

kbb (50 °C) 
/ s

−1
 

Ref. 

AAm (10 wt.%,  

20 wt.% / H2O) 
(49 ± 2) (37 ± 7) 44 

this 
work 

TMAEA (20 wt.% / 
D2O) 

(48 ± 2) (71 ± 5) 99 
this 

work 

AA (20 wt.% / H2O) (38 ± 3) (10 ± 2) 705 
a)

 176 

NaAA (20 wt.% / 
H2O) 

(26 ± 2) (0.22 ± 0.09) 160 39 

BA (1.5 M / toluene) (35 ± 2) (0.48 ± 0.07) 393 37 

a) determined by 13C-NMR technique. Italicized numbers are of higher uncertainty. 
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Figure  8.8: Arrhenius plot of the backbiting rate coefficient, kbb, for 
20 wt.% TMAEA between 0 and 90 °C as well as kbb for 10 wt.% at 50 °C. 
The rate coefficients were determined by PREDICI® fitting of SPR and 
MCR concentration vs time profiles. A single regression line is applied to 
the data of 20 wt.% TMAEA.  

 

As with other rate coefficients, e.g., kt (Section  7) and kp
s,35,72 the 

dominant role of ionic interactions is obvious but difficult to quantified. On 
the one hand, the electrostatic repulsion may lead to a higher ring strain in 
the six-membered TS structure and hence to a higher activation energy of 
backbiting. On the other hand, it is seen from the EPR spectra recorded 
during TMAEA polymerization that the conformers of the MCR species 
differ from those reported for acrylates. The conformation may play a role 
for the entropy penalty during formation of the TS structure. This impact 
of conformation may also favour the entropy-driven pre-exponential 
factor. 

The second quantity deduced from the radical concentration vs time 
profiles is the rate coefficient of MCR propagation, kp

t. As seen from 
Figure  8.9, no impact of monomer conversion is observed. The data is 
represented by  

 

kp
t / (L·mol−1

·s−1 ) = 6.8∙104∙ exp(−3127·(T
 −1/K −1))                      (20 wt.%). 
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Figure  8.9: Arrhenius plot of the rate coefficients for MCR propagation, 
kp

t, of 20 wt.% TMAEA in D2O between 0 °C and 90 °C as well as the kp
t 

value of 10 wt.% TMAEA for 50 °C. The full red line represents the fit for 
20 wt.%. 

 

Table  8.3: Comparison of the rate coefficients for MCR propagation, kp
t, 

at 50 °C and of the Arrhenius parameters for various monomers in 
aqueous and in organic phase.  

 

kp
t
 EA(kp

t
)/ 

kJ∙mol
−1

 
A(kp

t
)/ 10

6
 s

−1
 kp

t
 (50 °C) / 

L mol
−1

 s
−1

 
Ref. 

AAm (10 wt.%,  

20 wt.% / H2O) 
(30 ± 2) (1.4 ± 0.2) 20 

this 
work 

TMAEA (20 wt.% 
/D2O ) 

(26 ± 2) (0.068± 0.02) 4 
this 

work 

NaAA  

(20 wt.% / H2O) 
(23 ± 3) (0.06 ± 0.01) 14 39 

BA (1.5 M / 
toluene) 

(28 ± 2) (0.9 ± 0.2) 25 37 

Italicized numbers are of higher uncertainty. 
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The corresponding activation energy of 20 wt.% TMAEA, i.e., 
EA(kp

t) = (26.0 ± 0.5) kJ·mol−1, is close the reported numbers for acrylates 
and even to AAm in aqueous solution, while the pre-exponential factor, 
i.e., A(kp

t) = (6.8 ± 0.7)·104 L·mol−1
·s−1, is lower than with non-ionized 

monomers, but similar to A(kp
t) of NaAA (Table  8.3).  

This finding may be interpreted in terms of a reduced internal mobility 
in the TS structure of MCR propagation which is induced by electrostatic 
repulsion due to the charged side group. The close agreement of absolute 
numbers for A(kp

t) of NaAA and TMAEA indicates a very similar extent of 
hindrance. The absolute values for kp

t, however, differ for NaAA and 
TMAEA at 50 °C due to a higher EA(kp

t) for TMAEA.  

The remaining parameters to be deduced from the SP–PLP–EPR traces 
are the rate coefficients of SPR homo-termination and of SPR-MCR cross-
termination for radicals of chain length unity, kt

ss(1,1) and kt
st(1,1) 

(Figure  8.10).  

In contrast to NaMAA (Section  7), no significant difference of kt with 
monomer concentration is observed for kt

ss(1,1) and kt
st(1,1) at 10 and 

20 wt.% TMAEA (Table  8.4). 

The temperature dependence according to the Arrhenius fits in 
Figure  8.10 is given by the relations:  

 

kt
ss(1,1) / (L·mol−1

·s−1 ) = 2.6∙108∙ exp(−998·(T 
−1/K −1))          

for 20 wt.% TMAEA 

 

kt
st(1,1) / (L·mol−1

·s−1 ) = 3.8∙107∙ exp(−1276·(T 
−1/K −1))          

for 20 wt.% TMAEA. 

 

The associated activation energies, i.e., EA(kt
ss(1,1)) = (8.3 ± 0.9) kJ·mol−1 

and EA(kt
st(1,1)) = (10.6 ± 0.8) kJ·mol−1, are close to each other, but are 

significantly below EA(η−1) = (16.98 ± 0.05) kJ·mol−1, i.e., the activation 
energy of fluidity for 20 wt.% TMAEA in D2O, which was used for 
estimating the diffusion limiting behaviour illustrated in Figure  8.10. As 
with NaMAA, the small numbers for EA(kt) may be interpreted in terms of 
counter-ion mediation which is lowered toward higher temperature as is 
the case with weak electrolytes such as TMAEA (see Section  7).107  
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Figure  8.10: Arrhenius plot of the rate coefficients for SPR homo-
termination and for MCR-SPR cross-termination, kt

ss(1,1) and kt
st(1,1), at 

20 wt.% TMAEA in D2O between 0 and 90 °C as well as kt
ss(1,1) and 

kt
st(1,1) for 10 wt.% at 50 °C. The rate coefficients were determined by 

PREDICI® fitting of the SPR and MCR concentration vs time traces from 
SP–PLP–EPR experiments. The dashed line represents the diffusion limit 
as estimated via the separately measured viscosities, η, which are 
associated with an activation energy of fluidity: 
EA(η−1) = (16.98 ± 0.05) kJ·mol−1

. 

 

The absolute values are well below the diffusion limit due to shielding 
of radical functionality by electrostatic repulsion. Within the temperature 
range under investigation, the ratios of the SPR-MCR cross-termination to 
SPR homo-termination rate coefficients are found to be around 
kt

st(1,1)/kt
ss(1,1) = 0.06 ± 0.02 for 20 wt.% and kt

st(1,1)/kt
ss(1,1) = 0.09 ± 0.04 

for 10 wt.% TMAEA at 50 °C. The ratios are lower than with AAm 
polymerizations (kt

st(1,1)/kt
ss(1,1) = 0.25 ± 0.05). 
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Table  8.4: Rate coefficients of SPR homo-termination, kt
ss(1,1), and of 

SPR-MCR cross-termination, kt
st(1,1), for 10 and 20 wt.% TMAEA in D2O 

at 50 °C.  

 

50 °C 
kt

ss
 (1,1) / 

L mol
−1

∙s 
−1

∙10 
5
 

kt
st

 (1,1)/ 

L mol
−1

∙s
−1

∙10 
5
 

TMAEA  

(20 wt.%/D2O)  
(130 ± 25) (8.4 ± 0.9) 

TMAEA  

(10 wt.%/D2O)  
(84 ± 18) (7.6 ± 0.8) 

 

 

Table  8.5: Comparison of microfriction, f, according to eq  ( 7.1) for the 
fully-ionized radicals of NaMAA and TMAEA in aqueous solution at 
60 °C. If not stated otherwise, values refer to end-chain homo-
termination, i.e., to kt

ss(1,1). 

 

  f 

NaMAA (5 wt.% / H2O) 84.2 

NaMAA (10 wt.% / H2O) 21.8 

TMAEA (20 wt.% / D2O) 47.8 

TMAEA (20 wt.% / D2O, kt
st

(1,1)) 428 

AAm (10 wt.% / H2O) 1.7 

AAm (10 wt.% / H2O, kt
st

(1,1)) 2.4 

 

Thus, kt
st(1,1) is reduced to a larger extent than kt

ss(1,1) with TMAEA 
which may be assigned to a higher microfriction, f, for MCRs (see 
Table  8.5) being described by the following expressions for 20 wt.% 
monomer content.  

 

ln(f ) = 7.9 – 1345 ∙ (T −1/ K−1)                                               for kt
ss(1,1) 

ln(f ) = 9.2 – 1071 ∙ (T −1/ K−1)                                               for kt
st(1,1) 

 

The expressions represent the differences between the diffusion limit 
and the measured values in Figure  8.10. The associated activation energies, 
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i.e., EA(f ) = 11.2 kJ·mol−1 for kt
ss(1,1) and EA(f ) = 8.9 kJ·mol−1 for kt

st(1,1), 
are smaller than for NaMAA indicating a lower ∆H(K ). 

The direct comparison of the microfriction, f , between NaMAA, 
TMAEA and AAm (Table  8.5) shows that the deviation from the diffusion 
limit for both kt

ss(1,1) and kt
st(1,1) is more pronounced with the termination 

of fully-ionized radical species in the order 
f (10 wt.% NaMAA) < f (TMAEA) < f (5 wt.% NaMAA). While kt

ss(1,1) of 
non-ionized AAm radicals is only around 60 per cent below the number 
estimated via eq ( 2.32), the values for termination of ionized radicals are 
lowered by more than one order of magnitude. The polymerizations of 
20 wt.% TMAEA and 10 wt.% NaMAA refer to almost the same molar 
concentrations (see Table  3.1). A direct comparison between these systems 
suggests that the longer side chain with TMAEA radicals provides an 
additional hindrance for termination. For 5 wt.% NaMAA the lower 
counter-ion concentration impedes the termination event by a preferred 
free-ion formation as expected from the proposed equilibrium in 
Section  7.3. In agreement with the mentioned kt

st(1,1)/kt
ss(1,1) values, the 

ratios of f (kt
st(1,1))/f (kt

ss(1,1)), i.e, 8.9 for TMAEA and 1.4 for AAm, is 
higher for TMAEMA as compared with AAm. This finding indicates that 
the impact of electrostatic repulsion is more pronounced with MCRs for 
which the radical functionality is "screened" by two charged side groups 
moieties rather than by one as with SPRs. 

 

Table  8.6: Comparison of the termination rate coefficients kt(1,1) for 
selected monomers in organic and in aqueous solution at 60 °C. The rate 
coefficients exclusively refer to chain-end radicals.  

 

60 °C kt(1,1) /10
7
·L·mol

−1
·s

−1
 Ref. 

TMAEMA (20 wt.% in D2O) 1.2 this work 

TMAEA (20 wt.% in D2O) 1.3 this work 

NaMAA (10 wt.% in H2O) 3.1 this work 

NaMAA (5 wt.% in H2O) 1.0 this work 

AAm (10 wt.% in H2O) 63 this work 

Sty (bulk) 69 this work 

VAc (bulk) 123 42 

MMA (bulk) 90 117 

BA (1.5 M in toluene) 62 37 
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As the diffusion limits for TMAEA (20 wt.%) and NaMAA (10 wt.%) 
radicals are similar, the higher friction opposing termination in TMAEA 
polymerization yields an absolute number of kt

ss(1,1) of TMAEA at 60 °C 
which is below the one with NaMAA and close to the number for 
TMAEMA (Table  8.6).  

 

Table  8.7: Cross-termination rate coefficients, kt
st(1,1), for several 

monomers at 50 °C.  

 

60 °C kt
st

(1,1) / L∙mol
−1

∙s
−1

∙10
7
∙ Ref. 

AAm (10 wt.% / H2O) 14 this work 

AAm (20 wt.% / H2O) 9 this work 

BA (1.5 M / toluene) 3.8 37 

TMAEA (20 wt.% / D2O) 0.085 this work 

 

The entire set of values from Table  8.6 for fully-ionized species are by 
at least one order of magnitude below the reported numbers for non-
ionized monomers in organic and aqueous solution which highlights the 
significant impact of ionization on termination rate. 

Also the absolute number for kt
st(1,1) in 20 wt.% TMAEA (Table  8.7) is 

by up to two orders of magnitude below the associated numbers for AAm 
and BA polymerization which supports the assumption that cross-
termination is of minor importance in aqueous solution polymerization of 
20 wt.% TMAEA. The obtained rate coefficients for aqueous-solution 
polymerization of 20 wt.% TMAEA allow for the calculation of molar MCR 
fractions (red line in Figure  8.11) which were obtained from fitting of the 
stationary EPR spectra. According to eq ( 2.12), the rate coefficient of cross-
termination, even though of minor importance for xMCR, was implemented 
as chain-length averaged quantity, <kt

st>. The related value was estimated 
on the basis of the composite-model parameters for kt

st(1,1) and a chain 
length of i = 1000. The end-chain radical concentration, cSPR, was set to 
1.5·10−3 mol·L−1 for all temperatures according to the very small 
temperature dependence of overall radical concentrations mentioned 
above. 

 

SPR

st

tM

t

pbb

bb

MCR
ckckk

k
x

⋅><+⋅+
=  ( 2.12) 
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Figure  8.11: Molar fractions of mid-chain radicals, xMCR, deduced from 
fitting of the experimental EPR spectra recorded during polymerization 
of TMAEA (20 wt.%) in aqueous solution between −5 and +95 °C. For 
comparison, reported experimental values of xMCR for BA polymerization 
(1.52 M in toluene)121 and AAm (10 wt.%) are included. The calculation 
for TMAEA refers to eq ( 2.12) taking cross-termination into account. 
LCA = long-chain approximation (see text). 

 

The satisfying agreement between experimental and calculated 
numbers underlines the quality of the data obtained so far. The agreement 
at low temperatures is even better if cross-termination is neglected, i.e., 
eq ( 2.11) for the so-called long-chain approximation (LCA) is used instead 
of eq ( 2.12). 

 

8.3.2 Interplay of Backbiting, MCR Propagation and 
Termination in TMAEA, AAm and BA Polymerizations 

The relevant rate coefficients for the transfer kinetics (see eq ( 2.12)) of 
TMAEA, AAm and BA polymerization in organic and aqueous solution, 
respectively, are given in Table  8.8 for 50 °C. As shown in Figure  8.11 the 
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numbers for xMCR of BA are in between the values found with AAm and 
TMAEA. Compared to AAm, the higher xMCR (TMAEA) cannot exclusively 
be explained with the higher kbb value of TMAEA. Moreover, 
xMCR (TMAEA) is even higher than with BA although BA exhibits the 
highest kbb among these three monomers. The reason behind this effect is 
the large discrepancy in the MCR degradation rate. The values for 
kp

t (TMAEA) and kt
st(1,1) (TMAEA) are clearly below the corresponding 

ones of AAm and BA resulting in a higher xMCR for TMAEA.  

The kp
t and kt

st(1,1) values for AAm and BA are similar. As a 
consequence, xMCR (BA) exceeds xMCR (AAm) due to the higher value of 
kbb(BA). 

 

Table  8.8: Comparison of rate coefficients of backbiting, kbb, MCR 
propagation, kp

t, and SPR-MCR cross-termination, kt
st(1,1), at 50 °C 

between TMAEA, AAm and BA in aqueous and organic-solution, 
respectively. 

 

50 °C kbb / s
−1

 kp
t
/L mol

−1
 s

−1
 

kt
st

 (1,1)/ 10
8
 L 

mol
−1

 s
−1

 

TMAEA (20 wt.% /D2O ) 98 4.2 0.007 

AAm (10 wt.% /H2O) 44 22 1.2 

BA (1.5 M / toluene) 394 25 3.6 

 

8.3.3 Propagation Kinetics of End-chain Radicals in TMAEA 
Polymerization 

The numbers for the monomer-to-polymer conversion, X, determined 
after applying a single laser pulse are listed in Table  8.9 and were 
implemented into the PREDICI® for estimating kp

s being the only variable 
in this step (see Section  8.2). It has carefully been checked by the EPR data 
that the radical concentration has completely decayed before X has been 
measured. According to this procedure, kp

s is the final coefficient within an 
iterative turn being fitted. As a consequence, experimental uncertainties 
may be accumulated in kp

s. The obtained values for kp
s are considered to be 

accurate within a factor of two. 
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Figure  8.12: Arrhenius fit of the propagation rate coefficient for end-
chain TMAEA radicals, kp

s, at 20 wt.% monomer content between 0 °C 
and 90 °C as well as the kp

s value for 10 wt.% at 50 °C. The regression 
refers to 20 wt.% TMAEA in aqueous solution. 

 

 

Table  8.9: Fractional monomer-to-polymer conversion, X, and rate 
coefficients for SPR propagation, kp

s, for 20 wt.% TMAEA in D2O as well 
as for 10 wt.% TMAEA at 50 °C from PREDICI® fitting (see text). 

 

T / K X kp
s 
/ 

10
4
·L·mol

−1
·s

−1
 

 20 wt.% 

273 0.42 ± 0.05 1.8 ± 0.4 

293 0.44 ± 0.07 2.5 ± 0.3 

323 0.51 ± 0.04 3.7 ± 0.2 

363 0.60 ± 0.02 5.7 ± 0.3 

 10 wt.% 

323 0.41 ± 0.05 3.5 ± 0.2 
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The values for kp
s of 20 wt.% TMAEA are given in an Arrhenius plot in 

Figure  8.12 and can be described by the relationship  

 

kp
s / (L·mol−1

·s−1) = 1.7∙106∙ exp(−1239·(T 
−1/K −1))   

for 20 wt.% TMAEA 

 

Using this expression, a value of kp
s = 42,500 L·mol−1

·s−1 is obtained for 
60 °C which is significantly higher than the corresponding number for 
TMAEMA, i.e., kp

s = 3500 L·mol−1
·s−1, at the same temperature and 

monomer weight percentage. An identical trend between a methylated and 
non-methylated derivate is reported for MAA and AA (Table  8.10) which is 
due to a higher activation energy and an enhanced entropy penalty for TS 
formation since the methyl group induces a reduced internal mobility in 
TS structure. In terms of the activation energy for kp

s, EA(kp
s), TMAEA is 

quite close to AA and NaMAA, similar to MAA but smaller than EA(kp
s) of 

AAm. The tabulated monomers in Table  8.10 differ in their pre-exponential 
factors with BA, AA and AAm exhibiting the highest values for A(kp

s). 

 

Table  8.10: Comparison of the rate coefficients for propagation of end-
chain radicals, kp

s, at 50 °C and of Arrhenius parameters for various 
monomers in aqueous solution.  

 

kp
s
 EA(kp

s)/ 
kJ∙mol−1 

A(kp
s)/107∙ 

L∙mol−1∙s−1 

kp
s
 (50 °C) / 103 

L∙mol−1∙s−1 
Ref. 

TMAEA 
(20 wt.% /D2O ) 

(10 ± 2) (0.17± 0.09) 37 
this 

work 

NaMAA  

(20 wt.% / H2O) 
(12.4 ± 0.6) (0.02 ± 0.01) 1.9 35 

MAA  

(20 wt.% / H2O) 
(14.1 ± 0.3) (0.9 ± 0.2) 4.8 35 

AAm  

(10 wt.% / H2O) 
(17.4 ± 0.5) (5.8 ± 0.3) 81 29 

AA  

(20 wt.% / H2O) 
(11.9 ± 0.9) (1.2 ± 0.6) 140 23 

BA  

(1.5 M / toluene 
(17.4 ± 0.8) (1.8 ± 0.5) 27 19 
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The value for TMAEA is larger than A(kp
s) for NaMAA but smaller 

than A(kp
s) of MAA in aqueous solution indicating an increasing internal 

mobility for the TS in the order NaMAA, TMAEA, MAA, AA and AAm.  

The kp
s values for 10 wt.% and 20 wt.% at 50 °C (Table  8.9) are very 

close to each other. The strong variation of kp
s with monomer 

concentration for non-ionized monomers as described in Section  5.2.2 is 
not seen for fully-ionized species.35,72 For the aqueous-solution 
polymerization of NaMAA, the reported numbers for kp

s increase by a 
factor of two upon passing from 5 to 10 wt.% monomer and reach a plateau 
of higher concentrations.35 No reason is seen why SPR and MCR 
propagation should not behave the same way. Since no significant 
variation in kp

t for TMAEA has been observed toward higher monomer 
concentration, no variation is expected for kp

s as well.  

The kp
t/kp

s ratio for TMAEA at 50 °C, i.e., 1.1∙10−4, is not that different 
from 3.5∙10−4 found for 10 wt.% and 20 wt.% AAm but smaller than with BA 
(1.5 M/toluene), kp

t/kp
s = 9.1∙10−4.19,22,29 The discrepancy between kp

s (BA) 
and kp

s (TMAEA) is mainly due to the activation energies. The ratio of the 
pre-exponential factors for TMAEA, i.e., A(kp

t)/A(kp
s) = 0.04, is very close 

to the corresponding number for BA, i.e., A(kp
t)/A(kp

s) = 0.05, and above 
the mean-value of AAm, i.e., A(kp

t)/A(kp
s) = 0.02.  

 

 

8.3.4 Simulation of Steady-state Polymerizations of TMAEA 

The obtained set of rate coefficients which comprises propagation, 
termination and transfer kinetics allows for the simulation of conversion 
vs time profiles, recorded under stationary conditions for 20 wt.% TMAEA 
at 50 and 70 °C shown in Figure  8.13.107 The measured conversion vs time 
trace is compared to the data simulated by the PREDICI® program on the 
basis of the determined rate coefficients from SP–PLP–EPR. For this 
simulation, ideal polymerization kinetics was assumed to be applicable. 
The effective rate coefficient of initiator decomposition for VA-86 was 
taken from literature.200,201 The close agreement between simulation and 
experiment underlines the quality of the determined rate coefficients and 
supports the experimental strategy of deducing the entire set of rate 
coefficients from a single SP–PLP–EPR with the related monomer-to-
polymer conversion being accurately known. 
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Figure  8.13: Comparison of experimental and simulated conversion, X, 
vs time traces for chemically initiated TMAEA (20 wt.% in D2O) 
polymerization at 50 and 70 °C with VA-086, cVA-86 = 2.9 mmol∙L−1 and 
cVA-86 = 1.2 mmol∙L−1, respectively, acting as the thermally decomposing 
initiator. The simulation is based on ideal polymerization kinetics with 
the rate coefficients taken from the SP–PLP–EPR experiment presented 
above. The experiment for chemically initiated TMAEA polymerizations 
were performed by Patrick Drawe.107 
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9  

Open Questions and Remaining Challengesiv 

Despite the success reached so far, an enormous amount of work 
remains to be done, e.g., into the detailed homopolymerization kinetics of 
various types of monomers, including partially and fully ionized monomers 
with different counter ions, as well as into systems at moderate and high 
degrees of monomer conversion, not to talk about copolymerization and 
the kinetics of short-living species, i.e., primary radicals. 

9.1 CLDT up to High Conversion 

So far, reliable data of CLDT is only available for the initial period of 
radical polymerizations. As technical processes are carried out up to much 
higher conversions, it appears to be a matter of priority to extend the 
method into the region of medium and high degrees of monomer 
conversion. Moreover, a significant fundamental interest focuses on 
termination under conditions of extreme diffusion control. The viscosity of 
bulk polymerizations at high conversion may exceed the one of the initial 
monomer system by several orders of magnitude.44 The qualitative change 

 
 

iv Reproduced in parts with permission from Buback, M.; Schroeder, H; Kattner, H. Macromolecules 
2016, 49, 3193–3213, Copyright 2016, American Chemical Society 
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of chain-length-averaged kt, <kt>, as a function of monomer-to-polymer 
conversion, X, has been presented in Ref.82 for MMA bulk polymerization. 
An initial range of segmental diffusion control is followed by a region 
where translational diffusion controls <kt>. Toward even higher 
conversion, reaction diffusion may operate. Depending on the monomer 
under investigation, the individual modes of control may extend over quite 
different ranges of monomer conversion thus giving rise to a wide pattern 
of <kt> vs X correlations.  

Some data on CLDT for higher X have been measured via RAFT-CLD-
T.213 The results indicate an increase of the power-law exponent with 
X.95,141,214 The data, however, is restricted to high temperatures and suffers 
from the restriction that in RAFT-CLD-T the conversion and the chain 
length increase simultaneously thus reaching large chain lengths only at 
very high degrees of monomer conversion. The impact of conversion and 
chain length on termination rate may thus not be investigated 
independently. Along the same lines, no information about the termination 
rate coefficient of short radicals at high conversion is accessible from 
RAFT-CLD-T. This information is however required, as small-size are 
expected to occur at high conversion due to the increase in radical 
concentration by the gel-effect and the lower monomer concentrations. 
Moreover, the numbers of kt(i,i) for RAFT-CLD-T are estimated indirectly 
from polymerization rate which may be affected by the RAFT kinetics.215 

To carry out SP–PLP–EPR experiments at high monomer conversions, 
this region may be approached by two strategies: (1) A thermally initiated 
polymerization which does not affect the photoinitiator may be carried out 
first followed by the SP–PLP–EPR experiment at high polymer content. 
(2) A significant amount of polymer is added to a mixture of monomer and 
photoinitiator. The advantage of this second procedure relates to the fact 
that detailed termination kinetics may be measured for different types of 
polymeric background material being added. Problems may arise from the 
significant changes in the polarity of the system making the EPR signal 
intensity a function of conversion which is particularly challenging with 
respect to the calibration procedure. Thus the experiments should be 
conducted for styrene polymerization216–218 since the EPR intensity 
remains constant up to high conversion whereas a threefold intensity 
increase was observed for MMA bulk polymerization.124  
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9.2 DP–PLP–EPR-Experiments  

The SP–PLP–EPR experiments illustrated so far deliver rate coefficients 
for termination of two radicals of more or less identical size. Thus the 
question arises whether and how the so-obtained coefficients may be used 
in conventional polymerization. The termination rate coefficients from SP–
PLP–EPR are directly applicable toward reversible deactivation 
polymerizations, which are characterized by a very narrow distribution of 
radicals, but in conventional polymerization and thus in most of the 
technical processes, termination occurs between radicals of different size. 
The rate coefficient, kt(i,j), for termination of two radicals, of chain length i 
and j, (cross-termination) therefore needs to be known for simulation of 
the majority of polymerization processes. Three models have been used to 
estimate kt(i,j) from known coefficients for termination of two radicals of 
identical size, kt(i,i) and kt(i,j): the geometric-mean model (gm), the 
diffusion-mean model (dm) and the harmonic-mean model (hm) (see 
Section  2).101 To decide which model is best suited, double-pulse 
experiments (DP–PLP–EPR) should be carried out, in which a second laser 
pulse is applied at a pre-selected delay time. For fully-ionized methacrylic 
acid (5 wt.% in H2O), taken as an example, a DP–PLP–EPR measurement 
has been performed at 60 °C (Figure  9.1). On the basis of the reported rate 
coefficients and composite-model parameters from Section  7.2.2, the 
program package PREDICI® was used to estimate kt(i,j). The underlying 
PREDICI® model differs from the one applied to TMAEMA polymerization 
only by kt(i,j) being implemented according to the above-mentioned mean 
values. The second laser pulse generating an enhanced concentration of 
the species with chain length j was applied at a delay time of tsec = 16 ms 
resulting in a difference in chain length between the two distributions of 
∆i,j = 7, i.e., i = j+7. The comparison between the experiment (black line) 
and the simulation without cross-termination (red line) demonstrates the 
important role of cross-termination. The differences between the three 
models are, however, less pronounced which is due to the low kp/kt ratio of 
NaMAA radicals. The simulations indicate that a higher ∆i,j (i.e., for a high 
kp, and a higher concentration of radicals from the first pulse at tsec (i.e., for 
low kt) enlarges the differences between the three models and may allow 
for model discrimination. TMAEMA with kp being four times higher than 
kp(NaMAA, 5 wt.%) should be a suitable candidate to answer the question 
for the best model approach. 
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Figure  9.1: Radical concentration vs time traces for double-pulse 
experiments (DP–PLP–EPR) of fully-ionized methacrylic acid (NaMAA, 
5 wt.% in H2O) at 60 °C. The simulations are based on the known rate 
parameters from Section  7.2.2 adopting the harmonic mean (hm), 
geometric mean (gm) and the diffusion mean (dm) models for cross-
termination of radicals. The discrepancies between the models become 
more pronounced toward higher kp and lower kt. 

9.3 Polymerization Kinetics of Ionic Monomers 

The present study provides access to the propagation, termination and 
transfer kinetics of ionic monomers by SP–PLP–EPR. Nevertheless a large 
amount of research remains to be done. Drawe et. al.

219 reported a strong 
impact of counter ions on the polymerization rate of acrylic acid. The role 
of counter ions might be investigated for different cationic and anionic 
monomers, e.g., sulfonic acids and ammonium salts, with respect to 
concentration and to the type of the counter ion, e.g., Na+, Li+, Cl− or SO4

2−, 
respectively. In this context, the trapping of cations by cryptands and 
crown ethers for anionic monomers promises further insight into the 
mechanisms of propagation, termination and backbiting. Because of the 
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complex kinetics in systems with MCRs, the special effects of the type and 
concentration of counter ions should first be studied on methacrylates.  

9.4 Termination Kinetics in Radical 
Copolymerization 

The SP–PLP–EPR results presented so far refer exclusively to 
homopolymerizations. First time-resolved EPR experiments were 
performed by L. Riemann for the copolymerization of methyl methacrylate 
(MMA) with styrene in bulk at 333 K.220 The results indicate that the rate 
coefficient for termination between a monomeric styryl and a MMA 
radical, kt

cross(1,1), is clearly above the corresponding homotermination 
coefficients, kt

sty(1,1) and kt
MMA(1,1), see (Figure  9.2). The PREDICI® model 

needed for the analysis of time-resolved EPR data is of high complexity, as 
penultimate-unit effects were included.221 Until now, no explanations is at 
hand for the high kt

cross(1,1) and thus further investigations are required.  
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Figure  9.2: Monomeric rate coefficient of termination for homo-
polymerizations of styrene (fsty = 1) and MMA (fsty = 0) in bulk as well as 
for the associated copolymerization (fsty = 0.5) at 333 K with DCP 
(9·10−2 mol·L−1) acting as the photoinitiator. fsty is the molar fraction of 
styrene. Data taken with permission from Ref.220 
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9.5 Transient EPR Spectroscopy 

The investigations presented here rest on continuous-wave (CW-) EPR 
spectroscopy which requires magnetic field modulation (MFM) to obtain a 
high signal quality. With a modulation frequency of 100 kHz three and up 
to four modulation cycles of the magnetic field have usually to be passed 
for a single data point of EPR intensity.222 It comes thus as no surprise that 
the EPR time resolution is significantly reduced by the MFM which 
however is an integral part of CW-EPR spectroscopy. The employed state-
of-the-art microwave bridge and digitizer provide a theoretical time 
resolution of 1 ns which is diminished to 10 µs. The time resolution is 
sufficiently high for resolving reaction steps, e.g., termination and 
backbiting, which occur on a millisecond time scale and are sufficient for 
reactions on a microsecond time-scale, such as propagation. The CW-EPR 
spectroscopy thus allows for a detailed investigation into CLDT. The 
investigation of very fast reaction steps , e.g., of initiation processes, are 
currently beyond reach.  

The modulation-free transient EPR (trEPR) spectroscopy provides time 
resolution from the microsecond scale to 10 ns. Here, the decay of the 
chemically induced dynamic electron spin polarization (CIDEP) is 
measured. The related non-equilibrium spin states result from the 
photochemical generation of transient paramagnetic species. For a detailed 
discussion about CIDEP mechanisms see Ref.223,224 The induced 
polarization is by orders of magnitude larger than the "Boltzmann" signal. 
Nevertheless, a series of signals have to be co-added to yield a signal 
quality as with CW-EPR spectroscopy. The relaxation time into the 
Boltzmann equilibrium has to be considered for kinetic data analysis but is 
usually on the microsecond time scale and thus sufficiently high for 
investigations into very fast reaction steps which might be: 1) initiation, 
i.e, the addition of primary, photoinitiator-derived radicals to monomer 
molecules, 2) propagation of monomeric radicals providing information 
about kp

1 and insight into the chain-length dependency of propagation, 3) 
transfer processes in the initial period of reversible-deactivation radical 
polymerization, e.g., in the pre-RAFT-equilibrium, 4) retardation and 
inhibition processes. Since the CIDEP decay is measured at constant 
magnetic field, several experiments have to be conducted at different field 
positions in order to record an entire trEPR spectrum. Using a flow-system, 
e.g., AquaX®, ensures identical and reproducible experimental conditions.  

The CW-EPR setup used within this thesis meets all requirements for 
trEPR, e.g., contains a transient-recorder. The time-resolution may 
however be limited to 300 ns due to the applied SHQE cavity. It should be 
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checked whether a MD5(FT) model with a resolution below 1 ns can be 
used instead. Both cavities are compatible with the AquaX system which is 
already available in the EPR laboratory. 
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Appendix A 

Density and Fluidity Data 
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Figure A 1: Arrhenius plots of fluidity for Sty-H8 (bulk) containing 
different amounts of DCP. Within the SP–PLP–EPR experiments, a 
concentration of 0.09 mol∙L−1 DCP was used. 
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Figure A 2: Temperature dependence of fluidity (i.e., inverse viscosity) 
for different AAm concentrations in aqueous solution between 20 and 
60 °C. The relevant activation energies are noted in the figure. 
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Figure A 3: Temperature dependence of fluidity for bulk DBI between 
20 and 60 °C. 
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Figure A 4: Temperature dependence of density for the aqueous 
solutions of 5  and 10 wt.% fully-ionized methacrylic acid (NaMAA) 
between 31 and 62 °C. 
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Figure A 5: Temperature dependence of fluidity for the aqueous 
solutions of 5 and 10 wt.% NaMAA between 20 and 60 °C. The related 
activation energies are noted.  
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Figure A 6: Temperature dependence of density for the aqueous 
solution of 20 wt.% TMAEMA between 22 and 61 °C. 
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Figure A 7: Temperature dependence of fluidity for the aqueous 
solution of 20 wt.% TMAEMA between 30 and 60 °C.  
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Figure A 8: Temperature dependence of density for the aqueous 
solutions of 10 and 20 wt.% TMAEA between 31 and 62 °C. 
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Figure A 9: Temperature dependence of fluidity for aqueous solutions 
of 10 and 20 wt.% TMAEA between 20 and 60 °C.  
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Temperature Dependent Crossover Chain 
Length 
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Figure A 10: Crossover chain-length, ic, for bulk polymerizations of 
dodecyl methacrylate (DMA), ethylhexyl methacrylate (EHMA) and 
hexyl methacrylate (HMA) deduced from SP–PLP–EPR experiments with 
MMMP as the photoinitiator (27 mM). The measurements were 
performed in cooperation with Lara Riemann and served the purpose of 
verifying the temperature dependence of ic as observed for 
methacrylates by N. Sörensen.91 
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PREDICI® Simulation of Styrene and AAm 
Polymerization 
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Figure A 11:  PREDICI® fitting of the MCR concentration vs time profile 
deduced from an SP–PLP–EPR measurement at 95 °C and 10 wt.% AAm 
(in aqueous solution) assuming the rate coefficient of MCR-MCR 
termination, kt

tt(1,1), to be either zero or 0.01∙kt
ss(1,1). The figure serves 

the propose of illustrating that MCR-MCR termination does not 
contribute to the measured decay of cMCR vs t.  
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Figure A 12: Overall and individual radical concentrations during AAm 
homopolymerization (10 wt.%) in aqueous solution under stationary 
conditions between –5 and +95 °C. The data has been deduced from 
experimental EPR spectra by double-integration and calibration against 
TEMPOL solutions. The individual SPR and MCR concentrations were 
used for the calculation of xMCR. 

 

PREDICI Simulation and Fitting Procedure with Styrene 
Polymerization 

For styrene homopolymerization at low degrees of monomer 
conversion, chain-length-dependent rate coefficients of termination, kt(i,i), 
were transferred into the associated chain-length-averaged <kt> values by 
PREDICI fitting carried out in two steps: Based upon the data for 
initiation, propagation and for the concentrations applied in Ref.120, kt(i,i) 
was estimated via the so-called Combination/Disproportionation reaction 
step by .fun-file using the composite-model parameters reported in the 
text. The resulting macroradical concentration vs t profiles were re-fitted 
in a second step by a modified model using the parameter estimation mode. 
Thereby, termination was treated as being chain-length independent 
within the Combination/Disproportionation reaction step 
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Appendix B 
 

Simulation and Fitting of EPR Spectra 

Matlab Scriptum using Easyspin (TMAEA 353 K) 

clc 

clear all 
close all 

easyspin 

___________________________________________________________ 

%% Import data from text file. 

% Script for importing data from the following text file: 

%C:\Users\HK\Documents\Uni\Promotion\ESR-
 Auswertung\FA1Quat\20140124\FA1Quat_353K.txt 

%% To extend the code to different selected data or a different text file, 
% generate a function instead of a script. 

  

% Auto-generated by MATLAB on 2014/06/17 10:55:09 

______________________________________________________ 

%% Initialize variables. 

filename='C:\Users\HK\Documents\Uni\Promotion\ESR-  
           Auswertung\FA1Quat\20140124\FA1Quat_353K.txt'; 

delimiter = '\t'; 
___________________________________________________________ 

%% Format string for each line of text: 

%   column1: double (%f) 

%   column2: double (%f) 

% For more information, see the TEXTSCAN documentation. 
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formatSpec = '%f%f%[^\n\r]'; 
___________________________________________________________ 

%% Open the text file. 

fileID = fopen(filename,'r'); 

___________________________________________________________ 
%% Read columns of data according to format string. 

% This call is based on the structure of the file used to generate this 
% code. If an error occurs for a different file, try regenerating the code 

% from the Import Tool. 
dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter,  '   

 ReturnOnError', false); 

______________________________________________________ 

%% Close the text file. 

fclose(fileID); 
___________________________________________________________ 

%% Post processing for unimportable data. 

% No unimportable data rules were applied during the import, so no 
 post 

% processing code is included. To generate code which works for 

% unimportable data, select unimportable cells in a file and regenerate 
 the script. 

___________________________________________________________ 
%% Allocate imported array to column variable names 

VarName1 = dataArray{:, 1}; 
VarName2 = dataArray{:, 2}; 

______________________________________________________ 

%% Clear temporary variables 

clearvars filename delimiter formatSpec fileID dataArray ans; 
B=VarName1; 

spc=VarName2; 
plot(B,spc) 

___________________________________________________________ 
%Definition of Systems% 

Sys1.g = 1.9962088285294222; %http://www.easyspin.org/% 
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A1 =2.0682; 
A2 =1.8537; 

A1= mt2mhz(A1,2.0023193043617); 
A2= mt2mhz(A2,2.0023193043617); 

Sys1.Nucs = '1H,1H'; 
Sys1.A = [A1 A2]; 

Sys1.n = [1 2]; 
Exp.ModAmp = 0.3; 

Exp.mwFreq = 9.410; 
Exp.Range = [329.3 344.285352]; 

Sys1.lw = [0.44 0.4]; 
Vary1.g = [0.01];   

Vary1.A = [1 1]; 
Vary1.lw = [0.45 0.3]; 

  

Sys2.g = 1.99755; %http://www.easyspin.org/% 
A3 = 1.6524; 

A4 = 1.1066; 
A3= mt2mhz(A3,2.0023193043617); 

A4= mt2mhz(A4,2.0023193043617); 
Sys2.Nucs = '1H,1H'; 

Sys2.A = [A3 A4]; 
Sys2.n = [2 2]; 

Sys2.lw = [0.503059853110559 0.543816986043898]; 

  

Sys3.g = 1.99755;%http://www.easyspin.org/% 

A7 =2.7459; 

A7= mt2mhz(A7,2.0023193043617); 
Sys3.Nucs = '1H'; 

Sys3.A = [A7]; 
Sys3.n = [2]; 

Sys3.lw = [0.315254443018229 -0.00102242059933400]; 
___________________________________________________________ 
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%Variation of Parameters% 

Vary1.g = [0.01];   

Vary1.A = [1 1]; 
Vary1.lw = [0.1 0.1]; 

Vary2.g = [0.01];   
Vary2.A = [10 10]; 

Vary2.lw = [0.3 0.3]; 
Vary3.g = [0.01];  

Vary3.A = [10]; 
Vary3.lw = [0.3 0.3]; 

___________________________________________________________ 
%Fractions% 

Sys1.weight = 0.0; 
Sys2.weight = 0.308233064633229; 

Sys3.weight = 0.0233490769353011; 

  

MCR3fraction = (Sys3.weight)/(Sys2.weight+Sys3.weight) 

Vary1.weight = 0.9; 
Vary2.weight = 0.9; 

Vary3.weight = 0.1; 

___________________________________________________________ 

%Fitting% 

SimOpt.Method = 'perturb'; 

FitOpt.Method = 'genetic fcn';  
FitOpt.Scaling = 'maxabs'; 

esfit('garlic',spc,{Sys1,Sys2,Sys3},{Vary1,Vary2,Vary3},Exp,SimOpt,FitO
 pt); 

___________________________________________________________ 

%Extraction of Individual Spectra: 

MCR1=garlic(Sys2,Exp); 

MCRscale1=MCR1*Sys2.weight; 
MCR2=garlic(Sys3,Exp); 

MCRscale2=MCR2*Sys3.weight; 
plot(B,MCRscale1) 
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Using the Graphical User Interface 
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Appendix C 

Abbreviations  

Abbreviations and Acronyms 

 

AA  acrylic acid (non-ionized) 

AAm  acrylamide (monomer) 

A(H)  proportional factor for Heller-McConnel Equation 

a(H)  hyperfine coupling constant for an H-atom 

A(kX)  (Arrhenius) pre-exponential factor of the rate coefficient kx 
α   power-law exponent describing the chain-length  

αl   α in the long chain-length regime 

AMPS   2-acrylamido-2-methylpropane sulfonic acid 
αs   α in the short chain-length regime 

BA  butyl acrylate  

Bx  magnetic field position 

CI   chemically initiated  

CLD  chain-length dependent  

CLDP  chain-length dependent propagation 

CLDT   chain-length dependent termination  

CRD   reaction diffusion constant 

CRP  conventional radical polymerization 
cSPR   concentration of end-chain macroradicals  

CTA   chain-transfer agent 
cx   concentration of substance x 
cx

0   initial concentration of substance x  
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DA   dodecyl acrylate  

DBI  di(n-butyl) itaconate 

DCP  dicumyl peroxide 

DMA   dodecyl methacrylate   

DMPA   2,2-dimethoxy-2-phenyl acetophenone 
D  self-diffusion coefficient  

EA(kx)   activation energy of coefficient kx 
EPR   electron paramagnetic resonance   

eq   equation  

f   initiator efficiency or microfriction 
FT   Fourier transformation  

η  dynamic viscosity   

hfc  hyperfine coupling 

hfcc  hyperfine coupling constant 

∆H  change of enthalpy 

h1, h2   calibration constants in SP-PLP-ESR  

ηr   relative viscosity  
I   EPR signal intensity 
I
0   initial EPR signal  

i, j   radical chain length 
ic   cross-over chain length according to the Composite Model  
kb   Boltzmann constant 
kbb   backbiting rate coefficient 
kd  initiator decomposition rate coefficient 
K  equilibrium constant 
ki   rate coefficient of monomer addition to initiator-derived 
  primary radicals 
kp   propagation rate coefficient 
kp

0  propagation rate coefficient without the contribution of 
  diffusion 
kp

s   propagation rate coefficient of secondary propagating  
  radicals 
kp

t   propagation rate of midchain radicals 
kpeff   effective propagation rate coefficient 
kSD   rate coefficient of segmental diffusion  

kt   termination rate coefficient  

<kt>   chain-length-averaged termination rate coefficient 
kt

0   termination rate coefficient of (hypothetical) coiled  
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  monomeric radicals 
kt(1,1)   termination rate coefficient of radicals of chain length  
  unity 
ktc   rate coefficient for termination by combination 
kTD   rate coefficient of translational diffusion 
ktd   rate coefficient for termination by disproportionation 
kt

eff   effective termination rate coefficient 
kt(i,i)   termination rate coefficient of radicals of identical chain 
  length i 
kt(i,j)   termination rate coefficient of radicals of size i and j 
kRD   reaction diffusion controlled termination rate coefficient 
kt

ss(1,1)  termination rate coefficient of two monomeric secondary 
  propagating radicals 
kt

st(1,1)  termination rate coefficient of a monomeric secondary  
  propagating radical and hypothetical monomeric midchain 
  radical 
kt

tt   termination rate coefficient of a two hypothetic  
  monomeric midchain radicals 
LC   regime long contact regime  

M  molecular mass   

MA   methyl acrylate  

MAA   methacrylic acid  

MEHQ   hydroquinone monomethyl ether  

MMD  Molar mass distribution 

MMMP  2-methyl-4-(methylthio)-2-morpholino-propiophenone 
NA   Avogadro’s number 

NaAA  fully-ionized acrylic acid 

NaMAA fully-ionized methacrylic acid  

NIR   near infrared  

NMR   nuclear magnetic resonance  

ω   reaction order in monomer concentration  

p.r.r.  pulse repetition rate 

NVP   N-vinyl pyrrolidone 
PLP   pulsed laser polymerization  
RC   capture radius according to Smoluchowski equation 

RD   reaction diffusion 
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r1  hydrodynamic radius of a monomeric radical 
RP   rate of polymerization 
SD   segmental diffusion  

SEC   size exclusion chromatography  

S/N  signal-to-noise ratio 

SP   single pulsed 

Sty  styrene 
T   absolute temperature (in Kelvin) 
t   time 

Θ  dihedral angle (see Heller-McConnel Equation) 

θ  temperature in degrees centigrade (°C) 
tp   propagation time  

TD   translational diffusion  

TEMPO  2,2,6,6-tertramethyl-1-piperidinyloxyl  

TMAEA Trimethylaminoethyl acrylate chloride (monomer) 

TMAEMA Trimethylaminoethyl methacrylate chloride (monomer) 

TS   transition state  

TST  transition state theory 

UV   ultra violet  

VAc  vinyl acetate 

VPi  vinyl pivalate 

V50   2,2’-Azobis (2-methylpropionamidine) dihydrochloride 
  (initiator) 

V86  2,2'-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] 

  (initiator) 

wt.%  weight percent with respect to the monomer-solvent  
  mixture  

X   monomer-to-polymer conversion 
xi   molar fraction of species i 
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