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1. ABSTRACT  1 

1. ABSTRACT 
 

Three aspects of free-radical polymerization have been addressed: (i) the propagation rate in 

acrylate/methacrylate copolymerizations, (ii) the chain-length dependence of the termination 

rate coefficient in bulk polymerization, and (iii) the analysis of the type of radicals produced 

in acrylate homopolymerizations and their influence on the reaction rate. 

 

Propagation kinetics in free-radical bulk (co)polymerization have been investigated by 

applying the pulsed laser polymerization size-exclusion chromatography (PLP-SEC) 

technique to several binary acrylate/methacrylate systems. Copolymerization propagation rate 

coefficient, kp,copo, and copolymer composition of the systems MA/MMA, DA/DMA, 

MA/DMA, and DA/MMA have been studied at 1000 bar and temperatures between 22 °C and 

40 °C. The systems were chosen such as to consist of acrylates and methacrylates with alkyl 

ester chains being of both small (methyl), both large (dodecyl) or one small and the other 

large. The data is analyzed in terms of the terminal and the IPUE models. In all cases the 

terminal model allows for good individual fits of kp,copo and of copolymer composition. 

Moreover, the terminal model is capable of describing the composition and kp,copo data with 

almost the same reactivity ratios for the systems DA/DMA, MA/MMA, and MA/DMA 

measured at 22 to 23 °C/1000 bar but failed to represent the same systems at 40 °C/1000 bar. 

In the latter case, the IPUE model was able to fit the obtained results satisfactorily. For the 

system DA/MMA at both temperatures (23 °C and 40 °C) even the IPUE model provides no 

reasonable representation of kp,copo and copolymer composition. 

 

Single pulse initiation was combined with time-resolved electron spin resonance (ESR) 

detection of the decay in pulse-laser-induced radical concentration. Dodecyl methacrylate 

(DMA), cyclohexyl methacrylate (CHMA) and benzyl methacrylate (BzMA) were 

investigated via the novel single pulse-pulsed laser polymerization-electron spin resonance 

(SP-PLP-ESR) technique. An important advantage of SP-PLP-ESR over the conventional 

single pulse-pulsed laser polymerization-near-infrared spectroscopy (SP-PLP-NIR) technique 

is that the termination rate coefficient for two radicals of the same chain lengths, kt(i, i), can 

be determined by a single differentiation of radical concentration, cR(t), whereas monomer 

concentration, cM(t), measured in SP-PLP-NIR has to be differentiated twice to yield kt(i, i). 

The values of termination rate coefficient for DMA bulk polymerization show close 

agreement with the literature data obtained using the SP-PLP-NIR technique. The results for 
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DMA, CHMA and BzMA provide strong support for the recently proposed composite model, 

in which termination rate coefficients, starting from small radicals, first considerably decrease 

with increasing free-radical size, e.g., with a power-law exponent of α1 = 0.5, and 

subsequently, e.g., at chain lengths above i = 100, decrease to a weaker extent, e.g., with the 

theoretically predicted power-law exponent α2 = 0.16.  

 

The ESR technique was also used for direct determination of the structure of propagating 

radicals in free-radical homopolymerization of n-butyl acrylate (BA) and dodecyl acrylate 

(DA) under PLP conditions (laser frequency 20 Hz). The measurements were carried out in 

solution of toluene over a wide range of temperatures, from –50 to 70 °C. At low temperature, 

a six-component 4-line spectrum is seen. This spectrum is assigned to a secondary 

propagating radical with one α-proton and two β-methylene protons. At higher temperatures, 

the ESR spectrum changes to a 7-line spectrum with broader line width. The ESR spectra 

obtained at low degrees of monomer conversion and intermediate temperatures may be 

adequately represented by superimposing the six-component 4-line spectrum of secondary 

propagating radicals with the 7-line spectrum assigned to tertiary mid-chain radicals produced 

by intramolecular backbiting. The large fraction of mid-chain radicals explains the difficulties 

of applying the PLP-SEC technique toward kp analysis of acrylates at temperatures of 30 °C 

and above. 

 

The tertiary mid-chain radicals are rather stable. Monomer addition to such mid-chain radical 

proceeds at a much slower rate than addition to the parent secondary radical. In order to 

extend the knowledge about propagation kinetics of mid-chain radicals, the propagation rate 

coefficients of the dodecyl acrylate dimer (DAD) species, that forms radicals of a structure 

similar to the mid-chain radical, were measured as a function of temperature by applying 

PLP-SEC. The activation energy of the propagation reaction of DAD is obtained to be 

EA = 35.4 ± 4.3 kJ⋅mol–1. This value is in good agreement with literature data for the methyl 

acrylate dimer and the butyl acrylate dimer. 

 

Chemically initiated polymerizations of BA, DA, and DMA were carried out. In these 

measurements conversion as a function of time is detected and reaction orders of monomer 

and initiator have been deduced. In all cases a reaction order close to 0.5 is found with respect 

to initiator concentration. The experiments indicate that for BA and DA the reaction order 

with respect to monomer concentration is higher than the ideal reaction order of unity, 
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whereas, the monomer reaction order for DMA is close to unity. From the steady-state free-

radical polymerizations of BA, DA and DMA, the variation of the rate of polymerization and 

of the coupled parameter kp / kt
0.5 have been determined as a function of temperature, 

monomer, and initiator concentration. The kinetic behavior observed for BA and DA is 

assigned to the formation of mid-chain radicals. It was found that the ideal kinetic model 

describes DMA homopolymerization remarkably well. Termination rate coefficients for DMA 

obtained from the chemically initiated polymerizations, from SP-PLP-NIR, and from SP-PLP-

ESR show close agreement. 
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2. INTRODUCTION 
 

The worldwide production of synthetic polymers exceeds 100 million tons per year [1]. The 

main route to produce polymers is free-radical polymerization, which may be performed 

under relatively undemanding conditions. Some typical monomers, which readily undergo 

free-radical polymerization, are ethylene, styrene, vinyl acetate, methyl methacrylate, methyl 

acrylate, etc. Polyacrylates are produced almost exclusively by radical polymerization. 

Conventional radical sources, e.g., peroxides or azo-compounds, are used as initiators. 

Methyl, ethyl, n-butyl, and 2-ethylhexyl acrylate are produced on a large scale. Other acrylate 

esters such as tert-butyl, isobutyl, or dodecyl acrylates are also produced industrially, but not 

on a large scale. Most homopolymers of acrylates are suitable only for a few areas of 

application because of extremely low glass transition temperatures. They are too soft, too 

tacky, or show too high elongation and insufficient strength for many applications. Polymer 

with specific properties may be produced by copolymerization with monomers whose 

homopolymers have high glass transition temperature. Methacrylates, in particular methyl 

methacrylate, styrene and some others are used as comonomers to obtain desired copolymer 

properties. 

 

The aim of most polymerization kinetic studies has been the determination of accurate values 

for the individual rate coefficients governing free-radical polymerization, as the kinetics 

defines the structure and thus the properties of the polymer. Up to the late 1980s, propagation 

and termination rate coefficients were accessible only in their coupled form, kp / kt
0.5, or 

individually via combination of stationary and non-stationary techniques (e.g., the rotating 

sector method). However, differences in experimental conditions between a stationary 

polymerization and non-stationary polymerization lead to different radical populations and 

hence, because of chain-length dependence of kt, to an enormous scatter in the obtained data. 

The situation has dramatically improved since pulsed laser polymerization (PLP) with 

molecular weight analysis by size-exclusion chromatography (SEC) has been established as 

the method of choice to measure the propagation rate coefficients, kp, for free-radical 

polymerization in the late 1980s [2,3].  

Applying PLP in conjunction with infrared or near-infrared (NIR) spectroscopic measurement 

of monomer conversion induced by a single laser pulse (SP-PLP) allows for the determination 

of the ratio of termination to propagation rate coefficients, kp / kt, in wide ranges of 

temperature, pressure and monomer conversion [4]. kt is obtained by implementing kp values 



2. INTRODUCTION  5 

from independent PLP-SEC experiments. The distribution of free-radical chain lengths after a 

single pulse, typically of 20 ns width, is close to a Poisson distribution with chain length i 

being linearly correlated to time ( tcki ⋅⋅= Mp ), unless chain transfer interferes. As a 

consequence, SP-PLP experiments may provide access to investigations into the chain-length 

dependence of kt. The measurement of kt via SP-PLP is indirect in that the time-dependence 

of monomer concentration, rather than that of radical concentration, is measured.  

From theory it is known that the electron spin resonance (ESR) technique can provide 

information on both the structure and the concentration of propagating radicals [5]. 

Accordingly, ESR spectroscopy is a promising method for obtaining information on 

paramagnetic species (free radicals) in radical polymerization systems.  

In the present work the principles of single pulse-pulsed laser polymerization were combined 

with direct monitoring of the radical decay after applying a laser pulse via online time-

resolved ESR spectroscopy. Time-resolved measurements of macroradical concentration, cR, 

via ESR spectroscopy were first carried out by Westmoreland et al. [6] and by Zhu et al. [7]. 

Westmoreland et al. measured cR during high-conversion semi-continuous emulsion 

copolymerization processes. Non-stationary conditions were achieved by shutting down the 

flow of a red-ox initiator. Absolute radical concentration was determined from ESR peak 

heights. Zhu et al. carried out time-resolved ESR measurements on methyl methacrylate bulk 

polymerizations at 25 °C under “post-effect” conditions, which were created by switching off 

the UV lamp used for inducing AIBN decomposition. The decay in radical concentration was 

monitored by measuring the height of the central line of the ESR spectrum.  

The ESR studies into kt carried out in those studies were limited in that: (i) initiation could not 

be instantaneously stopped and (ii) the chain-length distribution of radicals at t = 0 (that is, at 

the moment when either photoinitiation or the addition of an initiator ceased) was broad. 

These limitations may be overcome by using time-resolved ESR spectroscopy in conjunction 

with initiation by a single laser pulse, in which case primary radicals are produced (almost) 

instantaneously. There is no initiation in the dark-time period as initiation starts sharply at 

t = 0. Moreover, the free-radical chain-length distribution is close to monodisperse (of 

Poisson-type) throughout the entire experiment unless chain transfer processes come into 

play. 

To distinguish the novel technique from the existing SP-PLP method, it will be referred to as 

SP-PLP-ESR whereas the established method will be referred to as SP-PLP-NIR. 

SP-PLP-ESR experiments provide access to measuring the chain-length dependence of kt by 

analyzing the rate of radical disappearance at different times t after applying a laser pulse.  
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The SP-PLP-ESR method is, however, not without difficulties. A major problem is associated 

with the time-resolved measurement of radical concentrations in the range 10–6 to                

10–8 mol·L–1. According to the SP-PLP relation )/( Mp ckit ⋅= , rapidly propagating monomers 

require highly time-resolved experiments. E.g., with acrylate monomers, where kp is of the 

order of 105 L·mol–1·s–1, it takes approximately 10 microseconds for one propagation step to 

occur. High termination rate also requires high experimental time resolution. Thus SP-PLP-

ESR studies are easier applied to low kp - low kt monomers.  

 

Within the present work acrylate/methacrylate copolymerization systems were measured. It is 

rather challenging to determine kp,copo values for these copolymerizations, because the 

corresponding homopolymerization propagation rate coefficients differ considerably.  

Moreover, a general problem with acrylates is related to the observation that at temperatures 

above 30 °C, the PLP-SEC technique results in a broad molecular weight distribution, which 

does not show the characteristics of a successful PLP-experiment. For this reason the kp,copo 

data was determined for acrylate/methacrylate copolymerizations at 22-23 °C/1000 bar.  

It is assumed, that the difficulty in obtaining reliable kp values for acrylates at temperatures 

above 30 °C is caused by the effect of intramolecular chain transfer to polymer (backbiting). 

Resulting tertiary radicals are relatively stable with a significant steric hindrance contributing 

to the low addition rate to monomer of these species [8]. The occurrence of mid-chain 

radicals, produced by transfer-to-polymer processes, has been confirmed by ESR 

spectroscopy under stationary free-radical polymerization conditions chiefly carried out by 

Yamada and colleagues [9,10,11], by Kajiwara and Kamachi [12], and by the observation of 

quaternary carbon atoms with 13C-NMR under PLP conditions [13]. PLP experiments on BA 

and DA carried out in conjunction with ESR detection should allow for identifying the 

amounts of secondary propagating and mid-chain radical concentrations in a wide temperature 

range. 

Finally, modeling of chemically initiated polymerization of BA, DA and DMA will be 

performed.  
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3. THEORETICAL BACKGROUND 
 

3.1 IDEAL POLYMERIZATION KINETICS 
 

Ideal polymerization kinetics is based on four assumptions: 

 

• all reactions are irreversible 

• monomeric species are only consumed in propagation steps 

• all macroradicals show the same reactivity, irrespective of their chain length 

• termination takes place only by disproportionation or bimolecular radical combination 

 

By these assumptions a kinetic scheme of a free-radical polymerization can be characterized 

with three fundamental steps: the formation of radicals, propagation of these radicals and 

termination of the radical chains.  

Each reaction will be described in more detail below. 

 

3.1.1 INITIATION 

 

The formation of radicals can take place after thermal, chemical or photochemical activation 

of an initiator. It may also be possible to induce polymerization by directly exciting the 

monomer. In this work, initiation by chemical and photochemical decomposition of an 

initiator is used.  

⋅→ R2I dk  

 

In case of photochemical induced polymerization a UV laser pulse of approximately 20 ns 

duration is fired on the reaction mixture (containing the initiator and the monomer(s)), with 

the intention of inducing an instantaneous free-radical population. The formation of radicals is 

thus fast in comparison to termination and propagation processes. The radical concentration, 

which is generated by a single laser pulse, cR
0, is given by Eq. 3.1 

     c
n

V
R

abs0 2= ⋅ ⋅Φ      (3.1) 

where Φ is the primary quantum yield, nabs is the number of absorbed photons and V is the 

irradiated volume. The primary quantum yield is the product of the laser efficiency ϕ and the 
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initiator efficiency f. According to Beer-Lambert's law, the number of absorbed photons can 

be calculated by Eq. 3.2. 

     ( )lc

E

E
n

⋅⋅−−⋅= I101
λ

P
abs

ε      (3.2) 

EP: energy of one laser pulse 

Eλ: energy of one mole of photons at the laser wavelength λ 

ε: molar absorption coefficient of the initiator molecule at the laser wavelength λ 

cI: photoinitiator concentration 

l: optical path length 

 

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

     Id
IR,

in 2
d

d
cfk

t

c
⋅⋅⋅==ν      (3.3) 

where cR,I is the concentration of radicals of an initiator, kd is the rate coefficient of initiator 

decomposition, f is the initiator efficiency and cI is the initiator concentration.  

 

3.1.2 PROPAGATION  

 

During the propagation step a monomer molecule is added to a macroradical. 

 

⋅→⋅+⋅ RMR Pk  

 

The change in monomer concentration can be expressed by the following rate law: 

     
d
d

M
p M R

c

t
k c c= − ⋅ ⋅       (3.4) 

kp: propagation rate coefficient 

cR: macroradical concentration 

cM: monomer concentration 

In the case of copolymerization, cM is the overall monomer concentration.  
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3.1.3 TERMINATION 

 

The termination reaction proceeds either by disproportionation, which involves the transfer of 

a β-hydrogen from one radical to the other, or by combination, which is usually a simple head 

to head coupling of the radicals involved. 

 

mnmn PPRR dt, +→⋅+⋅
k  

mnmn PRR ct,

+⋅ →⋅+⋅
k  

 

The termination rate coefficient, kt, is the sum of the rate coefficient for disproportionation, 

kt,d, and the rate coefficient for combination, kt,c. In the termination step the actual dead 

polymer chains are formed. The rate of termination is second order in the radical 

concentration cR: 

     2
Rt

R 2
d

d
ck

t

c
⋅⋅−=      (3.5) 

in which kt is the termination rate coefficient of two radicals. Integration of Eq. 3.5 yields 

Eq. 3.6 

     ( ) 10
Rt0

R

R 21
)( −

⋅⋅⋅+= tck
c

tc
    (3.6) 

Substitution of Eq. 3.6 into Eq. 3.4 yields the change in relative monomer concentration after 

a single laser pulse: 

1

0
R

tMp
M 1

2
d

d
−









+⋅⋅⋅⋅−=

c
tkck

t

c
    (3.7) 

By integration from this, one obtains the monomer concentration as a function of time: 

   ( ) t

p

20
Rt0

M

M 12
)(

k

k

tck
c

tc
⋅

−
+⋅⋅⋅=                (3.8) 

cM
0: initial monomer concentration prior to the laser pulse 

cR
0: initial free-radical concentration generated by a laser pulse 

 

Chemical reaction rates usually are close to the diffusion controlled limit [1]. Especially in a 

polymerization, where the termination step involves the diffusion of two macroradicals 

towards each other before the actual reaction can take place diffusion control is found [2].  

The process of termination can be divided into three stages: first translational (or center-of-

mass) diffusion of the center of gravity of two radicals should occur resulting in collision of 
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the two coiled growing polymer chains after which segmental diffusion has to take place in 

which the two radical chain ends of the entangled macroradicals terminate approaching each 

other.  

To describe termination processes, a third type of diffusion may be invoked: reaction 

diffusion. This is a process in which the addition of a monomer unit causes a displacement of 

a radical chain end. At very high viscosities, when the entire chain is almost immobile, this 

may prevent the rate determining process for radical ends to approach each other. 

The fact that for polymerization termination is diffusion controlled, makes it dependent on 

several parameters with respect to the medium, especially the viscosity. Furthermore, as 

chains grow longer, these chains will diffuse more slowly through the medium. As a 

consequence, the rate coefficient of termination is thought to be chain length dependent. It is 

generally accepted that the termination rate coefficient depends on the following factors [3]: 

(1) viscosity of the polymerizing system, (2) chain length of the terminating radicals, (3) 

temperature, (4) pressure, and (5) monomer conversion.  

In section 6, the chain-length dependence of kt will be discussed.  

 

3.1.4 CHAIN TRANSFER 

 

During polymerization, transfer of the radical functionality can occur to monomer, initiator, 

polymer, solvent or to transfer agents. 

 

⋅+→+⋅ XPXR Xtr,k  

 

The rate of chain transfer to a species X is given by:  

     XRXtr,
X

d
d

cck
t

c
⋅⋅−=      (3.9) 

where ktr,X is the rate coefficient of chain transfer to a species X and cX is the concentration of 

this species X, acting as chain transfer agent. A combined parameter, the rate constant Ctr,X, is 

used to describe transfer. This parameter is the ratio of the rate coefficients of transfer to 

propagation: 

     
p

Xtr,
Xtr,

k

k
C =                 (3.10) 
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This chain transfer step can have a large influence on molecular weight distribution, usually 

by reducing molecular weights.  

 

3.1.5 OVERALL REACTION 

 

In a chemically initiated polymerization the radical concentration is assumed to be quasi-

stationary. The overall polymerization rate, Rp, under ideal conditions is given by the 

following equation: 

inM

t

pM
p d

d
ν⋅⋅=−= c

k

k

t

c
R                (3.11) 

 

3.2 DETERMINATION OF PROPAGATION AND TERMINATION RATE 

COEFFICIENTS 

 

Up to the late 1980s, termination and propagation rate coefficients were accessible only in 

their coupled form, kp / kt
0.5, or individually via combination with non-stationary techniques 

such as the rotating sector or spatially intermittent polymerization methods in combination 

with stationary polymerization measurements. The only exception has been the direct 

determination of the propagation rate coefficients via the measurement of the steady-state 

free-radical concentration by ESR experiments in combination with rate measurements. 

However, these measurements have always been associated with some difficulties. The 

situation has dramatically improved with the invention of the pulsed laser initiated 

polymerization technique (PLP) in the late 1980s [4,5]. Since then, this technique in 

conjunction with subsequent analysis of molecular weight distributions of resulting polymers 

by size-exclusion chromatography (SEC) has been extensively used to obtain propagation rate 

coefficients for various homo- and copolymerizations. Today, the PLP-SEC method is almost 

exclusively used for determination of propagation rate coefficients and has been 

recommended by the IUPAC for the measurement of kp. Applying PLP in conjunction with 

infrared or near-infrared (NIR) spectroscopic measurement of monomer conversion induced 

by a single laser pulse (SP-PLP-NIR) allows for determination of the ratio of termination to 

propagation coefficients, kt / kp, in wide ranges of temperature, pressure, and monomer 

conversion [6]. SP-PLP experiments may provide access to investigations onto the chain-

length dependence of kt (see section 6). 
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3.2.1 PHOTOINITIATOR DECOMPOSITION 

 

The photoinitiator used in the ideal pulsed laser polymerization experiments should fulfill a 

couple of requirements. In the past these requirements have been defined as follows [7]: 

 

• The photoinitiator should decompose upon irradiation with excimer laser light. A 

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

wavelength.  

 

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

first propagation step (below one microsecond). 

 

• The efficiency of the initiator should be high, preferably close to one, which says that all 

radicals generated start a growing chain. 

 

• Both radical fragments should be capable of rapidly initiating macromolecular growth, 

which ensures close to monodisperse size distribution of growing radicals.  

 

It was shown that 2,2-dimethoxy-2-phenylacetophenone (DMPA) cannot fulfill all these 

requirements [8,9]. This photoinitiator decomposes into two radical species, R1 and R2 (see 

for example [10]): 

 

O

O O

O

OCH3

CH3O+
hν

 

 DMPA      R1       R2  

 

Both species are distinctly different in their character. Whereas a benzoyl radical R1 is highly 

efficient in adding to monomer, an acetal radical R2 does not noticeably add to monomer in 

the dark time period after the pulse, but may react with radicals and thus behaves like an 

inhibitor species. The poor propagating activity of R2 has first been described by the Fischer 

group [10] and has recently been demonstrated through MALDI experiments by the Davis 

group [11]. The simultaneous initiation and inhibition activity of the DMPA-derived species 
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hν 

results in a rather peculiar SP-PLP behavior: The monomer conversion vs. time traces 

measured at different initial DMPA contents, but otherwise identical reaction conditions, 

intersect each other [12]. This crossing behavior provides access to measuring the chain-

length dependence of the termination rate coefficient [12]. Measuring several SP-PLP traces 

under conditions where are all reaction conditions except DMPA concentration are identical, 

however, becomes increasingly difficult toward moderate and high degrees of monomer 

conversion. For this reason, it is highly desirable to use an ideal photoinitiator which 

decomposes into two free-radical fragments both of which easily add to a monomer molecule. 

Such a photoinitiator allows for deducing the chain-length dependence of termination rate 

coefficients from a single SP-PLP trace.  

Investigations by Külpmann into several photoinitiators revealed that 2-methyl-4-

(methylthio)-2-morpholino-propiophenone (MMMP), is a close-to-ideal photoinitiator which 

rapidly decomposes into two propagating free-radical species [13,14]. The scheme of the 

MMMP decomposition is given below: 

 

NO

O

NO

O

SCH3+
SCH3

 

  MMMP 

 

MMMP was used in all experiments for determination of kt(i, i). The measurements have been 

carried out within extended ranges of monomer conversion.  

 

3.2.2  DETERMINATION OF THE PROPAGATION RATE COEFFICIENT, kp, WITH THE PULSED 

LASER METHOD 

 

Pulsed laser techniques have enormously improved the quality by which rate coefficients of 

individual steps in free-radical polymerization may be measured. Pulsed laser initiated 

polymerization (PLP) in conjunction with size-exclusion chromatography (SEC) yields the 

propagation rate coefficient, kp. Aspects of PLP along these lines were first put forward by 

Aleksandrov et al. [15]. It is, however, the pioneering work of Olaj and coworkers [16,17] by 

which the application of pulsed laser techniques toward kp measurement was demonstrated.  

In PLP-SEC, the pulsed laser light almost instantaneously creates an intense burst of free-

radicals. Varying the laser pulse repetition rate allows for producing generations of primary 
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free-radicals at pre-selected time intervals. The average time necessary for each single 

propagation step is the inverse of the propagation frequency. This frequency is given by kp⋅cM. 

With a time t0 between two pulses available for growth, a chain length L0 is expected for the 

polymer chains, given by the simple equation: 

L0 = kp ⋅ cM ⋅ t0                           (3.12) 

The pulsing translates into a characteristic pattern of the molecular weight distribution 

(MWD). Analysis of the MWD enables the unambiguous determination of the propagation 

rate coefficient, kp. Olaj et al. [16] have demonstrated that the inflection point at the low-

molecular-weight side of the peak is the best measure of L0. This point may be determined by 

locating the maxima of the first derivative curve of the MWD. 

For copolymerizations an average value of kp,copo can be determined using the same equation 

as for homopolymerizations (Eq. 3.12) with two exceptions, namely: (I) an average monomer 

concentration Mc  and (II) an average chain length L  are used: 
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where ntotal is the total amount, Vtotal is the total volume of the solution; ni is the amount, mi is 

the mass, Mi is the molecular mass, Fi is the mole fraction of component i in a binary 

copolymer, and ρi is the density of the pure monomer i (i = 1, 2) at the investigation 

conditions. 

 

3.2.2.1 DETERMINATION OF THE MOLECULAR WEIGHT DISTRIBUTION 

 

The reliable method for determination of the molecular weight distribution (MWD) is size-

exclusion chromatography (SEC).  

During a SEC separation, polymer coils are passed through columns with highly porous 

material with a certain pore size distribution. Separation is based on the hydrodynamic 

volume of the polymer coil. Lower molecular weight material, comprising smaller coils, will 

spend more time in the pores than higher molecular weight material, therefore eluting more 

slowly through the column. After separation, the relative concentration of the eluted chains 

can be detected by measuring changes in, for example, the absorption (UV/IR) and the 
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refractive index. For concentration-sensitive detectors, the SEC method is relative, in that a 

calibration curve is needed which correlates elution volume with molecular weight. The 

calibration curve can be constructed with calibration standards of known molecular weight of 

the same polymer material.  

Unfortunately, calibration standards are available only for a limited number of polymers. 

Without such standards present, the distributions can be calculated using the principle of 

universal calibration [18]. For a dissolved random coil macromolecule, a scaling is assumed 

between the hydrodynamic volume and the molecular weight [19], according to: 

[ ]
Av5.2 N

M
HV

⋅
=

η
                (3.15) 

with HV the hydrodynamic volume, [η] the intrinsic viscosity and Nav Avogadro’s number. 

The most often used relation between viscosity and molecular weight is given by the Mark-

Houwink relation [20,21], which assumed a linearity between log [η] and log M according to 

    [η] = K ⋅ Ma                (3.16) 

with K and a being the Mark-Houwink parameters. In most cases, the Mark-Houwink 

parameters are known and these are used for universal calibration. First, a calibration curve 

relating log M1 to the elution volume is made. Then the assumption is made that at each 

elution volume the hydrodynamic volume is the same irrespective of the type of polymer. The 

calibration curve can then be computed for a polymer other than the polymer used for 

calibration from the following equation, using Eq. 3.15 and 3.16: 
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with the index 1 indicating the polymer used for calibration and the index 2 for the unknown 

polymer. 

An alternative has become available for situations where calibration standards of Mark-

Houwink parameters are not available for a certain polymer. This consists of coupling mass 

sensitive detectors for SEC. The detector response of such a detector is not only dependent on 

the polymer concentration, but also on a polymer property that is related to the molecular 

weight of the analyzed polymer. Such mass sensitivity detectors include light scattering 

techniques [22] and on-line viscometry [23] or a combination of both methods [24]. A SEC 

setup consisting of both mass sensitive detectors and a concentration detector is often referred 

to as a triple detector setup. As light scattering and viscosity both are absolute functions of 

molecular weight, the need for standards of Mark-Houwink parameters can be overcome. 
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3.2.3 DETERMINATION OF THE COUPLED PARAMETERS kp⋅⋅⋅⋅kt
–0.5

 FROM CHEMICALLY 

INITIATED POLYMERIZATION  

 

For the determination of the coupled parameters kp / kt
0.5 from a chemically initiated 

polymerization, monomer concentration during the polymerization reaction is measured via 

NIR spectroscopy. From one set of spectroscopic measurements the dependence of monomer 

concentration on time can be determined.  

Assuming that the reaction obeys ideal kinetics, the coupled parameters kp / kt
0.5 can be 

derived from Eq. 3.11, if the efficiency of an initiator f and the rate coefficient of initiator 

decomposition kd are known or can be estimated. The actual initiator concentration cI is 

obtained from the integrated form of the initiator decomposition rate law. 

The individual termination rate coefficient kt is calculated from kp / kt
0.5, with kp been taken 

from independent PLP-SEC experiments.  

 

3.2.4 DETERMINATION OF THE TERMINATION RATE COEFFICIENT, kt, FROM                   

THE SP-PLP-NIR EXPERIMENTS 

 

The monomer conversion induced by a laser pulse is measured as a function of time with µs 

time resolution. Conversion has been monitored by the increase of polymer absorption in the 

first overtone region of the C–H stretching modes around 6170 cm–1. The time resolution of 

NIR spectroscopic measurement of polymer concentration is close to 1 µs [25].  

Eq. 3.8 represents the time evolution of relative monomer concentration within a single pulse-

pulsed laser polymerization (SP-PLP) experiment. In the absence of any chain-length 

dependence of kt (and of kp), fitting the experimental vs. time trace to Eq. 3.8 immediately 

yields kt / kp and kt⋅cR
0. As cR

0 is not directly accessible from SP-PLP-NIR measurements, the 

primary experimental quantity from SP-PLP-NIR is kt / kp. kt is obtained by implementing kp 

values from independent PLP-SEC experiments [26,27].  

Whereas, the assumption that kp is chain-length independent, is a good one at least chain 

length above i = 10, the chain-length dependence of kt cannot be ignored. As the chain-length 

varies with time, the rate coefficient which results from fitting of the conversion vs. time trace 

to Eq. 3.8 should be referred to as <kt>.  
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3.2.5 DETERMINATION OF THE TERMINATION RATE COEFFICIENT, kt, FROM                

THE SP-PLP-ESR EXPERIMENTS 

 

Within the SP-PLP-ESR (single pulse-pulsed laser polymerization-electron spin resonance) 

method, photoinitiator-derived primary radicals are instantaneously generated by an excimer 

laser pulse and the concentration of (macro)radicals, cR(t), is determined via online time-

resolved ESR spectroscopy. Deducing kt directly from the time dependence of radical 

concentration, cR(t), constitutes an important advantage of SP-PLP-ESR.  

Another advantage of SP-PLP-ESR is that kt(i, i) can be determined by a single differentiation 

of cR(t) (Eq. 3.6), whereas cM(t) data from SP-PLP-NIR needs to be differentiated twice to 

yield kt. As the dependence of kp on chain length will be restricted to lower values up to 

i = 10, it seems justified to use constant kp for modeling the extended chain length region up 

to i = 1000, with i = kp⋅cM⋅t. 
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4. EXPERIMENTAL 
 

4.1 APPARATUS 
 

4.1.1 OPTICAL HIGH-PRESSURE CELL 

 

The optical high-pressure cell used for spectroscopic investigations of pulsed laser induced 

homo- and copolymerizations under high pressure is illustrated in Fig. 4.1. The cell is 

designed for pressures up to 3500 bar and temperatures up to 350 °C. The cylindrical cell 

body and the sealing flanges are made from a nickel-based alloy of high ultimate tensile 

strength (RGT 601, Material No. 2.4668, Arbed Saarstahl). The length of the cell body is 

100 mm and the outer and inner diameters are 80 and 22 mm, respectively. Four borings 

perpendicular to the cylindrical axis allow for fitting high-pressure capillaries and a sheathed 

thermocouple (6) directly into the sample volume. 
The cell is sealed at each end by a conical ram (5) (Material No. 2.4668, Arbed Saarstahl). 

The ram is pressed into the cell cone by the flange (2) (Material No. 2.4668, Saarstahl) which 

is secured by six high-pressure bolts (1) (Material No. 2.4969). The optical path length way 

be varied by using different types of rams. The experiments were performed using an internal 

cell. The rams were chosen such that a path length of approximately 1-2 mm resulted. This 

allowed a sufficient cavity for the fitting of the internal cell between the two high-pressure 

windows. 
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  (1) bolt     (5) ram 

  (2) flange     (6) sheathed thermocouple 

  (3) heating jacket    (7) adjustable optical path length 

  (4) high pressure window    

 

Fig. 4.1 Optical high pressure cell 

 

Each high pressure window (4) is fitted against the polished surface of a ram and held in place 

by a stainless steel sealing cap. To compensate for surface area irregularities, a ~12 µm thick 

teflon foil is placed between the polished surface of the window and the ram. This setup is 

self-sealing under pressure according to the Poulter principle [1]. The high-pressure optical 

windows used in this work were made from synthetic sapphire crystals (diameter 18 mm, 

height = 10 mm, UV grade, Roditi, Union Carbide) produced by the Czochralski method. This 

material was used as it is transparent in the wave-number range 2000 to 50000 cm−1. The 

optical transparency at the pulse laser wavelength is not affected by laser irradiation or by 

changing the temperature. 

The optical high-pressure cell is mounted on a metal holder with wooden grip for easy 

handling and fitting into the sample chamber of the FT-IR spectrometer (see section 4.1.5).  
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4.1.2 OPTICAL INTERNAL CELL 

 

The optical internal cell used in the kinetic investigations is depicted in Fig. 4.2. The cell 

consists of a teflon tube (1) (outer diameter 10 mm, inner diameter 9 mm, length ~ 12 mm) 

which is closed at each end by a calcium fluoride window (2) (diameter 10 mm, thickness ~ 

5 mm, Korth). To facilitate optimal sealing of the cylindrical cell, both planar surfaces of the 

CaF2 windows were polished using a diamond micrometer suspension (4-8 micron, 

Mikrodiamant GmbH). CaF2 was chosen as the window material because it is transparent in 

the wavenumber range 1100 to 70000 cm−1, thus allowing detection in the desired IR region. 

The sample volume (3) is contained between the two windows. The internal cell is fitted 

between the high-pressure windows of the high-pressure cell and held in place by a solid 

teflon spacer.  

12 mm

1 3

2 2

 

 

Fig. 4.2 Optical internal cell used for kinetic investigations. (1) teflon tube; (2) CaF2 

window; (3) sample volume. 

 

An excellent survey on the high-pressure techniques described within this section can be 

found in ref. [2]. 

 

4.1.3 HEATING AND TEMPERATURE CONTROL 

 

Heating of the optical high-pressure cell is facilitated by two heating jackets. They consist of 

a brass matrix, into which is embedded a sheathed resistance heating wire (CGE-Asthom). 

The closely fitting jackets slide over each end of the cell body (see Fig. 4.1 (3)). The 
temperature is measured via a sheathed thermocouple (Nickel-chromium against nickel, CIA 

S250, CGE-Alsthom) and regulated by a PID-controller (Eurotherm 815). 
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4.1.4 PRESSURE GENERATION AND CONTROL 

 

For the kinetic investigations, n-heptane served as the pressure transmitting medium. The 

system is pressurized using a manually driven ("syringe"-type) pressure generator (volume 

12 cm3). Pressure is measured using a high-pressure precision manometer (Class 0.1,            

0-4 kbar, Wiegand). The pressure generating system is depicted in Fig. 4.3. 

 

1

5

2 3

5

4

 

 

Fig. 4.3 Pressure generating system. (1) optical high pressure cell; (2) manometer; (3) 

pressure medium n-hexane; (4) "syringe"-type pressure generator; (5) valve. 

 

4.1.5 FT-IR/NIR SPECTROMETER 

 

Infrared and near infrared spectra were recorded on a Bruker IFS-88 Fourier-Transform 

Spectrometer. To accommodate the heated optical high-pressure cell, the sample chamber of 

the spectrometer was enlarged (heightened) and fitted into a water-cooled cell holder (to 

prevent heat transfer). The chamber is purged with compressed air free of water and carbon 

dioxide. 

For the present work the optical configuration consisted of a halogen source, a silicon-coated 

calcium fluoride beam splitter, and an InSb detector. This configuration allows for optimal 

recording in the spectral range 4000 to 10000 cm−1.  

Data acquisition and data processing were performed using the Opus software. 
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4.2 THE PLP-SEC TECHNIQUE 
 

Pulsed laser polymerizations were carried out at 22 to 40 °C and 1000 bar using an optical 

high-pressure cell as described in section 4.1.1. Monomer (or comonomer mixture) and 

photoinitiator (DMPA, cI
0 ≈ 5⋅10−3 mol⋅L−1) were mixed and the solution was filled into an 

internal cell. The internal cell, consisting of a teflon® tube with two CaF2 windows is then 

inserted into the optical high-pressure cell and the assembly is brought to reaction conditions. 

The XeF line (351 nm) of an LPX 200 excimer laser (Lambda Physik) was used to induce 

photoinitiator decomposition and thus copolymerization. The laser repetition rate was selected 

according to the experimental conditions and to the type of monomer mixture under 

investigation. The highest repetition rate was 100 Hz. The laser energy per single pulse was 

close to 8 mJ. Final conversions of about 2 to 4 per cent, but ranging from 1 to 7 per cent in a 

few cases, were quantitatively measured via near infrared spectroscopic analysis (using a 

Bruker IFS 88 instrument) of the sample before and after applying a sequence of laser pulses. 

The polymer was precipitated by adding methanol with approximately 20 ppm hydroquinone 

immediately after pulsing. 

 

4.2.1 SIZE-EXCLUSION CHROMATOGRAPHY (SEC) 

 

The SEC setup consists of a Waters 515 HPLC pump, a Rheodyne 7725i injector, and a 

Waters 2410 differential refractometer. The system has one pre-column and three separation 

columns: (1) PSS SDV, 8×50 mm, 5 µ, (2) PSS SDV, 8×300 mm, 5 µ, 105 Å, (3) PSS SDV, 

8×300 mm, 5 µ, 103 Å, (4) PSS SDV, 8×300 mm, 5 µ, 102 Å. 

Molecular weight distributions (MWDs) were determined with tetrahydrofuran as the eluent 

at 35 °C and a flow rate of 1 mL/min. Data acquisition and processing were carried out using 

the WinGPC software (PSS, Mainz). The SEC setup was calibrated via narrow molecular 

weight (MW) polystyrene standards (PSS; Mainz) with MWs ranging from 400 to 2.18×106. 

The copolymer MWDs were obtained via universal calibration with Mark-Houwink 

parameters determined in this work and partly taken from the literature [3]. 
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4.3 DETERMINATION OF MARK-HOUWINK PARAMETERS  
 

The samples obtained via PLP-SEC were analyzed according to the principals of universal 

calibration (section 3.2.2.1), which comprises calibration of the SEC setup using polystyrene 

(PS) standards and transformation of the molecular weight distribution to the absolute 

molecular weights (note that this assumes the validity of the Mark-Houwink relation, which 

may not hold for lower molecular weights). For this transformation, two sets of Mark-

Houwink parameters are required: for the PS standards and for the polymer of interest (Mark-

Houwink parameters for PS are a = 0.716 and K = 1.14⋅10–2 mL⋅g–1). For determination of 

Mark-Houwink parameters for the polymer of interest, low conversion copolymer samples 

have been prepared at different initial monomer feed ratios. Approximately 20 g of monomer 

mixture are dissolved in 30 ml of toluene and 200 mg AIBN are added. The reaction mixture 

is degassed for 10 min by purging with nitrogen and is heated to 60 °C. The onset of 

copolymerization is monitored by taking samples from the reaction mixture in evenly spaced 

time intervals of 2 min. These samples are poured into an excess of methanol. Once 

copolymer precipitates, the reaction mixture is quenched by adding a large excess of 

methanol. The copolymer is purified by repeated cycles of precipitating and redissolving in 

dichloromethane. Finally, the copolymer samples are dried at room temperature for at least 

24 h and are subjected to 1H-NMR analysis for determination of copolymer composition. 

Mark-Houwink parameters based on analyses of these samples were determined by PSS 

(Mainz).  

 

4.4 
1
H-NMR  

 

The procedure of preparing 1H-NMR samples at low conversions is analogous to the 

preparation of PLP-SEC samples. The dried copolymer samples are dissolved in dioxane-d8 

for MA/MMA or in CDCl3 for all other copolymer systems and measured on a Varian Unity 

300 NMR spectrometer at room temperature, a pulse angle of 45 °, without relaxation delay 

and an acquisition time of 2.655 s. 
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4.5 SP-PLP-ESR  
 

The experimental setup for performing free-radical polymerizations via single pulse-pulsed 

laser polymerization-electron spin resonance technique (SP-PLP-ESR) is given in Fig. 4.4.  

 

cavity

microwave
bridge

spectrometer
electronics

pulse
generator

PC

Eximer laser
COMPex 102

 

 

Fig. 4.4 Experimental setup for the single pulse-pulsed laser polymerization-electron 

spin resonance (SP-PLP-ESR) technique. 

 

ESR spectra were recorded on a Bruker Elexsys® E 500 series CW-EPR spectrometer 

operating in the X-band at a 100 kHz modulation field and a microwave power of 10 mW. 

The photoinitiator MMMP was used at concentrations of about 2·10−2 to 5·10−3  mol·L−1. In a 

glove box, under an argon atmosphere, MMMP was added to the monomer and the solution 

was filled into a 5 mm outer diameter (4 mm inner diameter) quartz tube. The tube was placed 

into a cavity and irradiated through a grid by a COMPex 102 excimer laser (Lambda Physik) 

working on the XeF line (351 nm) positioned at a distance of about 50 cm from the tube. The 

laser energy was around 50 mJ per pulse. In all cases, the laser beam passed through the 

sample tube at right angle to the main axis of the tube. The spectrometer and the laser were 

triggered using a Scientific Instruments 9314 pulse generator. After applying a single laser 

pulse, the decay of radical concentration was measured as follows: As the average life-time of 

a growing radical chain is extremely short, there is insufficient time to scan the entire ESR 

spectrum. In order to achieve the optimum signal-to-noise ratio the absolute maximum of the 
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spectrum (indicated by the arrow in Fig. 4.5) was chosen. The decay in intensity at this field 

position was then recorded [4]. In most cases, several experimental traces were co-added to 

improve the signal-to-noise ratio (Fig. 4.6).  

0

2 mT

 

Fig. 4.5 ESR spectrum of DMA macroradicals from quasi-stationary polymerization 

initiated by laser pulses applied at a repetition rate of 20 Hz at 0 °C (time 

constant 10.24 ms, sweep time 10.49 sec) with the MMMP photoinitiator 

concentration cMMMP = 25.5⋅10–3 mol⋅L–1.  
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Fig. 4.6 Decay in radical concentration after applying a laser pulse at t = 0 as measured 

by ESR for a DMA bulk polymerization at 0 °C and a content of 14 % 

polyDMA from preceding DMA photo-polymerization.  

 
In order to determine the radical concentration as a function of time, a twofold calibration is 

required. The usual method for measuring the concentration of free radicals in a sample with 

an unknown concentration of radicals is to compare its ESR signal with that of a sample 

containing a known quantity of free radicals. From theory it is known that the number of spins 

is proportional to the area under the absorption curve. The derivative signal has to be 

integrated to obtain this area [5]. By using the stable free-radical TEMPO (2,2,6,6-

tetramethyl-1-piperidinyloxyl), the correlation between the double integral of a ESR-spectrum 

and absolute radical concentration is first deduced for typically experimental conditions. ESR 

spectra of TEMPO were measured under conditions of temperature, pressure, solvent, sample 

volume, etc. as close as possible to that of the actual SP-PLP-ESR experiment. 

Recording a full ESR spectrum, as the one depicted in Fig. 4.5, which is associated with the 

variation of magnetic field, takes a few seconds. To measure radical concentration with 

millisecond time resolution, the ESR signal was monitored at a fixed magnetic field. To 

achieve good signal-to-noise quality, the magnetic field position associated with the peak 

maximum (arrow in Fig. 4.5) was selected for this time-resolved analysis. The quantitative 

measurements rest on the proportionality between radical concentration and the double 

integral of the associated ESR spectrum [6], which correlation holds irrespective of the type 

of free radical under investigation. That there is a linear correlation between the intensity at 
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the peak maximum and the double integral of an ESR spectrum was carefully checked by 

recording several complete spectra under quasi-steady-state initiation conditions before 

carrying out each experiment. Different macroradical concentrations were produced by 

varying laser energy in quasi-stationary polymerizations carried out at pulse repetition rates of 

20 Hz. Under typical conditions this correlation was indeed very close to linear (Fig. 4.7).  
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Fig. 4.7 Correlation between the double integral of the ESR spectrum of DMA and the 

intensity at the peak maximum, obtained from quasi-stationary polymerization 

initiated by laser pulses applied at a repetition rate of 20 Hz at 0 °C with the 

MMMP photoinitiator concentration cMMMP = 25.5⋅10–3 mol⋅L–1.  

 

In between the PLP experiments, the ampoule was removed several times from the ESR 

spectrometer and inserted into the sample chamber of an IFS 88 FT-NIR spectrometer 

(Bruker) to measure absolute (overall) monomer concentration. The monomer conversion was 

determined by monitoring the absorbance of the first overtone of the stretching vibration of 

the C–H mode (at the C=C double bond) at around 6160 cm−1 [7].  

For data acquisition, the software Xepr v1.0 (provided by Bruker) which, in addition, controls 

all spectrometer settings, was used. For data analysis, e.g. for modeling termination rate 

coefficients, the software packages Matlab® and Origin® were used. 
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ESR investigations on highly polar media, such as some pure methacrylates or acrylates pose 

problems as, e.g. the resonance frequency is not easily identified. It is for this reason that 

some polymerizations have been carried out in solution of toluene. 

 

4.6 THE SP-PLP-NIR TECHNIQUE 
 

4.6.1 DETAILS ABOUT THE SETUP AND ELECTRONICS 

 

The principal experimental setup for the SP-PLP experiments of this work is illustrated in 

Fig. 4.8 [see also 8,9]. For initiation of the photopolymerization, XeF excimer laser pulses at 

351 nm (Lextra 50, Lambda Physics) are reflected on the optical axis of the sample cell by 

UV mirrors (S) transparent in the infra-red region (INFRASIL, ZnSe-coated). A detector (D), 

which is calibrated before each measurement [8], is used to determine the intensity of the 

laser radiation in front of the optical high pressure cell. A photo-shutter FV (Prontor, 

magnetic-shutter E/40) can be used to select laser pulses. 

A tungsten-halogen lamp La (General electric, 75 W) serves as a source of infrared and near 

infrared radiation. The lamp is powered by two lead accumulators (12V, 220 A⋅h) to achieve a 

noise-free signal. A second photo-shutter (FV), directly in front of the monochromator, is 

used to block out the analysis light to measure the detector signal without near infrared 

radiation. Pre-initiation processes by UV parts in the spectrum of the tungsten-halogen lamp 

are suppressed by a UV cut-off filter F1 (RG 695). The analysis light is focused by a lens L1 

(CaF2, f = 100 mm, d = 50 mm) to the sample contained in the optical high-pressure cell. A 

second lens L2 (CaF2, f = 100 mm, d = 50 mm) focuses the analysis light onto the lid of a 

monochromator (B&M Spectronik, BM 50, 0.5, f/6.9). The light is then diffracted on an 

interference grating (Bausch&Lomb, 76 mm⋅76 mm), 600 1/mm, blaze 1.6 mm, 

D = 4.1 nm/mm) and reflected to a fast NIR detector by an ellipsoidal mirror E (Bruker 

Analytische Meßtechnik GmbH, f/6, f1 = 200 mm, f2 = 40 mm). 
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Fig. 4.8 Experimental setup for the single pulse-pulsed laser polymerization (SP-PLP) 

technique.  

 

A silicium filter F2 (Oriel, 1 mm, 1.05 µm, transmission in the 5000 to 9000 cm-1 range) 

ensures that only one grating order hits the detector. The analog detector signal is recorded by 

a 16-bit transient recorder (TR 1621-4, Fast ComTech) and transferred to a computer for 

further evaluation. To reduce potential vibrations of the building, the entire setup is placed on 

a solid granite board, which is supported by rubber tubes [10]. 

 

4.7 FT-NIR SPECTROSCOPY 
 

Monomer conversion was controlled by FT-NIR spectroscopy. It has become standard 

practice [11,12,13] to use the first overtone of CH-vibrations with the hydrogen atom being 

linked to a C=C double bond for quantitative analysis of olefinic monomers. This absorbance 

is located at around 6160 cm–1 for acrylates and methacrylates, which is well suited for 

analysis of monomer conversion, because it is not overlapped by other bands, and because its 

absorbance is proportional to monomer concentration. To deduce the overall monomer 

conversion from the spectra, Beer-Lambert’s law needs to be valid. It relates the absorbance A 

(at a specific wave number, ν~ ) with monomer concentration, cM: 

lcIIA ⋅⋅== M
0 )~()/log()~( νεν     (4.1) 

In Eq. 4.1, ε is the molar absorption coefficient, l is the optical path length, I0 is light intensity 

going to the sample cell, I is the light intensity coming from the sample cell.  
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The peak is integrated over the high-wavenumber half-band from the band maximum toward 

higher wavenumbers against a horizontal baseline through the absorbance at 6300 cm–1. 

Monomer conversion X is obtained from the ratio of integrals after starting polymerization 

Intp and the integral at time t = 0:  

Int0: X = [1-(Intp/Int0)]⋅100     (4.2) 

where 

lcBAInt ⋅⋅== ∫ M

~

~
0

~d)~(
2

1

νν
ν

ν

     (4.3) 

(B is integrated molar absorptivity) 

Fig. 4.9 shows typical NIR spectra of DA between 6350 cm–1 and 6050 cm–1 at 60 °C and 

1 bar. The insert shows an absorbance spectrum between 6500 cm–1 and 5000 cm–1.  
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Fig. 4.9 NIR spectra recorded during a chemically initiated DA polymerization at 60 °C 

and 1 bar.  
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4.8 SIMULATION TOOL PREDICI
®

  
 

The kinetic models described in this work are implemented into the simulation program 

PREDICI® (Polyreaction Distributions by Countable System Integration) developed by 

M. Wulkow. [14,15] The program uses a highly efficient algorithm, called discrete hp-

algorithm for solving complex sets of countable differential equations. An integrated function 

interpreter enables the coupling of the rate coefficients of elementary reaction steps with 

individual species concentrations, conversions, copolymer composition, number and weight 

average of the formed polymer. As a special feature of PREDICI®, the full MWD can be 

derived without any assumptions of closure conditions. 
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4.9 SUBSTANCES USED 
 

MONOMERS 
 

The acrylates (R2 = H) and methacrylates (R2 = Methyl) have the following general structure: 

R2

O

O R1  

Methyl Acrylate and Methyl Methacrylate 

 

Methyl acrylate (MA) (Fluka, purum 99.5 %) and methyl methacrylate (MMA) (Fluka, 99 %, 

stabilized by 0.02 % hydroquinone monomethyl ether) were distilled (using a Vigreux 

column) under reduced pressure (≈ 47 °C, 240 Torr) in the presence of K2CO3 to remove the 

stabilizer. Great care has to be taken not to contaminate the monomer by vacuum grease. 

Therefore the distillation apparatus is kept sealed by teflon washers.  

 

Butyl Acrylate 

 

Butyl acrylate (BA) (Fluka, purum > 99 %, stabilized by 0.02 % hydroquinone monomethyl 

lether) was distilled under reduced pressure (≈ 50 °C, 50 Torr) in the presence of K2CO3 to 

remove the inhibitor.  

 

Dodecyl Acrylate and Dodecyl Methacrylate 

 

Dodecyl methacrylate (DMA) (Fluka, 95 %) and dodecyl acrylate (DA) (Fluka, techn.), which 

is actually a mixture of dodecyl acrylate (55 %) and tetradecyl acrylate (45 %), were distilled 

under reduced pressure in the presence of K2CO3 to remove the inhibitor hydroquinone 

monomethyl ether. DA was further purified via column chromatography with silicagel in 

solution of n-pentane (90 vol %) and di-ethylether (10 vol %). DMA was filtrated using an 

inhibitor remover (Aldrich).  
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Cyclohexyl Methacrylate 

 

Cyclohexyl methacrylate (CHMA) (Fluka, purum 97 %, stabilized by 0.006 % hydroquinone 

monomethyl ether) was distilled under reduced pressure in the presence of K2CO3 to remove 

the inhibitor. 

 

Benzyl Methacrylate 

 

Benzyl methacrylate (BzMA) (Aldrich, purum 96 %, stabilized by 50 ppm hydroquinone 

monomethyl ether) was distilled under reduced pressure (≈ 130 °C, 40 Torr) in the presence 

of K2CO3 to remove the inhibitor. Additionally BzMA was filtrated using an inhibitor 

remover (Aldrich). 

 

Dodecyl Acrylate Dimer 

O C12H25

O
O C12H25

O  

Dodecyl acrylate dimer (DAD) was synthesized according to the procedure suggested by 

Trumbo et al. [16]. To a 500 mL round bottom flask equipped with a magnetic stirrer, reflux 

condenser, thermometer, addition funnel, and nitrogen inlet were charged 60 mL of THF and 

10 mL of tri-n-butyl phosphine (n-Bu3P). This solution was cooled to 10 °C by means of an 

ice bath and dodecyl acrylate (100 mL) was added dropwise from the additional funnel over a 

period of 2 h to the vigorously stirred solution. After addition of all DA, the reaction mixture 

was stirred at 45 °C for 3 h and than at room temperature overnight. The dimer was isolated 

by column chromatography on silicagel with a solution of n-pentane (90 vol %) and di-

ethylether (10 vol %). The yield was 60 %. The structure of DAD was proved by 1H-NMR. 

 

SOLVENTS 
 

Toluene (Fluka, 99.5 %), methanol (Fluka, p.a.) and dichloromethane (Aldrich, p.a.) were 

used without further purification. For the SEC analysis THF (Roth, > 99.5 %, p.a.) was used. 
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INITIATORS, INHIBITORS AND STABLE RADICALS 
 

2,2-Dimethoxy-2-phenylacetophenone (DMPA) 

O

O O

 

The photoinitiator DMPA (Aldrich, 99 %) was used as received. 

 

2-Methyl-4-(methylthio)-2-morpholino-propiophenone (MMMP) 

NO
O

SCH3

 

The photoinitiator MMMP (Aldrich, > 98 %) was used without further purification. 

 

Azo-bis-isobutyronitrile (AIBN) 

N N

CN

NC
 

AIBN (Aldrich, 99.5 %) was recrystallized twice from diisopropylether prior to use. 

 

tert-Butylperoxy-2-ethylhexanoate (TBPO) 

O

O
O

 

For chemically initiated polymerization TBPO (AKZO NOBEL, 98.7 %) was used without 

further purification.  
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Hydroquinone 

 

Hydroquinone (Aldrich, >99%) was used as received. 

 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) 

NO

 

2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) (Aldrich, 99%) was used as received. 
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4.10 ON THE SELECTION OF EXPERIMENTAL CONDITIONS 
 

4.10.1 LASER-INDUCED POLYMERIZATION IN PLP-SEC EXPERIMENTS 

 

Values of kp,copo in acrylate/methacrylate systems were measured at the temperatures between          

22 and 40 °C. All experiments were carried out at 1000 bar. The propagation rate coefficients 

of acrylates have been known to depend on the PLP conditions [17,18]. Particular difficulties 

arise at temperatures above 30 °C. Therefore temperatures close to 22 °C were chosen. Data 

at 40 °C were taken to provide the additional points at the high acrylate contents and thus to 

extend the already measured kp,copo data for the systems DA/DMA and MA/DMA [3]. 

 

4.10.2 A TYPICAL SP-PLP-NIR EXPERIMENT 

 

The optical high-pressure cell, which at this point only contains an empty internal cell with 

the CaF2 windows in contact, is brought to the reaction temperature and a NIR reference 

spectrum is recorded. The optical cell is then pressurized and the UV energy detector is 

calibrated against a joulemeter (Gentec). 

The monomer is purified and degassed by several freeze-pump and thaw cycles, the 

photoinitiator is added under an argon atmosphere in a glove box. The process of assembling 

the internal cell is detailed elsewhere [2]. After inserting the internal cell, the optical high-

pressure cell is brought to reaction conditions. An initial NIR spectrum is recorded and the 

monochromater is set to the desired wavelength. The initial intensity at the wavelength is 

measured and data concerning details of the measurement (such as the time between data 

points, amplifier range, the number of signals that are co-added, etc.) are transferred to the 

transient recorder. The maximum number of points that can be recorded is 4096. The transient 

recorder measures the change in light intensity after firing a laser pulse as a voltage vs. time 

signal. The data is then transferred to a computer for further evaluation. In regular intervals, 

NIR spectra over an extended wavenumber range are recorded to deduce overall monomer 

conversion. 

 

 

 

 

 

 



40  4. EXPERIMENTAL 

4.10.3 LASER-INDUCED POLYMERIZATION IN SP-PLP-ESR 

 

ESR sensitivity (net absorption) increases with decreasing temperature. Taking this into 

account, one obtains better quality of a signal at lower temperature. On the other hand, 

relatively high temperatures are required for comparing with data from other techniques. For 

these reasons a temperature interval between –50 °C and 70 °C was chosen for the 

experiments. 

There are, of course, some difficulties in applying the time-resolved ESR to pulsed laser 

polymerization. Most important is the problem of detecting rapid changes in radical 

concentration of 10–5 to 10–8 mol⋅L–1 on a short (milliseconds or better) time scale, which 

makes the use of this technique limited to monomers with relatively low kt (and kp). Another 

difficulty is the uncertainty associated with calibration of absolute radical concentrations, 

which is the intrinsic problem of all ESR-based methods. 

In case of SP-PLP it was shown that too high as too low initiator concentration have a 

negative influence on kt [19,20]. In this work an initiator concentration of 3⋅10–2-              

5⋅10–3 mol⋅L –1 was chosen. As initiator for SP-PLP-ESR measurements was taken MMMP. 

 

4.10.4 CHEMICALLY INITIATED POLYMERIZATION 

 

In case of chemically initiated polymerizations, the reaction was induced by thermal 

decomposition of TBPO. The experiments were conducted at ambient pressure and 

temperatures between 60 and 80 °C. For the polymerization the inner cell is inserted into the 

heated high-pressure cell in order to shorten the heating-up phase. The lower limit for the 

temperature was obtained from the decomposition constant of TBPO, the upper limit from the 

polymerization rate, because at higher temperatures the time required to assemble the high-

pressure cell cannot longer be neglected relative to the reaction time. Monomer conversion 

during the polymerization is controlled via NIR. 

The use of TBPO as the initiator of the chemically initiated polymerization is recommended, 

because of its high solubility in such monomers as DA and DMA. The values of the initiator 

efficiency, f, determined by Sandmann in ethene polymerization and the rate coefficient of 

TBPO decomposition, kd, determined in n-heptane as a function of temperature and pressure 

were used [21]. These numbers were adopted for the polymerizations of the present study. 

The TBPO concentrations used in this study were between 0.02 and 0.20 mol·L–1. 
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4.11 ERROR ESTIMATE 
 

Measurement of the reaction temperature in the direct vicinity of the optical path of the high-

pressure cell is achieved with a sheathed thermocouple to better ± 0.3 K. The PID controller 

regulates the temperature within ± 0.2 K. An accuracy of ± 0.5 K is therefore gained for the 

temperature measurement. 

 

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

maximum pressure, resulting in an error of ± 4 bar.  

 

For the preparation of the comonomer solutions, an analysis balance (Sartorius) was used 

which allows measurements up to 4 decimal places. The absolute error should therefore be 

± 0.05 mg. However, the actual error in concentration measurement is greater than this, as the 

balance is very sensitive to small disturbances. The real error in comonomer solutions is 

estimated to be below ± 2 %. The absolute value of the concentration of the solution at 

reaction conditions is fairly large due to uncertainties in the PVT-data available from the 

literature [22], but should not exceed 10 %. The relative error of concentration measurement 

is much smaller and is assumed to be below ± 3 %. 

 

The FT-IR spectrometer used in this work affords quantitative evaluation of absorbances 

measured in the range of 0.02 to 0.8 with the optical configuration employed. The lower 

boundary is determined by the signal-to-noise ratio, and the upper limit by non-linearity of the 

detector. For absorbances in the above-mentioned range, the error due to non-linearity is less 

than 3 % [10]. Further errors are introduced by the apodisation function (weighting factor in 

the spectrum calculation) and the mode of phase correction in the Fourier transform step. The 

uncertainty in determination of the base line results in an error in the integrated absorbance 

(used for quantitative evaluation) of less than ± 3 % for a measured real absorbance of 

approximately 0.5. Due to the uncertainty in the position of the maximum, this error is raised 

to ± 5 % in the evaluation of half-band integrals. For any experiment, the relative error in the 

integrated absorbance results in a maximum error of ± 6 %. 

The error of the PLP-SEC measurements is composed of several errors: The error in the 

density of the comonomer mixture at reaction conditions and the copolymer composition (F1), 

the error induced by the SEC calibration procedure via Mark-Houwink coefficients and the 

errors induced by SEC broadening. These errors add up to a total of ± 30 % for the 
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propagation rate coefficients of this work. The errors of the kp values determined by PLP-SEC 

for homopolymerizations that do not require indirect calibration (e.g. PMMA or PS) are close 

to ± 15 %. 

 

The error in the termination rate coefficient, kt, is considered to be close to ± 50 % [10] for 

most polymerization systems of this work. 

 

The errors in the measurement of the copolymer composition by 1H-NMR spectroscopy is 

dependent on the copolymer system under investigation. For systems with a clear separation 

of the NMR peaks used for integration, the error in copolymer composition is less than 3 %. 

This applies to MA/DMA and DA/MMA copolymerization. In case of a peak overlap the 

error is close to ± 8 %. 

 

The errors of parameters which are deduced by a non-linear least squares fitting procedure 

(including the simple case of linear regression) are determined using statistical methods and 

are given together with the respective value in the text. 

 

In the SP-PLP-ESR experiments, the ratio of double integral to peak intensity, within a scatter 

of about ± 6 per cent, is insensitive toward free-radical concentration and toward detection 

sensitivity. The determination of radical concentration is assumed to be accurate within 

± 30 per cent. Relative radical concentration, cR(t)/cR
0, where cR

0 represents the initial 

concentration of radical species formed by addition of the first monomer molecule to a 

primary photoinitiator-derived radical, is measured with higher accuracy, as cR(t)/cR
0 is 

directly obtained without applying a calibration procedure. 

 

In the ESR experiments the error of an amount of mid-chain radicals in a system at certain 

conditions is close to ± 7 %. 
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5. PROPAGATION 
 

This section focuses on the determination of propagation rate coefficients, kp, for homo- and 

copolymerizations. The experimental data for different acrylate/methacrylate systems and 

different temperatures are exclusively from PLP-SEC measurements.  

The application of PLP-SEC to acrylates suffers from significant difficulties as has been 

outlined by van Herk [1] and within a recent IUPAC paper on n-butyl acrylate [2]. Above 

30 °C, the PLP-generated molecular weight distributions are losing their characteristics and 

become broad. Suggestions that have been put forward by van Herk [1] to explain this 

behavior include reaction mechanisms that result in a break-down of the narrow radical chain-

length distribution. These mechanisms include transfer to monomer and inter/intra-molecular 

chain transfer to polymer. However, in order to explain the failure of the PLP-experiment by 

chain transfer to monomer, unrealistically high transfer coefficients were needed [3]. Chain 

transfer to polymer, on the other hand, is a known phenomenon and has received considerable 

attention by the group of Lovell [4,5,6]. Especially at low polymer concentrations and low 

monomer conversions, intramolecular chain transfer to polymer occurs significantly. The 

occurrence of mid-chain radicals, created by transfer to polymer process, has been confirmed 

by electron spin resonance (ESR) spectroscopy [7], and by the observation of quaternary 

carbons with 13C-NMR under pulsed laser polymerization conditions [8]. In section 7 it will 

be shown that even at 30 °C the majority of all radicals in BA polymerization are mid-chain 

radicals. This high amount of mid-chain radicals may cause the featureless MWD produced in 

PLP-SEC experiments, because two types of radicals are involved in chain growth and chains 

of different length are formed. 

For the reasons given above, the acrylate/methacrylate systems were investigated at 23 °C 

within this work. First, the terminal model and the penultimate unite model will be described, 

as these are the models most frequently used when describing copolymer kinetics. Then, these 

models will be applied to describe and fit experimental results.  
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5.1 PROPAGATION IN COPOLYMERIZATION 
 

5.1.1 KINETIC MODELS FOR FREE-RADICAL COPOLYMERIZATION  

 

Many attempts have been made to describe copolymerization. Copolymerization models are 

used to predict overall propagation rate coefficients of copolymerizations, the composition 

and sequence distribution of the resulting copolymer, as a function of the feed ratio of the 

comonomers and a small set of characteristic constants. A short survey on the kinetic schemes 

and equations involved will be presented, starting with the simple approach of the terminal 

model.  

 

5.1.1.1 TERMINAL MODEL 

 

The basic kinetic model describing propagation in copolymerization was developed in the 

early 1940s [9,10]. It has been used frequently since then. The terminal model considers only 

the influence of the last (terminal) unit in a macroradical on the propagation rate and 

copolymer composition, it is assumed that side reactions are not significant. As a result, there 

are only four types of propagation reactions in free-radical copolymerization of any two given 

monomers: 

⋅−→+⋅− jiji MMRMMR pijk
      where i, j = 1 or 2  

 

The following monomer reactivity ratios (r values) can be defined: 

     r
k

k
i

pii

pij

=    where i, j = 1 or 2 and i≠j 

These parameters are used to calculate the copolymer composition in a system with two 

monomers at infinitely low conversions. Eq. 5.1 has been termed “Lewis-Mayo equation”. 
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fi: mole fraction of component i in the monomer mixture 

Fi: mole fraction of component i in the copolymer 

 

For a two-monomer system, an expression for the overall copolymer propagation rate 

coefficient has been derived: 



46  5. PROPAGATION 

    k
r f r f f f

r f k r f k
p copo

p p
, ( ) ( )

=
⋅ + ⋅ + ⋅ ⋅

⋅ + ⋅
1 1

2
2 2

2
1 2

1 1 11 2 2 22

2
                (5.2) 

Where kp11 and kp22 denote the homopropagation rate coefficients. 

With the advances of experimental techniques to measure the average or combined 

propagating rate coefficient kp,copo as a function of the monomer feed composition, such as 

PLP-SEC, deviations from the terminal model were found. It become clear that in most cases 

the terminal model is not capable of describing both the copolymer composition and the 

propagation kinetics with one set of reactivity ratios. Although it has been shown by Maxwell 

et al. [11] that only one extra parameter is needed for an adequate fit of both sets, the 

penultimate unite model with two additional parameters has been chosen to represent 

copolymerization rate coefficients, kp,copo.  

 

5.1.1.2 EXPLICIT AND IMPLICIT PENULTIMATE UNIT MODELS 

 

The most widely used model is the so called "penultimate unit effect model" (PUE). The 

penultimate model assumes that the radical reactivity is affected by the preceding unit on the 

chain, that is, the radical Rij is distinguished from the radical Rjj and both differ in their 

reactivity towards the monomer. As in the terminal model, side reactions (such as chain 

transfer to monomer or chain transfer to polymer) are considered insignificant. In the 

penultimate unite model kinetic scheme becomes more complex: 

 

   ⋅−→+⋅− kjikji MMMRMMMR pijkk
   where i, j, k=1 or 2 

 

For a two-monomer system, there are eight propagation reactions, with the rate coefficient 

kpijk representing the reaction of radical Rij with a monomer Mk. The reactivity ratios are 

defined as follows: 

   r
k

k
r

k

k
s

k

k
ii

piii

piij
ij

pijj

piji
i

pjii

piii

= = =; ;                  where i, j=1 or 2 and i≠j 

The radical reactivity ratios, si, represent the effect of the penultimate unit on the addition rate 

of a monomer Mi to a radical Rii or Rji. The relation between the penultimate and terminal 

reactivity ratios is given by Eqs. 5.3 and 5.4 [12]: 

     r r
r f + f

r f + fi ji

ii i j

ji i j

= ⋅
⋅

⋅
                 (5.3) 
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where kpiii denotes the respective homopropagation rate coefficient. 

 

The corresponding expressions for copolymer composition and overall propagation rate 

coefficients can be deduced by substituting Eq. 5.3 and Eq. 5.4 into Eq. 5.1 (by identifying ri 

with ri ) and 5.2 (by identifying kpii with kpii ), respectively. A few systems (such as 

styrene/acrylonitrile and p-chlorostyrene/methyl acrylate) have been found to this date 

[13,14], where the copolymer composition and sequence distribution (triad sequences) cannot 

be adequately described by the terminal model. Fukuda and co-workers coined the phrase 

"explicit penultimate unit effect" (EPUE) to describe these systems, which require the full set 

of eight propagation rate coefficients to describe the copolymer composition and rate. In most 

cases [12,15,16], however, the copolymer composition is well described by the terminal 

model, but not the overall propagation rate coefficient. In this case, two simplifications can be 

made: 

    r r rii ji i= =  and r r rjj ij j= =  

These systems are said to display an "implicit penultimate unit effect" (IPUE) [17]. For all 

these systems, measured copolymerization rate coefficients, kp,copo, are lower than predicted 

by the terminal model. Based upon stabilization energy arguments, Fukuda et al. [18] 

suggested that 

     r r s si j i j⋅ = ⋅                   (5.5) 

Since it is often difficult to obtain accurate estimates of both s values from experimental data, 

Fukuda and co-workers [18] also suggested the simplification s1=s2. This immediately leads 

to: 

     ( )s s r ri j i j= = ⋅
0 5.

               (5.6) 

It has been demonstrated that these simplifications do a reasonable job in describing the 

experimental data in some cases [19]. 

 

The penultimate unit model, which traces back to Merz et al. [20], has received considerable 

attention over the past decade, which is primarily due to the convincing copolymerization 

experiments of Fukuda and co-workers [21]. The particularly attractive feature of the 

penultimate unit model is that previously determined monomer reactivity ratios from the 

terminal model fittings to composition data (see below) may be further utilized. It is for this 
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reason that other models (which certainly have their place in copolymerization kinetics) are 

not considered in bulk free-radical copolymerizations. Thus, the present work will focus on 

the interpretation of experimental PLP-SEC data by the implicit penultimate unit effect 

model. 

A growing body of evidence shows that in practice it is very difficult, if not impossible, to 

accurately determine all four reactivity ratios of the IPUE model just from composition and 

rate data [22,23,24]. This task is even more difficult for systems displaying an EPUE. In this 

work it will be demonstrated that for each individual copolymerizing system a careful data 

analysis is needed to derive definite statements about reactivity ratio data. The overall strategy 

is straightforward: 

 

1. The system under investigation is analyzed with respect to copolymer composition by     
1H-NMR spectroscopy and the overall propagation rate coefficient is determined by     

PLP-SEC experiments at different initial monomer feed ratios. In case that no literature 

data on the Mark-Houwink parameters, a and K, are available, these quantities, which are 

required for SEC analysis, have also been determined at different copolymer compositions, 

too.  

2. The two experimental data sets, copolymer composition and overall propagation rate 

coefficient, are fitted simultaneously to derive the variables rij, sj. The following error 

function is usually used: 

   ∑ −= 2
elmod

measured

)1(
data

data
error  

3. The least squares fitting procedure according to Levenberg-Marquardt [25,26] is started 

and the program provides a set of (optimum) parameters. However, these parameters need 

not constitute the only solution. It turns out, that the r values are usually close or identical 

to those determined by the Lewis-Mayo procedure [27] and independent of the starting 

values selected for the data fitting procedure. The s values are not as easily determined.  

 

For a description of copolymerization behavior, many studies have been devoted to the 

determination of accurate and precise reactivity ratios. The usual way to obtain the values of 

the parameters in copolymerization is to measure copolymer composition via 1H-NMR with 

subsequent fitting of the experimental obtained composition data to the terminal composition 

equation (Eq. 5.1). Once these data are obtained, they are sufficient to distinguish between a 

number of models described above.  
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In the course of this work, the simultaneous fitting procedure outlined above is used for 

composition and rate data analysis. The results are presented for each individual 

copolymerization system. 

 

5.1.2 DETERMINATION OF COPOLYMER COMPOSITION BY 
1
H-NMR SPECTROSCOPY 

 

This section deals with the determination and interpretation of (terminal model) reactivity 

ratios, r. Copolymer composition was determined for different acrylate/methacrylate 

copolymer systems. Literature data is available only for a part of these systems. The results of 

these investigations are summarized in Tab. 5.1. 

 

System Θ / °C p / bar rac rmac Source 

MA/MMA 50 1 0.42 2.36 [28] 

MA/MMA 23 1000 0.20 3.03 this work 

MA/DMA 40 1000 0.25 2.66 this work 

MA/DMA 40 1000 0.21 2.37 [29] 

DA/MMA 23 1000 0.29 2.42 this work 

DA/MMA 40 1000 0.43 3.26 [29] 

BA/MMA 50 1 0.41 2.24 [30] 

DA/DMA 40 1000 0.38 2.21 this work 

 

Tab. 5.1 Terminal model reactivity ratios for different copolymerization systems and 

experimental conditions of copolymer synthesis 

 

The evaluation of 1H-NMR spectra will be demonstrated taking the copolymerization of DA 

and MMA as an example. Fig. 5.1 shows a typical 1H-NMR spectrum of a DA/MMA 

copolymer (8 mol % MMA in the copolymer). The numbers assigned to each peak group in 

Fig. 5.1 refer to the proton positions indicated in the structural formula [31].  
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Fig. 5.1 
1H-NMR spectrum of a DA/MMA copolymer synthesized at 23 °C and 1000 bar. 

The individual peak assignments are explained in the text. 

 

For the determination of the copolymer composition, peaks c and f are considered. They 

correspond to the methylene protons next to the oxygen in the ester chain of dodecyl acrylate 

(peak c) and the methyl ester group in methyl methacrylate (peak f). Peaks a and d are 

associated with protons at the backbone of the polymer chain for both monomers and the 

methylene group in β-position to the oxygen in the ester chain of dodecyl acrylate, 

respectively. Peak e corresponds to the terminal methyl group in the dodecyl ester rest, peak b 

corresponds to a proton at the backbone dodecyl acrylate unit of the polymer. Peak f is 

integrated and the resulting value is, compared to the value of the integral of peak c (which 

allows to deduce the equivalent of one proton) as an indirect measure of the mole fraction of 

MMA in the copolymer as given by Eq. 5.7: 

     

2
]c[

3
]f[
3

]f[

MMA IntInt

Int

F

+

=                (5.7) 
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which can be rearranged to Eq. 5.8: 

     
]c[3]f[2

]f[2
MMA

IntInt

Int
F

+
=             (5.8) 

The results from the 1H-NMR experiments (Tab. 5.2) are shown in Fig. 5.2. Plotted is the 

mole fraction of MMA in the copolymer vs. the mole fraction of MMA in the comonomer 

feed. 
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Fig. 5.2 Lewis-Mayo plot for the DA/MMA copolymerization at 23 °C and 1000 bar; 

95 % joint confidence interval for the reactivity ratios (r values) is given. 

 

It is clearly seen that the MMA content of the polymer material always exceeds the MMA 

content of the associated monomer mixture (at differential conversion). This phenomenon 

may be explained in terms of radical stabilization: Propagating chains that carry a MMA unit 

in the terminal position are more stable than chains that carry a DA unit in the terminal 

position. The α-methyl group in methacrylate stabilizes the radical by increasing the electron 

density. In many cases, the more stable product is also the one that is formed faster [32]. A 

propagating radical, having either DA or MMA as the terminal unit, has the tendency to react 
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faster with a MMA monomer than with a DA monomer, due to the fact that the reaction path 

to the more stable product should also be the kinetically favored path. In other words, the 

activation energy for the reaction of the same propagating chain with a MMA monomer is 

always lower than the activation energy of the corresponding reaction with a DA monomer. 

This explanation [33] may hold true for all acrylate/methacrylate copolymerizations listed in 

Tab. 5.1. 

Fig. 5.3 plots the entire set of copolymerization data from Tab. 5.2 and [29] in a single Fmac 

vs. fmac diagram.  

 

MA/MMA  DA/MMA 

fmac Fmac  fmac Fmac 

0.025 0.123  0.020 0.081 

0.081 0.268  0.040 0.116 

0.205 0.493  0.081 0.230 

0.404 0.760  0.205 0.426 

0.701 0.859  0.403 0.636 

   0.403 0.643 

   0.701 0.882 

 

Tab. 5.2 Copolymer methacrylate contents determined by 1H-NMR, Fmac, associated 

monomer feed composition, fmac, for copolymerizations of DA/MMA and 

MA/MMA obtained at 23 °C and 1000 bar.  

 

The composition data of these acrylate/methacrylate copolymerizations are reasonably well 

fitted by one curve. The particular type of acrylate and methacrylate monomer appears to have 

no significant influence on the Fmac–fmac correlation. The difference in copolymerization 

temperature also does not seem to influence the Fmac–fmac correlation. The full line in Fig. 5.3 

represents the fit of the entire data set to the Lewis-Mayo copolymerization equation 

(Eq. 5.1). The methacrylate and acrylate reactivity ratios referring to the fitted line in Fig. 5.3 

are rmac = 2.55 and rac = 0.29. 
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Fig. 5.3 Lewis-Mayo plot for all copolymerization systems under investigation: 

DA/DMA (40 °C, squares), MA/DMA (40 °C, diamonds), DA/MMA (40 °C, 

triangles), DA/MMA (23 °C, full triangles), and MA/MMA (23 °C, full 

circles); 95 % joint confidence interval for the reactivity ratios (r values) is 

given. The full line represents the fit of the entire data set to the Lewis-Mayo 

copolymerization equation (Eq. 5.1). The composition data refers to 1000 bar.  

 

5.1.3 EXPERIMENTAL RESULTS AND DATA ANALYSIS BY PUE MODELS 

 

Studies into acrylate/methacrylate systems are of particular interest as the homopropagation 

rate coefficients of the two families differ significantly, by about 1 to 2 orders of magnitude 

[30,33,34]. The propagation rate coefficients for these systems were determined by the PLP-

SEC technique, where pulsed laser induced polymerization is combined with chromatographic 

analysis of the polymeric product.  

 

The present work focuses on the measurement of kp,copo data for the systems MA/MMA, 

MA/DMA, DA/MMA, and DA/DMA obtained at 22 to 40 °C and 1000 bar. The systems 
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were chosen such as to contain acrylates and methacrylates of both small (methyl) and long 

(dodecyl) ester size. The systems MA/DMA and DA/DMA at 40 °C and 1000 bar have partly 

been measured by Buback et al. [29].  

 

5.1.3.1 METHYL ACRYLATE / METHYL METHACRYLATE  

 

In this section results obtained for copolymerization of MA/MMA measured at 23 °C and 

1000 bar are presented. No Mark-Houwink parameters, a and K, were available for this 

system. They were determined at five copolymer compositions evenly distributed between the 

two homopolymers. From this data, intermediate a and K values were deduced. A careful data 

analysis is needed to decide on a method for this interpolation. The methods employed are 

described below and their impact on the resulting copolymerization propagation rate 

coefficients is discussed. 

 

FMMA a K / mL g–1 Source 

1.000 0.719 0.00944 [30] 

0.951 0.664 0.03120 this work 

0.820 0.676 0.02670 this work 

0.643 0.667 0.02880 this work 

0.397 0.683 0.02280 this work 

0.119 0.603 0.06450 this work 

0.000 0.696 0.01680 [29] 

 

Tab. 5.3 Mark-Houwink parameters a and K at 30 °C with THF as eluent for MA/MMA 

copolymers. Copolymer composition was determined by 1H-NMR 

spectroscopy. Parameters are valid for copolymers ranging from 10 000 to        

1 000 000 g⋅mol–1. 

 

The calibration procedure via the Mark-Houwink coefficients (Eq. 3.17), that are determined 

in a separate set of experiments, will now be outlined. Mark-Houwink parameters for both 

homopolymers are available in the literature [29,30]. When preparing samples for the 

determination of Mark-Houwink parameters, great care has to be taken to produce broad 

MWDs. Furthermore, it must be guaranteed that the copolymers produced by the PLP 

procedure are in the same molecular weight range as the copolymer samples used for Mark-
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Houwink parameters determination. The parameters given in this work can be used at 

molecular weights ranging from 10 000 to 1 000 000. Tab. 5.3 gives the parameters a and K 

together with the respective copolymer composition of the system MA/MMA. 

For the analysis of the data set given in Tab. 5.3 two methods are employed that allow to 

calculate Mark-Houwink coefficients at copolymer compositions different from those 

determined experimentally. The first approach is independent of the Mark-Houwink 

coefficients determined experimentally from copolymeric products: a simple linear 

interpolation between the homopolymer values was chosen to represent the intermediate 

values. This is indicated by the full lines in Figs. 5.4b and 5.4c. Propagation rate coefficients 

resulting from this treatment are represented by the open triangle symbols in Fig. 5.4a. 

Finally, the individual data points have been connected by a simple spline function and the 

Mark-Houwink parameters corresponding to intermediate compositions are calculated by 

linear interpolation between two measured data points (dotted lines). The resulting kp,copo data 

set is represented by open diamonds. 

The dependence of a and K on FMMA demonstrates the high degree of correlation between 

both quantities. Unfortunately, values of a and K measured by PSS and analyzed within this 

work are inconsistent with the values reported in the literature for homopolymers and 

therefore cannot be used for calculation of kp,copo. For illustration, the intrinsic viscosity, [η], 

recalculated from Eq. 3.16 as a function of FMMA in Fig. 5.5 is given.  

Values of a and K obtained from linear interpolation of the homopolymer numbers provide 

data which allow to make reasonable estimates of copolymer molecular weights. Within the 

present work for the system MA/MMA, the linear interpolation procedure between the 

homopolymer values is used to estimate copolymer Mark-Houwink constants. 
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Fig. 5.4 Mark-Houwink data for the MA/MMA system (for additional information see 

next page) 
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Additional information to Fig. 5.4: 

5.4a Propagation rate coefficients, kp,copo, resulting from different methods of fitting the 

Mark-Houwink coefficients a and K. Linear spline interpolation (open diamonds); 

linear interpolation between homopolymer values (open triangles) 

5.4b Mark-Houwink coefficient a vs. copolymer composition, FMMA, fitted by different 

methods. Linear spline interpolation (dotted line); linear interpolation between 

homopolymer values (full line) 

5.4c Mark-Houwink coefficient K vs. copolymer composition, FMMA, fitted by 

different methods. Linear spline interpolation (dotted line); linear interpolation 

between homopolymer values (full line) 
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Fig. 5.5 Intrinsic viscosity, [η], recalculated with Mark-Houwink parameters for MA 

([29], triangle), MMA ([30], square) and several copolymers (a and K obtained 

by PSS, circles) via Eq. 3.16, M =105 g⋅mol–1. 

 

Fig. 5.6 shows an experimental molecular weight distribution at an initial monomer feed of 

70.0 mol % MMA generated at 23 °C and 1000 bar. The data set is already recalibrated by the 

Mark-Houwink coefficients. Four points of inflection on the MWD can be clearly identified 

as maxima in the first derivative curve (dashed line), indicating that the formation of the 

molecular weight distribution was controlled by laser pulsing. The laser frequency was 70 Hz 

in this particular case. Particular attention was paid to the region with high amount of MA 

(fMA > 0.9), because the largest change in the overall propagation rate coefficient is to be 

expected here, as will be detailed below. 
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Fig. 5.6 Experimental molecular weight distribution (full line) of a MA/MMA copolymer 

produced at 23 °C and 1000 bar using a pulse repetition rate of 70 Hz. The first 

derivative of the MWD is also given (dashed line). Clearly seen are the higher 

order inflection points (L2 to L4), which serve as a consistency check of the PLP-

SEC experiment. 

 

The parameters of the PLP-SEC experiments and the resulting kp values for the entire data set 

(together with the pulse frequency and the inflection points used for kp,copo determination) are 

given in Tab. 5.4.  

 

Only those molecular weight distributions were considered in the kinetic analysis, for which 

the first derivative clearly meets the consistency criteria (L2 = 2·L1).  
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f
 0

MMA υ / Hz ML1 / g mol–1 ML2 / g mol–1 kp / L mol–1 s–1 
1.00 40 16853 32228 715 

1.00 40 17225 33007 731 

0.70 70 9663 21071 717 

0.70 70 9795 21522 707 

0.40 70 14091 29463 736 

0.40 70 14294 29720 747 

0.20 100 17056 35691 840 

0.20 100 17246 36180 811 

0.10 100 29617 68837 1408 
0.10 100 29725 68721 1408 
0.08 100 33113 70738 1488 
0.08 100 33267 71120 1495 
0.06 100 38976 81452 1718 
0.06 100 38789 82156 1726 
0.04 100 49520 104754 2185 
0.04 100 52323 107649 2257 
0.02 100 83360 194984 3868 
0.02 100 82238 163678 3403 
0.00 100 181853 338057 17476 
0.00 100 194258 340463 18683 

 

Tab. 5.4 PLP-SEC results for the copolymerization of methyl acrylate and methyl 

methacrylate (MA/MMA) at 23 °C and 1000 bar.  

 

Fig. 5.7 shows a plot of the kp,copo data vs. the initial MMA mole fraction of the comonomer 

mixture. In MA/MMA copolymerization, kp,copo is almost constant at methacrylate 

concentrations above fmac = 0.2 and steeply increases at methacrylate mole fractions below 

fmac = 0.1. The rapidly increasing kp,copo value in this reaction makes it extremely difficult (as 

has also been shown by [33]) to conduct successful PLP-SEC experiments at these conditions. 

The MA/MMA system has already been studied by [28,35] at 50 °C and ambient pressure. 

The resulting kp,copo data were analyzed with respect to the terminal and implicit penultimate 

unit effect model. The authors show that the free-radical copolymerization of MA/MMA at 

50 °C can be well described by the IPUM. The terminal model failed to predict the kinetic 

behavior of this system. 

The kp,copo values in this work are fitted by two procedures: (a) via the terminal model 

expression (Eq. 5.2) and (b) via the IPUE effect model by simultaneously fitting the kp,copo and 

composition data. A data analysis by the IPUE effect model was carried out by the procedure 

outlined in section 5.1.1. 
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The resulting data set was analyzed by the terminal model first. Although the terminal model 

failed in description the copolymerization of MA/MMA at 50 °C and ambient pressure [28], it 

describes the composition and propagation rate of this system at 23 °C and 1000 bar with 

almost the same reactivity ratios, as can be seen in Fig. 5.7. 

It is thus to be expected that the IPUE fitting describes the system under investigation very 

well with rmac and rac being close to the experimental values, and smac and sac being close to 

unity. The r and s values thus obtained are summarized in Tab. 5.11.  
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Fig. 5.7 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

MA/MMA system as a function of the mole fraction of MMA in the monomer 

mixture (fMMA) at 23 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text, the dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3), the dashed line 

corresponds the terminal model fit to the composition data with reactivity ratios 

rmac = 3.03 and rac = 0.20 (Tab. 5.1). 
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It is rather typical for an acrylate/methacrylate copolymerization that the overall propagation 

rate coefficient is close to the methacrylate value over a wide range of initial monomer feed 

ratios. This observation has also been made for other systems, such as DA/DMA, DA/MMA 

and MA/DMA, as will be detailed below. 

 

5.1.3.2 DODECYL ACRYLATE / DODECYL METHACRYLATE 

 

For the copolymerization system DA/DMA at 23 °C a PLP-SEC study, similar to the one for 

the MA/MMA system, was performed to deduce kp,copo.  

For this system, the Mark-Houwink parameters have already been reported [29]. 

As compared to the MA/MMA system, rather high pulse repetition rates (100 Hz) have to be 

used to generate a PLP-structure in the molecular weight distribution. The proper selection of 

the pulse laser rate plays an important role. The underlying arguments will not be presented 

here. An excellent survey on this issue has been given by Schweer [36] and 

Beuermann et al. [37]. In order to obtain well pronounced MWDs at very high initial mole 

fractions of DA in the monomer mixture (that is at fDA > 0.9), the initiator DMPA was used at 

initial concentrations close to 2.5⋅10–3 mol⋅L–1. This concentration is two times below the one, 

which is normally used in PLP-SEC experiments. Nicely structured molecular weight 

distributions are obtained in all cases. Fig. 5.7 shows the first derivatives of the MWD 

produced at 23 °C and 1000 bar at 100 Hz.  

Additionally, six values of kp,copo at fDA > 0.9 were added to the existed data for DA/DMA 

copolymerization at 40 °C and 1000 bar [29]. Fig. 5.9 presents the MWD and the associated 

first derivative curve of a DA/DMA copolymer (fDMA = 0.06) obtained at 40 °C and 1000 bar 

by pulsed laser polymerization at a repetition rate of 100 Hz. 
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Fig. 5.8 Experimental MWD (full line) of a DA/DMA copolymer (fDMA = 0.06) produced 

at 23 °C and 1000 bar at 100 Hz. A dashed line gives the associated first 

derivative curve.  
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Fig. 5.9 Experimental molecular weight distribution (full line) of a DA/DMA copolymer 

(fDMA = 0.06) produced at 40 °C and 1000 bar at 100 Hz. The associated first 

derivative curve is given by a dashed line. 
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The data set is calibrated with the Mark-Houwink coefficients from reference [29] according 

to Eq. 3.17. The individual data points have been connected by a spline function and the 

Mark-Houwink parameters corresponding to intermediate compositions are calculated by 

linear interpolation between two measured data points. The resulting kp,copo data set obtained 

at 23 °C/1000 bar and 40 °C/1000 bar is shown in Fig. 5.10 and Fig. 5.11 respectively. 

 

0

5 000

10 000

15 000

20 000

k p
,c

op
o

/(
L

·m
ol

·s
)

–1
–1

0.0 0.2 0.4 0.6 0.8 1.0

fDMA  

Fig. 5.10 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

DA/DMA system as a function of the mole fraction of DMA in the monomer 

mixture (fDMA) at 23 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text. The dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3). The dashed line 

represents the terminal model fit to the composition data with reactivity ratios 

rmac = 2.21 and rac = 0.38 (Tab. 5.1). 
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Fig. 5.11 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

DA/DMA system as a function of the mole fraction of DMA in the monomer 

mixture (fDMA) at 40 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text. The dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3). The dashed line 

represents the terminal model fit to the composition data with reactivity ratios 

rmac = 2.21 and rac = 0.38 (Tab. 5.1). 

 

The experimental conditions and all results for the DA/DMA system obtained by PLP-SEC 

are summarized in Tab. 5.5 (at 23 °C and 1000 bar) and in Tab. 5.6 (at 40 °C and 1000 bar).  
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f
 0

DMA υ / Hz ML1 / g mol–1 ML2 / g mol–1 kp / L mol–1 s–1 
1.00 100 7693 15438 1309 
1.00 100 7237 13597 1233 
0.70 100 9014 17334 1415 
0.70 100 9691 18975 1522 
0.40 100 11520 23631 1698 
0.40 100 11872 23941 1751 
0.20 100 19712 35620 1958 
0.20 100 20668 36591 2049 
0.08 100 35999 71504 4140 
0.08 100 35092 69501 4038 
0.06 100 40570 82543 4463 
0.06 100 40398 82871 4444 
0.04 100 60563 105039 6984 
0.04 100 61844 104393 7135 
0.02 100 79779 146423 10552 
0.02 100 78571 141120 10384 
0.00 100 181526 335336 31395 
0.00 100 186728 345001 32370 

 

Tab. 5.5 PLP-SEC results for the copolymerization of DA/DMA at 23 °C and 1000 bar. 

 

f
 0

DMA υ / Hz ML1 / g mol–1  ML2 / g mol–1 kp / L mol–1 s–1 
0.10 100 44195 90174 6630 
0.10 100 45113 93207 6763 
0.08 100 53604 99598 7215 
0.06 100 68969 127956 8994 
0.04 100 78759 171120 10546 
0.04 100 84567 166188 11329 
0.02 100 87438 249517 14238 
0.02 100 92427 235440 15119 

 

Tab. 5.6 PLP-SEC results for the copolymerization of DA/DMA at fDA > 0.9 at 40 °C and 

1000 bar. 

 

The kp,copo values for both cases are fitted by two procedures: (a) via the terminal model 

expression (Eq. 5.2) and (b) via the IPUE effect model by simultaneously fitting the kp,copo and 

composition data. The data analysis by the IPUE effect model was carried out by the 

procedure outlined in section 5.1.1. 

The dashed lines in Figs. 5.10 and 5.11 show the fit of the terminal model to the kp,copo data, as 

calculated by Eq. 5.2 using the rmac and rac estimates from the fit to the polymer composition 

(Tab. 5.1), the dotted lines represent a terminal model fit with reactivity ratios taken from a 
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Lewis-Mayo fit to the overall composition data (Fig. 5.3). The terminal model adequately 

describes the data of the DA/DMA copolymerization at 23 °C and 1000 bar, but in case of the 

DA/DMA copolymerization at 40 °C and 1000 bar it is clear that the terminal model does not 

fit both the composition and kp,copo data simultaneously.  

Because of the failure of the terminal model for DA/DMA at 40 °C and 1000 bar, the IPUE 

model was examined. All parameters of this model were fitted to the combined composition 

and kp,copo data set. Tab. 5.11 contains a summary of the parameter estimates. 

 

5.1.3.3 METHYL ACRYLATE / DODECYL METHACRYLATE 

 

In order to obtain well structured MWDs at very high initial mole fraction of MA in the 

monomer mixture (that is at fMA > 0.94), the initiator DMPA was used at initial concentrations 

close to 2⋅10–3 mol⋅L–1. This concentration is 2.5 times lower as the one that is normally used 

in PLP-SEC experiments. Nicely structured molecular weight distributions are obtained in all 

cases. Fig. 5.12 shows the first derivatives of the MWD of a MA/DMA copolymer produced 

at 22 °C/1000 bar at 100 Hz. Fig. 5.13 presents the MWD and the associated first derivative 

curve of a MA/DMA copolymer obtained at 40 °C and 1000 bar by pulsed laser 

polymerization at a pulse repetition rate of 100 Hz. 

 

The MWDs for MA/DMA copolymerization at 40 °C and 1000 bar have partly been 

measured by Buback et al. [29]. Additionally ten values of kp,copo at fMA > 0.9 were added to 

the data of the MA/DMA copolymerization at 40 °C and 1000 bar. The results for the 

MA/DMA system concerning Mark-Houwink parameter determination and evaluation have 

already been described [29]. Propagation rate coefficients for the system MA/DMA measured 

at 22 °C and 1000 bar will be presented.  
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Fig. 5.12 Experimental MWD (full line) of a MA/DMA copolymer (fDMA = 0.20) produced 

at 22 °C and 1000 bar at 100 Hz. A dashed line gives the associated first 

derivative curve. 
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Fig. 5.13 Experimental molecular weight distribution (full line) of a MA/DMA copolymer 

(fDMA = 0.06) produced at 40 °C and 1000 bar at 100 Hz. The associated first 

derivative curve is given by a dashed line. 
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For SEC calibration, the Mark-Houwink parameters for several copolymer compositions have 

been connected by a spline function and the Mark-Houwink parameters corresponding to 

intermediate compositions are calculated by linear interpolation between two measured data 

points. The resulting kp,copo data set obtained at 22 °C/1000 bar and 40 °C/1000 bar is shown 

in Fig. 5.14 and Fig. 5.15 respectively.  
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Fig. 5.14 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

MA/DMA system as a function of the mole fraction of DMA in the monomer 

mixture (fDMA) at 22 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text. The dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3). The dashed line 

represents the terminal model fit to the composition data with reactivity ratios 

rmac = 2.66 and rac = 0.25 (Tab. 5.1). 
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Fig. 5.15 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

MA/DMA system as a function of the mole fraction of DMA in the monomer 

mixture (fDMA) at 40 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text. The dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3). The dashed line 

represents the terminal model fit to the composition data with reactivity ratios 

rmac = 2.66 and rac = 0.25 (Tab. 5.1). 

 

The resulting propagation rate coefficients for the MA/DMA system are given in Tab. 5.7 (at 

22 °C and 1000 bar) and in Tab. 5.8 (at 40 °C and 1000 bar). 
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f 
0
MMA υ / Hz ML1 / g mol–1 ML2 / g mol–1 kp / L mol–1 s–1 

1.00 100 7693 15438 1309 
1.00 100 7237 13597 1233 
0.79 100 8872 16642 1220 
0.79 100 8738 16834 1202 
0.50 100 11429 23195 1228 
0.50 100 11556 22725 1242 
0.20 100 24632 47874 1581 
0.20 100 23895 45415 1534 
0.08 100 41937 88634 2464 
0.08 100 41802 86377 2456 
0.06 100 44671 91768 2625 
0.06 100 45459 93629 2674 
0.04 100 56711 106094 3471 
0.04 100 59961 114251 3685 
0.02 100 90091 175671 5809 
0.02 100 86469 176311 5561 
0.01 100 123453 257810 8377 
0.01 100 124366 263512 8442 
0.00 100 181853 338057 17476 
0.00 100 194258 340463 18683 

 

Tab. 5.7 PLP-SEC results for the copolymerization of MA/DMA at 22 °C and 1000 bar. 

 

f
 0

DMA υ / Hz ML1 / g mol–1  ML2 / g mol–1 kp / L mol–1 s–1 
0.10 100 58332 108375 3604 
0.10 100 59231 109964 3662 
0.08 100 67543 131063 4069 
0.08 100 76075 152423 4611 
0.06 100 81051 158314 4950 
0.06 100 86289 158198 5290 
0.04 100 102014 211836 6598 
0.04 100 102092 207922 6603 
0.02 100 131229 277000 8813 
0.02 100 136439 282085 9187 
0.02 100 130407 278356 8829 
0.02 100 131392 264028 8829 

 

Tab. 5.8 PLP-SEC results for the copolymerization of MA/DMA at 40 °C and 1000 bar. 

 

The obtained propagation rate coefficients, given in Tab. 5.7 and 5.8, have been analyzed by 

the terminal and IPUE models. For both sets of polymerization conditions, the simultaneous 

fitting of composition and kp,copo has been carried out according to the procedure outlined in 

section 5.1.1.  
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Additionally to the terminal model, the IPUE model was examined. Fig. 5.14 and 5.15 show 

the results of fitting the terminal model to the kp,copo data and the IPUE model to the combined 

composition and kp,copo data for the system MA/DMA at 22 °C/1000 bar and 40 °C/1000 bar. 

At lower temperature (22 °C) the system MA/DMA can be well represented by the terminal 

model, but Fig. 5.15 illustrates its inadequacy in describing the MA/DMA system at 40 °C. 

Tab. 5.11 contains a summary of the parameter estimates. 

 

5.1.3.4 DODECYL ACRYLATE / METHYL METHACRYLATE 

 

The system DA/MMA at 40 °C and 1000 bar has already been studied by Buback et al. [29]. 

The resulting kp,copo data were analyzed with respect to the terminal, implicit and explicit 

penultimate unit models. The authors showed the failure of the terminal model to fit both the 

composition and kp,copo data simultaneously. Thus, the next case considered was the IPUE 

fitting. It turned out that also this model was not adequate in describing the system at high 

mole fraction of methyl methacrylate. The EPUE model has also been used for simultaneous 

nonlinear fitting of the kp,copo and composition data. It was found that the agreement between 

measured and modeled data is not perfect at high fmac even with the EPUE model. 

The present work focuses on the propagation step of DA/MMA copolymerization at 23 °C 

and 1000 bar. It was the enormous advantage that existing Mark-Houwink parameters 

determined by the same authors [29] can be used.  

In order to obtain well pronounced MWDs at very high initial mole fraction of DA in the 

monomer mixture (that is at fDA > 0.94) the initiator DMPA was used at initial concentrations 

close to 2⋅10–3 mol⋅L–1. This concentration is 2.5 times below the one normally used in the 

previous studies [29]. Nicely structured molecular weight distributions are obtained in all 

cases. Fig. 5.16 shows the first derivatives of the MWD of a DA/MMA copolymer produced 

at 23 °C/1000 bar at 100 Hz.  
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Fig. 5.16 Experimental molecular weight distribution (full line) of a DA/MMA copolymer 

(fMMA = 0.02) produced at 23 °C and 1000 bar at 100 Hz with associated first 

derivative curve (dashed line). 

 

In order to obtain SEC calibration the individual Mark-Houwink parameters have been 

connected by a spline function. The Mark-Houwink parameters corresponding to intermediate 

compositions are calculated by linear interpolation between two measured data points. The 

resulting kp,copo data set obtained at 23 °C/1000 bar is shown in Fig. 5.17. 
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Fig. 5.17 Copolymerization propagation rate coefficients determined by PLP-SEC for the 

DA/MMA system as a function of the mole fraction of MMA in the monomer 

mixture (fMMA) at 23 °C and 1000 bar. The full line corresponds to a fit according 

to the IPUE model as described in the text. The dotted line is a terminal model 

representation with the reactivity ratio data rmac = 2.55 and rac = 0.29 taken from 

the Lewis-Mayo fit to the overall composition data (Fig. 5.3). The dashed line 

represents the terminal model fit to the composition data with reactivity ratios 

rmac = 2.42 and rac = 0.29 (Tab. 5.1). 

 

The parameters of the PLP-SEC experiments and the resulting kp values for the entire data set 

(together with the pulse frequency and the inflection points used for kp,copo determination) are 

given in Tab. 5.9. 
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f 
0
MMA υ / Hz ML1 / g mol–1 ML2 / g mol–1 kp / L mol–1 s–1 

1.00 40 16853 32228 715 
1.00 40 17225 33007 731 
0.70 100 6758 14256 885 
0.40 100 10545 22610 1577 
0.40 100 10107 22405 1514 
0.21 100 18420 33647 3202 
0.21 100 18459 34796 3209 
0.08 100 32391 64908 5161 
0.08 100 32598 66177 5193 
0.07 100 36933 75395 5808 
0.07 100 36867 76227 5798 
0.04 100 60483 94813 7722 
0.04 100 60661 93325 7745 
0.02 100 72196 127617 9065 
0.02 100 74425 136408 9352 
0.00 100 181526 335336 31395 
0.00 100 186728 345001 32370 

 

Tab. 5.9 PLP-SEC results for the copolymerization of DA/MMA at 23 °C and 1000 bar. 

 

The resulting data set was analyzed by the terminal model first. It was found that it is 

impossible to fit composition and rate data by the terminal model with the same set of 

reactivity ratios. Therefore a data analysis by the implicit IPUE model was carried out by the 

procedure outlined in section 5.1.1. It turned out that the IPUE model cannot yield reasonable 

radical reactivity ratios for the system DA/MMA at 23 °C/1000 bar (Tab. 5.11). 

 

5.2 DISCUSSION 
 

It is worth mentioning that it is rather difficult to apply any copolymerization model to an 

acrylate/methacrylate system measured at temperatures above 30 °C. Dating back to the early 

study of Davis et al. [16], it was evident that the required PLP-SEC consistency checks were 

difficult to fulfill for acrylate monomers. Rather than producing well structured distributions, 

the PLP-generated polyacrylate MWDs were broader and indistinct. Further studies with butyl 

acrylate [37,41] demonstrated that kp estimates could only be obtained by carrying out 

experiments at temperatures below 30 °C and at high laser repetition rate (e.g., 50 or 100 Hz). 

The reasons for the difficulty in obtaining kp at higher temperatures remained a matter of 

speculation. Various hypotheses have been put forward (see van Herk [1] for an overview) 

which included high rates of transfer to monomer/solvent, significant exotherms during laser 



5. PROPAGATION  75 

illumination, intermolecular chain transfer to polymer confounding accurate MWD analysis 

by SEC, and intramolecular transfer (backbiting) [38,39,40,41,42,43] that can disrupt the 

relationship between chain length and radical life time expressed by Eq. 3.12. Recent 

experimental and modeling studies have shown that the intramolecular transfer event is the 

most significant effect in acrylate chain-growth kinetics. There is strong evidence that 

monomer addition to the mid-chain radical (resulting from backbiting) proceeds at a much 

slower rate than addition to the parent terminal radical. After the first monomer addition, the 

propagation radical assumes secondary chain-end character and continues to grow with the 

chain-end kp value. It has been determined that propagation rates of methyl acrylate dimer 

[44], butyl acrylate dimer [45] and dodecyl acrylate dimer (section 8) (species that form 

radicals of a structure similar to the one of mid-chain radicals) are by at least two orders of 

magnitude lower than of acrylate chain-end radicals. Thus, if the fraction of chains that 

undergo backbiting is sufficiently large, the linear relationship between chain length and 

radical lifetime given by Eq. 3.12 is disturbed and no PLP structure will develop. This 

conclusion is supported by recent simulation studies by Arzamendy et al. [8] and 

Nikitin et al. [46]. 

Another difficulty in the determination of copolymerization parameters for 

acrylate/methacrylate systems is the large difference between kp values for acrylates and 

methacrylates (e.g., 1.44⋅104 L⋅mol–1⋅s–1 for butyl acrylate at 20 °C [2,37] compared with 

314 L⋅mol–1⋅s–1 for butyl methacrylate [47]). This difference results in rac/kp,ac << rmac/kp,mac 

that, according to Eq. 5.2, may cause an insensitivity of the IPUE fitting procedure for the sac 

value. In Tab. 5.10 
p11

11

k

fr ⋅
and 

p22

22

k

fr ⋅
from Eq. 5.2 for the system DA/MMA measured at 

23 °C/1000 bar are compared. Index 1 corresponds to MMA and index 2 to DA (r1 = 2.55 and 

r2 = 0.29). 
p22

22

k

fr ⋅
 << 

p11

11

k

fr ⋅
 within the entire f1 range covered in Tab. 5.10. This observation 

allows for the modification of Eq. 5.2 as follows: 
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f1 (r1⋅f1)/kp11 (r2⋅f2)/kp22 [(r2⋅f2)/kp22]/[(r1⋅f1)/kp11] 

0.05 1.77⋅10–4 8.72⋅10–6 4.92⋅10–2 

0.10 3.54⋅10–4 8.26⋅10–6 2.33⋅10–2 

0.20 7.08⋅10–4 7.34⋅10–6 1.04⋅10–2 

0.30 1.06⋅10–3 6.42⋅10–6 6.05⋅10–3 

0.40 1.42⋅10–3 5.51⋅10–6 3.89⋅10–3 

0.50 1.77⋅10–3 4.59⋅10–6 2.59⋅10–3 
0.60 2.13⋅10–3 3.67⋅10–6 1.73⋅10–3 

0.70 2.48⋅10–3 2.75⋅10–6 1.11⋅10–3 

0.80 2.83⋅10–3 1.84⋅10–6 6.48⋅10–4 

0.90 3.19⋅10–3 9.18⋅10–7 2.88⋅10–4 

0.95 3.36⋅10–3 4.59⋅10–7 1.36⋅10–4 
 

Tab. 5.10 Comparison between 
p11

11

k

fr ⋅
and 

p22

22

k

fr ⋅
 in Eq. 5.2 for the system DA/MMA 

measured at 23 °C/1000 bar (r1 = 2.55 and r2 = 0.29). 

 

As was pointed out in section 5.3.1.1, in an acrylate/methacrylate copolymerization the 

overall propagation rate coefficient is close to the methacrylate value over a wide range of 

initial monomer feed ratios. This observation is valid for the systems MA/MMA, DA/DMA, 

MA/DMA, DA/MMA, and BA/MMA [29]. The value of kp,copo remains almost constant at 

methacrylate concentrations above fmac = 0.2 and steeply increases at methacrylate mole 

fractions below fmac = 0.1 (toward the acrylate homopropagation value, kp,ac, which exceeds 

kp,mac by more than one order of magnitude). The systems DA/DMA measured at 

40 °C/1000 bar and DA/MMA at 23 °C/1000 bar show a different type of composition 

dependence of kp,copo. Figs. 5.11 and 5.17 indicate that kp,copo increases within the entire range 

of fmac, although the increase is, as with the systems, particularly pronounced in the region of 

methacrylate mole fractions below fmac = 0.2.  

The obtained kinetic data were analyzed in terms of the existing copolymerization kp models. 

A brief overview of these models has been given in section 5.1.1.  

For many years it was thought that the terminal model could describe the majority of 

copolymerization systems and it was thus considered to be a suitable basis for describing 

copolymerization kinetics. Subsequent studies have demonstrated that the terminal model 

adequately describes the instantaneous copolymer composition [21], and that it fails to do so 

only in a small number of cases, such as the styrene/acrylonitrile system [48].  
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To date, two alternative accounts of the origin of the IPUE model have been suggested – 

known as the enthalpic and entropic models. In the enthalpic model, suggested by 

Fukuda et al. [18], it is proposed that the penultimate unit affects only the stability of the 

reacting radical but has no interaction with the reacting monomer [54]. Along these lines, the 

penultimate unit would (via an Evans-Polanyi rule) affect the activation energy, but the effect 

would be independent of the reacting monomer. In the entropic model, suggested by Heuts et 

al. [49], it is proposed that the penultimate unit affects the frequency factor of the propagation 

reaction. Provided the two monomers are not too dissimilar in size, the effect cancels for the 

monomer reactivity ratios and affects only the radical reactivity ratios. To date, discrimination 

between these two alternative mechanisms has not been possible because they predict the 

same type of kinetic behavior and differ only in their predicted values of the radical reactivity 

ratios. 

In each of the copolymerization models the fitted model parameters have a physical meaning. 

Given this physical meaning, the expected temperature dependence of the parameters for each 

of these models may be summarized as follows: For the terminal model, the monomer 

reactivity ratios (rmac and rac) would be expected to be slightly temperature dependent (based 

on chemical grounds). For the IPUE model, the radical reactivity ratios would be expected to 

be either slightly temperature sensitive (enthalpic model) or insensitive (entropic model) to 

temperature, depending upon whether or not they have an enthalpic component. 

Fig. 5.3 has already demonstrated that the composition of the acrylate/methacrylate systems 

under investigation is adequately represented by the terminal model expression. The values of 

reactivity ratios obtained by applying Eq. 5.1 to the composition data are given in the first line 

of Tab. 5.11. It can be seen, that the rmac values of the various acrylate/methacrylate systems 

are close to each other, as are the rac data. The numbers for rmac from fitting the composition 

data are in the range of 2.8 ± 0.6 and for rac are in the range of 0.31 ± 0.12. Throughout the 

entire composition range, the fraction of methacrylate polymerized, Fmac, exceeds the 

methacrylate monomer mole fraction, fmac. This preference is most likely due to the higher 

stability of the radical formed upon the addition of a methacrylate monomer. The full line in 

Fig. 5.3 represents the fit of the entire data set to Eq. 5.1. The methacrylate and acrylate 

reactivity ratios referring to the fitted line in Fig. 5.1 are rmac = 2.55 and rac = 0.29.  

It should be noted, that for all systems under investigation, the kp,copo values are also well 

represented by the terminal model if only the kp,copo data is fitted. The reactivity ratios were 

obtained by fitting the experimental kp,copo data to Eq. 5.2 and summarized in the second line 

of Tab. 5.11. Inspection of Tab. 5.11 shows the surprisingly low values of rmac in fitting the 
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DA/MMA system and also the reduced (as compared to rmac from composition analysis) value 

of rmac for the systems DA/DMA and MA/DMA (both systems are measured at 40 °C and 

1000 bar). In these systems the impact on rmac is larger than that on rac as the kp,copo effect is 

seen in the methacrylate-rich composition range and as kp,mac is significantly below kp,ac, 

which further enhances the importance of the methacrylate term in the denominator of 

Eq. 5.2.  

In order to test the terminal model, the parameters obtained from fitting the terminal model to 

the kp,copo data may be used to predict independently measured experimental data, such as the 

composition data. Fig. 5.18 shows the composition data of different acrylate/methacrylate 

systems. Lines in Fig. 5.18 represent fit of Eq. 5.1 with reactivity ratios obtained from fitting 

the kp,copo data (second line in Tab. 5.11). It is seen that with reactivity ratios, taken from 

fitting only the kp,copo data, systems MA/MMA measured at 23 °C/1000 bar and MA/DMA 

measured at 22 °C/1000 bar can be well described. In case of DA/DMA measured at 

23 °C/1000 bar and MA/DMA measured at 40 °C/1000 bar reactivity ratios from the second 

line in Tab. 5.11 satisfactory represent experimental obtained composition data. For 

DA/MMA it was not possible to describe composition and kp,copo data with similar reactivity 

ratios. 
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Fig. 5.18 Lewis-Mayo plot for all copolymerization systems under investigation: 

DA/DMA (40 °C, squares), MA/DMA (40 °C, diamonds), DA/MMA (40 °C, 

triangles), DA/MMA (23 °C, full triangles), and MA/MMA (23 °C, full 

circles). The lines represent the fit of Eq. 5.1 to different systems with 

reactivity ratios obtained by taking only the kp,copo data (second line in 

Tab. 5.11). The composition data refers to 1000 bar. 

 

The dotted lines in Figs. 5.7 and 5.14 represent kp,copo values estimated via Eq. 5.2 using the 

reactivity ratios rmac = 2.55 and rac = 0.29 taken from a Lewis-Mayo fit to the overall 

composition data. These graphs demonstrate that the terminal model fits rate and composition 

data in the MA/DMA at 22 °C/1000 bar and MA/MMA at 23 °C/1000 bar copolymerizations 

with almost the same reactivity ratios. There is a small discrepancy shown in Figs. 5.10 and 

5.15 between calculated and experimental data within the systems DA/DMA measured at 

23 °C/1000 bar and MA/DMA measured at 40 °C/1000 bar. It was found that the terminal 

model cannot adequately represent both sets of data in DA/DMA copolymerization at 

40 °C/1000 bar and DA/MMA at 23 °C/1000 bar simultaneously, as illustrated by the dotted 
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lines in Figs. 5.11 and 5.17. In the latter case, the terminal model can adequately fit either the 

rate or the composition but not both data with the same reactivity ratios.  

With the failure of the terminal model to fit both the composition and kp,copo data for the 

systems DA/DMA measured at 40 °C/1000 bar and DA/MMA measured at 23 °C/1000 bar, 

the IPUE model was taken for a copolymerization modeling. 

Reactivity ratios obtained by simultaneous fitting of the IPUE model to kp,copo and 

composition data are given in the third line of Tab. 5.11. In the sixth line of Tab. 5.11, rmac 

and rac were fixed to the values estimated from the terminal model fit to copolymer 

composition data and kp,copo data was used to estimate smac and sac.  

Assuming that smac⋅sac in Eq. 5.5 is close to unity, the correlation sac = 1/smac can be used for 

data analysis, which yields the results presented in the fourth line and in the seventh line (with 

monomer reactivity ratios taken from composition data) of Tab. 5.11. These values are close 

to the ones given in the third line of Tab. 5.11. 

It was shown above that Eq. 5.9 instead of Eq. 5.2 could be used for the system DA/MMA. In 

this case, information about sac will be lost. For this reason correlation sac = 1/smac was used. 

In the fifth line of Tab. 5.11 the results obtained from simultaneous fitting Eqs. 5.1 and 5.9 to 

the composition and kp,copo data are presented. This procedure significantly affects values of 

radical reactivity ratios. 
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MA/MMA DA/DMA MA/DMA DA/MMA 
  

23 °C 23 °C 40 °C 22 °C 40 °C 23 °C 40 °C 

1 
Fmac–fmac terminal 

model fit (Eq. 5.1) 

rmac 

rac 

3.03 

0.20 

- 

- 

2.21 

0.38 

- 

- 

2.66 

0.25  

2.42 

0.29 

3.26 [29] 

0.43 [29] 

2 
kp,copo terminal 

model fit (Eq. 5.2) 

rmac 

rac 

1.95 

0.21 

2.13 

0.48 

0.86 

0.22 

2.59 

0.31 

1.49 

0.21 

0.64 

0.30 

0.88 [29] 

0.53 [29] 

3 IPUE fit 

rmac 

rac 

smac 

sac 

2.40 

0.18 

1.46 

0.38 

2.05 

0.34 

1.25 

1.32 

1.83 

0.15 

3.15 

1.19 

2.40 

0.23 

1.17 

0.37 

2.37 

0.22 

1.77 

0.24 

1.57 

0.15 

ind. 

0.05 

2.11 [29] 

0.31 [29] 

ind. [29] 

0.05 [29] 

4 IPUE fit 

rmac 

rac 

smac 

sac=1/smac 

2.39 

0.18 

1.43 

0.70 

2.05 

0.34 

1.26 

0.79 

1.88 

0.16 

3.60 

0.28 

2.39 

0.23 

1.13 

0.88 

2.34 

0.22 

1.60 

0.62 

1.52 

0.16 

16.49 

0.06 

1.99 

0.27 

9.30 

0.11 

5 
IPUE fit 

(Eqs. 5.1 and 5.9) 

rmac 

rac 

smac 

sac=1/smac 

2.30 

0.15 

1.38 

0.72 

1.98 

0.23 

1.35 

0.74 

1.83 

0.13 

2.82 

0.35 

2.09 

0.16 

1.02 

0.98 

2.15 

0.18 

1.37 

0.73 

1.32 

0.11 

3.42 

0.29 

2.11 

0.23 

5.92 

0.17 

6 

IPUE fit 

rmac and rac are 

from the overall 

Fmac–fmac terminal 

model fit 

rmac 

rac 

smac 

sac 

2.55 

0.29 

1.03 

1.12 

2.55 

0.29 

1.85 

0.54 

2.55 

0.29 

2.56 

ind. 

2.55 

0.29 

1.02 

0.99 

2.55 

0.29 

1.63 

0.16 

2.55 

0.29 

ind. 

0.05 

2.55 

0.29 

ind. 

0.14 

7 

IPUE fit, 

rmac and rac are 

from the overall 

Fmac–fmac terminal 

model fit 

rmac 

rac 

smac 

sac=1/smac 

2.55 

0.29 

1.04 

0.96 

2.55 

0.29 

1.84 

0.55 

2.55 

0.29 

3.01 

0.33 

2.55 

0.29 

1.02 

0.98 

2.55 

0.29 

1.39 

0.72 

2.55 

0.29 

4.60 

0.22 

2.55 

0.29 

8.62 

0.12 

 

Tab. 5.11 Reactivity ratios obtained by fitting the experimental composition and 

propagation rate data of acrylate/methacrylate copolymerizations to different 

models. The data refers to 1000 bar (“ind.” says that the value is 

indeterminate). 

 

In the system MA/DMA measured at 22 °C/1000 bar and 40 °C/1000 bar smac is higher than 

sac, which is in good agreement to what has been already reported [29,30]. In the system 

DA/DMA investigated at 40 °C/1000 bar sac seems to be little sensitive to the IPUE fitting 

procedure. It should be noted, that with radical reactivity ratios equal to unity the IPUE model 
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expression for the average propagation rate coefficient (Eq. 5.4) collapses to the terminal 

model expression. Heuts et al. [49] pointed out that steric effects are generally of equal, if not 

of large importance as electronic effects. The size of the substituent determines the internal 

barriers (i.e., degree of hindrance) to internal motions in the transition state of the reaction. 

The greater the hindrance is, the smaller is the Arrhenius frequency factor. The effect of the 

hindrance of the penultimate unit may cancel if the two comonomers are not too dissimilar in 

size and shape. It follows that if two monomers are very similar in size, the propagation rate 

coefficient can be predicted by the terminal model. Therefore it comes as no surprise that the 

terminal model works rather well in the systems MA/MMA and DA/DMA investigated at 

23 °C and 1000 bar. 

Only for the system DA/MMA at both temperatures (Tab. 5.11) the IPUE model does not 

provide reasonable numbers for the radical reactivity ratios with meaningful accuracy. 

It was noted by Coote et al. [24] that a central difficulty in obtaining accurate values for 

radical reactivity ratios is the fact that these parameters are extremely sensitive to small 

variations in the data. 

It was already mentioned above that the intramolecular chain transfer reaction (backbiting) 

plays an important role in homopolymerization of acrylates [2]. Inspection of the literature 

shows that the reactivity ratios obtained from composition data of copolymerization of butyl 

acrylate with styrene (rSt = 0.81 and rBA = 0.20) [50] are close to the reactivity ratios obtained 

in copolymerization of butyl acrylate dimer (species that forms radicals of similar structure to 

the mid-chain radicals) with styrene (rSt = 0.73 and rBAD = 0.11) [51]. This gives a strong 

support that the mid-chain radicals have a small influence on the composition data but they 

should have an impact on the overall propagation rate.  

In section 7 it will be presented, that the amount of mid-chain radicals in DA 

homopolymerization is higher than in BA homopolymerization under PLP conditions. In 

section 9 it will be shown that the intramolecular chain transfer coefficient, kbb, for DA is 

higher than for BA. It was shown that kbb for BA is higher than for MA [45,52]. One can 

expect that in DA-containing copolymer systems thus should be more mid-chain radicals at 

high mole fractions of acrylate than in MA-containing systems. This may cause difficulties in 

application of different copolymerization models to the experimental data obtained in DA 

copolymerization. Resulting from backbiting, tertiary mid-chain radicals will propagate at 

much slower rate than the secondary radicals of acrylates. In acrylate/methacrylate 

copolymerization systems two types of tertiary radicals may be present: propagating radicals 

of methacrylates and mid-chain radicals originating from backbiting.  
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In the DA/MMA system the monomers have very different sizes of the ester group (very 

bulky dodecyl chain in case of DA and rather small methyl group in case of MMA). It may be 

assumed that in the DA/MMA system measured even at 23 °C/1000 bar, tertiary radicals of 

both types (propagating radicals of methacrylates and mid-chain radicals) have a similar rate 

of propagation. If a mid-chain radical has different monomer units (DA and/or MMA) to its 

right and left sides this may cause a failure of the copolymerization models proposed so far. 

On the other hand, in case of DA/DMA both monomers have the same bulky ester group that 

can wrap around a chain.  

ESR studies discussed in sections 7 and 9 show high activation energy for backbiting 

(EA = 52 kJ⋅mol–1). Thus, with increasing temperature, the amount of mid-chain radicals will 

significantly increase making the situation more complicated. In order to test whether the 

mid-chain radicals have a large influence on kp,copo in the copolymerization system DA/MMA 

the IPUE model was fitted to the composition and kp,copo data in the range of 0.6 < fmac <1. 

Unfortunately, no improvement in reactivity ratios was determined. 

In Tab. 5.12 is given example for BA/MMA.  

For the system BA/MMA measured at 50 °C and ambient pressure, reported by Hutchinson et 

al. [30], the terminal model can be used for describing the composition data. The IPUE model 

was capable of describing the kp,copo and composition data simultaneously. Buback et al. [29] 

reported that the IPUE model can be satisfactory fitted to the rate and composition data 

simultaneously for the system BA/MMA measured at 40 °C/1000 bar. 
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BA/MMA   
40 °C/1000 bar 50 °C/1 bar 

1 
Fmac–fmac terminal 

model fit (Eq. 5.1) 

rmac 

rac 

2.24a [30] 

0.41a [30] 

2.24 [30] 

0.41 [30] 

2 
kp,copo terminal 

model fit (Eq. 5.2) 

rmac 

rac 

1.52 [29] 

0.44 [29] 

- 

- 

3 IPUE fit 

rmac 

rac 

smac 

sac 

2.47 [29] 

0.38 [29] 

2.06 [29] 

ind. [29] 

2.16 [30] 

0.40 [30] 

10.4 [30] 

0.03 [30] 
a From data for ambient pressure and 50 °C [30] 

 

Tab. 5.12 Reactivity ratios obtained by fitting the experimental composition and 

propagation rate data of BA/MMA to different models (“ind.” says that the 

value is indeterminate). 

 

It goes without saying that while the IPUE model can successfully describe the available 

experimental data, other models (such as, for example, the bootstrap model introduced by 

Harwood [53]) can also be fitted to the same data. A large number of these alternative models 

can be successfully fitted to the same experimental values and hence attempts to discriminate 

between the alternative models on this basis have been largely unsuccessful [54]. 

To summarize, as far as it is desirable to choose a model with the smallest possible number of 

adjustable parameters, but proving an adequate fit to the data [55], the terminal model was 

separately fitted to the kp,copo and composition data for all systems tested in this study. It was 

shown that the terminal model fits the data with reasonable accuracy in the systems 

MA/MMA measured at 23 °C/1000 bar, MA/DMA measured at 22 °C/1000 bar, and 

DA/DMA measured at 23 °C/1000 bar but fails in the systems DA/DMA measured at 

40 °C/1000 bar, MA/DMA measured at 40 °C/1000 bar, and DA/MMA measured at both 

23 °C/1000 bar and 40 °C/1000 bar.  

The explanation for the failure of the terminal and IPUE models proposed in this work was 

based on the presence of mid-chain radicals originating from the intramolecular chain transfer 

reaction playing an important role in homopolymerization of acrylates even at moderately 

high temperatures. Another explanation was proposed by Buback et al. [29]. They assumed 

that the “pen”-penultimate unit of a propagating radical might have an influence on 

copolymerization kinetics of DA-containing systems. To date, it is not possible to give 
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preference to one of these explanations unambiguously. It may well be that both effects play a 

role in acrylate/methacrylate copolymerizations. 
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6. TERMINATION 
 

6.1 INTRODUCTION  
 

The aim of most kinetic experimental methods has always been to determine accurate values 

for the individual rate coefficients that govern the free-radical polymerization process. 

Classical methods to investigate free-radical polymerization kinetics have involved the 

determination of individual rate parameters for propagation (kp) and termination (kt) from 

ratios of these parameters. New ways had to be explored which would give access to both kp 

and / or kt from a single experiment.  

A major improvement in the determination of kinetic parameters came with the advent of 

pulsed lasers into kinetic studied in the 80’s [1]. The PLP-SEC technique enables the 

determination of individual kp values, not coupled with kt. This method is not only virtually 

model free, it has also proven to yield highly accurate and precise kp values for, e.g., styrene 

and different methacrylates [2,3,4]. Beside propagating rate coefficients, pulsed lasers have 

also been used in the determination of termination rate coefficients. The SP-PLP (single 

pulse-pulsed laser polymerization) technique has been introduced to measure termination rate 

coefficients for various homo- and copolymerizations [5,6,7,8]. The measurement of kt by this 

method is indirect in that the time-dependence of monomer concentration, rather than that of 

radical concentration, is measured. If additional information on either kp (from PLP-SEC) or 

the primary radical concentration is available, termination rate coefficient can be determined. 

In this work a new method, SP-PLP-ESR (single pulse-pulsed laser polymerization-electron 

spine resonance) is presented for the determination of termination rate coefficients. The new 

technique applies the principle of the conventional SP-PLP in conjunction with time-resolved 

measurement of radical concentration decay using electron spin resonance (ESR) 

spectroscopy. 

It is the goal of this chapter to shine light upon the exact dependence of free-radical 

termination rate coefficients upon the chain length of the terminating radical species. As kt 

values are highly system specific, the most simple and easily reproducible polymerization 

system is chosen: termination reaction at low conversions in bulk polymerization. In this 

section termination kinetics of dodecyl methacrylate [9], cyclohexyl methacrylate and benzyl 

methacrylate free-radical homopolymerizations as a function of conversion and temperature 

(for benzyl methacrylate) are discussed. The results are explained using a “composite model” 

proposed in literature [10] for chain-length dependence of kt. 
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6.2 TERMINATION IN HOMOPOLYMERIZATION 
 

The termination reaction in free-radical polymerization is a highly complex reaction [1]. 

Despite of the availability of accurate values of kp, the fundamental knowledge of many 

aspects of the termination reactions is still far from being complete. In the termination 

reaction kt is influenced by a multitude of different factors. To understand this, it is useful to 

recall the diffusion-controlled nature of termination. All parameters that can exert an effect on 

the mobility of radicals will have an effect on the overall rate of termination and the chain-

length of the radicals involved in the termination reaction is one of these parameters. As large 

coils are known to diffuse less rapidly than small ones, the chain length of radicals can be 

expected to have a profound effect on the termination kinetics. Therefore, one rate coefficient 

kt cannot describe all termination interactions occurring in a polymerizing system at any 

instant, because radicals of a variety of sizes are present. Thus one must properly describe 

termination in terms of kt(i, j), the rate coefficient for termination between radicals of degree 

of polymerization i and j respectively. In carrying out a free-radical experiment, one will 

invariably measure the overall rate of termination, which is the sum of the rates of termination 

for all possible pairs of radical seizes. Thus <kt>, the overall or average rate coefficient for 

termination, defined such that <kt> replaces kt in Eq. 3.5, is related to the more physically 

meaningful kt(i, j) values by [11] 
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Here cR(i) denotes the concentration of radicals of chain length i and )(R ic
i

∑ is the total free-

radical concentration. Note that Eq. 6.1 is not a steady-state equation: it applies at all instants, 

regardless of whether or not the system is in a steady state. Therefore Eq. 6.1 means that 

under non-steady state conditions where the radical chain-length distribution is changing 

considerably with time, <kt> may vary with time. Thus the measured kt can only be identified 

with some sort of time-averaged value. The exact value of this averaging over time is usually 

complicated and depends on the details of the experiment [12,13]. Single pulsed laser 

experiments, in which the radical chain-length distribution, to a good approximation, is 

monodisperse (unless chain transfer process comes into play), would appear to offer the best 

perspectives for overcoming this difficulty and enabling unambiguous measurement of kt(i, i) 

[14,15]. 
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A simple and frequently used way of taking the chain-length dependence of kt into account is 

by employing the so-called power-law model, which assumes that kt varies with radical chain 

length i according to:  

α−⋅= ikiik
0
tt ),(      (6.2) 

Here kt(i, i) is the rate coefficient for termination between two polymerizing radicals of degree 

of polymerization i. kt
0 can be identified as the rate coefficient for very small free-radicals 

while α ≥ 0 is an exponential which quantifies the chain-length dependence of the termination 

rate coefficient: the higher its value, the stronger the decline of kt(i, i) with increasing radical 

size.  

If center-of-mass diffusion is the rate-determining step in the termination reaction, an 

exponent of 0.5–0.6 results, depending on the quality of the solvent [37]. This result can be 

explained by considering the translational diffusion properties of the polymer coil. The 

diffusion coefficient of the polymer coil is inversely proportional to its hydrodynamic radius. 

If the hydrodynamic radius is equated with the radius of gyration, <s
2>0.5, it can be inferred 

that for a theta solution <s
2> ∝ i and for an athermic solution <s

2> ∝ i1.176 [16]. This leads 

directly to the chain-length dependence of the diffusion coefficient of D ∝ i–0.5 for athermic 

solutions. According to various theories for diffusion controlled reactions, the diffusion 

coefficient is directly proportional to the termination rate coefficient. 

The segmental diffusion is generally chain-length independent. However, a slight chain-

length dependence of the termination coefficient of close to α = 0.16 is predicted for athermic 

solvents, due to thermodynamic shielding effects of the chain. The chain shields its own 

reactive center because of its size from the second chain, which displays a similar shielding 

effect. Experimentally, evidence has been gathered for both exponents, 0.1–0.2 for segmental 

diffusion and 0.5–0.6 for center-of-mass diffusion, depending on the size of the macroradicals 

undergoing termination [37].  
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Composite Model 
 

It was suggested in literature [10] to use a “composite model” for dilute solutions (very low 

conversion), which distinguishes between short and long radicals. This model includes the 

ideas of both center-of-mass diffusion [17,42] and chain-end encounter [18,19,28]. Thus 

Eq. 6.2 can be used only for “short” radicals with i ≤ ic, where ic ≈ 100 appeals as the size at 

which a radical might start displaying long-chain behavior with regard to termination. For 

“long” radicals the authors propose that 

221)(),( c
0
tt

ααα −+− ⋅⋅= iikiik      (6.3) 

where α1 belongs to “short” radicals and α2 to “long” radicals. For short chain length α is 

predicted to be 0.5 [20,29] (length ca. 100 or less) and falls off to 0.16 [18,19,28] for long 

radicals. The lager α value represents the appreciable initial lowering of kt from experimental 

radical-radical combination rate coefficients of two small radicals up to the onset of the 

weaker chain-length dependence that is expected for larger coiled radicals. 

 

6.3 MEASUREMENTS OF kt VIA SP-PLP-ESR 
 

All experiments have been carried out at ambient pressure. Because of the chain-length 

dependence of the termination rate coefficient, it is rather difficult to report tabulated values 

of kt. However, it is possible to give chain-length averaged kt values for a specific monomer 

conversion, <kt>. It is important to note that for many of the chain-length averaged kt values 

reported in literature, it is unclear to which chain-length region they correspond. In the present 

study all averaged kt values are given for the chain length region 1 < i < 1000 and for 

monomer conversions below 30 per cent. These termination rate coefficients have been 

deduced by the SP-PLP-ESR technique. The propagation rate coefficients were determined by 

independent PLP-SEC experiments. All SP-PLP-ESR experiments have been carried out with 

MMMP as the photoinitiator at low (initial) radical concentrations, close to 10–6 mol⋅L–1. The 

termination rate coefficients in this section always refer to low conversions, if not explicitly 

stated otherwise.  
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6.3.1 DEPENDENCE OF kt(DMA) ON MONOMER CONVERSION 

 

Fig. 6.1 shows a typical 13-line ESR spectrum for low-conversion DMA polymerization.  

0

2 mT

 

Fig. 6.1 Spectrum of DMA macroradical from quasistationary polymerization initiated 

by laser pulses applied at a repetition rate of 20 Hz and carried out at 0 °C, 

cMMMP = 25.5⋅10–3 mol⋅L–1. 

 

Fig. 6.2 shows ESR spectra for the polymerization of DMA at 0 °C and different degrees of 

monomer conversions. At these low conversions 13-line spectra (5 + 8) were obtained. 

Kamachi and Kajiwara attributed the 13-line spectrum of methyl methacrylate to two 

conformations that can be converted into each other by rotation around the Cα–Cβ bond at the 

free-radical end [21,22]. An increase in the degree of polymerization reveals the broadening 

of the moderate inner 8 lines in the 13-line spectrum. At high conversions, instead of 8 only 4 

broad inner lines were obtained. The authors explain the origin of the 9-line spectra (5 + 4) is 

to be due to restricted motions of macroradicals. 
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2 mT

 

Fig. 6.2 Spectra of DMA macroradicals from quasistationary polymerization obtained 

under continuous UV irradiation at different conversions at 0 °C,               

cMMMP = 10.2⋅10–3 mol⋅L–1. 

 

Nine-line spectra, as reported for methacrylates by other groups [23], were observed for DMA 

at conversions above 30 %. In the present study the conversion range of SP-PLP-ESR 

experiments was below 30 per cent. In these experiments, the peak height of the line with 

maximum intensity (indicated by the arrow in Fig. 6.1), which is a measure of radical 

concentration (see Experimental Part), was recorded at constant magnetic field. The DMA 

conversion induced by a single laser pulse is typically around 0.05 per cent. 

Shown in Fig. 6.3 is a cR(t)/cR
0 trace, with cR

0 being the radical concentration at time t = 0, 

measured for DMA polymerization at 0 °C. 
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Fig. 6.3 Decay in radical concentration after applying a laser pulse at t = 0 as measured 

by ESR for a DMA bulk polymerization at 0 °C and 14 % of polyDMA from 

preceding DMA photopolymerization. The associated DMA concentration is 

cDMA = 3.4 mol⋅L–1, cMMMP = 25.5⋅10–3 mol⋅L–1. The kp value from PLP-SEC 

for the above conditions is 256 L⋅mol–1⋅s–1.  

 

The signal-to-noise quality that may be reached with the currently available experimental 

setup is not yet sufficient for obtaining high-quality first-derivative curves of cR(t) data. So, 

the first-derivative strategy based on Eq. 3.5 was not applied. Instead, integrated forms of 

Eq. 3.5 were fitted to the experimental data in order to obtain termination rate coefficients. 

According to Eq. 3.6, cR(t) data may be analyzed by plotting the reciprocal of radical 

concentration versus time. If kt remains constant and thus is independent of chain length, such 

a plot will yield a straight line which should intersect the ordinate at cR(t)/cR
0 = 1. kt can be 

obtained from the slope of this straight line provided that cR
0 is known. The insert in Fig. 6.3 

shows such a cR
0/cR(t) versus t plot. No satisfactory linear fit can be obtained, which suggests 

that kt is chain-length dependent. This observation is in full agreement with the now generally 

accepted picture [1]. 
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A simple and frequently used way of taking the chain-length dependence of kt into account is 

by employing the power-law model (Eq. 6.2) for termination of two macroradicals of identical 

chain length i. Substitution of this power-law expression into Eq. 3.5 and subsequent 

integration yields Eq. 6.4: 

1

)1(p
0
R

0
t

0
R

R 1
1

2)(
−

−











+⋅
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⋅⋅⋅
= α

α

α
t

tck

c

tc
    (6.4) 

where tp = (kp⋅cM)–1 is the so-called propagation time, that is, the time interval between two 

successive propagation steps. The dashed line in Fig. 6.3 represents the fit of Eq. 6.4 to the 

cR(t)/cR
0 data. The fit is rather satisfactory with the exception of the early time regions, 

0 < t < 0.3 s. The parameters deduced from fitting Eq. 6.4 to the DMA data within the chain-

length interval 1 < i < 1000 are α = 0.34 ± 0.05. With pulse-induced initial radical 

concentrations, cR
0, of about 5⋅10–6 mol⋅L–1 being obtained by ESR calibration, according to 

the procedure described in Experimental Part, and with the kp and cM values given in the 

legend to Fig. 6.3, kt
0 is found to be (3.8 ± 0.7)⋅106 L⋅mol–1⋅s–1. From the SP-PLP-ESR signals 

measured at other conversions, α and kt
0 values have been found that agree with the values 

given above within the limits of experimental accuracy. The literature value for kt
0 from SP-

PLP-NIR experiments for DMA carried out at 40 °C and 1000 bar is: 

kt
0 = (4.0 ± 0.6)⋅106 L⋅mol–1⋅s–1 which, after extrapolation to 0 °C and to ambient pressure 

using the measured activation volume (for <kt>) of 10.8 cm3⋅mol–1 and the estimated 

activation energy of EA(kt) = 17 kJ⋅mol–1, yields kt
0 = (2.3 ± 0.8)⋅106 L⋅mol–1⋅s–1. The value of 

18.7 kJ⋅mol–1 for the activation energy obtained at 2000 bar for termination of butyl 

methacrylate was reported [24], which is higher than reported earlier values lying between 3 

and 8 kJ⋅mol–1 [37]. In the literature [25] were presented the experimental activation energies 

for dibutyl itaconate EA(<kt>) = 23 kJ⋅mol–1 and EA(kt
0) = 27.6 kJ⋅mol–1. On the other hand, an 

even higher activation energy value of 40.7 kJ⋅mol–1 has been reported by Vana et al. [26] for 

dicyclohexyl itaconate bulk polymerization. Therefore the value of EA(kt) = 17 kJ⋅mol–1 for 

DMA seems to be reasonable. 

The agreement between the kt
0 values from the two independent SP-PLP techniques is 

satisfactory. Moreover, it needs to be noted that the α value from SP-PLP-ESR is higher than 

the SP-PLP-NIR value of α = 0.15 ± 0.04 [27]. This is probably due to the fact that the NIR 

technique, which is applied at higher temperatures, primarily catches the chain-length 

dependence of kt for larger radicals, which is weaker than the one for small radicals. 
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As has been mentioned above, the quality of fits of Eq. 6.4 to cR(t)/cR
0 data is insufficient at 

low t (at t < 0.3 s), which suggests that a more refined model for the chain-length dependence 

of kt should be used. In Eq. 6.4 kt
0 refers to the termination of radicals with chain length unity. 

On the other hand, the power-law dependence was derived for large coiled radicals [28]. 

Thus, kt
0 characterizes the termination behavior of a fictitious species which is large and 

coiled but of chain length i = 1. It comes as no surprise that kt
0, which is extrapolated from the 

data obtained for macroradicals, does not coincide with the experimentally determined 

radical-radical combination rate coefficients for small radicals. This problem has recently 

been addressed by Smith et al. [10] who proposed to use a “composite model” (presented in 

section 6.1) with the theory-based value of α = 0.16 for long-chain radicals [18,19,28] and 

with α being larger, e.g., around α = 0.5 [20,29], for small-chain radicals. The authors 

assumed that the transition between the regions of smaller and larger α occurs at around 

i = 100. Indications for composite-type kt models have already been seen in the experimental 

studies by de Kock [30] and by Vana et al. [31].  

In order to test whether the kinetic data from SP-PLP-ESR are consistent with such a 

composite model, the following rearranged form of Eq. 6.4 may be used: 

( )α−⋅=− 1

R

0
R 1

)(
tC

tc

c
     (6.5) 

where )1/()2( p
0
R

0
t αα −⋅⋅⋅= tckC  if the termination kinetics follows the power law with a 

single exponent α from the very beginning, that is, from t = 0 on. Plotting log(cR
0
/cR(t) – 1) 

vs. log(t) in this case should yield a straight line with the slope 1 – α. For the two-exponent 

composite model proposed in reference [10], there should be two linear regions with slopes   

1 – α1 (for t < tc, where tc refers to the cross-over chain length from α1 to α2 behavior) and      

1 – α2 (for t >> tc, where simulation indicates that an almost accurate α2 value is obtained by 

fitting Eq. 6.5 to the data within the entire range of t > tc). Fig. 6.4 shows such a double 

logarithmic plot for the DMA data shown in Fig. 6.3. On the abscissa, log i is plotted as well 

as log t. The two variables are proportional to each other by the equation i = kp·cM·t.  

In the present work, the dependence of kp on chain length will be restricted to lower values up 

to i = 10. It seems to be justified to use a constant kp for modeling the extended chain length 

up to i = 1000. It should be noted that the chain length interval 1 < i < 10 was difficult to 

analyze because a scattering of the experimental data points causes a large uncertainty in the 

double-log plot in the initial time region. 
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Fig. 6.4 Double-log plot, according to Eq. 6.5, of the DMA trace from Fig. 6.3. The 

straight lines are best linear fits within the chain-length intervals                       

10 < i < 100 ( --- ) and 100 < i < 1000 (  ), respectively.  

 

The data plotted in Fig. 6.4 clearly shows that a single straight line cannot be adequately fitted 

to the data within the entire chain-length region, whereas two straight lines provide a very 

satisfactory representation. The line fitted to the data at low i has a weaker slope, which is 

associated with a larger value of α .The opposite is true for the data at higher i. The precise 

location of the cross-over point between the regions of high and low α is difficult to identify. 

This is most likely due to the fact that the transition is not at all sharp. As Fig. 6.4 suggests, 

the assumption that such a transition occurs at i = 100, as proposed by Smith et al. [10], is a 

very reasonable one. The chain-length interval 0 < i < 1000 was subdivided into two chain-

length intervals, below and above i = 100. The best linear fits to the data within each of these 

two chain-length intervals are shown in Fig. 6.4. The exponents α1 and α2, calculated from the 

slopes of the lines, are 0.52 ± 0.09 and 0.21 ± 0.05 for the low i and high i regions, 
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respectively. The same procedure was applied for fitting the entire set of experimental SP-

PLP-ESR traces obtained for DMA bulk polymerizations at 0 °C, ambient pressure, monomer 

conversions up to 30 per cent, and for three MMMP photoinitiator concentrations,          

6.3⋅10–3 mol⋅L–1, 9.6⋅10–3 mol⋅L–1 and 25.5⋅10–3 mol⋅L–1. The resulting α1 and α2 values are 

plotted against monomer conversion, X, in Fig. 6.5.  
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Fig. 6.5 Conversion (X) dependence of the power-law exponent α for DMA bulk homo-

polymerization at 0 °C measured via SP-PLP-ESR with MMMP used as the 

photo-initiator. The experiments were carried out at three initial MMMP 

concentrations: 6.3⋅10–3 mol⋅L–1 (diamonds), 9.6⋅10–3 mol⋅L–1 (circles) and 

25.5⋅10–3 mol⋅L–1 (triangles). The straight lines represent the arithmetic mean 

values of the low i ( --- ) and high i (  ) for the monomer conversion range 

under investigation. 

 

Although there may be a weak dependence on conversion, arithmetic mean values for the 

conversion range under investigation were calculated: α1 = 0.50 ± 0.08  and α2 = 0.18 ± 0.04. 

These results are in remarkably good agreement with the composite model of Smith et al. 
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[10], in that bi-exponential behavior, above and below i = 100, is seen with α2 = 0.16 and 

with α1 being significantly larger, around 0.5. Fig. 6.5 illustrates that the novel SP-PLP-ESR 

method allows kt(i,i) to be investigated over a wide chain-length region, covering the ranges 

of high and low α. The new SP-PLP-ESR technique therefore provides access to a detailed 

analysis of kt as a function of chain length and of the degree of monomer conversion. 

Correlation between the kt data for macroradicals and the radical-radical reaction rate 

coefficients for small radicals, according to the lines of arguments of reference [10], appears 

to be particularly attractive. 

 

6.3.2 DEPENDENCE OF kt(CHMA) ON MONOMER CONVERSION 

 

Fig. 6.6 shows a typical 13-line ESR spectrum for low-conversion CHMA polymerization. 

2 mT

 

Fig. 6.6  Spectrum of CHMA macroradical from quasistationary polymerization 

initiated by laser pulses applied at a repetition rates of 20 Hz and carried out at 

0 °C, cMMMP = 20.8⋅10–3 mol⋅L–1. 

 

Experimental results were obtained in the same way as described in section 6.1.1 for DMA. 

As follows from Eq. 3.6, experimental cR(t) data can be analyzed by plotting the reciprocal of 

radical concentration vs. time. If kt were constant, such a plot would give a straight line 

passing through unity at t = 0. kt could then be calculated from the slope of this line. Fig. 6.7 

(upper part) shows such a plot for CHMA. The straight line is the best linear fit to the data. As 

can be seen, the experimental cR
0/cR(t) curve clearly deviates from the best linear fit, which 

indicates that kt for this monomer is chain-length dependent. 
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Fig. 6.7 Decay in radical concentration after applying a laser pulse at t = 0 as measured 

by ESR for a CHMA bulk polymerization at 0 °C and 14 % of polyCHMA 

from preceding CHMA photopolymerization. The associated CHMA 

concentration is cCHMA = 5.8 mol⋅L–1, cMMMP = 20.8⋅10–3 mol⋅L–1. The kp value 

from PLP-SEC for the above conditions is 250 L⋅mol–1⋅s–1 [38]. 

 

The dashed line in Fig. 6.7 represents the fit of Eq. 6.4 to the cR(t)/cR
0 data. The fit is rather 

satisfactory with the exception of the early time regions, 0 < t < 0.2 s. The parameters 

deduced from fitting Eq. 6.4 to the data within the chain-length interval 1 < i < 1000 are: 

α = 0.32 ± 0.05. With pulse-induced initial radical concentrations, cR
0, of about                

1⋅10–6 mol⋅L–1 being obtained by ESR calibration, according to the procedure described in 

Experimental Part, and with the kp and cM values given in the legend to Fig. 6.7, kt
0 is found to 

be (7.6 ± 0.7)⋅106 L⋅mol–1⋅s–1. 

Fig. 6.8 presents the double logarithmic plot for the CHMA data shown in Fig. 6.7 according 

to Eq. 6.5. On the abscissa, log i is plotted as well as log t. The two variables are correlated 

with each other by following equation i = kp·cM·t. 
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Fig. 6.8 Double-log plot, according to Eq. 6.5, of the CHMA trace. The straight lines 

are best linear fits within the chain-length intervals 15 < i < 100 ( --- ) and      

100 < i < 1000 (  ), respectively. 

 

It is difficult to conclude from Fig. 6.8 where the transition in the chain-length dependence of 

kt, characterized by a change in α, occurs. For this reason, it was assumed that such a 

transition occurs at about i = 100. The chain-length interval of 1 < i < 1000 was divided into 

two chain-length intervals, below and above i = 100. The best linear fits to the data within 

each of these two chain-length intervals are shown in Fig. 6.8. The values of the exponents α1 

and α2, calculated from the slopes, are 0.43 ± 0.10 and 0.21 ± 0.06, respectively. Following 

the above procedure all the other experimental signals for CHMA were analyzed. Fig. 6.9 

shows calculated α1 and α2 values plotted against monomer conversion, X, for CHMA 

homopolymerization in bulk at 0 ○C. 
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Fig. 6.9 Conversion (X) dependence of the power-law exponent α for CHMA bulk 

homo-polymerization at 0 °C measured via SP-PLP-ESR with MMMP being 

used as the photoinitiator. The experiments were carried out at three initial 

MMMP concentrations: 9.7⋅10–3 mol⋅L–1 (triangles), 16.5⋅10–3 mol⋅L–1 

(squares) and 20.8⋅10–3 mol⋅L–1 (diamonds). The straight lines represent the 

arithmetic mean values of the low i ( --- ) and high i (  ) for the monomer 

conversion range under investigation. 

 

Arithmetic mean values for the conversion range under investigation were calculated:           

α1 = 0.49 ± 0.09  and α2 = 0.22 ± 0.05. Although the values of α are slightly different from the 

ones obtained for DMA, these results are in good agreement with the composite model of 

Smith et al. [10] in that bi-exponential behavior, above and below i = 100, is seen.  
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6.3.3 CONVERSION AND TEMPERATURE DEPENDENCE OF kt(BZMA) 

 

Fig. 6.10 shows typical 13-line ESR spectra for low-conversion BzMA polymerization at 

different temperatures. 

0 °C

–10 °C

–20 °C

2 mT

 

Fig. 6.10 Spectra of BzMA macroradicals from quasistationary polymerization initiated 

by laser pulses applied at a repetition rates of 20 Hz and carried out at               

0 °C, –10 °C and –20 °C, cMMMP = 22.9⋅10–3 mol⋅L–1.  

 

As already pointed out in the Experimental Section, the new SP-PLP-ESR technique is 

particularly well suited for monomers with relatively low propagation and termination rate 

coefficients. For the monomers under investigation at temperatures higher than 0 °C, a time 

resolution of 1 ms is insufficient for quantitative characterization of termination kinetics 

because of the high values of kp. BzMA was chosen for investigations into termination 

kinetics because of its low melting point, which allows for experiments below 0 °C.  

Decays in radical concentrations were analyzed using the power-law model with one 

exponent (Eq. 6.4). Fig. 6.11 shows the fit of Eq. 6.4 to the cR(t)/cR
0 data (dashed line). The 

parameters deduced from fitting Eq. 6.4 to the data within the chain-length interval 

1 < i < 1000 are: α = 0.30 ± 0.07. Following the above procedure, all the other experimental 

signals for BzMA were analyzed (Tab. 6.1). With pulse-induced initial radical concentrations, 

cR
0, of about  4⋅10–6 mol⋅L–1 being obtained by ESR calibration, according to the procedure 
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described above, and with the kp and cM values given in the legend to Fig. 6.11, kt
0 at 0 °C is 

found to be (1.3 ± 0.8)⋅107 L⋅mol–1⋅s–1. 
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Fig. 6.11 Decay in radical concentration after applying a laser pulse at t = 0 as measured 

by ESR for a BzMA bulk polymerization at 0 °C and 5 % of polyBzMA from 

preceding BzMA photopolymerization. The associated BzMA concentration is 

cBzMA = 5.7 mol⋅L–1. The kp value from PLP-SEC for the above conditions is 

274 L⋅mol–1⋅s–1 [38]. 

 

The insert in Fig. 6.11 shows a plot of the reciprocal of radical concentration vs. time. If kt 

does not depend on chain length, such a plot will yield a straight line which should intersect 

the ordinate at cR(t)/cR
0 = 1 according to Eq. 3.6 and kt can be obtained from the slope of this 

straight line provided that cR
0 is known. No satisfactory linear fit can be obtained, which 

indicates a chain-length dependence of kt.  

Fig. 6.12 shows a double logarithmic plot for the BzMA data shown in Fig. 6.11 according to 

Eq. 6.5. On the abscissa, log i is plotted as well as log t.  
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Fig. 6.12 Double-log plot, according to Eq. 6.3, of the BzMA trace. The straight lines are 

best linear fits within the chain-length intervals 15 < i < 100 ( --- ) and            

100 < i < 1000 (  ), respectively. 

 

The double logarithmic plot of the experimental data given in Fig. 6.12 clearly shows that a 

single straight line cannot be adequately fitted to the data within the entire chain-length 

region, whereas two straight lines provide a very satisfactory representation. The line fitted to 

the data at low i has a weaker slope, which is associated with a larger value of α. The opposite 

is true for the data at higher i. The precise location of the crossover point between the regions 

of high and low α is difficult to identify. This is most likely due to the fact that the transition 

is not at all sharp. As Fig. 6.12 suggests, assuming that such a transition occurs at i = 100, as 

proposed by Smith et al. [10], is a very reasonable choice. The entire chain-length interval       

0 < i < 1000 was subdivided into two chain-length intervals, below and above i = 100. The 

best linear fits to the data within each of these two chain-length intervals are shown in 

Fig. 6.12. The exponents α1 and α2, calculated from the slopes of the lines, are 0.42 ± 0.08 

and 0.24 ± 0.06 for the low i and high i regions, respectively. The same procedure was applied 

for fitting within the entire set of experimental SP-PLP-ESR traces obtained for BzMA bulk 

polymerizations at 0 °C, –10 °C, and –20 °C, ambient pressure, monomer conversions up to 
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17 per cent, and for several MMMP photoinitiator concentrations. The resulting α1 and α2 

values obtained at 0 °C, –10 °C, and –20 °C are plotted against monomer conversion, X, in 

Fig. 6.13, Fig. 6.14 and Fig. 6.15 respectively. 
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Fig. 6.13 Conversion (X) dependence of the power-law exponent α for BzMA bulk 

homo-polymerization at 0 °C measured via SP-PLP-ESR with MMMP used as 

the photo-initiator. The experiments were carried out at three initial MMMP 

concentrations: 13.8⋅10–3 mol⋅L–1 (diamonds), 17.4⋅10–3 mol⋅L–1 (triangles), 

and 22.9⋅10–3 mol⋅L–1 (circles). The straight lines represent the arithmetic mean 

values of the low i ( --- ) and high i (  ) for the monomer conversion range 

under investigation. 
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Fig. 6.14 Conversion (X) dependence of the power-law exponent α for BzMA bulk 

homo-polymerization at –10 °C measured via SP-PLP-ESR with MMMP used 

as the photo-initiator, cMMMP = 22.9⋅10–3 mol⋅L–1 (squares). The straight lines 

represent the arithmetic mean values of the low i ( --- ) and high i (  ) for the 

monomer conversion range under investigation. 

 

Although a weak dependence on conversion in Fig. 6.15 for 100 < i < 1000 can be seen, 

arithmetic mean values for the conversion range under investigation were calculated 

(Tab. 6.1). These results are in good agreement with the composite model of Smith et al. [10] 

in that bi-exponential behavior is seen with α2 = 0.16 and with α1 being significantly larger, 

around 0.5. The transition between both regions occurs at around i = 100. 
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Fig. 6.15 Conversion (X) dependence of the power-law exponent α for BzMA bulk 

homo-polymerization at –20 °C measured via SP-PLP-ESR with MMMP used 

as the photo-initiator, cMMMP = 22.9⋅10–3 mol⋅L–1 (diamonds). The straight lines 

represent the arithmetic mean values of the low i ( --- ) and high i (  ) for the 

monomer conversion range under investigation. 

 

Tab. 6.1 summarizes all rate coefficients obtained in this work for BzMA by SP-PLP-ESR; 

propagation rate coefficients were estimated from the data presented in Ref. [38]. 

 

 

Tab. 6.1 Rate coefficients of BzMA bulk polymerization at low conversion (0 to 17 %). 

 

Plotted in Fig. 6.16 is the temperature dependence of <kt>0<i<1000 and kt
0 for BzMA 

homopolymerization at ambient pressure. The SP-PLP-ESR studies were performed between 

Θ / °C 
kp /      

L⋅mol–1⋅s–1 
<kt>

*
0<i<1000 /     

L⋅mol–1⋅s–1 
kt

0 ** /      
L⋅mol–1⋅s–1 

α **  

 
α1           

i < 100 
α2               

100 < i < 1000 

0 

–10 

–20 

274 

188 

125 

3.8⋅106 

3.2⋅106 

3.1⋅106 

1.3⋅107 

1.2⋅107 

1.1⋅107 

0.30 

0.32 

0.35 

0.51 

0.49 

0.50 

0.21 

0.16 

0.18 
All coefficients refer to ambient pressure  

 * obtained using equation for ideal kinetics (Eq. 3.6),  
 ** obtained using Eq. 6.4 
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–20 °C and 0 °C with the experimental temperature range being limited toward lower 

temperatures because of solidification and toward higher temperatures because of high kp 

values and thus of insufficient ESR resolution. 
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Fig. 6.16 Temperature dependence of the termination rate coefficient <kt>0<i<1000, 

obtained via Eq. 3.6 for ideal kinetics (full symbols), and kt
0, obtained via 

Eq. 6.4 (open symbols), of BzMA free-radical bulk homopolymerization at 

ambient pressure.  

 

The Arrhenius expressions for <kt>0<i<1000 and kt
0 of BzMA are presented by Eqs. 6.6 and 6.7, 

respectively: 

ln [<kt>0<i<1000 / (L⋅mol–1⋅s–1)] = 17.53 – 656⋅(T–1 / K–1)   (6.6) 

ln [kt
0 / (L⋅mol–1⋅s–1)] = 18.82 – 661⋅(T–1 / K–1)   (6.7) 

(BzMA bulk homopolymerization at ambient pressure, –20 ≤ Θ / °C ≤ 0, monomer 

conversion range 0 to 20 %). 

From the slopes of the straight lines in Fig. 6.16, the activation energies are estimated to be: 

EA (<kt>0<i<1000) = (5.5 ± 3.1) kJ⋅mol–1 and EA (kt
0) = (5.5 ± 2.8) kJ⋅mol–1. 

There is no literature data on the temperature dependence of kt for BzMA so far. The majority 

of investigations presented in the literature are on styrene [32,33,34] several acrylates, like 

MA, BA, DA [7,8,27,35,36], as well as for MMA [7] and DMA [8,27]. The reported 
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activation energies are rather low ranging between 3 and 8 kJ⋅mol–1 (see [7]). The obtained 

value for EA (<kt>0<i<1000) of BzMA is consistent with the diffusion (either segmental or 

translational) controlled nature of the termination reaction.  

 

6.4 CONCLUSIONS 
 

SP-PLP-ESR is a novel pulsed laser polymerization method for detailed measurements into 

termination rate coefficients, kt. In this method single pulse initiation is combined with time-

resolved ESR detection of the decay in pulse-laser-induced radical concentration.  

As was already mentioned, it is rather difficult to report tabulated values of kt because of the 

chain-length dependence of the termination rate coefficient and because of its strong 

dependence on monomer conversion in some cases [37]. On the other hand, it is possible to 

give chain length-averaged kt values for a specific monomer conversion, <kt>, as well as chain 

length-averaged kt values for a certain chain length region. In the present work all averaged kt 

values are reported for the chain length region 1 < i < 1000 and monomer conversion below 

30 per cent. 

The data for the systems studied in this work is summarized in Tab. 6.2. 

 

 

Tab. 6.2 Rate coefficients of bulk polymerization of some methacrylates at low 

conversion (0 to 30 %). 

 

The conversion dependence of the average termination rate coefficients, <kt>1<i<1000, in bulk 

homopolymerizations of DMA, CHMA and BzMA determined at 0 °C and ambient pressure 

are presented in Fig. 6.17. 

Inspection of Fig. 6.17 shows that DMA, CHMA and BzMA exhibit a constant average kt up 

to 30 per cent of conversion. 

Monomer 
kp /      

L⋅mol–1⋅s–1 
<kt>0<i<1000

* /  
L⋅mol–1⋅s–1 

kt
0 I/      

L⋅mol–1⋅s–1 
kt

0 II/      
L⋅mol–1⋅s–1 

α Ι 
 

α1 
i < 100 

α2               
100 < i < 1000 

DMA 

CHMA 

BzMA 

256 

250 [38] 

274 [38] 

1.3⋅106 

2.2⋅106 

3.8⋅106 

3.8⋅106 

7.6⋅106 

1.3⋅107 

8.0⋅106 

1.9⋅107 

1.5⋅107 

0.34 

0.32 

0.30 

0.50 

0.49 

0.51 

0.18 

0.22 

0.21 

All coefficients refer to 0 °C and ambient pressure 

 * obtained using equation for ideal kinetics (Eq. 3.6),  
I obtained using Eq. 6.4  
II obtained using Eq. 6.5 for intervals i < 100 
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Fig. 6.17 The conversion dependence of the average termination rate coefficients, 

<kt>1<i<1000, in bulk homopolymerizations of DMA (circles), CHMA (triangles) 

and BzMA (squares) determined at 0 °C and ambient pressure. 

 

The results for DMA bulk polymerization show close agreement with the literature kt data 

obtained using the established SP-PLP-NIR technique.  

The termination rate coefficients between two monomeric free radicals, kt
0, are not measured 

directly in SP-PLP-ESR but result from the experimental data. Direct and reliable 

measurements of termination rate coefficients, kt, for a variety of small molecule radicals in a 

variety of solvents and over wide ranges of temperature have shown that in general one 

should have kt
0 = 1⋅109 L⋅mol–1⋅s–1 in free-radical polymerization [39,40,41]. In fact, it is easy 

to show that the Smoluchowski equation predicts kt
0 ≈ 109 L⋅mol–1⋅s–1 for free-radical 

polymerization in dilute solution [42]. The values of kt
0 obtained in this work using Eq. 6.4 

seem to be an underestimate. It could be explained as follows: the power-law dependence in 

Eq. 6.4 was derived for large coiled radicals [28]. Thus, kt
0 characterizes the termination 

behavior of a fictitious species which is large and coiled but of chain length unity. In other 

words, the obtained values of kt
0 are those that would be true if monomeric radicals behaved 

as macroradical coils. It comes as no surprise that kt
0, which is extrapolated from the data 

obtained for macroradicals, does not coincide with the experimentally determined radical-

radical combination rate coefficients for small radicals. 
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The results obtained so far provide strong support for the recently proposed composite model, 

in which termination rate coefficients, starting from small radicals, first considerably 

decrease, e.g., with a power-law exponent of α1 = 0.5, and subsequently, e.g., at chain lengths 

above i = 100, decrease to a weaker extent, e.g., with the theoretically predicted power-law 

exponent α2 = 0.16.  

SP-PLP-ESR is particularly well suited for studies into the termination kinetics of low kp and 

low kt monomers, such as methacrylates with bulky ester groups or itaconates. With ESR 

spectrometers of enhanced time resolution being available, SP-PLP-ESR should become 

widely applicable toward the detailed analysis of free-radical termination kinetics. 

The given examples illustrate that the novel method allows the chain-length dependence of kt 

to be investigated within the entire range of chain lengths. This is the main advantage of the 

SP-PLP-ESR technique in comparison with other SP-PLP methods, in which one is usually 

restricted to one particular chain length region. 
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7. STUDY INTO THE OCCURRENCE OF SECONDARY PROPAGATING 

AND MID-CHAIN RADICALS VIA ESR IN FREE-RADICAL ACRYLATE 

POLYMERIZATION 

 

7.1 INTRODUCTION 
 

Since 1987, when the PLP-SEC technique was introduced [1], the new method has been 

extensively used for the study of slowly propagating monomers, such as styrene [2] and 

methacrylates [3,4]. For high kp monomers such as the acrylates the PLP-SEC procedure, 

which requires that laser pulsing is the dominant chain-starting and chain-stopping event, is 

less easily applied. A general problem with the acrylates is related to the fact that at 

temperatures above 30 °C, the PLP-SEC method results in broad molecular weight 

distributions which do not meet the requirements of a successful PLP-experiment [5]. It has 

been suggested that transfer process (transfer to monomer [5,6], transfer to polymer including 

intramolecular transfer (backbiting) [7,8,9,10,11,12]) deteriorate the MWD. For transfer to 

monomer it was soon realized that unrealistically high transfer rates were needed to explain 

the experiments [13]. Chain transfer to polymer on the other hand is a well known 

phenomenon and has received a lot of attention by the group of Lovell [42,14,15]. Under the 

low conversion conditions of PLP-SEC experiments, that is at low polymer contents, 

intramolecular chain transfer to polymer (backbiting) is particularly important.  

The secondary propagating radicals (SPRs) resulting from propagation reactions are 

transferred into tertiary mid-chain radicals (MCR) via chain transfer to polymer processes 

(Fig. 7.1). In addition to propagation and termination, SPRs can undergo hydrogen-transfer 

reactions associated with shifting the radical functionality to a carbon atom on the same 

polymer chain (intramolecular transfer), preferably by the so-called backbiting process [16] 

which produces a mid-chain radical MCR1 (Fig. 7.1), or to the carbon atom of another 

polymer molecule (intermolecular transfer) which results in an MCR2 species (Fig. 7.1). Both 

types of transfer reactions primarily occur by hydrogen abstraction from carbon atoms which 

are activated by ester moiety. 
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Fig. 7.1 Chemical structure of the secondary propagating radical (SPR) and of two 

types of tertiary radicals which are formed either by backbiting (MCR1) or by 

intramolecular transfer to more remote positions on the backbone and by 

intermolecular chain transfer reactions (MCR2). 

 

The backbiting reactions are considered to occur as a 1,5-H shift reaction via a six-membered 

transition structure [16], and hence a growing chain needs a minimum of three monomer units 

to undergo the backbiting reaction. The scheme of intramolecular chain transfer to polymer is 

given in Fig. 7.2.  
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Fig. 7.2 The mechanism of intramolecular chain transfer (backbiting). 

 

Because of the high propagation rate of acrylates [17], primary radical species from 

photoinitiator decomposition, small-size radicals from the initial propagation period and small 

radicals produced by chain transfer to monomer molecules are not easily seen in the ESR 

spectrum at typical polymerization conditions because of the very rapid addition of monomer 

molecules to these species. The radical species which are contributing to the ESR spectrum 

are shown in Fig. 7.1. 

Intermolecular chain transfer may be neglected under PLP-SEC conditions, where monomer 

conversion and thus the amount of polymer are low. As backbiting is favored over 
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intramolecular hydrogen transfer from arbitrary positions along the backbone of the 

macroradical other than the one which affords for 1,5-H shift via the six-membered transition 

structure, MCR1 will be the preferred MCR species under PLP conditions. That SPR and 

MCR1 species dominate the PLP-ESR spectrum is for different reasons: (i) Rapid addition to 

acrylate monomer of SPRs does not diminish the concentration of this type of radicals as this 

process transforms one SPR species into another. (ii) The MCR1 radical is relatively stable 

with a significant steric hindrance contributing to the low addition rate to monomer of this 

species. 

These tertiary radicals can either transform back into a secondary propagating radical via re-

initiation, or undergo β-scission [43]. The latter reaction becomes important at temperatures 

above 80 °C, and thus can be neglected at the temperatures at which experiments were carried 

out in this work. The re-initiation step on the other hand has been estimated via the kinetics of 

the sterically hindered butyl acrylate dimer [18] and methyl acrylate dimer [19]. Because of 

the low speed of this reaction, formation of MCR1 via backbiting is associated with 

macroradical chain length being no longer linearly related to the time t after applying the laser 

pulse at t = 0. Under polymerization conditions where only a small fraction of SPRs has not 

be converted into long-lived MCR1 (or MCR2) species in the time period between two 

successive laser pulses, the quality of kp measurements via PLP-SEC may be intolerably 

reduced. Proof of the occurrence of mid-chain radicals has been obtained by electron spine 

resonance (ESR) spectroscopy under normal free-radical polymerization conditions [20], and 

by the observation of quaternary carbons with 13C-NMR [39] under pulsed laser 

polymerization conditions.  

It is known from theory that the ESR technique can directly provide information on the 

structure, properties, and concentration of propagating radicals [21,22]. The interpretation of 

the ESR spectra of acrylate polymerizations turned out to be rather complicated. There have 

been some unsolved problems with the ESR spectra of propagating radicals of acrylates. 

Several kinds of ESR spectra under various conditions were reported to be the ones of 

secondary propagating radicals [23,24,25,26,27,28]. Also for mid-chain radicals no final 

understanding of the ESR spectra has been reached so far [26,27,28,29]. A major reason 

behind the discrepancies is seen in polymerization conditions and polymer properties being 

dissimilar. The differences affect the dynamics of molecular reorientation processes and thus 

can modify hyperfine splitting.  

In the present work the ESR spectra of propagating radicals of acrylates at several 

temperatures have been studied. The percentage of mid-chain radicals is determined by 
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assuming that the measured ESR spectrum is composed of a linear combination of the 

spectrum for terminal secondary radicals and the spectrum for tertiary mid-chain radicals. A 

least squares method was used to fit the simulated ESR spectra of these two species to the 

experimental spectra (after noise reduction by Fourier transformation). Within the fitting 

procedure, a triangular weighting function with maximum sensitivity at the central position of 

the ESR spectrum has been used. The experimental spectra shown in the following sections 

are the measured ones without any data treatment.  

 

7.2 ESR MEASUREMENTS OF PROPAGATING RADICALS OF ACRYLATES 
 

7.2.1 ESR MEASUREMENTS DURING BA POLYMERIZATION  

 

There are contradicting interpretations in literature with respect to the interpretation of the 

ESR spectra of acrylates. Two papers confirming the occurrence of mid-chain radicals for 

cyclohexyl acrylate [28] and phenyl acrylate [27] by ESR measurements were published by 

Yamada and co-workers. In their work, the interpretation of ESR spectra, obtained at 60 °C in 

benzene and AIBN as initiator, were assigned to a combination of SPRs with a 7-line 

spectrum and MCRs with a 3-line spectrum with a coupling constant of α = 27.5 G. With 

respect to this latter spectrum, Yamada et al. [27,28] assumed that only two out of the four 

hydrogens can couple with the unpaired electron of the mid-chain radical. In order to support 

their findings, these authors referred to earlier work carried out on acrylate systems 

[24,25,26,30]. Interestingly, the early work on the occurrence of mid-chain radicals was 

carried out on cross-linked systems where the low mobility of the polymer chains may be 

responsible for the coupling of only two out of the four β-hydrogen atoms with the unpaired 

electron. Kim et al., however, demonstrated for mid-chain radicals in a butyl acrylate film, 

that increasing temperature enhances the number of lines in the MCR ESR spectrum. The 

authors attributed this effect to the coupling of the radical functionality with two sets of 

slightly non-equivalent protons [31].  

Kajiwara and Kamachi [20] reported on changes of the ESR spectra in the solution 

polymerization of tert-butyl acrylate at temperatures between –30 °C and 60 °C. In the initial 

stage of the polymerization at –30 °C, a 6-line spectrum with narrow line width was observed. 

This spectrum is assigned to the SPR with the α-proton (αHα = 2.28 mT) and with two β-

methylene protons (αHβ = 2.06 mT). The spectrum had a very short lifetime and readily 

changed to a totally different, long living 7-line spectrum obtained at 60 °C with broader line 
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width, which looks very similar to the one reported by Azukizawa et al. [27]. The 

interpretation of the ESR spectrum of the propagating SPRs provided by Kajiwara and 

Kamachi thus is slightly different from the one given by Azukizawa et al. [27]. Kajiwara and 

Kamachi [20] leave a question mark on the interpretation of the spectra at elevated 

temperatures. 

In the present study, ESR experiments were carried out for n-butyl acrylate in toluene, under 

PLP conditions (frequency of 20 Hz), in an effort to determine mid-chain radical 

concentrations as a function of temperature. PLP-ESR experiments were carried out in the 

temperature range of –50 °C up to 70 °C at ambient pressure. All ESR spectra were recorded 

at low degree of monomer conversions. The total recording time of one single scan was about 

5 s.  

2 mT

(a)

(b)

 

Fig. 7.3 ESR spectrum for n-butyl acrylate polymerization, (a) experimental curve 

recorded during the initial period of a quasi-stationary solution (in toluene) 

polymerization at –50 °C initiated with 351 nm excimer laser pulses applied at 

a repetition rate of 20 Hz; cBA = 1.52 mol⋅L–1, cMMMP = 9.0⋅10–3 mol⋅L–1; 

(b) simulated spectrum using hyperfine coupling constants of αHα = 2.35 mT 

and αHβ = 2.04 mT. 

 

Shown in Fig. 7.3 is the ESR spectrum measured during the initial period of a pulsed laser n-

butyl acrylate polymerization in toluene solution at –50 °C. A spectrum with four broad lines 
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is seen which is very similar to the one reported by Kajiwara and Kamachi for tert-butyl 

acrylate polymerization at –30 °C. The four-line spectrum actually consists of six components 

with two pairs of components being overlapping, as is indicated by the assignment bars in the 

lower part of Fig. 7.3. The spectrum is due to the SPR species in which the radical 

functionality couples with the α-proton and with two equivalent β-methylene protons. The 

hyperfine coupling constants, αHα = 2.35 mT and αHβ = 2.04 mT, are in close agreement with 

data reported by Kajiwara and Kamachi for tert-butyl acrylate [20,34]. 

The ESR spectrum obtained in the initial period of n-butyl acrylate solution PLP at 60 °C, 

shown in Fig. 7.4, is significantly different from the ESR spectrum recorded at –50 °C 

(Fig. 7.3).  

2 mT

MCR1

SPR

(a)

(b)

 

Fig. 7.4 ESR spectrum for n-butyl acrylate polymerization, (a) experimental curve 

recorded during the initial period of a quasi-stationary solution (in toluene) 

polymerization at 60 °C initiated with 351 nm excimer laser pulses applied at a 

repetition rate of 20 Hz, cBA = 1.52 mol⋅L–1, cMMMP = 9.0⋅10–3 mol⋅L–1; (b) 

simulated spectrum using hyperfine coupling constants of αHβ1 = 1.09 mT and 

αHβ2 = 1.64 mT for fitting the 9-line spectrum of MCR1 and using 

αHα = 2.35 mT and αHβ = 2.04 mT (as in Fig. 7.3) for fitting the SPR signal. 

The contribution of the MCR1 spectrum to the entire ESR signal corresponds 

to a fraction of 84 per cent MCR1 species being present. 

 



122           7. OCCURRENCE OF SECONDARY PROPAGATING AND MID-CHAIN RADICALS 

Visual inspection tells that the spectrum consists of more than ten components. Linear 

combination of the 4-line spectrum for the SPR species with a 3-line spectrum (as used for 

representing the ESR contour of the MCR so far [27,28,32]), thus will not afford for an 

adequate fit of the entire ESR spectrum. On the other hand, no reason is seen why, for n-butyl 

acrylate polymerization at 60 °C with pulsed laser initiation being used for controlling 

polymer size, the dynamics of MCRs should not be sufficiently large to provide identical 

coupling situations of the radical functionality with each of the two protons of the two 

adjacent methylene moieties. In MCR1, which is the by far dominant mid-chain radical 

species under PLP−SEC polymerization conditions, these two CH2 moieties are slightly 

different (see Fig. 7.1), as MCR1 has a short-armed and a long-armed branch. As a 

consequence, it appears reasonable, if not mandatory, to consider a 9-line spectrum for 

representation of MCR1. The simulated ESR contour in Fig. 7.4 which results from a linear 

combination of a 9-line spectrum for MCR1 with an SPR spectrum (with the coupling 

constants as used for the fit in Fig. 7.3) indeed shows nice agreement with the measured ESR 

spectrum. The hyperfine coupling constants for the two types of slightly dissimilar methylene 

protons are: αHβ1 = 1.09 mT and αHβ2 = 1.64 mT. 

During BA polymerization initiated by thermal decomposition of TBPO (Fig. 7.5) spectra 

similar to the already observed ones for the laser initiated polymerization of BA were 

obtained. 

2 mT

 

Fig. 7.5 ESR spectrum observed during BA polymerization initiated by the thermal 

decomposition of TBPO in toluene at 65 °C, cBA = 1.74 mol⋅L–1, 

cTBPO = 5.8⋅10–2 mol⋅L–1. 
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As is demonstrated by Fig. 7.6 and Fig. 7.7, also at intermediate polymerization temperatures 

of –20 °C and 30 °C, respectively, the overall contour of the ESR spectrum is adequately 

fitted by assuming an overlap of a 4-line SPR spectrum with a 9-line spectrum for MCR1. 

 

2 mT

(a)

(b)

 

Fig. 7.6 ESR spectrum for n-butyl acrylate polymerization, (a) experimental curve 

recorded during the initial period of a quasi-stationary solution (in toluene) 

polymerization at –20 °C initiated with 351 nm excimer laser pulses applied at 

a repetition rate of 20 Hz; cBA = 1.52 mol⋅L–1, cMMMP = 9.0⋅10–3 mol⋅L–1; 

(b) simulated spectrum using the hyperfine coupling constants as in Fig. 7.4. 

The contribution of the MCR1 spectrum to the entire ESR signal corresponds 

to a fraction of 36 per cent MCR1 species. 
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2 mT

(a)

(b)

 

Fig. 7.7 ESR spectrum for n-butyl acrylate polymerization, (a) experimental curve 

recorded during the initial period of a quasi-stationary solution (in toluene) 

polymerization at 30°C initiated with 351 nm excimer laser pulses applied at a 

repetition rate of 20 Hz; cBA = 1.52 mol⋅L–1, cMMMP = 9.0⋅10–3 mol⋅L–1; (b) 

simulated spectrum using the hyperfine coupling constants as in Fig. 7.4. The 

contribution of the MCR1 spectrum to the entire ESR signal corresponds to a 

fraction of 76 per cent MCR1 species. 

 

The spectra in Fig. 7.6 and Fig. 7.7 are of poorer signal-to-noise quality than are the ESR 

spectra taken at both lower and higher temperature. That lower T improves the quality of ESR 

spectra is well known. The improvement toward higher temperature, in the particular situation 

of acrylate free-radical polymerization, is due to the fact that at higher T the majority of the 

radicals are long-lived MCR1 species. 

Whereas the low-temperature ESR spectra of this work are close to the literature ones, the 

ESR spectra measured during polymerization at high temperature are less similar. The reason 

behind this discrepancy is seen in differences of polymerization conditions other than 

temperature. Thus the studies by Yamada and colleagues [27,28,33] and by Kajiwara and 

Kamachi [20,34] have been carried out at higher degrees of monomer conversion, which may 

lead to the occurrence of both MCR1 and MCR2 species. High conversion may also affect the 

reorientation dynamics of macroradicals which in turn may be reflected in the shape of the 

ESR spectrum as, e.g., two methylene protons being equivalent or non-equivalent influences 

hyperfine splitting. In addition to coil dynamics, also the kinetics of interconversion of 

different types of radicals may be largely affected by the polymerization conditions. 
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Sato et al. [33] pointed out that the rate of interconversion between terminal and mid-chain 

radicals may occur with a complex kinetic scheme that includes backbiting and intermolecular 

hydrogen transfer with both processes being followed by addition to monomer and/or 

fragmentation by β-scission. These PLP-ESR studies into n-butyl acrylate polymerization 

appear to deal with a simplified system, one in which, at low degrees of monomer conversion, 

intermolecular hydrogen transfer plays no major role and where temperature is not 

sufficiently high to induce a large extent of β-scission subsequent to backbiting.  

Presented in Fig. 7.8 are the results of the deconvolution of the measured ESR spectra into a 

4-line component assigned to SPR and into a 9-line component assigned to MCR1. The 

contribution of these individual components to the overall ESR shape yields the fraction of 

the two types of radicals. Plotted in Fig. 7.8 is x, the percentage of mid-chain radicals MCR1, 

as a function of polymerization temperature at three initial n-butyl acrylate concentrations, 

cBA. 
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Fig. 7.8 Percentage of mid-chain radicals, x, plotted as a function of polymerization 

temperature, T, for quasi-stationary n-butyl acrylate solution polymerizations 

induced by 351 nm excimer laser pulses applied at a repetition rate of 20 Hz. 

The data refers to the low-conversion regime of polymerizations with two 

different initial n-butyl acrylate concentrations, cBA, cMMMP = 9.0⋅10–3 mol⋅L–1. 

 

At the lowest temperature, the amount of mid-chain radicals is almost negligible and 

polymerization essentially occurs via SPR species. With increasing temperature, the fraction 

of MCRs largely increases and becomes as large as 75 per cent at 30 °C. This observation 

explains the enormous difficulties seen with PLP-SEC experiments on acrylates at 

temperatures above 30 °C. The large fraction of mid-chain radicals scrambles the narrow size 

distribution of propagating radicals and gives rise to broad structureless SEC curves for the 

PLP-produced polymeric products. This finding is in full agreement with Monte Carlo 

simulations by Arzamendi et al. [7]. It should be noted that a remarkably high fraction of mid-

chain radicals has also been observed by the Yamada group [33] within the ESR studies into 

Θ 
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UV-induced EHA polymerization. These authors report a mid-chain radical concentration of 

70 per cent for 25 °C which value is in close agreement with the one observed for PLP 

polymerization of n-butyl acrylate (Fig. 7.8). 

The data in Fig. 7.8 for n-butyl acrylate concentrations between 1.52 and 2.53 mol·L–1 suggest 

no clear effect of monomer concentration on the percentage of mid-chain radicals. This result 

may be understood as being due to the enormous difference in monomer and radical 

concentrations. Thus each radical is surrounded by a sufficiently large number of monomer 

molecules and the radical–monomer reaction will not be significantly affected by varying     

n-butyl acrylate content. Assuming that the stationary fraction of mid-chain radicals under 

PLP-SEC conditions is given by the difference in the rates of backbiting of an SPR species, 

which produces mid-chain radicals MCR1, and of monomer-addition reaction within the 

resulting monomer-complexed MCR1 species, referred to as MCR1*, yields the following 

expression: 

     cSPR/cMCR1* = kp*/ kbb             Eq. 7.1 

where kbb is the backbiting rate coefficient of SPRs and kp* is the propagation rate coefficient 

of MCR1* in the monomer-complexed MCR1* species. Eq. 7.1 may be re-arranged into an 

expression in terms of x, the percentage of MCR1 species.  

     x/(1 – x) = kbb/kp*             Eq. 7.2 
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Fig. 7.9 Plot of ln(x/(1 – x)) vs. T–1 for pulsed laser polymerizations of n-butyl acrylate 

(see text). 

 

In Fig. 7.9, the term on the r.h.s. of Eq. 7.2 is plotted vs. T–1 for n-butyl acrylate. According to 

the r.h.s. of Eq. 7.2, the linear slope of the Arrhenius-type plot of kbb/kp* should yield the 

difference between the activation energies of backbiting of an SPR species, EA(kbb), and of the 

propagation reaction from an MCR1* species, EA(kp*). The data in Fig. 7.9, which are the 

ones for conditions where the concentration ratio of MCR1 to SPR radicals is in the range 0.1 

and 10, closely fit to a straight line. The difference of activation energies turns out to be: 

∆EA = EA(kbb) – EA(kp*) = 18.8 ± 3.7 kJ·mol–1. With independent information becoming 

available for kp*, absolute numbers for kbb may be estimated from the ESR-spectroscopically 

measured percentages of mid-chain radicals. The simplifying assumptions underlying Eqs. 7.1 

and 7.2 have to be kept in mind. It seems, however, that they are valid under the PLP-SEC 

conditions used in the present study. It appears to be a matter of priority to extend such 

studies to pulsed laser induced polymerization at higher conversion, where MCR2 species 

significantly come into play. The difficulties in interpreting ESR spectra at such higher 

degrees of monomer conversion, which are due to having a mixture of different types of mid-
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chain radicals and to effects of chain dynamics on hyperfine coupling constants, may perhaps 

be overcome by such experiments with pulsed laser initiation. 

The large fraction of MCR1 mid-chain radicals which is associated with a small number of 

SPR species that do not undergo backbiting in the time period between two successive laser 

pulses adequately explains the difficulties of applying the PLP-SEC methodology toward kp 

analysis of acrylates at temperatures of 30 °C and above.  

 

7.2.2 ESR MEASUREMENTS DURING DA POLYMERIZATION 

 

For n-dodecyl acrylate, ESR experiments were carried out in toluene under PLP conditions 

(frequency of 20 Hz), in an effort to determine the amount of mid-chain radicals as a function 

of temperature. ESR-PLP experiments were carried out at ambient pressure in the temperature 

range of –20 °C up to 60 °C. The spectrum shown in Fig. 7.10 could be attributed to a linear 

combination of the 4-line spectrum for the SPR (36 %) with one α-proton and two                

β-methylene protons with coupling constants αHα = 2.38 mT and αHβ = 2.08 mT and a 9-line 

spectrum for the MCR1 (64 %) having two sets of slightly unequal protons with coupling 

constants αHβ1 = 1.09 mT and αHβ2 = 1.69 mT.  
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MCR1
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2 mT

 

Fig. 7.10 (a) ESR spectrum observed during quasi-stationary DA polymerization 

initiated by laser pulses applied at a repetition rate of 20 Hz in toluene at          

–20 °C, cDA = 0.92 mol⋅L–1, cMMMP = 6.5⋅10–3 mol⋅L–1 and (b) its simulation 

with coupling constants αHα = 2.38 mT and αHβ = 2.08 mT for the SPR and 

αHβ1 = 1.09 mT, αHβ2 = 1.69 mT for the MCR1. 

 

In case of the DA laser initiated polymerization at 60 °C the ESR spectrum shown in Fig. 7.11 

could be almost completely ascribed to a 9-line spectrum of the MCRs (97 %).  

(a) 

(b) 
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Fig. 7.11 (a) ESR spectrum observed during quasi-stationary DA polymerization 

initiated by laser pulses applied at a repetition rate of 20 Hz in toluene at 60 °C, 

cDA = 0.92 mol⋅L–1, cMMMP = 6.5⋅10–3 mol⋅L–1 and (b) its simulation with 

coupling constants αHα = 2.38 mT and αHβ = 2.08 mT for the SPR and 

αHβ1 = 1.09 mT, αHβ2 = 1.69 mT for the MCR1. 

 

During DA polymerization initiated by thermal decomposition of TBPO at 60 °C ESR spectra 

were obtained (see Fig. 7.12) that are very similar to the spectra observed in laser initiated 

polymerization. 

2 mT

 

Fig. 7.12 ESR spectrum observed during DA polymerization initiated by the thermal 

decomposition of TBPO in toluene at 60 °C, cDA = 0.93 mol⋅L–1,    

cTBPO = 12⋅10–2 mol⋅L–1. 

 

(a) 

(b) 
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For the determination of the amount of mid-chain radicals in free-radical polymerization of 

DA the same strategy was used as it was described in section 7.2.1. The obtained results are 

presented in Fig. 7.13. 
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Fig. 7.13 Percentage of mid-chain radical, x, plotted as a function of polymerization 

temperature, T, for quasi-stationary dodecyl acrylate solution polymerization 

initiated by laser pulses applied at a repetition rate of 20 Hz,    

cDA = 0.92 mol⋅L–1, cMMMP = 6.5⋅10–3 mol⋅L–1. 

 

In comparison with BA, the amount of mid-chain radicals in DA laser-initiated 

homopolymerization is much higher. Thus at 30 °C around 95 % of the radicals in the 

reaction mixture are mid-chain ones. This can be explained as follows: In the polymerization 

of DA the long non-polar ester group may serve as an intramolecular diluent, as was pointed 

out by Beuermann [35], and thus the probability of the intramolecular chain transfer 

(backbiting) for DA is higher than for BA.  

 

Θ 
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Fig. 7.14 Plot of ln(x/(1 – x)) vs. T–1 for pulsed laser polymerizations of dodecyl acrylate, 

cDA = 0.92 mol⋅L–1, cMMMP = 6.5⋅10–3 mol⋅L–1. 

 

In Fig. 7.14, the data for DA laser initiated polymerization closely fits to a straight line. 

According to Eq. 7.2 the linear slope of the Arrhenius-type plot of kbb/kp* in Fig. 7.14 should 

yield the difference between the activation energies of backbiting of an SPR species, EA(kbb), 

and of the propagation reaction from an MCR1* species, EA(kp*). The difference of activation 

energies is found to be: ∆EA = EA(kbb) – EA(kp*) = 17.5 ± 5.6 kJ·mol–1. With knowledge of 

kp*, absolute numbers for kbb may be estimated from the ESR-spectroscopically measured 

percentages of mid-chain radicals.  
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7.3 CONCLUSIONS 
 

In the present study, ESR experiments were carried out during n-butyl acrylate and dodecyl 

acrylate homopolymerizations in solution of toluene in a wide range of temperatures. 

Polymerization was induced by 351 nm excimer laser pulses applied at a repetition rate of 

20 Hz. The ESR spectra obtained under pulsed laser polymerization conditions at low degrees 

of monomer conversion, may be adequately represented by the superposition of a 4-line 

spectrum assigned to secondary propagating radicals (SPRs) and a 9-line spectrum assigned to 

tertiary mid-chain radicals (MCR1s), which latter radical results from backbiting of SPR 

species via a 1,5-H shift reaction. The percentage of MCR1 species is negligible at the lowest 

experimental temperature, but increases significantly with temperature. At ambient 

temperature, about 60 per cent of the stationary radical concentration in n-butyl acrylate 

polymerization and 90 per cent in dodecyl acrylate polymerization are MCR1 species. This 

observation explains the limitations for PLP-SEC experiments on n-butyl acrylate and 

dodecyl acrylate at temperatures of and above 30 °C. The fraction of mid-chain radicals is 

highly relevant for modelling overall propagation, but also for understanding termination and 

transfer behavior in acrylate free-radical polymerizations.  
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8. DETERMINATION OF PROPAGATION RATE COEFFICIENTS, kp, 

FOR THE DODECYL ACRYLATE DIMER (DAD) 

 

8.1 INTRODUCTION 
 

Resent studies have shown that transfer reactions (intra- and intermolecular transfer to 

polymer) play an important role in the polymerization of acrylates at high and moderately 

high (above 30 °C) temperatures [1,2]. Via these reactions, secondary propagating radicals are 

transferred into tertiary mid-chain radicals. The most significant effect on acrylate 

polymerization has the intramolecular transfer reaction (backbiting). In this process the 

secondary propagating radical wraps around to abstract a hydrogen atom from an acrylate unit 

on its own backbone, most likely via the formation of a six-membered rind. The occurrence of 

mid-chain radicals, produced by transfer-to-polymer processes, has been confirmed by 

electron spin resonance (ESR) spectroscopy under stationary free-radical polymerization 

conditions chiefly carried out by Yamada and colleagues [3,4,5], Kajiwara and Kamachi [6] 

and by the observation of quaternary carbon atoms with 13C-NMR [1] under PLP-conditions.  

ESR-PLP experiments, presented in Section 7, show that the backbiting event must be 

considered during acrylate polymerization even at low temperature PLP experimental 

conditions. PLP studies on n-butyl acrylate (BA) demonstrate that addition of monomer to a 

secondary propagating radical is very fast [7,8], but observed rates of BA polymerization are 

significantly lower than would be expected from estimate [9,10]. This result is in agreement 

with evidence suggesting that monomer addition to the mid-chain radical proceeds at a much 

slower rate than addition to the parent secondary radical. Propagating rate of mid-chain 

radicals has been estimated via the kinetics of the sterically hindered methyl acrylate dimer 

(MAD) [11] and butyl acrylate dimer (BAD) [12] (species that form radicals of similar 

structure to the mid-chain radicals). It is apparent that the problems found in obtaining data 

that obey the necessary consistency tests when applying PLP to acrylates might be found in 

PLP studies on DAD. Thus investigations into the propagation kinetics of the dodecyl acrylate 

dimer may assist in a better understanding of the underlying processes taking place in free-

radical polymerization of acrylates. 

The structure of the dodecyl acrylate dimer (DAD) is given in Fig. 8.1.  
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O C12H25

O
O C12H25
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Fig. 8.1 Structure of the dodecyl acrylate dimer (DAD). 

 

The goal of the present study was to determine the propagation rate coefficients, kp, of DAD 

by the PLP-SEC technique.  

 

8.2 EXPERIMENTAL RESULTS  
 

In this section, kp values resulting from PLP-SEC experiments at ambient pressure will be 

provided. Fig. 8.2 presents a MWD for a DAD polymer obtained from a bulk polymerization 

at 60 °C and at ambient pressure at a laser-pulse repetition rate of 5 Hz. The dashed line in 

Fig. 8.2 represents the first derivative curve of the MWD, which shows two well-resolved 

maxima corresponding to the points of inflection of the MWD, indicated by L1 and L2. The 

position of the second inflection point (L2) is located at around twice the molecular weight of 

the first inflection point (L1). 
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Fig. 8.2 Experimental molecular weight distribution (full line) of a DAD polymer 

produced at 60 °C and ambient pressure using a pulse repetition rate of 5 Hz. 

The first derivative of the MWD is also given (dashed line).  

 

8.2.1 ESTIMATION OF MARK-HOUWINK PARAMETERS 

 

In order to determine propagation rate coefficients via PLP-SEC, reliable Mark-Houwink 

parameters for SEC calibration are required. Unfortunately, no literature data of these values 

for poly(DAD) have been reported. Mark-Houwink parameters for poly(MAD) [11] and 

poly(BAD) [12] are available. In Tab. 8.1 values of the Mark-Houwink parameters, K and a, 

for MAD and BAD are given together with the values for poly(methyl acrylate (MA)), 

poly(butyl acrylate (BA)), poly(dodecyl acrylate (DA)), poly(methyl methacrylate (MMA)), 

poly(butyl methacrylate (BMA)), poly(dodecyl methacrylate (DMA)), as well with 

poly(dicyclohexyl itaconate (DCHI)), and poly(dimethyl itaconate (DMI)). 
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Monomer a K / mL·g–1 Source 

MA 0.696 0.0168 [13] 

BA 0.700 0.0122 [14] 

DA 0.585 0.0292 [15] 

MMA 0.719 0.00944 [16] 

BMA 0.664 0.0148 [17] 

DMA 0.736 0.00495 [13] 

MAD 0.820 0.0028 [11] 

BAD 0.624 0.0187 [12] 

DCHI 0.580 0.0233 [18] 

DMI 0.510 0.0460 [19] 
 

Tab. 8.1 Mark-Houwink parameters, K and a, for a series of poly(acrylates) and 

poly(methacrylates), as well as for poly(dicyclohexyl itaconate (DCHI)) and 

poly(dimethyl itaconate (DMI)) in THF. 

 

The Mark-Houwink parameters are always determined as coupled parameters according to the 

Mark-Houwink relation Eq. 3.16 [20,21]. Therefore it is possible to describe the intrinsic 

viscosity, [η], within a certain range of molecular weights with different sets of Mark-

Houwink parameters. Thus in order to try to identify trends in the Mark-Houwink parameters 

for acrylates, methacrylates and itaconates, the connection of intrinsic viscosity versus 

molecular weight of polymers is given in Fig. 8.3. The data are obtained using the K and a 

values listed in Tab. 8.1. 
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Fig. 8.3 Comparison of intrinsic viscosity, [η], of different (meth)acrylates, itaconates, 

MAD, and BAD at the same molecular masses. 

 

As can be seen from Fig. 8.3, the intrinsic viscosity for acrylates is higher than for 

methacrylates and acrylate dimers and increases as follows for the monomers with the same 

ester group [η]acrylate dimers < [η]methacrylates < [η]acrylates. With increasing ester chain length the 

intrinsic viscosity decreases in the following order [η]methyl > [η]butyl > [η]dodecyl. It is 

interesting to compare the intrinsic viscosity of itaconates with [η]-values of acrylates and 

methacrylates because the structure of itaconates (Fig. 8.4) bears a resemblance to the 

structure of acrylate dimers with one difference: acrylate dimers have one CH2 group more in 

the backbone as itaconates. 
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Fig. 8.4 The structure of dimethyl itaconate (a) and dicyclohexyl itaconate (b). 

 

The values of intrinsic viscosity of DMI and DCHI differ not that much from each other 

(Fig. 8.3). In order to estimate propagation rate coefficients of DAD the Mark-Houwink 

parameters of DCHI were chosen because this monomer has rather bulky ester chains just as 

DAD and [η]DCHI is less than [η]DMA, what one would expect from the observations made for 

MAD and BAD. 

 

8.2.2 DETERMINATION OF kp VALUES 

 

Applying the PLP-SEC technique, the propagation rate coefficient is derived from the 

molecular weight distribution according to Eq. 3.12. 

The density of DAD was determined as a function of temperature. The data obey the 

following equation over the temperature range 20 to 70 °C: 

ρDAD / (g⋅mL–1) = –7.91⋅10–4⋅Θ / °C + 0.922 

The kp data for DAD bulk polymerization obtained from the PLP-SEC experiments (together 

with a laser pulse repetition rate and the inflection points used for kp determination) are listed 

in Tab. 8.2. Absolute values of kp are not easily deduced from PLP-SEC, as Mark-Houwink 

parameters are not available for poly(DAD) in THF, which is the standard solvent for SEC 

analyses. In view of the uncertainties associated with the conventional procedures of kp 

determination [22,23], but also with using approximate Mark-Houwink coefficients for 

deducing poly(DAD) molecular weights, the agreement between kp values of DAD and the 

literature data for MAD and BAD appears to be satisfactory (see Tab. 8.3).  
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Θ / °C υ / Hz ML1 / g mol–1 ML2 / g mol–1 kp / L⋅mol–1⋅s–1 
20 1 10805 19785 16.9 
20 1 10324 19151 16.1 
30 1 16167 27108 26.4 
30 5 5333 9987 39.5 
30 5 5311 10232 39.4 
40 5 6491 12724 49.4 
40 5 6960 13239 53.3 
40 10 4936 9418 73.3 
50 5 10306 18735 82.3 
50 5 10300 19106 82.2 
60 5 12747 22285 104.6 
60 5 12825 22266 105.3 
70 5 16645 26915 141.0 
70 5 16526 26303 139.9 
70 10 10637 18430 173.5 
70 10 10587 18091 172.6 
80 16 9806 18430 256.4 

 

Tab. 8.2 PLP-SEC results for the bulk polymerization of DAD obtained at ambient 

pressure . 

 

The temperature dependence of kp for the data from Tab. 8.2 is shown in an Arrhenius 

diagram in Fig. 8.5. All data are nicely represented by a single linear fit over the entire 

temperature range, given by the full line in Fig. 8.5. The following Arrhenius relation for 

20 °C ≤ Θ ≤ 80 °C is obtained:  

ln [kp / (L⋅mol–1⋅s–1)] = 17.53 – 4261⋅(T–1 / K–1)   (8.1) 

This equation corresponds to an activation energy of EA = 35.4 kJ⋅mol–1. The pre-exponential 

factor for DAD is obtained to be 4.10⋅107 L⋅mol–1⋅s–1.  
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Fig. 8.5 Arrhenius plot of kp for DAD from the PLP-SEC experiments. The line 

represents the best fit of the PLP-SEC data by Eq. 8.1.  

 

Tab. 8.3 contains the Arrhenius parameters for some (meth)acrylates, itaconates, MAD and 

BAD. 

 

Monomer A⋅10–6 / L⋅mol–1⋅s–1  EA / kJ⋅mol–1 kp / L⋅mol–1⋅s–1  Source 

MA 16.6 17.7 11 600* [24] 
BA 18.1 17.4 14 300* [25,26] 
DA 17.9 17.0 16 700* [15] 

MMA 2.7 22.4 491 [27] 
BMA 3.8 22.9 570 [16] 
DMA 2.5 21.0 779 [16] 
DCHI 0.02 22.0 4 [28] 
DMI 0.2 24.9 14 [19] 
MAD 3.4 33.6 8 [29] 
MAD 1.3 29.5 15 [11] 
BAD 9.2 33.8 21 [12] 
DAD 41.0 35.4 50 this work 
* – data refers to 20 °C 

 

Tab. 8.3 Arrhenius parameters A and EA of kp for some acrylates, methacrylates, 

itaconates, MAD and BAD. All data refers to 40 °C (except acrylates) and 

ambient pressure. kp is calculated using the given Arrhenius parameters. 
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Tab. 8.3 shows some clear trends in EA, for example, acrylates have EA ~ 17–18 kJ⋅mol–1, 

whereas for methacrylates, the corresponding value is ~ 21–23 kJ⋅mol–1, for itaconates 

EA ~ 24 kJ⋅mol–1 and for acrylate dimers EA ~ 34 kJ⋅mol–1. Extensive quantum mechanical 

calculations of the transition stats for acrylonitrile and methacrylonitrile [30] have shown the 

reasons for the approximate values for the frequency factors of the acrylate and methacrylate 

systems, as well as for the systematic differences in both frequency factor and activation 

energy between the two monomer types. The typical values of A for these systems are 

determined by the simple parameters governing the partition function for translation and 

external rotation (mass and geometry, respectively), combined with typical values for the 

partition functions for the modes that are vibrations in the reactant but hindered rotors in the 

transition state. The lower frequency factors for methacrylates are largely due to hindrance 

caused by the methyl groups to the three transitional modes in the transition state that 

correspond to the three external rotational degrees of freedom of the monomer in the reactants 

(but not a result of increased hindrance to methyl rotation itself in the transition state). The 

higher activation energy of methacrylates arise from differences in hindrance and loss of 

delocalization in the transition states of the methyl-substituted and unsubstituted monomers.  

In comparison with methacrylates acrylate dimers are more hindered. It would not be 

unreasonable to assume that hindrance would raise the activation energy above that of a 

monomeric acrylate or methacrylate.  

It should be noted, that the substituent that is introduced into the ethene molecule facilitates 

stabilization of the propagating radical and has the effect of adding steric hindrance to the 

propagating step. As can be seen from Tab. 8.3, side groups in the α-position have a much 

greater impact on the propagation rate of a monomer in free-radical polymerization than ester 

substitutions because of the closer proximity to the propagating free-radical center. Steric 

effects acquire much importance when the substituent is placed rather close to the reactive 

center. If one changes the size of an ester, a drastic effect on the propagation rate is difficult to 

conceive. The reactive center in this case is located several bonds apart.  

The data in Tab. 8.3 clearly shows that kp increases with the ester size within a monomer 

family. Beuermann [31] pointed out that in PLP-SEC experiments the product of kp and cM is 

measured: kp ⋅ cM = L1 / t0. As a consequence, variations of kp are implied, if cM at the site of 

the propagation reaction is not identical with the overall or analytical monomer concentration 

cM in the system. In order to clarify the situation the analytical or overall monomer 

concentration is defined as cM,a, the experimentally derived apparent propagating rate 

coefficient as kp,exp, and the true kinetic propagation rate coefficient as kp,kin. The relation 
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between monomer concentrations and propagation rate coefficients are as follows: 

L1 / t0 = kp,kin ⋅ cM,loc = kp,exp ⋅ cM,a. 

In case of monomers with the methyl ester group strong intramolecular interactions between 

polymer segments may occur. These interactions are expected to result in an effective 

displacement of a large fraction of monomer molecules from the surroundings of the free-

radical chain and thus the occurrence of a local monomer concentration, cM,loc, which is below 

the total monomer concentration in the system. In polymerizations of monomers with the 

dodecyl ester group the long non-polar ester group may serve as an intermolecular diluent 

reducing the polar interactions between polymer segments due to shielding. The local 

monomer concentration in the vicinity of the propagating chain-end is closer to the overall 

monomer concentration in the system. Thus, the occurrence of the local monomer 

concentration may (at least partly) explain the observed increase of kp with ester size within 

the acrylates, within the methacrylates and within the acrylate dimers family. 

 

8.3 CONCLUSIONS 
 

The commonly used PLP-SEC technique was applied for the measurement of propagation rate 

coefficients of the highly hindered dodecyl acrylate dimer. The activation energy of the 

propagation reaction is EA = 35.4 ± 4.3 kJ⋅mol–1. This value is in good agreement with 

previously determined values of EA for the methyl acrylate dimer and the butyl acrylate 

dimer.  
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9. CHEMICALLY INITIATED POLYMERIZATION 
 

9.1 INTRODUCTION 
 

In spite of much attention that has been given to free-radical polymerizations, there are still 

many aspects that are not fully understood. Particularly difficult is the determination of 

propagation rate coefficients by PLP-SEC for acrylate monomers at temperatures above 30 °C 

due to backbiting reactions, as has been pointed out in Section 7. Coupled parameter kp / kt
0.5 

is easier to be obtained, e.g. via simple techniques based on conversion measurements in 

which the rate of initiation changes only slowly with time, for example by employing a 

thermally decomposing chemical initiator. Such experiments provide the rate of 

polymerization over relatively small time intervals. From each rate measurement, kp / kt
0.5 can 

be determined, where each kt is a chain-length average value, <kt> (see Section 6.2).  

A general expression for the rate of stationary polymerization is given below: 

IdM

t

pM
p d

d
ckfc

k

k

t

c
R ⋅⋅⋅⋅=−=    (9.1) 

This expression correlates the rate of polymerization with the initiator and monomer 

concentrations on the one side and the rate coefficients kd, kp, and kt on the other side (see also 

Section 3). Eq. 9.1 indicates a first-order dependence of the rate of polymerization on the 

monomer concentration and a square-root dependence on the concentration of the initiator. 

In general, for acrylic acid esters it has been found that acrylate kinetics deviates considerably 

from the expected behavior for stationary free-radical polymerization. Numerous studies 

[1,2,3,4,5,6,7,8,9] indicate that for acrylates the reaction order with respect to monomer 

concentration is higher than unity (Tab. 9.1), whereas, in accordance with the theory, a 

reaction order of 0.5 is normally found with respect to initiator concentration.  

Methacrylates, on the other hand, have monomer reaction orders close to the theoretically 

predicted value of unity.  
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Monomer Θ / °C Initiator Solvent 
Order of 
monomer 

Source 

MA 50 lauryl peroxide toluene 1.5 [10] 
BA 40 AIBN ethyl acetate 1.5 [3] 
BA 50 lauryl peroxide toluene 1.5 [10] 
BA 50 AIBN benzene 1.5 [9] 
DA 40 AIBN ethyl acetate 1.6 [1] 
DA 40 AIBN heptane 1.6 [1] 

MMA 50 lauryl peroxide toluene 1.0 [10] 
MMA 60 AIBN benzene 1.0 [11] 
BMA 60 AIBN benzene 1.0 [11] 

 

Tab. 9.1 Reaction order with respect to monomer concentration for some acrylates and 

methacrylates at different temperatures and in different solvents. 

 

The progress in the field of free-radical polymerization modeling is essentially part of the 

availability of efficient mathematical tolls like PREDICI®. This program e.g. allows integrating 

systems of countable differential equations as they result for polymerization scheme without 

any assumptions with respect to closure conditions and calculate full MWDs for almost any 

type of polymerization experiments. All simulations in this study are performed using 

PREDICI®. In order to simplify the analyzing procedure, chain-length- and conversion-

independent rate coefficients kp and kt were considered.  

The purpose of this section is to model steady-state polymerizations initiated by a thermally 

decomposing chemical initiator and to provide experimental data for testing the model.  

The present study is focused on the steady-state free-radical polymerization of butyl acrylate 

(BA), dodecyl acrylate (DA) and dodecyl methacrylate (DMA) at different temperatures, 

initiator and monomer concentrations. All experiments were carried out at ambient pressure. 

 

9.2 MODEL DEVELOPMENT 
 

A basic model of free-radical polymerization takes into account the set of reactions denoted in 

section 3.1. For acrylate polymerization it is necessary to consider the generation of tertiary 

(mid-chain) radicals via intramolecular transfer to polymer. In the present work it will be 

assumed that the radical site can be transferred to any position within the chain (not only to a 

position close to the chain end) or to any position within one of the ester side chains. The 

considered reaction will, therefore, be referred to as intramolecular transfer to polymer (which 

includes but is not limited to backbiting). Other transfer reactions, such as intermolecular 

transfer to polymer or transfer to monomer, will be neglected, as their influence is less 
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significant as compared to intramolecular transfer reaction. The reaction of β-scission has 

been found to be of negligible importance at temperatures below 100 °C and hence was not 

considered in the kinetic scheme.  

It has recently been shown that acrylates may terminate by disproportionation reactions [12]. 

However, neither the relative importance of this mechanism with respect to the combination 

mechanism nor its significance at higher temperatures (the data was determined at –34 °C) is 

given. Therefore, in this work bimolecular termination was considered to occur exclusively by 

combination [13]. 

 

The following kinetic scheme is considered:  

Initiation: 

  formation of primary radicals:  ∗→ 1R2I dk  

  formation of secondary radicals:  11 RMR 1p→+∗ k
 

Propagation of secondary radicals:   11 RMR 1p→+
k

 

Intramolecular transfer:    21 RR bb→k  

Propagation of tertiary radicals:   12 RMR p2→+
k

 

Termination 

  of secondary radicals:    polymerRR
1,1
t

11 →+ k  

  cross-termination:    polymerRR
1,2
t

21 →+ k  

  of tertiary radicals:    polymerRR
2,2
t

22 →+ k  

where R1 and R2 are secondary and tertiary radicals, respectively, and M is monomer. The 

following two conditions are assumed to be fulfilled: 

1. kp2 << kp1, that is, tertiary radicals are assumed to be propagating at a much slower rate than 

the secondary ones. 

2. 12 RMR p2→+
k

, that is, after the first monomer addition step tertiary radicals “turn into” 

secondary ones. 

A first assumption is to suppose that the different termination reactions occur with the same 

rate coefficient: kt
1,1 = kt

1,2 = kt
2,2 = kt. This assumption gives: 

21 RMp2RMp1
M

d
d

cckcck
t

c
⋅⋅+⋅⋅=−      (9.2) 
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where 
21 RRR ccc += is the overall radical concentration (

t

in
R

k
c

ν
= ). Assuming steady-state 

conditions, that is,  

0
d

d

d

d
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t

c

t

c
     (9.5) 

one obtains from Eqs. 9.3 and 9.4: 

R

intMp2bb
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kckk
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=

ν
    (9.6) 

Estimates for kbb suggest that this value is of the order of 102 s–1 at 60 °C [14]. For kp2 a value 

of 50 L⋅mol–1⋅s–1 [22] is estimated, the expression int ν⋅k ≈ 1 taking into account that typical 

generation rates (νin) are of order of 10–7 mol⋅L–1⋅s–1 and kt < 108 L⋅mol–1⋅s–1 for BA 

homopolymerization [28]. Thus, Eq. 9.6 can be simplified assuming that kbb >> int ν⋅k  and 

kp2⋅cM >> int ν⋅k : 

Mp2bb

bb

R

R 2

ckk

k

c

c

⋅+
=                (9.6a) 

The same expression was reported by Nikitin and Hutchinson [15]. They considered the rate 

of termination of mid-chain radicals to be below the termination rate of secondary radicals of 

acrylates. This finding shows that Eq. 9.6a is independent of the rate of termination and can 

be used for estimates of kbb. 

 

The rate of polymerization, defined as the first derivative of monomer concentration with 

respect to time from Eqs. 9.2, 9.6, is given by:  
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Two limiting cases may be considered: 

I. kbb << kp2⋅cM. The rate of intramolecular transfer to polymer is slow compared to the 

rate of propagation of tertiary radicals (reappearance of secondary radicals). The 

concentration of tertiary radicals in the system is negligible, 
2Rc << 

1Rc , and the kinetics is 

close to ideal: 
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t
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⋅⋅≈−                 (9.8) 

II. kbb >> kp2⋅cM. The rate of propagation of tertiary radicals is slow compared to the rate 

of their production. Thus they are accumulating: 
2RR cc ≈ >>

1Rc . There are two 

possibilities: 

a) “Slow” termination 

If kp2⋅cM >> kt⋅cR, then  

t

in
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b) “Fast” termination 

In this case kp2⋅cM << kt⋅cR one obtains:  

tinbb
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If intramolecular transfer to polymer is the main chain-stopping event, then 

1
I

1
M

M

d
d

cc
t

c
⋅∝−                (9.12) 

To summarize, if the rate of propagation of tertiary radicals is faster than the rate of 

intramolecular transfer to polymer, than the kinetics is governed by secondary radicals (their 

termination and propagation), even though the polymer chains will be branched. If, on the 

other hand, the rate of intramolecular transfer exceeds the rate of propagation of tertiary 

radicals, then the kinetics is governed by reactions between tertiary radicals. In general, the 

coefficient of intramolecular transfer to polymer (backbiting) should depend on both radical 

chain length and size and structure of the ester chain. The probability of such transfer 

(hydrogen abstraction) is higher for macroradicals and for monomers with longer ester 

groups, such as dodecyl acrylate. For the present estimates it was assumed that the rate 

coefficients are constant and independent of radicals size. 
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9.3 EXPERIMENTAL RESULTS  
 

In this section results from several polymerizations initiated by thermal decomposition of tert-

butylperoxy-2-ethylhexanoate (TBPO) will be discussed. First, homopolymerizations of BA 

and DA will be presented. The model proposed in section 9.2 will be applied to the 

experimental results in order to describe polymerization kinetics of acrylates under steady-

state conditions.  

In section 6.3.1, termination kinetics of DMA at 0 °C was studied via the SP-PLP-ESR 

technique. In the following chapter the homopolymerization of DMA initiated by thermal 

decomposition of TBPO will be investigated. kt values from chemically initiated 

polymerization will be compared with kt values obtained by the SP-PLP-NIR and SP-PLP-

ESR techniques.  

 

9.3.1 CHEMICALLY INITIATED POLYMERIZATION OF BA 

 

The Polymer Handbook [16] contains reports of propagation and termination rate coefficients 

for n-butyl acrylate. In general, researchers have carried out experiments using different 

temperatures and solvents at low conversion levels only. Reported values of rate coefficients 

for bulk, solution, or emulsion polymerizations can be found in Gladyshev et al. [17], 

Yokawa et al. , Kamachi et al. [18], Kaszas et al. [5], and Maxwell et al. [19], Beuermann et 

al. [28]. Full conversion range experiments were reported by Scott and Senogles [1,3] and 

Wunderlich [4]. The reaction order of BA obtained in these studies is presented in Tab. 9.1 in 

comparison with MA and DA and is equals 1.5.  

For the systematic study into homopolymerization of BA all measurements in this work were 

carried out with the same initiator (TBPO) and in the same solvent (toluene).  

Monomer conversions were determined as described in Section 4.7. Near infrared (NIR) 

spectra are recorded during the polymerization. These experiments show the decrease in the 

monomer concentration as a function of time. If one calculates the conversion from the 

monomer concentration one obtains a conversion-time curve. 

Figs. 9.1, 9.2 and 9.3 show the conversion versus time plots for homopolymerizations of BA. 

In all cases conversion curves are continuous and do not show clear acceleration of the 

polymerization rate. 
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Fig. 9.1 Conversion vs. time plots for chemically initiated homopolymerizations of BA 

at different monomer concentrations in toluene solution,              

cTBPO = 5.8⋅10–2 mol⋅L–1, 65 °C. 
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Fig. 9.2 Conversion vs. time plots for chemically initiated homopolymerizations of BA 

in bulk at different initiator concentrations, 65 °C. 
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Fig. 9.3 Conversion vs. time plots for chemically initiated homopolymerizations of BA 

in bulk at different temperatures, cTBPO = 5.8⋅10–2 mol⋅L–1. 

 

In the chemically initiated polymerizations of BA the maximally attainable conversion was 

between 80 and 85 per cent of conversion. According to Horie et al. [20] the polymerization 

terminates at this conversion, because the polymer-monomer system passes over from a 

viscous fluid phase into a glasslike state. In this state neither translation diffusion of the 

monomer nor segmental diffusion of the chain ends of the polymer radicals is possible. By 

raising the temperature the transition to the glasslike phase is shifted toward higher 

conversions. Polymerizations at higher temperatures should therefore lead to greater final 

conversions. In acrylate polymerizations backbiting reactions lead to the production of mid-

chain radicals (radicals with low propagation reactivity) that reduce the polymerization rate. 

The linear kinetic curves (conversion as a function of time) may contain a “hidden” gel effect 

[1], which could be judged from the dependence of the overall polymerization rate on 

conversion. However, from the graphically illustrated dependences of the overall 

polymerization rate on conversion, it follows that the polymerization rate decreases 

continuously with increasing conversion from the start of polymerization for all monomer and 

initiator concentrations and all temperatures (Figs. 9.4, 9.5 and 9.6). 
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Fig. 9.4 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerizations of BA at different monomer concentrations in toluene 

solution, cTBPO = 5.8⋅10–2 mol⋅L–1, 65 °C. 
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Fig. 9.5 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerizations of BA in bulk at different initiator concentrations, 65 °C. 
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Fig. 9.6 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerizations of BA in bulk at different temperatures,                            

cTBPO = 5.8⋅10–2 mol⋅L–1. 

 

Fig. 9.4 shows that the initial concentration of monomer in solution has an strong influence on 

the rate of polymerization. As expected, the experiments with higher TBPO concentration are 

“faster” than the ones with lower initiator concentration (Fig. 9.5). With increasing 

temperature the rate of polymerization increases as well (Fig. 9.6). 

The obtained results were used to estimate the coupled parameter kp / kt
0.5. However, it was 

necessary to choose a value for the initiator efficiency f and the rate coefficient of initiator 

decomposition kd. A survey of the available literature revealed that very little reliable 

information on f of TBPO is available for the BA systems. Therefore the values of f 

determined by Sandmann in ethene polymerization and kd determined in n-heptane [21] were 

used.  

Tab. 9.2 contains values of f and kd for TBPO. The values of kd are extrapolated to the present 

experimental conditions. 
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Tab. 9.2 The rate coefficient of initiator decomposition (kd) and the initiator efficiency 

(f) for TBPO as a function of temperature. kd is recalculated to ambient 

pressure [21]. 

 

If the values of f and kd are known, measurements of conversion as a function of time allow to 

make an estimate of the coupled parameter kp / kt
0.5 from Eq. 9.1. Fig. 9.7 represents the 

correlation of the coupled parameter kp / kt
0.5 as a function of monomer concentration. 
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Fig. 9.7 Correlation of kp / kt
0.5 as a function of BA monomer concentration in toluene 

solution, cTBPO = 5.8⋅10–2 mol⋅L–1, 65 °C.  

 

From Fig. 9.7 it is clear that the value of kp / kt
0.5 increases linearly as the initial monomer 

concentration in the solution of toluene increases. This is in good agreement with data 

reported in literature. It was shown by Madruga et al. [7] that kp / kt
0.5 for BA increased from 

0.94 to 1.54 at 50 °C as the monomer concentration in benzene increased from 1 to 5 mol⋅L–1. 

Kaszas et al. [5] have shown that the increase of BA concentration from 0.305 to 6.79 mol⋅L–1 

in benzene leads to almost a five-fold increase in kp / kt
0.5.  

Θ / °C kd(TBPO) / s–1 fTBPO 

60 2.26⋅10–6 0.64 

65 4.50⋅10–6 0.64 

70 8.79⋅10–6 0.64 

80 3.17⋅10–5 0.64 
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Fig. 9.8 shows increase of the coupled parameter kp / kt
0.5 with temperature.  
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Fig. 9.8 Correlation of kp / kt
0.5 as a function of temperature, BA bulk polymerization,    

cTBPO = 5.8⋅10–2 mol⋅L–1. 

 

Various hypotheses to explain the increase of the coupled parameter kp / kt
0.5 with increasing 

monomer concentration in the system for acrylates have been proposed, including primary 

radical termination and degradative chain transfer [4], chain-length dependence of termination 

rate coefficients [9], the hot radical theory [5], and monomer/solvent complexation [3]. 

Among these explanations is also the influence of intramolecular transfer to polymer, 

proposed by Scott and Senogles [3]. 

Since the pioneering work of Scott and Senogles, strong evidence has emerged showing that 

backbiting and slow reinitiation of the resulting mid-chain radical are indeed important 

processes for acrylate polymerization, even at low temperatures. 

Another strong indication for the deviation of acrylates from the ideal kinetic scheme would 

be the determination of the reaction order with respect to monomer. As it was already pointed 

out in section 9.1, the ideal kinetic schema for radical polymerization predicts a monomer 

reaction order of unity and an order 0.5 with respect to initiator concentration. For the 

determination of these two values the double logarithmic graph of the overall polymerization 

rate vs. monomer (or initiator) concentration should be plotted. From the slopes in Figs. 9.9 

and 9.10 the exponent for the initiator reaction order is determined to be 0.62 and for BA in 

toluene as solvent at 65 °C is found to be 1.46. The comparison was made at 30 per cent of 

conversion in all cases.  

Θ 
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The obtained values for BA are in good agreement with already reported data (Tab. 9.1). 
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Fig. 9.9 Double logarithmic plot of overall reaction rate of BA in bulk vs. initiator 

concentration at 30 per cent of conversion, 65 °C. 
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Fig. 9.10 Double logarithmic plot of the overall reaction rate of BA vs. monomer 

concentration in toluene at 30 per cent of conversion, cTBPO = 5.8⋅10–2 mol⋅L–1, 

65 °C. 
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Taking the model proposed in section 9.2 into account, one can see that the kinetics of BA 

homopolymerization is close to the case II.b. In this case the rate of propagation of tertiary 

radicals is much slower than the rate of production with an additional assumption 

kp2⋅cM >> kt⋅cR. Thus, the role of tertiary radicals in free-radical polymerization of BA cannot 

be neglected. 

For the estimate of the intramolecular transfer coefficient, kbb, Eq. 9.6a can be used. The ratio 

of RR 2
cc  in Eq. 9.6a was obtained from laser-initiated ESR experiments presented in section 

7.2.1 as well from ESR measurements of BA polymerization initiated by thermal 

decomposition of TBPO at 65 °C. kp2 values were assumed to be close to the propagation rate 

coefficients of BAD [22]. In Fig. 9.11 an Arrhenius plot of calculated rate coefficients is 

given.  
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Fig. 9.11 Temperature dependence of the intramolecular transfer coefficient, kbb, 

obtained via Eq. 9.6a for BA free-radical homopolymerization at ambient 

pressure. The ratio of RR 2
cc  in Eq. 9.6a was obtained from laser initiated ESR 

experiments presented in section 7.2.1 (open symbols) and from ESR 

measurements of BA polymerization initiated by thermal decomposition of 

TBPO (full symbol). 
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The Arrhenius expression from Fig. 9.11 for kbb of BA is presented by Eq. 9.13: 

ln [kbb / s
–1] = 24.94 – 6296⋅(T–1 / K–1)             (9.13) 

(BA homopolymerization at ambient pressure, –40 ≤ Θ / °C ≤ 70). 

From the slope to the straight line in Fig. 9.11, the activation energy was estimated to be: 

EA (kbb) = (52.4 ± 9.1) kJ⋅mol–1. 

In the literature, the value of the activation energy for backbiting in BA free-radical 

polymerization was estimated via Monte Carlo simulations to be 29.8 kJ⋅mol–1 [14]. This 

value is lower than one obtained in this work. On the other hand, for ethylene 

homopolymerization an activation energy of 44.8 kJ⋅mol–1 for backbiting was reported [23].  

 

PREDICI Simulations 

 

Tab. 9.3 presents the frequency factors and activation energies of the rate coefficients used in 

the simulations for the two types of radicals. Values of kp1 were estimated from the values 

obtained by PLP-SEC at lower temperatures [25,26], the values of termination rate coefficient 

kt
1,1 were extrapolated from SP-PLP-NIR experiments, performed at 1000 bar, to ambient 

pressure with an activation volume of ≠
°C40V  = 15.0 cm3⋅mol–1 [27]. The frequency factor and 

the activation energy for the propagation rate coefficient of the tertiary radicals in BA 

homopolymerization were taken from the results for the butyl acrylate dimer (BAD)[22]. 

BAD yields a tertiary radical similar to that generated after chain transfer to polymer in BA 

homopolymerization. There is no literature data for termination rate coefficients of mid-chain 

radicals produced in the intramolecular chain transfer reaction. In the present study it was 

difficult to describe conversion dependence of BA homopolymerization as a function of time 

for BA homopolymerization using only one value of termination rate coefficient kt
1,1. Thus, 

the assumption, made in Section 9.2 that the different termination reactions occur with the 

same rate coefficient is too strong. Hence, for mid-chain radicals values obtained for the 

family of itaconates (that also yields structurally hindered tertiary radicals) were taken [24]. It 

should be noted that the mobility of hindered itaconate radicals will be more reduced in 

comparison with the mid-chain radicals formed in acrylate homopolymerization for which 

most of the monomer units in a polymer chain will be flexible acrylate units. 
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BA A / L⋅mol–1⋅s–1 EA / kJ⋅mol–1 Source 

Secondary radical    

Propagation, kp1 1.8⋅107 17.4 [25,26] 

Termination, kt
1,1 2.9⋅108 4.0 [27,28] 

Backbiting, kbb  6.8⋅1010 52.3 this work 

Mid-chain radical    

Propagation, kp2 9.2⋅106 33.8 [22] 

Termination, kt
2,2 1.6⋅109 23.0 [24] 

 

Tab. 9.3 The frequency factors and the activation energies of rate coefficients for 

PREDICI® simulations. 

 

For PREDICI® simulations it was assumed that the rate coefficient for termination of radicals 

from the two different populations R1 and R2 can be approximated by the geometric mean of 

kt
1,1 and kt

2,2 and that the secondary and tertiary radicals both have the same mode of 

termination. With little data available for such radicals, the chain-length dependence of 

termination rate coefficients was not considered. 

Fig. 9.12 presents the simulated via PREDICI® conversion dependence of the overall reaction 

rate in comparison with measured data.  
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Fig. 9.12 Measured (points) and simulated (lines) conversion dependence (X) of the 

overall reaction rate for chemically initiated bulk homopolymerization of BA at 

different temperatures, cTBPO = 5.8⋅10–2 mol⋅L–1. 
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As it can be seen in Fig. 9.12, the proposed kinetic scheme describes the bulk 

homopolymerization of BA reasonably well, in particular at 65 °C, with rate coefficients 

taken from Tab. 9.3 up to 10 per cent of conversion.  

 

9.3.2 CHEMICALLY INITIATED POLYMERIZATION OF DA 

 

The homopolymerization of DA was investigated by Scott and Senogles [1,2,3].  

In order to obtain systematic data for the homopolymerization of DA, all measurements in 

this work were carried out with the same initiator (TBPO) and in the same solvent (toluene).  

Figs. 9.13, 9.14 and 9.15 present the conversion versus time plots for various 

homopolymerizations of DA. In all cases conversion curves are continuous and do not show 

acceleration of the polymerization rate. The same observation was made by Scott and 

Senogles [1]. 
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Fig. 9.13 Conversion vs. time plots for chemically initiated homopolymerizations of DA 

at different monomer concentrations in toluene solution,              

cTBPO = 8.4⋅10–2 mol⋅L–1, 60 °C. 
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Fig. 9.14 Conversion vs. time plots for chemically initiated homopolymerizations of DA 

in bulk at different initiator concentrations, 60 °C. 
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Fig. 9.15 Conversion vs. time plots for chemically initiated homopolymerizations of DA 

in bulk at different temperatures, cTBPO = 2.2⋅10–2 mol⋅L–1. 
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From the graphically illustrated dependences of the overall polymerization rate on conversion, 

it follows that the polymerization rate decreases continuously with increasing conversion 

from the start of polymerization for all monomer and initiator concentrations and all 

temperatures (Figs. 9.16, 9.17 and 9.18). 
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Fig. 9.16 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerization of DA at different monomer concentrations in toluene 

solution, cTBPO = 8.4⋅10–2 mol⋅L–1, 60 °C. 
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Fig. 9.17 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerizations of DA in bulk at different initiator concentrations, 60 °C. 
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Fig. 9.18 Conversion dependence (X) of overall reaction rate for chemically initiated 

homopolymerizations of DA in bulk at different temperatures,                            

cTBPO = 2.2⋅10–2 mol⋅L–1. 
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Using the values of f and kd from Tab. 9.2 it is possible to estimate the coupled parameter 

kp / kt
0.5. Fig. 9.19 shows the correlation of the coupled parameter kp / kt

0.5 with monomer 

concentration. From Fig. 9.19 it follows that the value of kp / kt
0.5 increases linearly (over the 

range of concentrations considered here) as the initial monomer concentration in the solution 

of toluene increases.  
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Fig. 9.19 kp / kt
0.5 as a function of DA monomer concentration in toluene solution,     

cTBPO = 8.4⋅10–2 mol⋅L–1, 60 °C. 

 

Fig. 9.20 shows the increase of the coupled parameter kp / kt
0.5 with temperature. 

The increase of kp / kt
0.5 with increasing initial monomer concentration in solution and with 

increasing temperature is in good agreement with the BA data presented in section 9.3.1. 
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Fig. 9.20 kp / kt
0.5 as a function of temperature for DA bulk polymerizations,                    

cTBPO = 2.2⋅10–2 mol⋅L–1. 

 

Fig. 9.21 shows the variation of the overall polymerization rate as a function of monomer 

concentration. The slope of this plot is consistent with monomer reaction order of 1.59. 

“Classical” theory would predict unity for such exponent.  
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Fig. 9.21 Double logarithmic plot of overall reaction rate of DA vs. monomer 

concentration in toluene solution at 30 per cent monomer conversion, 

cTBPO = 8.6⋅10–2 mol⋅L–1, 60 °C. 
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Fig. 9.22 Double logarithmic plot of overall reaction rate of DA in bulk vs. initiator 

concentration at 30 per cent monomer conversion, 60 °C. 

 

From the slope in Fig. 9.22, where the overall polymerization rate as a function of initiator 

concentration is presented, an reaction order of 0.45 for TBPO is obtained. This is very close 

to the theoretically predicted value of 0.5. The overall polymerization rate of DA is 

proportional to the monomer and initiator concentrations as follows: 

0.45
TBPO

59.1
DA

DA
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The obtained dependence of the overall reaction rate of DA on the monomer and initiator 

concentrations is close to the case II.b of the model proposed in the section 9.2. In this case 

the rate of propagation of tertiary radicals is much slower than the rate of their production 

with an assumption kp2⋅cM >> kt⋅cR.  

For the estimate of the intramolecular transfer coefficient, kbb, Eq. 9.6a can be used. The ratio 

of RR 2
cc  in Eq. 9.6a was obtained from laser-initiated ESR experiments presented in section 

7.2.2 as well from ESR measurements of DA polymerization initiated by thermal 

decomposition of TBPO at 60 °C. kp2 values were assumed to be close to the propagation rate 

coefficients of DAD (Section 8). 
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Fig. 9.23 Temperature dependence of the intramolecular transfer coefficient, kbb, 

obtained via Eq. 9.6a for DA free-radical homopolymerization at ambient 

pressure. The ratio of RR 2
cc  in Eq. 9.6a was obtained from laser-initiated 

ESR experiments presented in section 7.2.2 (open symbols) and from DA 

polymerization initiated by thermal decomposition of TBPO (full symbol). 

 

The Arrhenius expression from Fig. 9.23 for kbb of DA is represented by Eq. 9.14: 

ln [kbb / s
–1] = 26.52 – 6266⋅(T–1 / K–1)             (9.14) 

(DA homopolymerization at ambient pressure, –20 ≤ Θ / °C ≤ 70). 

From the slope to the straight line in Fig. 9.23, the activation energy for kbb of DA is 

estimated to be: EA (kbb) = (52.1 ± 9.6) kJ⋅mol–1. This value is very close to the value of the 

activation energy for the intramolecular transfer reaction obtained for BA. 

 

PREDICI Simulations 

 

In Tab. 9.4 the frequency factors and activation energies of the rate coefficients used in the 

PREDICI® simulations for the two types of radicals are given. Values of kp1 were estimated 

from the data obtained by PLP-SEC for lower temperatures [29], the values of termination 

rate coefficient kt
1,1 were extrapolated from SP-PLP-NIR experiments, performed at 1000 bar, 
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to ambient pressure with an activation volume of ≠
°C40V  = 20.5 cm3⋅mol–1 [27]. The frequency 

factor and activation energy of the propagation rate coefficient of the tertiary radicals were 

taken from the PLP values of the dodecyl acrylate dimer (Section 8) that yields a tertiary 

radical similar to that generated after chain transfer to polymer in DA homopolymerization. 

There is no literature data for termination rate coefficients of mid-chain radicals produced in 

the intramolecular chain transfer reaction. Hence, values from the family of itaconates (that 

also yields tertiary radicals) were taken [24]. 

 

DA A / L⋅mol–1⋅s–1 EA / kJ⋅mol–1 Source 

Secondary radical    

Propagation, kp1 1.79⋅107 17.0 [29] 

Termination, kt
1,1 1.4⋅107 4.6 [27] 

Backbiting, kbb  3.3⋅1011 51.5 this work 

Mid-chain radical    

Propagation, kp2 4.1⋅107 35.4 this work 

Termination, kt
2,2 1.6⋅109 23.0 [24] 

 

Tab. 9.4 Kinetic parameters for PREDICI® simulations. 

 

Fig. 9.24 presents the simulated conversion dependence of the overall reaction rate in 

comparison with measured data. 
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Fig. 9.24 Simulated (lines) and measured (points) conversion dependence (X) of the 

overall reaction rate for chemically initiated bulk homopolymerization of DA 

at different temperatures, cTBPO = 2.2⋅10–2 mol⋅L–1. 

 

As it can be seen in Fig. 9.23, proposed kinetic schema describes the bulk 

homopolymerization of DA up to 10 per cent of conversion well, particularly at 60 °C. 

 

9.3.3 CHEMICALLY INITIATED POLYMERIZATION OF DMA 

 

In this section data obtained from DMA homopolymerization initiated by thermal 

decomposition of TBPO will be presented. First, it will be shown that at low conversion the 

homopolymerization of DMA is close to the ideal kinetics. Further, values of kt obtained from 

thermally initiated homopolymerization of DMA in comparison with values of termination 

rate coefficients obtained via the SP-PLP-NIR and the SP-PLP-SEC (from section 6.3.1) 

techniques will be given. At the end of this section PREDICI® simulations for thermally 

initiated homopolymerization of DMA will be shown. 

Bulk polymerization of DMA was investigated by several authors [30,31,32]. The absence of 

the gel effect with increasing the size of the alkyl ester group in the methacrylate monomers 

was reported in literature [33], where a clear gel effect is a typical kinetic property of methyl 

methacrylate polymerization [34,35]. Lazar et al. [32] explained a considerable suppressing of 

the gel effect in the homopolymerization of DMA as being due to the transfer reaction of the 

propagation radical to the alkyl ester group.  
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For detailed investigations into kinetics of DMA homopolymerization studies at ambient 

pressure and over the temperature range 60 to 80 °C were carried out. Toluene was used as 

the solvent for determination of the reaction order of DMA. 

Conversion curves of bulk DMA homopolymerization, shown in Figs. 9.25 and 9.26 as a 

function of time, do not show an acceleration (over the range of initiator concentrations and 

temperatures considered here) of the polymerization rate, as that is observed for methyl 

methacrylate polymerization [34]. A linear increase in conversion in the beginning of 

polymerization is observed. 
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Fig. 9.25 Conversion vs. time plots for chemically initiated bulk homopolymerization of 

DMA at different initiator concentrations, 70 °C. 
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Fig. 9.26 Conversion dependence (X) of overall reaction rate for chemically initiated 

bulk homopolymerization of DMA at different temperatures,        

cTBPO = 1.0⋅10–1 mol⋅L–1. 

 

From overall polymerization rate as a function of monomer conversion, presented in 

Figs. 9.27 and 9.28, it follows that the reaction rate decreases up to approximately 30 per cent 

monomer conversion, then the reduction in reaction rate becomes slower and at conversions 

higher than 70 per cent falls to zero. 
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Fig. 9.27 Conversion dependence (X) of the overall reaction rate for chemically initiated 

bulk homopolymerizations of DMA at different initiator concentrations, 70 °C. 
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Fig. 9.28 Conversion dependence (X) of the overall reaction rate for chemically initiated 

bulk homopolymerizations of DMA at different temperatures,                            

cTBPO = 1.0⋅10–1 mol⋅L–1. 
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Figs. 9.25 and 9.26 show that the initial concentration of monomer in solution and reaction 

temperature have an large influence on the rate of polymerization. As expected, the 

experiments with higher TBPO concentration are “faster” than the ones with lower initiator 

concentration (Fig. 9.27). With increasing temperature, the rate of polymerization increases as 

well (Fig. 9.28). 

For estimates of the coupled parameter kp / kt
0.5 it is necessary to choose a value for the 

constants f and kd. Using the values of f and kd for TBPO from Tab. 9.2 it becomes possible to 

obtain a value of the coupled parameter kp / kt
0.5. Fig. 9.29 shows correlation of the coupled 

parameter kp / kt
0.5 as a function of monomer concentration. 
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Fig. 9.29 kp / kt
0.5 as a function of DMA monomer concentration in toluene solution, 

cTBPO = 1.0⋅10–1 mol⋅L–1, 70 °C. 

 

It follows from Fig. 9.29 that the value of kp / kt
0.5 is independent of the initial monomer 

concentration in the solution of toluene. This observation differs from the one made for DA 

homopolymerization, presented in section 9.3.2. For DA the coupled parameter kp / kt
0.5 

increases linearly with increasing the initial monomer concentration in the toluene solution.  

The value of kp / kt
0.5, shown in Fig. 9.30, slightly increases with temperature. 
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Fig. 9.30 kp / kt
0.5 as a function of temperature, DMA bulk polymerization,    

cTBPO = 1.0⋅10–1 mol⋅L–1. 

 

Fig. 9.31 shows the overall polymerization rate as a function of the DMA monomer 

concentration. From the slope of this plot the reaction order for DMA is determined to be 

0.96. This value is in good agreement with the value predicted for ideal polymerization.  

 

-9.00

-8.00

-7.00

-6.00

ln
[(

d
/d

)
/(

m
ol

·L
·s

)]
c

t
D

M
A

–1
–1

-0.35 0.00 0.35 0.70 1.05 1.40

ln [ / (mol·L )]cDMA
–1

 

Fig. 9.31 Double logarithmic plot of overall reaction rate of DMA vs. monomer 

concentration in toluene solution at 30 per cent of conversion,     

cTBPO = 1.0⋅10–1 mol⋅L–1, 70 °C. 
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Fig. 9.32 Double logarithmic plot of overall reaction rate of DMA in bulk vs. initiator 

concentration at 30 per cent of conversion, 70 °C. 

 

From the slope in Fig. 9.32, where the overall polymerization rate as a function of the TBPO 

initiator concentration is presented, the exponent for initiator is found to be 0.59. This is 

rather close to the expected value of 0.5. The overall polymerization rate of DMA is 

proportional to the monomer and initiator concentrations as follows: 

0.59
TBPO

96.0
DMA

DMA

d
d

cc
t

c
⋅∝−  

From polymerizations initiated by thermally decomposing chemical initiator the coupled 

parameter kp / kt
0.5 using Eq. 9.1 can be determined. Thus termination rate coefficients can be 

calculated with propagation rate coefficients taken from PLP-SEC experiments [36]: 

ln [kp / (L⋅mol–1⋅s–1)] = 14.5 – 2444⋅(T–1 / K–1) 

(DMA bulk homopolymerization at ambient pressure, 30 ≤ Θ / °C ≤ 90). 

Buback et al. [37] pointed out that the values of termination rate coefficients from a non-

steady state experiment (such as a single pulse laser experiment) should not be assumed to 

hold for a corresponding steady state experiment due to the difference in the radical chain 

length distribution. Therefore, it was recommended to compare kt from steady-state 

experiments with kt from non-steady state measurements. The two values of kt thus obtained 

will give some idea of the variation of kt which can be expected due to variation of the radical 

chain length distribution.  
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Fig. 9.33 makes a comparison of termination rate coefficients obtained from steady-state and 

non-steady state experiments. Full squares in Fig. 9.33 correspond to the values of <kt> 

calculated via Eq. 3.6 from the SP-PLP-ESR data obtained at 0 °C and ambient pressure 

(Section 6.3.1) and than extrapolated to 70 °C with EA = 17 kJ⋅mol–1. The values of <kt>, 

given in Fig. 9.33 as full circles, correspond to the SP-PLP-NIR data and were calculated via 

Eq. 3.11 for the chain-length interval 0 < i < 1600. The primary SP-PLP-NIR results were 

obtained at 70 °C and 5 bar as described in experimental section and then extrapolated to 

ambient pressure with ≠
°C30V  = 10.8 cm3⋅mol–1 [27].  
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Fig. 9.33 Conversion dependence of kt for chemically initiated bulk homopolymerization 

of DMA (open symbols) in comparison with the values of <kt>, obtained via 

SP-PLP-NIR, cMMMP = 1.1⋅10–2 mol⋅L–1 (full circles), and <kt> from SP-PLP-

ESR experiments (full squares). All data points refer to 70 °C and ambient 

pressure. 

 

Fig. 9.33 shows that the values of termination rate coefficients calculated from chemically 

initiated homopolymerizations of DMA are close to the ones obtained via SP-PLP-NIR. The 

values of kt extrapolated from the SP-PLP-ESR data measured at 0 °C and ambient pressure 

are close to the SP-PLP-NIR results. 
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PREDICI® Simulations 

 

PREDICI® simulations were carried out in order to test whether the kinetic scheme of DMA 

bulk homopolymerization is close to ideal kinetics. For 60 °C and ambient pressure the 

following rate coefficients for bulk homopolymerization of DMA were used: 

kp = 1600 L⋅mol–1⋅s–1 and kt = 6.37⋅106 L⋅mol–1⋅s–1. The termination rate coefficient was 

calculated from the data shown in Fig. 9.33 for the homopolymerization of DMA initiated by 

thermal decomposition of TBPO over the monomer conversion up to 40 per cent. Parameters 

used for TBPO are given in Tab. 9.2. 

In Fig. 9.34 the simulated conversion dependence of the overall reaction rate is shown in 

comparison with measured data. It follows from this graph that, at least up to 20 per cent of 

conversion, the kinetics of bulk polymerization of DMA is close to ideal.  
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Fig. 9.34 Simulated via PREDICI® (lines) and measured (points) conversion 

dependence (X) of the overall reaction rate for chemically initiated bulk 

homopolymerization of DMA at different initiator concentrations, 70 °C. 

 

Fig. 9.35 shows the molecular weight distribution of polyDMA obtained by SEC in 

comparison with MWD simulated via PREDICI®. 
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Fig. 9.35 Experimental molecular weight distribution (full line) of polyDMA 

(20 per cent of conversion) produced at 70 °C with cTBPO = 1.0⋅10–1 mol⋅L–1 

and its PREDICI® simulation (dotted line). 

 

The measured MWD is broader than the simulated one. The reasons for it might be some 

additional reaction steps, such as chain transfer reactions, that were not taken into account 

here. These reactions may have an influence on the MWD making it broader. It should be 

pointed out that the ideal kinetic model despite some uncertainties in prediction of MWD 

describes conversion vs. time curves remarkably well. 

 

9.4 SUMMARY AND CONCLUSIONS 
 

From the steady-state free-radical polymerizations of BA, DA and DMA, the variation of the 

rate of polymerization and the coupled parameter kp / kt
0.5 have been determined as a function 

of temperature, monomer, and initiator concentrations. For BA and DA, an increase of 

kp / kt
0.5 has been obtained upon increasing monomer concentration and temperature. The 

same experiments for DMA did not show any significant change in kp / kt
0.5. The kinetic 

behavior observed for BA and DA has been assigned to the formation of mid-chain radicals. 

The presence of such radicals can also explain, that the reaction order with respect to 

monomer concentration is above unity. Using proposed analytical equations [15], EA of the 

backbiting was estimated to be close to 50 kJ⋅mol–1.  

The comparison of the values of termination rate coefficients for DMA obtained from 

different methods (Section 9.3.3) shows good agreement of the data.  
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10. APPENDIX 
 

Abbreviations 

 

a      Mark-Houwink parameter 

α      exponent of the chain-length dependence of kt  

A      pre-exponential factor 

A      absorbance 

B      integrated molar absorbtivity  

ci      concentration of substance i 

cI      initiator concentration 

cM      (overall) monomer concentration 

cM
0      initial monomer concentration 

cR      overall radical concentration 

cR
0      effective initial radical concentration 

cR,I      effective initiator radical concentration 

cX      concentration of chain transfer agent 

Ctr,X      rate constant of chain transfer to X 

EA      activation energy 

Eλ      energy of one mole of photons at the wave  

      length λ 

Ep      energy of one laser pulse 

ε      molar absorption coefficient 

f      initiator efficiency 

fi      mole fraction of component i in the comonomer 

      mixture 

f 
0

i      initial mole fraction of component i in the  

      comonomer mixture 

Fi      mole fraction of component i in a binary 

      copolymer 

Φ      primary quantum yield 

[η]      intrinsic viscosity 

HV      hydrodynamic volume 

I
0      intensity of light going to the sample cell 
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I      intensity of light coming from the sample cell 

i      chain length 

ic size at which a radical might start displaying 

long-chain behavior with regard to termination 

K      Mark-Houwink parameter 

kbb      rate coefficient of backbiting 

kd      rate coefficient of initiator decomposition 

kp      propagation rate coefficient of  

      a homopolymerization 

kp,ac      propagation rate coefficient of an acrylate 

      homopolymerization 

kpii      propagation rate coefficient in a   

      homopolymerization of monomer i 

kpij      propagation rate coefficient for the reaction of a

      macroradical with terminal unit i and monomer j 

kpijk      propagation rate coefficient for the reaction of a 

      macroradical with penultimate unit i and terminal 

      unit j with a monomer k 

kp,copo      (average) propagation rate coefficient in a binary 

      copolymerization 

kp,mac      propagation rate coefficient of a methacrylate

      homopolymerization 

kt      termination rate coefficient  

kt,c      termination rate coefficient for termination by 

      combination 

kt,d      termination rate coefficient for termination by 

      disproportionation 

<kt>      chain-length averaged termination rate  

      coefficient  

kt(i, j) termination rate coefficient between radicals of 

chain length i and j 

kt
0 termination rate coefficient between two 

monomer radicals 

ktr,X      rate coefficient of chain transfer to X 
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L      degree of polymerization 

l      optical path length 

M      molar mass 

Mi      monomer of type i 

nabs      number of absorbed photons 

Nav      Avogadro constant 

ν pulsed laser frequency 

ν~  specific wave number 

νin effective rate of initiation in chemically initiated 

polymerization 

p      pressure 

Pn      polymer (chain length n) 

Ri      macroradical with terminal unit i 

Rij      macroradical with penultimate unit i and terminal 

      unit j 

Rp      overall polymerization rate 

ri      reactivity ratio (homo propagation to cross  

      propagation) 

ρ      density 

si      radical reactivity ratio 

t      time 

t0      time between two laser pulses 

T      absolute temperature 

Θ      temperature in °C 

∆V
≠      activation volume 

V      volume 

X      transfer agent  

X      conversion 
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